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Electron transfer dissociation (ETD) of multi-protonated 6–20-mer oligonucleotides and 12- and 14-mer
duplexes is compared to collision activated dissociation (CAD). ETD causes efficient charge reduction
of the multi-protonated oligonucleotides in addition to limited backbone cleavages to yield sequence
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ions of low abundance. Subsequent CAD of the charge-reduced oligonucleotides formed upon electron
transfer, in a net process termed electron transfer collision activated dissociation (ETcaD), results in rich
fragmentation in terms of w, a, z, and d products, with a marked decrease in the abundance of base loss
ions and internal fragments. Complete sequencing was possible for nearly all oligonucleotides studied.
ETcaD of an oligonucleotide duplex resulted in specific backbone cleavages, with conservation of weaker
non-covalent bonds.
inear ion trap

. Introduction

There is ongoing interest in exploring alternative electron-based
on activation/dissociation methods, such as electron capture dis-
ociation (ECD) [1,2], electron detachment dissociation (EDD) [3,4],
nd ion–ion reactions [5–13], for sequencing nucleic acids. Colli-
ion activated dissociation (CAD) of deprotonated oligonucleotides
s initiated by loss of a neutral or charged base, followed by sub-
equent backbone fragmentation into complementary w and a–B
ons [14] (see Scheme 1). In contrast, the dissociation of radi-
al oligonucleotide anions, first illustrated by McLuckey et al. [7]
hrough ion–ion reactions, provides additional and complementary
nformation to that afforded by CAD, with a significant decrease
n base loss ions and substantial formation of w and a ions. For
on–ion reactions of oligonucleotide anions, the majority of reac-
ants studied, including benzoquinoline and C4H9

+ [5], protonated
yridine [10,11], trifluoroacetic acid [12], Xe+• [7,13] and CCl3+ [7],
xclusively promote charge reduction by either proton transfer or
lectron transfer. In the case of Xe+• and CCl3+, CAD of the result-
ng charge-reduced odd-electron products subsequently resulted
n the formation of w and a ions with no observable base loss [7].
ackbone fragmentation was observed upon reaction of oligonu-
leotide anions with O2

+• [5] and Ar+, Kr+, Xe+ [13], and the degree

f fragmentation was found to be related to the exothermicity of
he ion–ion reaction [5].

ECD of protonated oligonucleotides generates radical cations
nd a complex array of low abundance product ions, including w/d
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ions, a/z ions, c/x ions, and both wH/dH+• and aH/zH+• radical ions,
in addition to those that entail base loss from many of the fragment
ions (w/d − B, c/x–B, a/x–B), a feature which complicates spectral
interpretation [1]. (In palindromic sequences, w and d, a and z, and
c and x ions have the same m/z values.) For the non-palindromic
sequence dGCATGC, one zH+• and one wH+• ions were observed [1].
Despite the significant number of product ions observed, sequence
coverage was extensive but not complete for several of the six-mers
studied [1,2].

EDD of oligonucleotide anions generates radical and non-radical
products similar to those obtained by ECD [3,4]. Upon EDD, w/d
and a•/z• series were observed for palindromic oligonucleotide
sequences, and one z• ion was observed for the non-palindromic
sequence dGCATGC [4]. EDD of a small (6-mer) oligonucleotide
duplex [4] and several large (15-mer) oligonucleotide hairpins [3]
did not result in disruption of the fragile non-covalent interactions
of the base pairs.

Because near-thermal electrons cannot be stabilized simulta-
neously with analyte ions of interest in ion traps that use radio
frequency electrostatic fields, molecular anions were developed as
vehicles for delivering electrons to multiply charged peptide and
protein cations, an ion activation process termed electron transfer
dissociation (ETD) [15]. Upon electron transfer, which is typically
initiated by using the fluoranthene radical anion as an electron
donor, the resulting charge-reduced peptides, which are radical
cations and no longer even-electron ions, are unstable and undergo

subsequent dissociation. The process of ETD in linear ion traps
is similar to ECD in FTICR mass spectrometers [15–17]. Like ECD,
ETD provides a significant increase in sequence coverage for highly
charged peptides (charge >3) [16], and several methods have been
implemented to increase ETD efficiency for doubly protonated

http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:jbrodbelt@mail.utexas.edu
dx.doi.org/10.1016/j.ijms.2009.02.012
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linear ion trap, although the ion abundance is slightly lower than in
the negative mode (Fig. 1c and d). In addition, a slight shift to higher
charge states is observed for most oligonucleotides in the positive
mode, with the exception of dT6, in which the doubly charged ion
is most abundant in both the positive and negative modes.

Table 1
Summary of the oligonucleotide sequences used in this study.

Name Sequence Molecular weight
(g/mol)

dA6 5′-AAAAAA-3′ 1817.3
dC6 5′-CCCCCC-3′ 1673.1
dG6 5′-GGGGGG-3′ 1913.3
dT6 5′-TTTTTT-3′ 1763.2
ss6 5′-TGGCCA-3′ 1792.2
ss8 5′-ATGACTCG-3′ 2409.6
Scheme 1. Oligonucleotide fragmentation nomenclature.

eptides [18,19]. ETD has not yet been studied for oligonucleotide
ations, which is the focus of the present study; however, related
ork by McLuckey et al. has entailed the exploration of several

on–ion reactions of positively charged nucleic acids. For proto-
ated oligonucleotides, reactions with perfluorocarbon anions
esults exclusively in charge reduction by proton transfer [6,8]. No
ackbone fragmentation was observed.

Another electron-based ion activation method compatible with
on traps is electron photodetachment dissociation, EPD [20,21].
n this process, oligonucleotide anions are irradiated with 260 nm
hotons, and then the resulting electron-detached species are sub-

ected to CAD. In addition to neutral losses, a large number of
roducts identified as w, d, a•, and z• ions were observed. Good
equence coverage was obtained for single strand oligonucleotides
p to 20 nucleotides in length for this technique [20,21].

In the present study, we explore the fragmentation patterns
f positively charged oligonucleotides, both single strands and
uplexes, using ETD. In all cases, ETD causes efficient charge
eduction of the multi-protonated oligonucleotide cations, pro-
ucing oligonucleotide radical cations. Subsequent CAD of these
harge-reduced oligonucleotide radical ions, in a net process
ermed electron transfer collision activated dissociation (ETcaD)
19], results in backbone fragmentation which is more extensive
han that promoted by CAD of the corresponding even-electron
pecies.

. Experimental

.1. Chemicals

The following oligodeoxynucleotides were obtained from Inte-
rated DNA Technologies (Coralville, IA) on the 1.0 �M scale
nd used without further purification: 5′-AAAAAA-3′, 5′-CCCCCC-
′, 5′-GGGGGG-3′, 5′-TTTTTT-3′, 5′-TGGCCA-3′, 5′-ATGACTCG-3′, 5′-
TATGACTCGCA-3′, 5′-TCGTATGACTCGCAAG-3′, 5′-CATCGTATGAC-
CGCAAGTG-3′, 5′-GCGGGGATGGGGCG-3′, 5′-CGCCCCATCCCCGC-
′, 5′-CCCGGGTTTAAA-3′, and 5′-ATGCTGCCCGGG-3′. Oligonu-
leotide single strand concentrations were determined spec-
rophotometrically by Beer’s Law using the extinction coefficients
rovided by the manufacturer. Annealing was performed by
reparing stock solutions containing 2 mM of each complemen-
ary ODN in 100 mM ammonium acetate. The solutions were
eated to 90 ◦C for 10 min and slowly cooled to room temper-
ture overnight. The following duplexes were created: duplex
= 5′-GCGGGGATGGGGCG-3′/5′-CGCCCCATCCCCGC-3′ and duplex
= 5′-CCCGGGTTTAAA-3′/5′-ATGCTGCCCGGG-3′. For ESI-MS anal-
sis, the solution was diluted to 10 �M of oligonucleotide by
reparing in 20 mM ammonium acetate solution.

.2. Mass spectrometry
Oligonucleotide samples were directly electrosprayed into a
innigan LTQ mass spectrometer (Thermo Electron Corp., San Jose,
A). A Harvard syringe pump (Holliston, MA) at a flow rate of
�L/min was used. The ESI source was operated in the positive ion
ode with an electrospray voltage of 4.0 kV and a heated capillary
f Mass Spectrometry 283 (2009) 85–93

temperature of 90 ◦C. To assist in desolvation, nitrogen sheath and
auxiliary gas were applied at 40 and 20 arbitrary units, respectively.
Spectra were acquired by summing 20 scans.

In the CAD experiments, collisional activation voltages were
applied at a level required to reduce the isolated precursor ion to
∼10–20% of its original abundance. The default activation time of
30 ms was used in all CAD experiments with a qz value of 0.25. ETD
reactions were performed with radical anions of fluoranthene gen-
erated by a chemical ionization source, typically for 100 ms unless
otherwise noted. For ETcaD experiments, electron transfer was per-
formed for typically 100 ms, and collisional activation voltages were
again applied at a level required to reduce the isolated precursor ion
to ∼10–20% of its original abundance. The default activation time
of 30 ms was used in all ETcaD experiments, and the qz value was
set to 0.25 except for the experiments in which qz was varied. The
isolation width was set to 5 m/z for all MS/MS steps.

3. Results and discussion

3.1. Positively charged oligonucleotides

Most previous ESI-MS investigations of DNA oligonucleotides
and duplexes have been carried out using the negative ion mode.
This follows logically from the knowledge that the phosphodi-
ester backbone of the oligonucleotide has a pKa < 1, and is therefore
fully deprotonated under most experimental conditions. In order to
observe protonated nucleic acids, all the phosphates must be proto-
nated, and several extra ionizing protons must also be added, most
likely initially localized at the nucleobases [22]. A handful of ESI-MS
studies have been carried out on positively charged DNA oligonu-
cleotides [23–27], and most authors concede that analysis is often
easier in the negative mode, i.e., higher signal and a decrease in
salt adducts are typical in the negative ion mode. Despite the gen-
erally accepted benefits of the negative mode for oligonucleotide
detection by mass spectrometry, analysis in conjunction with ETD
(or ECD) is not feasible for negatively charged precursor ions which
motivated us to assess the positive mode in order to exploit ETD for
structural characterization of oligonucleotides.

Using the LTQ linear ion trap instrument, oligonucleotide ions
are easily produced in the negative or positive mode upon ESI
(Fig. 1). For most oligonucleotides (dA6, dC6, dG6, ss6, ss8–ss20
(Table 1)), the total ion abundance is greater in the positive mode,
and similar spectral quality is observed for both ion polarities
(Fig. 1a and b). Due to the low gas-phase basicity of thymine, molec-
ular ions of dT6 are not expected to form in the positive ion mode
[19]. However, dT6 was easily observed in the positive mode in the
ss12 5′-GTATGACTCGCA-3′ 3645.4
ss16 5′-TCGTATGACTCGCAAG-3′ 4881.2
ss20 5′-CATCGTATGACTCGCAAGTG-3′ 6117.0
d1 5′-GCGGGGATGGGGCG-3′/5′-CGCCCCATCCCCGC-3′ 8531.6
d2 5′-CCCGGGTTTAAA-3′/5′-ATGCTGCCCGGG-3′ 7307.8
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Fig. 1. ESI mass spectra of dA6 and

.2. ETD, ETcaD, and CAD of small oligonucleotides

Oligonucleotides have been shown previously to exhibit
equence-dependent dissociation patterns attributed to the nature
f the nucleobases by many of the electron-based activation tech-
iques, including ECD, EDD, and EPD [1–4,20,21]. In order to
valuate the potential impact of the nucleobases on the fragmenta-
ion pathways of oligonucleotide cations by ETD versus CAD, ETD,
TcaD and CAD experiments were undertaken for all four homoge-
eous six-mers, dC6, dA6, dG6, and dT6, in addition to ss6, which
ue to its heterogeneous sequence, produces a/z and w/d ions that
an be distinguished from one another.

ETD of the [dC6+2H]2+ ion results exclusively in charge reduc-
ion (spectra not shown). As shown in Fig. 2a, the [dC6+3H]3+

on was isolated and subjected to electron transfer reactions for
00 ms, resulting primarily in charge reduction as well as an array

f sequence ions. The inset in Fig. 2 compares the isotopic distri-
ution of the charge-reduced species resulting from ETD with the
ven-electron protonated species observed in the original ESI mass
pectrum. The ETD product ion is shifted by 1 Da compared to the
ons formed directly by ESI, which confirms that charge reduction

Fig. 2. MS/MS spectra of dC6 by (a) ETD, (b) ETcaD, an
the negative and positive modes.

occurs via electron transfer (and not proton transfer), leading to
the radical, [dC6+3H]2+•. Less abundant backbone sequence ions
are also observed, including both the w/d and a/zH• types (Fig. 2a).
It is impossible to distinguish between these ion types (i.e., w ver-
sus d and a versus z) based on m/z alone because of the symmetry of
the sequence. A complete series of a/zH• product ions are present,
and near complete series of w/d ions are present as well, excluding
the w1/d1 ion. Two a–B ions are observed (a4–CH, a5–CH).

In general, ETD of the 3+ charge state of dC6 renders good
sequence coverage, albeit at low relative abundance (Fig. 2a).
However, as described in more detail later, as the length of the
oligonucleotide sequence increases, the number and abundance of
product ions stemming from backbone cleavages diminish signifi-
cantly and simple charge reduction becomes even more dominant
(see below). To circumvent this shortcoming and to promote
more extensive fragmentation, each charge-reduced ion was sub-

sequently subjected to collisional activation, and this two-stage
activation process is termed ETcaD. For example, the abundant
charge-reduced species, [dC6+3H]2+•, observed in Fig. 2a was iso-
lated and subjected to CAD, yielding the ETcaD spectrum shown in
Fig. 2b that displays an extensive series of w/d and a/zH• ions. A

d (c) CAD. Precursor ions are noted with a star.
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omplete series of w/d product ions and nearly complete series of
/zH• ions are observed. Two a–B ions are also observed, a4–CH and
5–CH, but base loss alone is minimal. One [w5/d5 + H2O] product
on is observed, and a previous ECD study on oligonucleotide cations
roposed a pathway by which this unusual type of ion might be
ormed [2]. Briefly, intramolecular hydrogen bonding between the
′ hydroxyl hydrogen and a backbone phosphate oxygen may be

nvolved in the formation of the (w + H2O) ion, possibly through
pentavalent phosphorane structure in which the 5′ hydroxyl is

ransferred to the phosphate group.
The CAD spectrum of doubly protonated dC6 is shown for com-

arison in Fig. 2c, with the same activation time (30 ms) and
ormalized collision energy (11%) as used for CAD of the charge-
educed [C6+3H]2+• ion discussed above. CAD results in production
f several w ions, a–B ions, and internal ions, the latter of which
ften complicate spectral interpretation. In general the overall
equence coverage is significantly lower than that obtained by
TcaD. Base loss leads to the second most abundant product ion
n the CAD mass spectrum (Fig. 2c), whereas base loss ions consti-
uted less than 5% of the total ion abundance in the ETcaD spectrum
Fig. 2b).

ETD of the remaining six-mers also results in charge reduction
y electron transfer as the primary reaction pathway, regardless of
nitial charge state. For example, similar to results described above
or dC6, ETD of the 2+ charge state for dA6, dG6, dT6 and ss6 resulted
olely in charge reduction by electron transfer, yielding [ss+2H]+•

ons. ETD of the 3+ charge state of dA6, dG6, and ss6 resulted primar-
ly in charge reduction, yielding [ss+3H]2+• ions, in addition to low
bundance (<5%) sequence ions. Base loss remains an insignificant
athway for most sequences. Upon CAD of the charge-reduced ions
net ETcaD), sequence coverage is complete or near complete for all
f the six-mers; however, the types of backbone cleavages produced
or each sequence vary (see below). In addition, the contribution
rom base loss varies significantly across the sequences. The extent
f base loss for dC6 and dT6 is low (less than 5% relative abundance),
hereas base loss constitutes ∼50% relative abundance for dA6 and

s6 and greater than 90% abundance for dG6.
The sequence coverage obtained for all five six-mers by ETD,

TcaD, and CAD is summarized in Fig. 3 based on a shorthand

ladder” notation described in Scheme 2. The rungs of the ladder
epresent each type of product ion observed. For the palindromic
equences, a/z, c/x, and d/w ions are not distinguishable, and the
ragmentation nomenclature is altered slightly so that the products
hown are not repetitive. All products shown consist of the 5′ end,

cheme 2. Shorthand nomenclature for product ions observed. (a) A ladder containing a
roduct ions observed are shown and (c) modified ladder for palindromic sequences.
Fig. 3. Sequence coverage by ETD, ETcaD, and CAD for small oligonucleotide cations
with varying base composition.

although most are likely a mixture of 5′ and 3′ fragments. In short,
ETD of the triply charged ions provides complete sequence coverage
except for dG6, and ETcaD of the 2+• charge state (i.e., 3+ → 2+• →)
provides complete coverage for all sequences. For dA6, c/x ions are
also observed. ETcaD of the 1+•• charge states (i.e., 3+ → 1+•• →)
favors formation of higher m/z fragments, and a1/z1 and w1/d1 ions
were not observed in any case. CAD of the doubly protonated six-
mers does not afford complete sequence coverage for dT6 nor ss6,
and only two types of ions are typically observed (the traditional w
and a–B ions). ETD and ETcaD results could not be obtained for dT6
because the 3+ charge state necessary for these experiments is not
detected in the positive mode.

Based on this compilation of ETD and ETcaD spectra, the for-
mation of even-electron or odd-electron product ions appears to
be sequence-dependent (Fig. 4). (All sequence ions were surveyed,
and examples with the best S/N are presented in Fig. 4.) For the
dC6 sequence (Fig. 4a), w ions in both the ETD and ETcaD spectra
possess an even number of electrons, as evidenced by the lack of
change in m/z compared to the conventional even-electron w ions
produced in the CAD spectrum. In contrast, nearly 100% of the a-
type ion population is formed as radical ions, possessing an extra

hydrogen atom as evidenced by an addition of 1 Da compared to the
even-electron a ions produced upon CAD. This formation of radical
a ions parallels the pathway proposed by Hakansson et al. for ECD
of oligonucleotide cations [2].

ll product types, (b) modified ladder for non-palindromic sequences in which only
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tate, and no backbone cleavages were observed upon ETD of the 2+ charge state.

For the dA6 sequence (Fig. 4b), w ions in both the ETD and ETcaD
pectra have an even number of electrons, again indicated by the
ack of shift in the m/z value compared to the analogous even-
lectron product in the CAD spectrum. The population of a ions
n the ETD spectrum appears to consist nearly entirely of radicals;

any of the a ions formed upon ETcaD (i.e., 3+ → 2+•) have lost one
r two hydrogen atoms, represented by shifts in the m/z values of
he a ions by 1 or 2 Da, respectively.

For the dG6 sequence (Fig. 4c), the w ion population in the ETD
pectrum (3+) has nearly the same m/z distribution as observed
n the CAD spectrum (3+), indicating a largely even-electron pop-
lation of product ions. In the ETcaD spectrum, there is clearly a
ixture of even- and odd-electron w ions. The same odd/even-

lectron mixture occurs for the a–B population (a ions without the
ompanion base loss are not generated by this sequence). In gen-
ral there appears to be no consistent preference for formation of
adical or even-electron product ions for dG6, which is similar to
he results obtained by Hakansson et al. for ECD [2].
For the T6 sequence, only the 1+ and 2+ charge states were
bserved upon ESI, and ETD of the 2+ charge state did not pro-
uce any backbone cleavages. ETcaD was performed on the 1+•

adical charge state. For the dT6 sequence (Fig. 4d), about half of
he w ion population observed in the ETcaD spectrum possesses

Fig. 5. MS/MS spectra of ss8 by (a) ETcaD and (b) CAD. Precursor ions ar
(a) dC6, (b) dA6, (c) dG6, and (d) dT6. ETD of dT6 was not possible for the 3+ charge

an even number of electrons, a small portion appears to be in
the radical form, (w + H)+·, and a significant portion of w ions are
detected with two extra hydrogens, (w + 2H)+. The same diverse
distribution of ions is observed for the a ion population, with about
a third having an even number of electrons, a third are radicals
with one extra hydrogen, and a third possess two extra hydro-
gens.

3.3. ETD, ETcaD, and CAD of longer oligonucleotides

ETD, ETcaD, and CAD were undertaken for several oligonu-
cleotides of varying length in order to determine sequence coverage
over several charge states and with increasing length. The oligonu-
cleotides ss8, ss12, ss16, and ss20 were selected to mimic random
sequences, with each one containing an equal number of the four
nucleobases. In addition, each sequence is non-palindromic (i.e.,
does not read the same backwards and forwards) so that a and d
ions are easily distinguished from z and w ions, respectively. With

an increase in sequence length, the oligonucleotides did not pro-
duce as many diagnostic sequence ions upon ETD as upon ETcaD.
Moreover, because the sequence ions in the ETD spectra collectively
represent less than 5% of the total ion abundance, the data from ETD
alone is not shown due to its overall lower analytical utility.

e noted with a star. Internal fragments are noted with an asterick.
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As an example, the charge-reduced species, [ss8+3H]2+•, pro-
uced upon ETD of the triply protonated oligonucleotide was
ubjected to CAD (Fig. 5a). The resulting ETcaD spectrum dis-
lays an extensive series of abundant w, d, a, z, and a–B ions.

n fact, a complete series of w product ions is observed, as well
s near complete series of z and d ions, excluding the z1 and
1 ions. Several a and a–B ions are also observed, in addition to
wo internal ions. Base loss also constitutes approximately 50% of
he total ion abundance. For comparison, CAD of the doubly pro-
onated [ss8+2H]2+ ion is shown in Fig. 5b, obtained using the
ame activation time (30 ms) and normalized collision energy (15%).
AD results in only two types of product ions, w and a–B ions.
he relative abundance of the base loss product is also increased
ignificantly, in fact greater than that observed in the ETcaD spec-
rum.

For ions of the same charge state, the total dissociation efficiency
or the even-electron protonated species is often somewhat higher
han that of the odd-electron species for all oligonucleotides stud-
ed. This observation is based on the abundance of the surviving
recursor ion in the ETcaD and CAD spectra obtained using the same
ormalized collision energy. This result is in direct contrast to the
ndings from other electron-based dissociation methods, for either
ligonucleotide anions [13] or peptide cations [19]. In these stud-
es, the radical precursor ions proved to be more easily dissociated
han their kinetically more stable even-electron counterparts. In the
resent study, positive charges are added to the oligonucleotides
uring the ESI process, thus shifting the oligonucleotides from their
hermodynamically preferred negative charge state. The addition of
n electron to a positively charged oligonucleotide may increase the
inetic stability of the resulting oligonucleotide, thereby creating

elatively more stable oligonucleotide radicals. This may account
or the low degree of backbone fragmentation promoted by ETD for
onger oligonucleotides.

Coon and coworkers described a supplementary collisional acti-
ation technique (ETcaD) in which the effect of q and collision
0.15, and 0.10. The fragments formed at each qz value are shown above each plot by

energy was studied for electron transfer collision activated disso-
ciation (ETcaD) of tryptic peptides [19]. Supplemental activation at
low q value and low collision energy (qz = 0.18, 20% normalized colli-
sion energy) of the fragile charge-reduced peptide ions, [M+3H]2+•,
preferentially led to the efficient formation of the high energy c-
and z-type products over the low energy b and y ions [19]. Although
it appears that the charge-reduced oligonucleotide ions produced
upon ET in our study are relatively stable species, we were likewise
interested in the effect of varying the activation qz value and colli-
sion energy on the relative abundances of the types of ions formed
upon CAD of these ions (i.e., net ETcaD).

Fig. 6 displays the relative product ion distributions obtained
upon ETcaD of one of the oligonucleotides, [ss8+3H]2+•, at four
different qz values over a range of normalized collision energies,
with a summary of the sequence coverage shown above each plot.
At a qz value of 0.25, w ions dominate the spectra, with contri-
butions from all the types of ions following the order w > d >
base loss > z > a > a − B. As the qz value is lowered, the relative
contributions from each series of ions remain the same, except for
the base loss. At a qz value of 0.20, base loss represents the sec-
ond most dominant ion type in terms of relative peak area, and
for qz values of 0.15 and 0.10, the total contribution from base
loss represents the dominant fragmentation pathway. Ion activa-
tion/dissociation promoted by ETcaD allows access to both higher
energy and lower energy pathways, both which may require base
loss as an intermediate step prior to backbone cleavage. As qz

decreases and the precursor ions experience lower kinetic energies,
less energy may be available to cause backbone cleavages after base
loss has occurred, resulting in base loss as the dominant fragmen-
tation pathway.
Fig. 7 shows a summary of the sequence coverage for ss8, ss12,
ss16, and ss20 obtained by ETcaD and CAD. The charge states
selected for ETcaD or CAD are the highest charge states produced
upon ESI of the oligonucleotide sequences. Consistent with the ear-
lier summary shown in Fig. 3, ETcaD produces a greater number
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f diagnostic sequence ions and affords better sequence coverage
ompared to that obtained by CAD for each charge state examined.
lthough an increase in the number of sequence ions clutters the

S/MS spectra, the redundancy in products offers better sequence

overage as the length of the oligonucleotide increases. In addition,
ase losses and uninformative internal fragments are consistently
educed for each of the oligonucleotides upon ETcaD compared to
AD.

Fig. 8. MS/MS spectra of d1 by (a) ETD and (b) E
e states (a) ss6, 15% collision energy; (b) ss12, 15%; (c) ss16, 15% and (d) ss20, 16%.

3.4. ETD, ETcaD, and CAD of duplexes

The capability of ECD to probe the conformations of proteins in

the gas phase is based on the fact that ECD preferentially cleaves
covalent backbone bonds without disrupting the far weaker non-
covalent bonds [28–30]. Higher order oligonucleotide structures
have likewise been probed by EDD [3] and EPD [20], and neither
activation method seems to disrupt the non-covalent interactions

TcaD. Precursor ions are noted with a star.
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ig. 9. MS/MS spectra of d2 by (a) ETcaD and (b) CAD. Precursor ions are noted with a
nternal fragments are noted with an asterick.

n oligonucleotide duplexes. It is thus presumed that dissociation
f radical ions is a fast process, occurring at specific covalent bonds
ithout cleaving the non-covalent interactions such as hydrogen

onding that occurs in oligonucleotide base pairing. In the present
tudy, ETD of oligonucleotide duplex cations results solely in charge
eduction as shown for (d1+6H)6+ in Fig. 8a. Collisional activation
f the resulting (d1+6H)5+• radical ion (i.e., see the ETcaD spec-
rum in Fig. 8b) causes predominantly base loss, similar to CAD of
he (d1+5H)5+ ion, but also leads to the elimination of two a and z
pecies. Loss of an a1 moiety from ss1 of the duplex would yield the
ss2 + w13]5+ product. A likely explanation for the minimal back-
one cleavage occurring upon ETcaD of duplexes is that the ESI and
TD processes may promote partially unzipping near the end of
he strands, but not complete strand separation. ETcaD would pro-

ote backbone cleavages near the termini if those bases were not
nvolved in hydrogen bonding.

ETD appears to cleave covalent bonds along the backbone of the
ligonucleotide while preserving at least some of the non-covalent
nteractions. In order to evaluate the ability of ETD to determine
igher order structure we designed a pair of sequences in which
nly half of the nucleotides consist of complementary base pairs,
nd the other half would not be expected to engage in any base-
airing interactions. We anticipated that the non-complementary
alf of the duplex should dissociate via predictable pathways by
TcaD, while the other half of the duplex should retain its hydrogen
onds and not undergo backbone cleavage. Fig. 9 shows the ETcaD
Fig. 9a) and CAD (Fig. 9b) spectra obtained for this duplex based on
ctivation of the (d2+5H)4+• and (d2+4H)4+ ions, respectively. The
ajority of backbone cleavages observed in the ETcaD spectrum

ccur on the non-complementary half of the duplex, whereas in
he CAD spectrum, the majority of backbone cleavages occur on the
omplementary half. Similar to ETcaD of duplex 1 in Fig. 8, a variety
f neutral base losses are observed, in addition to an a1(ss2)/z1(ss1)
oss and an a1(ss2)/z1(ss1) loss in conjunction with an adenine base
oss. Loss of a and z species from the annealed portion of the duplex,

hich would be observed as elimination of a products containing

uanine and cytosine bases, appears to be inhibited. Instead, one
ominant loss occurs (other than base loss) that may be either
he elimination of a1 from ss2 or z1 from ss1 (these losses have
dentical mass values), both of which occur at the termini of the
on-complimentary half of the duplex.
Sequence coverage is shown at the right. Complementary base pairs are underlined.

4. Conclusions

This is the first demonstration of ETD and ETcaD of oligonu-
cleotide cations. Limited backbone cleavages are observed upon
ETD, especially as oligonucleotide length increases, but electron
transfer to the oligonucleotide cation is an efficient process. Sub-
sequent CAD of the charge-reduced radical products results in
extensive backbone cleavages with a marked decrease in base loss
and internal fragments. As reported previously, ECD generates rad-
ical cations and a complex array of lower abundant fragment ions,
including w/d ions, a/z radical ions, and c/x ions, in addition to base
loss from many of the fragment ions (w/d − B, c/x–B, a/x–B), which
complicated spectral interpretation [1,2]. In contrast, as shown in
the present study ETcaD produces only w, d, a, and z ions, with
the exception of one homogenous sequence, A6, in which c/x ions
were observed. No base losses from the product ions are observed
for ETcaD. Both ECD and ETcaD of oligonucleotides results in a
decrease of base loss and internal fragments compared to fragmen-
tation by CAD alone. Despite the number and type of product ions
observed for ECD, sequence coverage was incomplete for several
six-mers studied [1]. For ETcaD, sequence coverage is near complete
for oligonucleotides up to 20 base pairs in length, and is a better
alternative for de novo sequencing of nucleic acid cations. ETD of
the two oligonucleotide duplexes in this study suggests that ETcaD
could be used as a probe of oligonucleotide higher order structures
in the positive mode.
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