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Abstract
Ultraviolet photodissociation (UVPD) at 193 nm is compared to collision induced dissociation (CID)
for sequencing and determination of modifications of multi-deprotonated 6 – 20-mer
oligodeoxynucleotides. UVPD at 193 nm causes efficient charge reduction of the deprotonated
oligodeoxynucleotides via electron detachment, in addition to extensive backbone cleavages to yield
sequence ions of relatively low abundance, including w, x, y, z, a, a-B, b, c, and d ions. Although
internal ions populate UVPD spectra, base loss ions from the precursor are absent. Subsequent CID
of the charge-reduced oligodeoxynucleotides formed upon electron detachment, in a net process
called electron photodetachment dissociation (EPD), results in abundant sequence ions in terms of
w, z, a, a-B and d products, with a marked decrease in the abundance of precursor base loss ions and
internal fragments. Complete sequencing was possible for virtually all oligodeoxynucleotides
studied. EPD of three modified oligodeoxynucleotides, a methylated oligodeoxynucleotide, a
phosphorothioate-modified oligodeoxynucleotide, and an ethylated-oligodeoxynucleotide, resulted
in specific and extensive backbone cleavages, specifically, w, z, a, a-B and d products, which allowed
the modification site(s) to be pinpointed to a more specific location than by conventional CID.

Introduction
Sequencing biopolymers such as nucleic acids and proteins and determining their structural
modifications remains one of the most important applications of tandem mass spectrometry.
Collision induced dissociation (CID) is by far the most widely used activation method for
nucleic acids.1 During CID, the fragmentation of deprotonated oligodeoxynucleotides is
initiated by loss of a neutral or charged base, followed by subsequent backbone fragmentation
leading to complementary w and a - B ions (Scheme 1).2 Infrared multiphoton dissociation
(IRMPD) has also been successful for activation of nucleic acids due to the high absorptivity
of the phosphodiester backbone at 10.6 um and results in fragmentation patterns similar to
those of CID.3 The high abundances of non-informative base loss and internal fragments that
complicate spectra as well as the limited diversity of products are oft-cited disadvantages of
CID and IRMPD.

Interest in alternative ultraviolet photon-based and electron-based ion dissociation techniques
for tandem mass spectrometry of oligodeoxynucleotides continues to grow, and include
ultraviolet photodissociation (UVPD) at 193 nm,4 electron photodetachment dissociation at
260 nm (EPD),5–6 electron detachment dissociation (EDD),7–13 electron capture dissociation
(ECD),14–15 and electron transfer dissociation (ETD).16 Pioneering work by McLafferty et
al. used 193 nm photons to irradiate multiply charged dT30 ions, causing electron

Correspondence to: J. S. Brodbelt, jbrodbelt@mail.utexas.edu.

NIH Public Access
Author Manuscript
Anal Chem. Author manuscript; available in PMC 2011 September 1.

Published in final edited form as:
Anal Chem. 2010 September 1; 82(17): 7218–7226. doi:10.1021/ac100989q.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



photodetachment in addition to formation of w and a ions (which have the same masses as d
and z ions in the sequence dT30).4 More recently, Gabelica et al. explored the electron
photodetachment of single strand oligodeoxynucleotide anions and duplexes at 250–285 nm.
5–6 The minimal fragmentation of oligodeoxynucleotides observed upon laser irradiation at
260 nm was almost exclusively supplanted by electron photodetachment, rendering UVPD at
260 nm inefficient for sequencing oligodeoxynucleotides.5 CID of the charge reduced radical
ions arising from electron photodetachment predominantly yielded w, d, a, and z ion series
compared to the w and a-B ions observed upon CID.5

EDD is promoted by interaction of an oligonucleotide with >10 eV electrons, thus generating
both radical and non-radical products. Hakansson et al has investigated EDD of
deoxyoligonucleotides.7–13 Upon EDD, both w/d and radical a/z series of fragment ions were
observed for oligodeoxynucleotide sequences for which those ions were not distinguishable,
and one radical z ion was observed for the sequence dGCATGC.7 The limited fragmentation
that was observed upon EDD of longer oligodeoxynucleotides was attributed to residual
secondary structure that prevented product ions from separating.7,10 Recently, EDD has been
performed on oligoribonucleotides by Taucher and Breuker, with EDD resulting in the
formation of abundant noncomplementary even electron w and d ions.13 A mechanism was
suggested whereby the radical z ions formed upon EDD undergo facile dissociation into even
electron w ion.13

ECD and ETD entail activation of oligodeoxynucleotide cations, not anions, and lead to radical
cation products via electron attachment. Subsequent dissociation follows different pathways
that give rise to many types of product ions.14–16 For example, upon ECD, d radical cations,
a/z ions, and c/x ions were observed.15 ETD of DNA cations generated very low abundance
backbone fragment ions and instead predominantly caused charge reduction (i.e. electron
attachment without dissociation).16 CID of the resulting charge-reduced species produced w,
a, z, and d ions, with a marked decrease in the abundance of precursor base loss ions and internal
fragments compared to CID.16 Although our previous work has shown efficient cation
formation of DNA oligonucleotides, it should be noted that generation of positively charged
oligodeoxynucleotides is generally perceived to be less efficient than the generation of the
corresponding anions due to the acidic nature of the phosphate backbone under most
experimental conditions, making ECD and ETD less popular options for characterization of
DNA.14

With respect to characterization of DNA modifications, tandem mass spectrometry techniques
offer a promising approach for the rapid and sensitive detection of modifications based on
reconstitution of the original nucleic acid sequence from characteristic fragment ions.17

Sequencing by CID and IRMPD has been used to locate modified nucleobases,18–29 and
modified deoxyribose and phosphate moieties in DNA,30–32 in addition to characterization of
the extremely varied modifications of RNA.33–38 Even some 3D structural aspects of DNA
and RNA can be obtained by combining the use of chemical probes with tandem mass
spectrometry.39–43 Furthermore, the factors governing fragmentation mechanisms of modified
oligonucleotides44–48 by CID have been explored.

In the present study, we explore the fragmentation patterns of negatively charged
oligodeoxynucleotides, both single strands and modified single strands, using UVPD and EPD
at 193 nm. In all cases, UVPD at 193 nm causes efficient electron detachment from the multiply
charged oligodeoxynucleotide anions, producing charge reduced oligodeoxynucleotide anions
in addition to an impressive variety of low abundance backbone ions. Subsequent CID of the
charge-reduced oligodeoxynucleotide radical ions results in backbone fragmentation which is
more extensive than that produced by CID of the corresponding even-electron species but less
complicated than that promoted by UVPD alone. EPD of three modified oligodeoxynucleotides
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resulted in specific and extensive backbone cleavages which allowed the modification site(s)
to be pinpointed more readily than by conventional CID.

Experimental
Chemicals

The following oligodeoxynucleotides were obtained from Integrated DNA Technologies
(Coralville, IA) on the 1.0 umole scale and used without further purification: 5’- AAAAAA-3’,
5’- CCCCCC-3’, 5’- GGGGGG-3’, 5’- TTTTTT-3’, 5’- TGGCCA-3’, 5’- ATGACTCG-3’,
5’- GTATGACTCGCA-3’, 5’- TCGTATGACTCGCAAG-3’, 5’-
CATCGTATGACTCGCAAGTG-3’. In addition, the following sequences were obtained with
modifications: 5’ – TGCATGCAAG – 3’ (in which the bold cytosine is methylated at the
carbon 5 position) and 5’ - TAGCTAGTCsGAC – 3’ (which contains one phosphorothioate
bond in which a sulfur atom is substituted for a non-bridging oxygen in the phosphate backbone
at the “s” position) (Table 1). Oligodeoxynucleotide single strand concentrations were
determined spectrophotometrically by Beer’s Law using the extinction coefficients provided
by the manufacturer. For ESI-MS analysis, the solution was diluted to 10 µM of
oligodeoxynucleotide in 20 mM ammonium acetate solution. For the N-ethyl-N-nitrosourea
(ENU) reaction, 10 µL of 5.0 M ENU in methanol was added to 40 µL of a 50 mM solution
of 5’- GTATGACTCGCA-3’ in 100 mM ammonium acetate. The incubate was heated to 57
°C for one hour, diluted to a DNA concentration of 10 µM and immediately analyzed by ESI-
MS.

Mass Spectrometry
Oligodeoxynucleotide samples were directly electrosprayed into a Finnigan LTQ mass
spectrometer (Thermo Electron Corp., San Jose, CA). A Harvard syringe pump (Holliston,
MA) at a flow rate of 3 µL/min was used. The ESI source was operated in the negative ion
mode with an electrospray voltage of 3.5 kV and a heated capillary 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. For the collisionally induced
dissociation (CID) experiments, collisional activation voltages were applied at a level sufficient
to reduce the isolated precursor ion to ~10–20% of its original abundance. The default
activation time of 30 ms was used in all CID experiments with a qz value of 0.25.

The LTQ mass spectrometer was modified for UVPD in a manner described previously.49

UVPD was performed using a Coherent Excistar XS 500 ArF excimer laser (Munich,
Germany), with a repetition rate of 500 Hz, and a pulse width of 5 ns. A laser gas mixture
containing inert gases and a small amount of fluorine (<1% composition in mixture) was used
as the active laser medium inside the laser tube. As the number of laser pulses increased, the
concentration of the premix laser gas in the laser tube decreased, resulting in a decrease in laser
energy per pulse. In order to maintain the same pulse energy throughout all experiments (except
for the energy variable experiments), the high voltage electrical discharge was automatically
varied so that the energy per pulse was 6.0 mJ. Most UVPD experiments were performed with
one laser pulse, during which the total activation period was the lowest default value of the
LTQ mass spectrometer, 0.03 ms. Multiple laser pulse experiments were also performed, in
which the laser was pulsed every 2.0 ms at the maximum repetition rate of the laser (500 Hz).
The back flange of the vacuum manifold of the instrument was modified with a CF viewport
flange with a VUV grade CaF2 window with an anti-reflective 193 nm coating to allow the
transmission of 193-nm radiation. The unfocused laser beam was aligned on axis with the linear
ion trap such that the beam passed through a 2-mm aperture of the exit lens to irradiate the ion
cloud. Upon exiting the laser aperture, the pulse per energy was ~ 6.0 mJ; the energy per pulse
near the back flange of the instrument was ~ 5.0 mJ per pulse prior to the 2-mm aperture of
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the exit lens. The q-value of the precursor was set at 0.1 to reduce the low-mass cutoff value.
The pressure in the analyzer region was nominally 9.0 × 10−6 Torr, and no changes to the He
bath gas pressure were made.

For EPD experiments, ultraviolet photodissociation was performed for 1 pulse (LTQ default
activation period of 0.03 msec), and a collisional activation voltage was subsequently 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 EPD experiments, and the qz value was
set to 0.25. The isolation width was set to 5 m/z for all MS/MS steps.

Results and Discussion
For the present study, the fragmentation patterns of a series of oligodeoxynucleotides obtained
by UVPD and EPD are compared to those obtained by CID and IRMPD. The types and relative
abundances of diagnostic sequence ions are evaluated, and the benefits of EPD for
characterization of modified oligodeoxynucleotides are demonstrated.

UVPD, EPD, CID, IRMPD product ions
For the single strand d(GTATGACTCGCA), the UVPD spectrum of the 4- charge state, the
EPD spectrum of the odd electron species (3-•) produced by electron photodetachment from
the 4- charge state, and the CID and IRMPD spectra of the 4- charge state are displayed in
Figure 1. UVPD of [GTATGACTCGCA-4H]4- results in an extensive series of product ions
arising from various backbone cleavages as well as the abundant charge-reduced product
assigned as 3-• and 2-••, as shown in Figure 1a. Due to the complexity of the spectra, not all
product ions are labeled in the UVPD (Figure 1a) and EPD (Figure 1b) spectra. Although of
low abundance, a complete series of w ions and a near complete series of d ions is observed.
Moreover, a few a, a-B, b, c, x, y, and z ions are observed. Internal ions are numerous but base
loss ions are low in abundance. This array of fragmentation pathways is generally characteristic
of the UVPD mass spectra obtained for all other deprotonated oligodeoxynucleotides. Electron
photodetachment upon UVPD has been observed previously for oligodeoxynucleotide anions
at 260 nm,5–6 and the mass spectrum in Figure 1a indicates a similar process is operative upon
UVPD at 193 nm, yielding abundant charge reduced products.

The sequence ions produced by UVPD in Figure 1a are numerous, albeit at rather low
abundance. To circumvent this shortcoming and to promote more abundant fragmentation, the
abundant charge-reduced ion produced upon UVPD (e.g., [(GTATGACTCGCA-3H)3-• in
Figure 1a) was subsequently subjected to collisional activation (shown in Figure 1b), and this
two stage activation process was termed by Gabelica and coworkers as electron
photodetachment dissociation (EPD, i.e. UVPD → CID).5–6 A near complete series of w and
d ions (except for the 5’ terminal w1 and d1 ions due to the low mass cut-off associated with
CID) are formed as well as numerous a, a-B and z ions.

For comparison, the CID spectrum of (GTATGACTCGCA-4H)4- is shown in Figure 1c. CID
results in production of several w ions, a - B ions, and internal ions, the latter of which often
complicate spectral interpretation. Internal ions, the most abundant of which are labeled with
an asterisk, are the result of sequential fragmentation leading to products that contain neither
the 5’- nor 3’- terminus. Simple base loss results in the most abundant product ions in the CID
mass spectrum (Figure 1c).

IRMPD is another photon-based dissociation technique that is an alternative to CID.50 The
non-resonant process of ion activation by IR absorption results in rapid conversion of the
uninformative base loss ions, ones that often dominate CID mass spectra acquired in
quadrupole ion traps, into a - B and w sequence ions without the need for sequential stages of
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ion activation.3 The IRMPD spectrum of (GTATGACTCGCA-4H)4- is shown in Figure 1d.
IRMPD results in production of several w ions, a - B ions, and internal ions, similar to CID,
but the unwanted base loss ions are minimized by secondary dissociation into a-B and w ions.
The w, z, and d series are notably absent from the CID and IRMPD spectra.

Variation of laser pulse energy for UVPD
Energy-variable UVPD experiments were also conducted to reveal the impact of photon flux
on the secondary dissociation of the charge reduced product ions. Gabelica et al measured the
electron detachment yield of dG6

3- at 260 nm and found that the first electron photodetachment
is a one-photon process, while the second electron photodetachment was a multi-photon
process.5–6

To establish the one-photon or multi-photon character of electron photodetachment when using
193 nm photons, [TGGCCA]3- was exposed to one laser pulse while the laser energy per pulse
was increased. Supplemental Figure 1 shows the resulting energy-variable UVPD results for
the peak areas of the singly (◊) and doubly (□) charge-reduced product ions, in addition to a
w5

2- ion (Δ). The increase in abundance of the singly charged-reduced product ion follows a
linear trend (R2 > 0.99) with respect to laser pulse energy, showing that the first electron
detachment is a one-photon process. In contrast, the abundance of the doubly charge-reduced
and w5

2- product ions exhibit a nonlinear trend, indicating that the reaction is a multi-photon
process. A quadratic equation fit to the data for the doubly charge-reduced and w5

2- product
ions yields a value of R2 greater than 0.99. The combined pulse-variable and energy-variable
data confirm that the dissociation of DNA oligodeoxynucleotides at 193 nm is dependent on
total photon flux.

Base dependence on electron detachment efficiency
Oligodeoxynucleotides have been shown previously to exhibit sequence-dependent
dissociation patterns attributed to the nature of the nucleobases by the ultraviolet photon-based
and electron-based activation techniques, including EPD at 260 nm5–6 and EDD.7–12 In order
to evaluate the potential impact of the nucleobases on the fragmentation pathways of
oligodeoxynucleotides upon irradiation at 193 nm, UVPD experiments were undertaken for
four six-mers, dC6, dA6, dG6, and dT6, in the 2- and 3- charge states. After exposure to a single
UV pulse, each 6-mer undergoes electron photodetachment as well as fragmentation into
primarily w or d sequence ions (UVPD spectra not shown). The electron detachment
efficiencies for each 6-mer are summarized in Figure 2.

The percentage of charge-reduced species was determined by summing the abundances of all
charge reduced ions and radical sequence ions and dividing by the summed abundances of all
ions. Figure 2 shows that the electron detachment efficiency upon one laser pulse at 193 nm
follows the trend dA6 > dG6 > dC6 > dT6. The propensity for electron detachment was also
monitored as a function of the number of laser pulses (1 to 15) (data not shown). Based on the
much slower decay of the precursor ion abundance, the rate of dissociation of the thymine
strand is significantly slower than for the other strands. The precursor ion is completely
dissociated after 6 pulses for [dA6]3-, [dG6]3-, and [dC6]3-, whereas 13 pulses are necessary to
completely dissociate [dT6]3-. In addition, secondary dissociation of the charge reduced species
for [dT6]3- also occur much slower compared to the other 6-mer strands.

The trend in electron detachment observed by EPD at 193 nm (dA6 > dG6 > dC6 > dT6) is
different from EPD at 260 nm (dG6 > dA6 > dC6 > dT6), 6 different from EDD (dG6 > dT6 >
dC6 > dA6)12 and also different from electron thermal autodetachment (dT7 > dC7 > dA7).51

Guanine has the lowest ionization potential and thus would be expected to undergo the most
facile electron detachment. For individual nucleobases, the order of ionization potentials is G
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< A < C < T.52 Molar extinction coefficients, which are directly related to the absorptivity of
the molecule, are not available for 193 nm, but at 260 nm follow the trend A > G > C > T. The
base dependence of electron detachment at 193 nm may depend on both the ionization
potentials of the individual bases and their photoabsorption efficiencies.

Influence of oligodeoxynucleotide length and charge state on CID, UVPD, and EPD
UVPD, EPD, and CID were undertaken for several oligodeoxynucleotides of varying length
and sequence in order to determine the sequence coverage obtained as a function of activation
method and the charge state of the precursor. A comparison of the CID, UVPD, and EPD results
for the series of oligodeoxynucleotides is summarized in Figure 3. The total numbers of
diagnostic sequence ions (a - B and w for CID; a, a - B, d, w, z, and other ions (including b, c,
x, y) for UVPD; a, a - B, d, w and z for EPD) are displayed in bar graph form for all observed
charge states for each oligodeoxynucleotide. As the oligodeoxynucleotide increases in length
and the number of possible backbone cleavage site increases, the overall number of product
ions increases, as expected. In most cases, the number of product ions formed upon CID does
not vary significantly with charge state. In contrast, the total number of ions produced by both
UVPD and EPD appear to be much more dependent on charge state, with the intermediate
charge states generally leading to the greatest array of product ions for each DNA strand. The
total number of product ions from EPD are generally comparable or greater than that from
UVPD, even though fewer different types of ions are produced (i.e. no b, c, x or y ions upon
EPD).

A detailed comparison of the distributions of product ions generated upon CID, UVPD, and
EPD as a function of charge state is shown in Supplementary Figure 2 for ss12. The abundances
of each type of sequence ion (categorized as w; a - B; base loss from the intact single strand (-
B); d; a; z; collective other ions including b, c, x, and y; and charge-reduced ions) were tallied
and normalized to 100% for each precursor charge state. Figure 3 and Supplemental Figure 2
illustrate the striking differences in the number and distributions of product ions arising from
each of the activation methods, thus affording significant analytical flexibility depending on
the targeted objective, as demonstrated in the next section for characterization of modified
oligodeoxynucleotides.

EPD for studying modified oligodeoxynucleotides
As described above, EPD results in a more diverse array of product ions than CID and greater
abundances of diagnostic sequence ions than UVPD, and thus the potential of EPD for
characterizing modified nucleic acids was explored. Elucidation of modified nucleic acids by
MS/MS methods generally poses a greater challenge because the ability to pinpoint the specific
site(s) of modification depends on generating a comprehensive array of site-specific fragment
ions. In particular, EPD was applied for the characterization of a methylated
oligodeoxynucleotide, a phosphorothioate-modified oligodeoxynucleotide, and an ethylated-
oligodeoxynucleotide.

Most cytosine residues at CpG sites are physiologically methylated in mammalian genomes.
53 Although 5-methylcytosine does not alter coding information, its presence plays a number
of important biological roles, such as repression of gene transcription and the maintenance of
gene integrity.54 DNA methylation can also physiologically occur with adenine,55 and guanine
as well is susceptible to methylation by certain methylating agents.56 The oligodeoxynucleotide
Mss10 (see sequence in Table 1) was characterized by EPD and CID as a means to pinpoint
the cytosine methylation site. The representative spectra and resulting backbone cleavages
observed upon both EPD and CID are summarized in Figure 4. Those product ions that retain
the methyl group are readily identified based on their characteristic mass shifts in the MS/MS
spectra and are highlighted with crescents. Interpretation of the MS/MS spectra confirms that
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there is only one modification located at the seventh residue. In the CID mass spectrum, the
pair of 3’-w4 and 5’-a8-AH ions are methylated, indicating the methyl group resides on the
oligodeoxynucleotide somewhere between those two complementary products, a region
including the cytosine nucleobase, the ribose at that residue, and the two adjacent phosphate
groups. For EPD, the 3’-z4 and 5’-a7 ions are methylated, pinpointing the methylation to an
even more specific location, either the cytosine nucleobase or the adjacent ribose. Comparison
of the 5’-a7 methylated and the 5’-a7-C unmethylated further confirms the site of modification.

Coupled with the knowledge that cytosine nucleobases are more often methylated than other
regions in a DNA oligodeoxynucleotide, CID and EPD provide similar levels of structural
information for this example. In order to evaluate the ability of EPD to specifically pinpoint a
modification in another location, we characterized the phosphorothioate-modified
oligodeoxynucleotide, PSss12, by EPD and CID (Figure 5). For phosphorothioate (PS)
modified oligodeoxynucleotides, a sulfur atom is substitute for one non-bridging oxygen in
the phosphate backbone of an oligodeoxynucleotide, which renders the internucleotide linkage
resistant to nuclease degradation.57,58 The summarized cleavages for both EPD and CID
(Figure 5c) (with the characteristic mass shift due to the sulfur atom indicated by stars) indicate
that there is only one modification, and it is located at the ninth residue. For CID, the w4 and
a10-AH ions are modified, indicating the modification resides somewhere on the
oligodeoxynucleotide where those two products overlap, which includes the cytosine
nucleobase, the ribose at that residue, the two adjacent phosphate groups, and the ribose at the
tenth residue. For EPD, the z4 and d9 ions are modified, pinpointing the modification to a more
specific location: a region comprising the cytosine nucleobase, the ribose at that residue, and
the 3’ adjacent phosphate group. In addition, taking into account that the a9 ion is never detected
with the modification, it can be assumed that the modification must reside on the phosphate
backbone. In this case, EPD outperforms CID.

As a final example, N-ethyl-N-nitrosourea (ENU) is a highly potent alkylating agent which
acts by transferring an ethyl moiety to nucleic acids. Much discrepancy exists regarding the
site of alkylation, with some studies finding nucleobases are the target, including guanine,59–
64 thymine,59, 61, 64–67 and adenine.63–65 Other studies have indicated that the major site of
adduction occurs at the oxygen of the phosphate backbone.68–70 While it is likely that reaction
conditions influence the extent of alkylation and the specific alkylation sites, we were interested
in evaluating the use of EPD as a means to pinpoint the ethylation sites. Oligodeoxynucleotide
ss12 was reacted with ENU and subsequently characterized by EPD and CID (Figure 6). The
summarized cleavages upon EPD and CID of ENU-modified ss12 are shown in Figure 6c.
According to the established nomenclature for oligonucleotide dissociation, the four possible
cleavages along the phosphodiester chain are indicated by the lower case letters a,b,c, and d
for fragments containing the 5’-OH group and w,x,y, and z for fragments containing the 3’-
OH group. The numerical subscripts indicate the number of bases from the respective termini.
The products formed by EPD (w, d, a, z ions) result from cleavages that occur both 5’ and 3’
to the phosphate group, yielding some products that consist of the nucleobase, ribose, and the
phosphate at the newly terminal residue (w and d ions) in addition to the rest of the
oligonucleotide, with other products formed containing only the newly terminal nucleobase
and the ribose (a and z ions) with the remainder of the oligonucleotide. These complementary
sets of differential products allow the ethylation sites to be pinpointed on the phosphate group
or the nucleobase/ribose moiety. For ethylation of ss12, EPD allows the modification to be
pinpointed to the phosphate, specifically due to the a3 and ethylated d3 ions, and the ethylated
w3 and z3 ions. The limited backbone cleavages by CID do not provide sufficient information
to identify the ethylation site. In addition, we noted that as the length of the product ion
increased (regardless of ion type), the abundances of the modified ions increased relative to
analogous unmodified ions (data not shown). The nearly linear increase in percent modification
confirms the lack of sequence specificity of the ENU modification.
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Conclusions
UVPD of DNA oligodeoxynucleotides at 193 nm promotes extensive charge reduction, in
addition to an impressive array of w, x, y, z, a, b, c, d, and a-B ions. CID of the charge reduced
ions formed upon UVPD, termed EPD, results in far greater abundances of informative
sequence ions, including w, z, a, d, and occasionally a-B ions. Although the total number of
different types of ions produced by EPD is lower than produced upon UVPD, the overall
numbers of products produced is similar or greater, meaning that each series of sequence ions
(e.g. w, z, a, d) is more extensive. The efficient and characteristic fragmentation promoted by
EPD proves to be more effective than that induced by CID for pinpointing the location of
modifications of oligodeoxynucleotides, such as phosphorothioate substitutions and ethylation.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
MS/MS spectra of ss12 by (a) UVPD of 4- (one UV pulse, 5mJ), (b) EPD of 3-• (one UV pulse,
5mJ; then 28% normalized collision energy, 30 ms), and (c) CID 4- (20% normalized collision
energy, 30 ms), and (d) IRMPD 4- (5.0 ms irradiation, 10 W). Precursor ions are noted with a
star.
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Figure 2.
Electron detachment yield for the 2- and 3- charge states of dA6, dG6, dC6, and dT6 upon one
UV laser pulse (5 mJ). The fraction of charge-reduced species was determined based on the
abundances of all radical products and the charge- reduced precursor, with the assumption that
all radical product ions are derived from decomposition of the charge reduced precursor. The
standard deviation was calculated from three experiments.
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Figure 3.
Number of diagnostic sequence ions [a-B and w for CID; a, a-B, d, w, z, and other ions
(including b, c, x, y) for UVPD; a, a-B, d, w and z for EPD] are displayed in bar graph form
for each observed charge state for ss8, ss12, ss16, and ss20.
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Figure 4.
MS/MS spectra of Mss10 by (a) EPD of 3-• (one UV pulse, 5mJ; then 8% normalized collision
energy, 30 ms), and (b) CID 3- (8% normalized collision energy, 30 ms). Precursor ions are
noted with a star. Bolded and italicized product ions retain the modification. A summary of
the product ions formed from EPD and CID for the methylated single strand 10-mer (c), in
which the slash marks represent cleavages at that location. A crescent above the slash mark
represents a product containing the methyl modification. .
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Figure 5.
MS/MS spectra of PSss12 by (a) EPD of 4-• (one UV pulse, 5 mJ; then 8% normalized collision
energy, 30 ms), and (b) CID 4- (8% normalized collision energy, 30 ms). Precursor ions are
noted with a star. Bolded and italicized product ions retain the modification. Not all of the EPD
product ions are labeled due to the complexity of the spectrum. A summary of the product ions
formed from EPD and CID for the phosphorothioate single strand 12-mer (c), in which the
slash marks represent cleavages at that location. A star above the slash mark represents a
product containing the phosphorothioate modification. The phosphorothoate modification is
shown as an s in the sequence.
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Figure 6.
MS/MS spectra of ss12+ENU by (a) EPD of 3-• (one UV pulse, 5mJ; then 37% normalized
collision energy, 30 ms), and (b) CID 3- (37% normalized collision energy, 30 ms). Precursor
ions are noted with a star. Bolded and italicized product ions retain the modification. Not all
of the EPD product ions are labeled due to the complexity of the spectrum. A summary of the
product ions formed from EPD and CID for the ENU modified single strand 12-mer (c), in
which the slash marks represent cleavages at that location. A triangle above the slash mark
represents a product containing the ENU modification.
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Scheme 1.
Oligodeoxynucleotide fragmentation nomenclature.
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For modified oligodeoxynucleotides, UVPD at 193 nm followed by CID of the charge reduced
species pinpoints the modification site more readily than CID alone.
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Table 1

Summary of the oligodeoxynucleotide sequences used in this study.

Name Sequence Molecular Weight (Da)

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

ss12 5’- GTATGACTCGCA-3’ 3645.4

ss16 5’- TCGTATGACTCGCAAG-3’ 4881.2

ss20 5’- CATCGTATGACTCGCAAGTG-3’ 6117.0

Mss10 5’- TGCATGmeCAAG-3’ 3066.1

PSss12 5’- TAGCTAGTCsGAC-3’ 3661.5
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