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Abstract

The development of new ion activation/dissociation methods is motivated by the need for more
versatile ways to characterize structures of ions, especially in the growing arena of biological
mass spectrometry in which better tools for determining sequences, modifications, interactions,
and conformations of biopolymers are essential. Although most agree that collision-induced
dissociation (CID) remains the gold standard for ion activation/dissociation, recent inroads in
electron- and photon-based activation methods have cemented their role as outstanding
alternatives. This article will focus on the impact of photodissociation, including its strengths and
drawbacks as an analytical tool, and its potential for further development in the next decade.
Moreover, the discussion will emphasize photodissociation in quadrupole ion traps, because that
platform has been used for one of the greatest arrays of new applications over the past decade.
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he field of ion activation/dissociation remains incredibly

vibrant due to the ongoing quest to improve the
sequencing of biopolymers and map their modifications, to
increase the sensitivity to small structural differences, to
enhance the ability to differentiate isomers, to facilitate high-
throughput applications, and to advance the understanding
of fragmentation mechanisms for better automated spectral
interpretation. CID has proven to be enormously robust and
readily implemented, but insufficient energy deposition and/
or low efficiency for certain fragmentation pathways has
stimulated the hunt for other options. There have been
several reviews and insightful discussions of electron-based
activation methods [1-6], including electron-capture disso-
ciation (ECD) and electron-transfer dissociation (ETD), so
these methods will not be extensively addressed in the
present article. Examples of some of the more recent
photodissociation studies are cited herein, but the citations
are by no means comprehensive.

Photodissociation describes the process in which ions are
exposed to photons of a selected wavelength, resulting in an
accumulation of internal energy that leads to dissociation [7—
10]. The activation process may entail the absorption of one
or more high-energy UV or visible photons (~2-10 eV/
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photon) or tens/hundreds of lower energy IR photons (ca.
0.1 eV/photon). Both pulsed and continuous-wave lasers
have been used for photodissociation. The energization
period may range from nanoseconds to hundreds of milli-
seconds based on the photon flux of the laser, the
competition between ion activation and collisional cooling,
and the energy deposition per photon. The ability to vary
photon flux, the total irradiation period, and the selected
wavelength endows photodissociation with a high degree of
tunability. In fact, it is precisely this type of tunability and
the increasing availability of wavelength-tunable lasers
coupled to ion trapping mass spectrometers, including
Fourier transform ion cyclotron resonance (FTICR) mass
spectrometers and quadrupole ion trap systems, that has
spurred the fast-growing field of ion spectroscopy (e.g.
photodissociation action spectroscopy). lon spectroscopy
entails monitoring the dissociation of mass-selected ions as
a function of laser wavelength, yielding a rich vibrational
fingerprint. Ion spectroscopy has been the subject of several
recent reviews, and will not be discussed further [11-13].
The energization processes in photoactivation is quite
different from collisional activation in the sense that the
absorption of each photon imparts a discrete amount of
energy, unlike the potential range of internal energy
deposition upon collisions. Infrared multiphoton dissociation
(IRMPD) requires the absorption of multiple low-energy
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photons, making it similar to low-energy CID as a slow
heating process. In contrast, the absorption of UV photons
leads to the excitation of ions to higher electronic states and
access to high-energy dissociation pathways not observed
for CID or IRMPD. Photodissociation has been implemented
in MALDI time-of-flight mass spectrometers for the analysis
of singly charged ions [14-23] and ESI ion trapping
instruments (both FTICR systems [24-27] and various
quadrupole ion traps [28—63]) for the characterization of
singly or multiply charged species. In general, time-of-flight
instruments offer the advantages of high resolution, high
accuracy, broad m/z range, and fast scan times, although
photodissociation efficiencies in these mass spectrometers
have been rather low due to the fact that irradiation of the
ions occurs orthogonally in a very narrow time window as
the selected ions exit the ion gating region. Mainly UV
lasers have been utilized for photodissociation on time-of-
flight systems due to the need for fast energy deposition.
FTICR instruments offer unsurpassed resolution and accu-
racy and are a natural fit for photon-based activation
methods due to their ultra-low pressure environment, which
decreases the opportunity for collisional deactivation. Cur-
rently the only commercially available instruments equipped
with photodissociation capabilities are FTICR mass spec-
trometers (IRMPD capabilities).

Photodissociation has been successfully implemented on
both three dimensional and linear quadrupole ion trap
systems. The ability to trap ions is a notable advantage that
allows greater flexibility with the choice of laser (pulsed or
cw), wavelength (low- or high-energy photons), and activa-
tion conditions (single or multiple photons). Moreover, low
RF trapping voltages that allow the storage of very low m/z
product ions are compatible with the implementation of
photoactivation methods. Another characteristic inherent to
photon-based activation is the ability to simultaneously
energize and dissociate both precursor ions and primary
product ions in the trap upon exposure to photons, unlike
most collisional activation methods in which only the mass-
selected precursor ion, not the resulting product ions, are
energized. The conversion of primary product ions to other
product ions, a process often termed consecutive dissocia-
tion, affords a greater potential array of diagnostic product
ions as well as greater spectral complexity. Greater spectral
complexity may be viewed as a disadvantage if it subdivides
the product ion current into an overly elaborate array of low-
abundance products or if the products are small, uninforma-
tive ions (like alkyl ions), or it may alternatively be viewed
as an advantage by generating a more diverse series of
product ions suitable for database search algorithms. Like-
wise, uninformative “dead-end” product ions, such as those
arising from dehydration, may be converted into more
informative ions upon consecutive photodissociation.

The concept of coupling lasers to mass spectrometers for
photodissociation was demonstrated over three decades ago
[64], but the breadth and scope of applications have
expanded significantly in the past decade for several reasons.
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First, lasers have become more affordable, with cw CO,
lasers in the range of $10,000 and UV lasers in the range of
$20,000 and upwards. Second, there has been growing
appreciation for the need for alternative ion activation
methods, especially with the greater emphasis on solving
biological problems. Photon-based activation provides a new
avenue for exploration in the context of sequencing
biopolymers and pinpointing sites of modifications. Third,
photoactivation offers the potential for a high degree of
selectivity, not necessarily for bond-specific cleavages but
for the selective activation of molecules depending on their
available chromophores [27, 40, 42]. This type of selectivity
has only rarely been observed for collisional or electron-
based activation methods [65—68]. In fact, this selectivity
can be viewed alternatively as an advantage (i.e., chromo-
phore-specific activation of molecules) or as a drawback in
the sense that the laser wavelength must be matched to
chromophores in the targeted molecules to ensure efficient
photoabsorption and dissociation. For instance, it is well
known that few biomolecules readily absorb 355 nm
photons, thus making the third harmonic of a Nd:YAG laser
a poor choice for the dissociation of nonderivatized peptides,
proteins, nucleic acids, or oligosaccharides. However, tag-
ging these molecules with a suitable chromophore at 355 nm
endows them with high absorptivity and allows the potential
for facile differentiation and tracking of chromophore-tagged
and untagged molecules [47]. A specific example of this
strategy will be discussed later [47].

With respect to the nuts and bolts of implementing
photodissociation, a mass spectrometer must be equipped
with an optical set-up and a means to introduce the photons,
typically via an optical window or fiber optic [69]. A method
of triggering or gating the laser in a reproducible fashion, as
well as timing the irradiation period to coincide with the
ions’ trajectories through the instrument (for time-of-flight
systems) or with the desired ion activation period (for
trapping instruments), are other key aspects. Photodissocia-
tion can yield informative results even when using fixed-
wavelength lasers, such as an economical cw CO, laser or a
specific excimer laser (e.g., an ArF laser with 193 nm
photons), with some tunability in energy deposition based on
modulation of the laser power or irradiation time.

A variety of lasers have been used for photodissociation,
including CO, lasers (10.6 um, 0.12 eV per photon) [24-27,
40-46, 48-52, 54-56, 61-63], F, excimer lasers (157 nm,
7.9 eV per photon) [14-23, 39], ArF excimers (193 nm,
6.4 eV per photon) [57-59], Nd:YAG lasers (266 nm,
4.7 eV per photon [28-32], or 355 nm, 3.5 eV per photon
[47, 49]), femtosecond titanium sapphire lasers (800 nm,
1.5 eV per photon) [60], and OPO-Nd:YAG lasers that offer
a tunable range from 205 nm to 2550 nm (6.0-0.49 eV per
photon) [33-37]. As long as the laser provides sufficient
power and offers a wavelength that will be absorbed by the
analyte ions of interest, then it can be utilized for photo-
dissociation. Pulsed lasers with low repetition rates (such as
10 Hz or 20 Hz) can be problematic if multiple pulses are



J. S. Brodbelt: The Frontier of Photodissociation

required for efficient photodissociation, leading to low
spectral acquisition rates. This is a particular impediment
for application on a chromatographic time-scale in which
one would prefer an acquisition time of no longer than
100 ms per spectrum to allow adequate signal averaging and
chromatographic peak profiling. Focusing the laser offers
one way to increase the photon flux through the ion region
and enhance the probability of photoabsorption and ion
dissociation [61].

The number and types of product ions formed upon
photodissociation depends on the wavelength used, and in
fact often results in striking differences in the fragmentation
patterns from those observed upon CID. Several representa-
tive examples are shown in Figures | to 3 to illustrate this
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point. Figure 1 shows the CID, IRMPD, and UVPD mass
spectra obtained for the doubly protonated peptide
RPPGFSPFR. Although it is well known that CID typically
results in the formation of complementary b and y ions that
are useful for peptide sequencing, in the case of
RPPGFSPFR the CID spectrum is dominated by ammonia
loss and a yg ion (a proline-directed cleavage). The
corresponding IRMPD spectrum displays a far greater array
of product ions, still mostly b and y ions that provide
substantially greater sequence coverage. Several immonium
ions and internal ions are also formed upon IRMPD. The
formation of a larger array of product ions by IRMPD than
by CID is attributed to consecutive dissociation of primary
product ions upon ongoing photoabsorption, a phenonomen
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Figure 1. Comparison of the fragmentation patterns obtained for the doubly protonated peptide RPPGFSPFR (m/z 530.7)

upon (a) CID (30 ms, q=0.25, 19% NCE), (b) IRMPD (17.5 ms,

q=0.09), and (c) UVPD (one 5 ns pulse at 193 nm) in a linear ion-

trap mass spectrometer. An asterisk is used to signify the precursor ion. Internal ions are labeled with the hash symbol, #, and
ions with an additional loss of water or ammonia are labeled with a superscript o
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Figure 2. Backbone cleavage site comparison of IRMPD versus CID for (a) ubiquitin and (b) myoglobin. The blue-shaded areas
represent the portion of product ions that stem from backbone cleavages that occur C- terminal to acidic residues and/or N-
terminal to proline residues. Those product ions that arise from cleavages between DP or EP residues may be classified as both
N-terminal to proline and C-terminal to acidic residues, and thus are collectively categorized as "acidic residue/proline" ions
(lightest blue color). The red areas represent the portion of products arising from other nonselective backbone cleavages. The
black boxes highlight those charge states that dissociated by IRMPD or CID with the highest overall selectivity towards
backbone cleavages that occur C-terminal to acidic residues and/or N-terminal to proline. Republished with permission from
Madsen, J.A., Gardner, M.W., Smith, S.I., Ledvina, A.R., Coon, J.J., Schwartz, J.C., Stafford, G.C., Brodbelt, J.S.: Top-down
protein fragmentation by infrared multiphoton dissociation in a dual pressure linear ion trap. Anal. Chem. 81, 8677—-8686 (2009)

arising from the non-mass-selective nature of photoactiva-
tion. By using a focused laser or by undertaking IRMPD in a
lower pressure ion trap (such as demonstrated in the lower
pressure cell of a dual ion-trap mass spectrometer [54]), very
high photodissociation efficiencies are possible in less than
15 ms. This makes the feasibility and analytical capabilities
of IRMPD on par or better than CID for many applications.
Moreover, even very low m/z product ions can be observed
upon IRMPD, ones that might fall below the trapping range of
conventional CID in a quadrupole ion-trap mass spectrometer.
Interestingly, the majority of product ions observed upon
IRMPD occur as singly charged ions, even from precursor ions
that are multicharged. Multicharged product ions undergo
efficient consecutive photodissociation, converting them into
smaller singly charged products that facilitates their assignment
and MS/MS spectral interpretation [52, 54].

IRMPD has also been used successfully for structural
characterization of intact proteins (up to 29 kDa) in the low-
pressure cell of a dual-cell linear ion trap, thus affording
another tool for top-down proteomics applications [55]. In
this particular study, consecutive dissociation during IRMPD
played a significant role, leading to product ions in
substantially lower charge states compared to the product
charge states observed upon CID [55]. This outcome

resulted in more accurate mass identification of product ions
and facilitated their assignment. IRMPD also provided
greater cleavage selectivity than CID, which is a potential
benefit for a priori spectral predictions and enhanced
database searching for protein identification. Comparisons
of the distribution of product ions formed upon IRMPD and
CID of multiprotonated ubiquitin and myoglobin are shown
in Figure 2 in terms of cleavages that are N-terminal to
proline and C-terminal to acidic residues versus those arising
from nonselective backbone cleavages (i.e., all other backbone
cleavages that lead to other a, b and y ions). The portion of
products stemming from selective cleavages are represented by
various shades of blue, and nonselective backbone cleavages
are by indicated by red. The black highlighted boxes around the
pie graphs are used to showcase those charge states that yield
the greatest portion of selective backbone cleavages (i.c.,
largest blue segments), either for IRMPD or CID [55]. IRMPD
resulted in an enhancement of backbone cleavages N-terminal
to proline and C-terminal to acidic residues compared to CID.
This trend was most apparent for the lowest precursor charge
states, making this fragmentation selectivity even more
predictable.

IRMPD has also proven effective for the structural
characterization of many classes of molecules, ranging from
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Figure 3. ESI-MS/MS spectra of the doubly protonated N-terminally modified AMCA-modified peptide FSWGAEGQR by (a)
CID (0.50 V) and (b) UVPD (15 pulses at 10 Hz). UVPD shows a complete series of y ions with minimal complexity due to the
elimination of the redundant b ions. The peak with the —C4,HgNO3 label corresponds to the loss of the charged AMCA moiety
from the N-terminus of the peptide, thus producing the unmodified, singly charged peptide species. An asterisk is used to
signify the precursor ion. The ¢ symbol indicates ammonia losses from the adjacent y ions. Republished from Wilson, J.,
Brodbelt, J.S.: MS/MS simplification by 355 nm ultraviolet photodissociation of chromophore-derivatized peptides in a

quadrupole ion trap. Anal. Chem. 79, 7883-7892 (2007)

peptides and proteins, as described above, to small organic
molecules like drugs and natural products, as well as
oligosaccharides [48] and nucleic acids [41, 45, 46]. Nucleic
acids have some of the highest photoabsorptivities and
corresponding IR photodissociation efficiencies of any class
of molecules. The phosphate backbone promotes high IR
absorptivity at 10.6 um, resulting in high-energy deposition
with irradiation times as low as a few milliseconds. The
IRMPD spectra display a tremendous array of sequence ions
(namely a — B and w ions for oligodeoxyribonucleotides and
c- and y-type ions for oligoribonucleotides).

One positive attribute of IRMPD is that it can be
classified a generally universal activation method, as nearly
all molecules display some degree of absorptivity in the IR
range, including the wavelength of the common CO, laser
(10.6 pm). On the downside, each IR photon only contains a
small amount of energy (e.g., 0.12 eV at 10.6 um), meaning
that numerous photons must be absorbed for sufficient
energy accumulation to cause dissociation. Absorption of
multiple photons requires longer activation times with
competition from collisional cooling or radiative relaxation
[61, 63]. To mitigate the latter problems, focusing the laser
increases the photon density through the ion region and
accelerates the rate of energy accumulation [61]. Alterna-
tively, higher-energy deposition is possible by elevating the
temperature of the bath gas (a process termed “thermally
assisted IRMPD”) [63], or by using photons with shorter
wavelengths.

For example, one of the newest photodissociation
methods employed a near-IR Ti-sapphire femtosecond laser
(800 nm wavelength, 1.5 eV per photon) [60]. The resulting
spectra for peptides contained a rich array of sequence ions,
including a, b, ¢, x, y, and z ions.

Absorption of UV photons leads to even higher internal
energy deposition (ranging from 3.5 to 7.9 eV per photon
for typical UV lasers) than occurs upon the absorption of
an IR photon. However, absorption of UV photons is a
more selective process, meaning that only those ions with
suitable UV chromophores will absorb. Nonetheless, there
have been significant inroads in the application of UVPD,
with recent studies aimed at the analysis of nucleic acids,
peptides, and oligosaccharides [14—19, 28-39, 47, 49, 53,
58-60].

For example, activation of multiply charged peptide
cations upon the absorption of 193 nm photons produces a
mixture of a, b, ¢, x, y, and z ions and a few lower
abundance w and v side-chain loss ions, as well as some
immonium ions, as illustrated in the UVPD spectrum shown
in Figure lc along with the companion CID spectrum for
comparison [58]. The diverse array of N- and C-terminal
ions makes the UVPD spectra well adapted for in silico
database algorithms that typically search multiple product
ion types simultaneously. Photodissociation efficiencies
range from 50 to 98% using a single 5 ns laser pulse,
making the method amenable to high-throughput proteomic
strategies. Interestingly (but not completely unexpectedly), it
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has been found that peptides with one or more amino
acids containing aromatic side chains yield higher dis-
sociation efficiencies than peptides without aromatic
groups, thus showing the impact of suitable UV chromo-
phores on photoabsorptivity. There has been a flurry of
recent reports demonstrating the analytical utility of
UVPD for increasingly impressive biological applications
[16, 19], such as the identification of peptides derived
from ribosomal proteins [70] and from lysed human HT-
1080 cytosolic fibrosarcoma cells [58]. UVPD has
compared favorably to CID for the identification of
peptides, an outcome attributed to the higher information
content of the UVPD spectra, which contained diagnostic
a, b, ¢, X, y, z product ions, often with full sequence
coverage from both series of N-terminal and C-terminal
ions, and v and w side-chain loss ions that allow the
differentiation of isobaric amino acids. In some cases,
UVPD has even allowed the identification of more
peptides and yielded higher searching scores than CID.
Moreover, the UV activation method proved faster,
requiring only a single 5 ns, 8 mJ laser pulse, making it
attractive for high-throughput, shotgun-style proteomic
strategies.

Even in the absence of natural chromophores, molecules
can be derivatized to attach chromophores and endow them
with high photoabsorptivity at specific wavelengths. There
have been several recent studies demonstrating this concept,
either to enhance the photoabsorption/photodissociation
efficiencies of classes of molecules or to incorporate unique
photoabsorptivity to promote selective photodissociation for
targeted applications [44, 47-51, 53, 59]. For example,
peptides do not contain natural chromophores at 355 nm;
therefore, they would not be expected to absorb nor
dissociate upon exposure to 355 nm photons [47]. However,
the attachment of specific UV chromophores allows the
efficient photoactivation of not only the precursor ions but
also any products that retain the chromophore functionality.
In the example shown in Figure 3, the FSWGAEGQR
peptide was modified at its N-terminus by attaching 7-
amino-4-methyl coumarin-3-acetic acid succinimidyl ester
(AMCA), which contains a strong UV chromophore. CID of
this derivatized peptide led to the conventional series of b
and y ions [47]. The complexity of the corresponding UVPD
spectrum was simplified substantially, resulting in a single
series of y ions that proved amenable to de novo
interpretation. De novo methods derive the amino acid
sequence information from the observed spectrum based on
knowledge of the peptide fragmentation pattern [71].
Because database searching methods identify only a fraction
of the peptides from their MS/MS spectra, de novo strategies
could supplement peptide sequencing, especially for the
interpretation of peptide sequences from unknown proteins
or ones with modifications. As illustrated in Figure 3, the
AMCA-modified peptide yielded a complete series of y ions
down to the y, ion, facilitating the confident sequencing of
this peptide [47]. The lack of b ions in the UVPD spectra
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arose directly from their high photoabsorptivity due to the
incorporation of the chromophore at the N-terminus—the b
ions undergo rapid and efficient consecutive fragmentation
upon exposure to additional photons, ultimately leading to
their near-complete annihilation from the spectra. This is a
case in which derivatization of the analyte molecules altered
their absorptivities and conferred a high degree of activation
specificity.

A different type of selectivity can be promoted by
conjugating a chromophore to targeted groups of molecules
in the presence of other nontargeted molecules in mixtures,
facilitating rapid differentiation of the groups of molecules.
For example, an IR-absorbing phosphate functional group
was incorporated into a protein crosslinking agent (shown in
the inset of Figure 4a), affording selective IRMPD of only
the crosslinked peptides in a mixture containing many other
peptide species (mostly uninformative noncrosslinked pep-
tides) [50]. Endowing only the crosslinked peptides with
special IR absorptivity allowed them to be selectively
tracked in a very complex mixture of peptides, thus
addressing one of the key challenges of utilizing mass
spectrometry for protein crosslinking studies in which the
structural information from just a few low-abundance
species must be extracted from an enormously complicated
soup of peptides. The IR-chromogenic crosslinker was used
to explore the conformation of ubiquitin by forming cross-
links between proximate lysine residues, followed by the
tryptic digestion of the crosslinked ubiquitin and then LCMS
analysis [50]. The eluting species were transmitted into an
ion trap and then irradiated with IR photons in alternative
scans. Only the peptides containing the IR-absorbing cross-
linker responded and underwent IRMPD upon exposure to
50 ms of 10.6 um radiation (Figure 4a), allowing them to be
rapidly and confidently differentiated from noncrosslinked
products. Moreover, the IRMPD mass spectra of the cross-
linked peptides displayed a series of b- and y-type ions
(Figure 4b) that allowed successful sequencing and identi-
fication of four sites of conjugation without the need for
collision induced dissociation. For example, IRMPD of the
crosslinked peptide that eluted around 37.5 minutes resulted
in an array of diagnostic sequence ions (Figure 4b). All of
the y ions C-terminal to the two crosslinked lysine residues
were detected using IRMPD, and three b,g product ions
were detected, providing confirmation of the identity of the
B peptide, L*IFAGIK**QLEDGR>. The net crosslinked
product consisted of T>’LSDYNIQK®ESTLHLVLR"? (a
peptide) linked to L*IFAGK*®QLEDGR’* (B peptide)
through Lys-63 and Lys-48, spanning a distance of 18.4A
in ubiquitin.

There have been several other recent reports of character-
istic fragmentation pathways observed upon UVPD, typi-
cally catalyzed by the presence of specific functional groups
or modified residues [20, 28, 29, 31, 37]. In one study,
abundant a, — 97 product ions were detected at each
phosphorylated residue upon the UVPD (193 nm) of
protonated phosphopeptides containing a basic amino acid
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Figure 4. (a) Reconstructed ion chromatograms of isolation (50 ms) and IRMPD (50 ms, 50 W) spectra of a tryptic digest of
ubiquitin crosslinked by IRCX. The identities of the products are labeled based on the crosslinked residues. (b) IRMPD
spectrum (30 ms, 50 W, q = 0.1) of tryptic peptide of ubiquitin crosslinked by IRCX acquired during data-dependent LC-IRMPD-
MS of [T°5LSDYNIQK®®ESTLHLVLR"? A IRCX A L*3IFAGIK*®QLEDGR®* + 5H]°*, m/z 762.4 which is the crosslinked peptide
labeled with the triangle in (a). The first peptide listed is the a peptide; the second peptide is referred to as the 8 peptide. Lysine
residues in bold font indicate the site of the crosslink. An asterisk (*) is used to signify the precursor ion. Republished from
Gardner, M., Vasicek, L., Shabbir, S., Anslyn, E., Brodbelt, J.S.: Chromogenic crosslinker for the characterization of protein
structure by infrared multiphoton dissociation mass spectrometry. Anal. Chem. 80, 4807-4819 (2008)

at the N-terminus [20]. In another investigation, a specific
C,—Cg bond cleavage was reported for protonated tyrosine-
containing peptides upon UVPD at 262 nm, resulting in a
radical product ion in which a specific portion of the tyrosyl
residue was cleaved [37]. UV activation (266 nm) has also
been reported to induce site-specific reactions at iodo-
derivatized tyrosines [28, 29, 31], as demonstrated for an
array of peptides and cytochrome c. Photoactivated iodine
loss by homolytic bond cleavage resulted in the formation of
radical products that subsequently underwent selective

collision-induced cleavage near the original iodo-labeled
tyrosines. In another study, selective homolytic cleavage of a
C-S bond associated with a quinone-modified cysteine side
chain and the formation of site-specific d ions occurred upon
266 nm photoexcitation of 1,4-naphthoquinone-derivatized
peptides and proteins [29]. These recent examples illustrate
the potential for more inspiring applications that manipulate
the selectivity promoted by photoactivation.

Another attribute of photodissociation arises from the
ease with which photodissociation can be integrated with
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other activation methods, thus creating hybrid activation
strategies that offer exciting possibilities for addressing some
of the most challenging structural characterization problems.
For example, photodissociation can be united with CID or
electron-based activation techniques to allow even more
flexibility for manipulating energy deposition, to create more
selective activation sequences, and ultimately to yield more
specific information about ion structures, sequences, and
modifications [33, 36, 72]. We have recently begun to
integrate collision-, electron-, and photon-based activation
methods to explore their utility for pinpointing very specific
and/or subtle structural features of modified biological
molecules, such as peptides or nucleic acids. As an example,
cisplatin is a well-characterized nucleic acid interactive
agent, binding covalently to GG, GNG, or AG, mostly by
intrastrand crosslinks. CID of the resulting oligonucleotide/
cisplatin complex resulted in relatively few backbone
cleavages (Figure 5a). A hybrid activation strategy was
implemented in which a precursor ion of interest was
subjected to an electron-transfer reaction, resulting in a
charge-reduced product which was subsequently character-
ized by IRMPD [72]. The hybrid ET-IRMPD spectrum
differs significantly in the overall distribution of product
ions (Figure 5b), with also a significant increase in the
number of diagnostic cleavages along the backbone. The
emergence of a, d, and z ions, along with the w and a — B
ions, allows unambiguous characterization of the GG
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cisplatin binding site. In general, the hybrid MS/MS
techniques result in a more diverse array of product ions
than any single activation method alone.

Outlook

Photodissociation offers compelling advantages as an
activation method, including access to high-energy,
tunable, and generally well-defined energy deposition.
The use of photons instead of collisions alleviates any
potential ion-scattering effects and obviates the need to
introduce a collision gas. Both precursor ions and product
ions may undergo photoactivation and dissociation, lead-
ing to a greater range of product ions that may provide a
more specific structural fingerprint or may be useful for
database search and de novo algorithms. The character-
istics of ion dissociation are largely dependent on the
wavelength used for photoactivation, in some cases
leading to a more diverse array of fragmentation pathways
and in other cases resulting in dissociation very similar to
conventional CID. The opportunity to develop strategies
that exploit the selectivity of photoexcitation, either based
on the incorporation of chromophores that convert non-
absorbing molecules into absorbing molecules or by
enhancing site-specific or bond-selective cleavages, is a
fascinating frontier for photodissociation.

100
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s ag-B NH; NH,
3 N 4
¥ ag-B -GH Pt
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e W, w, //TH 1T ccgTqqT
a,-B w;
w,
100
B) ET-IRMPD
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Figure 5. Comparison of (a) CID (3+ charge state, 10% normalized collision energy) and (b) hybrid ET-IRMPD (ET-IRMPD,
electron-transfer reactions of 4+ charge state, followed by IRMPD of the resulting 3+¢ ion for 4 ms at 10 W) of the cisplatin
adduct of oligodeoxynucleotide TTCCGGTCCT in a linear ion-trap mass spectrometer. The ions labeled in bold italics contain
the cisplatin adduct. The sequence diagrams shown in the insets indicate the range of diagnostic ions detected. An asterisk is
used to signify the precursor ion. Republished from Smith, S.I., Brodbelt, J.S., Hybrid Activation Methods for Elucidating

Nucleic Acid Modifications, Anal. Chem. 81 (2011) in press
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The promising allure of photodissociation does not come
without some drawbacks. The expense of a laser is an
unavoidable upfront cost, although significantly less than the
mass spectrometer itself or many of its most common
auxiliary components, such as an HPLC system. Most of
the more affordable lasers are not tunable, meaning that
there is limited flexibility for exploring the significant array
of photodissociation strategies with a single laser. To date,
photodissociation has only been offered as an option on one
type of commercial mass spectrometer (an FTICR system).
The main factors that likely have limited more widespread
adaptation for other commercial mass spectrometers include
concerns about laser safety, the need for robust laser
alignment with the ion region for optimal performance (with
the expectation that the typical user does not have significant
laser and optics expertise), and concerns about the cost of
the laser relative to conventional CID. None of these issues
is insurmountable, and many anticipate the greater adoption
of photodissociation as an option in future generations of
commercial mass spectrometers, especially given the impres-
sive applications of photodissociation that have emerged in
recent years.
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