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Dissociation of protonated peptides via infrared multiphoton dissociation (IRMPD) provides
more extensive sequence information than is obtained with collisionally activated dissociation
(CAD) in a quadrupole ion trap due to the lack of the CAD low m/z cutoff and the ability to
form secondary and higher order fragments with the non-resonant photoactivation technique.
In addition, IRMPD is shown to be useful for the selective dissociation of phosphopeptides
over those which are not phosphorylated because the greater photon absorption efficiency of
the phosphorylated peptides leads to their more rapid dissociation. Finally, the selectivity of
the IRMPD technique for phosphorylated species in complex mixtures is confirmed with the

analysis of a mock peptide mixture and a tryptic digest of a-casein.
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ganism’s genome seek to identify the primary struc-

ture of the proteins produced including any modifica-
tions that take place. Following transcription, the primary
sequence of a protein can undergo modifications such as
N-terminal acetylation, formation of disulfide bonds, sul-
fation, and phosphorylation, all of which affect activity.
Arguably, the most important post-translational modifica-
tion of proteins is the reversible phosphorylation of serine,
threonine, and tyrosine residues [1, 2]. This covalent
modification has regulatory influence over cellular pro-
cesses such as metabolism, growth, and reproduction
[3-5]. Because phosphorylation has such an impact on
living systems, it is of great interest to be able to determine
when, where, and to what extent this type of modification
takes place. For this, suitable analytical techniques must be
developed and applied. The relative speed and sensitivity
of tandem mass spectrometry make it a powerful tool
[6-30] when compared with more conventional methods
of phosphoprotein mapping, namely **P phosphate label-
ing of a protein sample followed by purification, enzy-
matic digestion, chromatographic separation, and Edman
sequencing.

Collisional activated dissociation (CAD) typically
reveals sites of phosphorylation based on a mass loss
associated with the cleavage of a phosphate moiety
from a peptide ion (—80 (HPO;) and/or —98 (H;PO,) in

Investigations into the protein complement of an or-
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positive ion MS/MS) [9, 14]. Precursor ion scanning [14,
19], neutral loss scanning [23], and nozzle-skimmer
dissociation [9] can determine the presence, absence,
and location of peptide phosphorylation based on the
unique mass losses associated with phosphorylated
peptides. In MALDI-TOF mass spectrometry, post-
source decay (PSD) of metastable ions formed in the
source region via these characteristic pathways can also
be used to determine sites of phosphorylation [17].
When a peptide is phosphorylated at a tyrosine residue
as opposed to a serine or threonine residue, however,
the unique neutral losses are not necessarily observed
upon dissociation due to the greater phosphate-tyrosine
binding energy and the existence of fewer B-elimination
pathways than are present in the cases of serine and
threonine phosphorylation [10, 22]. As a result, the
techniques that rely on a common neutral loss from all
phosphorylated peptides are often not reliable for ty-
rosine-phosphorylated species. Some of the limitations
of these tandem mass spectrometry techniques for the
determination of phosphorylation sites can be over-
come in FTICR analyzers with the use of electron
capture dissociation (ECD) [31-37], which allows frag-
mentation of peptides without the loss of the phosphate
group [21, 24, 29-31]. This technique provides valuable
and extensive sequence information in the form of
fragment ions complementary to those produced with
CAD or IRMPD, though often at lower relative abun-
dances. Electron capture dissociation is unfortunately
difficult to implement on a quadrupole ion trap, and the
promising electron transfer dissociation experiments
recently pioneered by Syka et al. [38] on a linear ion trap
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require multiple ionization sources, relatively complex
scan functions (necessary for simultaneous trapping of
positive and negative ions followed by reaction of these
species), and results in fragment ions of lower abun-
dances when compared with those obtained by CAD
and IRMPD.

Infrared multiphoton dissociation, which has proven
to be a viable alternative to collisional activation in
trapping mass spectrometers, can also be used to cir-
cumvent some of the problems encountered with acti-
vation techniques that rely on common neutral losses
for the detection of phosphopeptides and is relatively
easy to implement [22, 25, 27, 28, 30, 35, 39—-60]. Because
of the suitably low background pressures used in
FTICR mass spectrometry, IRMPD has been applied
extensively with much success [22, 25, 27, 28, 30, 35,
39-47]. Additionally, Hofstadler et al. have had consid-
erable success applying IRMPD to a hexapole ion trap
(external to an FTICR analyzer) for characterization of
oligonucleotide molecules [46]. Although less common
than in FTICR instruments, several groups have also
explored IRMPD in the quadrupole ion trap [48-60].
IRMPD in a quadrupole ion trap has several inherent
advantages over the more conventional CAD technique
(as well as over electron-transfer dissociation, as previ-
ously discussed). IRMPD is more efficient in some cases
than CAD for MS" experiments since IRMPD requires
no alteration of the stable trajectory or kinetic energy of
the trapped ions for excitation, as is necessary for CAD.
This reduces the extent of ion loss through scattering
relative to collisional activation. In addition, the low m/z
cutoff (approximately one third of the m/z value of the
precursor ion) necessary for efficient CAD is not re-
quired in IRMPD experiments, increasing the effective
m/z range of the ion trap instrument for the analysis of
fragment ions [55]. This loss of the lower one third of
the m/z range in CAD experiments is related to the level
of the rf voltage needed to provide an adequate activa-
tion environment for the precursor ions at the expense
of storage of the lower m/z ions. The non-resonant
IRMPD technique results in formation of secondary and
higher order fragments which can provide additional
structural information to that obtained in a single
resonant collisional activation experiment.

We have found the IRMPD technique to be well
suited for the sequencing of peptide molecules, in
particular those which are phosphorylated. In the
present study, we apply IRMPD to a wide variety of
peptides to determine its analytical utility relative to
collisional activation in a quadrupole ion trap. We have
focused on phosphorylated peptides because of the
importance of phosphorylation in biological systems
and the unique absorption properties of the phosphate
group which make it a powerful chromophore for 10.6
wm light (the wavelength generated by the CO, lasers
used in these experiments), resulting in selective disso-
ciation of phosphorylated peptides [39, 61]. Flora and
Muddiman have shown notable results using IRMPD in
an FTICR instrument to selectively dissociate phosphor-
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ylated peptide ions in mixtures, as well as to investigate
the activation energies, dissociation rate constants, and
absorption properties of phosphorylated peptides [22,
25, 28]. Muddiman'’s group has reported IRMPD results
for negatively-charged phosphorylated peptides [22, 25,
28], while the present study evaluates positively
charged ions. The results presented here demonstrate
the potential applicability of IRMPD for de novo se-
quencing and sequence tag generation for protein iden-
tification; particularly for investigations in phosphopro-
teomics.

Experimental

Collisionally activated dissociation (CAD) experiments
were performed on a Finnigan LCQ-Duo ion trap mass
spectrometer with an electrospray source using the
Xcalibur (Finnigan, San Jose, CA) software package.
The pressure was maintained at nominally 5 X 10~° torr
with helium in the absence of sample introduction.
Solutions of 1-10 uM analyte (0-20% H,O in MeOH)
were infused by a syringe pump (Harvard Apparatus,
Holliston, MA) at a flow rate of 3 uL/min. During ESI
experiments the pressure in the analyzer region in-
creased to nominally 1 X 107° torr and remained
constant throughout all experiments. Ionization and
trapping conditions were optimized for each solution
analyzed. Conceivably the rate of sample consumption
could be reduced by several orders of magnitude by
equipping the mass spectrometer with a nanospray
source; this would make the methods described herein
applicable to smaller scale biological samples.

Infrared multiphoton dissociation (IRMPD) experi-
ments were performed on two ion trap mass spectrom-
eters, each equipped with homebuilt ESI sources. Two
IRMPD instruments were employed in the present
work to demonstrate both the versatility of the IRMPD
technique and its applicability to home-built as well as
commercial systems. The first instrument was a quad-
rupole ion trap system built in-house that used modi-
fied ITD electronics and ICMS software (University of
Florida, Gainesville, FL) with an ESI source and inter-
face modeled after the Oak Ridge National Laboratory
design [62]. Details of this instrument have been pre-
sented previously [49]. Analyzed solutions were pre-
pared in 100% methanol. Concentrations and sample
introduction were unchanged from above. The pressure
in the ion trap region of the instrument during ESI was
nominally 9.5 X 1077 torr for all experiments. A stored
waveform inverse Fourier transform (SWIFT) system
controlled by TTL triggers in the scan function was
used for resonant ejection and has been described in
detail previously [49]. IRMPD experiments were per-
formed with either an Apollo 50 W continuous-wave
CO, laser (Model 575, Apollo Lasers, Chatsworth, CA)
with a Uniblitz shutter (Vincent Associates, Rochester,
NY), or a Synrad 50 W continuous-wave CO, laser
(Series 48, Model 48-5, Synrad, Mukilteo, WA). Both the
Apollo shutter and the Synrad output were controlled
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by TTL triggers in the scan function, allowing control of
the irradiation time. The trapping volume was irradi-
ated through a ZnSe window in the vacuum chamber
aligned with a 6 mm hole drilled radially in the ring
electrode [49]. IRMPD laser irradiation time was varied
between 2 and 1000 ms as needed at a flux of 45 W/cm?.

The second instrument used for IRMPD was a mod-
ified M-8000 Hitachi 3DQ ion trap mass spectrometer
using the 3DQ software package and a homebuilt ESI
source. The pressure in the analyzer vacuum chamber
was nominally 5.1 X 107 torr unless otherwise speci-
fied. Solutions of 10-50 uM analyte (0-20% H,O in
MeOH) were infused by a syringe pump at a flow rate
of 3 uL/min. IRMPD experiments on this instrument
were performed with the previously mentioned Synrad
CO, laser, with gating controlled by software TTL
triggers. The trapping volume was irradiated through a
ZnSe window in the vacuum chamber aligned with a 4
mm hole in the ring electrode. On this instrument, the
irradiation time was kept constant (t = 50 ms) while the
background gas pressure and laser power were ad-
justed to regulate IRMPD efficiency and extent of frag-
mentation. CAD data was also acquired on this instru-
ment for direct comparison with the IRMPD data.

The laser power used for these experiments is high
compared with those used for IRMPD in FTICR analyz-
ers because of the collisional deactivation that occurs
upon interactions with analyte ions and bath gas mol-
ecules in a quadrupole ion trap; collisional deactivation
does not occur to an appreciable extent at the reduced
pressure of an ICR cell. In addition, in these experi-
ments, the beam is unfocussed (diameter = 4.0 mm) so
that it easily encompasses the ion trapped ion volume
(diameter = ~1.0 mm); the fact that the beam is
unfocussed also increases the power necessary to in-
duce dissociation.

Model peptides were obtained from Sigma Chemical
(St. Louis, MO) (angiotensin I, bradykinin, bradykinin
fragment 1-8, bradykinin fragment 2-9, y-endorphin,
melittin), BACHEM (King of Prussia, PA) (Val*-angio-
tensin I, Val’, Asn’-angiotensin I, tyr-bradykinin, lys-
bradykinin), and AnaSpec (San Jose, CA) (angiotensin
II). Modified peptides (phosphorylated angiotensin II
substrate, phosphorylated kinase domain of insulin
receptor, triply phosphorylated kinase domain of insu-
lin receptor, tyrosine protein kinase substrate JAK 2,
phosphorylated protein kinase substrate-2, PKA inhib-
itor substrate) were obtained from AnaSpec. a-casein
was obtained from Sigma Chemical (St. Louis, MO).

Casein was enzymatically digested with immobi-
lized TPCK trypsin (Pierce, Rockford, IL) in 50 mM
ammonium bicarbonate buffer (pH = 8.0) for 16 h at
37° C. The product was then centrifuged to separate the
immobilized trypsin beads from the digested protein
solution. The supernatant was removed and diluted to
the desired concentration (10 uM) in 50:50 H,O:metha-
nol. Acetic acid (~1%) was added to the solution to
promote peptide protonation.
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Results and Discussion
IRMPD wversus CAD of Model Peptides

To compare the utility of IRMPD and CAD for sequenc-
ing peptides in a quadrupole ion trap, the tandem mass
spectrometry results obtained for several model pep-
tides are presented. Bradykinin and melittin have been
examined extensively by other groups, so these pep-
tides are suitable for an initial assessment of IRMPD.
The comparison of results obtained for the dissociation
of doubly protonated bradykinin using IRMPD and
CAD is illustrated in Figure 1. Aside from the addi-
tional information obtained in the IRMPD experiment
below m/z 130 (the low m/z cutoff in the CAD experi-
ment), the sequence information obtained from the two
experiments is similar. In both cases, sequence coverage
is extensive and the relative abundances of the fragment
ions in both experiments are alike. There are, however,
abundant ions observed in the low m/z region of the
IRMPD spectrum that are absent in the CAD spectrum,
including several corresponding to individual amino
acid residues. These ions are potentially useful for
sequencing, particularly for assessing covalent post-
translational modifications, such as the alkylation of
arginine residues. Analogous results are observed for
all of the peptides studied (results not shown).

To further assess the utility of IRMPD, the photoac-
tivation results obtained with a significantly larger
peptide, melittin (2845.7 Da), are compared to those
obtained with CAD. The dissociation results for the [M
+ 4H]** precursor ion are shown in Figure 2. The most
abundant fragment ions (yi5°", Vis* ', Vau ', YViso s
vi7 ", b1, and b;;") are observed in both spectra.
More extensive sequence information however, is ob-
tained with IRMPD than CAD. Some of these important
sequence ions fall below the low m/z cutoff in the CAD
experiment in the form of internal fragment ions (PA,
PA-28, LT-H,0) and single amino acid ions (K, P).
Other unique ions (y5°", y,s°, bs™", v&o*, be", yo°,
Vio- ', etc.) are also present due to higher order frag-
mentation, a process which does not occur to a signifi-
cant extent with CAD.

For triply protonated melittin (data not shown),
the sequence ions produced from IRMPD also offer
more sequence information than obtained with CAD,
again including numerous low m/z ions that are
absent from the CAD mass spectrum. Three C-termi-
nal (y,", y5*", vi*%, ys°") and two N-terminal (a;”,
b;") sequence ions are observed that are unique to the
IRMPD data. In addition to the fragment ions gained
in the low m/z region of the IRMPD spectrum, there
are a considerable number of additional sequence
ions which are absent in the CAD spectrum (b,,*",
ys', bi', y7 ', by, Y253+f Y233+/ Y223+r by®", by?",
vioe, va' ve T, voo o, vs© ', y° ). These additional
fragments most likely result from higher order frag-
mentation in the IRMPD experiment; these processes
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Figure 1.
precursor ions are indicated by asterisks.

occur to a lesser extent with collisional activation
because it is selective for a particular precursor.
These results demonstrate that the dissociation
efficiency of IRMPD in a quadrupole ion trap is
sufficiently high to produce extensive fragmentation
of peptides. In addition, the spectra presented show

IRMPD versus CAD mass spectra of doubly protonated bradykinin (RPPGFSPFR). The

IRMPD to have several advantages over collisional
activation for peptide characterization. The lack of a
low-m/z cutoff in IRMPD, an obstacle in CAD exper-
iments, allows for ions at the low end of the m/z range
to be trapped and analyzed, giving more complete
sequence information. In the mid to upper m/z range,
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Figure 2. (a) IRMPD and (b) CAD mass spectra of the [M + 4H]*" melittin precursor ion. The

precursor ions are indicated by asterisks.
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Figure 3. IRMPD mass spectra of (a) doubly protonated angiotensin II and (b) doubly protonated

phosphorylated angiotensin II. The precursor ions are indicated by asterisks.

the fragment information obtained with these two
techniques is similar although some sequence infor-
mation is gained from higher order fragmentation
with IRMPD.

IRMPD and CAD of Modified Peptides

IRMPD is also useful for the structural characterization
of phosphorylated peptides. The phosphorylated func-
tional groups are strong chromophores due to the
efficient absorption of 10.6 um light by P-O bonds [61].
Several experiments demonstrate that IRMPD in a
quadrupole ion trap is markedly more efficient for
phosphorylated peptides than it is for those that are not
phosphorylated. To systematically demonstrate the dis-
sociation efficiency of IRMPD for phosphorylated and
unphosphorylated peptides, the IRMPD results ob-
tained for angiotensin II and tyrosine-phosphorylated
angiotensin II, analyzed individually as well as simul-
taneously, are presented. Figure 3 shows the IRMPD
results for doubly protonated angiotensin II and phos-
phorylated angiotensin II as well as a comparison of the
irradiation time necessary to produce comparable ex-
tents of dissociation. Similar dissociation patterns are
observed for both species, but more than an order of
magnitude greater irradiation time is necessary to pro-
duce a similar degree of dissociation for the unphos-
phorylated peptide. In simultaneous analysis of the two
angiotensin II peptides, the doubly protonated species
are isolated (Figure 4a) and then irradiated. At short
irradiation times, (Figure 4b, t = 3 ms), only the
phosphorylated precursor dissociates. When the irradi-

ation time is increased substantially (Figure 4c, t = 92
ms), the unphosphorylated precursor dissociates as
well, producing fragment ions characteristic of this
peptide. The peak at m/z 263 corresponds to the y," ion
formed from both precursor ions, accounting for its
increase in intensity from Figure 4b to c. To confirm that
the phosphorylated peptide does not have an intrinsi-
cally lower dissociation energy, energy-variable CAD
experiments were undertaken for each peptide. The
CAD voltages required to convert 10% of the precursor
ions to fragment ions are 19.1 = 0.4% and 18.8 = 0.4%
for angiotensin II and phosphorylated angiotensin II,
respectively. This illustrates that the energy required for
dissociation does not vary significantly with the pres-
ence or absence of a phosphate group and offers further
confirmation that the high dissociation efficiency of the
phosphorylated peptide is due to its greater IR absorp-
tivity, not a lower energy threshold.

To further demonstrate the ability of IRMPD to
provide sequence information, the fragmentation re-
sults obtained for a series of larger phospho-peptides
(singly phosphorylated Kinase Domain of Insulin Re-
ceptor (p-KDIR), triply phosphorylated KDIR (p°-
KDIR), and Tyrosine Kinase Receptor JAK 2) with
IRMPD and CAD on the modified Hitachi 3DQ system
are presented. In the spectra obtained for p-KDIR
(Figure 5), similar fragments are present in each spec-
trum, with the loss of H;PO, being the dominant
fragmentation pathway in both cases. The diagnostic
sequence ions have greater abundances in the IRMPD
spectrum, although most are present to some extent in
both spectra with the exception of two important low
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m/z sequence ions, b," and y; ", which are only present
in the IRMPD spectrum. Due to the low m/z fragments
and the greater intensity of useful sequence fragments

in the rest of the spectrum, more sequence information
is obtained from the IRMPD spectrum.
Analysis of the triply phosphorylated KDIR peptide
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Figure 5. (a) IRMPD and (b) CAD mass spectra of doubly protonated, singly phosphorylated KDIR.

The precursor ions are indicated by asterisks.
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Figure 6. (a) IRMPD and (b) CAD mass spectra of triply protonated tyrosine kinase receptor JAK 2.

The precursor ions are indicated by asterisks.

(data not shown) yields similar results to the singly
phosphorylated peptide in terms of relative sequence
coverage acquired with CAD and IRMPD. The frag-
ments obtained using both techniques are comparable
with the IRMPD technique providing more low m/z
fragment information (i.e., the terminal b;" and y,*
ions are only present in the IRMPD spectrum). Com-
parison of the IRMPD mass spectra of the triply pro-
tonated KDIR peptides (both mono- and tri-phosphor-
ylated) reveals that, even when exposed to considerably
lower laser power (at equal irradiation times), the triply
phosphorylated KDIR dissociates far more efficiently
than the singly phosphorylated species. This data, along
with that presented in Figures 3 and 4, provides addi-
tional evidence that the presence of a phosphate group
increases the efficiency of photodissociation with 10.6
wm light. This trend has been carefully studied by the
Muddiman group as well, based on dissociation kinet-
ics in an FTICR instrument [25, 28].

To further demonstrate the effectiveness of photoac-
tivation for sequencing phosphorylated peptides, the
IRMPD results obtained for Tyrosine Kinase Receptor
JAK 2 peptide (2080.9 Da) are also presented. The
results of the dissociation of the triply protonated
peptide using both activation techniques are shown in
Figure 6. The IRMPD results provide good sequence
coverage, including sequence information in the low
m/z region for the by ;" and y, , " fragments which are
absent in the CAD spectrum and provide valuable
sequence information.

The peptides mentioned thus far are phosphorylated
at tyrosine residues which typically produce more

sequence information upon activation than do peptides
phosphorylated at serine and threonine residues [10,
22]. To assess the effectiveness of IRMPD for the disso-
ciation of other phosphorylated peptide species, the
results obtained for serine phosphorylated (GRT-
GRRNpSIHDIL) and threonine phosphorylated (KRp-
TIRR) peptides are evaluated. Typically, peptides that
are phosphorylated at serine and threonine residues do
not fragment along the peptide backbone to produce
useful sequence ions but instead preferentially lose the
phosphate group as H;PO, or HPO; [10]. These losses
imply the presence of a phosphorylation site, but give
no information about the specific location of the phos-
phate group. Secondary fragmentation information
based on subsequent dissociation of the de-phosphory-
lated product ions however, can be valuable in sequenc-
ing these peptides, particularly if a peptide has only one
potential phosphorylation site (S, Y, or T) present. The
main drawback of undertaking MS™ experiments via
CAD is that it involves two or more resonant activation
steps, each of which requires tuning for the precursor
ion of interest and results in some ion loss due to
scattering. With IRMPD, not only is primary fragmen-
tation observed but, depending on the length of time
that the fragment ions are irradiated, secondary and
higher order fragment information can be obtained in a
single experiment, all with minimal ion scattering.

A comparison of the sequence information obtained
for a pair of serine/threonine phosphorylated peptides
using IRMPD (with short and extended irradiation
times) and multi-step CAD is presented to demonstrate
the effectiveness of the photoactivation technique for
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the analysis of these types of peptides. The IRMPD and
CAD results obtained for the triply protonated peptide,
serine-phosphorylated peptide GRTGRRNpSIHDIL
(1573.8 Da), are shown in Figure 7. The major fragmen-
tation pathway is the loss of H;PO,, which limits the
amount of sequence information obtained in the CAD
experiment (Figure 7b). A second CAD step (Figure 7c)
yields additional structural information in the form of
previously absent b-ions (bs", b, ", bg"), producing an
eight-residue sequence tag when information from both
the MS® and MS” spectra are considered. As apparent
when the spectra in Figure 7 are compared, the se-
quence information obtained with a single IRMPD
irradiation step (t = 20 ms, Figure 7a) is considerably
greater than that obtained with two sequential CAD
steps due to the higher order fragmentation pathways
promoted by IRMPD and the inability to trap low m/z
ions in the CAD experiment.

To further demonstrate the usefulness of the IRMPD
technique for sequencing peptides phosphorylated at
aliphatic residues, the results of an analogous experi-
ment performed with a threonine-phosphorylated pep-
tide, KRpTIRR, are described. In both the IRMPD and
CAD experiments, the dominant fragmentation path-
way is the loss of H;PO, (data not shown). In addition
to the abundant fragment ion due to the loss of 98 Da,
a series of low abundance ions are present correspond-
ing to informative b and y sequence ions. By extending
the irradiation time in the IRMPD experiment, further

m/z 800 1000 1200

(a) IRMPD, (b) CAD MS? and (c) CAD MS® mass spectra of triply protonated GRT-

primary and secondary fragmentation becomes evident.
Full sequence coverage is obtained, and all possible b
and y ions are present. A second stage of CAD fails to
produce as extensive sequence information, mostly
because a single fragmentation channel is dominant in
the MS® experiment as well as in MS? Only two
abundant ions are observed: one as a result of loss of
water from the precursor, and the other from the loss of
a portion of an arginine guanidinium side chain. Both of
these losses are facile and produce little or no useful
sequence information. Because IRMPD promotes pri-
mary, secondary, and further fragmentation, even when
uninformative dissociation pathways are the most en-
ergetically favorable (as is the case for KRpTIRR),
extensive sequence information can still be obtained.

Selective Phosphopeptide Dissociation

To demonstrate the utility of the elevated 10.6 um-
absorption of phosphorylated peptides, the spectra ob-
tained from an IRMPD experiment conducted on a
nine-peptide mixture are presented. A mass spectrum
obtained from a solution containing ~10 uM of the
peptides GGK, AAAAR, YGGFL, bradykinin fragment
1-8, KRpTIRR, angiotensin II, phosphorylated angioten-
sin II, GRTGRRNpSIHDIL, and Va15-angiotensin Iin
98% methanol/1% acetic acid is shown in Figure 8a.
The mass spectral peaks vary in intensity due to the
different spray efficiencies of the peptides and slight
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Figure 8. IRMPD mass spectra of mock mixture (a) t = 0 ms, (b) t = 15 ms (45 watts).

variations in peptide concentrations in the solution. The
results observed when the spectrum is examined at 0
ms (Figure 8a) and 16 ms irradiation time (Figure 8b)
are striking. The abundances of the unphosphorylated
ions in the spectra are unaffected after short irradiation
times while the phosphorylated species are completely
dissociated. In fact, the non-phosphorylated ions do not
undergo notable dissociation until after 180 ms of IR
irradiation (data not shown), indicating that, with
IRMPD, there is considerable capacity to differentiate
the phosphorylation state of peptides.

The capability to selectively dissociate phosphory-
lated compounds in a mixture also has important
implications for the analysis of tryptic digests of phos-
phorylated proteins. Screening a digest mixture for
phosphorylated components in a single ESI-IRMPD-MS
experiment could be used as an assay to determine the
phosphorylation state of the components in the digest,
eliminating the need to extensively analyze every ion in
the mass spectrum. To demonstrate the feasibility of
this assay, the analysis of a tryptic digest of a-casein
with and without IR irradiation is presented. The re-
sults of ESI-MS analysis of the tryptic digest dissolved
in a 49/49/2 water/methanol/acetic acid are shown in
Figure 9a. Peaks are present in the mass spectrum
representing the vast majority of the expected tryptic
fragments. Alpha-casein is phosphorylated on six resi-
dues, 7°S, #1%5, %S, and '*°S, but no ions representing
the fragment containing residues 74-94 (which contains
five phosphorylation sites) are observed in either posi-
tive or negative mode. The remaining phosphorylation
site, 1°°S, is located in the 121-134 tryptic fragment; this
and the 119-134 fragment (due to a missed cleavage at

129K) are present with reasonable intensity in the mass
spectrum as doubly protonated species at m1/z 830.9 and
m/z 976.5, respectively (Figure 9a). When the ions are
irradiated for 20 ms (Figure 9b), the intensities of the
phosphorylated ion peaks diminish due to the dissoci-
ation of the ions. The other ions in the spectrum that
represent unphosphorylated species remain unaffected,
demonstrating that ESI-IRMPD-MS can be used to
selectively dissociate phosphorylated species in a com-
plex mixture, allowing quick screening for phosphory-
lated components in any mixture, particularly tryptic
digests of phosphorylated proteins.

Conclusions

IRMPD in a quadrupole ion trap has been shown to
allow for both increased peptide sequence coverage
over the more conventional CAD technique as well as
the selective dissociation of phosphorylated peptides in
complex mixtures. Alleviation of the performance-lim-
iting low-m/z cutoff associated with CAD along with
the production of higher order fragments results in a
larger degree of sequence information for IRMPD than
CAD for both phosphorylated and unphosphorylated
peptides. In addition, because of the nonresonant na-
ture of IRMPD, dead-end fragmentation pathways that
are sometimes problematic for resonant activation tech-
niques are avoided and, in the cases presented here,
more sequence coverage was obtained with upon
IRMPD than with two sequential CAD events (MS?) for
a pair of phosphorylated peptides. The results illustrat-
ing selective dissociation of phosphorylated peptides in
complex mixtures demonstrate the potential utility of
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IRMPD in a quadrupole ion trap to assist in the deter-
mination of sites of phosphorylation in larger, more
biologically active proteins.
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