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Fourier Transform Ion Cyclotron Resonance Mass Spectrometry (ESI-FTICR-MS) coupled with
infrared multiphoton dissociation (IRMPD) is potentially a powerful method for rapid
phosphopeptide mapping of complex proteolytic digests. The dissociation of deprotonated
phosphopeptides by IRMPD is energetically favorable over unmodified deprotonated peptides
because of a lower energy of activation and a higher internal energy under identical irradiation
conditions. The energies of activation for dissociation are determined for model peptides
phosphorylated on an aliphatic side chain (serine) and an aromatic side chain (tyrosine). The
determination of phosphorylation location provides important biochemical information iden-
tifying the kinase involved in specific phosphorylation mechanisms. The data presented in this
manuscript also support the theory that for phosphopeptides, the phosphate moiety’s P-O
stretch is in direct resonance with the infrared laser (10.6 um), thus increasing the relative
absorptivity of the modified species. A greater extinction coefficient affords more extensive
photon absorption and subsequently a greater internal energy at the rapid exchange

limit.
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modification that predominantly controls protein

activity in eucaryotic cells. The phosphorylation
reaction is catalyzed by kinases and involves the exo-
thermic transfer of a phosphate group (80 Da) from
adenosine triphosphate (ATP) to the hydroxyl group of
the aliphatic or aromatic side chains of serine/threonine
or tyrosine, respectively. This modification is governed
by two classes of protein kinases, serine/threonine
(S/T) kinases and tyrosine (Y) kinases. In physiological
conditions, the phosphate group contains two negative
charges promoting significant conformational changes
to the protein’s overall structure. These structural
changes ultimately regulate the activity of the kinase
receptor proteins. This covalent protein modification is
responsible for the regulation of cellular processes such
as metabolism, growth, and reproduction [1-3] and an
ever-increasing number of diseases have been associ-
ated with mutation or miss expression of protein ki-

Phosphorylation is a reversible posttranslational
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nases [2]. Subsequently, accurate determination of the
site and level of phosphorylation of target proteins
provides valuable insight regarding many biological
regulatory mechanisms and diseases as well as what
kinases are involved in the cell signaling process [4, 5].

As mass spectrometry’s role in proteomics has ex-
panded exponentially, it has become an increasingly
important approach for the accurate determination of
the site of phosphorylation. Several novel techniques
have arisen to address the identification of this essential
posttranslational modification. However, this regula-
tory modification presents a formidable challenge to the
mass spectrometrist because it is usually present in low
abundances in biological mixtures, and the modified
peptides are difficult to ionize with respect to unmod-
ified peptides. Because of the challenges presented by
phosphopeptide detection, several methods have been
derived in the interest of phosphopeptide enrichment
from proteolytic digests. Fractionation techniques prior
to mass analysis include reverse phase HPLC [6], im-
mobilized metal ion affinity chromatography (IMAC)
[7, 8], chemically tagging the phosphate with an affinity
tag (i.e., biotin) [9-12], and immunoprecipitation [13-
16]. Several methods of phosphopeptide mapping have
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also been proposed, taking advantage of the relative
speed, sensitivity, and adaptability of MS. These meth-
ods include the use of phosphatases [17-20], *'P moni-
toring by inductively couple plasma (ICP)-MS [21],
collision induced dissociation (CID) [22-25], precursor
ion scanning [24, 26-31], neutral loss scanning [32],
nozzle-skimmer dissociation [33, 34], metastable de-
composition [35-37], and electron capture [38].

A method for phosphopeptide mapping of complex
proteolytic digests using ESI [39] FTICR-MS [40] and
IRMPD [41] has recently been developed in this labo-
ratory [42, 43]. This approach provides a rapid, selec-
tive, and sensitive means of phosphopeptide detection
where initial research has demonstrated that within a
complex tryptic digest, phosphopeptides can be simul-
taneously identified by a single IR laser irradiation
event [42]. Based upon the energetics of dissociation,
ESI-FTICR-MS with IRMPD of deprotonated proteolytic
digests in a Penning ion trap may be an ideal platform
for phosphopeptide mapping [42, 43]. IRMPD preferen-
tially dissociates deprotonated phosphopeptides over
deprotonated unmodified peptides of identical amino
acid sequence [43]. The irradiation power required to
dissociate the phosphopeptides is significantly less than
unmodified analogs due to the lower energy of activa-
tion (E,) for dissociation of the posttranslationally mod-
ified species.

A recent study [43] suggests that the E, for dissoci-
ation is not the only factor contributing to the selective
dissociation of the phosphopeptides by IRMPD. The
P-O stretch (9.6 to 11 um or 1042 to 909 cm ™ !) of this
important modification is in direct resonance with the
CO, IR laser (10.57 to 10.63 wm or 940.7 to 946.1 cm ™)
used for IRMPD. Subsequently, more frequent absorp-
tion of photons under identical irradiation conditions
can result for the modified peptide over the unmodified
analog, affording a higher internal energy at the rapid
exchange limit (REX) [43—45]. This theory is supported
by an early account of IRMPD for biomolecular se-
quencing by McLafferty and coworkers [41], where they
reported that the structure of an ion is very important
for the time required to reach the “onset of fragmenta-
tion”. It was stated that oligonucleotides best demon-
strated this fact [41]. The rapid dissociation of oligonu-
cleotides by IRMPD is proposed to be attributable to the
low E, for dissociation of the phosphodiester backbone
“and/or” the direct resonance of the IR laser photons to
the P-O stretch of the phosphodiester backbone.

Marshall and coworkers [45] previously determined
that IRMPD of ions with vibrational frequencies close to
the laser irradiation frequency absorb energy more
readily than ions with more distant overall vibrational
frequencies. The peptides used for Marshall’s experi-
ments did not; however, contain a strong absorbing
functional group for the wavenumber 943 cm ™. There-
fore, when one considers two analogous amino acid
sequences where one contains one or more functional-
ities that strongly absorb IR photons at the same irra-
diation frequency of the laser used for IRMPD, more
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frequent absorption of photons under that identical
irradiation conditions would result.

The E, for dissociation of phosphopeptides is the
physical reason for the selective dissociation of phos-
phopeptides; however, the vibrational frequency of the
phosphate moiety can enable more efficient photon
absorption than the unmodified peptide under identical
irradiation conditions. The resulting higher internal
energy of the phosphopeptide achieved during IR irra-
diation, due to the strong absorbing P-O stretch in
resonance with the IR laser, contribute to a more rapid
first-order decay of the excited precursor ion relative to
unmodified peptides.

Previous CID studies have determined that phos-
phorylated serines and threonines dissociate through
B-elimination, losing H;PO, and forming dehydroala-
nine and dehydroaminobutyric acid, respectively [25].
Phosphotyrosines, in contrast, cannot undergo the same
B-elimination because of their aromatic side chain and
subsequently, CID of phosphotyrosine peptides results
in the loss of H;PO,, H,O, and HPO,. However, it has
been observed that for some amino acid sequences,
particularly at high charge states, peptides phosphory-
lated in tyrosines may experience only backbone cleav-
age with no loss of the phosphate moiety [25]. Further-
more, it has been observed that phosphothreonine
peptides can lose HPO; through direct dephosphoryla-
tion as a competing dissociation channel to the B-elim-
ination mechanism [25]. Therefore, for dissociation of
unknown peptides, the loss of 98 Da gives rise to
signature ions of phosphopeptides; however, the lack of
phosphate loss (98 Da) cannot confirm that a phos-
phopeptide is not present. Additionally, signature ions
cannot be used with any certainty to identify the
phosphorylated amino acid. Therefore, it is important
to determine if the energetics of dissociation can be
used to delineate between phosphorylation of an ali-
phatic or aromatic side chain, providing information
about the kinase involved in the regulatory mechanism
under investigation.

Experimental

The aromatic and aliphatic 7-mer phosphopeptides,
GAG-pY-GAG (pY) and GAG-pS-GAG (pS), were cus-
tom synthesized by New England Peptide, Inc. (Fitch-
burg, MA). Methanol and piperidine were purchased
from Sigma-Aldrich (St. Louis, MO). Water was puri-
fied to 18 M() with a Barnstead Nanopure Infinity
(Dubuque, Iowa) ultrapure water system.

All experiments were conducted on a modified Ion-
spec (Irvine, CA) ESI-FTICR-MS with a 7 tesla magnetic
field using previously described microspray sources
[46]. ESI infusion was performed using a Harvard
syringe pump model PHD 2000 with ESI solutions
consisting of 50% methanol, 50% water, and a final
concentration of 20 mM piperidine. Infusion was car-
ried out at a rate of 3.3 nL/s through a 20 uL Hamilton
syringe held at a potential of —1.5 keV. All acquisitions
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were made in the negative-ion mode and all data
involved single hexapole accumulations (ranging from
2 to 4 s) followed by gated trapping [47].

Following ESI, hexapole accumulation, and gated
trapping in the ICR cell, IRMPD was conducted on the
trapped ions with a 25 watt Synrad 48-2(W) (Mukilteo,
WA) CO, laser. The laser wavelength was 10.6 um (2.83
X 10 Hz) with a beam diameter of 3.5 mm. This laser
is fitted with a 2.5X diffuser, which was directed
through a BaF, window into the ICR cell. For all
experiments, the entire ion population trapped in the
ICR cell was uniformly irradiated as the diffused laser
beam has a diameter of 8.75 mm. Assuming ambient
temperatures prior to irradiation at a 7 tesla magnetic
field, the thermal radius of the ion cloud was ~0.08 mm
for the singly-charged 7-mers (pY and pS). Following an
induction period, the dissociation data obtained from
IRMPD can be applied to first-order kinetics (vide
infra). The induction period can be defined as the time
required to increase the precursor ions’ internal energy
from that analogous of ambient temperatures (298 K) to
an energy sufficient to promote the lowest energy of
activation dissociation pathway [44]. At the laser pow-
ers used for the experiments discussed herein, the
dissociation rates are slow enough that the ions reach
an internal “temperature” where a Boltzmann distribu-
tion of internal energy is achieved and the ions are at
the radiative exchange (REX) limit [44].

All Fourier transform infrared spectroscopy (FTIR)
experiments were conducted using a Nicolet Nexus 670
(Thermo Nicolet Corporation, Madison, WI) with a multi-
bounce attenuated total reflectance (ATR) module with 20
uL of 1 mM 50:50 methanol:water solutions dried on the
ATR plate (150 spectra).

Results and Discussion

The application of mass spectrometry for the unimo-
lecular dissociation of trapped gas-phase ions provides
valuable information about the ion’s dissociation ener-
getics. Dunbar [48] first determined bond dissociation
energies using IR irradiation produced by continuous
wave (CW) CO, laser for small molecules. Dunbar and
McMahon [49] later demonstrated that a vacuum cham-
ber (ion trap) can act as a blackbody source of IR
photons when heated to a particular temperature. Mar-
shall and coworkers recently demonstrated that IRMPD
can be used to determine the relative E, for dissociation
of large gas-phase biomolecules (>50 atoms) analogous
to values previously determined by BIRD [45]. Hannis
and Muddiman [50] have applied this technique to the
determination of the relative E, for dissociation of
oligonucleotides and modified (7-deaza purine) oligo-
nucleotides.

Relative energies of activation (E,) for gas-phase
dissociation of GAG-pS-GAG and GAG-pY-GAG are
determined by ESI-FTICR-MS with IRMPD of trapped
ions and the equation derived by Dunbar [51] based
upon the approximate relation between laser intensity

AROMATIC AND ALIPHATIC PHOSPHOPEPTIDES 123

and temperature where v is the frequency of radiation
(10.6 um = 2.83 X 10" Hz), h is Plank’s constants, qis
the partition function (1.05) [45], and I, is the laser
intensity (Wem ™?):

oo dinka,
o= Takr) T

dlnk giss
z/dlnllaser

(1)

First-order rate constants (k4;.s) were obtained from the
slopes of the natural log of the precursor relative ion
abundance versus irradiation time for five laser powers
(W). Eq 1 can be rearranged where E, can be deter-
mined from a plot the natural log of kg, versus the
natural log of laser intensity (W cm™2):

E,
In kdiss = ql’l_U In Ilaser (2)

Because neighboring amino acid functional groups
could affect the relative E,, this possibility must be
eliminated for model systems when evaluating the
difference between modified aliphatic and aromatic
amino acid dissociation. The two model systems from
which the relative E, for dissociation will be determined
are GAG-pS-GAG and GAG-pY-GAG. This peptide is
analogous to the size of a small tryptic fragment;
however they lack a Lys or Arg C-terminus to signifi-
cantly reduce the potential for unique side chain inter-
actions with the dissociation mechanisms. Because of
the low molecular weights of these model systems, 555
and 631, respectively, only singly-charged species were
detected, providing further simplicity of the system.

Figure 1 shows the first-order rate constant plots of
the natural log of the relative ion abundance versus the
irradiation time for both peptides. The laser irradiation
powers for GAG-pS-GAG peptide are 2, 2.5, 3, 3.5, and
4 watts while GAG-pY-GAG involved 1.5, 2, 2.5, 3, and
3.5 watts. Previous studies have revealed that peptides
phosphorylated on the tyrosines tend to be more stable
than those phosphorylated on serines and threonines
because of a lack of B-elimination pathways during
collisional activation [52]. Curiously, this did not seem
to be the case during the IRMPD experiments involving
GAGT-pS-GAG and GAG-pY-GAG. The tyrosine phos-
phopeptide dissociated significantly faster rate than the
serine phosphopeptide under identical irradiation con-
ditions. However, based upon these E, for dissociation
calculation, Figure 2, these modified 7-mers have rela-
tively the same energy of activation, 0.48 eV and 0.50
eV, respectively.

Figure 3a shows a plot of the natural log of the
relative ion abundance versus the irradiation time for
both peptides at 2 watts. Clearly, the tyrosine phos-
phopeptide dissociates at a faster rate than the serine
phosphopeptide where 50% of GAG-pS-GAG is disso-
ciated after 4.5 s of irradiation at 2 watts and GAG-pY-
GAG only after 1.5 s. Figure 3b shows the ESI-FTICR
mass spectrum of GAG-pY-GAG after 1 s of IRMPD at
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Figure 1. First-order rate constants are obtained from the slopes
of the natural log of the relative ion abundance versus the
irradiation time (seconds) for: (a) the GAG-pS-GAG at laser
irradiation powers of 2 (diamond), 2.5 (square), 3 (triangle), 3.5 (x),
and 4 (star) watts and (b) the GAG-pY-GAG at laser irradiation
powers of 1.5 (diamond), 2.0 (square), 2.5 (triangle), 3.0 (x), and 3.5
(star) watts. Each line equation is listed with its irradiation power
(watts) and the standard error of a predicted y for a given x in the
regression is given in parenthesis.

2 watts where 58% of the precursor ion relative ion
intensity remains. Figure 3c shows the mass spectrum
of the GAG-pS-GAG where 90% of the precursor ion of
this phosphopeptide remains after IRMPD for 1 s at 2
watts. Under identical isolation events and irradiation
conditions, GAG-pY-GAG is clearly dissociating more
rapidly. To confirm that these observations were not an
artifact of the isolation event, the phosphopeptides
were electrosprayed simultaneously and irradiated
without ion isolation. The same phenomenon (more
significant GAG-pY-GAG dissociation) was observed
(data not shown), and this is in direct accord with the
observations noted above.

Figure 4 is the normalized attenuated total reflec-
tance FTIR spectra of the two modified 7-mers and
identifies the potential reason for the difference in
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Figure 2. The energies of activation obtained from the slope of
the natural log of the rate constants plotted against the natural log
of the laser intensity (Wem ™~ 2). The relative energy of activation for
dissociation are shown for (a) the GAG-pS-GAG and (b) the
GAG-pY-GAG .

dissociation rate under identical irradiation parameters.
The relative absorptivity for the phosphorylation of the
aromatic side chain (pY) is greater than the aliphatic
side chain (pS). The extinction coefficients (k), deter-
mined from the absorbance mode assuming reflectance
is proportional to the transmittance and 100% of the
reflectance corresponds to 100% of the transmittance, of
pY relative to pS (k = 1) at the frequency of the IR
irradiation is 1.3. While this k value represents only a
moderate increase in absorptivity, it significantly con-
tributes to the rate of first-order decay of the precursor
ion population of the phosphopeptide modified on the
tyrosine. Therefore, under identical irradiation param-
eters the peptide phosphorylated on the tyrosine has a
higher internal energy than the peptide phosphorylated
on the serine due to more efficient photon absorption at
the frequency of irradiation, accounting for a faster
dissociation rate even with equivalent energies of acti-
vation.

Conclusions

ESI-FTICR-MS with IRMPD is an ideal platform for
phosphopeptide detection because the E, for the disso-
ciation of phosphopeptides is lower than that of the
unmodified analogs. Furthermore, the vibrational mode
of the phosphate moiety greatly increases absorbance
and, as a result, the kinetics of dissociation for these
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(a) Plot of the natural log of the relative ion abundance versus the irradiation time

(seconds) for GAG-pS-GAG (pS) (diamonds) and GAG-pY-GAG (pY) (squares) peptides at 2 watts. (b)
GAG-pY-GAG product ion spectra after 1 s of irradiation at 2 watts. (¢) GAG-pS-GAG product ion

spectra after 1 s of irradiation at 2 watts.

modified peptides. This theory is supported by the data
presented in this manuscript. While GAG-pY-GAG and
GAG-pS-GAG have analogous E, for dissocation, the
aromatic phosphonate dissociates at a significantly
greater rate of dissociation than the aliphatic species
under identical irradiation conditions which is attrib-
uted to its absorptivity of the IR photons is higher.

IR Laser
pS pY 40 pS 943 cm!
oH OH
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6 24
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Figure 4. Normalized ATR-FTIR spectra of GAG-pS-GAG (pS)
(black line) and GAG-pY-GAG (pY) (gray line). The inset shows
the region of the P-O stretch enlarged and the wavenumber (943
cm™Y) of the laser used for IRMPD.

Ideally, computational determination (e.g., master
equation modeling of the overall vibrational frequency
and steady-state Boltzman temperature at a fixed laser
intensity) would provide valuable support to these
conclusions. These data suggest that it is possible to
distinguish a peptide containing a single phosphoryla-
tion event residing on a serine/threonine versus a
tyrosine, and vice-versa, within a complex proteolytic
digest derived from a biological system.
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