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Abstract

The labile nature of phosphoryl groups has presented a long-standing challenge for the
characterization of protein phosphorylation via conventional mass spectrometry-based bottom-up
proteomics methods. Collision-induced dissociation (CID) causes preferential cleavage of the
phospho-ester bond of peptides, particularly under conditions of low proton mobility, and results
in the suppression of sequence-informative fragmentation that often prohibits phosphosite
determination. In the present study, the fragmentation patterns of phosphopeptides are improved
through ion/ion-mediated peptide derivatization with 4-formyl-1,3-benezenedisulfonic acid
(FBDSA) anions using a dual spray reactor. This approach exploits the strong electrostatic
interactions between the sulfonate moieties of FBDSA and basic sites to facilitate gas-phase
bioconjugation and to reduce charge sequestration and increase the yield of phosphate-retaining
sequence ions upon CID. Moreover, comparative CID fragmentation analysis between unmodified
phosphopeptides and those modified online with FBDSA or in solution via carbamylation and 4-
sulfophenyl isothiocyanate (SPITC) provided evidence for sulfonate interference with charge-
directed mechanisms that result in preferential phosphate elimination. Our results indicate the
prominence of charge-directed neighboring group participation reactions involved in phosphate
neutral loss, and the implementation of ion-ion reactions in a dual spray reactor set-up provides a
means to disrupt the interactions by competing hydrogen-bonding interactions between sulfonate
groups and the side-chains of basic residues.
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Introduction

Protein phosphorylation is a highly dynamic post-translational modification (PTM) that
plays a central role in the signaling and regulatory machinery that mediate nearly all cellular
processes including transcription, differentiation, cell cycle progression, and metabolism.1~3
These processes are controlled through the coordinated interplay of protein kinases and
phosphatases that modulate the function of target proteins by transiently altering their
phosphorylation states at serine, threonine and tyrosine sites.* Moreover, aberrant
phosphorylation arising from the dysregulation of this activity has been linked to the onset
and progression of numerous neurodegenerative, oncogenic and metabolic diseases.>’
Consequently, the molecular-level characterization of protein phosphorylation is essential
for the comprehensive understanding of complex mechanisms governing cell health and
disease and offers critical insight for the development of new therapeutics.

Mass spectrometry (MS) has emerged as the analytical method of choice for the
identification and characterization of phosphorylated proteins on both the individual and
global scale.8° However, despite exceptional speed and sensitivity, common MS-based
approaches suffer from several key impediments arising from the intrinsic biological and
chemical properties of phosphoproteins and their peptide constituents. For example,
phosphorylation often occurs at substoichiometric levels that are below the sampling depth
of most bottom-up data-dependent driven workflows.10:11 Enrichment strategies such as
immobilized metal affinity chromatography (IMAC) and metal oxide affinity
chromatography (MOAC) have helped to overcome this limitation by selectively increasing
the relative abundance of phosphorylated targets within full MS survey scans.® While this
additional step facilitates improved detection, subsequent tandem mass spectrometric
(MS/MS) analysis to obtain sequence and phosphosite information by direct fragmentation
of selected phosphopeptides is often inhibited by the higher gas phase lability of the
phospho-ester bond relative to the polypeptide backone.12 Collision-induced dissociation
(CID) remains the most established and widely utilized ion activation method;3 however,
the slow heating mechanism that governs ion dissociation promotes cleavage at the most
labile sites, thereby inducing preferential neutral loss of the phosphate group and
suppression of diagnostic sequence and phosphosite-informative fragmentation.12:14.15 This
outcome has proven particularly problematic under conditions of low proton mobility where
hydrogen bonding interactions between basic side-chains and the phosphate group facilitate
nearly exclusive charge-directed neutral loss of the phosphate.12:16 This shortcoming has
prompted the use of alternative activation strategies that provide more informative MS/MS
spectra for phosphopeptide characterization, including electron-driven approaches such as
electron transfer dissociation and electron capture dissociation (ETD and ECD),17:18 higher-
energy collisional activation (HCD),1® ultraviolet photodissociation (UVPD),20-23 and
several combinations thereof (i.e., ETcaD,24 EThcD,2° ETUVPD?),

In addition to alternative activation methods, chemical and enzymatic strategies that modify
the intrinsic properties of phosphopeptides to make them more suitable for MS/MS
interrogation have also been reported, albeit at the cost of more extensive sample preparation
and experimental complexity. Approaches based on pB-elimination of phosphoryl groups
from phosphoserine and phosphothreonine residues followed by Michael addition with a
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nucleophilic reactant have been used in a diversity of protein phosphorylation studies.2”~32
The purpose of this type of strategy is generally two-fold: 1) removal of the CID labile
phosphate group to generate more informative MS/MS spectra and 2) incorporation of novel
chemistry that can be exploited for streamlined phosphopeptide analysis.28:31-33 Despite
these merits, one major drawback to p-elimination-based approaches arises from their lack
of selectivity toward phosphotyrosine residues.34 Other strategies aimed at eliminating or
minimizing the hydrogen bonding interactions that lead to preferential phosphate cleavage
have also shown success for generating more informative CID spectra with the added benefit
of being universally applicable to all phosphopeptide types (S/T/Y).35-38 This has been
accomplished via selective derivatization of either the phosphate moiety32:36 or basic side-
chains of the peptide,3 or alternatively by the complete enzymatic removal of basic
residues.38

Recently, we described a method for the high-throughput bioconjugation of peptide cations
via pseudo-droplet phase initiated ion/ion reactions using a front-end dual spray reactor.3°
This previous work relied on well-characterized gas-phase ion/ion-mediated covalent
chemistry using 4-formyl-1,3-benzenedisulfonic acid (FBDSA) anions*®-42 to both facilitate
rapid derivatization on a timescale compatible with chromatographic separations and to
increase the intrinsic photoabsorption cross-section of peptides for enhanced
photodissociation at 193 nm.39 Herein, we demonstrate that this same chemistry can also be
leveraged to modulate the collisional dissociation behavior of basic phosphopeptides in real
time for improved sequence coverage and phosphosite localization relative to their
unmodified counterparts. In a manner similar to the removal or selective derivatization of
basic sites, this method relies on the preferential formation of noncovalent interactions
between the sulfonate moieties of FBDSA and the basic sites within the peptide to overcome
or partially disrupt the mechanisms leading to preferential phosphate loss by collisional
activation.

Experimental

Materials and Reagents

Phosphopeptides RQpSVELHSPQSLPR, GGGPApTPKKAKKL, and
KKALRRQEpTVDAL were purchased from AnaSpec Inc. (Fremont, CA).
RRLIEDAEpYAARG-NH2 was purchased from American Peptide Company (Sunnyvale,
CA). LHpSQSLPR was custom ordered from United BioSystems (Herndon, VA). Mass
spectrometry grade trypsin was purchased from Promega (Madison, WI1). 4-formyl-1,3-
benzenedisulfonic acid (FBDSA), 4-sulfophenyl isothiocyanate (SPITC), urea and all other
solvents and materials were obtained from Sigma-Aldrich (St. Louis, MO). Peptides and
reagents were used without further purification.

Solution Phase N-terminal Derivatization

Aliquots of phosphopeptides lacking internal lysine residues were subjected to N-terminal
derivatization via 4-sulfophenyl isothiocyanate (SPITC) and carbamylation in the presence
of excess urea. SPITC modification was accomplished by reacting 20 pL of stock solution (1
mg of SPITC in 100 L of 1x PBS, pH 7.4) with 10 nmol of peptide for 30 minutes at 55°C.
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Carbamylation reactions were carried out via incubation with 8 M urea in 50 mM Tris-HCI
(pH 8) at 80°C for 4 h. N-terminally labeled peptides were then desalted on C18 spin
columns (Life Technologies, Grand Island, NY), evaporated to dryness and resuspended in
50:50 water/methanol for infusion.

Trypsin Digestion of Phosphopeptides

A 50 pL aliquot of 1 mM RRLIEDAEpYAARG-NH2 stock solution prepared in 25 mM
ammonium bicarbonate buffer (pH 8.0) was digested at a 1:50 trypsin-to-peptide ratio for 3
h at 37°C. The digested phosphopeptide was then separated from trypsin using a 10 kDa
molecular weight cutoff centrifugal filter that was washed 3x with 200 uL of water. The
flow-through from each wash was pooled, evaporated to dryness, and resuspended to 10 uM
in 50:50 water/methanol for infusion.

Mass Spectrometry and Front-end lon/lon Reactions

All experiments were conducted on a Thermo Scientific Velos Pro dual linear ion trap mass
spectrometer (San Jose, CA) equipped with a front-end dual spray reactor as previously
described.39 Briefly, the reactor was equipped with two electrospray ionization (ESI) sources
(Prosolia Inc., Indianapolis, IN) mounted on a U-shaped railing system that surrounded the
front-end of the mass spectrometer. The first source was fully integrated to allow for direct
control of spray voltage and polarity in the Thermo Tune Plus control software, whereas the
spray voltage of the second source was supplied via an external 5 kV dual polarity high
voltage power supply (Stanford Research Systems Inc., Sunnyvale, CA).

For standard infusion experiments, the dual spray reactor was operated in single source
mode in a manner comparable to conventional ESI. Phosphopeptide cations were generated
by positive mode electrospray ionization of 5 uM working solutions infused at rate of 1.5
pL/min using a spray voltage of 1.5 kV. Alternatively, ion/ion reactions were carried out
using dual source mode, during which the second source was simultaneously operated to
generate a second population of reagent anions via negative mode ESI of 2 mM FBDSA
prepared in 50:50 water/methanol infused at a rate of 3 pL/min. Electrostatic ion/ion
complexes were formed at or near atmospheric pressure in the region of spray overlap prior
to the inlet of the mass spectrometer. Anion source voltage was varied between —-2.0 and
—2.75 kV to achieve optimal complex formation and spray stability. Schiff base reactions
were performed by collisionally activating the electrostatic phosphopeptide/FBDSA
complexes with low normalized collision energy (NCE = 10-18%) to overcome the
activation barrier for imine formation. Covalent Schiff base products were then isolated and
subjected to MS3 collision-induced dissociation (CID) to generate diagnostic product ions
using 20-30% NCE and a ¢-value of 0.25.

Results and Discussion

Gas-phase ion/ion-mediated Schiff base derivatization with 4-formyl-1,3-benezenedisulfonic
acid (FBDSA) is an established method for rapid covalent transformation of peptides within
the context of a tandem mass spectrometry-based experiment.3%-43 This chemistry, as
demonstrated in Figure S1, proceeds via the formation of long-lived electrostatic complexes
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arising from noncovalent interactions between the sulfonate moieties of FBDSA reagent
anions and protonated sites of peptide cations.*? Subsequent collisional activation of these
ion/ion intermediates promotes nucleophilic attack on the FBDSA aldehyde by an
unprotonated primary amine in the substrate peptide, resulting in concerted dehydration and
imine bond formation.#? Although well-defined for unmodified substrates, no studies to date
have explored this chemistry with peptides containing labile post-translational
modifications. Thus, we sought to evaluate both the feasibility and analytical utility of gas-
phase derivatization with FBDSA for a series of phosphorylated peptides containing
modified serine, threonine, and tyrosine residues. We hypothesized that this Schiff base
reaction could provide a means to modulate hydrogen-bonding interactions in
phosphopeptides and minimize phosphate cleavage, and at the same time allow
implementation of this method in an on-line fashion via a dual spray reactor set-up.

Peptides that contain multiple basic sites pose a particularly difficult challenge for
conventional CID-based characterization owing to the immobilization of charges caused by
the presence of multiple basic residues that sequester ionizing protons. Previous mechanistic
studies indicate that the protonated basic residues form strong hydrogen bonding interactions
with the phosphate group.16 This consequently lowers the energy barrier for charge-directed
mechanisms that lead to preferential neutral loss of phosphate and suppression of sequence-
informative fragmentation upon collisional activation, thus further exacerbating the
phosphate loss problem prevalent for MS/MS analysis of phosphopeptides.16 An illustrative
example of this phenomenon is shown in the CID product ion spectrum of doubly charged
KKALRRQEpTVDAL (Figure S2). The uninformative loss of H3PO4 from the precursor
accounts for approximately 80% of the total product ion signal, while the remaining 20%
arises from the £82* through £122* ions split between their phosphate retained and neutral
loss forms. All diagnostic product ions contain the N-terminus, which is consistent with
proton sequestration at basic arginine (R) or lysine (K) side-chains that occur near the N-
terminal region of the peptide. As underscored by this example, the impediments associated
with charge-immobilization make this a compelling gas-phase environment in which to
probe the effects of FBDSA incorporation on phosphopeptide fragmentation.

Dual Spray Reactor-Initiated Schiff Base Bioconjugation of Phosphopeptides

The formation of long-lived phosphopeptide/FBDSA complexes was accomplished in
realtime using a front-end dual spray reactor as previously described.3? Briefly, the reactor
utilized two oppositely biased ESI sources to simultaneously generate overlapping
populations of phosphopeptide cations and FBDSA anions in the high pressure region prior
to the inlet of the mass spectrometer. The anionic reagent of interest, FBDSA, is negatively
charged and thus has the potential to cause neutralization of peptides during formation of
ion-ion complexes. To ensure successful detection of ion/ion complexes in the positive
mode, the phosphopeptide substrates each contained at least two positive charge-bearing
residues (i.e., arginine or lysine). This process is demonstrated in Figure S3, which compares
the mass spectrum of KKALRRQEpPTVDAL before (Figure S3a) and after (Figure S3b)
interaction with FBDSA anions. Two highly abundant ions consistent with the 1+ and 2+
charge states of the charge-reduced KKALRRQEpTVDAL/FBDSA complex (denoted by
the addition of “A” in the label) are observed exclusively in the post-reaction spectrum at
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m/z 1874 and 937, respectively. Together the complexed species account for approximately
60% of the total analyte signal, thus demonstrating high ion/ion reaction efficiency in the
region of overlap between the dual sprays prior to transmission into the mass spectrometer.
The average ion/ion reaction efficiency observed for all peptides in this study was
approximately 40%. Collectively, these results suggest that the presence of phosphorylated
side-chains do not have a prohibitive effect on FBDSA binding despite possible competition
with the phosphate moiety to form stabilizing noncovalent interactions with the protonated
basic sites of the peptide.16:44

Once formed, ion/ion complexes were isolated in the linear ion trap and subjected to low
energy CID to initiate covalent conversion to products, as demonstrated for the doubly
charged complex of KKALRRQEpTVDAL/FBDSA (Figure S3c). Unlike collisional
activation of the unreacted phosphopeptide, which is dominated by phosphate neutral loss
(Figure S2), the most energetically favored pathway of the electrostatic complex results in
dehydration with complete retention of the phosphate group and formation of the covalent
Schiff base product. This is reflected by the single product ion observed in the MS?
spectrum which is 18 Da lower in mass from the precursor (Figure S3c), which is consistent
with dehydration that occurs upon imine bond formation. The Schiff base product is
confirmed via an additional collisional activation step (MS3) (Figure S3d). Collectively,
these results demonstrate the ability to covalently modify phosphopeptides in the gas-phase
while preserving the integrity of the labile phosphosite.

Collisional Dissociation of Unmodified versus FBDSA-Modified Phosphopeptides

As described above and shown in Figure S2, the product ion spectrum of doubly charged
KKALRRQEpTVDAL illustrates the poor performance of CID under proton immobilized
conditions; however, a marked improvement in fragmentation is observed following
derivatization with FBDSA (Figure S3d). This is reflected in part by a 65% decrease in
product ion signal comprised of non-sequence phosphate neutral loss from the precursor.
Suppression of this preferential cleavage is accompanied by a concomitant gain in both the
number and relative abundance of diagnostic fragment ions, resulting in an increase in
sequence coverage from 42% to 92%. A small subset of product ions containing the
phosphothreonine residue exhibit phosphate loss; however, in each case the relative
abundance of these ions is lower than that of their corresponding phosphate-retaining forms.
Furthermore, the emergence of )~ions and singly charged b®-ions is consistent with greater
proton mobility across the peptide backbone.

This dramatic change in fragmentation behavior upon incorporation of FBDSA is proposed
to arise from the disruption and displacement of hydrogen bonding interactions between the
phosphate group and basic sites of the peptide that lead to selective phosphate cleavage by
CID. This hypothesis is supported by the lower pKa of sulfonate moieties in FBDSA relative
to the phosphate group,** as well as previous reports describing the gas-phase stability of
acid-base interactions between sulfonate moieties and basic side-chains of peptides.#3:4
Consequently, the strength of these interactions, and by effect the degree of change in
subsequent fragmentation, should exhibit a dependence on the gas-phase basicity of the
interacting side-chains. To explore this further, the relative change in fragmentation
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following FBDSA derivatization was evaluated for the arginine-containing peptide,
RRLIEDAEpYAARG-NHS>, and the lysine-containing peptide, GGGPApTPKKAKKL.

A comparison of the CID product ion spectra for the 2+ charge state of
RRLIEDAEpYAARG-NH, before and after gas-phase derivatization is shown in Figure 1.
Collisional activation of the underivatized peptide promotes dominant neutral loss of
phosphate and ammonia with limited product ion signal arising from cleavage at six of the
twelve amide bonds of the peptide backbone (Figure 1a). Resulting low abundance sequence
ions are derived from both termini of the peptide and in all cases are singly charged, which
indicates protonation of both the N- and C-terminally located arginine residues. This
distribution is likely more energetically favorable than protonation of the two adjacent N-
terminal arginines due to coulombic repulsion of side-chains. Despite low overall
abundance, the bg and )~ ions originating from cleavage C-terminal to the aspartic acid
residue are more abundant than the other &/ fragment ions, an outcome consistent with the
aspartic acid effect commonly observed under conditions of low proton mobility.#6:47 As
demonstrated in Figure 1b, conversion of peptide RRLIEDAEpYAARG-NH; to its Schiff
base analogue profoundly alters its fragmentation. The resulting CID spectrum shows
complete suppression of selective phosphate cleavage and instead displays extensive
pairwise fragmentation across the peptide backbone, resulting in 92% coverage of the £-ion
series and 75% coverage of the y~ion series. Moreover, the collective lack of evidence for
charge-directed loss of phosphate or enhanced cleavage C-terminal to aspartic acid is highly
indicative of greater proton mobility following FBDSA derivatization.

The effect of FBDSA incorporation on the fragmentation of GGGPApTPKKAKKL is
expected to be less pronounced than that of RRLIEDAEpYAARG-NH, owing to the lower
gas-phase basicity of lysine side-chains relative to arginine and thus resultant weaker acid-
basic interactions with FBDSA. The CID spectra of the underivatized and FBDSA-
derivatized peptide are shown in Figure 2. The magnitude of the overall change in MS/MS
patterns before and after derivatization generally agrees with this expectation about the
impact of the basic side-chains. Notably, the dominance of phosphate neutral loss from the
precursor suggests the unimpeded formation of hydrogen bonding interactions that facilitate
charge-directed phosphate cleavage pathways. Differences also arise due to the fact that the
e-amino group of the lysine side-chain serves as a substrate for covalent FBDSA attachment.
As a result, the location of the addition of the benzene disulfonic acid group is distributed
across multiple reactive sites. This is reflected in the greater spectral complexity of the CID
fragmentation spectrum of FBDSA-labeled GGGPApTPKKAKKL 2+, which exhibits
contributions of product ions arising from various modified forms of the peptide (isomers)
(Figure 2b). Despite these differences, enhanced fragmentation is still observed for the
FBDSA modified peptide as demonstrated by more complete coverage of the peptide
backbone. Additionally, the enhanced formation of the )~ ion corresponding to N-terminal to
proline cleavage is consistent with greater proton mobility following incorporation of
FBDSA. 4748

The dual spray Schiff base strategy was also evaluated for two tryptic-like peptides,
LIEDAEpYAAR and LHpSPQSLPR. Owing to the fact that these are tryptic-like peptides,
they are much less basic than the ones described previously, and each possesses a single Arg
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at the C-terminus. Upon ESI, these peptides are observed in the 1+ and 2+ charge states, and
when subjected to the ion-ion mediated workflow with FBDSA yield only singly charged
Schiff base products (Figures S4 and S5). The resulting singly charged Schiff base products
were subsequently characterized by CID, generating the MS/MS spectra shown in Figures
S4C and S5C. The CID spectra for the corresponding unmodified peptides (1+) are shown in
Figures S4B and S5B. A diagnostic series of yions is observed for each of the Schiff base
modified peptides, but b ions are not observed because of the location of the sulfonate group
at the N-terminus which renders the & products negatively charged or neutral. These results
indicate the potential application of the dual spray method for tryptic peptides in
conventional bottom-up proteomics applications.

The percent reduction in phosphate neutral loss from the precursor before and after
derivatization provides a useful metric by which to evaluate the successful suppression of
charge-directed mechanisms that facilitate selective phosphate cleavage. This data is
summarized in Figure 3 for representative singly and doubly charged phosphopeptide/
FBDSA complexes generated by front-end ion/ion reactions and subsequently converted to
their Schiff base modified forms. Substantial improvements in phosphate retention were
observed in all cases following FBDSA incorporation; however, this effect was most
pronounced for doubly protonated arginine-containing peptides for which the uninformative
phosphate-loss pathways plummeted. This result further supports the hypothesis that the
strength of the interaction between the sulfonate groups of FBDSA and the basic-side chains
of the peptide has a direct impact on the observed change in fragmentation of FBDSA-
labeled phosphopeptides.

Exploring the Role of the Sulfonate Moiety

In an effort to gain greater insight into the mechanistic role of the sulfonate moiety during
collision-induced dissociation, the fragmentation behavior of unmodified and FBDSA-
derivatized RRLIEDAEpYAARG-NH, and RQpSVELHSPQSLPR was compared to that of
their carbamylated and SPITC-modified analogues prepared in solution. Carbamylation
converts primary amines of peptides (in this case the N-terminal amine) to less basic
carbamate functionalities that are not expected to interact strongly with the basic side-chains
of the peptide, thus serving as an experimental control for N-terminal modification (Figure
S6a). Alternatively, the SPITC reagent introduces a mono-sulfonated phenyl group at the N-
terminus of the peptide that more closely resembles FBDSA (Figure S1), albeit appended
via a rather different pathway (Figure S6b). As demonstrated in Figure S7, both reactions are
very efficient, and the charge state distributions of the resulting peptides are shifted to lower
values (i.e. enhancement of 2+, diminishment of 3+) relative to the unmodified peptide,
consistent with removal of the N-terminal protonation site. As expected, this shift is greatest
for the SPITC-modified peptide due to the fixed negative charge of the sulfonate moiety.

Energy variable collisional activated dissociation was carried out on the doubly charged
precursors for all forms of two representative phosphopeptides, RRLIEDAEpYAARG-NH>
(Figure 4a) and RQpSVELHSPQSLPR (Figure 4b), to evaluate their dissociation thresholds,
one measure of stability in the gas phase. In both cases, the survival curves for precursors
arising from sulfonate-bearing peptides exhibit a shift toward lower collisional energies
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relative to unmodified precursors, whereas the carbamylated species show nearly perfect
overlap with the dissociation curves of the unmodified peptides. Such variations in
fragmentation efficiency curves as a function of collision energy have been purported to
reflect the degree of charge sequestration, essentially indicating the energy required for
proton mobilization.#” As such, the fragmentation efficiency curves in Figure 4 suggest
greater stabilization of the unmodified and carbamylated peptides (lower proton mobility)
relative to the sulfonate-bearing peptides. The trends observed from the energy-variable CID
curves correlate closely with the resulting fragmentation patterns; the unmodified (Figure
4c) and carbamylated (Figure 4d) peptides exhibit extensive phosphate loss, in contrast to
enhanced backbone cleavages and production of ample diagnostic sequence ions with
phosphate retention for the FBDSA-modified peptides (Figure 4e). The relative abundances
of informative sequence ions were similarly enhanced relative to preferential phosphate loss
ions for the SPITC-derivatized peptides; however, selective cleavage of sulfanilic acid from
the SPITC label via cleavage of the labile C-N bond of the thiocarbamoy! group biased the
resulting fragmentation pattern (Figure S8). These results are consistent with previous
reports by Keough and co-workers that demonstrated enhanced structurally informative
fragmentation following derivatization with sulfonic acid-incorporating reagents within the
context of matrix-assisted laser desorption/ionization (MALDI) mass spectrometry due to
the greater mobility of the ionizing proton.4°

Based on the empirical observations made herein, two competing routes for the collision-
induced dissociation of FBDSA-derivatized phosphopeptides are proposed as variations of
the charge-directed SN2 reaction pathway previously described by Reid and co-workers
(Scheme 1a).18 The first pathway gives rise to preferential acid-base interactions between a
sulfonate moiety of FBDSA and a protonated basic side-chain in the peptide allowing
enhanced formation of sequence-informative product ions (Scheme 1b). However, these
acid-base interactions compete with hydrogen-bonding between the phosphate group and
basic side-chains that facilitate selective phosphate neutral loss (Scheme 1c). Our
preliminary results point to the gas-phase basicity of the side-chains as a primary
determinant of the dominant dissociation pathway following FBDSA incorporation.

Conclusions

This work represents the first demonstration of ion/ion-mediated bioconjugation of peptides
bearing one of the most common types of post-translational modifications, phosphorylation,
in the gas-phase. Electrostatic phosphopeptide/FBDSA complexes were shown to undergo
facile collision-induced conversion to covalent products with complete preservation of
phosphosite integrity. The resulting FBDSA-derivatized phosphopeptides exhibited
suppressed phosphate elimination that is the dominant process of conventional protonated
phosphopeptides along with concomitant enhancement in the formation of sequence-
informative product ions. The sulfonate moieties introduced upon FBDSA-incorporation are
critical to this observed change in fragmentation behavior, as validated through comparative
fragmentation analysis with other charge-site mediating modifications (i.e. carbamylation
and thiocarbamoylation). Our results provide additional experimental evidence for charge-
directed neighboring group participation reactions involved in phosphate neutral loss,6
which appear to be disrupted by competing hydrogen-bonding interactions between
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sulfonate groups and the side-chains of basic residues. This was further supported by the
relative change in phosphate neutral loss observed depending on the gas-phase basicity of
the side-chains present, with the greatest changes observed for FBDSA-labeled
phosphopeptides containing arginine residues. This suggests that the relative strengths of the
hydrogen-bonding interactions play an important role in subsequent fragmentation of the
peptides upon CID.

The use of a front-end dual spray reactor to facilitate the ion/ion reaction step allows this
method to be widely adaptable to nearly all mass spectrometer platforms, making it a viable
option for phosphopeptide analysis when conventional CID-based characterization yields
ambiguous sequence and phosphosite information. Moreover, the applicability of this
method for tryptic-like peptides, as well as previous demonstrations of reactor compatibility
with high-throughput chromatographic workflows3® hint at the potential utility of dual
source integration into phosphoproteomic analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

CID product ion mass spectra of RRLIEDAEpYAARG-NH, (2+) before and after Schiff
base modification: (a) MS? CID mass spectrum of unlabeled peptide and (b) MS2 CID mass
spectrum following online dual spray reactor-initiated derivatization. The addition of “4p” to
the label indicates covalent FBDSA Schiff base modification and “-P” indicates loss of

phosphate.
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Figure 2.
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CID product ion mass spectra of GGGPApTPKKAKKL (2+) before and after Schiff base
modification: (a) MS? CID mass spectrum of unlabeled peptide and (b) MS3 CID mass
spectrum following online dual spray reactor-initiated derivatization. The addition of “4p” to
the label indicates covalent FBDSA Schiff base modification and “-P” indicates loss of
phosphate. lons shown in blue arise from lysine modification, while those shown in black
may arise from either lysine or N-terminally labeled species.
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Figure 3.
Percent of total product ion abundance arising from neutral loss of phosphate from the

precursor ion of unmodified and Schiff based-labeled phosphopeptides subjected to CID.
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Variable energy CID analysis of unmodified and N-terminally carbamylated, SPITC-and
FBDSA-modified (a) RRLIEDAEpYAARG-NH2 (2+) and (b) RQpSVELHSPQSLPR (2+).
Normalized precursor abundances are plotted as a function of increasing collision energy.
The CID product ion spectra are shown for RQpSVELHSPQSLPR (2+) in the following
states: (c) unmodified, (d) carbamylated (*), and (e) FBDSA Schiff base modified (4). The
addition of “-P” to the label indicates loss of phosphate.
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Page 16

(a) Proposed mechanism for charge-directed neutral loss of phosphate for an unmodified

phosphopeptide.® Proposed competing dissociation pathways for FBDSA-labeled
phosphopeptides with (b) and without (c) sulfonate-modulated suppression of charge-

directed neutral loss of phosphate.
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