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Abstract

Electron capture dissociation (ECD), which generally preserves the position of labile post-
translational modifications, can be a powerful method for de novo sequencing of proteins and
peptides. In this report, ECD product-ion mass spectra of singly and doubly sodiated,
nonphosphorylated, and phosphorylated peptides are presented and compared with the ECD mass
spectra of their protonated counterparts. ECD of doubly charged, singly sodiated peptides yielded
essentially the same sequence information as was produced by the corresponding doubly
protonated peptides. The presence of several sodium binding sites on the polypeptide backbone,
however, resulted in more complicated spectra. This situation is aggravated by the zwitterionic
equilibrium of the free acid peptide precursors. The product-ion spectra of doubly and triply
charged peptides possessing two sodium ions were further complicated by the existence of isomers
created by the differential distribution of sodium binding sites. Triply charged, phosphorylated
precursors containing one sodium, wherein the sodium is attached exclusively to the PO4 group,
were found to be as useful for sequence analysis as the fully protonated species. Although sodium
adducts are generally minimized during sample preparation, it appears that they can nonetheless
provide useful sequence information. Additionally, they enable straightforward identification of a
peptide’s charge state, even on low-resolution instruments. The experiments were carried out using
a radio frequency-free electromagnetostatic cell retrofitted into the collision-induced dissociation
(CID) section of a hybrid quadrupole/time-of-flight tandem mass spectrometer.
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Introduction

The presence of alkali-metal cations such as Na* or K* strongly influences electrospray
ionization [1-3]. An excess of such cations with high affinities for charged analytes can
suppress formation of protonated analyte signals. Desalting on a column is commonly
performed to reduce the concentration of cations, and addition of formic or acetic acid is
routinely used to enhance protonation over metal-ion adduction. Despite such steps, sodium
and potassium can remain tightly bound to certain analytes. Measurement of the shift in m/z
of a sodiated molecular ion peak can, in some instances, provide a simple means for
determining the charge state of an analyte ion [4, 5].

Samples isolated from biological sources commonly contain significant concentrations of
sodium, such that sodiated species are routinely observed in the electrospray spectra.

Hudgins et al. examined ECD of natural and synthetic peptides doubly and triply charged
with alkali cations (“alkalized”) instead of protons, of peptides with fixed charges, and of
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peptides devoid of labile hydrogens [6]. The product-ion spectra of peptides without acidic
residues that promote proton migration displayed mass peaks corresponding, respectively, to
the alkalized analogs of the ¢’-type and z"-type ions produced from their protonated analogs.
ECD of a disulfide-linked dimer also produced fragments because of disulfide cleavage as
well as the alkalized analogs of ¢’-and Z-type ions. lavarone et al. investigated ECD of a
lysine-and alanine-containing peptide dialkalized with different combinations of H*, Li*,
and Cs* [7]. ECD of (M + 2Li)2* and (M + 2Cs)%* precursors was found to produce mono-
and dialkalized analogs of the same ¢’ -and z* type ions observed in the product-ion
spectrum of (M + 2H)Z*: however, ECD of (M + H + Li)2* resulted exclusively in lithiated ¢
‘-and Z-type ions, indicating a preference for neutralization and cleavage at protonated sites
over alkalized sites. The abundance of a dialkalized fragment ion was observed to increase
with its mass, and the abundances of cesiated fragment ions formed from ECD of [M + Cs +
Li]%* were on average an order of magnitude greater than those of the corresponding
lithiated fragment ions. In independent reports on electron-induced dissociation (which
encompasses ECD) of peptides, Sargaeva et al. showed product-ion mass spectra of sodiated
and potassiated peptides [8], whereas Enyenihi showed product-ion mass spectra of sodiated
peptides [9]; all spectra contained mass peaks corresponding to the alkalized precursors
minus informative side chain losses as well as peptide back-bone cleavages resulting in
nonalkalated &, &-, ¢, x-, )~, and z-type fragment ions. In the only other report that could be
found involving ECD of sodiated peptide-like molecules, Bogdanov et al. examined the
fragmentation patterns of a group of mixed protonated-sodiated peptoids, which are peptide-
mimicking oligomers based on the structure of poly(N-substituted glycine) and resistant to
protease digestion [10]. Backbone fragmentation of these peptoids occurred primarily at N—
C, bonds regardless of the type of charge carrier. Peaks corresponding to sodiated fragment
ions from the N-terminus (i.e., ¢’-type fragments), were universally present in the product-
ion spectra of all peptoids; however, the appearance of mass peaks corresponding to sodiated
fragment ions from the C-terminus (i.e., Z-type fragments) varied considerably depending
on the type of charge carrier.

The effects of adduction by nonalkali metals on ECD of peptides have been studied in a few
cases. Fung et al. demonstrated that useful ECD product-ion mass spectra of these metalated
peptides could be generated from peptides cationized with the divalent alkaline-earths Mg?*,
Ca?*, Sr2*, and Ba2*, and furthermore, that the appearance of those spectra differed very
little from one another [11]. It was also found in this study that the ECD product-ion mass
spectra of the metalated peptides exhibited enhanced signals corresponding to minor species
such as (¢—1)*" and (z+1)* ions. Liu and Hakansson compared ECD of doubly protonated
Tyr2-sulfated cholecystokinin and Tyr12-sulfated gastrin Il with ECD of those two peptides
doubly charged with Ca2*, Mn2*, Zn2* and Fe2*, and ECD of Tyr12-sulfated gastrin ||
triply charged in the form [M + 2Ca — H]3* [12]. Contrary to what is typically observed,
ECD of the doubly protonated precursors of the two peptides resulted in complete loss of
SO3 from all product ions and, thus, precluded localization of the sulfate groups. By
contrast, ECD of all of the metalated forms of the peptides produced sulfated ¢ ~and Z-type
product ions with high sequence coverage and, thereby, allowed sequencing and sulfate
localization. In a related study, Liu and Hakansson investigated ECD of amidated Substance
P in the triply charged form [M + H + divalent metal]3* (where metal = Mg-Ba, Mn, Fe, Co,
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Ni, Cu, Zn, and Mn-Zn) [13]. The signal strengths of the fragment ions varied widely among
the production mass spectra suggesting that the mechanisms for ECD were strongly
dependent on the choice of divalent metal ion.

For more than decade, the only commercial access to ECD remained on Fourier transform
ion cyclotron resonance (FT-ICR) mass spectrometers. In very recent years, two new
approaches based on hybrid Q-TOF instruments have been reported. A high-throughput
ECD was realized by adding a branched radio frequency ion trap on TrippleTOF-5600 Q-
TOF mass spectrometer (SCIEX, Toronto, ON. Canada) [14], and atmospheric pressure
electron capture dissociation (AP-ECD) was realized by fitting an AP-ECD source to a Xevo
G2-S Q-TOF mass spectrometer (Waters Co., Milford, MA, U.S.A.) [15].

In 2008, the present authors described an electromagnetostatic (EMS) cell that can be
retrofitted into virtually any existing type of mass spectrometer [16]. In this report, the EMS
cell retrofitted into a hybrid Q-TOF tandem mass spectrometer was used to investigate the
effects of sodium adducts on the ECD behavior of peptides with the aim of examining
ECD’s potential for characterizing peptides with sodium adducts. Results of ECD of
monosodiated and disodiated forms of doubly charged cations of Substance P in its amidated
and free acid forms and of doubly and triply charged cations of phosphorylated tyrosine
kinase peptide 3 in its amidated form are presented and discussed.

Experimental

Materials and Sample Preparation

Authentic standards for Substance P [free acid — Arg-Pro-Lys-Pro-GIn-GIn-Phe-Phe-Gly-
Leu-Met-OH, monoisotopic MW = 1348.6 Da; amidated — Arg-Pro-Lys-Pro-GIn-GIn-Phe-
Phe-Gly-Leu-Met-NH2, monoisotopic MW = 1347.6 Da] and for amidated phosphorylated
tyrosine kinase peptide 3 [Arg-Arg-Leu-lle-Glu-Asp-Ala-Glu-Tyr(PO3H2)-Ala-Ala-Arg-
Gly-NH,, monoisotopic MW = 1597.8 Da] were purchased from American Peptide Co.
(Sunnyvale, CA, USA) and were used without further purification. Each of the peptide
standards was dissolved in a solution of 50% water/50% methanol. Sodium chloride (NaCl)
was added to each of the standard solutions of Substance P to bring the sodium ion
concentration to 0.25 mM; sodium acetate (NaOAc) was added to the standard solution of
phosphorylated tyrosine kinase peptide 3 to bring the sodium ion concentration to 1.5 mM.

Mass Spectrometry

All mass spectrometry was performed using a QSTAR XL electrospray ionization (ESI),
hybrid quadrupole/time-of-flight (Q-TOF) mass spectrometer system (SCIEX, Concord,
ON, Canada). The QSTAR was modified by shortening the original radio-frequency,
quadrupole, CID cell (Q2) by 76 mm and inserting a radio-frequency-free EMS ECD cell
assembly into the space created between the first quadrupole (Q1, Figure 1) and the
shortened CID cell (Q2, Figure 1). Compared with the EMS cell used in a triple quadrupole
(QqQ) mass spectrometer system (Agilent G6400; Agilent Technologies, Santa Clara, CA,
USA,) for recording ECD spectra of phosphorylated peptides [17], the design of the QSTAR
XL cell was simplified by replacing the electromagnet with a permanent disc magnet. Thus,
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the QSTAR EMS cell assembly comprised, from entrance-to-exit order, a four-electrode
electrostatic lens, a permanent magnet, a heated filament within a holder that also served as
an electrostatic lens, a permanent magnet (Chino Magnetism, Fairfield, NJ, USA), and a
four-electrode electrostatic lens. Both of the permanent magnets were axially polarized,
Sm,Co47 rings (25.4 mm diameter, 1.0 mm thick, 3.0 mm bore) that could withstand
temperatures up to 250°C. The polarities of the magnets were aligned on opposite sides of
the filament assembly to create “magnetic bottles” [18, 19] for trapping electrons emitted
from the heated filament (insert, Figure 1). The filament, which served as the ECD cell’s
source of electrons, was a loop (1.0 mm diameter) of tungsten-rhenium wire as described in
previous reports [16, 17, 20, 21]. For this study, potentials for the filament and permanent
magnet were each set at +15 V, for the first electrostatic lens at =15 V, and for the last
electrostatic lens at +10 V.

Each peptide solution was electrosprayed at a flow rate of 10 pL/min. The doubly protonated
(IM + 2H]2%), singly sodiated ([M + H + Na]2*), and multiply sodiated ([M + nNa]?*, n > 2)
species were selected as precursor ions by the first quadrupole mass analyzer (Q1, Figure 1)
and transferred to the EMS ECD cell to merge with low energy electrons. lons emerging
from the EMS cell passed through the shortened CID cell (Q2, Figure 1), which was
operated in a transmission mode only, and on into the time-of-flight mass analyzer.

Results and Discussion

Amidated Substance P is commonly used as a standard for evaluating ECD efficiency [22—
26]. ECD product-ion mass spectra of amidated Substance P produced with the modified
QSTAR used in this study exhibited the well-known ECD pattern of c-fragmentation with an
efficiency approaching 10% (Figure 2a; Table S1 in Supplemental Materials). Compared
with the previously reported ECD efficiency obtained with the electromagnet-based EMS
cell that was retrofitted into the Agilent G6460 QqQ instrument [27], the ECD efficiency of
the QSTAR cell was about five times greater. Further magnetic field and emitter refinements
should lead to yet higher efficiencies.

ECD of the [M + H + Na]?* and [M + 2Na]2* precursors of amidated Substance P (Figure
2b, c; Table S1 in Supplemental Materials) produced almost exclusively monosodium and
disodium analogues (i.e., nonprotonated fragments) of the ¢5_10, &, and z fragment ions
observed in the product-ion spectrum of the [M + 2H]%* precursor (Figure 2a; Table S1 in
Supplemental Materials). No sodium analogs of the ¢ fragment seen in the [M + 2H]%*
spectrum were observed in the [M + H + Na]2* and [M + 2Na]?* spectra. Satellite peaks
corresponding to hydrogen loss from some of the metal-bound fragments [e.g., &5 + Na, ¢g
+ Naand &" + Na (Figure 2b, insert) and cg + 2Na, ¢7” +2Na and ¢g” + 2Na (Figure 2c,
insert)] are also present in the ECD product-ion spectra. As reported in an earlier study,’ the
relative abundances of the sodium-adducted fragment ions for the most part increased with
fragment-ion mass. Exceptions to this trend are observed in the cases of ¢; and ¢y, which is
probably tied to the increased relative intensities observed for the & and zy product ions.

Formation of the ¢5 + 2Na and ¢; + 2Na fragments (Figure 2c, Table S1 in Supplemental
Materials) places the sites of sodium binding on two of the peptide’s first five residues,
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which is in accordance with the general view that the sites of protonation in doubly
protonated Substance P are Argl and Lys3 [25, 28]. Formation of the zy + 2Na fragment,
however, indicates that when one of two sodium atoms is attached to Lys3, the second
sodium ion resides on one of the remaining 4-11 residues. This seemingly indicates that
sodium adduction produces different positional isomers. The production spectrum produced
from the [M + 2Na]?* precursor (Figure 2c) indicates that similar sequence information
results from the different sodium-bound isomers.

The ECD spectra produced from the free-acid form of Substance P (Figure 3; Table S2 in
Supplemental Materials) are distinct in several respects from those produced by the
amidated form (Figure 2; Table S1 in Supplemental Materials). In addition to the nearly
complete series of c-type fragments produced by ECD of both forms of Substance P, ECD of
the protonated free-acid (Figure 3a, Table S2 in Supplemental Materials) also produces a
nearly complete series of a-type fragments—only &, is missing, and Zg is observed in place
of ag. Similar ECD mass spectra were recorded by the present authors on a Thermo Finnigan
7 T LTQ FT Ultra linear ion trap mass spectrometer system (Figure S1, Supplementary
Materials). In an earlier study, Marshall and coworkers reported nearly identical ECD
product-ion mass spectra via FT ICR mass spectrometry [29, 30]. These investigators
posited that conversion of amidated Substance P to the free acid form removed the C-
terminal basic site and, thus, increased the likelihood of formation of a zwitterionic structure
that promoted ECD of the free-acid form into a-type fragment ions. Hence, the appearance
of the a-type fragment series in the ECD spectrum recorded in the present study (Figure 3a,
Table S2 in Supplemental Materials) provides yet further evidence of a positive charge shift
toward the N-terminus and a zwitterionic charge distribution in the doubly protonated free-
acid form of Substance P. The fact that the a-type fragments are even-electron a’species [31]
lends additional credence to this idea of facilitated proton migration.

As a side note, it is interesting that ECD of both forms of Substance P in a much earlier
report [32] resulted in product-ion mass spectra that were essentially indistinguishable. The
apparent lack of difference between ECD of the amidated and free-acid forms exhibited in
this previous paper was most likely the result of the ECD product-ion spectrum of the free-
acid form being recorded, as was noted in the paper, with a much lower signal-to-noise ratio.

As in the case of the amidated form, the ECD product-ion spectrum of the [M + H + Na]?*
precursor of the free-acid form of Substance P (Figure 3b; Table S2 in Supplemental
Materials) exhibits almost exclusively singly adducted analogs of the ¢;_1¢ and z9 fragment
ions observed in the spectrum of the [M + 2H]?* precursor. Signals corresponding to
protonated ¢4 and ¢ fragments were also present in the free-acid spectrum, and formation of
the even-electron satellite products (i.e., ¢’y + Na ions), was more prevalent (Figure 3b, c;
Table S2 in Supplemental Materials) than that evident in the corresponding spectrum (Figure
2b, c; Table S1 in Supplemental Materials) of amidated Substance P. The most pronounced
effect of replacing one of doubly protonated Substance P’s protons with a sodium ion is total
suppression of the production of a-type ECD fragments. If Na* is attached to the C-terminal
oxygen, which is presumably the preferred location in the free-acid form of Substance P,
considerable alteration in the zwitterionic property observed in the nonadducted peptide
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would be expected, and loss of a-type fragment production as observed in this study would
be a logical consequence.

Replacing the proton in the [M + H + Na]?* precursor of Substance P’s free-acid form with
a sodium ion resulted in an ECD product-ion spectrum (Figure 3c; Table S2 in Supplemental
Materials) that was markedly different from that of its amidated [M + 2Na]2* counterpart
(Figure 2c; Table S1 in Supplemental Materials). Specifically, the regularity in mass-shift
between the fragments is broken (i.e., there was a single sodium attached exclusively to the
¢4 and ¢g fragments, two sodium ions attached exclusively to the ¢, ¢g-c19, &, and zy
fragments, and both one and two sodiums attached to the ¢; fragment). In addition, the a;
fragment became the most abundant fragment in the product-ion spectrum. ECD product-ion
spectra of the free-acid form of Substance P carrying three or more sodium adducts
contained very little analytically useful information. Specifically, the ECD product-ion
spectrum of [M + 3Na — H]2* (Figure S2A, Supplementary Materials) only exhibits signals
for a; and zg, and that of [M + 4Na — 2H]?* (Figure S2B, Supplementary Materials) only
shows signals for ¢z and c.

In an earlier study,’ the present authors found that phosphorylated tyrosine kinase peptide 3
(Pp1598) does not dissociate easily under the relatively high efficiency ECD conditions that
typically prevail in FT ICR instruments. This refractory behavior toward ECD dissociation
was speculatively attributed to the formation of salt-bridges [33] between the phosphogroup
and a protonated arginine that would hinder dissociation of ionneutral ¢/z-complexes
produced by the N-Ca cleavages of this peptide. By contrast, it was found in the same
studyl” that at a total electron capture efficiency comparable to that observed in the FT ICR
instruments, the extent of ECD of Pp1598 in an EMS ECD cell retrofitted into an Agilent
6460 triple quadrupole (Agilent Technologies) was significantly greater. It was postulated
that thermal radiation emitted by the ECD cell’s hot filament (electron source) provided
sufficient energy to break apart the salt-bridges holding the ¢/z-complexes together. It was
decided in the present study to investigate the effect of sodium adduction on this interesting
phenomenon.

The clean ECD product-ion mass spectrum of doubly protonated Pp1598 recorded with the
modified SCIEX Q-TOF mass spectrometer (Figure 4a) exhibited uniform spacing of
fragments, and very closely matched the fragmentation pattern and efficiency of the
spectrum recorded earlier with the modified Agilent triple quadrupole (only the low mass ¢
and ¢, fragments were missing in the latter).1” Hence, the ECD conditions in the two cells
must have been nearly identical despite their differing geometries, an inference that supports
the idea that salt-bridged ion-neutral ¢/z-complexes formed during ECD absorb radiation
from the EMS cell’s hot electron emitters and, further, that this extra energy breaks apart the
complexes.

The ECD product-ion spectra of the singly sodiated ([M + H + Na]2*) and doubly sodiated
([M + 2Na]?*) precursors of Pp1598 consist exclusively of mass peaks corresponding,
respectively, to mono-adducted (Figure 4b) and di-adducted (Figure 4c) analogues of the
Cy-12 and z;o fragmention signals observed in the ECD product-ion spectrum of Pp1598°s
[M + 2H]2* precursor. Peaks corresponding to the low-mass ¢5-8 fragments are almost
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completely absent from the sodiated spectra. This alteration in the pattern of Pp1598’s
fragmentation as a result of sodium adduction contrasts with the nearly unchanged pattern of
Substance P’s fragmentation following sodium adduction. Clearly, fragmentation from
Pp1598’s N-terminus effectively stops where the phosphogroup is attached. This observation
is reasonable as the electronegative character of the phosphogroup’s oxygen makes it a
preferred site for sodium attachment and, once attached, the sodium’s charge precludes
formation of any smaller charged fragments.

The sequencing efficiency of ECD can be quite high for triply protonated peptide precursors.
33 This has been convincingly demonstrated for Pp1598 in an earlier study by the present
authors®” using triple quadrupole and FT ICR mass spectrometers. The ECD product-ion
mass spectrum of triply protonated Pp1598 (Figure 5a) recorded with the QSTAR used in
the present study is qualitatively almost identical to those earlier spectra. In all of the
preceding cases, the production spectrum of triply protonated Pp1598 provides 100%
coverage of the peptide’s primary structure; the coverage is even redundant because of the
substantial overlap of the complimentary c-and z-type of fragments (Figure 5a).

Obviously, the spectrum obtained from the triply protonated precursor of Pp1598 ([M

+ 3H]3*) is substantially more informative than that obtained with the doubly protonated
precursor (Figure 4b). None of the informational content in the production spectrum of triply
protonated Pp1598 is lost when one of the three protons is replaced with sodium. Except for
the disappearance of the ¢;o fragment, the ECD product-ion spectrum of triply charged
Pp1598 with a single sodium adduct (M + 2H + Na]3*, Figure 5b) is qualitatively the same
as that of the [M + 3H]3+ precursor. The m/zratios of the sodium-containing fragments
(viz., ¢9_11, Z5—9, Z11, and z1) are nominally shifted relative to the corresponding peaks in
the ECD spectrum of [M + 3H]3* by 22 (i.e., the mass of sodium minus one), whereas the
my/z-ratios of the nonsodium-containing fragments (viz., ¢,_s and z,) are not shifted. The
shift in the peaks corresponding to ¢g and z; and the nonshift in the peaks corresponding to
¢g and z; unambiguously locate the site of sodium attachment on the phosphogroup.

In general, the informational content of the ECD product-ion spectrum of triply charged
Pp1598 with two sodium adducts ([M + H + 2Na]3*, Figure 5c) is qualitatively similar to
that of the [M + 2H + Na]3* precursor, but the simultaneous presence of singly and doubly
sodiated fragments makes interpretation of the former more complicated than of the latter.
Signals for all of the fragments, except ¢;» and 25, observed in the ECD production spectra
of the [M + 3H]3* and [M + 2H + Na]3* precursors of Pp1598 are also present in the ECD
product-ion spectra of the [M + H + 2Na]3*. Hence, the site of phosphorylation can still be
easily and unambiguously identified. The absence of a mass peak for sodiated z4 and the
presence of peaks for singly sodiated z; and Z; indicate that there are no sites of sodium
attachment on the C-terminal side ofPp1598’s phosphorylated Tyr9. The appearance of
signals corresponding to doubly sodiated forms of ¢;_g and z;_g clearly points to multiple
sites of sodium attachment on the N-terminal side ofPp1598°’s phosphorylated Tyr9. This
finding indicates in turn that Pp1598’s [M + H + 2Na]3* precursor or its reduced form [M +
H + 2Na]?** exists as a distribution of doubly sodiated isomers.
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Conclusion

Altogether, the singly sodiated precursors of both the amidated and free-acid forms of
Substance P and the doubly sodiated precursor of the amidated form yield sequence
information very close in content to that yielded by their doubly protonated precursors. By
contrast, the doubly sodiated precursor of Substance P’s free-acid form yields a complex
ECD production spectrum, which presumably results from alteration in the peptide’s
zwitterionic character, that is much less useful for structural analysis than that of its
protonated counterparts. The ECD product-ion spectrum of free-acid Substance P adducted
with more than two sodiums does not contain enough structural information for analytical
purposes.

The site of phosphorylation is preserved during ECD of singly and doubly sodiated forms of
doubly charged, amidated phosphorylated tyrosine kinase peptide 3 (Pp1598). For practical
purposes, backbone cleavage is limited to the amino acid chain between the phosphorylated
Tyr9 and the C-terminus. This suggests that similarly phosphorylated peptides would
likewise not be completely sequenced by ECD of their doubly charged precursors.

ECD of triply protonated Pp1598 both preserves the site of phosphorylation and nearly
yields the entire amino acid sequence of the peptide. Replacing a single proton with sodium
results in a product-ion spectrum that is as simple as that of the fully protonated precursor.
Replacing two of the protons with sodium leads to an ECD product-ion spectrum that is
complicated because of the existence of Na-positional isomers. In general, it appears that
ECD MS/MS can be performed on sodium containing samples of peptides without undue
effort to remove the sodium.

Supplementary Material

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

Schematic of the QSTAR XL mass spectrometer system with an RF-free EMS ECD cell
retrofitted into the CID/collisional cooling quadrupole section of the instrument. The /fower
leftinsert shows an enlarged cross-sectional view of the EMS ECD cell’s interior
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Fig. 2.

ECD product-ion mass spectra of the (a) doubly protonated precursor [M + 2H]%*, (b) singly
sodiated precursor [M + H + Na]?2, and ¢ doubly sodiated precursor [M + 2Na]?* of
amidated Substance P

JAm Soc Mass Spectrom. Author manuscript; available in PMC 2019 September 04.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

\Voinov et al. Page 14
| x150 IM+2HT?* 2 9
R-P-K-P:Q:Q+F+F:G-L+M-OH
a c - | - | 2 'J: J m
4 5 6 7 8 9 10
Cs Gy c;
C,
" c 6 [M+2H+J
i al [M+H]
1
2 J _1 1 l l A l 1 PR ) l l
400 500 600 700 800 800 1000 1100 1200 1300 1400
[M+H+Na]**
b x300
Cs C,+Na
> ) Grha C;+Na
= C,+Na |Cs+Na HiNal"
4
ciia | ZNa [MsH+Na]
C: I Cy*Na C,,+Na it
c C.+Na Ci+Na { J
|. J—p > I | I\ A J_L 11.. LL\. " Liwdoai b
400 500 600 00 800 800 1000 1100 1200 1300 1400
%200 2
c [M+2Na)?
[M+2Na] ™
a,+2Na
C.+Na
a,+2Na ¢, +Na
. C;+Na : +2N C.,+2Na
Ci+Na CitNa c,+Na ; cit2Na ZNE N
d c,+2Na 2 Ci,+2Na
c,+Na ! |Ci+2Na
C;+2Na 2 |
S | A ...l_ " L4 fa 1 L b boada A
400 500 600 T00 B0 200 1000 1100 1200 1200 1400
Fig. 3.

ECD product-ion mass spectra of the (a) doubly protonated precursor [M + 2H]%*, (b) singly
sodiated precursor [M + H + Na]2*, and ¢ doubly sodiated precursor [M + 2Na]2* of the free
acid form of Substance P

JAm Soc Mass Spectrom. Author manuscript; available in PMC 2019 September 04.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

\Voinov et al. Page 15
100 .
x50 2 [M+2H]
[M+2H]™ ;
[M+H]
a
Ze
R-R-L-I-E-D-A-E-pY-A-A-R-G-NH,
o Cs c-:9 Cyp Gy Co c}?
. z
Cy ! ' ci 12
3 = 1] L |
0 ; . | J | | —_— Loag UL
300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 miz
100
[M+H+Na]""
100 +
b X [M+H+NaJ’
%
cl,+Na
1
% CitNa o iNa Z,,+Na |
100 c,+Na T8 cl+Na ‘12 “ \
5 ' v il ek imiiig LA
300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 miz
100
2+
x150 [M+2Na] ,
[M+2Na]
C
c,,+2Na
% '
Ci.+2Na
c,.+2Na  Z;,+2Na
Cs cl+2Na  Z,*2Na
Ci+2Na :
Ci,+2Na l
0 L L L L ployd R I doanlal s ' J I _— draebbiadlioi | l l lA lli | L‘J;
300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600  miz

Fig. 4.

ECD product-ion mass spectra of the (a) doubly protonated precursor [M + 2H]%*, (b) singly
sodiated precursor [M + H + Na]2*, and ¢ doubly sodiated precursor [M + 2Na]%* of
phosphorylated tyrosine kinase peptide 3
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Fig. 5.

EgD production mass spectra of the (a) triply protonated precursor [M + 3H]3*, (b) singly
sodiated precursor [M + 2H + Na]3*, and (c) doubly sodiated precursor [M + H + 2Na]3* of
phosphorylated tyrosine kinase peptide 3. Theoretical /m/z values for assigned fragment-ion
peaks are enclosed in parentheses; measured /7/z values are shown without parentheses
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