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Abstract. 1+, 2+, and 3+ precursors of substance P and bradykinin were subjected to
helium cation irradiation in a 3D ion trap mass spectrometer. Charge exchange with

. the helium cations produces a variety of fragment ions, the number and type of which
a/x  are dependent on the charge state of the precursor ions. For 1+ peptide precursors,

[Peptide]?* b/y

ol fragmentation is generally restricted to C-CO backbone bonds (a and x ions),

whereas for 2+ and 3+ peptide precursors, all three backbone bonds (C-CO, C-N,

2 and N-Ca) are cleaved. The type of backbone bond cleavage is indicative of possible

dissociation channels involved in CTD process, including high-energy, kinetic-based,

(He) and ETD-like pathways. In addition to backbone cleavages, amino acid side-chain

cleavages are observed in CTD, which are consistent with other high-energy and

radical-mediated techniques. The unique dissociation pattern and supplementary information available from
side-chain cleavages make CTD a potentially useful activation method for the structural study of gas-phase

[Peptide]3* c/z

biomolecules.
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Introduction

In recent years, mass spectrometry (MS) has become an
indispensable tool for the study of biological molecules such
as lipids [1], oligosaccharides [2], peptides [3, 4], proteins [5],
and DNA [6]. With the development of soft ionization methods
such as fast atom bombardment (FAB), matrix-assisted laser
desorption/ionization (MALDI), and electrospray ionization
(ESI), single-stage MS plays an important role in the molecular
weight determination of an intact molecule of interest [7].
However, interrogation of detailed structural information of a
gas-phase molecule usually requires multiple stages of MS or
tandem mass spectrometry (MS/MS) [8].

A variety of MS/MS fragmentation methods have been
developed and implemented on modern mass spectrometric
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instruments, the most common of which is collision-induced
dissociation (CID) [9]. Collisional activation tends to break the
weakest bonds of gas-phase peptides and proteins—such as
amide bonds—and produces b/y ions for the deduction of
peptide sequence information. However, CID can also result
in the loss of weakly bound post-translational modifications
(PTMs), which has been shown to limit its usefulness [10, 11].
Electron capture and electron transfer dissociation (ECD/
ETD or ExD) are two alternative MS/MS techniques that
can overcome the aforementioned limitations [12]. Unlike
CID, ExD cleaves peptide backbone N—Ca bonds to pro-
duce c¢/z ions with a more extensive peptide/protein se-
quence coverage than CID [13]. In addition, ExD retains
PTMs to a much greater extent than CID, which facilitates
the elucidation of PTM site information [12]. However, the
fact that ExD relies on charge reduction makes it incompat-
ible with 1+ precursor ions, and its performance is compro-
mised for 2+ precursor ions [14]. The inefficiency with
peptide dications can be problematic for implementing
ExD with enzymatic digestion workflows because many
tryptically digested peptides are doubly charged [15].
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To combat these issues, significant interest has been placed
in the development of new ion activation methods, such as
electronic excitation dissociation (EED) [16], electron ioniza-
tion dissociation (EID) [17], ultraviolet photodissociation
(UVPD) [18, 19], femtosecond laser-induced ionization/
dissociation (fs-LID) [20], action spectroscopy (synchrotron
radiation) [21], and metastable atom-activated dissociation
(MAD) [22, 23]. These fragmentation methods all possess a
common feature—the capability of dissociating low charge
state (1+ & 2+) precursor ions, thus providing complementary
structural information to ETD/ECD. Some methods (e.g., EID)
even show almost equal fragmentation efficiency and sequence
coverage between the dissociation of 1+, 2+, and multiply
charged precursor ions [17], which makes them promising for
a proteomic workflow.

Charge transfer dissociation (CTD) is another alternative
ion activation method for MS/MS experiments [24]. Contrary
to the common ion/ion dissociation methods, CTD utilizes the
interaction between homo-polarity ions such as peptide cations
and helium cations, which, in the case of 1+ substance P,
results in a dominant series of a ions. It has been widely
reported that the fragmentation pattern of MS/MS techniques
shows certain dependence on the charge state of precursor ions
and the type of mass analyzer [14, 19, 25]. To investigate this
dependence, CTD fragmentation of substance P and bradykinin
at different charge states (1+, 2+, and 3+) was carried out in a
3D ion trap mass spectrometer. Various types of cleavages
were observed—including backbone and side-chain
cleavages—which provide mechanistic insight into the frag-
mentation channels involved in CTD process. Although our
preliminary studies were conducted on a 2D ion trap [24], the
current work was accomplished on a 3D ion trap, which shows
some subtle differences in the resulting fragmentation patterns.
The somewhat improved capabilities of the current 3D trap
configuration probably stem from the closer proximity between
the helium ion gun and the trapping volume.

Experimental
Instrumentation

He-CTD fragmentations of substance P and bradykinin were
carried out using a modified Bruker amaZon ETD mass spectrom-
eter (Bruker Daltonics, Bremen, Germany). A saddle field ion/fast
atom source (VSW/Atomtech, Macclesfield, UK) installed with
the ion gun anode lens was interfaced onto the top cover of 3D ion
trap via a home-built metal cover [24]. The source installation,
connection between electronic components, and the working prin-
ciple are similar to our previous instrumental setup on LTQ Velos
Pro and experimental setup of MAD-MS [9, 24].

Reagents

Substance P and bradykinin were purchased from Sigma-
Aldrich (St. Louis, MO, USA) and used without further puri-
fication. The peptides were reconstituted into a water/
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methanol/acetic acid mixture (49.5:49.5:1 v/v/v), aiming for a
final concentration of 60 uM, and were electrosprayed using a
standard (Bruker, Billerica, MA) Apollo source [9].

Method

Experiments were performed in the MS/MS mode on the 3D
ion trap instrument, and the saddle field ion source was
switched on during the section of scan function that is typically
reserved for CID. The peptide solutions were infused using an
electronic syringe pump (#1725; Hamilton Company, Reno,
NV, USA) at a flow rate of 160 puL/h. Precursor ions were
isolated using an isolation window of 2 Da, after which they
were irradiated with the helium cation beam. The low mass cut-
off (LMCO) value was typically set to be m/z 150 for the
removal of ionized pump oil fragments. A +6 kV square wave
with a pulse width of 25 ms was supplied to the saddle field ion
source anode for the generation of reagent helium cations. The
helium gas flow was controlled via a variable leak valve, and
the pressure read-out was obtained from the ion trap gauge in
the main vacuum region. Using this indirect measurement, the
helium gas supply was adjusted to provide a main vacuum
pressure of ~1.20 x 10> mbar for all the experiments, which is
only slightly above the base pressure around 8 x 10~° mbar. All
the CTD mass spectra presented in this work were time-
averaged for 0.5-2 min to improve the signal-to-noise ratio
(S/N).

Results and Discussion

Helium CTD (He-CTD) was performed on singly, doubly, and
triply protonated Substance P, respectively, as shown in Fig-
ure 2. Upon the interaction with helium cations, the 1+, 2+, and
3+ precursors of substance P gave oxidized product ions
(charge-increased species) at m/z 673.9, 450.4, and 337.8,
corresponding to product ions [M + H*™, [M + 2H]*"" and
[M + 3H]*"", respectively. Gas-phase oxidation, or increasing
the charge state of gas-phase ions has been observed in a
variety of fragmentation methods, including He-MAD [9,
26], EID and EED [16, 17], and photon-based dissociation
methods [20, 21].

Charge-increased species mainly originate from the electron
detachment of precursor ions, i.e. charge transfer. Helium
cations have an electron affinity of ~24.6 eV, and given that
they are generated from a 6 kV saddle field ion source, there is
more than enough energy to overcome the Coulombic repul-
sion barrier to enable charge transfer to occur [8, 21, 24, 26,
27]. In addition to the charge-increased species, charge-reduced
product ions were observed in He-CTD spectra of 2+ and 3+
substance P cations. These hydrogen-rich charge-reduced spe-
cies correspond to m/z 1349.8 (M + 2H]™) and m/z 675.0 (M
+ 3H]*"") respectively, which are commonly observed in
electron-based methods (e.g., ECD/ETD). It seems unreason-
able for He" to serve as an electron transfer reagent for such
charge reduction reactions, so we performed several
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experiments to investigate the source of the electron-donating
reagents.

Despite the fact that the CTD source is designed to operate
as an efficient cation source, a wide range of negative ions are
observed in the background CTD spectrum when the trap is
operated in negative ion mode (see Supplemental Material for
details). Although we are unsure of the exact mechanism(s) of
negative ion formation, the CTD source is apparently able to
form negative ions from background impurities in the trap, and
these anions can be trapped and used as reagent anions for
ETD. One of the more abundant background ions has a mass-
to-charge ratio of 184 (see Supplementary Figure S2, for ex-
ample), does not fragment using CID, and reacts with residual
oxygen to form adducts at M + 16 (m/z 200) and M + 32 (m/z
216). CID of the M + 16 and M + 32 adducts re-forms the
original reagent anion at m/z 184, indicating that the reagent is
probably polycyclic/aromatic and almost certainly a radical
(vide infra) [28-30].

Figure 1c shows that these reagent anions are reasonably
effective at forming ¢ and z ions from the 3+ precursor of
substance P. Fortunately, this charge reduction mechanism
can be minimized by raising the LMCO during CTD activation
to prevent the co-accumulation of reagent anions, with the
caveat that increasing the LMCO also limits the observable
range of product ions for CTD. The same CTD experiment
with an elevated LMCO is shown in Supplementary Figure S5.
The intensity of charge-reduced species [M + 2H]"" decreased
dramatically with increasing LMCO, with no significant
change in the intensity of other product ions.

A series of @ ions was observed in the He-CTD spectrum of
singly protonated substance P, which is consistent with our
previous experimental results on a 2D ion trap [24]. The current
work shows additional low-mass fragment ions (e.g., a>, b,
and c,) that were not observed on the 2D ion trap, but weaker
signal-to-noise (S/N) for fragments in the range from m/z 700
to 1300. Reilly et al. [19] have reported that the fragmentation
of ions observed in UV photodissociation can be affected by
the type of mass analyzer, and we suspect that the observed
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differences between the 2D trap results and 3D trap results are
caused by experimental differences. These differences could be
minimized by raising the LMCO value and increasing the CTD
time on the 3D ion trap to make the conditions more similar to
the experiments on the 2D ion trap.

Similar to electron-based fragmentation methods [14, 25],
CTD of substance P also shows certain charge state-
dependence on fragmentation. Product ion spectra of He-
CTD of 2+ and 3+ substance P produced more than twice the
number of fragment ions than the 1+ precursor, mainly because
of the addition of ¢ and z ions. Additional doubly and triply
charged fragment ions were also observed from the higher
charge state precursor ions. For example, the He-CTD spec-
trum of 2+ substance P (Figure 2b) is dominated by both a and
b ions, with a few ¢, y, and z ions, but the He-CTD spectrum of
3+ substance P is dominated by ¢ ions. The near-complete
series of a ions for the 1+ precursor is commonly observed in
high-energy dissociation methods, and suggests the involve-
ment of a high-energy fragmentation channel [24]. The exis-
tence of b/y and ¢/z fragment ion series mainly originates from
vibrational excitation (e.g., CID) and charge-reduction process-
es, respectively, which clearly become more dominant than
oxidation as the charge state of the precursor increases.

To probe the relationship between CTD and ETD, ETD
fragmentation of 2+ and 3+ substance P was conducted on
the same instrument. Results are provided in the Supplemental
Material (Supplementary Figure S1). ETD of 2+ substance P
produced only six ¢ ions, covering half of the peptide sequence.
In contrast, ETD of 3+ substance P produced almost complete
sequence coverage of ¢ ions, along with some a, b, and z ions.

In addition to the aforementioned backbone fragmen-
tation, side-chain cleavages were observed for substance
P, as shown in Figures 3 and 4. Amino acid side-chain
losses have been well-noted and referred to as (M~ — X)
regions in variety of tandem MS approaches, including
UVPD [18, 19], action spectroscopy [21], fs-LID [20],
EID [17], EED [16], ECD [31-38], ETD [39], CID [40],
and MAD [9].
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Figure 1.

Schematic of installation of saddle field ion source onto Bruker amaZon ETD mass spectrometer
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shows the color-coding scheme of peptide sequencing used throughout this work
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Figure 3 provides zoomed-in regions of the same spectra
from Figure 2 to show more clearly the side-chain losses from
the ionized product ions. The oxidized cations are often re-
ferred to as hydrogen-deficient species in other studies [17].
For the He-CTD spectrum of 1+ substance P, diagnostic side-
chain losses from [M + HJ*"" were observed, including even-
electron rearrangements and radical losses. These observations
are consistent with commonly-observed neutral losses from [M
+HJ*", including: 1 Da (‘'H) [17], 15 Da ("CH; from Met) [21],
47 Da ('SCH; from Met) [21], 58 Da ((CH,CONH, from Glu)
[21, 40], 61 Da ("CH,SCH; from Met) [8], 71 Da (CH, =
CHCONHj, from GlIn) [40], and 74 Da (CH, = CHSCH3; from
Met) [8, 16].

An interesting ion at m/z 689.9 was also observed and is
tentatively assigned as an oxygen adduct of the oxidized prod-
uct ion (i.e., [M + H + O,]**). This ion is accompanied by an
ion 44 Da less at m/z 667.8, which probably corresponds to [M
+H - CO, + 0,]*" probably forms from the oxidation of the
[M + H — CO,]*" product [8, 17]. Radical ions have been
observed to react with residual oxygen during their confine-
ment in electrodynamic ion traps, which was also noted for the
ETD-generated z” ions [28, 29] and MAD-generated [POPC]"
radical ions [30].

When the charge state of substance P precursor increases to 2+
and 3+, fewer side-chain losses from ionized species were ob-
served. Observed losses include: 17 Da (NH;) [21], 74 Da (CH, =
CHSCHj; from Met) [16], and 92 Da (CH3(C¢Hs) from Phe) [21]
were lost from [M+2H]*"". 17 Da (NH3) [21], 74 Da (CH, =
CHSCHj; from Met) [16] and 99 Da (CH, = CH(CH,)NHC(CH,)
= NH from Arg) [40] were lost from [M + 3H]*"".

Figure 3a shows CTD of the 1+ precursor ion. In this
spectrum, the product ion at m/z 673.4 (IM]*") likely results
from an H' loss from the oxidized product ion, [M + HJ*",
whereas the loss of 1 Da neutrals ("H) from charge increased
(oxidized) products likely involves the loss of H radicals, the
same loss of 1 Da from charge-reduced species, such as in
Figure 4a, most likely originating from a competitive proton
transfer processes during the reactions.

Zoomed-in m/z regions of charge-reduced species from He-
CTD spectra of 2+ and 3+ substance P precursors are shown in
top panels of Figure 4a and b. ETD spectra of 2+ and 3+
substance P are magnified to show the (M" — X) regions, which
are listed as bottom panels in Figure 4a, b, and an individual
panel in Figure 4c.

The CTD spectrum in top panel of Figure 4a shows several
neutral losses from [M + 2H]"", including 18 Da (H,O or "H +
NH;) [17, 41-43], 46 Da ('H + HCONH, from Gln) [41, 42],
60 Da ("H+ 'NHC(NH,) = NH," from Arg) [31,41-43],75 Da
(H + CH, = CHSCH; from Met) [34, 43], and 101 Da
('(CH,)sNHC(NH,) = NH," from Arg) [34]. Similar neutral
losses from the ETD product [M + 2H]™ are also ob-
served [39]. Two exceptions are the 75 Da side-chain
loss, which is unique to CTD, and the 29 Da loss, which
is only observed in the ETD product ion spectrum. In
the absence of high mass accuracy, the 29 Da loss is
tentatively assigned as 'H + CO [41].
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Compared with the low abundance and small neutral losses
from the [M + 2H]" " product ion, neutral losses from the [M +
3HJ*** product ion are more abundant for both CTD and ETD.
Moreover, the types of neutral losses from the radical dication
[M + 3HJ*"" are also different from that of [M + 2H]". The
observed neutral losses in the CTD spectrum and their tentative
assignments are: 15 Da ("CH3) [43], 18 Da (H,O or "H + NHj3)
[17,41,43],43 Da ('C(NH,) = NH from Arg or ‘C(CHs), from
Leu)[17, 40], 45 Da ("H + HCONH, from Gln) [41, 42], 59 Da
(NHC(NH,) = NH, " from Arg or CH;CONH, from Gln) [31,
41-43], 71 Da (CH, = CHCONH, from Gln) [40, 43], 74 Da
(CH, = CHSCH; from Met) [40, 43], and 91 Da ['CH,(CeHs)]
[21]. Interestingly, the CTD spectrum has a unique small loss
of 91 Da, and the ETD spectrum has a unique loss of 34 Da
[2(NH3) from Arg] [39].

Unlike CTD, ETD of 3+ Substance P precursor also pro-
duced the singly charged ETnoD product ([M +3H]" ™), whose
(M"—X) region shows the same small losses as those observed
for [M + 2H]" “and [M + 3H]*"". Similar neutral losses have
also been observed in ECD experiments [41].

In general, the CTD and ETD spectra show many similar-
ities in the (M" — X) regions of both [M + 2H]"" and [M +
3HJ**". The similar neutral losses between the two activation
methods are indicative of similar fragmentation mechanism,
which adds more confidence to our previous hypothesis that
electron-based fragmentation mainly accounts for the frag-
ments located in the high mass end of CTD spectrum. The
similarity in CTD and ETD spectra of multiply charged pre-
cursor ions suggests that the ExD-like fragments in CTD
experiments originate from the interaction with ETD-like re-
agent anions, such as negative ions derived from vacuum pump
oil or other common contaminants.

By operating the trap in negative ion mode, the CTD source
and trap conditions can be shown to produce multiple anions in
the region m/z 180-220 (Supplementary Figure S2). One par-
ticularly abundant anion exists at m/z 184. Isolation of this
abundant background anion showed two interesting properties:
(1) the anion could reversibly add O and O,, which indicates
the anion is a radical; and (2) the anion is resistant to collisional
activation, which indicates it may contain fused ring systems.
The Supplemental Materials provide more details about the
interrogation of the background anion in CTD. Background
anions generated by the CTD gun are present at most m/z
values below 200, and they can be easily excluded from the
trap to prevent electron transfer reactions by raising the LMCO
value >220 Da. Charge reduction (e.g., ETD-like activation) is
still observed, even when the co-storage of anions and cations
is minimized, which indicates that a second mechanism must
also exist to explain the charge reduction of multiply protonat-
ed peptide cations. It is possible that the helium cation beam
contains a fraction of helium metastable atoms, which have
relatively low ionization potentials and could serve as an elec-
tron transfer reagents.

He-CTD was also conducted on 1+, 2+, and 3+ bradykinin
cations, and the results are shown in Figure 5. Upon irradiation
with helium cations, charge-increased product ions were
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the tallest peak within the (M" — X) range of charge-reduced product ions
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observed for all three charge states. Charge-reduced product
ions could only be observed for 2+ and 3+ precursors of
bradykinin, as expected. These observations are in good agree-
ment with the observations for CTD of substance P [24], and
the previous study by Zubarev and coworkers [26]. Unlike
CTD of 1+ substance P, CTD of 1+ bradykinin produces an
abundant series of x ions in addition to the previously observed
a ions. CTD of 1+ bradykinin also produces more b, y, ¢, and z
ions. The coexistence of a/x ion pairs provides greater confi-
dence in sequencing and more confidence that the a ions are
formed via direct C—CO cleavage and not from CO losses from
intermediate b ions.

Consistent with He-CTD results of 2+ and 3+ substance P,
fewer a/x ions and more b/y and c¢/z ions are observed for 2+
and 3+ bradykinin. Similar to CTD of 3+ substance P, the
product ion spectrum for CTD of 3+ bradykinin is dominated
by c/z ions. The abundant ¢/z ions again point to the domination
of an ETD-like mechanism for the higher charge state precur-
sors in CTD.

As shown in Figure 6a, He-CTD of 1+ bradykinin precursor
produced five significant fragments corresponding to small
neutral losses from [M + HJ**". Similar to the (M" — X) regions
of substance P, an oxygen adduct ion at m/z 546.3 as well as an
accompanying ion at m/z 524.3 (formed through CO, loss) are
observed.

As might be expected, significant differences in small neu-
tral losses of bradykinin and substance P are observed. For
example, bradykinin in Figure 6a shows four different small
losses: 30 Da (HCHO) [17], 44 Da ("C(NH,) =NH, " from Arg)
[21], 62 Da ("C(NH,) = NH," + H,0) [21], and 91 Da
(‘CH,(C4Hs) from Phe) [21], two of which are of significantly
higher intensity compared with that in CTD experiment of 1+
substance P. The appearance of fragments corresponding to
side-chain losses from phenylalanine and arginine in the (M" —
X) region of [M + H]*** is consistent with the fact that brady-
kinin possesses twice the amount of phenylalanine and arginine
residues, and that these residues are at or adjacent to the C-
terminus in bradykinin.

He-CTD of 2+ and 3+ bradykinin cations produced many
small losses within the (M~ — X) region of [M + 2H]™ (Fig-
ure 6b), and a few small losses within the (M"— X) region of [M
+ 3HP*" (Figure 6¢). Most of the small losses for bradykinin
are similar to those observed in the same (M" — X) region of
charge-reduced species from CTD of 2+ and 3+ of substance P.
The similar neutral losses include: 16 Da ('H + "CHj3), 17 Da
(NH3), 18 Da (H,O or "H + NH3), 28 Da (CO), 43 Da ("C(NH>)
= NH from Arg), 59 Da (NHC(NH,) = NH," from Arg),
101 Da ('(CH,);NHC(NH,) = NH, " from Arg). Different small
losses are observed as well. For example, bradykinin shows
losses corresponding to: 19 Da ("H + H,0) [43], 31 Da (H +
HCHO) [17], 44 Da (C(NH,) = NH," from Arg) [43], 60 Da
('H + 'NHC(NH,) = NH," from Arg) [39], 88 Da ('H +
CH;CH,NHC(NH,) = NH from Arg) [43], and 99 Da (CH,
= CH(CH,)NHC(NH,) = NH from Arg) [41]. Compared with
substance P (RPKPQQFFGLM), bradykinin (RPPGFSPFR)
has a higher composition of arginine residues, which could
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possibly account for the more frequent observation of arginine
side-chain losses in bradykinin. A similar observation was
observed in the ECD study of bradykinin methyl ester
(RPPGFSPFROCH3;) [41]. Upon ECD, bradykinin with a C-
terminal methylester showed a predominance of arginine-
specific losses in the (M — X) region of [M + 2H]"".

Conclusions

Charge transfer dissociation of singly, doubly, and triply pro-
tonated substance P and bradykinin was conducted in a 3D ion
trap mass spectrometer. The charge state of the precursor ions
significantly impacted the number and the types of ions
produced—a/x versus c¢/z—correlating with the relative contri-
butions of oxidative versus reductive mechanisms, respective-
ly. Consistent with our previous experimental results, CTD of
singly charged precursors produces an abundance of a/x frag-
ments, and the distribution of charge between complementary
a/x ion pairs is dependent on the relative basicity of the peptide
termini. CTD of doubly and triply charged precursors produced
additional b/y ions and c/z ions. The type of fragment ions
provides helpful hints on possible fragmentation channels that
CTD adopts: high-energy and ETD-like (i.e., radical) path-
ways. Accompanying side-chain losses were also observed in
CTD spectra, which are in good agreement with the previous
results from photo-activated, collisionally activated, and
electron-based dissociation experiments. The side-chain losses
can provide valuable diagnostic information about amino acid
composition to support the backbone-sequencing ions. The
enriched structural information obtainable via CTD, along with
the relative low-cost of 3D ion instrument platform, makes this
approach a promising tool for the interrogation of gas-phase
biomolecules.
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