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a b s t r a c t

Charge transfer dissociation mass spectrometry (CTD-MS) has been shown to induce high energy frag-
mentation of biological ions in the gas phase and provide fragmentation spectra similar to extreme
ultraviolet photodissociation (XUVPD). To date, CTD has typically employed helium cations with kinetic
energies between 4-10 keV to initiate radical-directed fragmentation of analytes. However, as a reagent,
helium has recently been listed as a critical mineral that is becoming scarcer and more expensive, so this
study explored the potential for using cheaper and more readily available reagent gases. A model peptide,
bradykinin, and a model oligosaccharide, k-carrageenan with a degree of polymerization of 4, were
fragmented using a variety of CTD reagent gases, which included helium, hydrogen, oxygen, nitrogen,
argon and lab air. The CTD results were also contrasted with low-energy collision-induced dissociation
(LE-CID), which were collected on the same 3D ion trap. Using constant reagent ion fluxes and kinetic
energies, all five alterative reagent gases generated remarkably consistent sequence coverage and frag-
mentation efficiencies relative to He-CTD, which suggests that the ionization energy of the reagent gas
has a negligible effect on the activation of the biological ions. The CTD efficiencies of all the gases ranged
from 11-13% for bradykinin and 7-8% for k-carrageenan. Within these tight ranges, the abundance of the
CTnoD peak of bradykinin and the efficiency of CTD fragmentation of bradykinin both correlated with the
ionization energy of the CTD reagent gas, which suggests that resonant charge transfer plays a small role
in the activation of this peptide. The majority of the excitation energy for bradykinin and for k-carra-
geenan comes from an electron stopping mechanism, which is described by long-range interactions
between the reagent cations and electrons in the highest occupied molecular orbitals (HOMOs) of the
biological ions. The CTD spectra do not provide any evidence for covalently bound products between the
biological ions and the more-reactive gases like hydrogen, oxygen and nitrogen, which implies that the
high kinetic energies of the reagent ions make them unavailable for covalent reactions. This work
demonstrates that any of the substitute reagent gases tested are viable options for future CTD-MS
experiments.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Mass spectrometry is an important tool in the field of biomol-
ecule analysis and has recently achieved a major milestone of
detecting 10,000 proteins in only 100 minutes on a single instru-
ment [1]. High resolution accurate mass (HRAM) measurements,
such as those made by orbitrap instruments, have helped improve
the confidence in identifying the product ions in tandem mass
Virginia University C. Eugene
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ackson).
spectra [2e4]: however, HRAM measurements of intact molecular
ions only provides the elemental formula and not the constitutional
arrangement of the atoms. Tandem mass spectrometry (MS/MS),
and most commonly collision-induced dissociation (CID), helps
provide the structural information about selected precursors [5].
Most hybrid instruments rely on the use of 2D or 3D quadrupole ion
traps (QITs) to achieve collisional activation of selected precursors
[6e8] combined with faster scanning or higher-resolution mass
spectrometers like time-of-flight and Orbitrap mass analyzers,
respectively, to acquire the resultant product ion spectra [9e11].

In the analysis of biomolecules such as peptides, CID often
cleaves the most labile bonds, which, in addition to generating
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important amide cleavages, also produces peaks corresponding to
uninformative internal fragments and one or more neutral losses
[12e14]. Another problem in the development of CID in QITs is the
limited mass range of the product ion spectra, which originates
from the requirements to effectively trap high mass precursor ions
while co-storing low mass product ions [15e17]. In practice, the
low mass cut off (LMCO) value is typically set to approximately 1/3
of the mass of the precursor ion, so product ions below this
threshold are generally not observable in product ion spectra. At-
tempts to overcome the LMCO limitations of ion traps have
included the use of pulsed DC potentials [18,19], performing CID
during mass acquisition [20e23] and applying short durations of
high amplitude RF excitation before subsequently lowering the
trapping RF amplitude [24,25]. Others have overcome the limita-
tions of CID by developing entirely new methods of ion activation,
including fragmentation using electrons [26,27], metastable atoms
[28e31], ions [32e36] photons [37e40] and surfaces [41e43].

Charge transfer dissociation mass spectrometry (CTD-MS)
[44,45] is a radical-driven fragmentation technique that evolved
from cation-cation reactions conducted by the groups of Zubarev
[32] and Schlath€olter [33,34]. CTD performs similarly to extreme
ultraviolet photodissociation (XUVPD) [46,47], but is applicable on
bench-top mass spectrometers and on precursors in all charge
states except -1 [44e47]. The modifications required to conduct
CTD-MS are similar to those described for MAD-MS [28] and have
been described in detail elsewhere [44,45]. In short, CTD uses a
saddle-field fast ion source placed above a pre-drilled 3D ion trap to
enable pulses of kiloelectronvolt reagent gas cations to enter the
ion trap and activate the isolated precursors. Kinetic energies in the
range of 3-10 keV help overcome the cation-cation coulombic
barrier and provide practical fragmentation efficiencies above 5%.
During CTD, precursor ions are not kinetically excited, so, unlike
CID, precursor ions can be held at qz values that enable product ions
to be collected that are significantly below the typical CID limit of 1/
3 the mass of the precursor. One major downside to CTD is that the
LMCO does influence the background signal of CTD spectra, and the
chemical background seems to be dependent on side reactions of
the CTD beam with residual gases and vacuum pump oil [48].

To date, CTD-MS has demonstrated some appealing capabilities
in common with other high energy activation techniques,
including: 1) the production of cross-ring cleavages and the pres-
ervation of labile modifications, such as sulfate groups in the
analysis of oligosaccharides [46,49,50]; 2) the cleavage of disulfide
linkages in the analysis of proteins [51]; 3) the generation of side
chain losses in the analysis of peptides, which can be helpful in the
differentiation of isomeric peptides [48]; 4) the localization of
double bond positions in phospholipids [52]; and 5) the differen-
tiation of b-1,4- and b-1,3-linkage isomers in native oligosaccha-
rides [53].

One drawback of CTD-MS is the reliance on ultra-high-purity
helium as a reagent gas, especially given the ongoing helium
shortage crisis [54e57]. Helium was recently placed on the US
critical minerals list, and US congress has met to discuss alternative
options to technologies that require helium [58,59]. High-priority
uses of helium include magnetic resonance imaging (MRI) in hos-
pitals, nuclear magnetic resonance (NMR) instruments in chemis-
try facilities and major particle accelerators etc., and it would be
helpful if non-essential helium-dependent techniques could be
performed without the use of helium. In metastable atom activated
dissociation mass spectrometry (MAD-MS), the differences in the
internal energies and ionization energies of the metastable atoms
of different noble gases had a measurable impact on the product
ion spectra [28,29,31,60]. For example, MAD-MS of peptides and
lipids using He metastable atoms consistently produced intact
oxidized product ions in addition to fragment ions; however, Ar
2

metastable atoms typically did not produce intact oxidized product
ions. In contrast toMAD, the present study shows that the nature of
the reagent gas ions appears to have very little effect on the
abundance and types of product ions formed in CTD. These quan-
titative results are based on replicate measurements of a model
peptide, bradykinin, and of a sulfated oligosaccharide, k-carra-
geenan, which has a degree of polymerization of four (dp4). Both
analytes, but bradykinin in particular, have been extensively char-
acterized using a variety of activation techniques
[29,47e49,60e63].

2. Experimental

2.1. Sample preparation

Bradykinin was purchased from Sigma-Aldrich (St. Louis, MO,
USA) and was used without further purification. The bradykinin
standard was prepared into a working solution of 100 ppm in
acetonitrile and water (1:1) with 1% acetic acid. The acetonitrile
was Optima LC/MS grade whereas the acetic acid was ACS reagent
grade, and both were purchased from Fisher Scientific (Fair Lawn,
NJ, USA). Thewater was obtained from aMilli-Q purification system
(Burlington, MA, USA).

The k-carrageenan dp4 oligosaccharide was produced at the
CNRS-UPMC UMR 8227 research unit of the Station Biologique de
Roscoff, France. k-Carrageenans from Euchema Cottonii (CPKelco)
were degraded into oligosaccharides using the enzyme k-carra-
geenase and were then purified with preparative size exclusion
chromatography [49]. Aworking solution of k-carrageenan dp4was
then prepared at 100 ppm in water/heptylamine/methanol (25/25/
50). HPLC grade methanol was purchased from Fisher Scientific
(Fair Lawn, NJ, USA) and the ion pair reagent (IPR) heptylamine was
purchased from Alfa Aesar (Ward Hill, MA, USA).

2.2. Instrumentation

All experiments were conducted on a modified Bruker amaZon
3D Ion Trap (Bruker Daltonics, Bremen, Germany) [44] that was
custom modified with a saddle-field fast ion source (VSW/Atom-
tech, Macclesfield, UK) placed directly above a 2 mm hole in the
ring electrode of a 3D ion trap. A variable leak valve controlled the
amount of gas supplied to the CTD ion source, which typically
raised the pressure of the main vacuum chamber to ~1x10-5 mbar
(uncorrected). The ion source was connected to an Ultravolt HVA
series high voltage power supply (Advanced Energy, Denver, CO,
USA) that was pulsed from ground to high voltagewith rise times as
fast as 5 ns using a Behlke 101-03 switch (Behlke, Billerica, MA,
USA). The ion source was triggered by the TTL signal from the MS2

event of the Bruker amaZon and sent to an Agilent 33250A arbitrary
function generator (AFG) (Keysight Technologies, Santa Rosa, CA,
USA), which provided a delay and pulse width that was indepen-
dently variable of the MS2 event in the software. A DS1054 digital
oscilloscope (Rigol, Beaverton, OR, USA) compared the trigger
waveform from the AFG with the scan function of the Bruker
amaZon to ensure that the high voltage pulses coincided with the
desired storage period of the scan function.

2.3. Method

All experiments were conducted in positive polarity mode with
the instrument operated in manual MS/MS mode. Bradykinin was
analyzed using the standard Apollo electrospray ionization (ESI)
source (Bruker, Billerica, MA, USA) with a flow rate of 5 mL/min, a
capillary voltage of -3500 V and a dry gas temperature of 220 �C.
Precursor ions were isolated with an isolation window of 4 Da and
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then activated by the reagent cation beam for a duration of
100 ms at a kinetic energy of 5.1 keV and a flux of 5 mA. Different
reagent gases required slightly different flow rates to achieve the
constant flux and energy conditions. The LMCO was set to m/z 250
to aid in the removal of ionized pump oil fragments, and product
ions were stored for 250 ms after the 100 ms reaction to reduce the
abundance of background ions with m/z values below 300. The
isolated precursor abundance for bradykinin was kept constant at
approximately 3x106 counts to permit the quantitative comparison
of fragmentation efficiencies between the different reagent gases.
CTD fragmentation efficiencies were calculated based on the sum of
the product ion signal relative to the abundance of precursor ion
signal before CTD activation.

Due to the limited sample volume, k-carrageenan dp4 was
analyzed using static nanospray ionization (NSI) with Econo 12-N-
pulled borosilicate emitters (New Objective, Woburn, MA, USA).
The capillary voltage was -1500 V and the dry gas temperature was
100 �C. The parameters used for the isolation and activation of k-
carrageenan dp4 were the same as for bradykinin, except that the
kinetic energy and flux of the reagent cation beam were kept
constant at approximately 4.25 keV and 0.5 mA, respectively, for the
different reagent gases.

The different reagent gases were lab air, ultra-high purity (UHP)
argon, UHP helium, UHP hydrogen, UHP oxygen and UHP nitrogen,
with the UHP gases purchased from Matheson Tri-Gas (Fairmont,
WV, USA). The UHP gases had a purity of 99.999%, except oxygen,
which had a purity of 99.98%. For the experiments with lab air, the
gas line was simply disconnected, and the leak valve sampled the
laboratory air at ~1 atm. To prevent contamination between the
different gases, separate gas lines were employed for each gas, and
the lines were both purged with the reagent gas and evacuated for
>10 mins into the vacuum chamber at <1x10-5 mbar before back-
filling with the desired reagent gas. To reduce the negative effects of
space charge on the product ion spectra, unreacted precursor ions
were resonantly ejected between CTD activation and mass acqui-
sition using 3 V for bradykinin and 1.5 V for k-carrageenan dp4.

Bruker Compass Data Analysis 4.0 SP4 software was used for the
data analysis. Microsoft Excel version 14 (Microsoft, Redmond, WA,
USA) and ChemDraw 16.0 (PerkinElmer, Waltham, MA, USA) were
used for mass spectral plots and chemical structures, respectively.

3. Results and discussion

3.1. Bradykinin

Before comparing the different reagent gases for CTD, CTD was
first contrasted with traditional low-energy CID (LE-CID) on the
same instrument. As an example, Fig. 1 shows a comparison of the
MS2 analysis of bradykinin with LE-CID and H2-CTD. The LE-CID
spectrum in Fig. 1a contains many neutral losses, a few b and y
ions and two z ions, which is typical for CID of bradykinin [13]. In
contrast, the H2-CTD spectrum in Fig. 1b is considerably richer and
has a variety of product ionsdsuch as a, b, c, x, and y product
ionsdthat provide comprehensive amino acid sequence informa-
tion. As seen in Fig. 1b, H2-CTD achieved nearly full sequence
coverage whereas LE-CID achieved only 56% sequence coverage.
The neutral losses observed in both product ion spectra correlate
well with previous reports inwhich most of the neutral losses were
identified as side chain losses [48,64e66].

Until the present study, CTD in our group has been performed
exclusively using helium cations because the high ionization en-
ergy of helium (24.6 eV) was thought to be necessary to maximize
the excess energy available to drive radical fragmentation of the
precursor ions through a resonance charge transfer (electron cap-
ture) mechanism. However, in related work, the Schlath€olter group
3

has investigated electronic stopping and electron capture as two
possible mechanisms to explain the observations of fast cation-
cation reactions [33,34]. Electronic stopping refers to reactions in
which the projectile ion induces electronic excitation of the target
ion through long-range ion-electron interactions, whereas electron
capture involves the resonant capture of electrons by the projectile
from the highest occupied molecular orbital (HOMO) of the target
ion.

Schlath€olter’s group found that for small peptides like brady-
kinin and for reagent cations in the region of 3-10 keVdwhich
overlaps with the energies in the present workdthe observed
product ions were mostly immonium ions or side chain losses and
were best explained by the electron capture mechanism. However,
they note that the amount of energy deposited during the electron
stopping mechanism increasesdand therefore is likely to be more
dominantdfor targets that enable longer pathways through re-
gions of higher electron density. Schlath€olter’s group also showed
that the nature of the reagent gas had a very modest influence on
the product ion spectra, with He2þ and Hþ tending to form some
extra fragments abovem/z 200 relative to Heþ. However, in contrast
to the present work, and for reasons that are not clearly evident,
Schlath€olter’s group noted only a few fragments of low abundance
abovem/z 200 for various small peptides. Also, in the present work,
the lowmass cutoff ofm/z 250 reduces the contribution of chemical
background ions but prevents us from observing product ions
below m/z 250. We therefore can’t easily compare the full-range
product ion spectra of our work with results from the Schlath€ol-
ter group.

In other work involving high energy collisions between
[bradykininþ2H]2þ and He neutrals, Nielsen et al. found that ac-
celeration voltages up to 50 kV provided an abundance of a ions
[67,68]. They attributed the formation of these a ions to charge-
remote fragmentation [67,68]. As described previously, helium
cations at ~5 keV produce a distribution of fragment types from the
2þ precursor of bradykinin, but a stronger contribution of a and x
ions from the 1þ precursor (Fig.1b) [51]. In agreement with Nielsen
et al., we note that, in addition to abundant a and x ions from the 1þ
precursor of bradykinin, CTD tends to form y7” and y8” ions in
preference to the y7 and y8 ions observed in low energy CID
(Fig. 1a).

Although cleavage on the N-terminal side of proline residues is
generally favored in the formation of both the y- and y”-type ions,
low-energy CID provides time for mobile protons to drive charge-
directed cleavages and form the y7 and y8 fragments. In contrast,
the higher activation energies in CTD and keV-CID tend to favor the
charge-remote fragments, y7” and y8”. In relatedwork, Poulter et al.
performed CID of [bradykininþH]þ [69] at collision energies of
~6 keV and also found an abundance of a ions and a preference for
y7” and y8” ions over y7 and y8 ions. These comparisons demon-
strate the consistency of H2-CTD with other studies involving the
interaction of gas-phase peptides with neutrals and ions in the
range of 1-10 keV in the laboratory frame.

Fig. 2 shows a comparison between He-CTD and O2-CTD of the
1þ precursor of bradykinin. Upon cursory inspection, the spectra
appear almost identical, with only minimal differences apparent on
closer inspection. Both spectra show neutral losses from the pre-
cursor that are characteristic of radical-directed side chain losses.
As described previously [48], the neutral losses of 43, 44, 59, 60, 87,
99 and 100 Da are all characteristic of side chain losses from argi-
nine residues [64,66,70,71], and the loss of 91 Da is characteristic of
a side chain loss from phenylalanine [65]. Many of these side chain
losses were also observed as product ions by the Schlath€olter group
[33,34].

One subtle difference between the He-CTD and O2-CTD spectra
is that the improved signal-to-noise ratio of the He-CTD spectrum



Fig. 1. Product ion mass spectra of bradykinin with insets of the product ion map for each activation technique: a) LE-CID of [MþH]þ precursor at m/z 1060.4 with an excitation
amplitude of 0.9 arbitrary units; b) H2-CTD of [MþH]þ precursor at m/z 1060.4 with resonance ejection of unreacted precursor ions at m/z 1060.4 before mass acquisition.
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enables the observation of a few additional product ions, including
the a7, b5, b6, x4, and z6’ product ions. However, only the a7 product
ion provides new sequence coverage relative to the other shared
fragments. The increased abundance of the peaks in He-CTD could
be due to the differences in ionization energy between helium
cations at 24.6 eV and oxygen cations at 12.1 eV, which enables He
cations to provide more energy for fragmentation via the charge-
transfer mechanism. Another difference in the He-CTD and O2-
CTD spectra is the abundance of the CTnoD peak, [MþH]2þC, atm/z
531.3. This product ion is the simple charge transfer product ion,
and He-CTD provides a ~3x more abundant CTnoD peak compared
4

to O2-CTD. Again, the increased efficiency in the He-CTD spectrum
is presumed to be related to the ~12-eV difference in ionization
energy between the O2

þ and Heþ cations.
Tandem mass spectra for the lab air-CTD, N2-CTD and Ar-CTD of

bradykinin can be found in Figures S1 and S2. The spectra share
major similarities in the overall pattern of peaks that are formed.
However, there are subtle differences in the overall signal-to-noise
ratios, which influences the ability to identify some of the less
abundant product ions. Table S1 displays the average signal-to-
noise ratio for m/z 531.3 and m/z 736.4 present in all the CTD
spectra of bradykinin. The abundance of the CTnoD peak is also



Fig. 2. Product ion mass spectra of bradykinin with insets of the product ion map for each activation technique: a) He-CTD of [MþH]þ precursor at m/z 1060.4 with resonance
ejection of unreacted precursor ions at m/z 1060.4 before mass acquisition; b) O2-CTD of [MþH]þ under identical conditions.
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notably different between the different reagent gases. The use of
chemically reactive gases like H2, O2 and N2 did not introduce any
observable covalent adducts, which indicates that chemical re-
actions between the fast reagent cations and the pseudo-stationary
analyte cations are exclusively electronic in nature, in agreement
with the theoretical considerations of the Schlath€olter group
5

[33,34].
Fig. 3 shows the product ion maps for Ar-CTD, lab air-CTD, H2-

CTD, O2-CTD, He-CTD and N2-CTD. The product ion maps for each
reagent gas are remarkably similar, with near uniform sequence
coverage for each gas and only slight differences in less-abundant
product ions. The lab air-CTD and N2-CTD have identical product



Fig. 3. Product ion maps for CTD of bradykinin using different reagent gases at the same kinetic energy of 4.25 keV.
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ion maps, with only minor differences in the ion abundances,
which is understandable given that lab air contains ~78% N2. The
similar electron affinities of nitrogen, argon, hydrogen and oxygen
at 15.6 eV, 15.8 eV, 15.4 eV and 12.1 eV, respectively, could explain
the general consistency in the product ions generated with these
different reagent gases. However, given that the He-CTD is so
similar to the other gases, yet has a considerably larger ionization
energy than the other gases at 24.6 eV, indicates that the majority
of the activation energy must derive from the kinetic energy of the
ions. The corollary is that the ionization energy has a very modest
effect on the distribution of product ions.

To allow for quantitative comparisons of the fragmentation ef-
ficiencies between the different reagent gases, the precursor ion
abundance and the kinetic energy and flux of the reagent cations
were all kept constant for each reagent gas. The CTD efficiencies of
each gas are plotted as a function of ionization energy of the neutral
gases in Fig. 4a. Note that reagent gas ions were not mass-selected
from the ion gun, so we cannot exclude the possible contribution of
atomic ions in the ion beams of the molecular reagent gases. The
error bars show the 95% confidence interval based on five replicates
of each reagent gas. Between each replicate, the reagent gas supply
and power supply to the ion gun were turned off before re-
establishing the desired conditions.

The fragmentation efficiencies for each reagent gas were
remarkably consistent, between 11.5%-13.1%. Helium had the
highest fragmentation efficiency of 13.1%. Approximately 75% of the
variance in the abundance of the fragmentation efficiency can be
explained by the variance in the ionization energy of the reagent
gas, and the correlation was significant at the 99% confidence
interval.

Pairwise t-tests were performed between each of the gases, and
helium was statistically different from all the other gases, except
argon, at the 95% confidence level. Ar-CTD was not significantly
different than He-CTD because it provided such a large variance in
replicate CTD efficiencies. The larger ionization energy of helium
6

results in a higher fragmentation efficiency for bradykinin
compared to the other reagent gases. Even though there were other
statistical differences between the efficiencies of the different re-
agent gases (e.g. between H2 and O2), there was little practical
significance between the fragmentation efficiencies because the
efficiencies only differed, at the most, by 1.6%.

Fig. 4b is a scatter plot of the abundance of the CTnoD peak for
bradykinin verses the ionization energy of the reagent gas. The
ionization energies provided are for the neutral atoms and mole-
cules in the legend of Fig. 4. As mentioned above, the reagent ion
beam was not mass filtered, so the exact identity and purity of the
reagent ion beam cannot be conclusively assigned for each reagent
gas. According to the linear regression line in Fig. 4b, approximately
75% of the variance in the abundance of the CTnoD peak can be
explained by the variance in the ionization energy of the reagent
gas, and although the slopes are shallow, the correlation was sig-
nificant at the 99% confidence interval. As might be apparent in
Fig. 4a and b, the abundance of the CTnoD peak also showed a
significant correlation with the fragmentation efficiency, with a
coefficient of correlation (R2) of 0.73 (plot not shown). These results
indicate that the abundance of the CTnoD oxidation product,
[MþH]2þ�, correlates strongly with the CTD efficiency and is
therefore a likely intermediate in the fragmentation pathway to
other product ions.

Helium has the highest ionization energy of the reagent gases
studied, and because it provides the highest efficienciesdalbeit by
a half a percentdthe electron capture mechanism must play a
small, but statistically significant, role in the ionization and frag-
mentation of the peptide. Despite this finding, the trivial differ-
ences in 1) sequence coverage, 2) background contaminant levels,
3) CTnoD product ion abundance, and 4) fragmentation efficiencies
of the different reagent gases implies that any of the alternative
reagent gasesdincluding lab air and nitrogendcan be considered
as possible alternatives for the analysis of small peptides like bra-
dykinin. This finding is not necessarily a recommendation,



Fig. 4. CTD fragmentation efficiencies and CTnoD peak abundances for the fragmentation of bradykinin using different CTD reagent gases. Error bars show the 95% confidence
interval for N¼5 replicate experiments.
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however, because certain electrical components, like the electron
multiplier, may be sensitive tomoisture and oxygen in the different
reagent gases.

3.2. k-Carrageenan dp4

The k-carrageenan oligosaccharide selected for this work has a
degree of polymerization of four (dp4) and is composed of alter-
nating anhydro-D-galactose and sulfated D-galactose monomers
with O-sulfation present at the 2nd and 4th monomer. Fig. 5 shows a
comparison of LE-CID and He-CTD of the [MþIPRH]þ precursor at
m/z 1136.4, where IPRH is the protonated ion pair reagent heptyl-
amine. The IPR was added to simulate the types of ions formed
during ion-pair reagent-reversed phase-HPLC (IPR-RP-HPLC) [47].

The LE-CID spectrum of k-carrageenan dp4 (Fig. 5a) generated a
few glycosidic cleavages and many neutral losses from the pre-
cursor, including [MþIPRH-H2O]þ, [MþIPRH-SO3]þ and [MþIPRH-
IPR]þ (i.e. [MþH]þ). The LE-CID spectrum contained no cross-ring
cleavages, and the information acquired from the LE-CID spec-
trum was therefore insufficient to localize the sulfate groups or
even determine which monomer contained the sulfate groups. In
contrast to the LE-CID spectrum, the He-CTD spectrum displays
extensive fragmentation, including glycosidic and cross-ring
cleavages, which localized the sulfate groups to the second and
fourth sugars. The Z3 and B2 product ions were able to localize one
sulfate to the D-galactose unit on the nonreducing end, and the Z1
product ion localized another sulfate group to the D-galactose unit
closest to the reducing end. The 0,2A4 and the 1,4A4 product ions
narrowed the location of the sulfate group to either the C3 or C4
position on the sulfated D-galactose monomer on the reducing end,
and given that carrageenans typically only have sulfate groups on
the C2, C4 or C6 positions [72,73], the second sulfate group can
confidently be assigned to the C4 position.

For the sulfated D-galactose on the second Gal unit, the 2,5A2

product ion in the various CTD spectra of Figs. 5b and 6 indicates
that the sulfate is located at the C3, C4, C5 or C6 position. Due to the
aforementioned sulfate patterns in k-carrageenans, the sulfate
position can be restricted to the C4 or C6 position but cannot be
definitively assigned to either position within the second residue.

Fig. 6a shows a product ion spectrum of k-carrageenan dp4 that
was fragmented using lab air-CTD. The spectrum is almost
7

indistinguishable from the He-CTD spectrum in Fig. 5b. The same
glycosidic and cross-ring fragments that are present in the He-CTD
spectrum are also present in the lab air-CTD spectrum and both
provide the same level of specificity for locating the sulfate posi-
tions. For the He-CTD and lab air-CTD spectra, the anhydro-D-
galactose monomers only have 0,2Xn, 1,5Xn, 0,2An and 1,5An cross-
ring cleavages because the anhydro bridge prevents the observa-
tion of cleavage products within the 3,6 anhydro bridge. The
anhydro bridge would require two covalent bond cleavages within
the ring to enable the fragments to separate with measurable re-
sults. The types of ions and abundances of ions for He-CTD and lab
air-CTD are also practically consistent with the Ar-CTD, N2-CTD, O2-
CTD and H2-CTD product ion spectra of k-carrageenan dp4 in
Fig. 6bee. For example, the spectral similarities between spectra
collected with the different CTD reagent gases relative to He-CTD
were quantified using Pearson product-moment correlations
(PPMCs). The PPMC values provided in Table S2 range from 0.9832
for lab air-CTD to 0.9924 for N2-CTD.

Similar to the bradykinin results in Fig. 4, the efficiencies for the
CTD fragmentation of k-carrageenan dp4 in Fig. 7 show generally
consistent CTD efficiencies among the different reagent gases. The
fragmentation efficiencies range from approximately 7%-8%, with
lab air-CTD providing the highest fragmentation efficiency of 8.1%,
which is significantly different than the other gases (t-test,
P < 0.05). Unlike the bradykinin results in Fig. 4, the variance in the
fragmentation efficiency is not explained by the variance in ioni-
zation energy of the reagent gases, and the CTnoD peak is always
absent in the k-carrageenan spectra. One possible explanation for
the differences in behavior between bradykinin and k-carrageenan
results could be that the ionization energy for bradykinin (i.e.
[MþH]þ / [MþH]2þ� þ e-) is larger than k-carrageenan dp4. The
larger ionization energy of bradykinin would cause more energy to
be expended in the formation of the CTnoD peak, with less energy
available for fragmentation. The general reduction in excess energy
would provide a greater dependence on the recombination energy
available from the reagent gases because some reagent ions would
be able to overcome certain activation thresholds and others would
not.

An alternative explanation for the differences in efficiency
trends between the peptide and the oligosaccharide could be that
there are stronger noncovalent forces in the higher order gas-phase



Fig. 5. Product ion mass spectra of k-carrageenan dp4 with insets of the product ion map for each activation technique: a) LE-CID of [MþIPRH]þ precursor at m/z 1136.4 with an
excitation amplitude of 0.7 arbitrary units; b) He-CTD of [MþIPRH]þ precursor at m/z 1136.4 with resonance ejection of unreacted precursor ions at m/z 1136.4 before mass
acquisition.
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structure of bradykinin, such as salt bridges between the arginine
residues and the internal carbonyl groups [74], which form a more
compact structure and enable the peptide fragments to stay
together after the covalent bonds of the backbone are cleaved.
However, the most likely explanation is provided by the
Schlath€olter group in their description of the electron stopping
mechanism [33,34].

Schlath€olter’s group describe that when charged projectiles
with kinetic energies in the kiloelectronvolt range pass through
8

regions of high electron density in a target, the activation energy
associated with electronic stopping can exceed 100 eV. The struc-
ture of k-carrageenan dp4 has more electron-dense regions than
bradykinin because of the numerous OH and sulfate groups. The
excess energy afforded by the electron-rich sulfate groups of k-
carrageenan dp4 readily surpasses the energy required to form the
CTnoD ion, and this excess energy increases the probability of
fragmentation. Because all the reagent ions can activate the bio-
logical ions through the electron stopping mechanism, and because



Fig. 6. Product ion mass spectra of k-carrageenan dp4 with insets of the product ion map for each activation technique: a) Lab air-CTD of [MþIPRH]þ precursor at m/z 1136.4 with
resonance ejection of unreacted precursor ions at m/z 1136.4 before mass acquisition; b) Ar-CTD of [MþIPRH]þ under identical conditions; c) N2-CTD of [MþIPRH]þ under identical
conditions; d) O2-CTD of [MþIPRH]þ under identical conditions; e) H2-CTD of [MþIPRH]þ under identical conditions.
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Fig. 6. (continued).
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this pathway is more dominant than the charge transfer pathway
for k-carrageenan, the fragmentation efficiency of k-carrageenan is
less dependent on the ionization energy of the reagent gas, hence
the horizontal trend line in Fig. 7.

Previously collected He-CTD data indicates that oligosaccharides
that lack high electron dense regions are more inclined to provide a
CTnoD peak [46], both because the ionization potential of the target
ion becomes higherdso there is less excess energy for fragmen-
tationdand because the charge transfer mechanism becomes more
prominent as the electron density decreases. As described above,
non-covalent internal bondsdlike salt bridges and hydrogen
bondsdmay also cause some structures to stay intact as a CTnoD
product after the backbone is cleaved.

Pairwise t-tests were also performed to determine any signifi-
cant differences in the fragmentation efficiencies of the different
reagent gases for k-carrageenan. Although lab air-CTD was signifi-
cantly different than all of the other reagent gases at the 95%
confidence interval, the efficiencies are not meaningfully different
because the efficiencies are all within 1% of one another. The gen-
eral lack of significant difference in the CTD efficiencies of k-
carrageenan with the different reagent gases implies that the en-
ergy of activation is dominated less by the charge transfer mech-
anism and more by the kinetic energy of the reagent cations and
the timescale of interaction. The apparent dominance of the elec-
tron stopping mechanism for k-carrageenan therefore limits the
contribution of resonant energy transfer between the reagent cat-
ions and electronic energy levels of the reactants [33,34].

As mentioned before, the propensity for the electron stopping
mechanism is expected to be enhanced for target ions that are
larger and/or with regions of high electron density, which pre-
sumably explains the two-electron oxidation process observed for
the small protein, insulin [50]. Double oxidation was not observed
here for k-carrageenan. Based on the observations in the present
work, we predict that the nature of the reagent gas would have
Fig. 6. (cont
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little effect on the efficiency of the double oxidation mechanism of
insulin because the mechanism of energy transfer should be
dominated by the electron stopping mechanism, which deposits
significantlymore energy to the target ions than the charge transfer
mechanism.

Previous studies involving He-CTD of carrageenans and por-
phyrans in negative ion mode have shown fragmentation effi-
ciencies as high as 12% for iota-carrageenan dp4 in the 4- charge
state [48], which is consistent with the theory that electron dense
targets can gain more activation energy. However, it is unwise to
infer too much about the mechanism of energy deposition by
comparing the fragmentation efficiencies of different sugars with
the same reagent gas because the location of the sulfate groups on
the sugars can help direct specific back-bone cleavages [48] and
therefore influence the fragmentation efficiencies.

Regarding the prospects for future studies and the importance
of different reagent gas conditions, evidence from the Schlath€olter
group suggests that changes in the kinetic energy of the reagent ion
beam within the range of 5-10 keV will have a negligible effect on
both the energy deposited during activation and the distribution of
products ions, but the velocity of the reagent ion beam scales lin-
early with energy deposited during activation [33,34], so the effi-
ciency is expected to increase modestly with kinetic energy. The
efficiency is also expected to increase with ion flux, but an
increased ion flux can also cause elevated background signals, so
the signal to noise ratio will not always improve with an increased
reagent ion flux. In our hands, we have found that CTD reaction
times in the range of 30-100 ms generally provide the best signal-
to-noise ratios for product ion spectra, even though the CTD effi-
ciencies are not necessarily maximized at these short reaction
times. Methods to reduce the chemical background would enable
higher reagent ion fluxes or longer reaction times, both of which
would enhance the signal to noise ratios of CTD spectra.
inued).



Fig. 7. CTD reagent gas fragmentation efficiencies for k-carrageenan dp4. Error bars show the 95% confidence interval for N¼5 replicate experiments.
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4. Conclusions

This work explored a variety of reagent gases for CTD-MS to
determine if a more cost-effective and readily accessible substitute
to helium could be found for the analysis of peptides and oligo-
saccharides. The two metrics of concern were the fragmentation
efficiency and the level of structural information made available by
the distribution of product ions. A direct comparison between re-
agent gases was performed by keeping constant the precursor ion
abundance, the reagent ion kinetic energy and the reagent ion flux
for two well-characterized biological molecules. The reagent gases
studied included H2, He, N2, O2, lab air and Ar. For bradykinin 1þ,
there were minimal differences in the types and relative abun-
dances of product ions formed between the six different reagent
gases, so the sequence coverage was quite independent of the re-
agent gas. The six studied reagent gases for CTD outperformed LE-
CID for sequence coverage. Regarding efficiencies of fragmentation,
LE-CID was considerably more efficient than all the CTD spectra,
and fragmentation efficiencies for CTD ranged from 11-13%. Within
this tight range, the CTnoD peak abundance and the CTD efficiency
for bradykinin correlated strongly with the ionization energy of the
reagent gas. However, the shallow slopes indicate that resonant
charge transfer from the peptide ion’s highest occupied molecular
orbital (HOMO) to the reagent cation’s lowest unoccupied orbital is
a minor contributor to the overall population of activated peptide
ions. Instead, the majority of the peptide ions are activated by the
electron stopping mechanism, wherein electron excitation in the
peptide ion is induced by long range coupling of electronehole
pairs.

The analysis of k-carrageenan dp4 1þ did not reveal any prac-
tical differences in the abundance or types of ions generated with
the six different reagent gases, and each reagent gas localized the
sulfate groups with similar accuracy. The CTD efficiencies for all six
gases was in the range of 7.3-8.1%. Although LE-CID was an order of
magnitude more efficient than CTD, very little structural informa-
tion could be gleaned from the LE-CID spectrum of k-carrageenan
dp4. Unlike bradykinin, the CTD fragmentation efficiencies of the
highly sulfated k-carrageenan dp4 do not correlate with the ioni-
zation energy of the reagent gas, so resonant charge transfer
12
contributes less to the activation of this larger, electron-rich target
ion than for bradykinin. Assuming these twomodel compounds are
reasonably representative of their biological classes, structural
characterization of peptides and oligosaccharides by CTD-MS can
be performed with any of the six tested reagent gases, including
nitrogen and lab air, without sacrificing the sequence coverage or
fragmentation efficiency. None of the reagent gases showed any
evidence of covalent bonding between the reagent gases and any of
the product ions. Generally speaking, lab air, nitrogen, oxygen and
hydrogen are less expensive than helium and argon, so these gases
have an obvious advantage. If one chooses to use lab air or oxygen
as reagent gases, care should be taken to ensure that the potential
reactivity of these gases do not deleteriously impact the chemical
background signal or sensitive components in the vacuum cham-
ber. Because of its flammability, gas lines should be inspected to
ensure that there are no leaks when using hydrogen.
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