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In Brief
Internal fragments may boost
sequence coverage in top-down
mass spectrometry. We
examined top-down electron-
based tandem mass spectra
from multiple instruments across
four laboratories with two
annotation software packages.
Internal fragment candidates are
virtually absent and do not show
sufficient abundance for
confident assignment. However,
at some electron capture
dissociation operating
parameters, such fragments are
more abundant. Nevertheless,
due to many isomeric/closely
isobaric assignment possibilities,
internal fragments should be
assigned with great caution
unless additional data are
available, e.g., MS3 confirmation.
Highlights
• Internal fragments were not confidently assigned at typical operating conditions.

• ClipsMS and Fragariyo software showed fragment ion annotation differences.

• c′/z• fragments show mobile proton- versus radical-driven fragmentation upon MS3.
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Are Internal Fragments Observable in Electron
Based Top-Down Mass Spectrometry?
Neven N. Mikawy1,2, Carolina Rojas Ramírez1,3 , Steven A. DeFiglia1 , Carson W. Szot1,
Jessie Le4, Carter Lantz4, Benqian Wei4, Muhammad A. Zenaidee5 , Greg T. Blakney6 ,
Alexey I. Nesvizhskii3,7 , Joseph A. Loo4, Brandon T. Ruotolo1, Jeffrey Shabanowitz8 ,
Lissa C. Anderson6 , and Kristina Håkansson1,*
Protein tandem mass spectrometry (MS/MS) often gen-
erates sequence-informative fragments from backbone
bond cleavages near the termini. This lack of fragmenta-
tion in the protein interior is particularly apparent in native
top-down mass spectrometry (MS). Improved sequence
coverage, critical for reliable annotation of post-
translational modifications and sequence variants, may be
obtained from internal fragments generated by multiple
backbone cleavage events. However, internal fragment
assignments can be error prone due to isomeric/isobaric
fragments from different parts of a protein sequence. Also,
internal fragment generation propensity depends on the
chosen MS/MS activation strategy. Here, we examine in-
ternal fragment formation in electron capture dissociation
(ECD) and electron transfer dissociation (ETD) following
native and denaturing MS, as well as LC/MS of several
proteins. Experiments were undertaken on multiple in-
struments, including quadrupole time-of-flight, Orbitrap,
and high-field Fourier-transform ion cyclotron resonance
(FT-ICR) across four laboratories. ECD was performed at
both ultrahigh vacuum and at similar pressure to ETD
conditions. Two complementary software packages were
used for data analysis. When feasible, ETD-higher energy
collision dissociation MS3 was performed to validate/
refute potential internal fragment assignments, including
differentiating MS3 fragmentation behavior of radical
versus even-electron primary fragments. We show that,
under typical operating conditions, internal fragments
cannot be confidently assigned in ECD or ETD. On the
other hand, such fragments, along with some b-type ter-
minal fragments (not typically observed in ECD/ETD
spectra) appear at atypical ECD operating conditions,
suggesting they originate from a separate ion-electron
activation process. Furthermore, atypical fragment ion
types, e.g., x ions, are observed at such conditions as well
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as upon EThcD, presumably due to vibrational activation
of radical z-type ions.

In top-down (tandem) mass spectrometry (MS/MS) (1–3),
intact proteins are transferred into the gas phase, typically via
electrospray ionization (ESI) (4, 5) to yield a distribution of
multiply charged ions. These multiply charged proteins are
then activated to generate sequence-informative fragments
from backbone bond cleavages. N terminus-containing frag-
ments are referred to as a, b, and c-type ions, which corre-
spond to cleavage of interresidue Cα-C, C(=O)-N, and N-Cα

bonds, respectively. The complementary C terminus-
containing fragments are referred to as x, y, and z-type ions
(6, 7). One drawback of protein MS/MS is that, often (and
depending on the activation/dissociation method used),
mainly backbone bond cleavages close to the protein termini
are matched to the protein sequence, thus limiting sequence
coverage. However, recent work has proposed to also include
assignments of fragments originating from multiple cleavage
events, i.e., internal fragments (8). Consideration of such in-
ternal fragments has been demonstrated to significantly
enhance sequence coverage from collision induced dissoci-
ation (CID) (9). However, Julian et al., showed that terminal
fragments are heavily favored, independent of protein size
(10). Electron-based dissociation methods such as electron
capture dissociation (ECD) (11) and electron ionization
dissociation (EIoD) (12, 13) have also been shown to generate
internal fragments under certain operating conditions (14, 15).
Note that the acronym (EIoD) was introduced by Baba et al.
(13) to differentiate electron ionization dissociation from
electron induced dissociation, which proceeds through a
different mechanism not necessarily involving ionization (16,
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Internal Fragments are Elusive in Top-Down ECD/ETD
17). However, internal fragment assignments can be error
prone due to isomeric/isobaric fragments from different parts
of a protein sequence (9). The ambiguity of assigning internal
fragments scales significantly as the size of the protein in-
creases, and the number of posttranslational modifications
(PTMs) increases. Thus false discovery rates increase in a
manner similar to the consideration of additional backbone
fragment ion types (18) or additional proteoforms (19).
While EIoD involves sufficiently high electron energies to

generate charge-increased, oxidized species from multiply
charged peptide and protein cations along with rich frag-
mentation chemistry (12, 20), ECD involves low-energy elec-
tron capture to yield charge-reduced radical cations (11). The
latter charge-reduced species preferentially fragment at N-Cα

backbone bonds to generate even-electron cʹ and radical z•
product ions (Zubarev nomenclature (21)) along with a less
prominent fragmentation pathway yielding less abundant a•

and yʹ-type ions (22). In addition, hydrogen atom migration
between complementary cʹ/z• fragment ion pairs to yield c•/zʹ-
type ions is common, particularly for more compact precursor
ions containing intramolecular hydrogen bonds or salt bridges
(23). ECD has limited fragmentation efficiency because frag-
ment ions can continue capturing electrons to form low
abundance secondary fragment ion signals that cannot be
distinguished from noise, that are charge-reduced to mass-to-
charge (m/z) ratios outside the scan range, or that may be
charge-neutralized (24). Also, unlike CID (25), there are no
strong cleavage preferences at certain amino acids, i.e.,
available signal is spread over a larger number of fragmenta-
tion channels in ECD. Thus, observation of secondary disso-
ciation to form internal fragments should be considerably less
favorable compared with CID, which can proceed with near
100% fragmentation efficiency. On the other hand, ECD-type
fragmentation is often desired because labile PTMs can be
retained to a larger extent in fragment ions, thus improving
PTM site determination (26, 27).
Top-down mass spectrometry (MS) has two main imple-

mentations (28, 29); the denaturing top-down approach and
the native top-down (nTD) approach. The former imple-
mentation focuses on protein identification and sequence
characterization by maximizing the number of fragment ions
and cleavage sites, providing more precise PTM localization.
In this approach, the precursor protein is ionized from a
denaturing solution, resulting in an extended gas-phase
conformation and corresponding high charge states. By
contrast, the nTD approach (28, 30) relies on nanoelectrospray
ionization (nESI) of monomeric proteins and noncovalent as-
semblies, typically from near neutral pH ammonium acetate-
containing solutions. This implementation can provide infor-
mation on protein higher order structure by fragmenting the
protein from a folded state. Lack of fragmentation in the
protein interior is particularly apparent in nTD MS.
An additional challenge in top-down MS is the broad

isotope distributions of large fragment ions with the
2 Mol Cell Proteomics (2024) 23(9) 100814
concomitant decrease in the relative abundance of the mon-
oisotopic peak as fragment ion mass increases. Here, we
examine the detection and assignment of internal fragments
after ECD and electron transfer dissociation (ETD) (31)
following denaturing MS, LC/MS, and native MS, including
MS3 experiments of internal fragment candidates. We also
explore two different strategies for fragment ion monoisotopic
peak assignment as well as two software packages for auto-
mated assignment of both terminal and internal fragment ions.
EXPERIMENTAL PROCEDURES

Experimental Design and Statistical Rationale

ECD and ETD data from four different laboratories were examined
with two different software packages, designed to mine for internal
fragments. The utilized instrumentation included 7 T and 15 T Fourier-
transform ion cyclotron resonance (FT-ICR) mass spectrometers, an
ion mobility-quadrupole time-of-flight (Q-ToF) instrument equipped
with an e-MSion ExD cell, and a 21 T FT-ICR with front-end ETD. Data
were shared between laboratories and analyzed by different in-
dividuals. Manual interpretation was performed by at least two in-
dividuals. All spectra are averages over multiple scans for improved
statistical representation.

Materials

Melittin from honeybee venom (~2.8 kDa; M2272-1MG), bovine
calmodulin (~14 kDa; SRP6310-1MG), apomyoglobin (~17 kDa; SKU
A8673-1VL) from equine skeletal muscle, bovine carbonic anhydrase II
(~29 kDa; SKU C2624-100MG), enolase I (~46 kDa; E6126-500UN)
from baker’s yeast, and ammonium acetate were purchased from
Millipore Sigma. All other chemicals were obtained at LC grade from
Thermo Fisher Scientific and used without further purification unless
stated otherwise.

Sample Preparation and Liquid Chromatography

Calmodulin and enolase I were dissolved in water to 1 mg/ml and
purified with Bio-spin gel filtration columns (6 kDa molecular weight
cut-off) and (10 kDa molecular weight cut-off), respectively, into 1 M
ammonium acetate (AmAc) three times followed by 200 mM AmAc
three times. For direct infusion electrospray ionization (ESI) all pro-
teins, except carbonic anhydrase, were dissolved in water:acetonitrile
(50:50, v/v) with 0.1% formic acid to a concentration of 1 μM. Carbonic
anhydrase was dissolved in water:methanol:acetic acid (49:49:2; v/v/v)
to a concentration of 1 μM. For nESI, calmodulin was reconstituted in
50 mM AmAc. LC/ECD MS/MS of calmodulin was performed with an
Agilent 1290 HPLC using an Agilent PLRP-s, 2.1 mm × 50 mm, 5 μm,
1000 Å stainless steel or an AdvanceBio RP-mAb SB-C8, 2.1 ×
50 mm, 3.5 μm column with an acetonitrile:water/0.1% formic acid
solvent system at a flow rate of 0.4 ml/min. The autosampler, column,
and drying gas were operated at 10, 40, and 200 to 250 ◦C, respec-
tively. Gradient elution was used from 5 (or 20) to 60% acetonitrile
over 6 to 7.5 min.

Mass Spectrometry

ECD-FT-ICR MS experiments were conducted on a 7 T Bruker
SolariX instrument equipped with a ParaCell (32) (Bruker Daltonics)
and a hollow dispenser cathode electron source (33). A schematic
diagram of the ECD configuration is shown in Supplemental Fig. S1.
Direct infusion ESI and LC-MS were performed with a capillary voltage
of 5 kV. For calmodulin, native-like ECD was performed via a Capti-
veSpray nESI source with a voltage of 1.4 kV. Quadrupole isolation of
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charge states of interest was performed with a 5 to 30 m/z window.
For melittin, calmodulin, and carbonic anhydrase II ECD, the irradiation
time was 0.01 to 0.15 s, with a lens voltage of 15 to 20 V and a bias
voltage of – 0.1 to 0.3 V. For apomyoglobin, +15 and +16 charge
states, the lens voltage was 15 V and the bias voltage was - 0.1 V. For
enolase I, the irradiation time was 0.02 s, with a lens voltage of 15 V
and a bias voltage of - 0.3 V. Each spectrum was averaged over 16
scans except for enolase I, which was acquired over 32 and 64 scans.

ECD was also performed with an ion mobility (IM)-Q-ToF (Agilent
6560c) mass spectrometer, equipped with an e-MSion ExD cell (34).
Direct infusion ESI of melittin and apomyoglobin was performed with a
Jet Stream ion source operating at 2.5 to 3.5 kV, 325 ◦C with a sheath
gas temperature of 275 to 350 ◦C. Quadrupole isolation was per-
formed with the wide window setting. ECD was acquired for 3 and
60 min with a collision gas pressure of 28 and 25 psi for melittin and
apomyoglobin, respectively. The ECD heater was at 2.5 A. For
calmodulin native MS, 10 μM in 200 AmAc was introduced via a nESI
source with gold-coated borosilicate emitters at a capillary voltage of
1400 V under ambient temperature. Sulfur hexafluoride was used as
drying gas with a flow rate of 2 L/min at 25 ◦C. The front funnel and
trap funnel were operated at 4 − 4.5 torr, while the drift tube with
<18.5 V/cm was operated at 3.95 torr under high-purity nitrogen.
Transmission was tuned in “Extended Mass Range” and “Sensitivity
Mode”. The instrument was mass calibrated using Agilent Tune Mix
sprayed with the Agilent Jet Stream Source. Broadband ECD was
performed without quadrupole isolation with an acquisition time of at
least 10 min.

ETD-higher energy collision dissociation (HCD) MS3 and EThcD
experiments were conducted on an Orbitrap Fusion Lumos (Thermo
Fisher Scientific). Proteins were infused via a heated ESI ion source,
operating at 3800 V, with a sweep gas of three arbitrary unit, an ion
transfer tube temperature of 280 ◦C, and a flow rate of 5 μl/min.
Quadrupole isolation window, maximum ETD injection time, and
normalized HCD energy were 1.5 to 2 m/z, 50 ms, and 7 or 42% for
melittin and 2 to 5 m/z, 40 ms, and 15 to 33% for calmodulin,
respectively. For EThcD, the normalized HCD energy was 25 to 50%.
ETD and EThcD spectra were acquired using the calibrated charge-
dependent ETD parameters with a normalized automated gain con-
trol target of 100%. Precursor ion isolation for MS3 was performed in
the linear ion trap with a 2 to 10 m/z window. Detection was performed
in the Orbitrap with 120 K or 500 K resolution at 200 m/z, maximum
injection time = 2000 ms and normalized automated gain control =
100%.

Data Analysis

The Solarix data were deisotoped with the SNAP 2.0 algorithm at a
signal-to-noise (S/N) ratio of three in the Bruker commercially available
DataAnalysis software and internally calibrated with five relatively
abundant, confidently assigned fragment ions. Resulting lists of
fragment ion m/z values, charge states, and abundances were
transferred to Microsoft Excel and saved as .csv files. Also, ASCII files
were generated directly from the Bruker DataAnalysis software. For
Agilent data, commercially available Agilent MassHunter Qualitative
Analysis Navigator B.08.00 was used to generate m/z versus intensity
files. For native ECD data using IM separation, commercially available
IM-MS Browser 10.0 was used along with mMass v. 5.5.0 for manual
peak picking. Orbitrap data were manually annotated with commer-
cially available FreeStyleTM 1.8 SP2 software. Theoretical fragment
ion masses were computed with ProteinProspector (https://
prospector.ucsf.edu/). Sequence coverage maps were generated us-
ing a custom in-house script.

Two software packages were used to mine all spectra for both
terminal and internal fragment ions: Comprehensive Localization of
Internal Protein Sequences (ClipsMS (14), github.com/loolab2020/
ClipsMS: Comprehensive Localization of Internal Protein Sequences)
and Fragariyo (35), github.com/RuotoloLab/Fragariyo: Python3
Scripts to peak match terminal and internal fragments with some data
analysis tools included. Disulfide bonds are considered when creating
theoretical database. For determination of theoretical internal frag-
ment ion m/z ratios, ClipsMS does not differentiate between potential
a-x, b-y, and c-z-type ions but allows for addition or subtraction of
hydrogen atoms by including H• as an unlocalized modification in a
separate analysis. By contrast, Fragariyo uses unique masses for b-y
versus c-z internal fragments as b-y ions should be even-electron
species whereas c-z ions should be radical species, thus differing in
mass by ~1 Da (Supplemental Fig. S2). For Fragariyo analysis .csv files
were uploaded and fragments were assigned with an error tolerance of
10 ppm. For SolariX data, ASCII files were also uploaded for the in-
ternal fragment search. For ClipsMS analysis, fragment ion lists must
first be deconvolved to the corresponding singly charged m/z values.
Such deconvolution, when required (e.g., following SNAP deisotop-
ing), was performed in Excel and saved as .csv files, which were
uploaded to ClipsMS. The error was set to 10 ppm for terminal frag-
ments and 5 ppm for internal fragments, with the smallest internal
fragment size set at five amino acid residues. Protein sequences were
derived from UniProt: P01501 (melittin, residues 43–69; C-terminal
amidation); P62157 (calmodulin, residues 2–149, N-terminal acetyla-
tion and lysine 116 trimethylation); P68082 (myoglobin, residues
2–154), P00921 (carbonic anhydrase II, residues 2–260, N-terminal
acetylation), and P00924 (enolase I, residues 2–437). As needed, fixed
(localized) protein modifications were included in the Fragariyo and
ClipsMS input parameters. Biased search, which preferentially anno-
tates terminal fragments over internal fragments, was used. A highly
complex ETD-FT-ICR spectrum, acquired at 21 T (36), was deisotoped
and deconvolved with the Xcalibur Qual Browser-embedded “Xtract”
algorithm (Thermo Fisher Scientific) using default parameters and an
S/N ratio threshold of five to generate monoisotopic [M + H]+ values.
Artifactual signals assigned to a charge state of zero were removed
before Fragariyo/ClipsMS analysis of these data.

The 21 T ETD-FT-ICR data were also subjected to manual inter-
pretation, aided by custom software, “Predator Protein Fragment
Calculator” (https://doi.org/10.17605/OSF.IO/QV874). This software
breaks each fragment into its elemental composition, based on amino
acid sequence plus any chemical modifications, ion type, and charge
state. The neutral mass of all corresponding isotopologue masses and
their abundances above a reporting threshold are then calculated. The
abundance weighted m/z average and abundance of all isotopologues
of the desired fragment ion are plotted and displayed in a table for
comparison with raw data. Fragments were assigned with a 10 ppm
mass tolerance.

RESULTS

Melittin ECD, ETD, and ETD-HCD MS3

ECD experiments of the quadrupole-isolated melittin 4+
charge state were performed under denaturing ESI conditions
in two different configurations; an e-MSion ExD cell (34)
installed on an Agilent 6560c IM-Q-ToF mass spectrometer
and conventional ECD in the ICR cell of a 7 T Bruker SolariX Q-
FT-ICR instrument. The ECD MS/MS spectrum from the
6560c is shown in Figure 1A. Similar to previously published
ECD FT-ICR MS/MS (37, 38), 100% sequence coverage is
observed from cʹ and z•-type fragment ions with the exception
of the N-terminal side of proline (not observed due to its cyclic
structure). However, a yʹ-type ion (yʹ13) is observed in that
position. As previously noted, yʹ-type ions can result from
Mol Cell Proteomics (2024) 23(9) 100814 3
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FIG. 1. ECD MS/MS and MS3 spectra of Melittin (4+). ECD MS/
MS on an Agilent 6560c equipped with an e-MSion ExD cell (A). ETD-
HCD MS3 of an even-electron cʹ25

+2 ion (B) and a radical z15
2+• ion (C)

on an Orbitrap Fusion Lumos. Fragment ions highlighted in red in (C)
correspond to radical driven dissociation of the radical precursor ion.
ECD, electron capture dissociation; HCD, higher energy collision
dissociation; MS/MS, tandem mass spectrometry.

Internal Fragments are Elusive in Top-Down ECD/ETD
ECD; however, it is difficult to eliminate collisional activation in
the ExD cell geometry. Thus, this yʹ13 ion may result from CID.
Upon further manual analysis, many b and even electron a-
type ions, characteristic of CID, are observed in this ECD
spectrum along with several yʹ-type ions. In addition to these
expected fragment ions, a number of w-type fragments can be
assigned. Significant w ion formation has previously been
4 Mol Cell Proteomics (2024) 23(9) 100814
reported with the ExD cell (39). Following manual spectral
annotation, only 13 out of 89 isotopic clusters remained un-
annotated. Of these 13 observed signals nine do not match
with any theoretical internal fragment ion m/z values. For the
remaining four isotopic clusters, one is close in mass to an
internal b-y fragment; however, the corresponding mass
measurement error of 14 ppm at m/z ~ 680 is too high for
confident assignment. Likewise, two isotopic clusters match
closely with theoretical internal c-z-type fragments. Note that
such internal fragments would contain one additional
hydrogen atom compared with the corresponding internal b-y-
type ion (Supplemental Fig. S2). However, again, the mass
measurement errors for two of the potential c-z fragments are
too high (16 and 17 ppm, respectively). On the other hand, one
observed doubly charged isotopic cluster (out of 89) matches
the internal fragment, AVLKVLTTGLPALISWIKRKRQ
(observed m/z 1237.77), corresponding to melittin residues 4
to 25. Even if this assignment is correct, this fragment does
not add sequence information as terminal fragments already
provided 100% coverage. All observed isotopic clusters and
their annotation are shown in Supplemental Table S1.
To avoid unintended collisional activation, ECD was also

performed on an FT-ICR-MS instrument. The resulting ECD
MS/MS spectrum is shown in Supplemental Fig. S3. No sig-
nals identified following SNAP deisotoping could be assigned
as internal fragments; however, the AVLKVLTTGLPA-
LISWIKRKRQ potential internal c-z fragment is observed at
low abundance (m/z 1237.78) upon manual inspection of the
spectrum. The corresponding signal (of too low quality to be
identified by SNAP) matches this internal fragment within
1.1 ppm. However, its low abundance precludes confirmation
via, e.g., an MS3 experiment. For comparison, a melittin ETD
spectrum (Supplemental Fig. S4) was also acquired on an
Orbitrap Fusion Lumos (Thermo Fisher Scientific) instrument.
No internal fragments were noted. However, because internal
c-z-type fragments should be radical ions, we were curious
how such ions would behave upon MS3. Thus, we performed
ETD-HCD MS3 of one even-electron cʹ-type ion (cʹ25

2+) and
one radical z•-type ion (z15

2+•). The HCD MS3 spectrum of
cʹ25

2+ (Fig. 1B) shows typical mobile proton-driven fragmen-
tation, resulting in a, b, and yʹ-type fragments along with
associated ammonia loss. By contrast, HCD MS3 of the
radical z15

2+• showed a mixture of a/b/yʹ-type fragments as
well as cʹ/c•/z•/zʹ/x/x• ions, typical of radical-directed disso-
ciation (RDD) (40) (Fig. 1C). Similar results have been reported
by Han et al (41).

Calmodulin ECD from Native Solvent, LC-ECD, and ETD-
HCD MS3

Previous ECD experiments following native FT-ICR MS of
proteins have shown that ECD fragments appear from un-
structured protein regions whereas folded regions are re-
fractory to ECD (42, 43). We performed ECD of native
calmodulin following nanoESI from 200 mM AmAc solvent on



FIG. 2. Sequence coverage of calmodulin on the SolariX Q-FT-
ICR instrument. ECD of native-like calmodulin (9+) (A), LC-ECD of
calmodulin (9+) (B), and LC-ECD of calmodulin (16+) (C). Fragment
ions labeled in red contain the known calmodulin PTMs. ECD, electron
capture dissociation; FT-ICR, Fourier-transform ion cyclotron reso-
nance; PTM, posttranslational modification.

Internal Fragments are Elusive in Top-Down ECD/ETD
the Agilent 6560c instrument. Due to low signal and low ECD
efficiency, these data were collected in broadband mode, i.e.,
all observed charge states (6+ to 9+) were fragmented
together. Calcium binding was insignificant in these experi-
ments. The resulting ECD spectrum (Supplemental Fig. S5)
was subjected to automated analysis with the Fragariyo
software against the bovine calmodulin UniProt sequence.
This analysis annotated a series of z•-type ions from the
calmodulin C terminus as well as three potential internal
fragments at m/z 1336.65 (2+), 1490.68 (1+), and 1759.81 (1+).
The larger, doubly charged fragment matches the internal b-y-
type fragment NGYISAAELRHVMTNLGEKLTDEE (residues
98–121) within 2.1 ppm. However, it also matches two
isomeric internal b-y fragments from a very different protein
region: EQIAEFKEAFSLFDKDGDGTITTK (residues 8–31) or
QIAEFKEAFSLFDKDGDGTITTKE (residues 9–32) within
6.1 ppm. The m/z 1490.68 (1+) fragment matches the two
internal, isomeric c-z fragments LGEKLTDEEVDEM (residues
113–125) and GEKLTDEEVDEMI (residues 114–126) within
<0.5 ppm. While b-y-type internal fragments appear unlikely
from ECD, perhaps hydrogen atom loss could result in a mass
matching such internal fragments. The final, m/z 1759.81 (1+)
ion matches the internal b-y-type fragment LTDEEVDEMIR-
EADI (residues 117–131) with an error of 2.6 ppm. After adding
the known calmodulin N-terminal acetylation, cʹ fragments
were also annotated (Supplemental Fig. S5). Specifically, the
m/z 1336.65 (2+) ion also matches the N terminally acetylated,
terminal cʹ23 fragment within 7.5 ppm. Despite the three in-
ternal fragment candidates matching with lower error, the N
terminally acetylated, terminal cʹ23 annotation is more likely.
Specifically, ClipsMS has a biased search version that assigns
terminal fragments over internal ones when there is ambiguity.
Because the Q-ToF ECD experiment did not use quadru-

pole isolation (i.e., significant chemical noise is likely present)
and to further assess the identity of the remaining annotated
internal fragments, nanoESI with a CaptiveSpray source was
performed on the 7 T SolariX FT-ICR instrument. As this mass
spectrum (Supplemental Fig. S6A) showed a bimodal charge
state distribution, we will refer to this analysis as “native-like”.
ECD of the 9+ charge state, which was also abundant in the
Q-ToF native MS experiment, was analyzed with both Fra-
gariyo (Supplemental Table S2) and ClipsMS (Supplemental
Table S3), resulting in a sequence coverage of 20% (Fig. 2A
and Supplemental Fig. S6B), based on terminal fragment ions.
Neither software annotated any internal fragments for these
data with the previously observed fragment at m/z 1336.64
(2+) annotated as acetylated cʹ23 within 46 ppb. The 1759.80
(1+) fragment was also observed and annotated as a C-ter-
minal zʹ15 ion. Also, while the 1490.68 (1+) fragment was not
observed in the FT-ICR data, we note that it matches the
calmodulin yʹ12 fragment within 9.8 ppm in the Q-ToF data,
thus an alternative, terminal fragment assignment exists for
this potential internal fragment as well. The lack of this frag-
ment ion in the FT-ICR data suggests that it was formed via
low-level collisional activation in the ExD cell. Finally, another
known calmodulin PTM, lysine 116 (UniProt sequence) tri-
methylation, further supports that the initial internal fragment
assignments NGYISAAELRHVMTNLGEKLTDEE and
LGEKLTDEEVDEM/GEKLTDEEVDEMI are erroneous as they
contain unmodified lysine 116 (italicized).
To examinewhether differences in internal fragment formation

exist for native versus denatured calmodulin, top-down LC-ECD
MS/MS of the same 9+ charge state was performed on the 7 T
SolariX FT-ICR instrument. This experiment provided similar
fragment ion S/N ratio as the nanoESI direct infusion ECD ex-
periments. Without including N-terminal acetylation (which
changes the mass of N-terminal fragments), three internal frag-
ment candidatesare noted: twodoubly charged ions (m/z 1336.7
and 1422.7) and one quadruply charged ion (m/z 1314.6)
(Supplemental Fig.S7). The first doubly charged fragment ion (m/
z 1336.7) is the same one observed from native ECD on the Q-
Mol Cell Proteomics (2024) 23(9) 100814 5
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ToF instrument and native-like ECD on the FT-ICR. After adding
the two known calmodulin PTMs (N-terminal acetylation and
lysine 116 trimethylation), this ion was again reassigned as
acetylated cʹ23. The latter two ions were reannotated as an N
terminally acetylated cʹ25

2+ fragment (m/z 1422.7) and a C-ter-
minal z45

4+• ion with K116 trimethylation (m/z 1314.6). To further
validate these assignments as PTM-including terminal frag-
ments,ETD-HCDMS3experimentsonanOrbitrapFusionLumos
were performed (Supplemental Fig. S8). For both the doubly
charged fragment ions, HCDMS3 spectra showed typical a/b/yʹ-
type fragments, confirming the assignments as even-electron cʹ-
type ions. By contrast, similar to the melittin ETD-HCD MS3

experiment (Fig. 1C), the quadruply charged fragment showed a
mixture of mobile proton- and radical-driven dissociation
(Supplemental Fig. S8C). Overall, top-down LC-ECD-MS/MS of
the calmodulin 9+ charge state provided the same sequence
coverage with only minor differences in observed fragment ions
compared with the native-like direct infusion experiment
(Fig. 2B). The correspondingClipsMSandFragariyo analyses are
shown in Supplemental Tables S4 and S5.
We hypothesized that LC-ECD MS/MS of a higher charge

state may result in an improved probability of observing in-
ternal fragment ions. Thus, the 16+ calmodulin charge state
was also examined (Supplemental Fig. S9). Both Fragariyo
and ClipsMS analysis were performed on the resulting data
(Supplemental Tables S6 and S7). ClipsMS only annotated
terminal fragments, whereas Fragariyo proposed several c-z-
type internal fragments. We attempted to confirm the
sequence of these internal fragment candidates; however, due
to their low abundance, such experiments were unsuccessful.
The observed sequence coverage based on only terminal
fragments was significantly higher for the 16+ charge state,
61% (Fig. 2C). All acquired LC-ECD spectra showed similar S/
N ratio as previously published direct infusion ECD data (14).

Apomyoglobin ECD

Apomyoglobin, electrosprayed from denaturing conditions,
was subjected to ECD with both the 7 T FT-ICR (15+ and 16+
charges states, Supplemental Fig. S10) and the 6560c (16+
charge state only, Supplemental Fig. S11) configurations. In
contrast to previously published broadband (i.e., no precursor
ion isolation) ECD on a 15 T FT-ICR (14), no internal fragments
were annotated by Fragariyo, or an initial ClipsMS analysis from
our data obtained following quadrupole isolation (Supplemental
Tables S8–S12). Because user settings in ClipsMS may affect
annotation outcomes, data were shared between the authors’
research groups, recalibrated, and reannotated. In the latter
analysis, four internal fragments were annotated for the
myoglobin 15+ charge state: m/z 1069.57, 5801.02, 5886.07,
and 2175.16 (all singly charged as prior deconvolution is
required). The following additional, singly charged, internal
fragmentswereannotated for the16+chargestate:m/z4356.25,
8925.79, 1577.84, and 6025.14. The different outcomes be-
tween different users are attributed to which fragment ion types
6 Mol Cell Proteomics (2024) 23(9) 100814
are considered as well as what mass tolerance is accepted. For
example, with ClipsMS, the addition of modifications is needed
to consider a• ions from ECD. Furthermore, deisotoping errors,
common for larger fragment ions (36), are not considered.
For the potential internal fragments annotated by ClipsMS

for the 15+ charge state, we note that the myoglobin yʹ9 (1+)
fragment is isomeric with the proposed m/z 1069.57 internal
fragment. Thus, there is an alternative, more likely explanation
for this fragment. We also note that the myoglobin cʹ51 and
a52• fragments have calculated m/z values of 5800.04 (1+) and
5885.07 (1+), respectively, corresponding to an ~1 Da mass
difference compared with the annotated potential internal
fragments. This discrepancy may be attributed to a deiso-
toping error as these terminal fragment assignments may be
more likely. For the 2175.16 (1+) ion, we did not find any
alternative, terminal fragment ion assignment; however, we
note that the assignment (myoglobin residues 40–57) would
be an internal b-y ion rather than a c-z ion, which should be
more likely from ECD. The myoglobin a40• (1+) fragment has a
calculated m/z value of 4354.25, which is off by ~2 Da from
the internal fragment assignment, thus it may be a less likely
assignment. Nevertheless, the annotated internal fragment is
a b-y-type rather than a c-z-type ion. For the m/z 8925.79
fragment, it matches the alternative assignment a81• (1+)
within 3.6 ppm. We did not find an alternative assignment for
the m/z 1577.84 fragment; however, again it would be a b-y-
type ion which is unlikely to result from electron-mediated
fragmentation chemistry alone. Finally, for the m/z 6025.14
assignment, we did not see any signals from other iso-
topologues, thus this peak likely corresponds to electronic
noise erroneously included by the SNAP algorithm.
Apomyoglobin sequence coverage was 71% and 80% for

the 15+ and 16+ charge states, respectively, from the FT-ICR
data (Supplemental Fig. S12), and 65% from the 6560c data
(Supplemental Fig. S13) based on observed terminal fragment
ions. The FT-ICR data were collected under typical ECD
conditions (100 ms irradiation, −0.1 V cathode bias voltage,
and 15 V lens voltage). We noted that the previously published
15 T FT-ICR broadband ECD data (14) were acquired with an
unusually high lens voltage (50 V) and, thus, we also examined
ECD with various lens voltages up to 50 V for the 15+ to 20+
charge states. The latter experiments used a bias voltage
of −2 V, which is also common in “typical” ECD. The irradiation
time was optimized to not deplete the precursor ion to a level
below the highest abundance fragment ion. For the 15+
charge state at 9 ms irradiation/30 V lens and 8 ms irradiation/
45 V lens, no internal fragments were annotated
(Supplemental Table S13). However, at 7 ms/50 V lens, two
potential internal b-y-type fragments were observed at low
abundance. Increasing the precursor ion charge state resulted
in detection of a few potential internal b-y-type fragments at
lower lens voltage: 45 V for the 16+ charge state, 30 V for the
17+ charge state, and 15 V for the 18+-20+ charge states
(Supplemental Table S13). However, as expected, all potential
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internal fragments are of low abundance. ECD spectra for the
19+ charge state at 50 V lens voltage are shown in Figure 3,
A–C, including a low abundance potential internal b-y frag-
ment (inset). Terminal b-type ions are scarce in these data.

Melittin High Lens Voltage ECD and EThcD
After finding that the ECD lens voltage may have a signifi-

cant effect on fragmentation outcomes, we revisited the
smaller polypeptide, melittin, under such ECD conditions.
FIG. 3. ECD and EThcD MS/MS spectra of apomyoglobin and meli
SolariX FT-ICR-MS instrument with different ECD lens voltages: 30 V (A),
(insets). EThcD of melittin 4+ on the Orbitrap Fusion Lumos (D) with zoom
The radical z ion shows preferential secondary fragmentation as compar
ETD, electron transfer dissociation; FT-ICR, Fourier-transform ion cyclot
Figure 4 shows an ECD spectrum of the melittin 4+ charge
state with 55 ms irradiation, −2 V cathode bias voltage, and a
50 V lens voltage. Notably, a plethora of b and potential in-
ternal b-y fragments are observed along with the expected a•/
yʹ and cʹ/z•-type ions. Two minor w-type side-chain fragments
observed following conventional ECD showed significantly
higher abundance with high lens voltage and four additional
w-type fragments were observed under the latter conditions
(Supplemental Table S14 for a complete list). By contrast, ECD
ttin at various ECD lens voltages. ECD of apomyoglobin 19+ on the
45 V (B), and 50 V (C). Potential internal b-y fragments appear at 50 V
ed-in view of one radical and one even-electron fragment (right inset).
ed to conventional ETD (left inset). ECD, electron capture dissociation;
ron resonance; HCD, higher energy collision dissociation.
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FIG. 4. ECDMS/MS spectrum of melittin 4+ on the SolariX Q-FT-
ICR-MS instrument with an ECD lens voltage of 50 V. Low m/z
region (A), high m/z region (B). Fragments labeled in green correspond
to b- and w-type ions that are virtually absent at lower lens voltage.
ECD, electron capture dissociation; FT-ICR, Fourier-transform ion
cyclotron resonance; MS/MS, tandem mass spectrometry.
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of melittin 4+ under more typical conditions (150 ms irradia-
tion, - 0.3 V cathode bias voltage, and 15 V lens voltage,
Supplemental Fig. S3) showed only one minor b-type ion and
no internal fragments. Ions observed from both typical ECD
conditions and ECD with 50 V lens voltage are highlighted with
asterisks in Supplemental Table S14. These ions include cʹ, z•,
zʹ, a•, and yʹ-type terminal fragments as well as two side-chain
w-type fragments. The minor b-type ion (b10

+) has significantly
higher (~10-fold) abundance at 50 V lens voltage.
Upon further inspection of the melittin ECD spectra at

typical versus high lens voltage we noticed that some terminal
fragments showed a higher relative decrease than others at
the high lens voltage, suggesting that they were subjected to
preferential secondary fragmentation under such conditions.
Evidence in the literature suggests that vibrational activation
can occur upon low-energy electron bombardment (17). To
further examine this hypothesis, we compared the melittin
ETD spectrum (Supplemental Fig. S4) to melittin EThcD
(Fig. 3D) in which all ETD fragment ions are subjected to
8 Mol Cell Proteomics (2024) 23(9) 100814
supplemental vibrational activation. As shown in the insets of
Figure 3D, the radical z23

2+• fragment undergoes a signifi-
cantly higher abundance decrease upon supplemental HCD
compared with the even-electron c24

2+ fragment. This dispa-
rate response to collisional activation is consistent with the
lower activation barrier for the radical fragment ion. In addition,
Li et al., showed that z•-type ions can undergo secondary
charge remote fragmentation to yield amino acid side chain
losses and internal fragments in peptide ECD (44). Based on
our ETD-HCD-MS3 experiments (Fig. 1C), RDD-type frag-
mentation occurs for radical z-type ions. Thus, RDD-type
fragments, including x ions, may be present in EThcD
spectra. Upon inclusion of x ions in our analysis, the previ-
ously annotated internal c-z fragment at m/z 1237.78 can be
reannotated as a terminal x21

2+ ion within 12 ppm in the Q-
TOF data. It is difficult to assess the mass accuracy in the FT-
ICR data due to poor signal quality. As noted above, supple-
mental collisional activation is likely in the ExD cell. Of the
annotated potential b-y fragments observed from high lens
voltage ECD, one fragment at m/z 1322.3 (2+) was also
observed in the EThcD data (Fig. 3D). We note that an alter-
native assignment may be (z24

2+• - NH3). Consistent with this
hypothesis, ETD-HCD MS3 of this fragment shows several
shared fragment ions with ETD-HCD MS3 of z24

2+•

(Supplemental Fig. S14).

Carbonic Anhydrase ECD and ETD-High Field-FT-ICR MS

Carbonic anhydrase II was electrosprayed from denaturing
conditions into the 7 T FT-ICR instrument. The 34+ charge
state was subjected to ECD under typical conditions
(10 ms, −0.1 bias voltage, 20 V lens voltage) and the resulting
spectrum (Supplemental Fig. S15) was analyzed by Fragariyo
and ClipsMS. No internal fragment ions were annotated
(Supplemental Tables S15 and S16). The observed sequence
coverage from annotated terminal fragment ions was 65%
(Supplemental Fig. S16). We also performed ECD with 50 V
lens voltage at different electron irradiation times. At 5 ms
irradiation (−0.3 V bias voltage, 50 V lens voltage,
Supplemental Fig. S17A), five internal b-y-type fragment ions
were annotated by Fragariyo (Supplemental Table S17). At
3 ms irradiation (−1 V bias voltage, 50 V lens voltage,
Supplemental Fig. S17B), fewer (two) internal b-y-type frag-
ments were observed (Supplemental Table S18).
Because ECD spectra on the 7 T FT-ICR instrument are

incredibly complex for higher mass analytes, particularly with
higher lens voltage, we compared the ECD data to an ETD
spectrum of the same 34+ charge state acquired on a 21 T FT-
ICR instrument (36). The ETD data are shown in Figure 5. The
raw spectrum was manually interpreted by two coauthors,
each independently confirming the others’ assignments. A
total of 1239 isotopic peak clusters were identified based on
comparison with isotope distributions generated by “Predator
Protein Fragment Calculator”. Terminal fragment annotations
include 492 c’, 548 z•, 99 a•, 92 y’, and 8 b ions. No internal



FIG. 5. 21 T FT-ICR MS/MS spectrum of carbonic anhydrase II (34+, 29 kDa) following 6 ms ETD (36). The signal was summed over 1500
acquisitions (600,000 resolving power at m/z 400) with use of 16 fills of the multipole storage device per transient acquisition (3.2E6 cumulative
ion target). The mass scale-expanded segment (A) of the spectrum (B) is shaded red. ETD, electron transfer dissociation; FT-ICR, Fourier-
transform ion cyclotron resonance; MS/MS, tandem mass spectrometry.
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fragments were assigned. The identified fragments accounted
for ~98% of the total ion current in the spectrum, which yiel-
ded 91% sequence coverage of the protein (Supplemental
Fig. S18). Annotated mass scale expanded segments of the
spectrum are shown in Supplemental Fig. S19. The Xtract
deconvolved data were also analyzed by Fragariyo
(Supplemental Table S19) with no internal fragments anno-
tated. By contrast, ClipsMS annotated 13 potential internal
fragments (Supplemental Table S20). Four of these potential
assignments have m/z values close to the precursor ion m/z
value, thus they may correspond to coisolated chemical noise.
Other annotated internal fragment ions also have alternative
explanations. Three fragments are off by ~1 Da from the c30ʹ,
y40ʹ, and y96ʹ terminal fragments. As discussed above, such
discrepancies may correspond to errors from the deisotoping
algorithm. Two annotated internal fragments match with the
terminal a49• (<0.6 ppm) and a102• (3.4 ppm) fragments, and
three annotated internal fragments match with known
hydrogen atom migration (23) to form c53•, z87ʹ, and z97ʹ ter-
minal fragments.

Enolase ECD

Enolase I was electrosprayed from denaturing conditions.
The 41+ charge state was subjected to ECD on the 7 T FT-ICR
instrument. The resulting ECD spectrum is shown in
Figure 6A. These data were analyzed by ClipsMS, which did
Mol Cell Proteomics (2024) 23(9) 100814 9



FIG. 6. ECD MS/MS spectra of enolase I, 41+. Aquisition with 32 scans (A) and 64 scans (B) on the SolariX Q-FT-ICR-MS instrument. Insets
show that a putative internal fragment corresponds to background noise. ECD, electron capture dissociation; FT-ICR, Fourier-transform ion
cyclotron resonance; MS, mass spectrometry; MS/MS, tandem mass spectrometry.
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not annotate any internal fragments (Supplemental Table S21).
By contrast, Fragariyo annotated one potential internal c-z-
type fragment (Fig. 6A, inset and Supplemental Table S22).
However, fragment ion S/N ratio in this experiment was lower
than for direct infusion ECD of smaller proteins (Supplemental
Figs. S6, S9, S10, S15). This decrease in S/N ratio is expected
at larger molecular weight (~46 kDa for enolase) as available
signal is spread over a higher number of fragmentation path-
ways, charge states, and isotopologues. Consequently, the
observed sequence coverage (Supplemental Fig. S20) is low
(5%) with assigned fragments localized to the protein termini.
In order to improve enolase data quality, ECD data acqui-

sition was lengthened from 32 to 64 scans (Fig. 6B). As ex-
pected, fragment ion S/N ratio increased; however, the low
abundance, potential internal fragment annotated by Fragariyo
in the lower quality data (Fig. 6A) was not observed, sug-
gesting it was not a real signal. Furthermore, even if this signal
would have corresponded to a true fragment ion, there are two
closely isobaric potential assignments, differing by only
4 ppm, SLMKRYPIVSIEDP (residues 285–298) and PTGAKT-
FAEALRIGSE (residues 174–189). These assignments again
would correspond to different portions of the enolase
sequence.

DISCUSSION

The data presented here show, as expected, that top-down
ECD and ETD spectra are incredibly complex, particularly as
protein mass increases. On the other hand, with high resolu-
tion mass analyzers, e.g., Orbitrap and FT-ICR, most of the
10 Mol Cell Proteomics (2024) 23(9) 100814
fragment ion signals are isotopically resolved and, thus, their
charge states can be directly assigned for confident annota-
tion although some overlapping signals are observed. In such
cases, proton transfer reaction experiments can resolve am-
biguities for overlapping isotopic distributions of different
charge states (45–47). Alternatively, IM spectrometry coupled
with MS can add another dimension for separating such
overlapping signals (48, 49). Mass accuracy is also tremen-
dously important as, for intact proteins, many potential
isobaric annotations exist. For example, isobaric potential in-
ternal fragment assignments, corresponding to different re-
gions of the enolase sequence, were noted. For calmodulin,
five potential internal fragment assignments have isobaric
terminal fragments when known PTMs were taken into
consideration. However, mass accuracy should not take pre-
cedence over terminal fragment ion annotation as long as both
possibilities have acceptable mass measurement error. Also,
because we have not confidently annotated any internal
fragments from our data, the structure/mass of such ions in
ECD/ETD is currently unclear, i.e., whether they would be
radical or even-electron fragments, thus differing by 1 Da.
We did not observe any major difference in fragmentation

behavior between native-like ECD and LC-ECD of the same
charge state with the FT-ICR instrument. A direct comparison
with the native Q-ToF ExD experiment was difficult due to the
lack of quadrupole isolation and moderate spectral resolution.
We hypothesized that higher charge states may be more likely
to yield internal fragments from ECD because more electron
capture events occur, thus increasing the likelihood of multiple
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bond cleavages. As expected, LC-ECD of a higher calmodulin
charge state, 16+ versus 9+, yielded a more complex ECD
spectrum with some low abundance signals that could
correspond to internal c-z-type internal fragments. However,
due to the many challenges in their confident assignment, we
do not believe it is advisable to include such fragments in
sequence coverage analysis unless other data are available,
e.g., MS3 experiments. Similar caution has been advised for
UVPD data (50). The data shown in Figure 1, B and C provide
insight into how radical versus even-electron fragments
behave in collision-activated MS3 analysis and thus could
provide guidance toward interpretation of such spectra for
potential internal fragment assignments. In particular, RDD-
type fragments such as x ions may appear with supple-
mental vibrational activation, e.g., at high electron flux in ECD
or in EThcD. Such supplemental activation may explain the
previously noted high abundance of w-type ions with the high
pressure ExD cell from secondary fragmentation of z-type
radical fragments.
Higher mass accuracy analysis may aid more confident in-

ternal fragment assignment; however, previously published
ECD data from a 15 T FT-ICR (14) did not include quadrupole
isolation and manually interpreted ETD data from a 21 T FT-
ICR (Fig. 5) annotated 98% of the ion current without
invoking internal fragments. The high resolving power of such
instruments facilitates detection and assignment of low
abundance, high-mass fragments with wider isotopic distri-
butions. However, misassignment of the monoisotopic mass
is more likely for larger ions and, thus, may introduce another
source of ambiguity. Furthermore, we observed that divergent
user settings in the available annotation programs can cause
differences in internal versus terminal fragment assignments,
suggesting that further development is necessary. Table 1
summarizes our recommendations for terminal fragment ion
types to preferentially assign over any internal fragments.
A notable finding in this study was the observation that the

ECD lens voltage can have a dramatic effect on fragmentation
outcomes with many additional fragments observed at 50 V.
Because previous ECD data from a 15 T FT-ICR instrument
(14) were generated at this unusually high lens voltage,
TABLE 1
Terminal fragment ion types expected in electron based top-down MS

Activation
technique

Expected terminal fragments

ECD cʹ, z•, c•, zʹ, a•, yʹ, including NH3 and
H2O loss

ECD with
vibrational
activation

cʹ, z•, c•, zʹ, a•, yʹ, b, a, x, x•, d, w,
including NH3 and H2O loss

ETD cʹ, z•, c•, zʹ, a•, yʹ, including NH3 and
H2O loss

EThcD cʹ, z•, c•, zʹ, a•, yʹ, b, a, x, x•, d, w,
including NH3 and H2O loss
annotation of several internal fragments is not surprising;
however, it is noted that these fragments are ~1 Da lighter
than expected for c-z-type internal fragments. Thus, these
annotated internal fragments are not likely a result of “pure”
ECD but rather other ion-electron processes, currently under
further investigation. In conclusion, our experiments show no
evidence that internal fragments are formed at appreciable
levels from typical ECD/ETD operating conditions, i.e., at ECD
lens voltages < ~30 V. Even under atypical conditions, they
should be assigned with great caution due to their innate
potential for high false discovery rates.
DATA AVAILABILITY

All direct infusion ECD, LC-ECD, and ETD-HCD MS3 data
are available in MassIVE (MSV000094542). The 21 T FT-ICR
ETD MS/MS spectrum (.raw) of carbonic anhydrase II is
included in the Supporting Information of reference (36)
(Weisbrod et al.) and is available free of charge at http://doi.
org/10.1007/s13361-017-1702-3. The native calmodulin IM-
Q-TOF data can be accessed upon request.

Supplemental data—This article contains supplemental
data.

Acknowledgments—We thank John E. P. Syka, Joshua D.
Hinkle, Chad R. Weisbrod, and Christopher L. Hendrickson for
valuable discussions. We also acknowledge Joshua P. Salem,
Hye Kyong Kweon, and Scott Daniels for invaluable technical
support.

Funding and additional information—This work was sup-
ported by the National Science Foundation grant
CHE2004043 to K. H. and an Agilent Thought Leader Award to
K. H. and B. T. R. The Thermo Scientific Orbitrap Fusion
Lumos mass spectrometer was acquired via the National In-
stitutes of Health (NIH) grant S10OD021619 to K. H. C. R. R.
was supported by NIH grants T32CA140044, RO1GM094231,
and U24CA271037. S. A. D was partially supported by a
George Ashworth Summer Fellowship. J. A. L. acknowledges
support from the US National Institutes of Health
(R35GM145286) and the US Department of Energy (DE-FC02-
02ER63421). J. S. was supported by NIH grant GM037537. A
portion of this work was performed at the Ion Cyclotron
Resonance User Facility at the National High Magnetic Field
Laboratory at Florida State University, supported by the Na-
tional Science Foundation Divisions of Materials Research and
Chemistry (DMR-1644779 and DMR-2128556) and by the
State of Florida. The content is solely the responsibility of the
authors and does not necessarily represent the official views
of the National Institutes of Health.

Author contributions—N. N. M., C. R. R., S. A. D., C. W. S.,
B. T. R., L. C. A., and K. H. methodology; N. N. M., C. R. R., S.
Mol Cell Proteomics (2024) 23(9) 100814 11

http://doi.org/10.1007/s13361-017-1702-3
http://doi.org/10.1007/s13361-017-1702-3


Internal Fragments are Elusive in Top-Down ECD/ETD
A. D., C. W. S., B. T. R., J. S., L. C. A., and K. H. investigation;
N. N. M., C. R. R., J. L., G. T. B., J. S., L. C. A., and K. H. data
analysis; N. N. M., C. R. R., S. A. D., C. W. S., J. A. L., C. L., B.
W., M. A. Z., G. T. B., B. T. R., L. C. A., and K. H. writing–review
and editing; J. A. L., B. T. R., L. C. A., and K. H. project
administration; N. N. M. and K. H. writing–original draft; N. N.
M., S. A. D., C. W. S., J. L., G. T. B., J. S., L. C. A., and K. H.
formal analysis; N. N. M., L. C. A., J. A. L., and K. H.
conceptualization; N. N. N. data curation; C. R. R., S. A. D., C.
W. S., C. L., M. A. Z., G. T. B., and B. T. R., software; G. T. B.,
J. A. L., B. T. R., L. C. A., and K. H. resources; A. I. N., J. A. L.,
B. T. R., L. C. A., and K. H. project administration; A. I. N., J. A.
L., B. T. R. and K. H. supervision; A. I. N., J. A. L., B. T. R. and
K. H. funding acquisition.

Conflict of interest—The authors declare no competing
interests.

Abbreviations—The abbreviations used are: AGC, auto-
mated gain control; AmAc, ammonium acetate; CID, collision
induced dissociation; ClipsMS, Comprehensive Localization
of Internal Protein Sequences; ECD, electron capture disso-
ciation; EIoD, electron ionization dissociation; ESI, electro-
spray ionization; ETD, electron transfer dissociation; FT-ICR,
Fourier-transform ion cyclotron resonance; HCD, higher en-
ergy collision dissociation; IM, ion mobility; LC, liquid chro-
matography; m/z, mass-to-charge ratio; MS, mass
spectrometry; MS/MS, tandem mass spectrometry; nESI,
nanoelectrospray ionization; nTD, native top-down; PTMs,
posttranslational modifications; Q-ToF, quadrupole time-of-
flight; RDD, radical-directed dissociation; S/N, signal-to-noise
ratio.

Received April 26, 2024, and in revised form, June 26, 2024 Pub-
lished, MCPRO Papers in Press, July 17, 2024, https://doi.org/
10.1016/j.mcpro.2024.100814

REFERENCES

1. Reid, G. E., and McLuckey, S. A. (2002) ‘Top down’ protein characterization
via tandem mass spectrometry. J. Mass Spectrom. 37, 663–675

2. Cui, W., Rohrs, H. W., and Gross, M. L. (2011) Top-down mass spec-
trometry: recent developments, applications and perspectives. Analyst
136, 3854

3. Fornelli, L., Toby, T. K., Schachner, L. F., Doubleday, P. F., Srzentić, K.,
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