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Abstract

lon-ion reactions are valuable tools in mass-spectrometry-based peptide and protein sequencing.
To boost the generation of sequence-informative fragment ions from low charge-density
precursors, supplemental activation methods, via vibrational and photoactivation have become
widely adopted. However, long-lived radical peptide cations undergo intramolecular hydrogen
atom transfer from c-type ions to ze-type ions. Here we investigate the degree of hydrogen transfer
for thousands of unique peptide cations where electron transfer dissociation (ETD) was performed
and was followed by beam-type collisional activation (EThcD), resonant collisional activation
(ETcaD), or concurrent infrared photoirradiation (Al-ETD). We report on precursor charge
density and local amino acid environment surrounding bond cleavage to illustrate the effects

of intramolecular hydrogen atom transfer for various precursor ions. Over 30% of fragments

from EThcD spectra comprise distorted isotopic distributions, whereas over 20% of fragments
from ETcaD have distorted distributions and less than 15% of fragments derived from ETD

and AI-ETD reveal distorted isotopic distributions. Both ETcaD and EThcD give a relatively

high degree of hydrogen migration, especially when D, G, N, S, and T residues were directly
C-terminal to the cleavage site. Whereas all post-activation methods boost the number of ¢- and
z+-type fragment ions detected, the collision-based approaches produce higher rates of hydrogen
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migration, yielding fewer spectral identifications when only c- and ze-type ions are considered.
Understanding hydrogen rearrangement between c- and ze-type ions will facilitate better spectral

interpretation.
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INTRODUCTION

Tandem mass spectrometry (MS/MS) continues to be a cornerstone in protein and peptide
analyses. Multiply charged peptide and protein cations may dissociate along various
pathways, producing mass spectra rich in sequence information. The source of ion activation
can be diverse, although collisions with gases are most common[1]. These collision-based
activation methods typically cleave amide backbone bonds to produce b- and y-type ion

products[2-5].

Electron-driven activation, emerging over the past two decades as a viable alternative, can be
achieved via free electron capture, as in electron capture dissociation (ECD)[6], or electron
transfer from small molecule radical anions, as in electron transfer dissociation (ETD)[7].

In contrast to collision-based approaches, ECD and ETD typically cleave N-C, backbone
bonds to form c- and ze-type product ions[6-8]. While the specific dissociation mechanisms
for formation of c- and ze-type product ions by ECD and ETD have been debated, electron-
based methods are widely recognized to preserve labile covalent bonds and non-covalent
interactions concomitant to peptide backbone dissociation[9, 10]. As a result, ECD and

ETD are particularly useful in analyses of labile post-translational modifications (PTMs)
and intact proteins[7, 11-14]. Proposed mechanisms include the Cornell mechanism in
which electron capture or transfer to a protonated nitrogen atom and subsequent hydrogen
rearrangement to a proximal carbonyl oxygen leads to nonergodic backbone cleavage[7, 15,
16]; the Utah-Washington mechanism describes electron capture or transfer at an amide
moiety prompting intramolecular proton abstraction by the highly basic amide moiety and
causing peptide backbone fragmentation[17-19]; and a radical cascade mechanism contends
that electron capture at a protonated nitrogen causes initial hydrogen atom migration and
iterative neutral loss production[20-23].
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Electron-driven dissociation methods are inherently dependent on precursor ion charge
density, where low charge density ions have less intramolecular Coulombic repulsion and
more non-covalent intramolecular interactions. Precursor ions of high mass-to-charge (/m/2)
have lower charge density, which leads to a higher proclivity for a phenomenon known as
non-dissociative electron capture/transfer (ECnoD/ETnoD)[24-27]. Here, electron capture
or transfer will occur to generate peptide backbone cleavage, but more compact precursor
ion secondary structures lead to non-covalent intramolecular interactions that hold product
ions together in an ECnoD/ETnoD complex. Instead of forming sequence-informative
product ions desired of the fragmentation methods, these species appear simply as charge-
reduced, intact precursors within a mass spectrum[24].

Efforts to explore this non-dissociative behavior in ECD led to a number of ion activation
methods to improve fragment ion generation, including supplemental activation with
collisions, increased temperatures, and photons[12, 28-35]. The advent of ETD garnered
similar investigations for mitigating ETnoD. Whereas ECD is routinely performed within
the low-pressure magnetic resonance chamber of a FT-ICR instrument, ETD typically occurs
within RF ion trapping devices that have several orders of magnitude higher pressures.
Ultimately, three major strategies emerged for supplemental activation in ETD reactions.
ETcaD uses resonant excitation of ETnoD products after the ETD reaction, imparting
enough vibrational energy via collisional activation to release fragment ions[36, 37]. This
approach generally performs the activation within the same ion trapping device where the
ETD reaction occurred. Several strategies explored beam-type collisional activation of all
or some of ETD products after the ion-ion reaction (including unreacted precursor ions and
ETnoD species)[38-42]. A widely used version is called EThcD, where broadband beam-
type collisional dissociation in a separate reaction cell is used to activate all ions present
following ETD reactions[43, 44]. Both EThcD and ETcaD tend to increase production of
sequence-informative ions, although they can complicate spectra as well (vide infré).

A third alternative called activated-ion ETD (AI-ETD) relies on irradiation of the trapping
volume of the ETD reaction cell with infrared photons simultaneous to the ion-ion
reaction[45, 46]. Vibrational activation from photon absorption disrupts the precursor ion
secondary structure, reducing production of ETnoD species. Importantly, the concomitant
nature of AI-ETD means it adds no additional activation time to the scan sequence

and minimizes the lifetime of ETnoD complexes. The benefits of AI-ETD have been
demonstrated for numerous biomolecules, including tryptic[45, 47] and post-translationally
modified peptides[48-52], intact proteins[53-56], and oligonucleotides[57].

The initial implementation of AI-ETD revealed limited intramolecular hydrogen atom
rearrangement, an undesired side reaction especially common for precursors of low charge
density that is common with collision-based supplemental activation strategies like ETcaD
and EThcD[46]. This phenomenon, during which a hydrogen atom migrates from a c-
type ion to a ze-type ion, distorts fragments’ isotopic distributions and can challenge
downstream fragment mapping. The side reaction creates “[c+H]®” ions and “[z+2H]”
ions. Note, there have been several efforts to establish nomenclature for peptide fragment
ions that can lead to confusion[58-62]. The explicit nomenclature proposed by Chu et

al. accounts for all hydrogens and protons, making discussion of various fragment ion
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types straightforward[58]. The typical even-electron c-type ions and odd-electron ze-type
ions in ETD spectra are referred to as [c+2H]'* and [z+H]®1* ions, respectively. Thus,

it becomes clear that hydrogen rearrangements occur to form odd-electron [c+H]®1* and
even-electron [z+2H]'* due to hydrogen loss and gain, respectively. Because we feel this is
more intuitive than comparing c/ ze-type ions to (c-1)®/ (z+1)-type ions, we use the explicit
Chu et al. nomenclature throughout the rest of this work. We also note that all fragment
ions discussed here are singly charged, so we have omitted charge state values. The odd
electron [c+H]® ion shifts the monoisotopic mass one Dalton lower, which reduces the
intensity of what was the original/expected [c+2H] monoisotopic peak intensity, distorting
the overall isotopic distribution, and widening the tolerance necessary for confident fragment
matching. In contrast, the even electron [z+2H] ion overlaps with the fragment’s first
C13-containing peak, in turn reducing monoisotopic peak intensity and distorting the overall
isotopic distribution, leading to potential misassignment of the monoisotopic peak.

Hydrogen atom rearrangement has been extensively studied in ECD spectra, where
precursor charge, amino acid composition, and local environment where found to

play prominent roles[63-70]. Hydrogen atom migration in ETD spectra has also been
studied[71-73], but hydrogen migrations in the various supplemental activation methods
remains largely uncharacterized. Beyond aiding our fundamental understanding of each
method, surveying hydrogen migration behavior in various ETD approaches provides
practical knowledge for both manual spectral interpretation and performance of search
algorithms[74-80]. Additionally, new implementations of electron-driven activation methods
continue to emerge[81-85], highlighting the need for detailed understanding of fragment
ions generated by various activation regimes. Covalent bond formation during gas-phase ion-
ion reactions may be a useful probe of gas-phase protein and peptide structure[86]. Herein,
we leverage thousands of doubly-charged precursor ions to investigate hydrogen atom
migration across a diverse population of tryptic peptides derived from HAP1 human cell
lysate. We compare effects on c- and ze-type product ion formation and isotopic distributions
from ETD, ETcaD, EThcD, and AI-ETD to ascertain the importance of activation method,
charge-density and proximal environment, on the distortion of isotopic distributions via
intramolecular hydrogen atom migration.

EXPERIMENTAL SECTION

Materials

Human HAP1 cells were lysed in a buffer of 6 M guanidine followed by probe sonication.
Protein precipitation was performed with 90% methanol. Tryptic digestion was performed
similarly as described previously[87—89]. The supernatant was decanted, and proteinaceous
pellets were suspended in 8 M urea, 100 mM TRIS, pH 8.0, and 40 mM chloroacetamide
with lysyl endopeptidase (LysC) (1:50 enzyme/protein, Wako Chemicals). After a four-hour
room temperature incubation, digested samples were diluted to 1.5 M urea with 100 mM
TRIS, pH 8.0 and a second digestion was performed with trypsin (1:50 enzyme/protein,
Promega, Madison, WI) for 12 hours. Quenching of trypsin activity was performed by
adding trifluoroacetic acid (TFA) to a final pH less than 2.0. Peptides were desalted using
Strata-X columns (Phenomenex Strata-X 33 pm Polymeric Reverse Phase, 10 mg/mL,
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Torrance, CA), which were equilibrated using one column volume of 100% acetonitrile
(ACN) followed by one column volume of 0.1% TFA. Acidified peptides were added to
the column, rinsed with three column volumes of 0.1% TFA and eluted with 500 pL of
80% ACN with 0.1% TFA. Protein concentration was determined using a Quantitative
Colorimetric Peptide Assay (Thermo Pierce, Rockford, IL).

LC-MS/MS—A reverse-phase column was made in-house using 75 pm inner diameter,
360 um outer diameter bare fused silica capillary and packed with 1.7 ym diameter, 130

A pore size ethylene bridged hybrid C18 particles (Waters) to a length of 30 cm. A high-
pressure packing station, capable of reaching pressures of 30,000 psi was used, as described
previously[90].

All MS and MS/MS experiments were performed on a quadrupole-Orbitrap-quadrupole
linear ion trap (q-OT-QLT) MS system (Orbitrap Fusion Lumos, Thermo Fisher Scientific,
San Jose, CA, USA) that was modified to include a Firestar T-100 Synrad 60 Watt (W)
CO», continuous wave laser (Mukilteo, WA) to allow for the excitation of precursor ions
within the QLT during ion-ion reactions[47, 53]. A multi-mode hollow-core fiber capable
of transmitting mid-IR wavelength photons was obtained (Opto-Knowledge Systems,
Torrance, CA) and coupled between the laser and hybrid mass spectrometer, as described
previously[53].

The reverse-phase column was installed on a Dionex Ultimate 3000 UPLC system and
heated to 55 °C. Solvent A consisted of 0.2% formic acid (FA) and solvent B was 70%
acetonitrile (ACN) with 0.2% FA in water. 2.5 pug of tryptic HAP1 peptides were injected
onto the column and a gradient elution was performed at 350 nL/min. The gradient ramped
from 0% B to 5% B over 5 minutes, followed by an increase to 40% B at 70 minutes, a wash
at 100% B for 2 minutes, and a re-equilibration of the column at 0% B for 11 minutes, for a
total of 90 minutes.

Precursors were ionized using electrospray ionization at 2.3 kV with respect to ground. The
inlet capillary was held at 275 °C and the ion funnel RF was held at 30%. All MS? survey
spectra were collected at a resolving power of 60,000 in the Orbitrap with a scan range

of 200 — 2000 m/z, an AGC target of 1,000,000 charges and a maximum injection time

of 54 ms. Monoisotopic precursor selection was enabled for peptide isotopic distributions.
Dynamic exclusion was set to exclude resampling of precursors within 20 seconds. MS?
scans were conducted on precursors of charge state 2= 2 for a one second cycle time. Scans
were conducted in the Orbitrap at a resolving power of 120,000 at 200 m/zand an AGC
target of 30,000 with a maximum injection time of 54 ms. Precursors were isolated with a
wide isolation width of 3 Th using the quadrupole to ensure precursor isotopic distributions
were present in MS?2 scans. For increased peak quality, MS? spectra are the result of 5
averaged scans (i.e., five microscans) for ETD, AI-ETD, EThcD, and ETcaD experiments.

For ETD experiments, precursor cations were isolated by the quadrupole and accumulated
in the middle section of the high-pressure trap of the QLT, followed by accumulation of
fluoranthene reagent anion (202 /m/2Z) within the front section of the trap, and subsequent
charge sign independent trapping for the ETD reaction[91]. Calibrated charge-dependent
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ETD parameters were enabled to determine ETD reagent ion AGC and ETD reaction
times[92]. Normalized collision energies (nce) of 30 and 25 were set for ETcaD and EThcD
experiments, respectively, whereas the IR laser power for AI-ETD was 30% maximal power,
as indicated in the text. The supplier indicates a maximum laser output of 60 W.

Data Analysis

Mass spectra and chromatography information were viewed in the vendor’s post-acquisition
software (XCalibur Qual Browser, version 4.0). The OMSSA algorithm and COMPASS
software suite were used for searching and processing data[93, 94]. The .raw files were
converted to dta text files and scored against a human reference proteome database,
downloaded from Uniprot. Prior to the search, spectra were processed, with charge-reduced
product ions and neutral losses removed within the window from 60 Da below to 5 Da above
the charge-reduced precursor[79, 80]. For all analyses, c- and ze-type product ions were
searched. Separate database searches were carried out for which b-, c-, y-, and ze-type ions
were included in searches for all methods, as indicated in the text. Enzymatic cleavage was
set to trypsin with up to three missed cleavages allowed and no cleavage on proline residues.
The maximum expectation value was cut off at 10 and cysteine carbamidomethylation

was set as a fixed modification, whereas methionine oxidation was specified as a variable
modification. Peptides were searched with a 25-ppm tolerance around the monoisotopic
precursor and a 10-ppm tolerance on fragment ion masses. Search results were filtered

to a 1% unique peptide FDR based on expectation value (E-value) and ppm error using
COMPASS[93, 95, 96].

Note, a C# script using the C# Mass Spectrometry Library (CSMSL, https://github.com/
dbaileychess/CSMSL) was written to extract precursor and fragment ions and their
intensities as well as perform in silico fragmentation of peptides. All fragment matches
were made within a 10-ppm tolerance. Fragment matches without a monoisotopic, +1 C13,
and +2 C13 peak were discarded. See the Supporting Information for more detailed methods.

RESULTS AND DISCUSSION

To elucidate the prevalence and effects of hydrogen atom migration on large-scale shotgun
proteomics analyses with ETD, AI-ETD, ETcaD, and EThcD, we performed back-to-back-
to-back-to-back MS2 workflows to ensure that every precursor was isolated and activated
with each of the four separate methods once it was selected for tandem MS. As precursors
of low charge density have previously shown the most noticeable hydrogen migration
rates[46] and are the most common species within tryptic digests[37], we specifically
targeted doubly-charged precursors in our analyses. Figure 1, which exemplifies trends in
the entire dataset, shows the isotopic distributions of a c-type ion and ze-type ion derived
from ETD, AI-ETD, ETcaD, and EThcD. For the ¢q7* ion of the tryptic peptide having

the sequence GAEAANVTGPGGVPVQGSK (m/z = 848.44), hydrogen migration presents
itself in the form of a (c17-1)* peak, one hydrogen atom lighter than the monoisotopic
peak. Due to fragment ions’ varied intensities and differences between c- and ze-type

ion chemistries, displaying hydrogen migration rates as relative [c+H]®/[c+2H] intensity
ratios and [z+2H]/[z+H]e intensity ratios, respectively, allows for global comparison across
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fragments, fragment types, and activation methods. As the theoretical intensity of any c-1
peak is zero, the expected [c+H]®/[c+2H] ratio will also be zero, meaning any ratio greater
than zero represents a distorted spectrum. Note, expected isotope intensities are denoted
by solid circles in each panel. For this example, ETD gave a [c+H]®/[c+2H] ratio for the
cq17t fragment of 0.82, indicating that hydrogen migration occurs even in the absence of
supplemental activation. AI-ETD reduced the [c+H]®/[c+2H] ratio to 0.70, while ETcaD
increased the [c+H]®/[c+2H] ratio to 0.91 and EThcD increased it to 1.07. For the EThcD
spectrum, the c-1 peak, with an ideal signal of zero, overtook the monoisotopic peak to
further convolute spectral interpretation.

C-terminus containing ze-type fragment isotopic distributions may also appear distorted
by hydrogen atom migration. A [z+2H]/[z+H]e ratio can portray the relative amount of
hydrogen rearrangement for a given fragment’s isotopic distribution (Figure 1). As the
introduced hydrogen atom and an additional neutron are very similar in mass, the [z+2H]
peak overlaps with the fragment’s first C13-containing peak. For the zq1** fragment of the
tryptic peptide having the sequence TEGLSVLSQAMAVIK (m/z773.93), hydrogen atom
migration causes the [z+2H] peak to overtake the monoisotopic peak intensity for all four
methods, even though the theoretical [z+2H] peak is ~60% of the monoisotopic peak (solid
circles). ETD generates a [z+2H]/[z+H]e ratio of 1.18, and AI-ETD provides virtually the
same ratio slightly at 1.17. Conversely, ETcaD increases the prevalence of hydrogen atom
migration such that [z+2H]/[z+H]e is 2.24 and for EThcD the ratio is again highest at 2.61.

In a more global assessment on the prevalence of hydrogen atom migration across a wide
variety of tryptic peptides, we examined all fragments produced from ETD, AI-ETD,
ETcaD, and EThcD vs. mass-to-charge (Figure 2). These results demonstrate a strong
correlation between hydrogen atom migration and precursor mass-to-charge. For both c-
and ze-type fragment ions, distorted isotopic distributions are present at higher m/z values.
[c+H]®/[c+2H] and [z+2H]/[z+H]e ratios are nearly always higher with collision based
supplemental methods, especially at high /7/z values. AI-ETD produces [c+H]®/[c+2H]
and [z+2H]/[z+H]e values equal to or slightly less than that of ETD alone. Interestingly,
both ETD and AI-ETD produce much lower [c+H]®/[c+2H] rates than ETcaD and EThcD
across precursor /m/z values but produce only slightly lower [z+2H]/[z+H]e values than

the collision-based methods. Increasing peptide mass alters the isotopic distribution. The
higher values with ze-type ions, caused by overlapping of the [z+2H] peak with the first
C13-containing peak, may mask differences between methods. The increase in hydrogen
migration with precursor /7/z can likely be attributed to lowered Coulombic repulsion

and more densely folded secondary structure, both of which contribute to a longer-lived
radical ETnoD species with ample time and reduced distance for intramolecular hydrogen
atom migration [86, 97]. Whereas Al-ETD demands no additional scan time after the ETD
reaction, ETcaD resonant excitation requires activation on the order of tens of milliseconds
and EThcD shuttles all ETD products to the ion routing multipole (IRM) for beam-type
collisional activation. Additional vibrational energy is imparted on peptides via IR photons,
as with AI-ETD, or collisions with background gases, as with ETcaD and EThcD. The
degrees of freedom of the molecule coupled with local vibrational energy accumulation
may induce backbone bond cleavage or hydrogen rearrangement. However, rather than
vibrational activation itself solely causing rearrangements, these results suggest that the
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additional time and movement of ETD products during ETcaD and EThcD give the
long-lived radical ETnoD complexes enough time for hydrogen atom transfer to occur at
increased rates.

In all, ETD produces hydrogen atom migration in 13% of all c- and ze-type ion distributions.
For the same precursors, AI-ETD produces spectra with c- and ze-type ions with hydrogen
rearrangement detected 15% and 13% of the time, respectively, as a fraction of all fragment
ions weighted equally. ETcaD produces spectra with c- and ze-type ions with hydrogen
rearrangement detected 26% and 22% of the time, respectively, and EThcD gives ¢- and
z+-type fragment ions with isotopic distributions impacted by hydrogen migration 31% and
30% of the time, respectively.

The dependence of intramolecular hydrogen atom migration on the amino acid environment
surrounding N-Ca. peptide bond cleavage is illustrated in Figure 3. “Position n-1” denotes
the amino acid residue toward the N-terminus, while “position ri’ corresponds to the amino
acid residue toward the C-terminus of the peptide, relative to peptide bond cleavage. The
average [c+H]®/[c+2H] ratios from all c-type ion distributions in which the respective
amino acid was neighboring bond breakage are plotted in purple. When backbone cleavage
occurred at sites where the residue at position n contained a polar side chain, a high degree
of hydrogen rearrangement occurred, on average. Specifically, aspartic acid (D), asparagine
(N), glutamine (Q), serine (S), and threonine (T), as well as glycine (G) with its two primary
hydrogen atoms, gave a high degree of intramolecular hydrogen rearrangement when at
position n. For nearly all residues, hydrogen atom transfer proceeded at higher rates in
EThcD and ETcaD than AI-ETD and ETD. The amino acid residue at position n-1, i.e.,

the residue N-terminal to the cleavage site, appears to have less of an impact on hydrogen
atom migration, although N, Q and G increase the rate of hydrogen migration, also seen
when these amino acids are C-terminal to bond breakage. Polar hydrogen atoms — those
bonded to electronegative atoms like oxygen and nitrogen — near the N-C, bond cleavage
on proximal side chains may be easier to abstract from c-type ions to ze-type ions. ETcaD
gave relatively high rates of hydrogen atom transfer when bond cleavage occurred near a
tryptophan (W) residue. Glycine residues allow for increased degrees of freedom to the
peptide structure, as well as an increase in the number of hydrogen atoms neighboring the
bond breakage site available for rearrangement. Interestingly, ETD produces. higher rates of
intramolecular hydrogen rearrangement than AI-ETD for c-type ions when bond cleavage
neighbors a glycine at position n, indicating that by unfolding the peptide and potentially
removing intramolecular interactions, a hydrogen atom transfer is less likely.

To illustrate the impact of hydrogen migration on the distortion of isotopic distributions
after gas phase ion-ion reactions, relative intensities of all precursor and c- and ze-type

ion peaks were plotted vs. precursor mass (Figure S1). Peak intensities within precursor
isotopic distributions were normalized to the total peak intensity of the monoisotopic and
isotopic peaks and include the c-1 peak intensity for c-type ion distributions. The increased
probability of heavy C13 incorporation with increasing molecular mass causes a decrease
in the relative abundance of the monoisotopic peak intensity[98]. Figure 4a shows the dot
product of fragments’ theoretical monoisotopic peak intensity and observed monoisotopic
peaks intensities. Intensities of all peaks in the isotopic distribution were normalized to the
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total intensity within the distribution. Any hydrogen migration should decrease the observed
monoisotopic peak intensity for both c- and ze-type product ions, causing the dot product

to decrease. Therefore, higher dot products generally indicate more similarity with the
theoretical isotopic distribution, whereas scores closer to zero indicate dissimilar spectra as
a result of hydrogen migration, akin to cosine similarity scores[99]. While a distribution in
observed vs. theoretical isotopic patterns is revealed by these data, AI-ETD spectra more
closely resemble ETD spectra, while ETcaD and EThcD are more distorted and have lower
values. AI-ETD gives slightly higher values than ETD without supplemental activation

for both c- and ze-type fragment dot products. Theoretical distributions were calculated
based on amino acid sequence and chemical composition of each peptide fragment[98, 100,
101]. Note, for implementations of ETD following proton transfer reaction (PTR), a c-type
product ion may have the same nominal mass as a [c+H]® product ion. As the experiments
and analyses described herein involve only doubly-charged tryptic peptides and fluoranthene
heavily favors electron transfer over PTR, this side-product should not convolute the data.

Experimentally observed c- and ze-type fragment isotopic distributions were plotted across
fragment mass, revealing similar patterns to the theoretical spectra, with noticeably more
distortion (Figure S1). For c-type fragments, ETD and AI-ETD more closely resemble
theoretical spectra than ETcaD and EThcD which generally have monoisotopic peaks lower
in intensity and c-1 peaks higher in intensity. For ze-type fragments, ETD and AI-ETD
again closely resemble theoretical spectra, although some isotopic distortion is present.
Both collision-based supplemental methods give generally more distorted fragment isotopic
distributions, with the monoisotopic peak intensity decreased and [z+2H]* increased
relative to theoretical spectra. In many cases of excessive hydrogen atom transfer, the
monoisotopic peak is no longer the most abundant peak in the distribution, even for

these relatively low molecular weight molecules. This can cause dispersal of signal across
multiple peaks and even monoisotopic peak misassignment. Differences between theoretical
and experimental values for c- and ze-type ions across activation methods are shown in
Figure S2, illustrating the degree of spectral distortion detected in many ETcaD and EThcD
spectra.

To assess the potential detriment of hydrogen migration on peptide spectral identifications,
we carried out ETD, AI-ETD, ETcaD, and EThcD analyses of tryptic HAP1 peptides.
Fragment identifications were made when the theoretical isotopic distribution contained an
intensity value greater than one for the monoisotopic peak as well as the first two isotopic
peaks (Figure 5). For the same doubly-charged peptide precursors, ETD gave 62,831 c-
and ze-type fragment ion distributions detected, while AI-ETD gave 135,052 at 18W laser
power. These correspond to a boost in unique fragment generation of 115% over ETD.
ETcaD gave 95,499, and EThcD gave 94,670 c- and ze-type fragment ion distributions
detected. These values correspond to boosts of 52% and 51%, respectively, over ETD alone.
Interestingly, upon a human database search analyzing only c- and ze-type ions, ETD gave
4,192 unique peptide spectral matches (PSMs), while AI-ETD gave 8,924, ETcaD gave
5,443, and EThcD gave 3,500 PSMs. Therefore, while additional c- and ze-type fragments
detected from AI-ETD translate directly into additional PSMs, with 113% boost in PSMs
over ETD, the additional fragments from ETcaD and EThcD do not. Hydrogen migration
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affects EThcD spectra to the extent that 17% fewer PSMs are made from c- and ze-type ions
compared to ETD without any supplemental activation.

Relating unique peptide identifications for each activation method, overall boosts in
identification over ETD of 103% for AI-ETD at 18W and 60% for ETcaD are obtained,
while a 16% drop in identification for EThcD are calculated. While additional fragment
ions detected in AI-ETD spectra relative to ETD spectra translate into additional peptide
identifications, the additional c- and ze-type ions in ETcaD and EThcD do not translate

into additional identifications and hydrogen migration hampers algorithmic spectral
interpretation and peptide identification by diminishing the monoisotopic peak intensity
and widening the tolerance needed for identification. Note, EThcD, and AI-ETD are capable
of generating b- and y-type fragment ions, which greatly benefit spectral searches over
ETD alone, when b-, ¢-, y-, and ze-type ions are considered (Figure S3)[47]. While EThcD
enables additional peptide identifications through the generation of b- and y-type ions, the
benefits of ETD for analyses of post-transcriptional modifications and intact proteins often
necessitate maximal c- and ze-type ion formation and minimal hydrogen migration, realized
through gentler activation.

CONCLUSION

Intramolecular hydrogen migration events are known to happen in electron-driven activation
of peptide cations, although the degree of migration can depend on a number of

variables. Especially important in understanding migration proclivity are the amino acids
surrounding the cleavage site and the time even- and odd- electron product ions are

held in close proximity. In this work we compared hydrogen migration for four different
activation modes: ETD, ETcaD, EThcD, and AI-ETD. The three latter methods all involve
supplemental activation of ETD products, although the timing, energy, and specificities of
which ions are activated differ. ETcaD and EThcD both involve vibrational activation of
product ions after the ETD reaction concludes, although ETcaD uses resonant excitation of
only ETnoD products while EThcD uses broadband beam-type activation of all ETD product
ions. Both of these post-activation methods yielded a relatively high degree of hydrogen
migration, especially when D, G, N, S, and T residues were directly C-terminal to the
cleavage site. In contrast, AI-ETD, which uses concurrent vibrational activation of the entire
ion-ion reaction volume via infrared photons, showed relatively less hydrogen migration
relative to ETcaD and EThcD. AI-ETD and ETD generally appeared more similar in their
hydrogen migration profiles.

The practical effects of hydrogen migration events were shown in a database search of
LC-MS/MS human tryptic peptide data that only accounts for expected [c+2H]1* and [z+H]
@1+ All three supplemental activation methods generated more total [c+2H]'* and [z+H]
@1+ fragment ions than ETD alone; however, the benefit of more peptide identifications
was only realized for AI-ETD. This is because product ion distributions were altered

in ETcaD and EThcD spectra because of hydrogen rearrangements while product ions
remained more similar to traditional ETD fragments that are expected by the search
algorithm. This indicates that manual spectral interpretation and database searching must
properly account for product ions specific to different ETD-based fragmentation methods,

J Am Soc Mass Spectrom. Author manuscript; available in PMC 2023 June 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Peters-Clarke et al.

Page 11

and that AI-ETD is more suited to algorithms already specifically built with expected

ETD [c+2H]** and [z+H]®1* in mind. This work provides a holistic view of hydrogen
migration patterns in traditional shotgun proteomic data. Additionally, new implementations
of electron-driven activation methods continue to emerge[81-85], highlighting the need

for detailed understanding of fragment ions generated by various supplemental activation
schemes. Our work here provides a framework to investigate such data at proteome scale.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Hydrogen migration creates distorted isotopic distributions for c- and ze-type product

ions.

Spectral comparisons for ETD, AI-ETD, ETcaD, and EThcD for the ¢;7* and zy1**
fragment ions of doubly-charged tryptic peptides GAEAANVTGPGGVPVQGSK and

TEGLSVLSQAMAVIK, respectively. Intensities are normalized to the highest peak for that

method. Bars and solid circles represent theoretical isotopic distributions.
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Figure 2: Dependence of intramolecular hydrogen atom migration on precursor m/z for c- and
ze-type ion populations.

Hydrogen migration is shown as the average peak area ratios, with 50 Th bins, for [c+H]e/
[c+2H] (left) and [z+2H]/[z+H]e (right) across all doubly charged fragment ions. EThcD
(red triangle), ETcaD (pink cross), AI-ETD (green circle), and ETD without supplemental
activation (blue square) are shown for each fragment ion type. Pie charts display the
percentage of c-and ze-type isotopic distributions which display hydrogen migration.
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Figure 3: Dependence of intramolecular hydrogen atom migration on proximal amino acids.
Shading corresponds to the average peak area ratios of [c+H]*/[c+2H] (fop) and [z+2H]/

[z+H]e (bottom) for each of the twenty amino acid residues. Position “n-1" denotes the N-
terminal amino acid relative to N-Ca peptide bond cleavage, whereas position “n” denotes
the C-terminal amino acid upon N-Ca bond cleavage. Note, fragments N-terminal to proline
residues were not considered.
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Figure 4: Comparison of observed and theoretical isotopic distributions reveals more distortion
of isotopic distributions in ETcaD and EThcD spectra.

Dot product of the theoretical monoisotopic peak intensity and observed monoisotopic peak
intensity for a) c-type and b) ze-type product isotopic distributions. Both theoretical and
observed monoisotopic peak intensities are normalized to the total intensity of the first three
isotopic peaks for ze-type fragments and include the [c+H]e peak for c-type fragments. Black
bars are median values.
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Figure 5. Hydrogen migration affects spectral interpretation.
a) Number of c- and ze-type fragment isotopic distributions generated from ETD, AI-ETD,

ETcaD, and EThcD shotgun proteomics experiments. Tryptic, doubly-charged precursors
were considered. b) Unique peptide spectral matches (PSMs) obtained when including only
c- and ze-type fragment ions in searching parameters and c) corresponding unique peptide
identifications when using only c- and ze-type ions. Percentages are relative to ETD without
any supplemental activation.
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