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ABSTRACT: Proton-transfer reaction (PTR) has emerged as a — Proton-transfer reaction g
powerful tool for top-down proteomics. It can mitigate spectral ~

congestion and improve the signal-to-noise ratio of electrospray Jﬁ_’ P

ionization (ESI)-generated intact proteins. We hypothesized that
charge removal during PTR of Coulombically unfolded, denatured

ESI ions induces rapid gas-phase isomerization and refolding,

producing charge-state-dependent conformers with altered frag-

mentation behavior. Here, we test this hypothesis by systematically 600 800 1000 1200m/z1400 16001800 2000 2200
comparing fragmentation patterns of three model proteins,

apomyoglobin, apocalmodulin, and histone H1, with and without 2% p

PTR using high-resolution top-down mass spectrometry. Highly G QRALN %’5&9 %é@\gpm FIR %}?ﬁ;
harged precursor ions were isolated, subjected to PTR f : ° HeP HoD FFEmer

charged p ) ) )

fragmented, and benchmarked against ions of the same charge

state generated directly from ESI; ions generated under native-like conditions were also examined. Quantitative analysis of assigned

fragment ions and log, fold-change heatmaps reveal distinct fragmentation patterns, with some regions showing protection from

fragmentation, while others yield newly observed or substantially enhanced fragment ions. Notably, characteristic fragmentation
signatures around proline and aspartic acid residues further demonstrate structural differences. These results show that protein

relaxation after PTR generates different gas-phase ion structures than are formed during ESI and explain, alongside mobile proton

theory, why charge reduction produces different sets of fragment ions in top-down MS/MS, but can also yield fragmentation sites
otherwise unavailable for higher-charged counterparts and the same charge states generated without PTR.
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B INTRODUCTION broad distributions of multiply charged precursor and fragment
ions, further complicating spectra and reducing SNR.!

Proton transfer reaction (PTR) reduces the charge states of
multiply charged ions at a charge state dependent rate, thus
spreading ion current across the available m/z range and
reducing spectral congestion.'”~** However, excessive charge
reduction can cause analyte ions to fall outside the detectable
m/z range or become neutralized, leading to signal loss.

To address this limitation, the McLuckey group developed
parallel ion parking to selectively control charge reduction
222 Asa result, analytes are concentrated into a single
charge state or narrow charge state distribution which

In the past decades, proteomics has made significant strides in
understanding relationships between protein structure and
function.”” Structural biology methods such as hydrogen—
deuterium exchange (HDX), chemical cross-linking, native
mass spectrometry, covalent and radical labeling, and ion
mobility spectrometry have become widely adopted.’”®
Considerable efforts have also been dedicated to improved
ion activation methodology to enable near-complete sequence
coverage and identification/localization of post-translational
modifications (PTMs).””'* As a result, top-down proteomics
has emerged as a powerful approach for analyzing proteoforms

rates.

directly. significantly increases their SNR, often by an order of
Despite its advantages, top-down proteomics faces several
technological challenges. One major obstacle is the presence of Received: June 10, 2026
heavy isotopes, which reduces the abundance of monoisotopic Revised: ~ September 4, 2026
peaks, complicates accurate intact mass determination, and Accepted:  September 14, 2026
lowers signal-to-noise ratios (SNR) as ion current is dispersed Published: September 28, 2026
; 15,16 . .
among isotopologues. A second obstacle arises during

denaturing electrospray ionization (ESI), which generates

. . © 2026 The Authors. Published by .
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magnitude or greater.”” PTR is commercially available on some
Fourier transform mass spectrometry (FTMS) instruments,
and specialized instrument modifications have enabled parallel
ion parking in increasingly complex applications,”*** including
successful operation on a 21 T (T) Fourier-transform ion
cyclotron resonance (FT-ICR) mass spectrometer.23

In a previous study,”” PTR and parallel ion parking were
applied to denatured apomyoglobin ions, which were
selectively parked into charge states ranging from [M +
14H]'" to [M + 9H]®*. Subsequent collision-induced
dissociation (CID) tandem mass spectrometry (MS/MS)
revealed distinct fragmentation patterns and different sequence
coverage compared to nonparked ions across these charge
states. These differences were attributed to gas-phase structural
rearrangements induced by charge reduction.”® Building on
these findings, the aim of the current study is to explore the
gas-phase structures of intact proteins by comparing
fragmentation behavior of ions generated by ESI directly
with the same charge states produced through PTR using high-
resolution top-down mass spectrometry (MS).

Highly charged protein ions introduced under denaturing
ESI conditions are expected to adopt linear-like conformations
in the gas-phase.”” As protons are removed via PTR, decreased
Coulomb repulsion initiates gas-phase structural rearrange-
ments,”® which may expose previously inaccessible regions of
the protein and produce unique fragment ions.

To test this hypothesis, we studied three proteins:
apomyoglobin, apocalmodulin and histone H1. These model
proteins were selected for amino acid composition and pK,.
Highly charged precursors were isolated and subjected to PTR,
followed by MS/MS analysis of the charge-reduced product
ions. These charge-reduced precursors were compared to their
counterparts generated directly from denaturing ESI, as well as
ions generated under native-like conditions. Fragment ions
matched to the sequence were quantified, and the resulting
data demonstrate distinct fragmentation patterns, indicating
that gas-phase structures depend on the method of charge state
generation (PTR vs no PTR). Moreover, some regions
experienced a loss of fragment ions while other regions gained
newly observed fragments, presumably because of extensive
proton removal and gas-phase refolding. Observed fragmenta-
tion behavior confirms and extends previous work demonstrat-
ing that PTR-induced charge reduction can significantly alter
structural outcomes.”* " Exploitation of these observations
may lead to improved sequence coverage or “targeted”
sequence coverage in specific protein regions with low
fragmentation efficiency.

B EXPERIMENTAL SECTION

Materials and Chemicals

Protein standards: apomyoglobin (Cat. number A8673) from equine
skeletal muscle and recombinant bovine calmodulin (Cat. number
C4874) were obtained from MilliporeSigma (St. Louis, MO, USA).
Recombinant human histone H1 (UniProt entry P0730S5) was
purchased from BPS Bioscience (Cat. number 54043; San Diego,
CA, USA). Unless stated otherwise, all solvents were purchased from
Honeywell Burdick & Jackson (Charlotte, NC, USA) in LC-MS
grade. For apomyoglobin and calmodulin, lyophilized powders were
dissolved in 10 mM ammonium acetate (MilliporeSigma) to prepare a
200 uM stock solution, then diluted with the same buffer to a final
protein concentration of ~5 uM for native-MS experiments. For
denaturing experiments, 5 pg of each protein were transferred into a
new Eppendorf tube and diluted into 50% methanol (MeOH) and
0.1% formic acid (FA, Thermo Fisher Scientific, Waltham, MA, USA)

in water (v/v), then sprayed as 1—2 uM. Histone HI1 lyophilized
powder (100 pg) was reconstituted in 10 mM ammonium acetate at 1
mg/mL to obtain a stock solution. For denaturing experiments, a 10
ug sample was desalted using a C18 column (Optimize Technologies,
Oregon City, Oregon, USA) with 0.1% FA, eluted with 80%
acetonitrile containing 0.1% FA, then diluted into 50% MeOH with
0.1% FA and sprayed as 1—2 uM. For native MS experiments, 10 ug
of histone H1 was desalted using Amicon Ultra centrifugal filter units
with a 10 kDa molecular weight cutoff (MilliporeSigma) following
manufacturer’s protocol. The protein was subsequently diluted with
10 mM ammonium acetate to a concentration of ~5 uM prior to
analysis.

Experimental Workflow

Samples were ionized by nanoflow-ESI (NSI) using a fused silica
capillary with LD. of 25 ym. The NSI source was adopted from the
University of Washington Proteomics Resource design (https://
proteomicsresource.washington.edu/protocols05/nsisource.php).
The capillary was connected through a high-voltage union to the ESI
power supply and to a syringe pump operating at 1 4#L/min and 2 yL/
min for denaturing and native experiments, respectively. The applied
ESI spray voltage varied between 2.75 kV and 3.0 kV, and the inlet
capillary temperature was set to 300 °C. All experiments were
performed on an Orbitrap Eclipse Tribrid (Thermo Fisher Scientific,
San Jose, CA, USA) instrument’’ equipped with an EASY-IC and
proton-transfer charge reduction capabilities. All spectra were
acquired using the Orbitrap mass analyzer at a resolving power of
240,000 at m/z 200. Data were acquired in positive ion mode with a
scan range of m/z 200—4000 (high-mass range mode). For MS'
experiments, 20 transients were summed, and then 10 scans were
collected. For MS" experiments, 100 transients were summed and 10
spectra collected.

First, we acquired MS' spectra of the denatured protein samples to
obtain broadband m/z information. The highest observable charge
state for each protein was quadrupole isolated ([M + 25H]** for
apomyoglobin, [M + 23H]*** for apocalmodulin, and [M + 38H]**
for histone H1) with a 2—3 Da isolation window and transferred to
the linear RF ion trap (IT) for PTR. PTR reaction times were
modulated to maximize SNR of the desired reduced charge state. The
precursor automatic gain control (AGC) target was set to 1000% (S X
10° charges) to maintain sufficient ion population for downstream
fragmentation. Following PTR (MS?), the desired charge-reduced
product ion was isolated in the ion trap for MS? analysis using a 5 Da
isolation window. SNRs were calculated from isolation-only PTR-MS?
experiments (i.e, without subsequent activation). Each PTR-
generated precursor ion was then fragmented using higher-energy
collisional dissociation HCD, resonant CID, electron-transfer
dissociation (ETD), or EThcD. Both CID and HCD energies
typically ranged from 35 to 60% normalized collision energy (NCE)
and were tuned for each charge state to optimize fragmentation
efficiency. ETD reaction times ranged from 3 to 8 ms, and
supplemental HCD activation (~40% NCE) was applied when
needed to increase the fragment ion yield for lower charge states.'”
Specific PTR/ETD reaction times and collision energies are included
in the Supporting Information in Supplemental Table SI.

For comparison, MS® experiments were also performed on the
corresponding charge states generated directly by ESI, without
applying PTR. These precursor ions were isolated in the ion trap, and
their SNR values were calculated from isolation-only MS* scans (i.e.,
no fragmentation); AGC targets were then adjusted to match ion
populations between the “no PTR” (MS?) and “PTR-reduced” (MS®)
precursor ion charge states. Fragmentation conditions were matched
to the MS® conditions used for PTR-generated ions, and 100
transients were averaged for each spectrum. All fragmentation spectra
were acquired in technical triplicate.

Data Analysis

Raw spectra were averaged within Freestyle software (Thermo Fisher
Scientific) and exported as profile-mode.txt files, which contain m/z
and abundance pairs (x-y plot format). ExD Viewer  software was
used for fragment ion assignment. Each spectrum was searched

https://doi.org/10.1021/acs.analchem.6c04013
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Figure 1. (A) Bar plots depict the number of assigned fragment ions from apomyoglobin for different charge states, generated with or without PTR,
using HCD. The Venn diagrams below each bar plot contain the number of fragment ions that are unique to PTR, unique to no PTR, and common
to both methods, for each charge state. (B) Heatmap of apomyoglobin showing the log, fold change of fragment ion abundance with and without
PTR. The amino acid sequence of myoglobin is shown in the middle, with the protein secondary structure indicated above the heatmap. The
squares represent the specific fragment ions observed at each interresidue cleavage site: a/b-type fragment ions are above the sequence, and y-type
fragments are displayed below the sequence. Each row represents a precursor ion charge state. Red squares indicate increased fragment ion
abundance relative to no PTR, and blue squares indicate decreased fragment ion abundance relative to no PTR. Fragment ions that were uniquely
generated either with or without PTR are indicated with blue or red dashed box outlines, as indicated by Venn diagrams.

against the corresponding protein sequence with a fragment mass
tolerance of +10 ppm. Recalibration was enabled and applied based
on high-confidence fragment ion assignments, with the baseline filter
disabled to ensure preservation of low-abundance ions. Several
parameters were adjusted relative to software default settings to

29301

improve assignment accuracy: the peak-picking SNR threshold was
set to 3, the maximum allowable charge state was constrained to
match the precursor ion charge state, and ion-type priorities were set
such that canonical fragment ions were evaluated first, followed by
neutral-losses, and finally side-chain cleavage products. Spectra were

https://doi.org/10.1021/acs.analchem.6c04013
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searched for single and double neutral losses (—H,0, —NH,) in
collisional activation MS/MS data (CID and HCD). Internal
fragment ions were not considered. For CID and HCD spectra, a-,
b- and y- ion series were queried. For ETD spectra, ¢'-, 2%, a®- and y'-
fragment ion series were queried, with one hydrogen rearrangement
(+H) allowed.

All fragment ion assignments were subsequently manually
reviewed, and any ions with questionable assignments or ion scores
below 1 were removed. Spectra were deconvolved to neutral,
monoisotopic mass in ExDViewer, and the abundance of each
fragment ion was extracted. These abundances were normalized to the
total ion current (TIC) of the corresponding averaged spectrum prior
to quantitative comparison. The resulting TIC-normalized values
were used to calculate the log, fold-change (log,FC) for each
fragment ion according to eq 1:

Fragment ionprp + A

Log FC = o
&2 % Fragment ion, prp + A (1)

A small pseudocount (A &~ 1 X 107'%), corresponding to one
millionth of the lowest fragment ion abundance in the data set, was
added to accommodate missing values and avoid undefined log(0)
terms. A Python script was used to generate fragment-ion heatmaps
displaying the log,FC values shown in this manuscript. Pseudocount
can produce extreme log,FC values for fragment ions unique to
experimental conditions, therefore, visualization required a nonlinear
color scale for enhanced sensitivity. Only the linear region around
zero, representing >90% of all quantified fragments, was used for
heatmap visualization (range indicated by the gray dashed lines in
Supplemental Figure S1). Fragment ions present exclusively in either
the PTR or no-PTR condition were plotted separately and are
indicated in the heatmaps with blue or red dashed borders. For
heatmap visualization into X-ray structural models, a custom Python
script was used with PyMOL software (v. 3.1.6.1; Schrodinger LLC,
New York, NY).

B RESULTS AND DISCUSSION

PTR has demonstrated strong utility in addressing key
challenges encountered in top-down proteomics, especially
spectral congestion and low SNR of both precursor and
fragment ions.”>****7** Previous experiments with intact
apomyoglobin showed that CID fragmentation of charge-
reduced precursor ions can increase sequence coverage
compared to the same charge state generated directly from
denaturing ESL.*® This observation led to the hypothesis that
structural changes induced by PTR, specifically gas-phase
rearrangements that occur as Coulomb repulsion decreases
through successive rounds of charge reduction, may influence
fragmentation behavior.”® Such rearrangements could expose
new cleavage sites or alter the availability of mobile protons,
which affect backbone dissociation pathways.”>™** In this
study, we systematically tested this hypothesis by examining
apomyoglobin, apocalmodulin, and histone H1 across multiple
charge states and fragmentation conditions.

Apomyoglobin

Apomyoglobin (17 kDa) was electrosprayed from a denaturing
solution, and one of the highest observable charge states, [M

+25H]**, was isolated and subjected to PTR, and reduced to

257819+ (PTR19%) 25*PTR15+ (PTR1s*), and 257%10°

(P™*10%), and 25*7T5g* (PTRg"), (Supplemental Figure S2).
Reduced precursors were individually isolated and fragmented
by HCD, ETD, and resonant CID. Each reduced charge state
was compared directly to the corresponding one generated
directly from ESI without PTR (no PTR) under identical
experimental conditions. The most extensively reduced

precursor, 25*7T88* was also compared to the [M + 8H]*
charge state of apomyoglobin electrosprayed under native-like
conditions to evaluate similarities and differences in gas-phase
structure across all conditions (Supplemental Figure S3).

Figure 1 and Supplemental Figure S4 and SS summarize the
results, showing the number and types of assigned fragment
ions across all precursor ion charge states for apomyoglobin
with and without PTR. Figure 1A displays bar plots for HCD
fragmentation, and the accompanying Venn diagrams highlight
fragment ions unique to each condition (no PTR vs PTR).
These Venn diagrams show a consistent trend with unique
fragment ions appearing both with and without PTR. In Figure
1A, the HCD fragmentation of the PTR-generated charge
states shows a general increase of assigned fragment ions with
progressive PTR.

The only exception occurs for the which shows an
overall decrease in the number of all assigned fragments
compared to "™*10* (Supplemental Figure S3). This decrease
is likely related to the lower number of mobile protons.
Overall, 17, 45, 81, and 59 fragment ions unique to the PTR
condition were observed for "T*19%, FTR15+ PTR1g* apnd PTRG*
respectively.

The aforementioned experimental approach was also applied
with ETD* (Supplemental Figure S4A). ETD spectra were
searched for a® y’, ¢ and z° fragments*’ (Zubarev
nomenclature), with b-type fragments additionally considered
in EThcD mass spectra. We expected that PTR-induced
structural rearrangements would alter the ETD fragmentation
pattern, producing differences in which ¢’ and z* backbone
cleavages were observed. As shown in Supplemental Figure
S4A, higher charge PTR-generated precursor ions, PIR19*%, and
PIR15*  yielded 20 and 18 new unique fragment ions,

PTR8+
)

respectively. PTR charge reduction to lower charge states
coupled with supplemental activation following ETD (EThcD)
provided higher numbers of unique fragment ions; 47 and 79
new fragment ions observed for PIR10* and PTRg* charge states,
respectively. Although fragmentation of "™®8" produced 79
unique fragment ions, only 12 and 19 were assigned as ¢’- and
2*-types. While the goal of supplemental activation'” is to
liberate nondissociated ETD (ETnoD) products, many new b-
and y-type ions also arise as byproducts (Supplemental Figure
S4B). Electron-based fragmentation has been used to provide
relevant structural information,*'~* however, ETD/EThcD
provided only limited additional structural information in this
context. Here, the preferred cleavage sites we observed align
with published studies,*>*”** including abundant cleavages at
Arg, Phe, Asn, or Gly residues, as well as collisional cleavages
from the C-terminal side of aspartic acid when supg)lemental
activation is applied (Supplemental Figure S4B).*>*
Resonant CID was also used to determine how PTR-
induced charge reduction influences fragmentation under slow-
heating conditions. As shown in Supplemental Figure SSA, the
number of unique assigned fragment ions increases relative to
their no-PTR couterparts at the PTR) 5+ charge state (14, 33,
and 20 for "*19%, PTR15* and PTR10", respectively) (see Venn
diagrams in Supplemental Figure SSA; Figure 1A). Unlike
HCD, which generated more unique fragments, CID of "'"8*
yielded only 16 unique fragment ions—failing to produce any
additional fragment assignments over native-like 8+. Again, this
observation may be explained by the decreased number of
mobile protons, which limits the observable fragmentation
sites. Resonant CID is a slow-heating process that takes place

https://doi.org/10.1021/acs.analchem.6c04013
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Figure 2. (A) Bar plots depict the number of assigned HCD fragment ions from apocalmodulin for different precursor ion charge states, generated
with and without PTR. The Venn diagrams below each bar plot show the number of fragment ions unique to each condition. (B) Heatmap of
apocalmodulin showing the log, fold change in fragment-ion abundance with and without PTR. The amino acid sequence is shown in the middle,
with protein secondary structure indicated above the heatmap. The small squares represent fragment ions observed at each interresidue cleavage
site: a/b-ions are displayed above the sequence; y-ions are displayed below the sequence. Each row corresponds to a precursor ion charge state. Red
squares indicate increased fragment ion abundance relative to no PTR, and blue squares indicate decreased fragment ion abundance relative to no
PTR. Fragment ions observed exclusively with or without PTR are outlined with red or blue dashed boxes respectively, as indicated by Venn

diagrams.

over milliseconds.””** This timescale could allow any gas-
phase rearrangement introduced by PTR to be partially or fully
undone prior to fragmentation,

49-51

fragmentation patterns similar to the same charge state
counterpart generated directly from ESI. We also tested a

which then produces shorter resonant CID activation time (1 ms) to evaluate

29303 https://doi.org/10.1021/acs.analchem.6c04013
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whether minimizing slow heating would better preserve PTR-
induced structural ion conformations; however, these results
were similar to the standard 10 ms activation (Supplemental
Figure SSB).

The number of assigned fragment ions is informative;
however, it does not capture changes in fragment-ion
abundance. To better assess and visualize these differences,
we quantified all assigned fragment ions and generated
heatmap. The detailed HCD heatmap for apomyoglobin is
shown in Figure 1B. The heatmap depicts the protein sequence
and it's secondary structure, with colored tiles positioned
above/below the sequence to indicate specific fragment-ion
observations at the quantitative level. N-terminal ions (a- and
b-ions combined) are displayed above the sequence, and y-ions
are shown below the sequence. Each row corresponds to
log,FC difference in fragment ion abundance between PTR
and the same non reduced, ESI-generated precursor. Similar to
heatmaps used to visualize HDX data, red squares indicate
fragment ions that increased in abundance with PTR, whereas
blue squares indicate decreased abundance or fragment ions
that were no longer observed. Unique fragment ions as
represented by Venn diagrams are outlined in the heatmap as
tiles with red or blue dashed borders.

PTR produced several notable changes in fragmentation
pattern across the protein (Figure 1B). Within helix A, small b-
ions were generated to a lesser extent following PTR, whereas
a new series of large y-ions (S3-A22; y,3,—ys, region I
highlighted in a green box) appeared predominantly in "™*19*
and "™15* spectra. The small b fragments complementary to
these larger y-ions were often not detected, or showed low
abundance, likely reflecting PTR-induced changes in mobile
proton distribution. Upon further charge reduction, the
number of newly generated fragment ions decreased, and
these larger y-ions were no longer detected in the *"*8* charge
state.

Additional changes were observed in the intervening loop
and helix D (region II). Although fewer b- or y-ions are
observed in the "TR19* state, a distinct set of new y-ions
spanning residues H48—AS3 (y10;—y10¢; region 1I) emerged,
accompanied by increased b ion abundance across E41-D60.
These trends indicate that PTR-induced rearrangement alters
the susceptibility of helix D to fragmentation. The most
pronounced changes occurred in helix E and the N-terminal
region of helix F (L61—K87, region III), where a consistent
series of unique fragment ions appeared across the reduced
charge states. Apparently, this region was especially exposed
following PTR. A representative example (fragment ion b,;) is
illustrated in Supplemental Figure S6.

Proline’s structural rigidity can influence local fragmentation
behavior because its cyclic side chain restricts backbone
flexibility. Although proline residues can exist in either cis- or
trans- peptide-bond conformations, gas-phase cis-/trans-
isomerization is unlikely under typical MS conditions and is
easily converted by ion activation.’”*® Therefore, the
fragmentation differences observed here are more plausibly
attributed to PTR-induced structural rearrangements rather
than bond isomerization. This effect is apparent at residue P88
in helix F (region IV, yellow box in Figure 1B). The yq4 ion,
generated by cleavage N-terminal to P88, is less abundant in
the "™19% spectrum but becomes more prominent with
further charge reduction. Interestingly, a similar pattern is
observed at P120, but not at P100. These site-specific
differences suggest that PTR-driven changes in charge

distribution and local structure can modulate how proline
residues influence backbone accessibility and the resulting
fragmentation pattern.

A distinct fragmentation behavior was also observed for
helices G and H at the C-terminus, both of which are
predominantly covered by lower molecular weight (MW) -
ions. In helix G (region V), these y-ions were decreased in
abundance in the "™819* and "™®15* states compared to the no
PTR controls. However, this trend reversed with more
extensive charge reduction, in the PTR]0* state, new b-fragment
ions from helix G were detected. This observation indicates
that, with PTR, the accessibility of this region is altered. When
PTRS* was compared to the native-like 8* charge state, the
fragmentation pattern differed markedly, suggesting that
extensive charge reduction produces a structure (or structures)
that are not equivalent to the electrospray-generated native-like
conformation. In contrast, the intervening loop and the C-
terminal helix H (region VI) produced fewer y-fragment ions
after PTR, suggesting this region becomes less accessible to
fragmentation. These observations are consistent with those
from the Brodbelt group,37 which also reported a rich cluster of
small b- and y- ions at the termini, but overall decreased
fragmentation at low charge states.

The Konermann group employed molecular dynamics
(MD) simulations to investigate the gas-phase structure of
unfolded and Coulombically stretched ubiquitin gaseous
ions,”® and reported that the driving force in gas-phase
structural rearrangement is the electrostatic interaction of
charged amino acid side-chains, specifically D, E, K, and R
residues. Thus, we selected apocalmodulin (18 kDa) and
histone H1 (22 kDa) for further study because they contain
high numbers of these residues. These two proteins provide
useful test cases for assessing how amino acid residue
composition influences gas-phase behavior following PTR.

Apocalmodulin

Calmodulin is an acidic protein (estimated pl 4.31) and
contains 17 X D, 21 X E, 8 X K, and 7 X R residues. Here, the
[M + 23H]*" precursor ion of apocalmodulin was isolated and
then stepwise reduced to "™®18%, PTR15*, PTR10* and PTRg*
charge states, followed by HCD fragmentation (Supplemental
Figure S7). The PT"8* HCD MS/MS spectrum was compared
with the HCD spectrum obtained from native-like [M + 8H]%*
apocalmodulin precursor ions generated by electrospray from
an ammonjum acetate solution. As shown in Figure 2A, the
total number of fragment ions matched to the sequence
increased with progressive charge reduction from "T*18* to
PTR10* (80, 82, and 153 total fragment ions for PTRyg+ PTR]g*
and "™10%, respectively; see Venn diagrams in Figure 2A).
However, the overall fragment count masks substantial changes
in fragmentation behavior. Many fragment ions observed for
the corresponding no-PTR precursor ions were absent after
PTR (55 and 76 ions for "T™®18" and "™15*, respectively),
while new fragment ions appeared. Manual inspection showed
that small N-terminal b-ions were frequently reduced in
abundance or absent after PTR, indicating substantial
redistribution of fragmentation pathways. Consequently,
similar fragment-ion counts can still correspond to substan-
tially different fragmentation patterns. Although the differences
between "T18* and "T*15" are relatively modest, substantially
larger changes are observed for "™®10*. This trend may reflect
the changing balance between proton mobility and charge
localization as charge is progressively reduced. At higher charge
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Figure 3. (A) Bar plots show the number of assigned HCD fragment ions from histone H1 for different precursor ion charge states, generated with
and without PTR. The Venn diagrams below each bar plot indicate the number of fragment ions unique to each condition. (B) Heatmap of histone
H1 showing the log, fold change in fragment-ion abundance with and without PTR. The amino acid sequence is shown in the middle, with the
protein secondary structure indicated above the heatmap (dashed lines denote regions lacking known defined structure). The squares represent
fragment jons observed at each interresidue cleavage site: a/b-fragment ions are displayed above the sequence; y-ions are displayed below the
sequence. Each row corresponds to a precursor ion charge state. Red indicates increased fragment ion abundance relative to no PTR. Blue indicates
decreased fragment ion abundance relative to noPTR. Fragment ions observed exclusively with or without PTR are outlined with red or blue
dashed borders, respectively, as indicated by Venn diagrams.
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states, extensive proton mobility can mask subtle differences in
fragmentation behavior, whereas at lower charge states
fragmentation becomes increasingly sensitive to differences in
charge distribution and regional accessibility within the
protein.

The comparison of T8, with its native-like counterpart did
not show a substantial increase in fragment ion assignments,
which can be explained by a lack of mobile protons at this
charge state (Supplemental Figure S8). Despite their similar
fragment-ion yields, different fragmentation behavior, specifi-
cally cleavages C-terminal to aspartic acids, and substantial
quantitative differences indicate altered gas-phase structures.

In the case of apocalmodulin, the fragmentation behavior
was markedly different from that observed for apomyoglobin
(Figure 2B). The N-terminal loop, helix A, the intervening
loop, and helix B exhibited substantial rearrangement with
PTR (H4-G60, region I). Specifically, most small b-ions
disappeared from the spectra following PTR. This loss is also
reflected in the Venn diagrams in Figure 2A, which show fewer
assigned fragment ions for the *"*18" and "™®15" states. Upon
further charge reduction to """10" and "™"8", some of these
small b-ions reappeared, though at lower abundance than in
the no PTR controls. This effect gradually diminishes along
helix B and into helix C. The most substantial alterations in
fragmentation behavior occurred in helix C and the intervening
loop preceding helix D (region II), where numerous newly
generated fragment ions were observed across all reduced
charge states, along with significantly increased fragment-ion
abundance. Although the native-like apocalmodulin also
generated fragment ions in this region, PTR clearly induces a
distinct structural ensemble with an even greater susceptibility
to backbone cleavage. Additional changes were observed in the
C-terminal loop near helix H (region III). Here, lower-MW y-
ions decreased after PTR and several unique b-ions appeared
in the PT*18" state. These b-ions were observed only at this
intermediate charge state and were no longer detected upon
further charge reduction, consistent with extensive charge
reduction and limited availability of mobile protons in this
region.

The opportunity for apocalmodulin to undergo structural
rearrangement during PTR may be constrained by the large
number of acidic residues and the extensive network of
potential salt bridges within the sequence. These interactions
can stabilize certain gas-phase conformers and limit the
accessibility of backbone sites to fragmentation. This structural
rigidity may explain why few new fragment ions are generated
in the region spanning helices D-F. Although some fragment
ions from these regions were detected, suggesting that
persistent intramolecular interactions restrict fragmentation
in this part of the protein.

Reducing apocalmodulin to the charge state gave rise
to several new fragment ions within region IV. Notably, three
unique backbone cleavage sites at residues F88, L89, and T90
were observed, supported by the corresponding fragment ions
bso, ¥70» ¥sor and yg; (region IV, Figure 2B). These ions were
absent in the spectrum of native-like apocalmodulin, indicating
that extensive charge reduction exposes regions of the
sequence that are otherwise protected from fragmentation.
Despite the appearance of these new cleavage sites, relatively
few fragment ions were generated in the °'"8' state
(Supplemental Figure S8), consistent with the mobile-proton
constraints.”>”*

PTR8+

During the PTR process, mobile protons are more likely to
undergo reaction than those localized to basic residues. In
contrast, localized protons can stabilize the conformation by
forming salt bridges (H*/K*/R" with D™/E~) and zwitterionic
contacts, thereby decreasing their likelihood of participating in
proton transfer. Even though the "T88" state should retain one
mobile proton (8 protons on a molecule bearing 7 arginine
residues), fragmentation remains strongly biased toward
cleavages C-terminal to aspartic and glutamic acid residues, a
well-established observation for low-charge precursor ions
under mobile-proton-limited conditions.”® Similar fragmenta-
tion has been reported for the "™8* state of apocalmodulin by
the Brodbelt grougp,g’7 for low charge states of ubiquitin by the
McLuckey group,”* Furthermore, fixing the charge by covalent
probes on basic residues resulted in enhanced protein
fragmentation c-terminal to aspartic/glutamic acids.”® Figure
2B highlights several prominent examples at D113, D115,
D138, D142, D150, D152, and D154 that showed abundant,
PTR-only induced cleavages on their C-terminal side in low
charge states (regions V).

Histone H1

Histone H1 (~22 kDa) is a basic, lysine-rich protein
containing 4 X D, 5 X E, 56 X K, and 6 X R residues,
(estimated pI ~11.33). This protein functions as part of the
nucleosome complex.

Here, histone H1 was evaluated similarly across a series of
five targeted ion charge states starting from the [M + 38H]***
precursor: "TR32%, PTRygr PTRy0*  PTRy4*  and PTR1Q*
(Supplemental Figure S9). The F™®10" charge state was
compared to the same charge state generated from native-like
conditions. As illustrated in Figure 3A, HCD of charge-reduced
precursor ions produced a consistent increase in the number of
newly observed fragments as the extent of charge reduction
increased from P™*32* to PTR14% (17, 29, 37, and 74 for PTR32%,
PTRy6* PTR20*, PTR14*) respectively). The highest fragment ion
yields were obtained for "™820" and "™14*, with total 142
assigned fragment ions, respectively. Of these, 37 and 74 were
uniquely generated after PTR. Similar to apomyoglobin and
apocalmodulin, the lowest charge state, PTR10*, exhibited
reduced fragment ion yield, consistent with the limited
availability of mobile protons and increased gas-phase
compaction at low charge states (Supplemental Figure S10).
Although only a small number of additional fragment ions were
generated from the ""®10* charge state of histone H1 (19 new
fragment ions), they are predominantly located at the C-
terminal region, confirming distinct fragmentation behavior
compared to histone H1 sprayed from native-like conditions.

Figure 3B displays the heatmap for histone HI. Protein
topology denoted with a dashed line in Figure 3B reflects
unknown secondary structure,” indicating that histone H1
possesses extensive disordered domains. The N-terminal
region of histone H1, including its His,-tag, showed a decrease
in abundance of smaller b-ions with PTR (region I). This
behavior is similar to that observed in the apocalmodulin Hisg-
tag region. Two notable cleavages N-terminal to H3 and P15
were uniquely observed in the "™*26* and PT820" states as ;o5
and y,g, respectively (region II). Another region of interest
spans helix A (D30—A41, region IIT). At higher charge states,
smaller b-ions show modest changes, but several unique b-ions
were observed in "™*14*, Additionally, a series of high-MW y-
ions in helix A, V39-A44 (y,5,—y14,, region IV), was generated
at slightly higher abundance in "™832* compared to the [M +
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Figure 4. Heatmap based quantitative changes superimposed onto respective models for both b- and y-ions separately, and for apomyoglobin (PDB
entry: IWLA), apocalmodulin (PDB entry: 1DMO/4), and histone H1 (PDB entry: 7K5X). The models were constructed based on the heatmaps

displayed in Figures 1B, 2B and 3B.

32H]*** precursor generated without PTR, and showed a
marked increase in abundance in the P™26" state. One
representative ion from this region, y;5o, is shown in
Supplemental Figure S11. Upon fragmentation of the [M +
32H]*** precursor without PTR, the y,55™>*, y150>*" and y;50>*
-ions were observed and, with PTR, the y,5,>>'- through y,,"*-
ions fragment ions were detected. For the [M + 26H]**
precursor, y;so appeared only with PTR, in the 19%-21" charge
states. This fragment was not detected for the 20, 147, or 10"
precursor ion charge states.

Additional newly generated b-ions were detected at the end
of helix B and in the intervening loop preceding helix C (H63-
E68, region V), as well as in the f3-sheet region following helix
C (L87-K91, region VI). These fragment ions were
predominantly generated from lower charge states, consistent
with structural rearrangement. The most dramatic increase in
unique fragment ions was observed in the region spanning
D105—P140 (region VII). This region lacks defined secondary
structure and contains 4 proline and 14 lysine residues.
Notably, as additional protons were stripped during PTR, an
increase in unique b- and y-ions arose from this region,
suggesting this behavior may reflect conformational changes
around proline residues—-—a common feature associated with
turns and flexible motifs in native protein folds.

The C-terminal region of histone H1 contains a high density
of proline residues. The fragmentation trend of corresponding
y-ions is similar to those seen for proline residues in
apomyoglobin. The most substantial changes occurred in the
T141—P160 segment (region VIII), with a strong preference
for y-ions generated from this region after PTR. The adjacent
region spanning K161—K180 (region IX) also displayed clear

evidence of structural rearrangement, initially with lower ion
abundance with PTR, but the trend is reversed with the
progressive PTR, specifically in the ""™®14% and "TR10*
precursor ions. Lastly, the C-terminal region (K181—K200,
region X), dominated by small y-ions (y;—y,), showed a
decrease in y-ion abundance, which may indicate reduced
susceptibility of this region to HCD fragmentation.

Interestingly, throughout this region, y-ions bearing N-
terminal proline residues (denoted in yellow boxes) were
generated to varying extents after PTR. This behavior is
particularly intriguing because cleavage N-terminal to proline is
generally disfavored in low-charge ions where limited proton
mobility restricts the activation of proline-adjacent backbone
sites.”*° This behavior may reflect PTR-induced changes in
proton relocalization and local backbone conformation around
proline residues, which can increase the susceptibility of N-
terminal to proline cleavages under HCD conditions.

The fragmentation patterns described throughout this work
reflect structural protein ion changes that result from gas-phase
ion—ion reactions. We have mapped these changes upon the
respective PDB X-ray crystal structures for each of the proteins
in this study to provide a visual representation of these
underlying changes (Figure 4).

The influence of charge on gas-phase ion conformation has
also been explored previously, most notably through ion-
mobility (IM) experiments. lon mobility spectrometry
provides an exceptional analytical tool which can directly
correlate collision cross sections (CCS, A?) with charge
states.””*® An early ion mobility study from Shelimov and
coworkers® on charge-reduced apomyoglobin shows that
higher charge states (11*—22*) possess mostly linear-like
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conformations. Proton stripping into 8" resulted in two distinct
compact conformers, with one being preferred one. The
bimodal distribution can be explained by broadband electro-
spray-generated reduction; however, this result further
confirms that PTR-based ions do possess different conforma-
tions. One of the earliest studies also examined cytochrome ¢
following charge reduction in a 3D-IT—IM-time-of-flight
(TOF) instrument,’” and showed that charge-reduced ions
adopt CCS comparable to those observed when the protein is
electrosprayed under native-like conditions, though the charge
reduced ions were slightly larger and populated two distinct
conformers. When individual charge states were compared,
CCS values decreased progressively down to the 5* charge
state and then increased slightly for lower charge states,”’
suggesting a transition point at which the loss of Coulomb
repulsion permits substantial gas-phase compaction. These
results correlate with the earlier work from Shelimov and
coworkers on cytochrome ¢.°" A similar trend was reported for
ubiquitin,62 although the differences were less pronounced,
presumably due to the absence of structural constraints such as
the covalently bound heme group present in cytochrome c.
Additional IM studies have identified structural differences
between ubiquitin ions with and without charge reduction,
although some measurements report minimal CCS changes
depending on instrumental conditions.”**” More pronounced
CCS changes have been documented for larger proteins, such
as serum albumin,* indicating that the magnitude of charge-
reduction-induced compaction is protein-dependent. Recent
work from the Konermann group”® using MD simulations has
shown that reduced Coulomb repulsion can drive extensive
rearrangements that yield compact structures with CCS values
similar to native-like ions while adopting markedly different
topologies. Because these rearrangements are driven by
localized electrostatic interactions, the overall size of reduced
ions is expected to approximate native-like dimensions, while
the extent and location of structural reorganization remain
sequence-dependent, particularly in proteins capable of
forming extensive networks of salt bridges. Nevertheless,
experiments that utilize chemical grobes influencing charge
localization or protein basicity””**™" result in altered
fragmentation patterns.

B CONCLUSION

Proton-transfer reactions provide a powerful means of probing
gas-phase protein structure by altering charge distribution and
enabling systematic comparison of precursor ions generated
directly by electrospray with those produced through
controlled charge reduction. Across three model proteins—
—apomyoglobin, apocalmodulin, and histone Hl—we
observed that stepwise charge reduction induces gas-phase
rearrangement, resulting in regions with increased or decreased
susceptibility to backbone cleavage. Moderate charge reduction
generally improved sequence information, while extensive
charge reduction can decrease fragmentation efficiency
through loss of mobile protons and extensive gas-phase
collapse, but this effect is dependent upon protein sequence.

The rearrangement process during charge reduction is
stochastic and likely leads to a multitude of gas-phase
structures. These structures differ compared to their ESI-
generated noncharge reduced counterparts, including the ones
sprayed from a native-like environment. The latter effect was
specifically observed by studying apocalmodulin and histone
H1, for which prominent cleavages C-terminal to aspartic acid
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or N-terminal to proline were observed. Although these
preferred cleavage sites may decrease sequence coverage, the
rapid gas-phase rearrangement allows fragment ions to be
generated from specific protein conformers which are not
generated without PTR.

From a practical standpoint, through careful selection of
precursor ion charge and extent of charge reduction,
improvements and even targeting of regions of greatest
sequence coverage may be achieved. Controlled charge
reduction can be particularly valuable for targeted top-down
sequencing of proteoforms. Moreover, this approach may be
helpful in sequencing of specific protein regions to differentiate
multiple PTMs,***® especially in regions which are recalcitrant
to fragmentation under normal conditions.
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