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ABSTRACT: Spectra from tandem mass spectrometry (MS/MS)
of intact proteins are often highly complex, containing numerous
closely spaced peaks arising from fragment ions with similar m/z
values. This high level of spectral density continues to challenge
even state-of-the-art high-resolution mass spectrometers, partic-
ularly as protein size increases. Here, we show that this complexity
can produce a misleading spectral interference pattern when
dissociating proteins whose fragment ions exhibit a sufficiently
linear relationship between fragment mass and mass defect. In such
cases, isotopic m/z peaks from multiple fragment ions con-
structively overlap to produce a series of predominantly ~1 m/z-
spaced peaks, which we refer to as a “picket-fence” pattern. These
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peaks are easily misinterpreted as signals from much lower mass fragment ions (“peak at every mass” background) or distort
expected isotopic peak envelopes. More fundamentally, these picket fence peaks can be understood as the collective manifestation of
a high spectral density of signals arising from both sequence ions and the aggregate contribution of numerous individually low-
abundance internal fragment ions. Recognizing and accounting for this often-observed phenomenon is essential for accurate
fragment-ion assignment and interpretation of intact protein MS/MS spectra.

B INTRODUCTION

Analysis of intact proteins by tandem mass spectrometry (MS/
MS) is becoming an increasingly powerful approach for
proteoform identification and sequencing.'~* Although tradi-
tional peptide-based MS/MS analysis following proteolytic
digestion is both routine and robust, direct MS/MS analysis of
intact proteins offers several attractive advantages. Character-
ization of proteoforms without digestion into smaller peptides
allows determination of both intact mass and primary structure
rather than requiring inference back to an intact proteoform
based on only a peptide’s limited sequence. Avoiding this so-
called “protein inference problem” improves the ability to
distinguish various—often closely related—proteoforms from
one another.”® Additionally, bypassing lengthy digestion steps
has been shown to minimize the observation of artifact
modifications such as deamidation or oxidation that often result
from extensive sample handling.” Despite these advantages,
obtaining primary structure information directly from large,
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intact proteins by MS/MS presents a substantial challenge, in
part, due to the significantly increased spectral complexity.®
Compared to MS/MS spectra of peptides, intact protein MS/
MS spectra contain far more unique fragment species (unique
structures and molecular formulas). The number of possible
fragment species increases sharply with protein size: the number
of possible N- and C-terminal sequence fragment ion species
increases linearly with the number of residues, while the number
of possible internal fragment ion species (excluding single-
residue fragments) scales quadratically. Each fragment can
exhibit different isotopic compositions and be ionized to
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different charge states, each of which results in a unique mass-to-
charge ratio (m/z).*

As a result, high resolution MS/MS spectra of intact proteins
contain vastly more peaks than peptide spectra. Because charge
is generally distributed relatively evenly along the backbone of a
protonated, denatured protein, cleavage at most positions
produces fragment ions that retain similar m/z values as the
precursor ion.””"" For example, a fragment containing roughly
half the backbone (and therefore about half the precursor mass)
will often retain about half the precursor charges. This rough
proportionality means that many of the first-generation product
ions appear relatively close to the precursor m/z rather than
being dispersed widely across the spectrum. The result is an
exceptionally dense region of overlapping isotopic m/z peak
distributions near the precursor m/z, making m/z and charge
state assignment highly challenging. Overall, this fragmentation
behavior causes fragment ion isotopic peak envelopes in MS/
MS spectra of intact proteins to overlap far more frequently than
is observed in peptide dissociation spectra—even when using
high-resolution instrumentation.

Mann and others have noted that the possible intact masses of
tryptic peptides are not uniformly distributed.”"* Although
proteins exhibit a staggering degree of sequence diversity, the
underlying chemical similarity among amino acids constrains
the stoichiometry of their elemental composition. As a result, the
fractional portions of peptide monoisotopic masses are not
uniformly distributed. Within any 1 Da interval, peptide exact
monoisotopic masses occupy a restricted range of possible
values, making masses outside that range essentially impossible
(or incredibly unlikely)."'>"?

This observation is equally applicable to fragment ions
produced during dissociation of intact proteins. The fractional
portions of the exact masses of protein fragment ions are
similarly nonuniformly distributed, falling into restricted ranges
of “allowed” fractional masses within any 1 Da interval, even for
fragments of many kilodaltons. Thus, they have a higher
tendency to occupy indistinguishably similar masses compared
to a scenario where they were uniformly distributed. This mass
restriction does not significantly complicate peptide MS/MS
spectra due to the relatively small number of fragment ion
species produced. However, in intact protein MS/MS spectra,
signals from a much higher number of fragment ion species may
be present in a relatively restricted portion of the m/z range such
that numerous isotopic m/z peak envelopes overlap, frequently
causing individual m/z peaks from multiple different fragment
ion species to appear at the same m/z.

In this work, we demonstrate that, under these conditions,
signals from highly charged fragment ion species can
constructively reinforce at regular m/z intervals, producing a
distinctive series of ~1 m/z-spaced “picket fence” peaks. This
series mimics the appearance of a series of m/z peaks from singly
charged ion species, even though it originates from the
superposition of multiple isotopic m/z peak envelopes. We
also show that the likelihood of observing this phenomenon
depends on the degree of proportionality between fragment
mass defects and fragment nominal mass. These artifactual peak
series significantly complicate spectral interpretation, distort
isotopic envelopes beyond their expected intensity profile, and
mislead automated algorithms for m/z peak assignment.

B EXPERIMENTAL PROCEDURES

SILu Lite Antibody Preparation and Analysis

Samples of IdeS-digested SILu Lite monoclonal antibody (Millipor-
eSigma) were obtained from the Consortium for Top-Down
Proteomics as part of their monoclonal antibody pilot study.'* The
antibody subunits were received frozen at a concentration of 1 pig/uL in
a PBS buffer acidified with 0.05% trifluoroacetic acid. Prior to analysis,
samples were reduced with 20 mM TCEP at 50 °C for 15 min, and ~1
pmol was directly loaded onto a 10 cm PLRP-S (3 um, 300 A, Agilent
Technologies) analytical column with the column heated to 42 °C. The
proteins were separated online with a gradient of 30—42—100% Solvent
B over 5—45—50 min (Solvent A: 0.3% formic acid in water; Solvent B:
0.3% formic acid in 72% acetonitrile, 18% isopropanol, and 9.7% water)
and, after elution, were directly ionized into the inlet of the mass
spectrometer at ~60 nL/min.

Antibody subunits were analyzed with either a Thermo Scientific
Orbitrap Fusion Tribrid or an in-house modified Orbitrap Elite."
Fragmentation was performed by high-energy collision dissociation
(HCD) on the Orbitrap Fusion using stepped HCD collision energies
of 21, 24, and 27% with an MS” automatic gain control (AGC) target of
1 X 10° precursor charges. Separately, the subunits were fragmented
and charge-reduced by sequential electron transfer dissociation (ETD)
and proton transfer charge reduction (PTCR) on the Orbitrap Elite.”'®
For the ETD/PTCR experiments, 5 fragment ion fills of the C-trap were
performed per transient signal acquisition with AGC targets of 1 X 10°
precursor charges per fill and reagent targets of 7 X 10* and 3 X 10° for
fluoranthene and perfluoromethyldecalin, respectively.'> Additionally,
a broadband-waveform auxiliary potential was applied between one pair
of opposing rod electrodes of the linear ion trap during PTCR to
perform parallel ion parking (PIP), arresting charge reduction once ions
reached m/z 2500 to 3000 (the m/z range kinetically activated by the
auxiliary potential), thereby concentrating signal in this region of the
resulting spectra.'’

To specifically evaluate whether the interference pattern could be
dispersed by charge reduction, a separate experiment was performed on
the SILu Lite Fd’ subunit using the Orbitrap Elite. The 17* charge state
precursor (m/z 1402) ions were first isolated in the linear ion trap and
fragmented by (trap-type) resonant collision induced dissociation
(CID) at 35% normalized collision energy. Fragment ions with m/z
1450 to 1500, corresponding to the most complex region of the MS?
spectrum, were isolated and subjected to 15 ms of PTCR using sulfur
hexafluoride radical anions. The PTCR reaction was performed with a
precursor target of 1 X 10° and a reagent target of 3 X 10° for the PTCR
reaction; the C-trap was filled with the products of 10 cycles of
precursor accumulation and product ion generation before injection
into the Orbitrap for m/z analysis.

Protein Standard Preparation and Analysis

Apomyoglobin samples were analyzed by direct infusion in 60% water,
40% acetonitrile, 0.1% acetic acid, or 50% water, 50% methanol, 0.1%
formic acid at a concentration of 1 M. Initial experiments were
performed on an ultraviolet photo dissociation (UVPD)- and PTCR-
enabled Orbitrap Fusion Lumos Tribrid mass spectrometer. The 20*
charge state of apomyoglobin was isolated and subjected to 15 ms of
UVPD using a 213 nm Crylas Nd:YAG ultraviolet laser. Fragment ions
from m/z 650 to 680 were subsequently isolated and subjected to 0.75,
1.25, 2.5, and 5 ms PTCR reaction periods using nitrogenated
fluoranthene (m/z 216). The intensities of picket fence peaks were
monitored as a function of PTCR reaction duration.

Apomyoglobin was also analyzed on an Orbitrap Fusion Tribrid
mass spectrometer. The 20" charge state of apomyoglobin (m/z 848)
was fragmented by 1.5 ms of ETD and analyzed in the Orbitrap at
60,000, 120,000, 240,000, and 500,000 resolving power (at m/z 200).
The intensities of picket fence peaks were monitored as a function of
transient length to evaluate the influence of resolving power on the
manifestation of picket fence m/z peak series in product ion spectra.
ETD reactions were performed with a precursor target of 1 X 10° and a
reagent target of 3 X 10°.
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Figure 1. HCD MS/MS spectrum of the 18" charge state of the SILu Lite Fd’ subunit. The inset shows an expanded view of the m/z 1400—1500
region, illustrating a ~1 m/z-spaced picket fence interference pattern that extends across the densely populated region of the spectrum (~m/z 1200—

1700).

Carbonic anhydrase II was analyzed on a Thermo Scientific Orbitrap
Eclipse Tribrid mass spectrometer modified with an infrared laser for
concurrent photoactivation during activated-ion electron transfer
dissociation (ai-ETD).** A selected precursor ion was isolated and
fragmented by ai-ETD with a 1.5 ms ETD reaction time. Product ions
were analyzed in the Orbitrap mass analyzer.

Bovine a-casein was desalted with 3 kDa molecular weight cutoff
Amicon spin filters and prepared for direct infusion in 50% water, 50%
methanol, 0.1% 1,5-diazobicyclo[4,3,0]non-5-ene”* at a concentration
of § uM. The sample was analyzed on a passively shielded 220 mm
wide-bore 9.4 T Fourier-transform ion cyclotron resonance (FT-ICR)
mass spectrometer equipped with a Tolmachev-style detection
cell”*™*" Electron detachment dissociation (EDD)**™*° was per-
formed on 29~ charge state precursor ions (m/z 813) of octuply
phosphorylated a-casein. A —21 V potential was applied to the cathode
for 300 ms, with the molybdenum grid biased to —17.6 V to regulate the
number of electrons delivered to the cell.>* After each irradiation event,
a 100 ms electron cleanup delay occurred before excitation and
detection of ions in the cell (3200 ms transient acquisitions, 8
megapoints). FT-ICR data were collected using Predator Acquisition
v4.3.3 and processed with Predator Analysis v6.1.27°” with various
apodization functions as described in Figure S7. Different portions of
the time-domain data were processed (i.e., time-frequency analysis)
with the Predator Analysis software to evaluate the temporal
dependence of picket fence m/z peaks.*

Mass Defect Calculations

Exact monoisotopic masses of predicted protein fragments were
calculated from the molecular formulas of each fragment by summing
the exact masses of the most abundant isotog)es of the constituent
elements (*C, 'H, N, 160, 32, and 31P).‘4 The corresponding
nominal masses for each fragment were calculated by summing the
integer masses of these same isotopes, consistent with the IUPAC
definition of nominal mass.*>”® Note that these calculations differ from
the floor-based definition sometimes used in peptide analyses, in which
nominal mass is defined as the integer part of the total monoisotopic
mass."> Subtracting the ITUPAC-style nominal mass value from the
monoisotopic mass yields the mass-defect quantity used in this study.
Under the floor-based convention, mass-defect values are constrained
to the interval between 0 and 1 Da and effectively reset at each nominal-
mass boundary. In contrast, the present formulation preserves the
cumulative contribution of atomic mass defects as fragment size
increases, producing a continuous quantity that can exceed 1 Da and
scales approximately linearly with fragment mass.”” Importantly, the
formulation used here preserves the monotonic dependence of
fragment mass defect on fragment nominal mass, which is essential

for modeling the proportionality trends underlying the interference
phenomenon described here. The distinction between the two
conventions is illustrated in Figure S1.

We define the quantity “fragment m/z defect” as the difference
between the fragment ion’s monoisotopic m/z value and the next lowest
integer m/z value. This transformation is used solely for visualization to
reveal geometric alignment and convergence in the m/z domain and
does not redefine nominal mass or mass defect quantities, which are
treated exclusively in the mass domain. Plotting these m/z defects for
the most abundant isotopic m/z value arising from each fragment ion
species highlights systematic alignments and convergence points that
give rise to the observed picket-fence interference pattern.

B RESULTS AND DISCUSSION

Observation of Unexplained ~1 m/z Peak Series

In 2017, while analyzing monoclonal antibody standards for the
second Consortium for Top-Down Proteomics pilot study,"*
students in the Hunt Laboratory at the University of Virginia
observed a continuous ~1 m/z-spaced peak series in MS/MS
spectra of a reduced ~25 kDa antibody subunit. In an Orbitrap
HCD MS? spectrum of the SILu Lite heavy chain Fd’ subunit,
the most complex region of the spectrum—spanning approx-
imately m/z 1200—1700—exhibited a series of regularly spaced
peaks at ~1 m/z intervals (Figure 1). Peak spacings of ~1 m/z
would typically be attributed to singly charged ion species;
however, this spectral region is expected to be dominated by
signal from high-mass, highly charged fragment ion species.
Comparable peak series were far less apparent, or absent, in MS/
MS spectra of the associated light chain and Fc/2 subunits.

In parallel, scientists at Thermo Fisher Scientific’s Life
Sciences Mass Spectrometry (LSMS) facility in San Jose,
California independently observed similar peak patterns with ~1
m/z spacing in UVPD spectra of intact glycoproteins acquired in
collaboration with the Pitteri Laboratory (Stanford University)
on instruments under development at LSMS. To investigate the
origin of these features, the UVA and LSMS teams jointly
engaged collaborators at the National High Magnetic Field
Laboratory (NHMFL, Tallahassee, FL) to acquire ultrahigh
resolving power MS/MS spectra using a 21 T FT-ICR
instrument, with the aim of resolving the overlapping m/z
peaks hypothesized to give rise to the picket fence pattern.
Notably, NHMFL scientists had independently observed similar
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Figure 2. ETD/PTCR MS/MS spectrum of the 34" charge state of the SILu Lite Fd’ subunit, acquired with PIP to arrest charge reduction once ions
reached m/z 2300—2800. The inset highlights the ~1 m/z-spaced interference pattern relocated to this region of the spectrum.
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peaks are marked with an asterisk and rapidly decrease in relative abundance with increasing PTCR reaction time.

~1 m/z-spaced peak series in MS/MS spectra of intact SILu Lite
heavy chain analyzed as part of the same antibody pilot study."*

These converging observations across multiple laboratories
and instruments motivated a collaborative effort to determine
the origin of this phenomenon and ultimately led to the
development of the constructive interference model presented
in this work.

Assessing the Origin of the ~1 m/z Peak Series via
Charge-State Analysis

To test whether the picket fence peak series observed in an ETD
MS? spectrum of the SILu Lite Fd’ subunit arose from truly
singly charged ion species, charge manipulation experiments
were performed. When these fragment ions were subjected to

PTCR and PIP, the ~1 m/z-spaced peak series from the original
congested region of the MS” spectrum disappeared, and a new
picket fence m/z peak series appeared in the ion parking window
between m/z 2300 and 2800 (Figure 2) of the resulting MS?
spectrum. This result demonstrates that the ~1 m/z-spaced
picket fence peak series originates from multiply charged ions
rather than singly charged species, which would be neutralized
and therefore not detected following a single PTCR reaction.
Additional experiments showed that, in the absence of PIP,
the picket fence m/z peak pattern rapidly diminished upon
charge reduction. In a UVPD MS/MS spectrum of the 20"
charge state of apomyoglobin, another protein found to exhibit
this behavior, a spectrally congested m/z region displayed a clear
picket fence peak series prior to charge reduction (Figure 3A).
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for visual clarity, illustrating the resulting reinforced peak pattern.

However, after 1.5 and 5 ms of PTCR, these peaks were
respectively reduced and eliminated in the corresponding MS?
spectra (Figure 3B and C). Under these PTCR reaction
conditions, ion—ion reaction rates scale approximately with the
square of the precursor charge state, such that singly charged
fragment ion populations would be expected to undergo
complete charge neutralization on time scales significantly
longer than 100 ms. The rapid depletion of these peaks within §
ms therefore indicates that the contributing fragment ion species
must carry substantially higher charge states, on the order of
~7+ or greater.

These observations are consistent with an interference
mechanism arising from the superposition of signals from
multiple fragment ion species with similar m/z values in
spectrally congested regions of the spectrum. As charge
reduction proceeds, these fragment ions are redistributed to
higher m/z values resulting in product ion spectra with fewer
overlapping isotopic m/z peak envelopes from a multiplicity of
fragment ion species and reducing the probability that they
contribute signal at the same m/z value. Conversely, when
PTCR is combined with PIP, charge-reduced fragment ions are
concentrated into a relatively narrow m/z window and the
picket-fence pattern re-emerges (Figure 2), consistent with the
idea that the phenomenon is governed by overlap among
multiply charged fragment-ion populations.

This behavior was reproduced in a similar experiment on a
subregion of the SILu Lite Fd’ product ion spectrum. In this

experiment, the 17" charge state precursor was fragmented by
ion trap-type resonant CID, producing a spectrally complex
product ion m/z region containing a clear picket fence peak
series in the MS® spectrum (Figure S2A). In a subsequent MS?
experiment, the product ions from m/z 1450 to 1500 were
isolated and subjected to PTCR (Figure S2B). Charge reduction
significantly reduced the abundance of picket fence peaks within
the isolation window and redistributed many highly charged
fragment ion species to higher m/z values outside of the original
isolation window. Many of these fragment ion species, which
were not discernible as discrete isotopic m/z peak envelopes in
the MS* spectrum, produced clearly resolved isotopic m/z peak
envelopes after charge reduction.

Dependence of the Picket Fence Pattern on Fragment
Mass-Defect Proportionality

To improve understanding of how fragment-ion m/z peaks can
superpose to form an ~1 m/z-spaced peak series, we begin with
a simple illustrative model that considers the full set of all
possible fragment masses up to that of the precursor. In this
construction, fragment ions are represented by their integer
neutral masses, and the proton mass is also treated as an exact
integer. This integer-mass representation corresponds to
describing each fragment species using the most abundant
isotope of each constituent element, such that the nominal mass
reflects the integer sum of the corresponding atomic mass
numbers (i.e., the total number of protons and neutrons).
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Under this assumption, the allowed fragment masses occupy a
discrete integer sequence, and the m/z positions associated with
fragments distributed across a given range of charge states form
perfectly uniform “m/z peak combs” with spacing 1/z (Da per
unit charge), such that for each charge state z, every zth peak falls
at an integer m/z value (Figure 4A). To visualize how these
combs relate to one another, their m/z periodicities can be
examined within a narrow m/z window (e.g., m/z 999.5—
1005S.5), revealing a shared integer-based comb (Figure 4B).
‘When these combs are overlaid, many peak positions coincide at
regular m/z intervals, producing a prominent 1 m/z pattern of
constructive reinforcement. Weaker secondary and tertiary
reinforcement patterns are also observed as fractional spacings
(e.g., 1/2 and 1/3 m/z), arising from constructive overlap
among periodic m/z peak series corresponding to charge states
that are integer multiples of 2 and 3.

Figure 4A shows the individual charge-state m/z peak combs,
with each comb plotted separately as a vertical line to illustrate
the charge-dependent spacing. Figure 4B shows these same
combs overlaid within a limited m/z window, revealing the
shared integer-based m/z grid and the resulting coincidence of
peak positions. In Figure 4C, these same superposed peak-comb
positions are rendered as small half-cosine peaks for visual
clarity. In this representation, the underlying “grid” corresponds
to the set of theoretical peak-comb positions, and the half-cosine
shapes are used solely to render those positions in a more
visually intuitive peak-like form. Although simplified, this
construction establishes both a mathematical and visual basis
for understanding the interference phenomenon that produces
picket fence m/z peak series.

Of course, real protein fragments do not have integer mass
values, nor do they correspond to single mass values. The masses
of the most abundant isotopes of hydrogen, nitrogen, oxygen,
and sulfur all differ slightly from their nominal integer values,
and the exact monoisotopic mass of a fragment depends on its
elemental composition. To evaluate how mass defects influence
the appearance of reinforced m/z peaks, we consider the
monoisotopic neutral mass, M, of fragment i, where the index i
labels a specific fragment with a defined elemental composition.
This mass can be expressed as

M, =N, + D, (1)

where N; is the nominal mass (Da), obtained by summing the
integer masses of the most abundant isotopes of each
constituent element, and D; is the corresponding monoisotopic
mass defect (Da).

In this formulation, the numerical value of N, serves as an
integer mass that places each fragment on an idealized nominal-
mass grid with 1 Da spacing. In this limited sense, N; plays a role
analogous to the atomic mass number—that is, a “molecular-
ized” mass number reflecting the total nucleon count under the
nominal-mass convention. Because proteins are composed of a
limited and chemically similar set of amino acids, their fragments
share broadly similar elemental compositions. Consequently,
the monoisotopic mass defects of protein fragments exhibit an
approximately proportional relationship with nominal masses,
consistent with the principles underlying the averagine model.**

Here, we approximate this proportionality for any sequence
fragment i using

D, ~ kN, ()

where kg, is a sequence-specific proportionality constant. We
obtain kg, by performing a least-squares fit of all calculated mass-

defect values, D;, against the corresponding nominal masses, N;,
for all expected terminal (N- and C-terminus-containing)
sequence fragments generated from an in silico dissociation of
the protein sequence. In this formulation, D; is not constrained
to values below 1Da and can exceed 1Da as fragment size
increases. The fitted slope kg summarizes the overall mass-
defect scaling behavior of the sequence and defines the
monoisotopic mass-defect trendline used throughout the
remainder of the analysis. For the results presented here, c-
and ze-type terminal sequence fragments were considered as an
illustrative example, although the observed mass-defect scaling
behavior is not specific to these fragment-ion series; large
internal fragments and alternative backbone cleavages (e.g., b-
and y-type ions) exhibit the same behavior because the
underlying proportionality arises from fragment elemental
composition rather than fragmentation mechanism.

Figure S illustrates mass-defect proportionality for three
representative proteins: apomyoglobin (~17 kDa) and the SILu
Lite Fd’ subunit (~25 kDa), both of which exhibit prominent
picket-fence patterns in their MS/MS spectra, and carbonic
anhydrase II (~29 kDa), which does not exhibit the
pronounced, extended picket-fence peak series observed for
apomyoglobin and the SILu Lite Fd’ subunit. Shown are plots of
monoisotopic mass defect versus nominal mass for ¢- and ze-
type terminal sequence fragments from each protein. Each
protein’s sequence yields a slightly different kg value, reflecting
differences in amino-acid composition and the corresponding
elemental stoichiometry. For apomyoglobin and the SILu Lite
Fd’ subunit, fragment masses fall tightly along their fitted mass-
defect trendlines, indicating strong proportional scaling with
nominal mass. In contrast, fragments of carbonic anhydrase II
scatter much more broadly around the fitted line, indicating
poorer mass-defect proportionality. Notably, this broader
dispersion reflects larger residuals about the mass-defect
trendline, consistent with the weaker reinforcement behavior
observed for carbonic anhydrase 1L

For individual sequence fragments, the degree of deviation
from this proportional trend can be modeled using a
corresponding residual term, &, such that the exact mono-
isotopic mass defect for fragment i can be written as

D, = kg, + ¢ (3)

The residual €; quantifies the deviation of each fragment’s
monoisotopic mass defect from the fitted mass-defect trendline
(eq 2), reflecting fragment-specific variation in elemental
stoichiometry not captured by the sequence-averaged propor-
tionality described by kg,. Fragments with compositions close to
the average of all sequence fragments exhibit small residuals,
whereas fragments enriched in elements with relatively higher or
lower mass defects per unit nominal mass exhibit correspond-
ingly larger positive or negative deviations from the fitted
trendline. For example, acidic amino acid residues are enriched
in oxygen, which contributes a lower mass defect per nominal
mass, leading to lower mass-defect values for fragments enriched
in these residues, whereas aliphatic residues are enriched in
hydrogen, which contributes a higher mass defect per nominal
mass and therefore leads to higher mass-defect values on the
same basis.

While the approximately linear relationship between nominal
mass and mass defect is consistent with the principles underlying
the averagine model and is expected for protein fragments in
general, the interference phenomenon described here is
governed by the sequence-dependent residuals about that
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Figure 5. Plots of monoisotopic mass defect versus nominal mass for c-
type (blue) and ze-type (red) fragment ions derived from (A)
apomyoglobin, (B) the SILuLite Fd’ subunit, and (C) carbonic
anhydrase II. Apomyoglobin and the SILu Lite Fd’ subunit show tight
linear trends, while carbonic anhydrase II exhibits broader scattering.
These differences illustrate how the degree of mass-defect proportion-
ality varies between protein sequences and underpins whether fragment
ions are likely to reinforce at common m/z positions in complex MS/
MS spectra.

trend. These residuals arise because amino acid composition is
not evenly distributed along a protein sequence, causing
individual fragment masses to deviate from the sequence-
averaged mass-defect relationship. Consequently, two proteins
may exhibit similar average mass-defect scaling while displaying
markedly different residual distributions and, therefore, different
propensities to generate reinforced m/z peak series. Averagine
captures the average slope of the mass-defect relationship but
does not predict the sequence-dependent residual structure that
ultimately governs fragment-ion alignment and reinforcement in
the m/z domain. Figure S3 shows these residuals plotted as a
function of fragment nominal mass for each of the three proteins
examined. These patterns reveal a clear correlation between the
magnitude of these residuals and the likelihood that a protein’s
fragment-ion spectrum exhibits a picket-fence peak series.
Residuals for carbonic anhydrase II (Figure S3A) are
comparatively large, consistent with the absence of the

pronounced, extended picket-fence peak series (Figure S4).
Conversely, apomyoglobin and the SILu Lite Fd’ subunit exhibit
much smaller residuals (Figure S3B and C), consistent with their
propensity to produce prominent, extended picket-fence peak
series.

Substituting the fitted mass-defect relationship (eq 3) into the
definition of monoisotopic mass (eq 1) expresses the exact
monoisotopic neutral mass, M, of fragment i in fitted form as

M; = N, + kgN, + & = (1 + kg)N, + ¢ (4)

Assuming ionization via protonation, the corresponding m/z
for fragment ion i with charge state z (signed) is given by

(1 + kﬁt)l\ri + & + Z[m/z]Proton

[m/z];, =
|zl
(1 + k) & |z
= Nttt e )

where the [1/z]p;ot0n (~1.00728 Da per elementary charge), is
the contribution of the proton charge carriers to the product
ion’s m/z.

Inspection of this expression reveals that the contribution of
the residual term, &, to a particular fragment ion’s exact
monoisotopic m/z becomes smaller as the charge state increases
(in inverse proportion to the magnitude of the charge state, Izl).
Thus, for sufficiently small residuals, the contribution of €; to the
m/z may become negligible for large fragment ions having
relatively high charge states.

Under these conditions, the exact monoisotopic m/z values of
fragment ions having a common charge state, z, will always be
close to a series of evenly spaced “comb” m/z values defined by
the expression

(1 + kg) z
7N -
Izl 1 U roton 6)

For each charge state, there is a one-to-one relationship
between each (integer-valued) nominal mass and the corre-
sponding comb m/z position, with spacing of the m/z peak
centers of (1 + kg,)/|zl Da/elementary charge. In the absence of
mass defect (kg = 0), this expression reduces to the comb of m/z
peaks described in the initial simplified model, with m/z spacing
of 1/lz Da/elementary charge but which is shifted by the proton
m/z term, with a positive sign for protonated fragment ions and a
negative sign for deprotonated fragment ions. Collectively, the
m/z combs corresponding to all charge states will align at
intervals of (1 + kg.) Da/elementary charge. Combs associated
with charge states that are integer multiples of 2 and 3 will also
align at fractional intervals of (1 + kg)/2 and (1 + kg)/3 Da/
elementary charge, respectively.

The extent to which the exact monoisotopic m/z of any
particular fragment species (denoted by index i) aligns with a
given comb position depends on the residual term g;/lzl.
Fragments with smaller residuals therefore exhibit m/z values
that lie closer to the corresponding comb positions. Accordingly,
proteins whose fragment monoisotopic masses collectively have
small residual terms produce fragment-ions with m/z values that
more closely follow the comb structure. The present model does
not predict that all proteins should exhibit equally strong picket-
fence behavior. The intensity and extent of reinforcement are
expected to vary continuously according to both spectral
congestion and the degree of mass-defect proportionality.
Consequently, proteins may exhibit reinforcement behavior of

[m/z]comb ~
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Figure 6. (A) Theoretical superposition of m/z peak combs for charge states 5* to 14" for the SILu Lite Fd’ subunit, with comb spacing scaled by (1 +
kg)/z. (B) corresponding experimental HCD MS/MS spectrum of the SILu Lite Fd’ subunit. In both panels, the primary (~1 m/z) and secondary
(~0.5 m/z) reinforced peak series are highlighted (red and purple, respectively) to facilitate comparison between the modeled and experimental picket

fence patterns.

varying intensity and extent depending on the distribution of
fragment-ion residual terms and the complexity of the fragment-
ion population. Spectral congestion is therefore necessary but
not sufficient for the appearance of prominent, extended picket-
fence peak series; strong mass-defect proportionality is also
required. Accordingly, the three proteins examined here should
be viewed as examples spanning a range of reinforcement
behavior rather than as an exhaustive survey of protein sequence
space.

Incorporating the corresponding kg, value into the peak-comb
model adjusts the spacing of the simulated monisotopic mass
combs for a given protein sequence. Figure 6A illustrates this
refinement for the SILu Lite Fd’ subunit: the period of the half-
cosine peak combs is adjusted such that the spacing of the m/z
peak centers scales as (1 + kg)/lzl. Note that this refinement
affects only the spacing of the modeled combs; it does not
depend on the exact monoisotopic masses M; of individual
fragments. With this adjustment, the model closely reproduces
the appearance of the most congested regions of the SILu Lite
Fd’ HCD MS? spectrum (Figure 6B). The experimental data
exhibit not only the primary ~1 m/z-spaced peak series, but also
the secondary series spaced by ~1/2 m/z as predicted by the
model. Strikingly, the predicted m/z values agree closely with
the experiment: in the m/z 1345—1360 region, the root-mean-
squared difference between the predicted and observed peak
positions is 0.0021 m/z (1.58 ppm), well within the expected m/
z assignment accuracy of the instrument.

While the peak-comb model captures the spacing of the
reinforced m/z peaks arising from monoisotopic fragment
masses, intact protein fragments appear in real spectra as full

isotopic distributions rather than single mass values. In principle,
isotopic variation could disrupt the reinforcement predicted by
the model. In practice, however, the positions of isotopic peaks
in the m/z domain are strongly constrained by two factors. First,
isotopic substitutions introduce only small additional neutral-
mass offsets relative to the nominal-mass comb for large protein
fragments, resulting in deviations on the order of a few tens of
mDa at most. Second, because intact protein fragments carry
substantial charge, these neutral-mass offsets are divided by the
charge state z in the m/z domain. As a result, the m/z spacing
among isotopic peak centroids is compressed to a degree that
makes these differences small relative to typical experimental
peak widths, allowing the isotopic peaks of a fragment to follow
essentially the same mass-defect trendline as the corresponding
monoisotopic mass. This behavior is illustrated in Figure S5,
which shows that even when isotopic fine structure becomes
resolved at very high simulated resolving powers, isotopologue
populations remain confined to a relatively narrow mass range
within the broader isotopic envelope.

Under these conditions, isotopic peak centroids from different
fragment ions can still align at predictable m/z positions and
reinforce one another, even though they do not have identical
neutral masses. This behavior is evident in Figure S6, which
shows that, for proteins that exhibit strong picket-fence patterns,
the centroids of the most abundant isotopic peaks from each
fragment ion converge tightly within a narrow band in m/z-
defect space, consistent with the underlying mass-defect
proportionality defined by the kg. In contrast, proteins with
poor mass-defect proportionality, such as carbonic anhydrase II,
show much broader dispersion of isotopic peak centroids and do
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Figure 7. ETD MS? spectra of the 21* charge state of apomyoglobin acquired at resolving powers of (A) 60,000, (B) 120,000, (C) 240,000, and (D)
500,000 (defined at m/z 200). The left panels show a representative spectral region in which peak intensities decrease with increasing resolving power.
The right panels show expanded views of the same spectra centered at m/z 926.5.

not display a picket-fence pattern. Thus, although isotopic
distributions introduce small deviations from the simplified
model, these deviations are sufficiently small such that the
overall reinforcement behavior remains governed by the mass-
defect scaling behavior of the underlying sequence. A more
detailed discussion of the isotopic considerations is provided in
the Supporting Information.

In recent years, there has been increased discussion regarding
the utility of assigning internal fragments in intact protein MS/
MS spectra.””*” We propose that the primary manifestation of
internal fragments from dissociation methods that do not exhibit
preferential cleavage adjacent to specific amino acid residues
(e.g, ETD, ECD, UVPD, EDD, etc.) is the observation of picket
fence peak series. For such “democratic” dissociation methods,
the yield of any individual internal fragment ion species is
significantly lower compared to that of first-generation (single-
cleavage events) sequence fragment ion species; however, the
total number of unique internal product ion species is vastly
greater. For example, consider dissociation of apomyoglobin
(153 amino acid residues) in which only a single type of
backbone bond cleavage type (e.g, N—C,) is allowed. There are
304 possible unique terminal-containing sequence fragments
(e.g, c- and ze-type ions), whereas over 11,000 internal
fragments are possible. Only at the picket fence m/z values
does the superposition of signal from multiple internal fragment
species reach a scale comparable to that of first-generation
fragment ion species. In sufficiently complex spectral regions,
this behavior can result in the picket-fence peaks becoming the
dominant feature (Figure 1, inset) or, alternatively, distorting
isotopic envelopes of terminal fragment ion species (Figure S7).
Resolving Power, Transient Dynamics, and Peak
Reinforcement

With this baseline established, we next considered how
increased resolving power alters the appearance of reinforced
peak patterns without changing their underlying geometric
origin. ETD MS? spectra of the 20" charge state of
apomyoglobin were acquired over a range of Orbitrap

resolving-power settings (Figure 7). At a nominal resolving
power setting of 240,000 (defined at m/z 200), the picket-fence
pattern remains readily apparent, indicating that this level of
resolving power is insufficient to separate the overlapping
fragment-ion signals. Increasing the acquisition time to achieve a
resolving power of 500,000 results in a marked reduction in the
apparent intensity of the picket-fence m/z peaks and introduces
isotopic fine structure at the tops of individual peaks, consistent
with partial resolution of the underlying fragment-ion species.
Even at this elevated resolving power, however, the contributing
fragment ions remain sufficiently close in exact m/z that they
cannot be fully resolved under practical experimental conditions.
These results indicate that, while very high resolving power can
attenuate the picket-fence pattern in favorable cases, resolution
alone is insufficient to eliminate the effect in highly congested
regions of intact-protein MS/MS spectra.

In addition to partial spectral separation, reductions in the
apparent intensity of picket-fence peaks at higher resolving
power can arise from signal-processing effects intrinsic to
Fourier-transform mass spectrometry. In particular, the inter-
play between signal decay, the duration of the recorded
transient, and apodization influences how fragment-ion signals
are weighted over the course of the transient. Prior to Fourier
transformation, the digitized ion signal (free induction decay, or
FID transient) is typically apodized with symmetric window
functions to suppress frequency-domain sidelobe artifacts,
resulting in reduced weighting of signal contributions at the
beginning and end of the transient. As resolving power is
increased by extending the recorded transient duration, early
portions of the detected signal lie progressively farther from the
center of the window function and are therefore more strongly
attenuated.

This behavior reflects general signal-processing characteristics
of Fourier-transform mass spectrometry and can be observed
across different instrument platforms, ion polarities, and
activation methods. As a representative example, Figure S8
shows EDD MS/MS data acquired on a 9.4 T FT-ICR
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instrument, illustrating that the apparent intensity of picket-
fence peaks depends strongly on how early transient data are
weighted, with weakly apodizing or asymmetric window
functions producing more pronounced peak series. Time—
frequency analysis provides a more direct and mechanistically
revealing view of this effect. Figure S9 shows FT spectra at near-
identical resolution generated from successive subsections of the
same transient, analyzed without apodization. Early portions of
the transient produce pronounced picket-fence patterns,
whereas later portions produce a much more muted effect.
These observations indicate that the appearance of picket-fence
peaks reflects differences in how the signals from fragment-ion
populations are weighted over the course of the transient, while
the underlying alignment and spacing of contributing m/z values
remain unchanged. The stronger contribution of picket-fence
peaks in the early portions of the transient is also consistent with
their origin from large, highly charged fragment-ion populations.
Such ions would generally be expected to exhibit larger
collisional cross sections and therefore more rapid transient
signal decay than smaller fragment ions of similar m/z, causing
them to contribute a disproportionately lower amount to the
latter portions of the detected signal. Consequently, the
apparent intensity of the picket-fence pattern becomes
particularly sensitive to transient length and apodization,
which alter the relative weighting of early and late transient
contributions.

Taken together, these results demonstrate that increased
resolving power can reduce the apparent intensity of picket-
fence interference peaks through a combination of true spectral
resolution and mass-dependent transient signal weighting. In
cases where fragment-ion m/z values are strongly aligned and
spectral congestion is severe, however, resolution-based
approaches alone are insufficient to eliminate the picket-fence
pattern.

B CONCLUSIONS

Mass-defect-driven signal reinforcement represents an often
underappreciated but fundamental challenge in the tandem
mass spectrometric analysis of intact biomolecules. As
demonstrated here, the superposition of fragment-ion m/z
series can give rise to reinforced peak patterns whose spacing
and apparent structure resemble those expected for low-charge-
state isotopic envelopes, complicating fragment-ion assignment
during spectral interpretation. Importantly, the relative scarcity
of prior reports of such picket-fence peak series likely reflects
historical limitations in data quality and accessible mass range
rather than the absence of the phenomenon itself. Related
spectral features have been reported previously. For example,
Horn, Ge, and McLafferty described a “variable background of
small peaks at unit m/z spacing” in activated-ion ECD spectra of
ubiquitin, although the origins of these peaks were not
established at the time.”' The present results suggest that
similar features can arise through mass-defect-driven reinforce-
ment of highly congested fragment-ion populations.

As advances in instrumentation, sample preparation, and
fragmentation methods continue to push intact-protein MS/MS
toward higher molecular weights, these reinforcement effects are
expected to be encountered more frequently. Similar consid-
erations naturally extend to the mass-spectrometric analysis of
oligonucleotides, where a smaller and more uniform set of
chemical building blocks leads to more constrained mass-defect
behavior, increasing the likelihood of strong m/z reinforcement.

While extremely high resolving power can mitigate some
instances of signal reinforcement by partially separating
contributing peaks, increased resolution alone is not a general
solution. Such experiments typically require specialized and
costly instrumentation and may impose significant trade-offs in
acquisition speed, sensitivity, and throughput. Moreover, the
most severe reinforcement patterns arising from strong mass-
defect proportionality across large fragment populations are
unlikely to be eliminated solely through increased resolving
power.

These results highlight the need for alternative strategies that
address the structural origins of mass-defect-driven reinforce-
ment. Charge-state manipulation approaches, such as PTCR
alone”** and in combination with PIP,'”*® redistribute
fragment-ion populations in m/z space and have previously
been shown to reduce spectral congestion, thereby lessening
ambiguity in fragment-ion charge-state assignment and isotopic
envelope interpretation in MS/MS spectra. Such charge-
reduction approaches would also be expected to disrupt the
alignment conditions responsible for the formation of reinforced
m/z peak series and associated distortions of isotopic peak-
abundance profiles.

Charge-detection mass spectrometry (CDMS) represents
another potential strategy for addressing ambiguities associated
with highly congested fragment-ion populations because
individual ions are measured separately rather than as ensemble
signals.** Although this approach may reduce some forms of
spectral overlap, highly congested fragment-ion populations
containing large numbers of species with similar mass-to-charge
ratios and charge states may still present challenges. By contrast,
PTCR directly redistributes fragment-ion populations in m/z
space, reducing overlap among isotopic peak envelopes and
facilitating interpretation of dense top-down MS/MS spec-
tra.”*?

Equally critical is the development of spectral-interpretation
algorithms that explicitly account for mass-defect-driven
reinforcement so that reinforced peaks are not misinterpreted
as independent isotopic features. Incorporating sequence-
specific mass-defect scaling and residual behavior into data-
analysis workflows will be essential for robust fragment
assignment as top-down proteomics and nucleic-acid mass
spectrometry continue to expand toward larger and more
complex analytes.

More broadly, this work reframes reinforced peak patterns as a
predictable consequence of mass-defect proportionality in
highly charged fragment populations, rather than as anomalous
or instrument-specific artifacts. By establishing this behavior as a
general and intrinsic feature of intact-biomolecule fragmenta-
tion, these findings provide a conceptual foundation for
interpreting spectral congestion and anticipating the conditions
under which reinforcement will arise and influence fragment-ion
assignment. Recognizing this behavior therefore shifts re-
inforced peaks from a source of ambiguity to a diagnostically
meaningful indicator of mass-defect proportionality and frag-
ment-ion population structure in complex MS/MS spectra.
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