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ABSTRACT: Top-down characterization of histones, proteins
that are critical participants in an array of DNA-dependent
processes, offers the potential to examine the relationship between
histone structure and mechanisms of genetic regulation. Mapping
patterns of post-translational modifications (PTMs) of histones
requires extensive backbone cleavages to bracket the sites of mass
shifts corresponding to specific PTMs. Ultraviolet photodissocia-
tion (UVPD) causes substantial fragmentation of proteins, which is
well-suited for PTM localization, but the resulting spectra are
congested with fragment ions that may have overlapping isotopic

UVPD

distributions that confound deconvolution. Gas-phase proton

transfer charge reduction (PTCR) decreases the charge states of highly charged ions, thus alleviating this congestion and facilitating
the identification of additional sequence-determining and PTM:-localizing fragment ions. By integrating UVPD with PTCR for
histone proteoform analyses, sequence coverages up to 91% were achieved for calf thymus histone H4 containing acetylation marks
at the N-terminus and Lys12 as well as a dimethylation at Arg3. UVPD-PTCR exhibited large gains in characterization for other
histones, such as histone H2A, increasing the sequence coverage from 59 to 77% for monoacetylated H2A.

B INTRODUCTION

Analysis of intact proteins by top-down mass spectrometry
(TDMS) affords the opportunity to capture variations within
primary amino acid s.equences,l_4 chemical modifications,”™®
and aberrant protein truncations that contribute to the diverse
functions of various proteoforms.”'’ Unique functional
outcomes have been associated with the presence and absence
of individual or multiple post-translational modifications
(PTMs).'""? These structural additions modulate a protein’s
overall net charge, conformational state, and participation in
cellular crosstalk.'”'* The impact of PTMs is especially
marked in the canonical histone protein family—H2A, H2B,
H3, and H4, overseers of intricate epigenetic mechanisms. The
presence of multiple modifications (e.g, acetylation and
methylation) across many histone subunits establishes a
histone code that influences the recruitment of chromatin-
modifying enzymes that remodel the chromatin structure
ahead of transcriptional activation or repression.'”'® Aberrant
histone PTM patterns are hallmarks of many neurodegener-
ative diseases,'” forms of cardiac hypertrophy,"® and various
cancers,”” as misregulation of these PTMs disrupts proper
cellular activity.”’

Although high mass resolution and mass accuracy MS (e.g,,
Fourier transform mass spectrometry) allows accurate
determination of an intact proteoform’s molecular weight,
sources of chemical and genetic variation can be inferred but
not localized among the amino acid sequence, solely based on
an intact mass measurement. Tandem mass spectrometry
(MS/MS) is crucial for elucidating sequences and assigning
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the locations of PTMs—the chief goal of histone proteo-
*122 The ability to fully characterize a histoform (i.e.,
histone proteoform) requires MS/MS strategies that provide
extensive fragmentation of the protein backbone without the
disruption of labile PTMs. In the context of top-down analysis

mics.

of modified proteins, the most popular ion activation method,
collision-induced dissociation (CID), yields sparse fragmenta-
tion, and labile PTMs are often detached during the activation
process.”” Alternative electron-based activation methods, such
as electron capture dissociation (ECD) and electron-transfer
dissociation (ETD), produce extensive fragmentation of intact
proteins.””** The nonergodic nature of the radical-driven
dissociation process enhances the probability of backbone
cleavages throughout the protein while also successfully
mapping multiple modifications that exist in combination
with histone sequences.”*”>* Implementation of supplemental
activation, such as activated ion ETD,” and other hybrid
activation methods, such as electron-transfer/higher-energy
collisional dissociation (EThcD),*° have further extended the
performance metrics of electron-based activation methods.
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193 nm ultraviolet photodissociation (UVPD) has also
demonstrated exceptional performance for the characterization
of intact proteins and localization of PTMs.*' UVPD promotes
many types of backbone cleavages, resulting in informative
(and also dense) fragmentation patterns,”’ and has been used
successfully for the analysis of histones.””*” The first UVPD
study of intact histones compared the performance of 193 nm
UVPD to higher-energy collisional dissociation (HCD, a
beam-type CID method), finding that UVPD generated higher
levels of sequence coverage for 80% of the analyzed bovine
histoforms compared to HCD, with differences in sequence
coverage between the two methods ranging from $ to 65%.*
However, some histone proteoforms containing three to four
modifications were undercharacterized by UVPD (ie., C-
scores <40 in which C-score®® is a scoring metric developed to
report the information content of MS/MS spectra in the
context of characterization of proteoforms). This latter
observation was also consistent with findings from other top-
down studies of histones, including the largest core histone,
H3, which tends to retain the most complicated modification
state among the other histone family members.”**> One
prevalent factor noted upon UVPD of heavily modified
histones is inadequate deconvolution of the most congested
regions of the resulting MS/MS spectra, thus hampering
fragment ion assignment.

The ability to resolve spectral complexity and increase the
signal-to-noise (S/N) of fragment ions from large proteins
(>30 kDa) has caused a resurgence in the use of gas-phase ion-
ion reactions in recent years.”"~** The foundational framework
for capitalizing on ion—ion chemistry to reduce the charge
states of ions and disperse them over a broader region of the
m/z landscape was established using proton transfer reactions
(PTRs) in ion-trapping mass spectrometers over 25 years
ago.*** Since then, an array of other ion transformation
strategies have been developed, including charge inversion and
metal transfer reactions.*”*” More recently, proton transfer
charge reduction (PTCR) has been utilized to concentrate
precursor ions of proteins into select charge states prior to
activation or to enhance the ability to uncover fragment ions
obscured in congested regions of MS/MS mass spec-
tra.*>?7%*> PTCR has been employed for resolving co-eluting
proteoforms during large-scale LC-MS/MS analysis,”® inte-
grated into multiple instrument platforms (e.g, FTICR
instruments*' and Orbitrap platforms®®~***>*3%%4%) * 4pnqd
combined with UVPD for top-down protein analysis.*****’
In particular, following UVPD with PTCR alleviates the
spectral congestion that most notably occurs in the region
+100—250 m/z around the activated precursor ion, facilitating
the identification of additional key sequence-determining
fragment ions.** The UVPD-PTCR method afforded gains in
sequence coverage in the central regions of proteins, which are
typically difficult to characterize owing to the lack of assignable
fragment ions.

Unveiling obscured fragment ions with PTCR presents an
especially attractive method to better characterize modified
proteins like histones, as demonstrated in one recent study.’’
In that landmark investigation, ETD was combined with ion/
ion proton transfer (IIPT) reactions involving sulfur
hexafluoride and multiple C-trap fills before Orbitrap mass
analysis, resulting in substantially hi%her levels of signal-to-
noise (S/N) of the fragment ions.”” Using this approach,
sequence coverage values as high as 81% were obtained for
histone H4 containing five acetylations and one dimethylation
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upon successful decluttering of crowded ETD mass spectra.”’
To advance the powerful combination of UVPD and PTCR for
analyzing histones, the present study showcases the incorpo-
ration of UVPD-PTCR into an LC-MS workflow, boosting
proteoform characterization metrics and decongesting complex
MS/MS spectra for more confident characterization of histone
proteoforms.

B EXPERIMENTAL SECTION

Materials, Reagents, and Sample Preparation. Calf
thymus histone extract (catalog no. 10223565001) and LC-
MS-grade solvents were purchased from Sigma-Aldrich (St.
Louis, MO). PTCR reagent, perfluoroperhydrophenanthrene
(PEPP, m/z 624), was purchased from Oakwood Chemical
(Estill, SC).

Liquid Chromatography-Mass Spectrometry. All ex-
periments were performed on a Thermo Fisher Scientific
Orbitrap Fusion Lumos Tribrid mass spectrometer modified to
enable 193 nm UVPD using a 500 Hz ArF excimer laser
(Coherent Excistar XS).”* The front-end reagent ion source,
which allows the generation of ETD reagent ions, was also
modified to introduce perfluoroperhydrophenanthrene (PFPP)
for PTCR experiments, as described previously.”®”” Reversed-
phase liquid chromatography was conducted using a Dionex
UltiMate 3000 RSLCnano LC system (Thermo Fisher
Scientific, San Jose, CA). Examples of chromatographic traces
are presented in Figure S1. A single 1.5 m]J laser pulse was used
for UVPD. Parameters used for collection of MS' and MS/MS
spectra are provided in the Supporting Information. A subset
of the proteoforms identified in the untargeted runs was added
to an inclusion list for targeted activation and characterization
using UVPD-PTCR (Table S1).

Data Analysis. The spectra acquired from untargeted LC-
MS-UVPD runs were searched against the Bos taurus proteome
comprising ~3 X 10° total candidate proteoforms (UniProt
Proteome ID: UP000009136) using Proteome Discoverer
(PD) version 2.4.1.6. For the first data processing step, the
ProSight PD (PSPD) Comprehensive Discovery Proteomics
workflow was utilized. MS' and MS? spectra were deconvo-
luted using the high/high cRAWIer algorithm (using a 10 ppm
mass tolerance) and incorporated into annotated proteoform
and subsequent searches. For the consensus processing step,
the PSPD 1% FDR Consensus workflow was utilized. High-
priority PTMs as defined by PD were included in the database
searches, including acetylation, phosphorylation, formylation,
monomethylation, dimethylation, and trimethylation. The
search nodes utilized during each processing step are displayed
in Figure S2. Proteoforms activated during the targeted LC-MS
runs using HCD, EThcD, UVPD, and UVPD-PTCR were also
deconvoluted manually using the Xtract algorithm within
Thermo Fisher Scientific FreeStyle version 1.5. TDValidator,
which uses a protein’s sequence to generate theoretical isotopic
distributions, was employed to examine the experimental
isotopic distributions and calculate the S/N of select fragment
ions.”’ Modifications found on the histones presented in this
study are annotated according to the Brno nomenclature,
which presents the protein and its modified residues as
uppercase letters, while the modifications are lowercase.>
Additional details are provided in the Supporting Information.
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B RESULTS AND DISCUSSION

Despite the extensive body of work demonstrating the utility of
PTCR reactions for the identification and characterization of
intact proteins >30 kDa, there has been relatively little focus on
its use for proteins containing PTMs. As protein size and/or
modification state increases, the potential to produce more
overlapping fragment ions increases greatly,” a factor that is
particularly prominent for UVPD. The application and benefits
of PTCR to charge-reduce fragment ions generated by UVPD
of large proteins have been described previously,” and a
similar strategy is utilized in the present study that focuses on
histones and characterization of their PTMs. Briefly, following
the activation of a selected charge state of an intact protein by
UVPD, the resultant fragment ions are allowed to react with a
proton-scavenging reagent anion for 10—15 ms, reducing their
charge states and thus dispersing the fragment ions over a
broader m/z range. We strategically segment the UVPD mass
spectrum into two large m/z sections, applying PTCR to the
most congested fragment ion regions and circumventing
undesirable charge reduction of the abundant precursor ion.
The two sections were termed “lower m/z isolation window”
and “higher m/z isolation window” or “lower window” and
“higher window” hereafter. This protocol was integrated into
an LC-MS workflow according to the strategy illustrated in
Figure 1. Following nano-LC-MS of calf thymus core histones
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Figure 1. LC-MS-UVPD-PTCR process using two isolation windows.
Calf thymus histone proteoforms separated by online reversed-phase
nano-LC-MS were selected for UVPD activation using a single 1.5 mJ
pulse. UVPD-generated fragment ions +110 m/z away from the
activated precursor ion were isolated using a window size of 200 m/z
and subjected to PTCR (reaction time of 15 ms). The shaded boxes
(red and blue) represent separate isolation windows used to generate
two unique UVPD-PTCR MS? spectra.

(H2A: 13.9 kDa, H2B: 13.7 kDa, H3: 15.3 kDa, and H4: 11.3
kDa), charge states corresponding to each respective histone
protein and their proteoforms were targeted for UVPD
activation (single 1.5 mJ pulse). In succession, two subsequent
isolation steps and PTCR periods were performed in the linear
ion trap following UVPD. Each isolation window was centered
on 110 m/z units on both sides of the activated precursor ion,
utilizing a width of 200 m/z for each window. PTCR was
performed on each section of the isolated fragment ions for 15
ms, resulting in charge-reduced product ions that were
transferred to the Orbitrap for high-resolution mass analysis.
This process was repeated on each histone proteoform target
while sequentially moving throughout the chromatographic
run, decluttering the most congested regions of the UVPD
mass spectra.

A mixture of core histones was separated by LC-MS and
analyzed by multiple activation methods, including HCD,
EThcD, UVPD, and UVPD-PTCR. Histone H4, known to
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harbor combinations of methylation and acetylation marks,
was targeted between minutes 60 and 70 (Figure S3). Figure
S4 illustrates the examples of mass spectra from each
fragmentation method as well as companion sequence
coverage maps generated from the fragment ions. Among the
H4 proteoforms that were discovered, one H4 proteoform
contained mass shifts consistent with the addition of acetyl and
dimethyl groups. Reported in a prior study from 2018 using a
top-down UVPD-MS approach,32 acH4R3me2K12ac was
analyzed by HCD, EThcD, UVPD, and UVPD-PTCR (Figure
2). UVPD-PTCR generated near-complete sequence coverage
(91%), with a large array of fragment ions throughout the
entire sequence (Figure 2A). Many matching fragment ions
gained from UVPD-PTCR originated from the higher UVPD-
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Figure 2. Characterization of modified histone H4 proteoform. (A)
Sequence coverage map of acH4R3me2K12ac (M, = 11,341.46 Da,
m/z 710.2266, z = 16) following UVPD-PTCR (P-score: 4.8 X
1072"; proteoform characterization score (PCS): 2,749.43; 233
matching fragment ions). Sequence ions identified following PTCR of
the higher window are annotated in panel (B), which shows an
expansion of m/z 800—1000. One PTM-bracketing fragment ion, xo,
+ 1" that supports the localization of K12ac is highlighted with a
green triangle. The entire UVPD-PTCR spectrum from panel (B)
(higher window) is shown in Figure S4C. (C) Average sequence
coverage obtained from triplicate data sets of stepped HCD (20 + 5%
NCE), EThcD (ETD: 7 ms; HCD: 12% NCE), UVPD (1 pulse, 1.5
mJ), and UVPD-PTCR (UVPD: 1 pulse, 1.5 mJ; PTCR: 15 ms) of
three precursor charge states (m/z 946.6312, z = 12; m/z 757.5021, z
= 15; m/z 710.2266, z = 16). Insets: expansion of acH4R3me2K12ac
precursor ion in each respective charge state. The corresponding
spectra and lists of fragment ions gained from HCD, EThcD, UVPD,
and UVPD-PTCR are shown in Figure S4 and Tables S2-S6,
respectively.
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PTCR window (isolation and PTCR of the m/z 720—920
region), yielding numerous C-terminal ions from m/z 800 to
1000 (Figure 2B).

The sequence coverages following activation of three
precursor ion charge states (12+, 15+, and 16+, average of
three replicates for each) of acH4R3me2K12ac using HCD,
EThcD, UVPD, and UVPD-PTCR are summarized in Figure
2C. On average, for the 16+ charge state, HCD yielded the
lowest sequence coverage (38%), followed by EThcD (50%),
UVPD (78%), and UVPD-PTCR (89%). Other proteoform
scoring metrics, including the proteoform characterization
scores (PCS) from all three charge states using the four
tandem MS methods, are summarized in Figure S5 and Table
S1. Fragment ions identified from HCD, EThcD, UVPD, and
UVPD-PTCR are listed in Tables S2—S6. The theoretical and
experimental isotopic profiles of key PTM-bracketing fragment
ions, such as the C-terminal ion, xg, were analyzed and
confirmed by TDValidator (one example is shown in Figure
S6).

Comparing the performance of UVPD and UVPD-PTCR
from one replicate, UVPD generated 80% sequence coverage
for the 16+ charge state based on 120 total matching fragments
(Figure S4A). When PTCR was performed on the section of
fragment ions lower in m/z than the precursor (i.e., lower
window), 63% sequence coverage was obtained based on the
detection of 85 matching fragment ions (Figure S4B). PTCR
of the region higher in m/z than the precursor (ie., higher
window) led to the recovery of 107 matching fragments that
afforded a 70% sequence coverage (Figure S4C). The best
proteoform characterization was obtained by combining the
standard UVPD spectrum and the two UVPD-PTCR spectra
obtained from the lower and higher windows, yielding 91%
sequence coverage and 233 fragment ion identifications. The
sequence coverage and number of matching fragments from
the lower and higher windows were compared before and after
PTCR (Figure 3). Conducting PTCR on the higher window
consistently led to larger gains in sequence coverage compared
to the lower window (Figure 3A).

A comparison of the sequence coverages from the lower
window before and after PTCR revealed that the sequence
coverage showed little or no change for any of the charge states
(12+, 15+, 16+). Much larger gains in sequence coverage,
ranging from 11 to 28%, were obtained for all three charge
states following PTCR of the higher window. The outcomes in
sequence coverage can be attributed to the number of
matching fragments uncovered in each window; the higher
PTCR window demonstrated the greatest increase in the
number of matching fragments, up to 27—68 additional
fragment ions, compared to the lower PTCR window following
UVPD (Figure 3B). When combining fragment ions acquired
from UVPD and UVPD-PTCR spectra from different
precursor charge states, the absolute sequence coverage did
not change significantly. For instance, concatenating fragments
from a UVPD spectrum with a precursor charge state of 16+
and PTCR lower/higher windows with precursors in the 12+
charge state, sequence coverage remained at 91%. Similarly, a
sequence coverage of 91% was observed when incorporating
fragment ions gained from UVPD-PTCR higher (12+) and
UVPD-PTCR lower (15+) windows to the UVPD spectrum
(16+).

As UVPD-PTCR uncovers many additional fragments, it is
important to consider how the increased number of product
ions affects the false discovery rate. This is particularly

5988

Lower Window Higher Window

mUVPD = UVPD-PTCR @=UVPD = UVPD-PTCR

A 80

2]
=1

% Coverage
8

20
0 T T T
12+ 15+ 16+
B Precursor Charge State
£ 120
s
£
e
T 80
g
S
s 40
=
s
2 0

15+ 16+
Precursor Charge State

12+

Figure 3. Sequence coverage and number of matching fragments
obtained from the lower and higher UVPD and UVPD-PTCR
windows: acH4R3me2K12ac. Average (A) sequence coverage and
(B) number of matching fragments gained from UVPD and UVPD-
PTCR of the 12+, 15+, and 16+ precursor charge states.

problematic for histones, as the myriad of PTM combinations
to consider could lead the software to assign false hits. The S/
N threshold used to deconvolute spectra and fragment mass
tolerance used for fragment ion identification are two
parameters that can be altered to monitor the presence of
false-positive identifications.”’ To examine the effect of the S/
N threshold, UVPD-PTCR spectra of acH4R3me2Kl12ac
(16+) were deconvoluted at multiple S/N values and plotted
against the —log(P-score) and sequence coverage, as shown in
Figure S7. As expected, the sequence coverage and —log(P-
scores) decline when using fragment mass tolerances below $
ppm, whereas sequence coverage increases when using a
fragment mass tolerance of S—10 ppm (Figure S7A). Although
the decline in sequence coverage for fragment mass tolerances
<5 ppm and the boost in sequence coverage between S and 10
ppm may suggest an increase in false positives, the fact that the
—log(P-scores) remain high suggests otherwise (Figure S7B).
Utilizing a fragment mass tolerance of +10 ppm for sequence
matching, the sequence coverage and —log(P-scores) remained
consistent across different S/N thresholds, suggesting that
most fragment ions identified at S/N of 3 (the threshold used
for this study) are legitimate identifications (Figure S7C,D).
These metrics were also compared alongside HCD, EThcD,
and UVPD, for which many of the trends were similar.

To decipher which ion types contributed most greatly to the
additional matching fragments obtained from UVPD-PTCR of
acH4R3me2K12ac, fragment ions that were found exclusively
in the UVPD-PTCR data set were tallied and categorized
according to their ion type (Figure 4A). A large portion of the
additional matching fragments were C-terminal ions, with x-
type ions comprising the majority, followed by y- and z-type
ions. Among the fragment ions retaining the N-terminus, the
number of a-type ions exceeded the portion of b- and c-type
ions on average. Considering the consistent increase in
sequence coverage and number of identified fragment ions
from the higher PTCR window, a small region of the spectrum
spanning m/z 763—771 was compared for UVPD and UVPD-
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Figure 4. (A) Number of unique matching fragments obtained from
UVPD-PTCR separated according to the ion type and precursor ion
charge state. The a + 1, x + 1, and y — 1 ions were concatenated with
the a4, x, and y ions, respectively. Matching fragment ions identified
within the (B) UVPD and (C) UVPD-PTCR higher windows
between m/z 763 and 771. Annotation of this region by TDValidator
is presented in Figure S8.

m/z

m

PTCR (Figure 4B,C). UVPD-PTCR revealed two additional
C-terminal ions, x3,°* and z,%, in Figure 4C that were
uncovered due to the removal of confounding background
species and the abundant xos + 1'*" ion upon UVPD (Figure
4B). The theoretical and experimental isotopic distributions of
these fragment ions from acH4R3me2Kl12ac (16+) are
presented in Figure S8 from TDValidator. Plotting the m/z
values of the matching fragment ions gained from UVPD and
UVPD-PTCR against their respective charge states, the
decreased spectral congestion derives from the overall
reduction in charge states of the UVPD-generated fragment
ions and their increased dispersion across the m/z space
(Figure S9).

The lower and higher UVPD-PTCR windows were further
investigated to delineate the types of fragment ions present in
each window. The distribution of ion types for the three charge
states (12+, 15+, 16+) of acH4R3me2Kl2ac is shown in
Figure 5. All nine ion types were found in both windows;
however, the distribution of ion types varied significantly.
Generally, N-terminal fragment ions (a/a + 1, b, ¢) dominated
the lower UVPD-PTCR window, whereas C-terminal ions (x/
x + 1, y/y — 1, z) were prevalent in the higher UVPD-PTCR
window.

Furthermore, the higher UVPD-PTCR windows contained
an abundance of x-type ions among the other C-terminal ions,
and a-type ions dominated the lower UVPD-PTCR windows
compared to the b- and c-type ions. This trend also held true

5989

12+ 15+ 16+
Il L 1
100% - | ] — M oa
" mb
2 80% - mc
>
z X
% 60% - my
S oz
5 40% -
2
B
0 20%
v X \Y AN
R, el et et et A\
\,0‘“ O \,0‘“ \g‘(\e\‘o\ﬂe\x\g\\e
UVPD-PTCR Window

Figure 5. Distribution of N-terminal (a/a + 1, b, ¢) and C-terminal
(x/x + 1, y/y — 1, z) fragment ion types identified within the lower
and higher UVPD-PTCR windows from histone acH4R3me2K12ac
(M, =11,341.46 Da, z = 12,15, 16). The a + 1, x + 1, and y — 1 ions
were concatenated with the a, x, and y ions, respectively. All
percentages reflect the number of each ion type averaged from three
UVPD-PTCR replicates for each window.

for another H4 proteoform containing an N-terminal
acetylation and dimethylation mark at R3 (acH4R3me2)
(Figure S10) as well as for the other histones that were
analyzed in this study, H2A and H2B (Figures S11 and S12).
This partitioning of the N-terminal and C-terminal ions into
the lower and higher windows, respectively, was also observed
for UVPD without PTCR (Figure S13) as well as for EThcD
(Figure S14A) and HCD (Figure S14B) of histones in higher
charge states. Thus, the preferential residence of N-terminal
and C-terminal jons within the lower and higher windows is
not a unique consequence of UVPD and could be a general
pattern for histones. This outcome is likely related to the
uncommonly large number of basic residues in the histone’s N-
terminal tail that leads to higher charge states and lower m/z
values for the N-terminal fragment ions, shifting them to a
region of lower m/z in relation to the precursor ion.

Due to the isobaric nature of histone proteoforms, the
fragmentation patterns were matched to alternative H4
proteoforms to examine the outcomes (Figure S15). Histone
H4 can be acetylated on the following residues: N-terminus,
KS, K8, K12, K16, K31, K79, and K91. The following sequence
coverages were gained from the following proteoforms:
acH4R3me2KS5ac: 85%; acH4R3me2K8ac: 88%, acH4R3me2-
Kl12ac: 91%, acH4R3me2Kl6ac: 93%; acH4R3me2K3lac:
85%; acH4R3me2K79%ac: 54%; acH4R3me2K9lac: 44%.
Given the relatively high sequence coverages for each
alternative proteoform, the presence of multiple proteoforms
is plausible. In addition to the sequence coverage gained by
UVPD-PTCR, the sequence coverage and number of matching
fragment ions for each proteoform are presented in Figure S16.
Focusing on acH4R3me2Kl16ac and comparing the results
from UVPD and UVPD-PTCR, the difference in sequence
coverage and number of matching fragment ions between the
two methods were 12% and 114, respectively. Similar
outcomes were observed for the other proteoforms that were
investigated, such as acH4R3me2K8ac for which the sequence
coverage and number of matching fragment ions were
increased by 12% and 111, respectively, following UVPD-
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Figure 6. Characterization of unmodified H2B variant using UVPD and UVPD-PTCR. Expansion of region m/z 785—1200 following (A) UVPD
of H2B (M, = 13,798.53 Da, m/z 767.9786, z = 18) and (B) UVPD-PTCR. Insets: assignment of fragment ions (outlined with shaded triangles)
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UVPD. Representative mass spectra and summaries of fragment ions are shown in Figure $28 and Tables S17—S21. The entire backbone cleavage

map displaying residues 1—125 is presented in Figure S31.

PTCR. 91% sequence coverage/233 matching fragments and
93% sequence coverage/235 matching fragments were
uncovered for acH4R3me2Kl12ac and acH4R3me2Kl6ac,
respectively. UVPD-PTCR demonstrated support for both
proteoforms, solidified by the presence of PTM-bracketing
ions near the acetylation marks at K12 and K16. The sequence
coverages were also segmented according to UVPD-PTCR
lower and upper windows in Figure S17 for acH4R3me2-
K12ac, acH4R3me2K16ac, and acH4R3me2K8ac. From these
results, UVPD-PTCR demonstrates an ability to map addi-
tional histone codes with more confidence than UVPD, HCD,
or EThcD.

Three charge states of another H4 proteoform, acH4R3me2
(M, = 11,299.47 Da, m/z 943.1248, z = 12; m/z 870.6542, z =
13; m/z 754.7011, z = 15), were targeted for UVPD-PTCR
analysis. The results are summarized in Figures S18—S22 and
Tables S7—S11. The application of the UVPD-PTCR strategy
for other H4 histones with more complex PTM codes, such as
those analyzed by traditional fragmentation meth-
ods,””*#323475¢ s underway.

The UVPD-PTCR strategy was also applied to histones
H2A and H2B, larger proteins whose midsections are
sometimes difficult to characterize during top-down LC-MS/
MS. Often found to be minimally modified, H2A and H2B are
usually categorized according to their level of variation from
their canonical sequences. Bovine H2A, for instance, comprises
several variants including macroH2A, H2A.z, and H2A types 1
and 2-C. We set out to characterize H2A type-1 among the
other proteoforms that were discovered at levels of lower
abundance (Figure $23). Examples of HCD, EThcD, UVPD,
and UVPD-PTCR spectra are shown in Figure S24 for the 18+
charge state, and comparisons of sequence coverages, number
of matching fragment ions, and PCS scores are summarized in
Figure S25. Fragment ijon lists from each method are
summarized in Tables S12—S16. Similar levels of sequence
coverage were obtained for both UVPD (59%) and EThcD
(56%) (Figure S24A,D). Stepped HCD provided the lowest
coverage (32%) due to the sparse number of fragment ions
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near the N-terminus and midsection of the sequence (Figure
S24E). UVPD-PTCR uncovered many new fragment ions,
yielding sequence coverages as high as 48 and 59% from the
lower and higher UVPD-PTCR windows (Figure $24B,C).
The benefit of conducting PTCR of both regions of the UVPD
spectrum is evident in the sequence coverage map displayed in
Figure S26, for which the sequence coverage increased from
$9% (UVPD without PTCR) to 77% (UVPD-PTCR).
Portions of the acH2A sequence in which the sequence
coverage was enhanced are boxed in a gray overlay in Figure
S26B. Significantly more fragment ions were identified in the
latter half of the sequence, covering residues 76—126.

Given the increased characterization afforded by UVPD-
PTCR of H2A (~14 kDa), we anticipated similar gains for
histone H3 (~15 kDa). However, histone H3 suffered from
inadequate signal, and thus extensive fragmentation was not
achieved. For instance, we targeted a previously reported H3
proteoform: H3.1R2me2K4acR8me2 (15361.49 Da, m/z
7329857, z = 21).*” The sequence coverages obtained from
these experiments were 19% (HCD), 13% (EThcD), 10%
(UVPD), and 18% (UVPD-PTCR), which proved insufficient
to truly characterize these proteins. As it stands, optimizing the
method to characterize larger, more heavily modified proteo-
forms such as H3 serves as a future goal.

Three H2B variants, H2B type-1, H2B type-1-N, and H2B,
were detected in the calf thymus core histone extract (Figure
S27). The 18+, 19+, and 20+ charge states of H2B (M, =
13,798.53 Da) were selected for activation, and examples of
the resulting spectra are shown in Figure S28. Sequence
coverage was highest for all activation methods in the 18+
charge state (m/z 767.9786) (Figure S29). HCD of the 18+
precursor yielded 43 matching fragments, 29% sequence
coverage, and a PCS of 462 on average. Uniquely for H2B,
EThcD outperformed UVPD for all three precursor charge
states, providing an additional 9% in average sequence
coverage and 19 more matching fragment ions. Due to the
large array of ion types generated by UVPD, low S/N and
inadequate deconvolution of congested regions of the
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spectrum hampered fragment ion assignment. For instance,
Figure 6A,B displays the region from m/z 785 to 1200
following UVPD of the 18+ charge state of H2B before and
after PTCR. Further expansion of the region from m/z 785 to
800 highlights the extreme density of fragment ions near the
precursor ion observed in most UVPD spectra (inset of Figure
6A). PTCR (15 ms, higher UVPD-PTCR window) yields a less
congested spectrum with fragment ions distributed to higher
m/z (Figure 6B). Fragment ions zy"" and x, + 1°° were
uncovered after PTCR (inset of Figure 6B). The sequence
maps generated by UVPD with and without PTCR are shown
in Figure S30. Among the three replicates, the average
sequence coverage was 75% for UVPD-PTCR compared to
45% for UVPD alone of the 18+ charge state (Figure 6C).

The sequence coverage and number of matching fragments
(per UVPD and UVPD-PTCR window), as well as the
resulting and backbone cleavage sites were compared for
UVPD and UVPD-PTCR (Figure 6C—F). Most of the
sequence coverage gained from UVPD was derived from
fragment ions detected in the lower window (m/z range 182—
766), as UVPD generated 43% coverage (and 53 matching
fragment ions) compared to 19% (27 matching fragment ions)
for the higher window on average for H2B (18+) (Figure
6D,E). Performing PTCR on the lower window resulted in the
uncovering of only four additional matching fragment ions and
no gain in sequence coverage. PTCR of the higher window
resulted in a >30% increase in sequence coverage (from 19 to
52%), and the number of matching fragment ions increased
from 27 to 97 on average (Figure 6D,E). The gains in
sequence coverage for UVPD-PTCR relative to UVPD alone
are illustrated via the backbone cleavage diagram, which
displays the number of fragment ions originating from cleavage
of each backbone position for residues 50—100 (Figure 6F)
and for the entire sequence (Figure S31). For instance, at
backbone positions 72—74, UVPD generated no matching
fragment ions, whereas UVPD-PTCR unveiled five matching
fragment ions. The boost from PTCR generated higher
amounts of sequence coverage and matching fragment ions
compared to HCD, EThcD, or UVPD alone for all charge
states of H2B (Figure $29) and resulted in considerably more
coverage of the C-terminal half of the protein (Figure $30). In
general, UVPD-PTCR provided access to a unique set of
fragments that were not attainable through UVPD, EThcD, or
HCD alone, including ions that fill in additional regions of the
protein sequence.

B CONCLUSIONS

UVPD provides exceptional sequence coverage and local-
ization of modifications within histone sequences.’> However,
in cases in which HCD and EThcD outperformed UVPD, the
S/N and spectral crowding of the resulting UVPD mass spectra
were suspected as factors that limited the information gleaned
from the UVPD mass spectra. Traditionally, the generation of
more fragment ion types by UVPD (a/x, b/y, c/z) compared
to that of HCD (b/y) or EThcD (b/y, c/z) results in higher
sequence coverage of intact proteins but can lead to lower S/N
and hamper deconvolution of extensively fragment-rich regions
of UVPD-MS/MS spectra. Given the large improvements for
the characterization of histones following charge reduction of
ETD MS/MS spectra, including gains in both S/N and overall
sequence coverage,”’ PTCR was coupled with UVPD to
determine if similar outcomes could be obtained for histone
proteoforms.
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Compared to a previous study of intact histones based on
193 nm UVPD,*” applying UVPD-PTCR to smaller histones
(e.g, H4: 11.3 kDa) yielded small gains in the overall sequence
coverage. UVPD-PTCR produced drastic improvements in the
overall P-scores and number of detected matching fragment
ions, two factors that resulted in a more confident character-
ization of histone H4. Substantial enhancements in the
proteoform scoring metrics for the larger histones (H2A:
13.9 kDa and H2B: 13.7 kDa) were also observed following
the application of UVPD-PTCR. For the monoacetylated H2A
proteoform (acH2A), for instance, an average sequence
coverage of 73% was obtained from UVPD-PTCR compared
to 61% for UVPD alone. Similar outcomes were demonstrated
for H2B, as more sequence-determining fragment ions in both
the midsection and terminal regions were detected following
spectral clarification using PTCR. Moreover, UVPD promotes
a greater array of backbone cleavages independent of the
precursor charge state compared to HCD and ETD,” and thus
the subsequent gains from PTCR are even more significant.

Our results demonstrate that coupling PTCR with UVPD
offers several advantages for top-down proteomic analyses of
histones. Reisolating fragment ions that reside in the most
congested regions of a UVPD mass spectrum and subjecting
them to PTCR allows the identification of additional fragments
that enhance the characterization of histone sequences. The
UVPD-PTCR method combines the high-performing proteo-
form characterization abilities of UVPD with the favorable
spectral decluttering capabilities of PTCR, enriching the
quality of sequence information that can be obtained from
UVPD alone. Furthermore, UVPD-PTCR spectra uncovered
additional product ions that allow for the identification of more
isobaric species compared to HCD and EThcD.

Improvements in the throughput of the LC-MS-UVPD-
PTCR method are likely to be achieved through the
development of untargeted activation methods that will enable
the characterization of more histone proteoforms per run.
Although compromising the speed of analysis for depth of
characterization, other LC-MS-UVPD-PTCR methods that
incorporate multiple small windows of 50—60 m/z wide could
be devised, allowing even more precise PTCR of overly
fragment-rich regions.”” Examining the utility of internal
fragment ions for characterization of histone sequences is
also an attractive pursuit as they may offer additional support
for the presence and localization of certain modifications.
However, due to the increased risk of detecting false-positive
fragment ion identifications, the use of an internal calibrant
during data acquisition (e.g,, Easy-IC option on the Fusion
Lumos) is essential to ensure high mass accuracy (<2 ppm) of
the fragment ions.”””® Finally, applying UVPD-PTCR to
histones with more combinatorial modifications is underway.
Demonstrating the probability of reducing ambiguous hits and
quantifying PTMs are goals of future studies. Overall, the
ability of UVPD-PTCR to potentially characterize more
challenging proteoforms (increasing mass and number of
modifications) is another promising strategy to elucidate the
sources of PTM variations that contribute to the enigma of the
histone code.
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Total ion chromatograms from LC-MS experiments
(Figure S1); summary of Proteome Discover data
processing workflows (Figure S2); LC-MS analysis of
calf thymus histones, H4 (Figure S3) H2A (Figure S23),
and H2B (Figure S27); representative spectra from
UVPD, UVPD-PTCR windows, EThcD, and HCD for
H4 (Figures S4 and S19), H2A (Figure S24), H2B
(Figure S28); sequence coverage maps from UVPD and
UVPD-PTCR for acH4R3me2 (Figure S21), acH2A
(Figure S26), and H2B (Figure S30); distribution of ion
types generated by UVPD-PTCR of acH4R3me2
(Figure S10), acH2A (Figure S11), and H2B (Figure
S12); distribution of ion types from UVPD of
acH4R3me2K12ac (Figure S13); distribution of ion
types generated by EThcD and HCD of acH4R3me2-
K12ac (Figure S14); number of unique fragment ions
gained from UVPD-PTCR of histone acH4R3me2,
acH2A, and H2B (Figure S20); summary of HCD,
EThcD, UVPD, and UVPD-PTCR proteoform scoring
metrics for acH4R3me2K12ac (Figure S5), acH4R3me2
(Figure S18), acH2A (Figure S25), and H2B (Figure
$29); change in sequence coverage and —log(P-scores)
as a function of fragment mass tolerance and S/N
threshold for acH4R3me2K12ac (Figure S7); TDVali-
dator analysis for acH4R3me2K12ac (Figures S6 and
S8); plot of fragment ion charge states following PTCR
(Figure S9); sequence coverage maps and number of
matching fragments for isobaric H4 proteoforms
acH4R3me2K12ac and acH4R3me2Kl6ac (Figure
S15); sequence coverage maps and number of matching
fragments for isobaric H4 proteoforms (Figure S16);
sequence coverage maps for acH4R3me2Kl12ac,
acH4R3me2K16ac, and acH4R3me2K8ac (Figure
S17); average sequence coverage and number of N-
terminal ions of histones H4, acH4, and acH4R3me2
following UVPD and UVPD-PTCR (Figure S$22);
number of matching fragments generated at each
backbone position of H2B (from residues 1—125)
following UVPD and UVPD-PTCR (Figure S31);
targeted mass list and summary of sequence coverages
obtained from HCD, EThcD, UVPD, and UVPD-PTCR
and P-scores/PCS (UVPD-PTCR) for all histone
proteoforms (Tables S1); lists of matching fragment
ions from HCD, EThcD, UVPD, and UVPD-PTCR of
acH4R3me2K12ac (Tables S2—S6); acH4R3me2 (Ta-
bles S7—S11); acH2A (Tables S12—S16); and H2B
(Tables S17—S21) (PDF)
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