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ABSTRACT: Post-translational modifications (PTMs) on intact histones play a major role in regulating chromatin 
dynamics and influence biological processes such as DNA transcription, replication, and repair. The nature and position 
of each histone PTM is crucial to decipher how this information is translated into biological response. In the present 
work, the potential of a novel tandem top-“double-down” approach −ultraviolet photodissociation followed by mobility 
and mass selected electron capture dissociation and mass spectrometry (UVPD-TIMS-q-ECD-ToF MS/MS)− is illustrated 
for the characterization of HeLa derived intact histone H4 proteoforms. Comparison between q-ECD-ToF MS/MS spectra 
and traditional FT-ICR-ECD MS/MS spectra of a H4 standard showed similar sequence coverage (~75%) with significant 
faster data acquisition in the ToF MS/MS platform (~3 min vs. ~15 min). Multiple mass shifts (e.g., 14 and 42 Da) were 
observed for the HeLa derived H4 proteoforms, for which the top-down UVPD and ECD fragmentation analysis were 
consistent in detecting the presence of acetylated PTMs at the N-terminus, Lys5, Lys8, Lys12 and Lys16 residues, as well as 
methylated, dimethylated, and trimethylated PTMs at the Lys20 residue with a high sequence coverage (~90%). The 
presented top-down results are in good agreement with bottom-up timsTOF MS/MS experiments and allowed for 
additional description of PTMs at the N-terminus. The integration of a 213 nm UV laser in the present platform allowed 
for UVPD events prior to the ion mobility-mass precursor separation for CID/ECD TOF MS. Selected c30

5+ UVPD 
fragments, from different H4 proteoforms (e.g., Ac+Me2, 2Ac+Me2 and 3Ac+Me2), exhibited multiple IMS bands, for which 
similar CID/ECD fragmentation patterns per IMS band pointed toward the presence of conformers, adopting the same 
PTM distribution, with a clear assignment of the PTM localization for each of the c30

5+ UVPD fragment H4 proteoforms. 
These results were consistent with the biological “zip” model, where acetylation proceeds in the Lys16 to Lys5 direction. 
This novel platform further enhances the structural toolbox with alternative fragmentation mechanisms (UVPD, CID and 
ECD) in tandem with fast, high resolution mobility separations and shows great promises for global proteoform analysis. 

 

1. INTRODUCTION 

 Histones (H2A, H2B, H3, and H4) are highly basic 
intrinsically disordered proteins1 that package 
deoxyribonucleic acid (DNA) into nucleosomes within 
the nuclei of eukaryotic cells.2, 3 The structure of a 
nucleosome consists of a DNA segment wrapped around 
an octameric core histones, containing a tetrameric 

H3(x2)/H4(x2) together with two pairs of H2A/H2B 
dimers (Figure S1).2, 3 The nucleosome is the 
fundamental subunit of chromatin, where the chromatin 
fiber can be further folded and condensed to produce 
chromosomes.4 A core histone is composed of a central 
helix fold and a flexible and highly basic N-terminal tail, 
which protrudes from the nucleosome (Figure S1) and 
are the main target for post-translational modifications 
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(PTMs).5 These histone tails are highly subjected to 
acetylation (Arg and Lys residues), methylation (Arg and 
Lys residues), phosphorylation (Ser, Thr and Tyr 
residues) among others, at diverse and/or multiple 
positions.6-11 Combinatorial PTMs result in a histone 
code12 that are of particular interest due to their 
essential role in gene expression by regulating 
chromatin dynamics5, 13, 14 as well as DNA transcription, 
replication and repair.15-18 However, the enzymatic 
machinery that establishes the histone code can be 
deregulated in diseases such as, cancer leading to 
alterations in the PTM patterns having crucial functions 
in diverse cancer development and progression.19-22 
Therefore, the position and nature of each PTM must be 
elucidated to decipher how the histone code is 
translated into biological response. The elucidation of 
such a code is the great challenge for proteomics given 
the stunning isobaric/isomeric PTM content in at the 
histone level.  

 Traditional proteomic approaches have become 
fundamental tools for the characterization of histone 
PTMs in biological systems.23-26 In particular, middle- 
and top-down proteomic methods are gaining 
momentum over bottom-up strategies with the 
emergence and advancement of electron-based 
fragmentation (ExD)27-29 and ultraviolet 
photodissociation (UVPD).30-33 These fragmentation 
techniques have demonstrated significant advances in 
elucidating isobaric and isomeric histone PTMs with 
much more detailed and confident characterization by 
preserving the labile PTMs and increasing sequence 
coverage.34-38 The introduction of the 
electromagnetostatic (EMS)39, 40 cell in 2008 has opened 
new avenues for proteomic analysis by making more 
straightforward and affordable the use of electron 
capture dissociation (ECD) over ECD performed on 
traditional FT-ICR mass spectrometer. The EMS cell is 
capable of performing ECD without the need for long 
reaction times or ultrahigh vacuum and has been 
implemented into widespread quadrupole,41-43 q-ToF44, 45 
and Orbitrap46-49 mass spectrometers.  

 Ion mobility spectrometry coupled to tandem mass 
spectrometry (IMS-MS/MS) has gained impetus in 
proteomics due to superior speed and selectivity over 
traditional condensed-phase separations (e.g., liquid 
chromatography).50-53 The benefit of the EMS cell in 
combination with IMS has been recently reported into 
commercially available Agilent DTIMS-q-ToF MS (e.g., 
Agilent 6560),54 Waters q-TWIMS-ToF MS (e.g., Synapt 
G2-Si)55 and Bruker TIMS-q-ToF MS (e.g., Maxis Impact 
II)56, 57 platforms. In particular, the recent 
implementation in 2021 of the EMS cell into a TIMS-q-
ToF MS instrument exhibited great promises in 
separating and discriminating isomeric/isobaric histone 

tail proteoforms.56 With the introduction of UVPD into 
IMS-MS platforms,58-60 several groups have reported the 
potential of UVPD prior and/or after the IMS separation 
step. The advantages of TIMS-UVPD-ToF MS were 
recently showcase for the mobility separation of histone 
tail proteoforms followed by the localization of the PTM 
locations based on mobility-selected-UVPD MS.61  

 In the present work, the potential of top-“double-
down” ultraviolet photodissociation, ion mobility and 
mass -selected electron capture dissociation with mass 
spectrometry (UVPD-TIMS-q-ECD-ToF MS/MS) is 
illustrated for the characterization of histone H4 
proteoforms. Proof of concept data is presented for an 
intact H4 (recombinant standard) and HeLa derived H4 
proteoforms. Comparison between the top-down (UVPD 
and ECD) results and traditional bottom-up as well as 
between ECD-ToF MS/MS and FT-ICR-ECD MS/MS 
platforms are discussed based on PTM assignments and 
ECD fragmentation efficiency and sequence coverage, 
respectively. This UVPD-TIMS-q-ECD-ToF MS/MS 
platform enables top-down UVPD (213 nm) capabilities 
followed by a second top-down high resolution mobility 
separations (i.e., 2x-3x higher resolving power compared 
to previous IMS-UVPD implementations) and mass-
selected ECD (EMS cell) MS/MS experiments.In the 
following discussion, a special emphasis is placed on the 
capabilities of performing top-“double-down” analysis 
for a more comprehensive characterization of H4 
proteoforms. 

2. EXPERIMENTAL SECTION 

 2.1. Materials and Reagents. Recombinant human 
histone H4 (accession number: P62805, 11.3 kDa) was 
purchased from EpiCypher (Durham, NC). The H4 
standard was extensively dialyzed (desalting) against 10 
mM aqueous ammonium acetate (NH4Ac), obtained 
from Fisher Scientific (Pittsburgh, PA), and was 
analyzed at a concentration of 10 µM in 50:50 
water/methanol. Details on the histone extraction 
workflow from human cells can be found elsewhere.62, 63 
Briefly, the first step consisted of extracting the nucleus 
from HeLa cells, followed by an histone extraction step 
in acidic conditions and finally the histones were 
precipitated using cold acetone and dissolved in water 
as illustrated in Figure S2. The same histone extraction 
workflow was used for untreated HeLa cells as well as 
for HeLa cells treated with 5 M sodium butyrate, which 
is known to be a strong histone deacetylase inhibitor. 
The histones were purified by reversed-phase liquid 
chromatography (RP-LC) on a XBridge peptide BEH C18 
column (10 mm × 250 mm × 5 µm) using a Dionex 
UltiMate 3000 LC system under similar elution 
condition as previously described.62, 63 Mass 
spectrometry analysis were then performed on each LC 
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fraction to assign the histone identity as depicted in 
Figure S3. For bottom-up purposes, the extracted 
histone H4 from HeLa cells were derivatized with 
propionic anhydride followed by digestion with trypsin 
to generate peptides of 5 - 15 aa in length.62, 63 After 
digestion, a propionylation step was carried out on the 
histones at the N-terminus to improve chromatographic 
retention. Solutions of HeLa derived histones were 
analyzed at a concentration of 10 µM in 50:50 
water/methanol. Low concentration Tuning Mix 
standard (G1969-85000), obtained from Agilent 
Technologies (Santa Clara, CA), was used to externally 
calibrate the TIMS instrument. 

 2.2. UVPD-TIMS-q-ECD-ToF MS Instrumentation. 
The UVPD, TIMS and ECD capabilities were integrated 
into a Bruker Maxis Impact II ToF MS (Bruker Daltonics 
Inc., Billerica, MA) instrument, equipped with a nESI 
source, as depicted in Figure 1. nESI emitters were pulled 
in-house from quartz capillaries (O.D. = 1.0 mm and I.D. 
= 0.70 mm) using Sutter Instruments Co. P2000 laser 
puller (Sutter Instruments, Novato, CA). Protein 
solutions were loaded in a pulled-tip capillary, housed in 
a mounted custom built XYZ stage in front of the MS 
inlet, and sprayed at 1000 V via a tungsten wire inserted 
inside the nESI emitters. 

 A 203 mm long UVPD linear ion trap with a 
quadrupolar design (d0 = 3.5 mm constructed of 4.0 mm 
round rods) was incorporated prior to the TIMS 2 
analyzer and equipped with an entrance (gate 1) and end 
(gate 2) lens system (∼5 mm i.d. apertures). A smaller 
inner diameter lens (∼2 mm i.d. aperture) located 
between the TIMS and the trap region allows for 
maximum UVPD fragmentation in the trap region and 
minimal UV light transmission to the TIMS region. 
Potential UVPD product ions from the TIMS analyzer 
(<50% efficiency) are excluded by their ion mobilities to 
enter the trap region. A 213 nm laser beam, generated 
from the fifth harmonic of a Nd:YAG laser (NL204, 
EKSPLA, Vilnius, Lithuania), was aligned with the UVPD 
trap and operated at a repetition rate of 1 kHz with an 
energy of ∼0.2 mJ per pulse. The TIMS analyzers and the 
UVPD trap were controlled by a modular intelligent 
power source (MIPS, GAA Custom Electronics, WA), 
consisting of 16 channels with a 250 V output range and 
two radiofrequency (rf) drivers, and synchronized with 
the ToF-MS platform controls. Additional details on the 
synchronisation and timing sequences occurring during 
TIMS/UVPD acquisition can be found elsewhere.61 
During UVPD and TIMS operation, precursor ions were 
UV irradiated with ∼155 laser pulses in the UVPD trap 
while the fragment ions were separated in the ion 
mobility domain (155 ms trap time) and mass domain 
(quadrupolar isolation window of 5 m/z) prior to ECD-
TOF MS (Figure 1).  

 A custom-built 19 mm long EMS (e-MSion Inc., 
Corvallis, OR) cell was attached to a custom-built 
collision cell and mounted between the quadrupole exit 
and the pulsing plates of the ToF MS instrument. 
Electrons are generated at the center of the cell, through 
a heated rhenium filament (Scientific Instrument 
Services, Ringoes, NJ), and confined along the ion 
longitudinal axis. The filament was operated at a current 
of 2.5 A. The collision cell was operated using high 
purity argon (oxygen free) to enhance the cooling of the 
ions. Additional details on the ECD operation are 
described elsewhere.56, 57 ECD spectra were collected on 
quadrupole isolated (mass window of 3-5 Da) UVPD 
product ions, where each of the ECD events were 
synchronized with the ion mobility scan step allowing 
for precursor-fragments ion mobility alignment (Figure 
1). A typical data acquisition lasted for ~5 min. 
UVPD/ECD spectra were deconvoluted using UniDec64 
v4.4.0 and assignments were performed using ProSight 
Lite v1.4. The fragment ions were annotated with a mass 
error of ~20 ppm average with S/N >3-4 in the 
UVPD/ECD spectra. 

 The general fundamentals of TIMS as well as the 
calibration procedure have been described in the 
literature.65-68 TIMS experiments were carried out using 
nitrogen (N2) as buffer gas, at ambient temperature (T) 
with a gas velocity defined by the funnel entrances (P1 = 
3.9 mbar / P3 = 2.1 mbar) and exits (P2 = 2.6 mbar / P4 = 
0.74 mbar) pressure differences (Figure 1). TIMS 1 was 
operated in transmission mode (rf voltage of 160 Vpp at 
755 kHz). Mobility separation of the UVPD fragment 
ions was performed in TIMS2 (rf voltage of 250Vpp at 
880 kHz). The UPVD ion trap (rf voltage of 170 Vpp at 
675 kHz) was operated in tandem with the TIMS2 
separation. A deflector voltage of 300 V, a TIMS 1 voltage 
of 170 V, a TIMS exit lens (gate 1) of 169 V, a multipole 
exit lens (gate 2) of 135 V, as well as a TIMS 2 ramp 
voltage of −150 to -25 V were used for all the 
experiments. The scan rate (Sr = ΔVramp/tramp) was 
selected to trap all UVPD fragments in a single 
experiment and optimized for fast ion mobility 
acquisition.  
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Figure 1. Schematic of the nESI-UVPD-TIMS-q-ECD-ToF 
MS/MS instrument. The green dashed lines represent the 
possibility for MS/MS events, for which UVPD/CID and 
ECD/CID can be performed in the UVPD trap and collision 
cell, respectively. 

 2.3. FT-ICR-ECD MS/MS Instrumentation. 
Complementary ECD experiments were conducted on a 
Solarix 7T FT-ICR mass spectrometer (Bruker, Billerica, 
MA) equipped with an Infinity cell and a nESI source 
(similar to the ToF platform) operated in positive ion 
mode. The high voltage, capillary exit, and skimmer I 
were set to 1500 V, 140 V, and 30 V respectively. 
Precursor ions were isolated in the quadrupole with a 
mass window of 10 Da, accumulated for 0.8 s in the 
collision cell, and further injected into the ICR cell. ECD 
experiments were performed with a heated hollow 
cathode operating at a current of 1.5 A. The ECD pulse 
length, ECD Bias and ECD Lens were set at 0.095 s, 0.95 
V, and 10 V respectively. A total of 600 scans (m/z range 
200-3000) were co-added with a data acquisition size of 
512k words. A typical data acquisition lasted for ~15 min.  

 2.4. Bottom-up MS Analysis. The digested peptides 
were separated in a 75 µm ID x 17 cm Reprosil-Pur C18-
AQ (3 µm; Dr. Maisch HPLC GmbH, Germany) nano-
column fitted on an EASY-nLC system (Thermo 
Scientific, San Jose, Ca) using the following gradient at a 
flow-rate of 300 nL/min: 2% to 28% solvent B (A = 0.1% 
formic acid; B = 95% MeCN, 0.1% formic acid) over 45 
minutes, from 28% to 80% solvent B in 5 minutes, 80% 
B for 10 minutes. This nLC was coupled online to an 
QExactive-Orbitrap mass spectrometer (Thermo 
Scientific) and data-independent acquisition (DIA) was 
used to acquire data. Briefly, full scan MS (m/z 300−1100) 
was acquired in the Orbitrap with a resolution of 70,000 
and an AGC target of 1x10e6. MS/MS experiments were 
performed in centroid mode in the ion trap with 
sequential isolation windows of m/z 24 with an AGC 
target of 2x10e5, a CID collision energy of 30 eV and a 
maximum injection time of 50 msec. Data were analyzed 

using the in-house software, EpiProfile,69 wherein the 
precursor and fragment extracted ion chromatography 
was used to accurately determine the chromatographic 
profile and to discriminate isobaric forms of peptides. 

3. RESULTS AND DISCUSSION 

 3.1. Cross-platform Comparison of H4 Histone 
Top-Down ECD: q-ECD-ToF MS/MS vs. FT-ICR-ECD 
MS/MS. The nESI-MS analysis of the intact H4 standard 
(11.3 kDa), acquired using the UVPD-TIMS-q-EMS-ToF 
MS/MS platform, resulted in a broad charge state 
distribution, ranging from [M + 6H]6+ to [M + 17H]17+ 
molecular ions, under denaturing solution conditions 
(Figure S4a). This broad charge state distribution was 
rationalized as a structural change in the folded protein 
(6+ to 8+) towards more extended conformations (9+ to 
17+), due to the exposure of the basic residues which is 
typical of an intrinsically disordered protein. The nESI-
MS distribution obtained using the FT-ICR 
configuration revealed a similar charge state distribution 
(7+ to 17+, Figure S4b). 

 The ECD MS/MS spectra of the quadrupole isolated 
[M + 11H]11+ (blue, m/z 1022.4) and [M + 13H]13+ (red, m/z 

865.3) molecular ions of intact H4 standard (inserts in 
Figure S4), obtained from the q-ToF MS/MS and FT-ICR 
MS/MS platforms, are illustrated in Figures 2a and 2b, 
respectively. Inspection of the ECD spectra showed 
similar fragmentation patterns between the two 
platforms. Typical ci

ʹ/zj
• product ions were obtained 

across the protein, for which a fragmentation efficiency 
of ~45% was obtained in the q-ToF MS/MS platform 
while being higher (~65%) using the FT-ICR MS/MS 
instrument. This may be explained by the differences in 
the ECD speed between the two platforms, for which 
faster ECD events (~10 µs) occurred in the q-ToF MS/MS 
platform as compared to the FT-ICR MS/MS instrument 
(~100 ms). Nevertheless, the assigned ECD fragment 
ions accounted for over 70% sequence coverage in the q-
ToF MS/MS platform (Figure 2a), which was comparable 
(~75%) with the sequence coverage obtained from the 
FT-ICR MS/MS instrument (Figure 2b). In addition, the 
EMS cell presents the advantage of performing ECD 
without the need for long reaction times or ultra-high 
vacuum and can be easily implemented with trapped ion 
mobility spectrometry.56, 57 In particular, significantly 
faster ECD data acquisition were obtained in the q-ToF  
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Figure 2. ECD spectra of the [M + 11H]11+ (blue, m/z 1022.4) 
and [M + 13H]13+ (red, m/z 865.3) species of intact H4 
standard within (a) q-ECD-ToF MS/MS and (b) FT-ICR-
ECD MS/MS platforms. The sequence coverages are 
denoted on the top right of each panel. 

MS/MS platform (~3 min) as compared to the FT-ICR-
MS/MS instrument (~15 min). 

 3.2. Top-down UVPD, CID and ECD MS/MS 
Fragmentation of HeLa Derived H4 proteoforms. 
Combinatorial PTMs on histones play an important role 
in many biological processes.12 Different epigenetic 
mechanisms, involving histone acetyl transferases 
(HATs) and histone deacetylases (HDACs), lead to 
histone lysine acetylation and deacetylation on histone 
tails, respectively, resulting in changes in chromatin 
structure and transcription levels.70 During inhibition of 
HDAC activity (HDACi), HAT activity continues, which 
results in histone hyperacetylation. In particular, we 
previously demonstrated the utility of the TIMS-q-EMS-
ToF MS/MS platform for discriminating acetylation / 
trimethylation PTM histone tail proteoforms.56 Here, 

intact H4 extracted from HeLa cells (H4 HeLa) 
containing wild-type PTMs, as well as from HeLa cells 
treated with sodium butyrate (H4 HeLa HDACi), which 
is known to be a strong HDAC inhibitor were studied.71 
The nESI-MS analysis of the H4 HeLa and H4 HeLa 
HDACi exhibited a similar charge state distribution as 
compared to the full H4 standard, ranging from [M + 
7H]7+ to [M + 17H]17+ molecular ions, under the same 
starting solution denaturing conditions (Figure 3a). 
Figure 3b illustrates the nESI-MS spectra in the m/z 
1020-1047 range, which corresponds to the [M + 11H]11+ 
region, for the three H4 protein conditions. At each 
charge state, additional MS peaks at higher m/z values 
were observed in H4 HeLa and H4 HeLa HDACi and 
assigned to different PTMs. In particular, multiple shifts  

 

Figure 3. H4 nESI-MS spectra (a) and zoom in the [M + 
11H]11+ region (b) for H4 standard, H4 HeLa and H4 HeLa 
HDACi. PTMs containing acetylation and/or methylations 
are colored in blue and green, respectively. Note that the 
green stars (*) highlight for potential isobaric 
trimethylation species.  
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of 14 Da and 42 Da were attributed to methylation and 
acetylation or trimethylation, respectively (Figure 3b). 
The significant increase in PTM abundances for H4 
HeLa HDACi was consistent with histone 
hyperacetylation. The MS analysis allowed to identify 
the nature and number of PTMs present in H4 HeLa and 
H4 HeLa HDACi (Table S1). 

 The PTM localization on H4 HeLa were determined 
from top-down MS/MS experiments. Note that for 
proof-of-concept, H4 from HDACi treated HeLa cells 
was selected due to the higher abundance of the PTMs 
relative to H4 HeLa. The ECD MS/MS spectrum of the 
quadrupole isolated [M + 11H]11+ ion regions, comprising 
all PTMs (wide m/z isolation window), for H4 HeLa 
HDACi is illustrated in Figure 4a. Typical ci

ʹ/zj
• product 

ions were obtained across the protein with a 
fragmentation efficiency of ~85% and sequence coverage 
of ~89% (Figure 4a). In addition, similar ECD 
fragmentation patterns were observed between H4 
standard and H4 HeLa HDACi for [z8

• to z81
•] product 

ions, indicating that the Lys31, Lys44, Lys59, Lys77, 
Lys79 and Lys91 residues are not carrying any PTMs. 
However, specific product ions were observed for the H4 
HeLa HDACi, where multiple shifts of 42 Da were 
obtained for [c2

′ to c19
′] fragment ions, involving the 

presence of acetylated PTMs at the N-ter, Lys5, Lys8, 
Lys12 and Lys16 residues (highlighted in blue in Figure 
4a). Moreover, multiple shifts of 14 Da in addition to the 
multiple shifts of 42 Da were observed for [c20

′ to c101
′] 

and [z83
• to z101

•] product ions, suggesting the presence of 
methylated, dimethylated and trimethylated PTMs at 
the Lys20 residue (highlighted in green in Figure 4a) 
with the dimethylated distribution being the most 
abundant.  

 The integration of the UVPD trap prior to the TIMS 2 
allowed for additional top-down UVPD and CID 
fragmentation capabilities without mass selection 
(Figure 1). The UVPD and CID spectra for H4 HeLa are 
illustrated in Figures 4b and 4c, respectively. Typical 
ai,bi,ci/xj,yj,zj and bi/yj product ions were obtained across 
the protein with a sequence coverage of ~93% and ~57% 
in UVPD and CID, respectively. Both fragmentation 
techniques were consistent with the top-down ECD 
experiments in term of PTM assignments. Although 
acetylation and trimethylation PTMs are not labile 
enough to be cleaved in CID, the lower sequence 
coverage together with the lower abundance of 
fragments containing PTMs as compared to UVPD and 
ECD, make the later fragmentation techniques more 
suitable for a better identification and assignment of the 
PTM sites at the protein level. 

 Complementary bottom-up experiments were 
conducted on H4 HeLa HDACi, for which Gly4-Arg17, 
Lys20-Arg23, Asp24-Arg35, Arg40-Arg45, Ile46-Arg55,  

 

Figure 4. Top-down (a) ECD spectrum of the [M + 11H]11+ 
species, (b) UVPD spectrum without mass isolation and (c) 
CID spectrum without mass isolation of intact H4 HeLa 
HDACi within UVPD-TIMS-q-EMS-ToF MS platform. The 
sequence coverages are denoted on the top right of each 
panel. PTMs containing acetylation and methylations are 
colored in blue and green, respectively.  

Gly56-Arg67, Asp68-Arg78 and Lys79-Arg92 H4 
fragments were observed (red rectangles in Figure S5). 
The Asp24-Arg35, Arg40-Arg45, Gly56-Arg67, Asp68-
Arg78 and Lys79-Arg92 H4 fragments did not show any 
PTMs at lysine residues while the Gly4-Arg17 and Lys20-
Arg23 H4 fragments exhibited acetylation at Lys5, Lys8, 
Lys12 and Lys16 residues as well as methylations at Lys20 
residues, in good agreement with the top-down MS/MS 
experiments (Figure S5). However, the PTM at the N-
terminal was not identified by the bottom-up approach, 
due to the absence of H4 fragments comprising the N-
terminal part, making the top-down MS/MS approach 
better-suited and faster for the comprehensive 
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characterization of full histone proteoforms. However, 
the top-down approach usually has limitations in term 
of sensitivity when compared to the bottom-up 
workflow. 

 3.3. Top-“Double-Down” Mass Spectrometry of 
Histone H4 Proteoforms. The top-down UVPD and 
ECD approaches showed useful for identifying and 
localizing the number and type of PTMs. The added ion 
mobility pre-separation of proteoforms, posterior to 
UVPD fragmentation and prior to top-down ECD 
MS/MS, can be very effective for the discrimination of 
potential isomeric/isobaric interferences. While the top-
down and bottom-up experiments were carried out on 
H4 HeLa cells treated with sodium butyrate to facilitate 
the elucidation of the PTM positions for proof-of-
concept purposes, the novel top-“double-down” mass 
spectrometry experiments were performed on the 
untreated H4 HeLa cells to evaluate the potential of this 
approach on real life sample. The overall ion mobility 
profiles for H4 standard and H4 HeLa exhibited a large 
structural heterogeneity across the charge state 
distribution in agreement with an intrinsically 
disordered protein (Figure S6a). In addition, the 
conformational space of both intact H4 proteins 
occupied a wide ion mobility range (1/K0 ~0.9-1.55 
V.s/cm2), indicative of compact to extended structural 
diversity through the exposure of the basic residues that 
significantly increase the electrostatic interactions (i.e., 
coulombic repulsions) with the net charge. Comparison 
between the ion mobility profiles of H4 standard and H4 
HeLa exhibited less conformational flexibility for H4 

containing PTMs (Figure S6a). This suggests that the 
presence of PTMs at lysine residues disturbs the 
electrostatic interaction network by preventing 
protonation at these lysine residues, re-defining the 
accessible conformational space of the H4 protein. This 
is supported by comparing the ion mobility profiles of 
individuals PTMs in H4 HeLa, for which a 
conformational collapse was observed when increasing 
the number of PTMs (Figure S6b). As most of the H4 
PTMs occur at the N-terminal (tail), results suggest that 
this segment drive the conformational changes observed 
for H4 in the presence of PTMs.  

 The integration of a 213 nm UV laser in the present 
platform, prior to the TIMS 2, permitted fast ion 
mobility separations of the UVPD fragments, as 
illustrated in Figure 5a. Since all the PTMs were 
localized in the N-terminal part of the HeLa derived H4 
samples, the ion mobility analysis were focused on one 
selected c30

5+ UVPD product ions (high intensity) which 
comprise all the identified PTMs. In particular, the ion 
mobility profiles of the c30

5+ fragment ions were 
investigated in H4 standard (m/z 621.0) as well as in H4 
HeLa, for which the c30

5+ product ions carried distinct 
PTM distributions, including Ac+Me2 (m/z 635.0), 
2Ac+Me2 (m/z 643.4) and 3Ac+Me2 (m/z 651.8, Figure 5). 
These UVPD fragment of interests were then mass 
isolated in the quadrupole and filtered in the ion 
mobility domain in order to remove potential isobaric 
interferences as illustrated in Figures 5b and 5c (top left 
of each panel). The integration of the EMS cell in the 
present platform, posterior to the TIMS 2, allowed for  
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Figure 5. Top-“double-down” mass spectrometry analysis showing (a) 2D UVPD-TIMS-ToF MS contour maps for both H4 
proteins and 2D UVPD-TIMS-q-ECD-ToF MS contour maps of the c30

5+ fragments (left panel) together with the ECD spectra per 
IMS band (right panel) for the (b) H4 standard and (c) H4 HeLa. 

fast ion mobility-selected ECD MS/MS acquisitions. As 
the ion mobility separation step of the UVPD fragments 
occurs, ECD MS/MS spectra of the selected c30

5+ UVPD 
product ions can be synchronized with the ion mobility 
scans for precursor-fragments ion mobility alignment as 
depicted in Figures 5b and 5c (bottom left of each 

panel). Note that similar experiments involving CID 
fragmentation can be performed in the collision cell of 
the instrument (Figure S7). Proof of concept UVPD-
TIMS-q-ECD/CID-ToF MS/MS analysis were carried out 
on the c30

5+ H4 standard, where the assigned ECD and 
CID fragment ions accounted for a high sequence 
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coverage of ~90% and ~87%, respectively (Figures 5b 
and S7b). The TIMS distribution of the c30

5+ Ac+Me2, 
2Ac+Me2 and 3Ac+Me2 product ions in H4 HeLa, for 
which multiple PTM combinations can occur within the 
N-terminus and five available Lys residues, exhibited 
two IMS bands for each of the PTM combinations 
(Figures 5c and S7c, bottom left of each panel). The PTM 
localization of these fragment ions were determined 
from top-“double-down” mass spectrometry 
experiments (Figures S8-S10). The ECD and CID MS/MS 
spectra per IMS band of the quadrupole isolated c30

5+ 
Ac+Me2, 2Ac+Me2 and 3Ac+Me2 product ions are 
illustrated in Figures 5c and S7c (right of each panel), 
respectively. The assigned ECD fragment ions of the 
peptides accounted for ~90% sequence coverage while 
being lower (~70%) using top-“double-down” mass 
spectrometry with CID. In addition, similar ECD and 
CID fragmentation patterns were observed across the 
two IMS bands for each of the c30

5+ PTM combination, 
attesting for the presence of conformers sharing the 
same PTM distributions (single proteoform). 
Furthermore, these top-“double-down” MS/MS 
experiments clearly pointed toward the presence of an 
acetylation at the N-term together with a dimethylation 
at Lys20 for c30

5+ Ac+Me2, acetylations at the N-term and 
Lys16 together with a dimethylation at Lys20 for c30

5+ 
2Ac+Me2 and acetylations at the N-term, Lys16 and Lys12 
together with a dimethylation at Lys20 for c30

5+ 3Ac+Me2 
(Figures 5c and S7-S10). In summary, this workflow was 
able to highlight the presence of conformers sharing 
similar PTM distributions (single proteoform), for which 
acetylation proceeded in the Lys16 to Lys5 direction in 
agreement with the previously introduced biological 
‘zip’ model (Figure S11).72 The present approach has also 
the potential to separate proteoforms without the need 
for pre-separation/cleaning techniques (e.g., LC system) 
by directly injecting the protein of interest. Further top-
“double-down” mass spectrometry analysis can take 
advantage of the ECD implementation to investigate 
more labile PTMs, such as phosphorylation and/or 
increase the PTM abundances for potential isomeric 
proteoforms for a more comprehensive (or blind) global 
histone proteoform analysis. 

4. CONCLUSIONS 

 The potential of top-“double-down” mass 
spectrometry in a UVPD-TIMS-q-ECD-ToF MS/MS 
platform was effectively demonstrated for the 
comprehensive characterization of intact H4 standard 
(no PTMs) as well as HeLa cell acid-extracted H4 
containing various PTM combinations. The comparison 
between the top-down ECD MS/MS spectra obtained 
from the q-ToF MS and FT-ICR MS configurations 
showed similar sequence coverage with significant faster 

data acquisition in the q-ToF MS platform. The histone 
PTMs were successfully detected in H4 HeLa/HDACi 
with high sequence coverage (~90%) using top-down 
UVPD and ECD MS/MS at the protein level and 
validated using traditional bottom-up histone analysis. 

 The ion mobility analysis showed that the H4 
conformational state varies with the type and number of 
PTMs. As the number of PTMs increases, a shift towards 
more compact structures was observed. Complementary 
mobility separation after the UVPD events permitted 
the removal of potential isobaric/isomeric interferences 
prior to the second fragmentation step. Mobility-
selected ECD/CID ToF MS/MS spectra of selected UVPD 
product ions (c30

5+ with different PTM distribution) 
permitted a clear H4 proteoform identification, for 
which the presence of conformers sharing similar PTM 
distribution (single proteoform) were highlighted. The 
present results are in agreement  the “zip” model, where 
acetylation proceeds in the Lys16 to Lys5 direction. The 
higher throughput of the tims-q-ECD ToF MS/MS 
effectively translates in the possibility to interrogate 
several UVPD fragments in a single experiment (~12-24 
from different proteoforms over a 1-2h spray event). This 
novel platform further enhances the structural toolbox 
with alternative fragmentation mechanisms (UVPD, CID 
and ECD) in tandem with fast, high resolution mobility 
separations and shows great promises for global histone 
proteoform analysis. 
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