
1 

 

Proteoform Differentiation using Tandem Trapped Ion Mobility, 

Electron Capture Dissociation, and ToF Mass Spectrometry 

Kevin Jeanne Dit Fouque,†,‡ Desmond Kaplan,§ Valery G. Voinov,∥,# Frederik H. V. Holck,‖ Ole N. 
Jensen,‖ and Francisco Fernandez-Lima.*,†,‡ 

† Department of Chemistry and Biochemistry, Florida International University, Miami, FL 33199, United States.  
‡ Biomolecular Sciences Institute, Florida International University, Miami, FL 33199, United States. 

§ KapScience LLC, Tewksbury, MA 01876, United States. 

∥ e-MSion Inc., Corvallis, OR 97330, United States. 

# Linus Pauling Institute and Department of Biochemistry and Biophysics, Oregon State University, Corvallis, OR 
97331, United States. 
‖ Department of Biochemistry & Molecular Biology and VILLUM Center for Bioanalytical Sciences, University of 
Southern Denmark, DK-5230 Odense M, Denmark 
* Corresponding Author: Francisco Fernandez-Lima, Email: fernandf@fiu.edu. 

ABSTRACT: Comprehensive characterization of post-translationally modified histone proteoforms is challenging due to 
their high isobaric and isomeric content. Trapped ion mobility spectrometry (TIMS), implemented on a quadrupole/time-
of-flight (Q-ToF) mass spectrometer, has shown great promise in discriminating isomeric complete histone tails. The 
absence of electron activated dissociation (ExD) in the current platform prevents from a comprehensive characterization 
of unknown histone proteoforms. In the present work, we report for the first time the use of an electromagnetostatic 
(EMS) cell devised for non-ergodic dissociation based on electron capture dissociation (ECD), implemented within a 
nESI-TIMS-Q-ToF mass spectrometer for the characterization of acetylated (AcK18 and AcK27) and trimethylated 
(TriMetK4, TriMetK9 and TriMetK27) complete histone tails. The integration of the EMS cell in a TIMS-q-TOF MS 
permitted fast mobility-selected top-down ECD fragmentation with near 10% efficiency overall. The potential of this 
coupling was illustrated using isobaric (AcK18/TriMetK4) and isomeric (AcK18/AcK27 and TriMetK4/TriMetK9) binary 
H3 histone tail mixtures, and the H3.1 TriMetK27 histone tail structural diversity (e.g., three IMS bands at z = 7+). The 
binary isobaric and isomeric mixtures can be separated in the mobility domain with RIMS>100 and the non-ergodic ECD 
fragmentation permitted the PTM localization (sequence coverage of ~86%). Differences in the ECD patterns per mobility 
band of the z=7+ H3 TriMetK27 molecular ions suggested that the charge location is responsible for the structural 
differences observed in the mobility domain. This coupling further enhances the structural toolbox with fast, high 
resolution mobility separations in tandem with non-ergodic fragmentation for effective proteoform differentiation. 

 Post-translational modifications (PTMs) of histones 
(H2A, H2B, H3, and H4), which are nucleosome core 
particles, play a major role in regulating chromatin 
dynamics and influence processes such as transcription 
and DNA replication.1-6 While histones consist of ~100-
150 residues, most of the PTMs are located in the N-
terminal part of the proteins, so-called histone tails that 
protrude from the nucleosome.4 These histone tails can 
be heavily modified with acetylation, methylation, 
phosphorylation, trimethylation and others on arginine, 
lysine, serine and/or threonine residues at different 
and/or multiple sites.5-12 These modifications in the 
histone code substantially alter the nature of the 
chromatin domains and then have an impact on the 

function of the whole genome.12-14 The nature and 
position of each PTM is crucial to this histone code and 
must be elucidated to decipher how such a code is 
translated into biological response.2 The analytical 
challenge consist in discriminating between isobaric 
and/or isomeric proteoforms that differ in the type 
and/or position site of PTM(s). 

 Analysis of histone proteoforms by conventional 
proteomic approaches, involving tandem mass 
spectrometry (MS/MS), have become a fundamental 
tool for the characterization of isobaric and isomeric 
PTMs.15-17 Traditional bottom-up proteomic strategies 
showed potential in identifying and quantifying 
individual PTMs of short peptides, derived from 
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enzymatic digestion, but usually failed to elucidate the 
proteoform specific connectivity which is the key to the 
histone functions.18, 19 Instead, middle-down and top-
down mass spectrometry methods are gaining 
momentum and enable detailed characterization of 
histones that are decorated with multiple co-occurring 
PTMs.20, 21 Such co-existing PTMs exhibit inter- and 
intra-molecular interplay and crosstalk over longer 
distances and as such, combinatorial histone marks are 
of great biological interest.22 Liquid chromatography 
(LC) can achieve separation in the bottom-up mass 
range (peptides <2.5 kDa) but struggle with the middle-
down mass range (histone tails, 5-6 kDa) or intact 
histones, especially for isomeric PTMs.23-28 Advances in 
non-ergodic electron-based fragmentation (ExD) and 
ultraviolet photodissociation (UVPD) methods have 
significantly advanced top-down and middle-down 
proteomics by providing much more detailed and 
accurate proteoform characterization.19, 29-36  

 Ion mobility spectrometry (IMS) coupled to MS has 
emerged as an alternative to LC-MS for the 
characterization of biomolecules, particularly for the 
case of the separation of isomeric species.37-39 In 
particular, linear IMS (e.g., trapped IMS, TIMS)40, 41 and 
non-linear IMS (e.g., field asymmetric waveform IMS, 
FAIMS)42 exhibited great potential in separating histone 
tail proteoforms.43, 44 While FAIMS has been coupled to 
ExD for investigating histone tail PTMs,44, 45 TIMS in 
tandem with ECD has only been demonstrated for the 
case of effective mobility separation and identification of 
isomeric glycans in an FT-ICR MS platform.46 The recent 
introduction of the electromagnetostatic (EMS)47, 48 cell 
capable of performing ECD without the need for long 
reaction times or ultrahigh vacuum has opened new 
avenues for top-down analysis using MS/MS (e.g., triple 
quadrupole,49-51 q-TOF52-54 MS and Orbitrap55-58), and 
more recently IMS-ToF-MS/MS platforms.54 

 In the present work, we describe the first 
implementation of the EMS cell into a TIMS-q-ToF MS 
platform. The potential of fast, high resolution mobility 
separation in tandem with non-ergodic top-down 
dissociation is illustrated for the separation and 
identification of proteoforms (H3.1 histone tails) with 
known PTM locations from binary isomeric and isobaric 
mixtures. The potential of this novel platform is also 
shown for structural analysis of conformers/protomers. 

EXPERIMENTAL SECTION 

 Materials and Reagents. A set of five histone H3.1 
tail peptides (ARTKQTARKSTGGKAPRKQLATKAARK-
SAPATGGVKKPHRYRPGTVALRE) was probed 
incorporating acetylation (AcK18 and AcK27) and 
trimethylation (TriMetK4, TriMetK9 and TriMetK27) 

PTMs in biologically relevant positions (MW 5381 Da).44 
These histone tails are proteotypic for the 
endoproteinase Glu-C derived peptides from histone H3. 
The synthetic histone H3.1 tails were purchased from 
GenScript (Piscataway, NJ). H3.1 tail solutions were 
analyzed at a concentration of 5 µM in 50:50 
water/methanol (H2O/MeOH) solvent conditions. A low 
concentration tuning mix standard (G1969-85000, 
Agilent Technologies, Santa Clara, CA) was used for 
external mobility and mass calibration. 

 TIMS-MS Instrumentation. Ion mobility 
experiments were carried out on a custom built 
nanoESI-TIMS-q-ToF MS (Bruker Daltonics Inc., 
Billerica, MA).40, 41 The nanoESI emitters were pulled in-
house from quartz capillaries (O.D. = 1.0 mm and I.D. = 
0.70 mm) using a Sutter Instrument Co. P2000 laser 
puller. A capillary voltage of ~800 V relative to the 
interface entrance were applied to sample solutions. The 
TIMS unit is controlled by an in-house software in 
LabView (National Instruments) and synchronized with 
the MS platform controls.40  

 The general fundamentals of TIMS as well as the 
calibration procedure have been described in the 
literature.59-64 Briefly, an rf is applied to the electrodes of 
the TIMS analyzer to generate a radially confining 
pseudopotential, while an axial electric field gradient is 
produced across the electrodes to counteract the drag 
force exerted by the gas flow, effectively leading to the 
trapping of the ions. Ions are then eluted from the TIMS 
analyzer by decreasing the axial electric field. 

 TIMS-MS experiments were performed using 
nitrogen (N2) at ambient temperature (T) with a gas 
velocity (vg) defined by the funnel entrance (P1 = 2.6 
mbar) and exit (P2 = 0.8 mbar) pressure differences. An 
rf voltage of 250 Vpp at 880 kHz was applied to all 
electrodes. A voltage ramp (Vramp) of -100 to -40 V, 
deflector voltage (Vdef) of 80 V and base voltage (Vout) of 
60 V were used for the mobility separations. Collision-
induced dissociation (CID) experiments were performed 
in the collision cell located after the TIMS analyzer. The 
mass-selected [M+7H]7+ ions were fragmented using 
nitrogen as collision gas at a collision voltage of ~42 V. 
The scan rate (Sr = ΔVramp/tramp) was selected to trap all 
charge states in a single experiment and optimized for 
mobility separation. All resolving power (R) and 
resolution (r) values reported herein were determined as 
R = Ω/w and r = 1.18*(Ω2-Ω1)/(w1+w2), where Ω and w are 
collision cross sections (CCS) and the full peak width at 
half maximum (FWHM) of the IMS profile. 

 TIMS-q-ECD-ToF MS Platform. A custom built 
EMS (e-MSion Inc., Corvallis, OR) was attached to a 
custom built collision cell and mounted between the 
quadrupole exit and the pulsing plates of the ToF MS 
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(Figure 1). The shortened collision cell was operated at 
1500 Vpp at 2.3 MHz. The 19 mm long EMS cell is 
composed of seven cylindrical electrostatic lenses (L1-
L7), two ring magnets and a heated rhenium filament 
(Scientific Instrument Services, Ringoes, NJ) housed in 
L4, where electrons are generated at the center of the 
cell (Figure 1). Electrons are confined along the ion 
longitudinal axis. The filament was operated at a current 
of 2.5 A. The electrostatic lenses applied to the EMS cell 
were tuned to get maximum ion intensity in the 
transmission mode (non-ECD mode) and optimal ECD 
fragmentation events in ECD mode (Table S1). The 
filament was turned off (0 A) during transmission mode 
and then manually turned on using the ExDControl 
software (e-MSion) when acquiring ECD data. The 
collision cell was operated using high purity argon 
(oxygen free) to enhance the cooling of the ions. No 
changes to the TIMS operation were required due to the 
fast speed of the ECD events (~ 10 µs). 2D-IMS-MS 
spectra were summed every 12.5s (100 acquisitions of 125 
ms). Due to the low ECD efficiency (typical fragment 
signal <1% intensity relative to the parent ion), a 
minimum of 15 frames (~3 min) for abundant fragment 
ion signal was used with 75 frames (~15 min) as a 
standard protocol. ECD events are aligned with the 
mobility scan steps which allows for precursor-fragment 
m o b i l i t y  a l i g n m e n t . 

 

Figure 1. Schematic of the TIMS-q-EMS-CC-oToF MS 
instrument. In details, pictures of the q-EMS-CC interface 
and the EMS front view. The EMS lenses (L1-L7), magnet 
(LM3 and LM5) and filament (FB) arrangement is detailed. 

The MS fragment ion annotations were performed using 
a custom excel table with all theoretical combinations of 

fragments based on the peptide sequence. The fragment 
ions were assigned with a mass error of ~15 ppm average 
with S/N of >3-4 in the ECD spectra. Note that Tuning 
Mix calibration 2D-IMS-MS were found similar when 
comparing before and after the implementation of the 
EMS cell (Figure S1). Complementary CID, higher-
energy collisional dissociation (HCD) and electron 
transfer dissociation (ETD) tandem mass spectra 
acquired using an Orbitrap Eclipse Tribrid mass 
spectrometer (Thermo Fisher Scientific) are shown in 
the supporting information. Data was deconvoluted 
with the Xtract algorithm (Thermo) and annotated 
using the Mascot search engine (v2.7, Matrix Science, 
UK). The ionization source as well as MS/MS parameters 
are detailed in Supporting Information. 

RESULTS AND DISCUSSION 

 TIMS-MS Analysis of Histone Tail Proteoforms. 
The mass spectrometric analysis of the investigated H3.1 
tail proteoforms in denaturing solution conditions (i.e., 
50:50 H2O/MeOH) exhibited a charge state distribution 
ranging from [M + 5H]5+ to [M + 10H]10+ molecular ion 
species centered at 7+ (Figure 2a). Inspection of the 
TIMS profiles at Sr = 0.48 V/ms exhibited a large 
structural heterogeneity (Figure 2b). Most histone 
proteoforms displayed characteristic IMS features 
(position and/or relative abundance of the IMS bands), 
for which the PTM location influences the 
intramolecular network leading to significant 
conformational changes. The CCS values were also 
found increasing with the charge state, which can be 
associated to more extended structures induced by the 
increase of the coulombic interactions with the net 
charge. 

 All the investigated H3.1 tail proteoforms, including 
AcK18 (blue), AcK27 (red), TriMetK4 (green), TriMetK9 
(purple) and TriMetK27 (orange) PTMs, were separated 
in the mobility domain at a given charge state except for 
z = 5+ (Figure 2b). Although the isomeric H3.1 AcK18 
and AcK27 tails exhibited similar CCS profiles for the z= 
6+, 9+ and 10+, they can be separated in the 7+  and 8+ 
(based on the most intense IMS bands) charge states; 
the conformational multiplicity of TriMetK27 in 7+ will 
obstruct separations in mixture with other PTMs. The 
TriMetK4, TriMetK9 and TriMetK27 can be 
discriminated from the two isobaric AcK18 and AcK27 
PTMs in 7+/8+/9+/10+, 8+/9+ and 6+/9+/10+ charge 
states, respectively (Figure 2b). Overall, the investigated 
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Figure 2. TIMS-MS analysis showing (a) MS and (b) TIMS 
profiles for the multiply protonated species of H3.1 AcK18 

(blue), AcK27 (red), TriMetK4 (green), TriMetK9 (purple) 
and TriMetK27 (orange) tails. 

H3.1 tail PTMs can be mobility separated in at least one 
charge state. 

 TIMS-q-ECD-ToF MS of Isobaric/Isomeric H3.1 
PTM Tails. The potential of TIMS-q-ECD-ToF MS is 
illustrated for the [M + 7H]7+ molecular species using 
binary mixtures of isobaric and isomeric histone tail 
proteoforms (Figures 3). The charge state 7+ was 
selected based on the relative simplicity of the mobility 
profiles (mainly one IMS band), differences in CCS 
between the two components, and highest abundance 
(Figure 2). Note that the 10+ could also have been a good 
choice for certain histone tails, but appears at lower 
intensity. Overall, a sequence coverage of ~86% and 
ECD fragmentation efficiency of ~0.05-0.4% per 
fragment ion (~10% efficiency overall, Table S2) was 
observed for all investigated histone tails. Additional 
CID, HCD and ETD spectra obtained from an Orbitrap 
instrument as well as TIMS mobility-selected CID 
spectra on the selected [M + 7H]7+ molecular species of 
the investigated isobaric and isomeric histone tail 
mixtures can be found in Figures S2-S3 and S4-S7, 
respectively, for direct comparison with the ECD spectra 
(Table S3).  

 Figure 3a displays the mobility profiles for AcK18 
(blue), TriMetK4 (green) and their binary mixture 
(black). A scan rate of Sr = 0.24 V/ms was sufficient for 
minimal mobility separation of the two components, 
with an apparent mobility R ~ 115 and r ~ 1.05. Note that 
slower scan rate experiments (Sr = 0.13 V/ms) allowed to 
baseline separate the two components, with an apparent 
mobility R ~ 175 and r ~ 1.6 (Figure S4). Results from the 
mobility-selected ECD experiments are shown in (Figure 
3b). The charge-reduced [M + 7H]•6+ ions (m/z 898.9) 
were detected as the major species for the two histone 
PTMs. In addition, similar ECD fragmentation patterns 
w e r e  o b s e r v e d  
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Figure 3. TIMS-ECD analysis showing the (a, c) TIMS profiles of H3.1 AcK18 (blue), TriMetK4 (green) and AcK27 (red) with the 
binary mixtures (black) and (b, d) mobility-selected ECD spectra of the selected [M +7H]7+ species of AcK18, TriMetK4 and 
AcK27 tails (m/z 769.7). The fragments comprising the PTM are highlighted in blue, green and red for AcK18, TriMetK4 and 
AcK27, respectively. 

between AcK18 and TriMetK4 for [c18
′ to c49

′] and [z4
• to 

z32
• / z47

• to z49
•] product ions corresponding to either 

fragments not containing the PTM or fragments 
comprising the PTM (Figure 3b). However, specific 
product ions were observed for the two histone tails, 
where a shift of 42 Da were obtained for [c4

′ to c17
′] and 

[z33
• to z46

•] fragments, confirming the PTM localization 
at position 18 for the IMS band 1 (ECD 1) and at position 
4 for IMS band 2 (ECD 2, Figure 3b). Although ultra-
high resolution mass analyzer (FT-ICR or Orbitrap) are 
needed to discriminate between acetylation and 

trimethylation PTMs, we previously demonstrated that 
histone tails can be discriminated based on their 
mobility profiles.43 

 Figures 3c and S8a display the mobility profiles for 
the isomeric AcK18 (blue)/AcK27 (red) and TriMetK4 
(green)/TriMetK9 (purple) with their binary mixtures 
(black), respectively. A scan rate of Sr = 0.24 V/ms was 
sufficient for minimal separation of the two 
components, with an apparent mobility R ~ 160 (r ~ 0.9) 
and R ~ 130 (r ~ 0.8), respectively. Slower scan rate 
experiments (Sr = 0.07/0.13 V/ms) allowed to quasi-
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baseline resolve the two components, with an apparent 
mobility R ~ 200 (r ~ 1.0) and R ~ 220 (r ~ 1.4) for the 
AcK18/AcK27 and TriMetK4/TriMetK9 binary mixtures, 
respectively (Figures S5-S6). Mobility-selected ECD 
experiments yielded the charge-reduced [M + 7H]•6+ ions 
(m/z 898.9) as the more abundant species for the two 
histone PTM pairs (Figures 3d and S2b). Common ci

′/zj
• 

series were observed between AcK18/AcK27 and 
TriMetK4/TriMetK9, including [c4

′ to c17
′ / c27

′ to c49
′]/[z4

• 
to z23

• / z33
• to z49

•] and [c9
′ to c49

′]/[z4
• to z41

• / z47
• to z49

•] 
product ions, respectively. However, specific ci

′/zj
• 

fragments were observed for the two histone PTM pairs, 
where a shift of 42 Da were obtained for [c18

′ to c26
′]/[z24

• 
to z32

•] and [c4
′ to c8

′]/[z42
• to z46

•] product ions, 
respectively (Figures 3d and S2b). These ECD data were 
consistent with PTM localization at position 18 for the 
IMS band 1 (ECD 1) and at position 27 for IMS band 2 
(ECD 2) of AcK18/AcK27 (Figure 3d) as well as at 
position 4 for IMS band 2 (ECD 2) and at position 9 for 
IMS band 1 (ECD 1) of TriMetK4/TriMetK9 (Figure S2b). 

 The mobility-selected ECD spectra allowed clear 
mobility separation and localization of the PTM sites for 
the isobaric and isomeric histone proteoforms. Closer 
inspection showed that the fragment ions correspond to 
ECD-like processes (e.g., ci

′/zj
• series); CID events were 

not observed under the optimized instrumental settings. 
Although similar bi

′/yj
• series using CID/HCD, 

corresponding to either fragments not containing the 
PTM or fragments comprising the PTM, were observed 
for the investigated histone tail mixtures, specific 
product ions were observed, where a shift of 42 Da were 
obtained corresponding to either an acetylation or 
trimethylation at this specific location (Figures S2-S7, 
Table S3). This implies that the acetylation and 
trimethylation PTMs are not labile enough and can be 
detected using CID/HCD techniques. However three 
major concerns using CID/HCD were observed as 
compared to ECD: i) the sequence coverage provided by 
the CID was found lower (~ 68-74%) than with ECD (~ 
86%), ii) the amount together with the intensity of 
fragments containing the PTM, which were lower for 
CID than ECD and iii) the localization of the fragments 
containing the PTM, which were not across the entire 
sequence as in the case of ECD that could induce 
ambiguities because of the large number of lysine 
residues present in the histone tails. All of these features 
make ECD more suitable for investigating histone tail 
mixtures including acetylation and trimethylation 
PTMs. 

 TIMS-q-ECD-ToF MS of Heterogeneous Mobility 
Profiles. The mobility analysis of H3.1 TriMetK27 tail 
resulted in the observation of three IMS bands for the 
[M + 7H]7+ species with an apparent mobility resolution 
of R ~ 120 using a Sr = 0.48 V/ms (Figure 4a and b). 

Slower scan rate experiments (Sr = 0.29 V/ms) allowed 
to quasi-baseline separate the three IMS bands, with an 
apparent mobility R ~ 175 (Figure S7). Mobility-selected 
ECD product ion spectra are shown in Figure 4c. The 
charge-reduced [M + 7H]•6+ ions (m/z 898.9) were 
detected as major species for all three IMS bands. Classic 
ci

′/zj
• series with a shift of 42 Da, including [c27

′ to c49
′] 

and [z24
• to z49

•] product ions, were obtained for the 
three IMS bands and were consistent with PTM 
localization at position 27 (Figure 4c). A sequence 
coverage of ~86% was observed together with an ECD 
fragmentation efficiency  
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Figure 4. TIMS-ECD analysis showing the (a) TIMS profiles 
of H3.1 TriMetK27, (b) isolation window of the mass-
selected [M + 7H]7+ ions (m/z 769.7).and (c) mobility-
selected ECD spectra of the three observed IMS bands The 

fragments comprising the PTM as well as potential charged 
residues are highlighted in orange. 

of ~0.05-0.4% per fragment ion (~10% efficiency overall, 
Table S2). 

 Closer inspection showed differences in the mobility 
selected ECD fragmentation pattern. A charge location 
analysis per IMS band was investigated based on the 
ECD profiles. In the IMS band 1 (ECD 1, Figure 4c), 
singly charged species were only observed for [c4

′ to c6
′] 

fragments, suggesting that Arg2 was protonated. An 
additional charge was only observed for [c8

′2+ to c16
′2+] 

fragments, suggesting the protonation of the Arg8 
residue. Triply charged species were become more 
abundant for [c17

′3+ to c25
′3+] fragments, suggesting the 

protonation of Arg17 residue. An additional charge was 
observed from [c26

′4+ to c38
′4+], suggesting the 

protonation of Arg26 residue. From [c39
′5+ to c46

′5+], 
mainly 5+ fragments ions were observed, for which the 
His39 residue probably carry the charge. An additional 
charge for [c47

′6+ to c48
′6+] product ions suggested the 

protonation of Arg42 residue. Finally, the presence of 
c49

′7+ species suggested the protonation of Arg49 residue. 
These observations were also consistent with the zj

• 
series. The IMS band 2 (ECD 2, Figure 4c) analysis 
resulted similar to the one observed for the IMS band 1, 
suggesting that these structures are probably 
conformers with similar protonation scheme. (Figure 
4c). 

 Comparison of the IMS band 3 (ECD 3, Figure 4c) 
and that of IMS band 1/2 (ECD 1/2) showed differences 
in the ECD fragmentation in the [c39

′ to c49
′] / [z4

• to z11
•] 

regions. The presence of [c44
′7+ to c49

′7+] together with the 
absence of [z4

• to z6
•] fragments suggest that the Arg49 

residue is not protonated (Figure 4c). In addition, z9
• 

showed as single charged ions for IMS band 3 while IMS 
bands 1/2 showed z9

•2+ fragments doubly charged, 
suggesting that the Arg42 residue is probably 
protonated. IMS band 3 showed fragments with 5+ 
charges starting at c40

′5+ as compared to c39
′5+ for IMS 

bands 1/2 suggesting that an additional charge is 
probably located on the Arg40 residue. Moreover, the 
observation of [z16

•3+ to z23
•3+] fragments implied that one 

of the two Lys36 and Lys37 residues probably carry a 
charge. These differences in the ECD fragmentation 
pattern suggest the presence of different proton 
distributions between IMS bands 1/2 and IMS band 3. 
The distribution of the charge residues along the 
sequence is in good agreement with the mobility 
distribution of the bands. For example, the closer 
proximity of the charged residues in the case of the IMS 
band 3 relative to 1 and 2 leads to a more extended 
structure (larger CCS) due to the stronger coulombic 
repulsion. In addition, inspection of the mobility-
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selected CID fragmentation pattern appeared similar 
across the IMS bands (Figure S7). This indicates that 
beside ECD being more convenient over CID by yielding 
higher sequence coverage, amount and localization of 
fragments containing the PTM, mobility-selected ECD 
experiments also provide fingerprints associated with 
the gas-phase conformational isomers of the same 
species. 

CONCLUSION 

An EMS cell has been successfully integrated in a TIMS-
q-ToF MS instrument for the characterization of histone 
tail proteoforms. The high mobility resolving power of 
the TIMS analyzer permitted the separation of the H3.1 
isobaric/isomeric tails with varying PTM locations in at 
least one charge state. The observed fragment ions 
correspond to ECD-like processes (e.g., ci

′/zj
• series), for 

which CID events were not observed under the 
optimized instrumental settings. These experiments also 
allowed the identification of structural differences 
evidenced by different mobility bands caused by 
different charge distributions along the H3.1 tails 
(resulting in different ECD fragment ions). All histone 
PTM locations were successfully detected and high 
sequence coverage (~86%) was observed. Typical ECD 
fragment ion abundances were in the order of 0.1-0.4% 
per ion, corresponding to ~10% efficiency overall. The 
potential of this coupling was effectively illustrated 
using isobaric (AcK18/TriMetK4) and isomeric 
(AcK18/AcK27 and TriMetK4/TriMetK9) binary H3.1 
histone tail mixtures, and the H3.1 TriMetK27 histone 
tail structural diversity (e.g., three IMS bands at z = 7+). 
Mobility-selected ECD approaches exhibited advantages 
over mobility-selected CID fragmentation, for which 
higher sequence coverage, amount and localization of 
fragments containing the PTM as well as fingerprints 
associated with the gas-phase conformational isomers 
were provided. In addition to the analytical power for 
the separation and identification of histone positional 
isomers, we anticipate that this platform will find wide 
application in structural biology. The capability to 
perform mobility measurements and non-ergodic 
fragmentations can further enable molecular modeling 
for the characterization of the conformational space of 
biomolecules. This platform shows promises for the 
analysis of intact histones with varying PTMs as well as 
other biological systems. Potential challenges for 
mobility-based top-down ExD analysis are 1) need for 
pre-concentration due to the relatively low ECD 
fragmentation efficiency, and 2) need for high resolution 
mobility to separate higher MW isomeric species. 
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potentials, filament current and collision energy settings in 
the transmission and ECD modes for the EMS cell. 2D-
TIMS-MS spectra for Tuning Mix obtained before and after 
implementation of the EMS cell. TIMS-ECD/CID analysis 
showing the TIMS profiles and mobility-selected ECD/CID 
spectra of the selected [M +7H]7+ species of H3.1 TriMetK9 
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