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ABSTRACT: Top-down mass spectrometry (TD-MS) allows detailed
characterization of biomolecular heterogeneity, e.g., sequence variants,
chemical and biological modifications, and mutations. While relatively
established in positive-ion mode, negative-ion-mode TD-MS of intact
proteins has been less explored, in part due to a lack of suitable activation
approaches for tandem mass spectrometry. Here, we show that electron
detachment dissociation (EDD) can yield analytically useful sequence
coverage up to ∼60% for β-casein (24 kDa), with relatively straightforward
spectral interpretation due to favored formation of a• and x-type fragments
with limited neutral loss. This leap in EDD performance from previously
reported 5% sequence coverage was enabled by use of a custom wide-bore
9.4 T FT-ICR instrument with a solid dispenser cathode for optimal anion-electron overlap. In addition, a prototype�now
commercially available�instrument with a dynamically harmonized ICR cell and a hollow cathode yielded 51% sequence coverage
for β-casein, more than an order of magnitude higher than previous reports. EDD of phosphorylated α- and β-casein proteins
showed phosphate retention in fragment ions and allowed phosphorylation site determination. High-energy, ∼72−92 eV, EDD is
demonstrated to enable shorter irradiation times than previously reported, as low as 3 ms for an RNA 18-mer (100% sequence
coverage) and 35 ms for carbonic anhydrase (47% sequence coverage), although higher electron energy results in lower average
fragment ion charge. Numerous (y − 2H) fragments from backbone cleavage near proline were observed, indicative of electronic
excitation under EDD conditions. Electron energy vs irradiation time heatmaps provide an in-depth understanding of how to tune
EDD for desired fragmentation outcomes. Overall, the presented results show promise for incorporating EDD in online liquid
chromatography-TD-MS workflows.

■ INTRODUCTION

Protein and RNA sequence information, including sites of
chemical or post-translational modification (PTM), can be
obtained by tandem mass spectrometry (MS/MS). In typical
bottom-up approaches1−4 biomacromolecules are digested
with enzymes such as trypsin or ribonucleases into peptides
or lower molecular weight oligonucleotides, respectively, which
are analyzed by liquid chromatography (LC)-MS/MS. While
bottom-up analysis offers high peptide or oligonucleotide
sequence coverage, including site localization of many PTMs
and other modifications, information about proteoform or
RNA heterogeneity, i.e., what specific combinations of PTMs,
chemical modifications, sequence variants, and truncations are
present is lost upon digestion.4−6 Top-down analysis (TD-
MS)6−10 of undigested biomolecules provides a more accurate
depiction of this heterogeneity; however, sequence coverage is
often limited in TD-MS due to a lack of large fragment ions
from backbone cleavage in the central portion of biomolecules.

Protein TD-MS is typically performed with positive ion
mode electrospray ionization (ESI). A number of MS/MS
activation techniques have been implemented to maximize
sequence coverage, including both beam- and resonance-type
collision-induced dissociation (CID), electron capture dissoci-
ation (ECD), electron transfer dissociation, and ultraviolet
photodissociation (UVPD).11−14 However, the average iso-
electric point of the human proteome is estimated to be
∼6.7,15 which indicates that many proteins should preferen-
tially ionize in negative rather than positive ion mode ESI.
Additionally, acidic PTMs, e.g., phosphorylation, sulfation and
sialylation, which regulate protein function, are common in
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eukaryotic cells.16−20 Such acidic PTMs can further reduce
positive mode ionization efficiency. Negative ion mode is also
the preferred polarity for RNA and DNA analysis due to the
facile deprotonation of the phosphodiester backbone.9,21−23

While negative ion mode TD-MS is emerging as an
analytical strategy for nucleic acids, in part due to improve-
ments in MS instrumentation,9,23−25 protein anion TD-MS has
seen limited implementation,26−28 mainly due to a lack of
suitable MS/MS activation techniques. Widely available slow
heating activation methods, such as CID, and infrared
multiphoton dissociation (IRMPD) yield complex fragmenta-
tion patterns, including a variety of backbone and side chain
bond cleavages in negative ion mode.27 Recent work by
Brodbelt and coworkers demonstrated that UVPD offers high
sequence coverage in negative ion mode protein TD-MS.26

However, UVPD can suffer from high false discovery rate due
to generation of all possible fragment ion types, i.e., a/b/c/x/y/
z ions, as well as neutral losses and internal fragments.29,30

Electron-based MS/MS techniques31 have also been employed
for negative ion mode TD-MS. Negative ion electron capture
dissociation (niECD) was demonstrated to yield a charge-
increased species following irradiation of MALDI-generated
singly deprotonated ubiquitin with ∼6 eV electrons, however
no fragment ions were detected and thus niECD, at this time,
does not appear suitable for TD-MS.32 Negative electron
transfer dissociation (NETD) is still under development for
TD-MS and not yet commercially available. Recent work
reported improved sequence coverage with the use of xenon
gas, a limited resource, for generating reagent cations.33

Further IR activation has also been shown to be required to
liberate fragment ions, or to unfold the precursor ion during
electron transfer for improved fragment ion detection.33,34

Electron detachment dissociation (EDD)35 involves irradi-
ation of polyanions with ≥10 eV electrons, resulting in electron
ejection and radical-driven fragmentation, which has shown
promise for nucleic acid TD-MS.9,22,23,36 By contrast, previous
protein TD-MS with EDD showed limited sequence coverage;
19% for an acidic ∼16 kDa protein28 and only 5% for multiply
phosphorylated, ∼24 kDa β-casein.27 Abundant CO2 neutral
losses further diluted sequence-informative fragment ion signal
and thus may limit analytical utility. However, previous
publications on protein top-down EDD used 7 T Bruker
Apex-Q Fourier transform ion cyclotron resonance (FT-ICR)
instruments equipped with Infinity trapped ion cells37 and
hollow cathodes38 for electron generation/injection (Figure
S1). This type of ICR cell has limited space charge capacity,
which is easily exceeded when injecting a high number of
electrons into a polyanion cloud. Consequently, EDD
performance in this geometry was found to be highly sensitive
to the voltage on an electron extraction lens located between
the hollow cathode and the ICR cell; a negative potential close
to the cathode bias voltage was required to limit the number of
electrons entering the ICR cell.39,40 Furthermore, precursor
anion-electron overlap for high efficiency EDD can be
challenging in this geometry.39,40 This ion cloud-electron
beam overlap issue in off-axis implementations such as the
hollow cathode is well documented for more efficient cation-
electron reactions with supplemental sustained off-resonance
irradiation allowing for ion cloud position manipulation during
electron irradiation for improved fragmentation outcomes.41

Here, we present top-down EDD on two higher magnetic
field instruments (9.4 T), built by Alan Marshall’s research
group42,43 and commercially available from Bruker,44 respec-

tively. The new generation Bruker FT-ICR instruments are
equipped with larger volume, higher space charge capacity
dynamically harmonized trapped ion cells45,46 whereas a
previously built, large volume electrically compensated
cell47,48 was used in the custom instrument. Space charge
capacity is further improved compared with previous experi-
ments due to the increase in magnetic field strength. Marshall
and Guan showed that the maximum number of charges in an
ICR cell increases as the square of the magnetic field,49 i.e., an
increase from 7 to 9.4 T should improve space charge capacity
by a factor of 1.8. The custom instrument is also equipped with
a solid surface dispenser cathode for improved ion-electron
overlap.50−52 Optimization of EDD conditions in these
instruments demonstrated efficient fragmentation of both
proteins up to ∼30 kDa and an 18-mer RNA with irradiation
times as low as 3 ms, shorter than what has been demonstrated
with alternative EDD-compatible instrumentation such as the
chimera cell36,53 and Omnitrap platforms.23

■ MATERIALS AND METHODS

Sample Preparation
Bovine ubiquitin (∼8.6 kDa), bovine α-S1-casein (∼24 kDa), bovine
β-casein (∼24 kDa), bovine erythrocytes carbonic anhydrase II
(CAII, ∼29 kDa), baker’s yeast enolase (∼47 kDa), bovine
apocalmodulin, (∼16.7 kDa) triethylamine (TEA), 1,5-
diazabicyclo[4.3.0]non-5-ene (DBN), piperidine (PIP), and Amicon
3 kDa spin filters were all purchased from Sigma-Aldrich (St. Louis,
MO, USA). Unmodified, HPLC-grade Nusinersen oligonucleotide
(5′OH-UCA CUU UCA UAA UGC UGG-3′OH) was purchased
from GenScript (Piscataway, NJ, USA). LC-MS grade water and
methanol were purchased from Honeywell Burdick & Jackson
(Charlotte, NC, USA). Protein samples were desalted with 3 kDa
Amicon spin filters following the manufacturer’s protocol, then
prepared into 1:1 methanol:water with 0.1% TEA, DBN, or PIP basic
additives to a concentration of ∼1−5 μM. Nusinersen was dissolved
in 1:1 methanol:water with 1% PIP to a final concentration of 16 μM.

Fourier Transform Ion Cyclotron Resonance Mass
Spectrometry
Samples were directly infused with ESI at up to 3 μL/min with a 1.1−
3 kV high voltage, applied to a stainless steel union, through a 50 μM
I.D. tapered fused silica emitter into the heated metal capillary of a
passively shielded, 220 mm bore, home-built 9.4 T FT-ICR mass
spectrometer equipped with an open, seven-segment electrically
compensated ICR cell47,48 (Figure S1). Samples were also infused at
the same flow rate into a prototype Bruker trapped ion mobility
spectrometry (TIMS)-FT-ICR (timsMRMS) instrument44 with a
dynamically harmonized cell45,46,54 (Figure S1) in an actively shielded
9.4 T magnet. Ions in both instruments were quadrupole isolated at a
width of 10 m/z and externally accumulated55 for up to 5 s. Ions were
then transferred to the ICR cell, where they were confined by either
−3 or −4 V trapping voltages on the outermost cell electrodes or
trapping plates. Stored waveform inverse Fourier transform
(SWIFT)56,57 was employed for in-cell precursor ion isolation in
the custom 9.4 T instrument.

Electron Detachment Dissociation
The custom wide bore FT-ICR instrument is equipped with a 1.016
cm diameter solid cathode (HeatWave, Watsonville, CA) (Figure S1)
mounted 73 cm from the axial center of the ICR cell. The cathode
was conditioned with a 3.5 A heating current and operated at 3.2 A.
For reproducible electron flux, the cathode was routinely warmed
overnight before each experiment and left on for the duration of the
experiments. A molybdenum grid, used to control electron flux, was
located in between the cathode and the ICR cell at a distance of 8 mm
from the cathode. EDD was performed for 1−800 ms at cathode bias
voltages of −20 to −100 V with the molybdenum electron extraction
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grid voltage set to positive 2−5 V relative to the cathode bias voltage.
Following electron irradiation, a 100 ms electron cleanup event was
performed to reduce space charge prior to anion excitation. The
relationship between cathode bias voltage and electron energy was
established by measuring the current on a transfer quadrupole on the
opposite side of the ICR cell as a function of a repelling voltage at a 5
V offset between the cathode and electron extraction grid, as
illustrated in Figure 1 and Figure S2. The prototype Bruker platform

was outfitted with a hollow cathode (Figure S1), conditioned to 1.5 A
and operated at 1.5 A. EDD experiments with the Bruker timsMRMS
instrument were performed with a 130 ms irradiation time, −30
cathode bias voltage, and −20 electron extraction lens voltage. For
each EDD experiment on either instrument, 800−3200 ms transients
were acquired.

Data Analysis

EDD data were processed with either PredAnalysisCore v6.1.2.7 or
Bruker DataAnalysis version 6.2. Spectra were internally recalibrated
using high confidence fragment ions, then manually annotated with
Predator Manual Validation v.2.9.1 and Protein Prospector, or Mongo
Oligo mass calculator v2.07. Because many fragment ions show low
signal-to-noise (S/N) ratios ±5 ppm mass accuracy was accepted. To
account for mismatches between deprotonation state and fragment
ion charge due to electron detachment, up to three hydrogen atom
losses were assigned. Protein and oligonucleotide sequence coverage
figures were generated with a custom Python script. When the
deviation between calculated and observed isotopic distributions
indicated more than one hydrogen loss, assignments were included in
a separate color. For ubiquitin, the average fragment ion charge states
from different EDD conditions were calculated based on annotated a-
and x-type ions.

■ RESULTS AND DISCUSSION

High Space Charge Capacity EDD of Casein
Phosphoproteins

Our initial experiments focused on β-casein, which was
previously shown to yield only 5% sequence coverage from
EDD. We first replicated the previous approach which did not
involve any protein desalting or quadrupole isolation, i.e.,
broadband EDD of all observed charge states (10− to 23−).
With the custom FT-ICR instrument, we observed a sequence
coverage of ∼30%, six times higher than previous results
(Figure S3) with some optimization of the cathode bias
voltage. These data allowed site localization of all five
phosphoserines through N-terminal phosphate-retaining frag-
ment ions. Such unambiguous PTM site determination, is
hampered in positive-ion mode ECD, presumably due to salt
bridge formation.27,58 For example, Ge and coworkers noted a
slight decrease in the number of observed fragment ions in
phosphorylated forms of proteins in top-down ECD with
single phosphorylation having a minimal effect. By contrast,
multiple phosphorylations in close proximity, e.g., β-casein
resulted in a significant reduction in ECD bond cleavages,
causing phosphorylation site ambiguity.58 While previous β-
casein EDD offered only limited phosphosite characterization,
negative ion mode IRMPD provided fragmentation that
localized 3/5 phosphoserines.27 However, the corresponding
IRMPD spectrum was highly complex, including neutral loss of
phosphoric acid, which is not observed in EDD.
Following the success of broadband EDD with the custom

FT-ICR instrument, we quadrupole isolated the 24− charge
state with a 10 Th wide isolation window, followed by further
proteoform-specific SWIFT isolation in the ICR cell. The
protein was also desalted prior to analysis. The two known β-
casein proteoforms, A1 (H67) and A2 (P67), were both
observed (Figure S4). After further optimization of the cathode
bias voltage and electron irradiation time, EDD of the 24−
charge state of the A2 β-casein proteoform at −20 V cathode
bias with 700 ms irradiation time generated a rich spectrum
with nearly 60% sequence coverage, as shown in Figure 2. The
data represent a greater than 1 order of magnitude increase in
sequence coverage compared with previous literature values.27

In this spectrum, a high number of N-terminal a/a• and c’-type
fragments were observed, which may be due to the high
density of acidic sites, including phosphoserine and several
glutamic acids, in the N-terminal portion of the protein. The
lower density of acidic sites in the C-terminal portion of β-
casein also likely explains the lower numbers and lower overall
charge states of C-terminal x- and z-type fragments. Similar to
previous EDD, multiple electron ejections were observed to
yield abundant charge-reduced unfragmented precursor ions.
Neutral loss of CO2 from these charge-reduced precursor ions
was also observed. Theoretical masses of (z − 2H) vs (x −
CO2) fragments differ by only 0.02 Da and were assigned
according to mass accuracy (if <5 ppm error was required,
these fragment ion types could not be differentiated) and
residue specificity ((z − 2H) fragments are favored at serine,
threonine, and tyrosine).59 Both fragment types have been
observed28,59 and provide near identical sequence information.
In contrast to previous peptide EDD,60−62 only limited neutral
losses were observed in top-down EDD from structurally
informative backbone fragments, which simplified annotation.
EDD of β-casein was also performed on a prototype Bruker

timsMRMS instrument under the same conditions as the

Figure 1. a) Electron energy measurements and set up. Electrons
were measured on the positively biased quadrupole rods with a
Keithley 485 picoammeter. Electrons were generated by a solid
cathode (Heatwave, Watsonville, CA), indirectly heated at 3.20 A.
Electron energy was altered by changing the cathode bias voltage,
whereas electron flux was controlled with a +5 V offset on the electron
extraction grid relative to the cathode bias voltage. Numbers shown
are for a −20 cathode bias voltage. b) Measured current on the
quadrupole rods at various cathode bias voltages upon application of
an increasingly negative, electron repelling potential on conductance
limit 6 (CL6, Figure 1a).
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custom instrument, reaching a sequence coverage of ∼51%
upon fragmenting the same 24− charge state (Figure 3). While
the sequence coverage at optimized conditions was lower than
with the custom instrument, this result still demonstrates an
order of magnitude improvement from previously published β-
casein EDD performed with a commercially available platform.
Furthermore, lower molecular weight fragment ions, originat-
ing from backbone bond cleavages near the protein termini,
that were absent on the custom instrument were detected,
providing complementary information. Both instruments

generated EDD spectra with sufficient coverage of the densely
phosphorylated region to allow unambiguous phosphosite
determination. The observed fragment ion types were also
similar, showing primarily a/x-type ions and a smaller number
of c/z-type fragments.
We also performed EDD of α-casein, which is known to

have up to 9 phosphorylation sites, with the most abundant
proteoform bearing 8 phosphorylations. The 23− charge state
of this octuply phosphorylated protein was quadrupole and
SWIFT isolated and fragmented by EDD on the custom FT-

Figure 2. Top) EDD spectrum of the 24− charge state of the A2 proteoform of β-casein with a custom 9.4 T FT-ICR instrument, including some
fragment ion annotations. The “§” denotes the 24− precursor ion and the “2ω” denote second harmonics. No fragment ions were observed below
m/z 400. Bottom) Sequence coverage map from EDD of β-casein A2, 24− with the custom instrument, showing a sequence coverage of 59% (123/
208 possible interresidue cleavages). Purple brackets represent cleavage sites for expected backbone fragment ions, red brackets represent (y − 2H)
fragment ions or other fragments with ≥2 hydrogen loss, and gold brackets indicate CO2 loss. Phosphoserine locations are indicated by red colored
“S”. Experimental conditions: 5 μM, 250 scans, quadrupole + SWIFT isolation, −20 cathode bias voltage −18.2 electron extraction grid voltage,
700 ms irradiation.

Figure 3. Top) EDD spectrum of the 24− charge state of the A2 proteoform of β-casein with a prototype 9.4 T TIMS-FT-ICR mass spectrometer,
including some fragment ion annotations. Bottom) Sequence coverage map from EDD of β-casein A2, 24− with the prototype commercial
instrument, showing a sequence coverage of 51% (106/208 possible interresidue cleavages). Purple brackets represent cleavage sites for expected
backbone fragment ions, while red brackets represent (y − 2H) fragment ions or other fragments with ≥2 hydrogen loss. Phosphoserine locations
are indicated by red colored “S”. Experimental conditions: 5 μM, 250 scans, quadrupole isolation, −20 cathode bias voltage −18.5 electron
extraction lens voltage, 700 ms irradiation.
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ICR instrument, resulting in a sequence coverage of ∼36% at
optimized conditions (−30 cathode bias voltage, 900 ms
irradiation; Figure S5). Despite the lower sequence coverage
compared with β-casein, seven of the phosphoserine locations
could be unambiguously determined across the 9 known sites.
The eighth phosphoserine could be narrowed down to two
possible residues, only one of which is a known phosphor-
ylation site. The EDD data also revealed that serine 41, the
most N-terminal of the known α-casein phosphoserine sites
was not modified in the isolated proteoform. In EDD of α-
casein, backbone cleavages were not observed within the
phosphorylation dense region. However, compared with β-
casein, this region is located further from the N-terminus and
thus may be more difficult to access. The lower sequence
coverage as compared to β-casein, despite fewer residues, may
be attributed to the higher number of phosphoserine residues,
which may form stabilizing salt bridges within the protein that
contribute to a lower degree of fragmentation.

Electron Energy and Irradiation Time Effects in Top-Down
EDD

Because the three different casein experiments on the custom
instrument showed different optima for the cathode bias
voltage and irradiation time, these two parameters were further
examined across 63 conditions to generate β-casein fragment
ion abundance heatmaps. Example heatmaps for six different
fragment ions are shown in Figure 4. As described above, β-
casein EDD was dominated by a/a•-type fragments,
presumably due to the high density of acidic sites in the N-
terminal region of the protein. For larger, highly charged a•
ions, e.g., a659−• (Figure 4a) and a7210−• (Figure 4b),
abundance is highest below −30 cathode bias voltage,
corresponding to an electron energy of ∼25 eV (Figure 1)
and 50−200 ms irradiation. At higher electron energy, these
larger fragments may undergo secondary fragmentation to
yield smaller fragments. Consistently, the smaller, lower charge
state a183−• shows the highest abundance at ∼−40 cathode bias
voltage (∼33 eV electrons; Figure 4c). Its even-electron
counterpart, a183−, shows the highest abundance at further

Figure 4. Abundance heatmaps from selected β-casein EDD fragment ions as functions of cathode bias voltage and irradiation time. Experimental
conditions: 2.5 μM, 100 scans, +5 V offset on the electron extraction grid relative to the cathode bias voltage. a) a659−•; b) a7210−•; c) a183−•; d)
a183−; e) x373−; f) x564−.
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increased cathode bias voltage (−80 V or ∼72 eV electrons)
and short irradiation time (5−10 ms; Figure 4d). A second
maximum is observed around −25 cathode bias voltage (∼20
eV electrons) but at much longer irradiation time (100−800
ms), suggesting vibrational activation to eject a hydrogen
radical from the a183−• ion is occurring through an
accompanying negative electron induced dissociation
(nEInD) mechanism.59 The higher electron energy needed
to maximize abundance of the x373− fragment (Figure 4e) may
have two explanations: either higher energy is needed to
achieve electron ejection from the C-terminal portion of β-
casein due to the lower density of acidic sites, or this ion is a
secondary fragment from larger product ions. By contrast, the
x564− fragment (Figure 4f) appears in an energy regime that
most closely matches a659−• (Figure 4a), demonstrating that
not all x-type fragments require high electron energy to appear.
Notably, x564− is present even at the −20 cathode bias voltage,
which may be due to its high abundance.
The observation that highly charged fragments are more

abundant at lower electron energy and longer irradiation times
was further examined by generating heatmaps for the x133
fragment at different charge states, ranging from 10− to 14−
(Figure S6). These heatmaps show a clear trend of diminishing
abundance of the x133 higher charge states with increasing
electron energy in favor of lower charges states. However, for
optimum abundance of the lower charge states, irradiation
times must be shortened. Based on these findings, titration of
irradiation time can be used to generate the most informative
EDD spectra in each energy regime. Importantly, at high
electron energy, spectra can be generated at a fraction of the
time required at low energy. For example, −25 cathode bias
voltage, 200 ms irradiation shows 49% sequence coverage vs
41% at −80 cathode bias voltage, 5 ms irradiation for the 24−
charge state of β-casein (Figures S7 and S8). Moderately
higher energy β-casein EDD was also performed on the
commercial Bruker instrument at the highest implemented
−30 cathode bias voltage vs the aforementioned −20 V. This

higher energy regime showed 50% sequence coverage at a 10-
fold lower irradiation time (70 ms; Figure S9).
To further explore differences between high- and low-energy

EDD, we subjected the 9− charge state of ubiquitin to both the
typical40 ∼15 eV electron energy and to ∼72 eV electrons.
Similar to the β-casein results, ∼350 ms irradiation was optimal
for the lower electron energy (Figure S10, Top) but, at higher
energy, efficient EDD was observed at 20 ms (Figure S10,
Bottom). The ubiquitin sequence coverage was identical
(∼81%) at both experimental conditions; however, because
each condition generated a few unique backbone bond
cleavages, a total sequence coverage of 88% from 66/75
possible cleavage sites was obtained from the combined data.
The type of observed fragment ions (a/c/x/(y − 2H)/z/(z −
2H)) did not appear to change with electron energy.
This inverse relationship between cathode bias voltage and

irradiation time can be explained by both electron flux and
energy: as cathode bias voltage increases, the number of
generated electrons also increases and, to compensate for the
increased electron flux, irradiation times must be shortened.
Too many electrons result in space charge limitations and
overfragmentation. However, increased electron flux alone
does not appear to fully account for the extent of irradiation
time reduction at optimum EDD efficiency. For example, a
current of 33 μA was observed at −25 cathode bias voltage,
whereas 59 μA was generated at −80 V, an ∼3× increase
(Figure S2). By contrast, the optimum irradiation times at
these two conditions were 200 vs 5 ms, a 40× decrease.
Furthermore, at electron energies >70 eV, an excessive amount
of energy is available for electron ejection from multiply
charged polyanions, such as proteins or nucleic acids with
dozens of negative charges. A single high energy electron may
deposit energy into multiple analyte anions, or result in
multiple electron ejections from the same analyte. Alter-
natively, electron ejection may be accompanied by higher
order structure unfolding that may lead to release of additional
fragment ions such as the x373− in Figure 4e.

Figure 5. Top) EDD spectrum from the 34− charge state of carbonic anhydrase II with some fragment ion annotations. The “§” denotes the
precursor ion. Bottom) Sequence coverage map wherein purple brackets represent cleavage site for expected backbone fragment ions, while red
brackets represent (y − 2H) fragment ions or other fragments with ≥2 hydrogen loss. The N-acetyl serine is in orange and marked with a square.
120/258 cleavage sites were observed for ∼47% sequence coverage. Experimental conditions: 5 μM, 200 scans, quadrupole + SWIFT isolation, −80
cathode bias voltage −75 electron extraction grid voltage, 35 ms irradiation.
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Following our discovery that EDD yielded analytically useful
sequence coverage for ∼24 kDa caseins with ∼72 eV electrons
at irradiation times as short as 5 ms, we subjected the 34−
charge state of bovine carbonic anhydrase (CAII, ∼29 kDa,
estimated pI ∼ 6.2215) to high energy EDD. At −80 cathode
bias voltage (corresponding to ∼72 eV electrons; Figure 1) no
fragments were observed in single scan spectra with an
irradiation time of 5 ms. This lack of fragment ion signal is
likely due to the larger protein size compared with β-casein,
spreading available ion current over a higher number of
fragmentation pathways. Low charge state fragments were
observed at an irradiation time of 35 ms. Signal averaging
under these conditions resulted in the spectrum shown in
Figure 5, Top. This higher energy EDD resulted in 47%
sequence coverage (Figure 5, Bottom).
A bottleneck for wider adaptation of EDD in biomolecular

analysis has been the relatively long irradiation time, which is
suboptimal for coupling with liquid chromatography. Long
irradiation times prevent averaging of a high number of scans
across an LC elution time and thus preclude optimal S/N ratio
based on the square root increase vs number of averaged scans.
Kjeldsen and coworkers demonstrated LC-EDD for bottom-up
proteomic analysis with 150−170 ms irradiation times but
peptide sequence coverage was limited to <30%.63 Recently,
efficient oligonucleotide EDD has been shown with 10 ms
irradiation in a plasma configuration with a magneto
radiofrequency ion trap, and with 55 ms irradiation in an
Omnitrap configuration.23,36 With the ability to achieve
efficient intact protein EDD at 20−35 ms irradiation time
with high energy (∼72 eV) electrons, we also examined EDD
of the 18 nt, unmodified antisense therapeutic, Nusinersen, at
this previously unexplored energy range. For this molecule we
evaluated EDD efficiency by measuring the abundance of six
different fragment ions (d52−, w5

2−, d125−, w13
2−, w16

6−, and
w17

6−) from the quadrupole isolated 8− charge state as a
function of electron irradiation time (1−800 ms) at four
different cathode bias voltages (−20 V, −25 V, −30 V and
−100 V), as shown in Figure S11. The trend observed for
proteins that increased electron energy allows for shorter
irradiation time also holds for this oligonucleotide. While −30
cathode bias voltage provided the highest fragment ion
abundance with 100−250 ms irradiation, −100 cathode bias
voltage (∼92 eV electrons) allowed an irradiation time as low
as 3 ms, yielding 30−60% of the fragment ion abundance at
1.2−3% of the time. Full sequence coverage was obtained
(100%; Figure 6, Top). The corresponding mass spectrum is
shown in Figure 6, Bottom. These EDD conditions resulted in
17/17 interresidue bond cleavages, exclusively from d/w-type
fragment ions although several c/y-type ions (which suggest
accompanying vibrational activation22,64) were also observed at
lower abundance. With the exception of neutral nucleobase
loss from charge-reduced precursor ions, neutral losses from
fragment ions were virtually absent. The irradiation time of 3
ms is the lowest reported for EDD, outperforming other
instrument configurations.23,36

Top-Down Protein EDD vs UVPD

While annotating protein EDD spectra, we noticed that (y −
2H) fragments were prevalent, but only from backbone bond
cleavage N-terminal to, or near proline residues, as summarized
in Supporting Table 1. Specifically, as shown in Figure S12, (y
− 2H) fragments appear at 20/35, 9/19, and 3/3 proline
residues for β-casein, CAII, and ubiquitin, respectively. This

fragment ion type is also sparsely generated at nonproline
cleavage sites. Specifically, three, one, and three annotated (y −
2H) ions originated near residues other than proline for β-
casein, CAII, and ubiquitin, respectively. Figure 7 shows two
zoomed-in regions from the β-casein EDD spectrum in Figure
2, illustrating the assignment of (y36 − 2H)3− (Left) and (y52 −
2H)4− (Right). y-type fragments are typically of low abundance
in top-down EDD, and hydrogen-deficient (y − 2H) fragments
have not previously been reported for intact protein EDD. By
contrast, this fragment ion type has been observed in EDD and
nEInD of peptides,61,65 but its formation mechanism has not
been addressed. Generation of typical and singly hydrogen
deficient, radical y-type fragments from backbone cleavage N-
terminal to proline in peptide EDD, has been attributed to
charge directed dissociation from vibrational activation
associated with nEInD,59 which also occurs under EDD
conditions.66 By contrast, (y − nH) fragment ions, where n ≥
2, are common in UVPD. These fragment ion types have been
proposed to originate from electronic excitation of precursor
ions.67,68 Similarly, the numerous (y − 2H) fragments
observed here from top-down EDD may originate from
electronically excited states, populated upon energy transfer
from the relatively high energy electrons. While the proposed
UVPD mechanism of fragmentation from higher electronic
states also involves formation of possible b-, (b + 2H)-, and (a
+ 2H)-type ions,67 empirically, EDD does not appear to
produce such fragments.
To explore the optimum conditions for the production of (y

− 2H)-type fragments, a heatmap was generated for the (y36 −
2H)3− fragment. This heatmap (Figure S13) shows a bimodal
distribution, with highest abundance at −60 cathode bias
voltage (∼52 eV electrons) and 5−10 ms irradiation as well as
−25 cathode bias voltage (∼20 eV electrons) and 50−100 ms
irradiation. Overall, the highest abundance of this (y − 2H)
fragment appears to occur in a similar parameter space as the
a183−• ion in Figure 4c, an interesting finding considering the
established assumption that radical a-type ions originate from
radical-driven fragmentation (such as EDD) but not
necessarily electronic excitation. On the other hand, again,
nEInD and EDD are known to occur simultaneously.66

Based on our finding that (y − 2H) fragments are prevalent
in EDD spectra, similar to established top-down UVPD,68 we
acquired EDD on the custom instrument for additional
proteins with published UVPD spectra: apocalmodulin
(∼16.7 kDa, including N-terminal acetylation and one lysine

Figure 6. EDD of the 8− charge state of unmodified Nusinersen
RNA. Sequence coverage with assigned fragment ions is denoted
above the spectrum. Experimental conditions: 16 μM, −100 cathode
bias voltage, −95 grid voltage, 3 ms irradiation, 100 scans. * =
Electronic noise.
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trimethylation)69 and enolase (∼46 kDa).26 For apocalmodu-
lin, the 17− charge state was fragmented, resulting in 57%
sequence coverage (Figure S14). Interestingly, EDD of
apocalmodulin nearly exclusively generated complementary
series of a/x fragment ions, making spectral interpretation
straightforward. In comparison, 193 nm UVPD of 7+
unmodified apocalmodulin69 resulted in slightly lower
sequence coverage (55%). Also, diverse fragment ion types,
including a/b/c/x/y/z-type fragments, were generated, poten-
tially complicating data analysis. Recent negative ion mode 193
nm UVPD of ubiquitin demonstrated ∼95% sequence
coverage,26 whereas combining fragments from both −20
and −80 cathode bias voltage EDD experiments (Figure S10)
results in 88%. For carbonic anhydrase II, previous 193 nm
UVPD generated ∼40% sequence coverage,26 while our high
energy EDD generated 49% (Figure 5). We also performed
EDD of the larger, ∼46 kDa protein enolase at both high and
low energy (Figure S15). The high energy method generated
an extensive series of 1 m/z spaced,70 so-called “picket fence”
peaks71 with minimal observation of annotatable fragment
ions, while the low energy method showed less prominent
picket fence peaks along with 16/435 annotatable fragments,
or ∼4% sequence coverage. By comparison, 193 nm UVPD of
enolase anions generated notably higher, ∼40%, sequence
coverage.26 Interestingly, the primarily a-type fragments
observed in EDD of enolase (Figure S15) are as large as 111
residues, indicating electron access to the protein interior,
despite the dearth of assignable terminal fragments.
For a highly charged protein such as enolase 55−, multiple

electron ejection is energetically favorable with 6 electron
detachment events observed at −25 cathode bias voltage
(Figure S15). Such multiple electron detachment events from a
single protein anion may generate more than one radical site,
which may cause internal fragment formation. At high electron
energy, secondary fragmentation of larger fragment ions likely
generates additional internal fragments and, thus, would
explain the more prominent “picket fence” peaks at high vs
low energy EDD. As described in an accompanying paper in
this issue,71 such picket fence peaks originate from constructive
interference of a high number of diverse terminal and internal
fragments with overlapping m/z ratios. Increased secondary
fragmentation at higher electron energy is also evident from
the ubiquitin EDD in Figure S10. Here, the main difference
between the spectra acquired at higher and lower electron
energy is the average fragment ion charge state: −4.6 at −20
cathode bias voltage and −3.8 at −80 cathode bias voltage, a
difference of ∼20%. A decrease in overall fragment ion charge,
presumably from higher order fragmentation of larger, highly

charged fragments decreases access to the protein interior but
may improve sequence coverage near the protein termini.
Another similarity between the top-down EDD spectra

presented here and published UVPD data is that backbone
cleavage sites are not clustered around basic residues, contrary
to previously reported protein EDD.28 On the other hand,
previous work also showed a trend of increasing sequence
coverage with decreasing protein size with the highest
sequence coverage at 2.8 kDa, i.e., the higher sequence
coverage could also be due to the much smaller number of
possible interresidue bond cleavage sites. For apocalmodulin,
nearly all fragments are observed ∼70 residues from the N-
terminus and 37 residues from the C-terminus, i.e., sequence
coverage appears limited by the lack of large fragment ions
from the protein interior, presumably due to overfragmenta-
tion. It has been proposed that electron ejection in EDD
occurs from acidic sites,72 i.e., in a linear biopolymer
fragmentation should be favored at such sites. However,
because proteins are charge-solvated in the gas phase, there will
be other amino acids nearby for radical migration.

■ CONCLUSION
EDD is shown to provide vastly improved sequence coverage
for intact proteins as compared to previous literature data due
to several factors. First, the ICR cells used in this work; an
electrically compensated open cell and a commercially
available dynamically harmonized cell, have higher volume
and thus offer superior space charge capacity than previous
Infinity cells used for EDD in FT-ICR instrumentation.
Second, further space charge capacity improvement was gained
with higher magnet field; 9.4 T versus earlier experiments at 7
T. Third, the on-axis 1.016 cm diameter solid cathode
provided increased ion-electron overlap, as compared to the
hollow cathodes used previously. EDD resulted in backbone
bond cleavage between sequential β-casein phosphoserine
residues without neutral phosphoric acid loss. The sequence
coverage for β-casein was improved by an order of magnitude
or more compared with previous reports. Up to 29 kDa
proteins demonstrated analytically useful sequence coverage by
EDD. Top-down EDD revealed prevalent (y − 2H) fragments,
which constitute evidence of precursor ion electronic
excitation in EDD. Heatmaps were generated to demonstrate
the inverse relationship between electron energy and
irradiation time. An 18-mer RNA was demonstrated to show
full sequence coverage (17/17 backbone cleavage sites) with a
3 ms irradiation time employing high (∼92 eV) energy
electrons. Future work will focus on EDD of larger
oligonucleotides in an LC-EDD workflow.

Figure 7. Zoomed-in regions of the β-casein EDD spectrum in Figure 2. (y − 2H) fragments were commonly observed from backbone cleavage at
the N-terminal side of proline. Such fragments have been proposed to originate from electronic excitation in UVPD. Assignments of (y36 − 2H)3−

and (y52 − 2H)4− fragments based on their theoretical isotopic distributions (red dots) are shown. Calculated isotopic distributions for the
corresponding y-type ions are also included (blue dots).
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