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Abstract. Hydrogen/deuterium exchange
coupled with mass spectrometry (HDX MS) has
become a powerful method to characterize pro-
tein conformational dynamics. Workflows typical-
ly utilize pepsin digestion prior to MS analysis to
yield peptide level structural resolution. Tandem
mass spectrometry (MS/MS) can potentially facil-
itate determination of site-specific deuteration to
single-residue resolution. However, to be effec-
tive, MS/MS activation must minimize the occur-

rence of gas-phase intramolecular randomization of solution-generated deuterium labels. While significant work
has focused on understanding this process in positive-ion mode, little is known about hydrogen/deuterium (H/D)
scrambling processes in negative-ionmode. Here, we utilize selectively deuteratedmodel peptides to investigate
the extent of intramolecular H/D scrambling upon several negative-ion mode MS/MS techniques, including
negative-ion collision-induced dissociation (nCID), electron detachment dissociation (EDD), negative-ion free
radical–initiated peptide sequencing (nFRIPS), and negative-ion electron capture dissociation (niECD). H/D
scrambling was extensive in deprotonated peptides upon nCID and nFRIPS. In fact, the energetics required to
induce dissociation in nCID are sufficient to allow histidine C-2 and Cβ hydrogen atoms to participate in the
scrambling process. EDD and niECD demonstrated moderate H/D scrambling with niECD being superior in
terms of minimizing hydrogen migration, achieving ~ 30% scrambling levels for small c-type fragment ions. We
believe the observed scrambling is likely due to activation during ionization and ion transport rather than during
the niECD event itself.
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spectrometry, EDD, niECD, FRIPS, CID
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Introduction

Hydrogen/deuterium exchange (HDX) coupled with mass
spectrometry (MS) is a powerful method for examining

protein conformation and dynamics [1–5]. In HDX, protein
amide hydrogen atoms are exchanged for deuterium (or vice
versa). The location and rate of exchange depend on solvent
accessibility and protection derived from hydrogen bonding

and are thus indicative of protein three-dimensional structure
and unfolding/refolding rate. When such deuterated samples
are analyzed by a mass spectrometer, a mass shift of ~ 1 Da is
observed for each exchanged hydrogen atom. The structural
resolution of this technique, however, is typically limited to the
peptide level with pepsin being the proteolytic enzyme of
choice due to quenching at low pH (where most enzymes are
inactive) to minimize deuterium back exchange prior to and
during MS analysis. Peptic peptides with overlapping se-
quences are required to measure H/D exchange rates at indi-
vidual amino acid residues [6–9].

Alternatively, dissociation via tandemmass spectrometry (MS/
MS) could potentially be used to improve structural resolution,
either by fragmenting proteolytic peptide ions or to enable top-
down (intact) analysis of deuterated proteins. However, the most
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common MS/MS activation technique, positive-ion mode
collision-induced dissociation (CID), has been reported to cause
intramolecular hydrogen/deuterium (H/D) scrambling due to the
increased vibrational energy of protonated peptide/protein ions
prior to dissociation and the up to millisecond time scale of CID
[10–14]. Gas-phase H/D scrambling rearranges the deuteration
pattern indicative of solution-phase protein structure/dynamics
and, thus, erases the desired information.

Electron-based activationmethods, e.g., electron-capture/trans-
fer dissociation (ECD/ETD), have demonstrated the ability to
induce peptide backbone dissociation with minimum levels of
H/D scrambling at carefully tuned instrument settings [15, 16].
In addition to these electron-based techniques, ultraviolet photo-
dissociation was recently reported to proceed with minimum H/D
scrambling [17, 18]. ECD and ETD have seen increased utiliza-
tion in HDX workflows [19–27], but are either incompatible or
ineffective for low charge-state precursor ions such as the short
peptides frequently generated upon pepsin digestion [28]. Further-
more, intramolecular hydrogen/deuterium migration upon ETD
has recently been proposed to follow regioselective behavior
rather than a simple randomization process [29], thus further
complicating spectral interpretation.

Negative-ionmodeMS/MS is gaining interest for proteomic
analysis due to the importance of acidic post-translational
modifications [30–37]. While the use of HDX in this polarity
has been limited, applications towards carbohydrates and
MALDI-generated peptide anions have been reported [38, 39]
with prevalent H/D scrambling observed in MALDI tandem
time-of-flight CID of peptide anions [39]. However, intramo-
lecular H/D scrambling behavior in electrospray-generated
peptide anions has, to our knowledge, not been examined.

Here, we measure the extent of H/D scrambling in several
negative-ion mode MS/MS techniques, including negative-ion
mode CID (nCID), electron detachment dissociation (EDD)
[40, 41], negative-ion electron capture dissociation (niECD)
[34], and negative-ion mode free radical–induced peptide se-
quencing (nFRIPS) [35, 42, 43]. Observed scrambling behav-
iors lend insight into the energetics of these processes.

Experimental
Materials

The model peptides P1 (HHHHHHIIKIIK) [44], P3
(DDDDDDIIEIIE), and P4 (DDDDDIIEII) were synthesized
by GenicBio Limited (Shanghai, China). D2O (99.9 atom%D)
was purchased from Sigma-Aldrich (St. Louis, MO). o-TEM-
PO-Bz-NHS was synthesized as described previously [35]. All
other chemicals were obtained at HPLC grade from Thermo
Fisher Scientific (Waltham, MA) and used without further
purification.

Peptide Derivatization

Acetylation of P1 (here referred to as peptide P2) was achieved
by mixing 110mM P1 solution in 30 μL methanol with 20 μL

25% solution of acetic anhydride in methanol. Following a 3-h
incubation at room temperature, solvents were removed under
vacuum.

o-TEMPO-Bz-NHS was dissolved in acetonitrile at a con-
centration of 22mM. The P1 conjugation reaction was buffered
with 100 mM triethylamine acetate (pH 8) and performed using
a fourfold excess of label overnight at 37 °C. These selected
conditions enabled targeted labeling of the N-terminus. The
reaction solution was 60% acetonitrile which, after completion,
evaporated using a vacuum centrifuge followed by
redissolution in water. The poor water solubility of o-TEM-
PO-Bz-NHS enabled crude extraction of the labeled peptide.
For control experiments, this purified stock solution was dilut-
ed to 1–5 μM and directly infused into the instrument.

Deuterium/Hydrogen Exchange

Deuterated peptides were prepared by dissolving unmodified
peptides or diluting (1:20) derivatized peptides in D2O for a
minimum of 18 h at 4 °C. The peptide concentration was
1000 μM, 500 μM, 50 μM, 100 μM, and 200 μM for nCID,
nFRIPS, ECD, EDD, and niECD experiments, respectively. Deu-
terated peptides were diluted to 10–20μM using cooled protiated
ESI solvents: 49:49:2 methanol:water:formic acid for ETD and
nFRIPS and 45:45:10:0.1 water:methanol:isopropanol:formic ac-
id for nCID and positive-ion mode ECD, both solvents at approx-
imately pH 2.5. Peptides P3 and P4 were diluted into 100mM
NH4HCO3 in 50:50:0.3 H2O:isopropanol:formic acid (pH 4.0), or
45:45:10:0.05 H2O:methanol:isopropanol:ammonium hydroxide
(pH 7.5) for niECD and EDD, respectively. These solutions were
immediately transferred to a precooled syringe (Hamilton Co.,
Reno, NV) or to aNanoMate (Advion, Ithaca, NY) cooled to 0 °C.
For syringe infusion, the syringe was mounted on a pump and
cooled with ice bags or dry ice. The flow rate was 10μL/h for the
NanoMate and 2–5.0μL/min for the syringe pump.

Mass Spectrometry

Negative-ion mode CID MS/MS spectra were recorded on an
Orbitrap-XL mass spectrometer (Thermo Fisher Scientific,
Waltham, MA) equipped with a Nanomate nanoESI source.
Doubly deprotonated precursor ions were isolated with an
18m/z window and fragmented at a normalized collision ener-
gy of 30%. Fragment ions were acquired in profile mode with
four microscans and mass-analyzed in the Orbitrap. Maximum
ion injection times were set to 200 ms for MS/MS. The auto-
matic gain control targets were set to 1 × 105 for MS/MS in the
Orbitrap. MS/MS data were gathered from m/z 210–1600 in
negative-ion mode.

ECD, niECD, and EDDMS/MS spectra were recorded on a
7 T SolariX Fourier transform ion cyclotron resonance (FT-
ICR) mass spectrometer (Bruker Daltonics, Billerica, MA)
equipped with an Apollo II ESI source. For ECD experiments,
an accumulation time of 0.4–0.5 s was used to optimize ion
abundance. Mass spectra were acquired from m/z 200–2000
with 32 scans for an overall acquisition time of less than 1 min.
Instrument parameters, including drying gas temperature,
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capillary exit voltage, deflector plate voltage, funnel 1 voltage,
skimmer 1 voltage, and quadrupole isolation width, were care-
fully tuned in order to define regimes of low and high scram-
bling levels (Table S1). ECD of triply protonated P1 ions was
performed with a bias voltage of − 1.0 V and an irradiation time
of 0.15 to 0.40 s. A lens electrode placed in front of the cathode
was set at + 9–10V. For negative-ion mode experiments on the
SolariX, the nebulizing gas, drying gas, and temperature were
set to 1 bar, 4.0 L/min, and 50–200 °C, respectively. Ions were
accumulated for 3 s prior to EDD experiments. Doubly
deprotonated P3 ions were irradiated at a cathode bias voltage
of − 19 V for 2 s, while the lens electrode was held at − 10V.
Mass spectra were acquired from m/z 200–2000 with 32 aver-
aged scans, accumulated over 2–3 min. For niECD experi-
ments, the singly deprotonated peptides P3 and P4 were irra-
diated at a cathode bias voltage of − 4.7 V for 2 s while the lens
electrode was held 1.0–1.5 V lower than the cathode bias
voltage to maximize the abundance of the charge-increased
radical anion.

Negative-ion mode FRIPS and positive-ion mode ETD and
CID spectra were acquired on a Thermo Scientific Orbitrap
Fusion Lumos (Waltham, MA). To minimize scrambling,
positive-ion mode ETD and CID experiments were collected
under the Bsoftest^ settings that allowed for stable electrospray.
The spray voltage, sheath gas, auxiliary gas, and RF lens were
set to 3600V, 2.5 (Arb), 1.5, and 10%, respectively. The 3+
charge state was isolated with a 10m/z window and either
reacted for 17ms or subjected to 26% CID. In both experi-
ments, the generated product ions were measured in the
orbitrap. For nFRIPS, spectra were acquired with 2700 V spray
voltage, 7 sheath gas, 2 Aux gas, 150 °C ion transfer tube
temperature, and 30% RF lens. For nFRIPS fragmentation, an
MS3 workflowwas used: the precursor ion was first dissociated
with 17% HCD and the homolytically cleaved product was
then isolated with a 10m/z window and further activated at
25% HCD. The resulting product ions were measured in the
orbitrap.

Data Analysis

Raw precursor and product ion deuterium contents were calcu-
lated by subtracting the observed weighted average natural
isotopic distribution from the observed weighted average of
deuterated equivalents (to yield Δmexp). Observed product ion
raw deuterium contents, were then converted to deuteration
levels using the following equation:

Deuteration level ¼ Δmexp= m100−m0ð Þ ð1Þ
Where m100 corresponds to the weighted average isotopic
distribution of the deuterated intact precursor ion and m0 cor-
responds to the weighted average of its natural isotopic distri-
bution, respectively. D/H exchange rates and predicted deute-
rium content curves under no scrambling conditions were
calculated with the HXPep software (Zhongqi Zhang, Amgen,
Thousand Oaks, CA), see Table S2 for peptides P3 and P4,
unique to this work. Theoretical 100 % scrambling product ion

curves were calculated by multiplying Eq. (1) with the follow-
ing factor:

100% scrambling factor ¼ HFrag=HPre

� � ð2Þ
Where HFrag is the number of exchangeable hydrogen atoms in
a given fragment ion and HPre is the total number of exchange-
able hydrogen atoms in the precursor ion. Note that precursor
ion charge states and the mechanism by which fragment ions
were generated were both taken into consideration when cal-
culating theoretical deuterium contents under complete scram-
bling conditions [34, 41, 45–49]. All experimental data are
shown as the average of triplicate measurements. In cases
where incomplete product ion series were observed, the level
of H/D scrambling was calculated according to the following
equation:

Scrambling level ¼ Δmexp−Δm0%

� �
= Δm100%−Δm0%ð Þ

� 100% ð3Þ
Where Δm100% and Δm0% are the theoretical mass increases of
the corresponding species in the case of 100% scrambling and
0% scrambling, respectively.

Results and Discussion
The exchange rate of backbone amide hydrogen atoms in
unstructured peptides depends on pH, temperature, steric hin-
drance, and the inductive influence of neighboring side chains
[15, 44, 50]. Utilizing these attributes, Rand et. al. designed the
peptide HHHHHHIIKIIK (P1) to investigate H/D scrambling
[15, 16, 44]. The difference in intrinsic exchange rates of
histidine and isoleucine residues promotes preferential reten-
tion of deuterium on C-terminal residues. The degree by which
deuteriums migrate to N-terminal residues prior to backbone
dissociation determines the applicability of an MS/MS tech-
nique for accurately determining deuterium location within this
peptide (Figure 1). Implementing a similar approach, we inves-
tigated the prevalence of H/D scrambling in a series of
negative-ion mode MS/MS techniques.

Previous positive-ion mode work demonstrated that the
ionization process itself as well as the ion transport conditions
prior to MS/MS both have the potential to induce H/D scram-
bling [15]. That work also characterized the variables that must
be adjusted to minimize these scrambling processes. Little is
known about the conditions needed to minimize these process-
es in negative-ion mode; thus, on the utilized Bruker SolariX
and Thermo Fusion Lumos instruments, settings were initially
chosen that minimized scrambling in positive-ion mode as
confirmed by ECD and ETD, respectively (Figure S1 and
S2). These positive-ion mode settings were then ported to
negative-ion mode and modified as necessary to achieve
signal-to-noise ratios sufficient for analysis (Tables S3 and
S4). The Orbitrap XL is not equipped with activation tech-
niques capable of examining the extent of scrambling; thus, the
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energetics of its ion source and ion transport were minimized
according to literature values [15; Table S5].

H/D Scrambling in Collision-Induced Dissociation
of Electrosprayed Deprotonated Peptides

Upon nCID, the doubly deprotonated peptide P1 dissociated
into a near-complete series of y-type (y4–y11) and c-type frag-
ment ions (c2–c10) (Figure S3). When deuterated P1 was dis-
sociated, a corresponding set of isotopically enriched product
ions was formed. Observed isotopic distributions for two rep-
resentative fragment ions with and without deuterium incorpo-
ration are shown in Figures 2 A (c3 fragment) and C (y9
fragment), respectively. The weighted average m/z values for
the natural isotopic distributions are indicated with green solid
lines and the weighted average m/z values for the deuterated
species are indicated with gray solid lines. The dashed lines in
Figures 2 A and C represent the calculated weighted average
m/z values under no scrambling (blue dashed line) and com-
plete scrambling (orange dashed line) conditions, respectively.
The N-terminal c3 fragment ion is expected to show a low
deuteration level in the absence of scrambling whereas the C-
terminal y9 fragment ion is expected to show a high deuteration
level. Near complete scrambling is evident for the c3 fragment
ion whereas the y9 ion shows a deuteration level even lower
than that expected for 100% scrambling. Figure 2B illustrates
the deuteration level of all observed nCID-derived c-type ions
(black line), as well as their expected deuteration levels in the
absence (blue line for 0%) and presence (orange line for 100%)
of scrambling. Similar to c3, all c-type ions show deuterium
contents indicative of high scrambling levels. Unlike the c-type
ions but similar to the y9 ion, the deuteration level curve for the
y-type ion series (Figure 2D, black line) does not follow the
expected trend for 100% scrambling (Figure 2D, orange line).
Unexpectedly, all these ions contain significantly less

deuterium than previously observed for positive-ion mode
CID [10]. This apparent deuterium loss suggests that, signifi-
cantly, more hydrogen atoms are participating in scrambling
reactions in nCID compared with positive-ionmode CID. Also,
the slope differential between the experimental data and 100%
scrambling curves in Figure 2D indicates deuterium enrich-
ment onto the N-terminal side of the peptide rather than ran-
domization of the deuterium content.

To examine whether this aberrant scrambling behavior is
mediated by the lysine residues, P1 was acetylated, resulting in
modification of the N-terminus and both lysine residues. Deuter-
ated doubly deprotonated *HHHHHHIIK*IIK* (P2) was then
subjected to nCID, yielding a near-complete sequence of y-type
fragment ions (y4–y11, data not shown). Similar to P1, the P2 y-ion
series demonstrated deuterium enrichment onto the N-terminal
amino acid residues (Figure S4), suggesting that primary amines
do not mediate this unexpected H/D scrambling.

The histidine residues in P1/P2 constitute another possible
source of excess hydrogen atoms. Thus, a new model peptide,
DDDDDDIIEIIE (P3), was designed. Similar to P1, P3 relies
on substantially different intrinsic exchange rates of isoleucine
and aspartic acid to concentrate deuterium to the C-terminal
residues upon D/H exchange. Following nCID, b- and y-type
fragment ions were observed (Figure S5). H/D scrambling for
the y-type fragment ion series falls within the theoretical limit
(Figure 3). This result is in direct contrast to nCID of deuterated
P1 and suggests that the additional hydrogen atoms participat-
ing in the scrambling reaction for P1 originate from the histi-
dine residues.

The histidine C-2 hydrogen atom is known to undergo ex-
change reactions and has been utilized to examine local histidine
environments [51, 52]. In the gas phase, however, previous work
in positive-ion mode reported that these hydrogen atoms do not
participate in scrambling reactions [53]. On the other hand, de-
protonation of histidine residues has been shown to promote this
process [54] and critical energies for dissociating deprotonated
peptides are known to be higher than those of protonated peptides
[10, 55, 56]. Thus, histidine C-2 hydrogen atoms may undergo
rearrangement in negative-ion mode. Accounting for these hydro-
gen atoms, the predicted 100% scrambling curve for P1 y-type
ions (Figure 4A) is closer to the experimental nCID data
(Figure 4A vs. Figure 2D). However, the experimental curve
(Figure 4A) is still beyond the theoretical deuterium migration
limit and the slope differential between experimental data and
predicted deuteration levels at 100% scrambling still suggests that
there are unaccounted hydrogen atoms participating in the scram-
bling process.

nCID-driven y-ion formation in the absence of deprotonated
amino acid side chains has been proposed to involve hydrogen
atom abstraction from α-carbon atoms [46]. The energy re-
quired to abstract Cα H atoms is in the same range as histidine
Cβ-H bonds, which have the lowest bond dissociation energies
(BDE) for Cβ-H bonds of any residue [57]. Additionally, when
analyzing phenylalanine—another low Cβ-H BDE
residue—containing peptides, Bowie et. al. observed nCID-
derived products that could only be explained via abstraction

Figure 1. Illustration of a selectively deuterated peptide under-
going gas-phase dissociation with (left) and without (right) H/D
scrambling. Blue and orange curves illustrate theoretical 0 and
100% scrambling levels, respectively, for a hypothetical series
of y-type ions (y2-y11)
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of Cβ-H atoms [57, 58]. Thus, at the energies necessary to
induce nCID dissociation, these Cβ-H atoms may also need to
be considered when calculating the 100% scrambling curve.
When both the exchange of histidine C-2 and Cβ hydrogen
atoms are considered, the experimental data follows the 100%
scrambling limit closely (Figure 4B). nCID of P3 does not
demonstrate this effect; likely because aspartic acid Cβ-H
bonds have significantly higher BDEs and the y-type ions from
this peptide are generated through a lower-energy aspartic acid-
driven mechanism, analogous to the non-mobile proton
positive-ion mode mechanism [48, 59]. The latter mechanism
is supported by the extensive water loss observed for the b-type
ion series (Figure S5), a hallmark of the aspartic acid-driven
mechanism [48].

H/D Scrambling in Radical-Driven Dissociation
of Peptide Anions

As with cations [10–14], the above data demonstrate that colli-
sional activation of anions promotes extensive scrambling and is
not amenable to improving the structural resolution of HDX
experiments. Free radical–initiated peptide sequencing (FRIPS)
is a radical-driven technique that is achieved through derivatiza-
tion of a peptide with a persistent radical-containing precursor [45,
60]. Upon low-level collisional activation, this radical precursor
undergoes homolytic cleavage, generating a radical that propa-
gates throughout the peptide to yield a neutral loss or an a-, x-, c-,
or z-type ion (Scheme S1). TEMPO-assisted FRIPS was recently
applied to peptide anions [35, 42] and was shown to allow

Figure 2. Observed isotopic distributions of c3 (a) and y9 (c) fragment ions from nCID of the natural and deuterated peptide P1
(HHHHHHIIKIIK). The weighted average m/z value for each species is illustrated by a solid green (natural) or gray (deuterated) line.
Theoretical deuteration levels for 100 and 0% scrambling are denoted with dashed orange (100%) and blue (0%) lines, respectively.
Deuteration levels for all measured P1 nCID-derived c- (b) and y-type (d) fragment ions. Blue and orange lines represent expected
deuteration levels for 0 and 100% scrambling, respectively
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backbone cleavage without loss of highly labile posttranslational
modifications, e.g., sulfation [35], suggesting potential applicabil-
ity towards deuterated peptides. nFRIPS of P1 generated a near-
complete set of z-type ions (Figure S6). When deuterated P1 was
dissociated with nFRIPS, the generated z-type ions demonstrated
near complete hydrogen randomization (Figure 5A). However, in
contrast to nCID of this peptide, no imidazole C-2 or Cβ hydrogen
migration was observed. We recently calculated that TEMPO-
assisted nFRIPS requires approximately 50 kcalmol−1 to promote
homolytic cleavage and subsequent backbone dissociation [35].
Our current result implies: (1) that heteroatom-hydrogen scram-
bling requires less than 50 kcalmol−1 to proceed, and (2) that

histidine C-2 and Cβ hydrogen migration likely requires more
than 50 kcalmol−1.

EDD was the first anion-electron reaction technique report-
ed for peptide MS/MS and generates primarily a•- and x-type
product ions [40, 41]. The seminal publication [41] demon-
strated that EDD is a Bsoft^ dissociation technique, potentially
allowing application towards deuterated peptides. When ap-
plied to P1, which lacks acidic amino acid residues, EDD did
not promote backbone fragmentation (data not shown). Thus,
we focused on the acidic peptide P3. Upon electron irradiation,
doubly deprotonated P3 underwent fragmentation, generating
characteristic a•- and x-type fragment ions (Figure S7). In
particular, a•6

−-a•8
−, a•10

−, and x8
−-x11

− were observed. How-
ever, upon deuterium incorporation, the low EDD fragmenta-
tion efficiency and resulting low fragment ion abundance,
combined with signal dilution across broader isotopic enve-
lopes, enabled the calculation of scrambling for only three a•-
type product ions. Excitingly, these product ions demonstrated
onlymoderate H/D scrambling (Figure 5B). The corresponding
deuteration levels equate to a scrambling percentage of 51 for
a•6

−, 61 for a•7
−, and 54 for a•8

−.
To ensure that this reduction in scrambling (as compared to

nCID and nFRIPS) was accurate and not due to an unforeseen
mechanism, the instrument parameters—particularly the ion
source—were modified to promote Bharsh^ conditions
(Table S3). The harsher source once again promoted extensive
hydrogen migration (Figure 5B), increasing the scrambling per-
centages to 81, 94, and 95 for a•6

−, a•7
−, and a•8

−, respectively.
This result suggests that EDD is capable of limiting H/D scram-
bling for a-type ions. However, even under gentle ionization
conditions scrambling levels are too high and the fragmentation
efficiency is far too low to be feasible for HDX experiments. EDD
utilizes ~ 20 eV electrons, which are significantly more energetic
than the < 1 eV electrons typically employed in ECD [41, 61]. It

Figure 4. nCID-generated P1 deuteration levels overlaid with 0 and 100% scrambling curves with the 100% curve being adjusted
to account for hydrogen exchange at histidine C-2 carbon atoms (a) and adjusted to account for both histidine C-2 andCβ hydrogen
atom exchange (b)

Figure 3. Deuteration levels observed for y-type ions from
nCID of the peptide P3 (DDDDDDIIEIIE), as well as expected
deuteration levels for 0 and 100% scrambling, respectively
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has been demonstrated that EDD involves both radical-driven
fragmentation and vibrational excitation [62, 63]. Additionally,
previous work demonstrated an uneven deuterium distribution in
aspartic acid repeats following ETD [64]. This unexpected obser-
vation was attributed to the presence of nearby lysine residues.
Although lysines are not present in the aspartic acid-rich model
peptide studied here, it is possible that the observed H/D scram-
bling can also be attributed to this effect.

Negative-ion electron capture dissociation (niECD) is a
radical-driven dissociation technique that is thought to occur
through a similar mechanism as its positive-ion mode analogue.
In niECD, electron energies are considerably lower (3.5–6.5 eV)
than in EDD. However, niECD is most compatible with low
charge-state anions [34] and, under conditions suitable for HDX,
the singly deprotonated P3 ion did not show sufficient abun-
dance for analysis (Figure S8A). To increase the abundance of
the desired singly deprotonated precursor ion, a truncated ver-
sion of P3 was synthesized. Following ESI, the singly
deprotonated species of the peptide DDDDDIIEII (P4) demon-
strated significantly higher abundance, rendering it amenable to
niECD. Electron irradiation of undeuterated P4 resulted in the
formation of primarily c-type ions (Figure S8B). Similar to
EDD, upon deuteration, the niECD efficiency was not widely
compatible with the broad isotopic distributions observed fol-
lowing HDX and only the c8

2−, c2, c3, z•7 - CO2, z•8 - CO2, and
z•9 - CO2 product ions could be analyzed. Despite the utilization
of low-energy electrons, the z-type ion series demonstrated
nearly 100% scrambling; 92, 84, and 100% for the z•7 - CO2,
z•8 - CO2, and z•9 - CO2 fragment ions, respectively. niECD
however, was able to minimize H/D scrambling to 32 ± 8% for
the c2 fragment ion and 30 ± 4% for c3.

Interestingly, the degree of H/D scrambling (96 ± 30%) ob-
served for c8

2− fragment ion is much higher than that of the c2 and
c3 ions. Similar inconsistencies were reported from ECD [15] and
ETD [29], where the extent of scrambling appears to depend on

the size of c-type ions with smaller c-ions demonstrating lower
degrees of scrambling. This phenomenon may be related to the
lifetime difference of the corresponding radical intermediates with
their complementary z•-type fragments [37].

Conclusions
To investigate H/D scrambling in negative-ion mode, sev-
eral MS/MS techniques were applied towards regioselec-
tively deuterated peptide anions. We demonstrated that
nCID mediated extensive H/D scrambling within all pep-
tides examined. Furthermore, nCID promotes aberrant
scrambling profiles in histidine-containing peptides. This
unexpected behavior is potentially due to the scrambling of
histidine C-2 and Cβ-hydrogen atoms. Radical-driven frag-
mentation methods also promoted H/D scrambling:
nFRIPS induced complete randomization of the deuterium
profile, whereas EDD and niECD proceeded with a mod-
erate degree of H/D scrambling with niECD slightly
outperforming EDD. Interestingly, the scrambling levels
observed for different fragment ions from the same peptide
upon EDD and niECD can be different, which may be
attributed to the difference in chemical properties of ex-
changeable hydrogen sites and/or the conformation of the
precursor peptide ions. Thus, a more detailed analysis is
needed to elucidate mechanisms of intramolecular H/D
migration. Overall, nCID, nFRIPS, EDD, and niECD are
not amenable to HDX MS/MS experiments. For nCID,
nFRIPS, and EDD, this incompatibility is likely due to
the energetics associated with their mechanisms. For
niECD, however, the energetics of the negative-ionization
process itself may be too high. Despite limited practical
applications, the observed H/D scrambling behavior pro-
vided insights into the energetics of these anion fragmen-
tation techniques.

Figure 5. Deuteration levels of nFRIPS-generated z-type fragment ions (a) and EDD-generated a-type ions (b) from the peptide P3,
as well as predicted 0 and 100% scrambling curves. EDD was performed after both Bsoft^ and Bharsh^ ion source conditions
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