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ABSTRACT: In this article, we present an approach for conformationally multiplexed localized hydrogen deuterium exchange (HDX) of 
gas-phase protein ions facilitated by ion mobility (IM) followed by electron capture dissociation (ECD). A quadrupole-ion mobility-time of 
flight instrument previously modified to enable ECD in transmission mode (without ion trapping) immediately following a mobility separation 
was further modified to allow for deuterated ammonia (ND3) to be leaked in after m/z selection Collisional activation was minimized to prevent 
deuterium scrambling from giving structurally irrelevant results. This arrangement was demonstrated with the extensively studied protein fold-
ing models ubiquitin and cytochrome c. Ubiquitin was ionized from conditions that stabilize the native state and conditions that stabilize the 
partially-folded A-state. IM of deuterated ubiquitin 6+ ions allowed the separation of more compact conformers from more extended conform-
ers. ECD of the separated subpopulations revealed that the more extended (later arriving) conformers had significant, localized differences in 
the amount of HDX observed. The 5+ charge state showed greater protection against HDX than the compact 6+ conformer, and the 11+ charge 
state, ionized from conditions that stabilize the A-state, showed much greater deuterium incorporation. The 7+ ions of cytochrome c ionized 
from aqueous conditions showed greater HDX with exterior and more unstructured regions of the protein, while interior, structured regions, 
especially those involved in heme binding, were more protected against exchange. These results, as well as potential future methods and exper-
iments, are discussed herein. 

 

INTRODUCTION 
As a result of the development of electrospray ionization (ESI),1 

mass spectrometry (MS), especially tandem mass spectrometry 
(MS/MS), has been used for studies of three-dimensional structure 
in proteins and other biomacromolecules.2 The most popular ap-
proaches use either irreversible3-4 or reversible labeling,5 in native-
like solution conditions or inside cells themselves.6 Irreversible label-
ing is performed by covalent modification of the protein and in-
cludes both specific and non-specific labels. For example, n-hydroxy-
succinimide (NHS) esters label lysines,7 and by using various length 
linker groups between two NHS groups, covalent cross-linking ex-
periments can be used to generate distance constraints between in-
tra and intermolecular lysines.8 Non-specific labels are often used in 
footprinting experiments, where the solvent accessible sites as well 
as binding sites can be determined (e.g., through photoactivated car-
bene and hydroxyl radical methods).9-11 With these covalent ap-
proaches, the labels survive enzymatic digestion, allowing for the su-
perior sensitivity of LC/MS/MS bottom-up proteomics to be used 
to identify labeled peptides.12 These peptides are rolled up into their 
constituent proteins to determine which regions of the protein were 
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labeled. The most widely-used reversible labeling approach is hydro-
gen deuterium exchange (HDX).5 In protein HDX, labile, accessible 
hydrogens exchange with deuteriums in the solvent (typically amide 
backbone hydrogens in a D2O solution). By quenching exchange 
with acid and cleavage with pepsin (trypsin is inactive in acidic solu-
tions), back-exchange between the deuterated protein and solvent 
can be avoided.13 The chromatographic separations are also run at 
reduced temperatures in order to help prevent back-exchange of the 
deuterons that have labeled the proteins with protons in the solvent. 
Due to the possibility of deuterium scrambling (i.e., deuterons mo-
bilize and bind to new amide nitrogen atoms) by collisional heating, 
tandem mass spectrometry is not usually used in the bottom-up 
HDX workflow.14 In these experiments, the extent of HDX is moni-
tored, and by varying the labeling time, kinetic uptake information 
can be measured that reports on the dynamics of different regions of 
the protein and can be used to elucidate binding sites.15 HDX is ad-
vantageous since it is universally applicable and does not cause label-
induced structural changes that may occur with irreversible labeling, 
affecting the ability of multiple irreversible labels to accurately meas-
ure three-dimensional structure.16 



 

Another MS workflow growing in popularity for measuring three-
dimensional structure of proteins is native MS.17-19 In a native MS ex-
periment, low micromolar concentrations of proteins solvated with 
a biologically realistic ionic strength of volatile salts (e.g., 200 mM 
ammonium acetate) are ionized via electrospray to stabilize native-
like structures. Native mass spectrometry has been used, for exam-
ple, to measure stoichiometries of protein-protein20 and protein-lig-
and complexes,21 evaluate heterogeneity of heavily modified pro-
teins, such as antibodies and biotherapeutics,22 and measure mem-
brane proteins.23 In many native MS experiments, the exact preser-
vation of all aspects of solution structure is unnecessary as long as the 
overall mass of the native-like complex, its binding partners, and 
modifications is unaffected. However, a key aspect of the elec-
trospray process is that ions are significantly cooled, kinetically trap-
ping solution states that do not interconvert on the MS experimental 
timescale.24 Ion mobility (IM) coupled to MS (IM/MS) has been 
used to successfully characterize three-dimensional structures of ki-
netically trapped solution states, taking advantage of the speed and 
sensitivity of the combined IM/MS approach. The mobilities of ions 
depend on the overall shape and size to charge ratio of the ions, ena-
bling experimental determinations of collision cross sections (be-
tween the ions of interest and an inert drift gas) at low electric 
fields.25 These cross sections can be predicted via computational ap-
proaches from modeled or measured atomistic structures, allowing 
the gas-phase and condensed-phase structures to be compared.26 
With sufficient resolution, IM/MS can be used to separate individ-
ual conformers or conformer families to allow for conformationally-
selective measurements. Since the charge states generated by ESI 
correlate to the solvent accessible surface area (SASA) of proteins in 
solution,27 a combined charge-selective (via m/z selection) and mo-
bility-selective (via IM) approach is a rapid and powerful technique 
in structural biology. The exquisite selectivity of IM/MS/MS (or 
MS/IM/MS) measurements allows them to be uniquely capable of 
providing conformationally-selective structural measurements of 
heterogeneous and dynamic protein systems.28 

To gain localized three-dimensional structural information, it is 
desirable to couple a labeling technique with structurally selective 
IM/tandem MS. To this end, approaches for covalent29-31 and non-
covalent32 irreversible labeling in the gas-phase have been coupled 
with MS/IM/MS workflows. In addition, gas-phase HDX has been 
used in various mass analyzers33-36 and ion optics37-38 towards three-
dimensional structural determination. HDX reagents are leaked into 
the ion optics of choice, and ions collide with reagents. The resulting 
ion/molecule reactions result in the exchange of hydrogens with 
deuteriums on the reagent. On the millisecond timescales of gas-
phase HDX in intermediate pressure ion guides, labeling occurs with 
fast-exchanging sites. Instead of exchanging with amide backbone 
hydrogens, deuterons exchange with ionizing protons, N-terminus 
amine hydrogens, the acidic hydrogen at the C-terminus, and hydro-
gens bound to heteroatoms in residue side chains.39 Deuterium 
scrambling during fragmentation, since there is no enzymatic diges-
tion in these experiments to localize HDX, can be mitigated by not 
using any collisional activation but using electron-based fragmenta-
tion methods, like electron capture dissociation (ECD), which have 
been shown to greatly minimize scrambling.40 Previous IM/tandem 
MS approaches to gas-phase HDX have utilized electron transfer 
dissociation (ETD) after labeling and prior to the ion mobility sep-
aration,39 or after ion mobility separation.41 ETD requires trapping 

of radical anionic reagents with the deuterated proteins and pep-
tides, and thus, ETD performed after mobility selection requires nar-
row mobility windows to be consecutively selected and trapped to 
gain conformer specific localized HDX.41 ETD performed before the 
IM separations prevents mobility selected localized HDX from be-
ing measured, since mobility separates fragments produced from the 
mixture of all conformers related to a particular charge state. In this 
work, we have developed a workflow for conducting ECD after mo-
bility separation, using an electromagnetostatic cell42 that allows for 
ECD without trapping the deuterated ions. Thus, HDX and ECD 
are multiplexed for the entire ion mobility arrival time distribution 
(ATD). Since the fragments of transmission-mode ECD are aligned 
with both charge state selection and mobility separation, our work-
flow gives us an added dimension of conformationally selectivity in 
HDX measurements without sacrificing the inherent speed of 
IM/time-of-flight MS measurements.43 

EXPERIMENTAL SECTION 
Reagents and Samples. Ubiquitin from bovine erythrocytes, 

cytochrome c from horse heart, ammonium acetate, and a 25 L cyl-
inder of 99 atom% D ammonia-d3 (ND3) were purchased from 
Sigma-Aldrich (St. Louis, MO). Methanol and formic acid were ob-
tained from Fisher Scientific (Fairmont, NJ). Water was obtained 
from a Milli-Q Millipore A10 (Burlington, MA) water purification 
system at a resistivity of 18 MΩ-cm or greater. For denaturing con-
ditions, ubiquitin was prepared at 10 mM in a mixture of 50/50 
vol/vol solution of water/methanol and 0.1% formic acid, condi-
tions favoring the partially unfolded A state in solution.44 For aque-
ous, native-like conditions, ubiquitin and cytochrome c were dis-
solved in aqueous 200 mM ammonium acetate solutions for final 
protein concentrations of 10 µM. 

Ion Mobility Mass Spectrometry and HDX. All experiments 
were performed on a modified Synapt G2-Si High Definition Mass 
Spectrometer (Waters Corporation, Wilmslow, U.K.), equipped 
with electron transfer dissociation (ETD), a NanoLockspray source, 
an external electrospray voltage control module (GAA Custom Elec-
tronics LLC, Kennewick, WA), and an ExD cell (e-MSion, Corvallis, 
OR). Instrumental details have been described previously.29-32, 42 The 
NanoLockspray source was used with proteins introduced by nano-
electrospray ionization (nESI) from a pulled borosilicate glass capil-
lary (P97 Flaming/Brown Micropipette puller, Sutter Instrument 
Company, Novato, CA) with a platinum wire inserted through the 
distal end of the capillary held at a positive potential of ~1 kV. Vari-
ous charge states of the proteins produced by nESI were mass se-
lected in the quadrupole for reaction with ND3 in the trap cell (Fig-
ure 1). Following HDX in the trap, ions were injected into the mo-
bility cell, where they were separated by their gas-phase size/shape 
to charge ratios using a traveling wave at 40 V and a wave velocity of 
1000 m/s. Ions exiting the mobility cell traversed the ExD cell, with 
a filament current of 2.5 amps producing approximately 3 eV elec-
trons for ECD fragmentation. No collisional energy was applied. 
Fragments were mass analyzed in the time of flight (TOF) in resolu-
tion mode (nominal resolving power of 20,000). 

The modification of a Synapt Q-IM-TOF to enable gas-phase 
HDX with m/z selected ions in the trap cell has been previously re-
ported.45 Briefly, the 1/8” gas line into the trap cell was teed into with 
a Swagelok tee and shutoff valve (Swagelok, Indianapolis, IN). The 
pressure of ammonia gas was regulated via a corrosive gas lecture 



 

bottle regulator (Matheson Tri-Gas, Joliet, IL), a Swagelok metering 
valve, and restriction capillary comprised of three 50 cm of PEEKSil 
1/16” OD, 100 μm ID capillaries (Sigma Aldrich) connected to the 
1/8” tubing by Swagelok 1/8” to 1/16” and 1/16” to 1/16” unions. 
Enough gas was allowed into the system to increase the trap cell 
background pressure by 20 μbar with ETD (to deliver helium to the 
trap cell) and mobility modes enabled. No ETD was performed. The 
trap cell was operated with a trap traveling wave height of 1 V and 
velocity of 300 m/s to allow for adequate reaction time between the 
proteins and the ND3 gas. Deuterated protein mass spectra were ob-
served without significantly decreasing the sensitivity of the ion sig-
nal. Deuterated and non-deuterated proteins were measured and 
fragmented by ECD in triplicate, with the extents of deuteration for 
ECD fragments determined and manually validated through HDEx-
aminer (Sierra Analytics, Modesto, CA) by calculating the weighted 
average of the isotope distributions of both the non-deuterated and 
deuterated fragments.  

 

Figure 1. (A) Cartoon illustration of the in-trap gas-phase HDX setup. 
During gas-phase HDX, ND3 is leaked into the trap cell such that the 
background pressure increases by ~20 μbar (15 mtorr). (B) Protein 
charge states selected by their m/z react with ND3 in the trap cell, un-
dergo mobility separation in the mobility cell, and are fragmented in the 
ExD cell. No collision energy was applied in any of the experiments. 

RESULTS AND DISCUSSION 
Residue Specific Deuterium Uptake for Ubiquitin 6+. The 

protein ubiquitin has previously been used as model for in source 
and gas-phase HDX.39, 46-47 As such, we began our characterization of 
in-trap HDX with on-the-fly ECD fragmentation by examining vari-
ous charge states of ubiquitin produced by nESI from aqueous am-
monium acetate and water/methanol/acid solutions. For example, 
isolation of the 6+ charge state by the quadrupole with and without 
the addition of ND3 in the trap cell is shown in Figure 2. In Figure 
2A, the isotopic distributions of intact ubiquitin 6+ with and without 
HDX are displayed. Under the conditions we are using (i.e., ~20 
μbar partial pressure ND3, trap traveling wave height 1 V, 300 m/s), 
the m/z ratio increases by 6.8696 from being centered at 1428.5228 
m/z to 1435.3924 m/z. This indicates the incorporation of, on aver-
age, approximately 41 deuteriums. The 5+

 charge state, generated by 
nESI from aqueous ammonium acetate, increased in average m/z 
from 1713.7732 to 1721.2884., by approximately 38 deuterons (Fig-
ure S-1). Calculating the increase in m/z upon in-trap HDX for the 
11+ is less straightforward, since the isolated 11+ ions undergo both 
HDX with and proton transfer to ND3, likely due to the reduced 

proton affinity of ubiquitin when additional excess charges are pre-
sent.48 Therefore, we are using the deuterated 10+ ion formed by 
HDX and proton transfer to determine the extent of deuterium la-
beling (Figure S-2). The charge-deconvoluted average masses for 
non-deuterated ubiquitin 11+ and deuterated/proton transfer prod-
uct 10+ were 8564.9958 and 8,624.8084 Da, indicating that on aver-
age approximately 60 deuteriums were incorporated. The significant 
increase in the extent of deuteration of the 11+ charge state versus 
the lower charge state is consistent with previous studies and the fact 
that the 11+ charge state presents a much more extended structure 
than the 6+ and 5+ ions originating from aqueous solutions.39 ECD of 
the deuterium-exchanged ubiquitin 6+ is exemplified by the zoomed-
in fragment spectra of the c6 non-deuterated and deuterated ions 
(Figure 2B). The non-deuterated c6 ion displays a typical isotopic 
distribution of a small sequence ion. However, the weighted average 
of the deuterated c6 ion isotopic distribution is 769.1309 m/z, show-
ing, on average that five deuterons have been exchanged. The se-
quence of the ubiquitin c6 ion is MQIFVK. Since gas-phase HDX 
with ND3 is known to favor exchanging deuterons with hydrogens 
bound to side chain and termini heteroatoms over exchange with 
amide hydrogens,33 we expect that maximum deuteration of rapidly 
exchanging sites would result in a total of 7 deuteriums exchanged 
(i.e., the two glutamine amide hydrogens, the two lysine amine hy-
drogens, the two N-terminal amine hydrogens, and the ionizing pro-
ton). In calculating the relative deuterium uptake (RDU) for ECD 
fragments, we have subtracted the contributions from ionizing pro-
tons/deuterons to facilitate comparing different length fragments 
(Equation 1). The five-deuteron increase indicates that for the c6 
ion, the relative deuterium exchange is 0.66. 
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Figure 3 details all c ions observed from three replicates of the 
fragmentation of ubiquitin 6+. Overall, the number of deuteriums in-
corporated increased as fragment lengths increased. The increase in 
observed exchange for longer fragments correlates with the increase 
in the number of exchangeable hydrogens. Though the number of 
exchanges generally increases, there are several regions where ex-
change does not increase, indicating that fast-exchanging hydrogens 
are protected from exchange by either a lack of solvent accessibility 
or participation in hydrogen bonding.5 For example, between resi-
dues 20 and 22 (SDT), the number of deuteriums does not increase, 
nor does the number of incorporated residues increase from residue 
24 to 26 (ENV) All of these residues, other than valine, can undergo 
rapid exchange. This indicates that the extents of localized HDX are 
likely reporting on differences in accessibility and chemical microen-
vironment (i.e., structure). 

It is also apparent that although ECD gives fragmentation 
throughout the protein’s backbone, not every N-Cα bond is frag-
mented, making localized HDX for every residue impossible. There-
fore, we interpreted our data such that the relative deuteration of re-
gions of the protein are considered to localize the exchange data to 
obtain localized structural information. Since ECD fragmentation 
results capture of an electron by a nearby protonated residue49 or fa-
cilitated by a nearby protonated residue,50 we chose to end these re-
gions with basic residues. As a result, these regions closely resemble 
tryptic fragments, allowing for HDX experiments with and without 
enzymatic cleavage to be readily compared. Thus, the following 



 

results have reported relative deuterium exchange as a function of 
these pseudo tryptic fragments.  

Localized HDX of Mobility Separated Conformers. During 
the HDX/IM/ECD workflow, ions are mass selected prior to HDX, 
separated by conformational families in the mobility cell, and then 
are fragmented following separation. Performing fragmentation af-
ter the IM separation results in fragments being aligned with the pre-
cursors’ arrival times.51 Using ECD without any additional colli-
sional activation prevents scrambling upon fragmentation that can 
readily occur with CID.39, 52-54 This workflow, with the ability to se-
lect charge states and separate conformers, allows for the localization 
of HDX for each conformational family that is kinetically trapped 
from the electrospray droplets.24 An ion mobility separation of ubiq-
uitin 6+ in nitrogen typically results in the formation of a larger peak 
with an earlier arrival time and a smaller peak at longer arrival time.55

 

Figure 2. (A) Mass spectra of ubiquitin 6+ with (red) and without 
(black) in-trap HDX. (B) Mass spectra of the ECD fragment c6

+ with 
(red) and without (black) in-trap HDX. 

By performing ECD after the mobility separation, localized HDX for 
each of these conformer families was observed (Figure 4). Figure 4A 
shows the arrival time distribution of the deuterated 6+ ions. Extract-
ing the ECD fragments for the earlier arriving peak, representing the 
more compact of the two major conformational families (I), shows 
that certain regions of the protein are more fully deuterated than 
other regions of the protein (Figure 4 B and D), evidence that the 
HDX/IMS/ECD experiments are indicative of localized changes in 
structure. For example, residues 7-11 showed a relative uptake of 
0.67, while regions in the protein’s interior showed relative deuter-
ation more on the order of 0.4. Though it is not expected that every 
aspect of gas-phase protein structure is identical to solution, as the 

collapse of side chains in the gas-phase is known to occur,56 compar-
isons of the gas-phase HDX data to condensed phase structures can 
aid in the interpretation of gas-phase structural information. The 
most protected regions of the protein were residues 12-33, which in-
cludes the main alpha helix, residues 43-48, a short turn region, and 
residues 55-63.57 HDX results from the IM peak representing the 
most extended 6+ conformer (II) are shown in Figure 4 C and E. The 
differences in relative deuterium uptake were plotted for cases where 
the average deuterium uptakes were significantly different as deter-
mined by a two-tailed t-test at an α value of 0.05. Interestingly, the 
greatest difference in uptake between the two conformers occurred 
in residues 43-48, the short turn region that was relatively protected 
against exchange in the more compact conformer. This indicates 
that this region is relatively dynamic for 6+ ions. Since these struc-
tures are kinetically trapped and frozen on the timescale of the ex-
periment,24 they are separable by ion mobility, and thus, can be 
probed for localized differences in three-dimensional structure and 
dynamicity. 

 

 

Figure 3. Plot of the weighted average m/z increase for c ion fragments 
from ubiquitin 6+ after in-trap HDX. Error bars represent ± the standard 
deviation from three replicates. 

HDX of more Compact and Extended Charge States. Nano-
electrospray of ubiquitin from ammonium acetate presents mainly 
the 5+ and 6+ charge states. Thus, we compared localized HDX be-
tween the most compact 6+ conformer family and the 5+ charge state. 
The arrival time distribution of the 5+ charge state is found in Figure 
S-3. We only summed spectra between ~10 ms to 12 ms to reduce 
the impact of collisional heating on HD scrambling by avoiding an-
alyzing data from the later arriving tail of the distribution. The results 
for the 5+ charge state are shown comparatively in Figure 5. The ma-
jority of the protein sequence showed no significant change in deu-
teration between the 6+ and the 5+ structures, which is to be expected 
from kinetically trapped solution structures that maintain their over-
all fold in the gas phase. However, there were several regions that 
showed additional protection against deuteration for the 5+ charge 
state. Residues 1-6, 34-42, and 64-76 showed greater protection 
against deuteration than for the compact 6+ ions. This is likely due to 
the retention or gain of additional hydrogen bonds in the gas phase 
from reduced charge-charge repulsion of the 5+ charge state versus 
the 6+ charge state.58-59 Additionally, due to the strong correlation 



 

between solvent accessible surface area (SASA) and charge state,27 
these differences in HDX may be a result of small differences in the 
original solution structure.  

 
Figure 4. Differences in deuterium uptake between more compact and 
extended structures of ubiquitin 6+. (A) Ion mobility spectrum of ubiq-
uitin 6+ from aqueous conditions following in-trap HDX. (B) Relative 
deuterium uptake for various sequence regions of the more compact 6+ 
structure. Error bars represent standard deviations of triplicate measure-
ments. (C) Difference in relative deuterium uptake between the more 
extended structure and the more compact structure for the same se-
quence regions. The significance of these differences was verified by t-
tests at an α value of 0.05. (D) The compact structure (I) is color coded 
based upon the relative deuterium of various regions of the protein. (E) 
The more extended structure (II) is color coded based upon the increase 
or decrease in relative deuteration of the same regions with respect to 
the more compact structure. 

The two main salt bridges in ubiquitin are between lysine 11 and 
glutamate 34, and lysine 27 and aspartate 52. The lack of a solvent 
system serves to strengthen salt bridges in the gas phase and salt 
bridges are expected to be the final structural motifs from solution 
that are lost.60 ECD32 and ultraviolet photodissociation (UVPD)61 
have been previously used to assign protonation sites of native-like 
ubiquitin structures. Notably, both ECD and UVPD showed that ly-
sine 33 is protonated for the 6+ ion, while UVPD and examination of 
ECD of the undeuterated 5+ ions showed that lysine 33 was not pro-
tonated for the 5+ ions, since the charge state of the fragments does 

not increase between z42
2+ and z45

2+ (i.e., between residues glycine 35 
and lysine 29, respectively). Therefore, it is possible that protonation 
of the nearby lysine 33 destabilizes the salt bridge between lysine 11 
and glutamate 34 and/or causes a different salt bridge to form. This 
might result in increased dynamicity for the 6+ charge state. How-
ever, protonation states of lysine 63 and arginine 72/74 do not 
change between the two charge states, and there are no known salt 
bridges in this region. Nevertheless, this region is more protected for 
the 5+ charge state than the 6+ charge state, while residues 55-63 are 
less protected. The most likely explanation for differences in HDX 
between 5+ and 6+ charge states is that we are probing small differ-
ences in the more dynamic regions of the solution structures that are 
kinetically frozen in the gas phase. 

 

Figure 5. Differences in deuterium uptake between ubiquitin 5+ and the 
compact ubiquitin 6+ conformer. (A) Bar chart and (B) color coded 
structure representing the magnitude of the differences in relative deu-
terium uptake. The significance of these differences was verified by t-
tests at a p value of 0.05. 

Figure 6 shows the differences in relative exchange between the 6+ 
native-like ions and the 11+ ions formed from nESI from organic and 
acidic conditions. We expect that the 11+ ions represent a kinetically 
trapped conformer that resembles the partially unfolded A-state of 
ubiquitin. The ATD of ubiquitin 11+ shows mainly a single peak with 
a shoulder to the left of the distribution (Figure S-4 top). The post 
HDX distribution (S-4 bottom) shows several peaks, which is a re-
sult of proton transfer to deuterated ammonia from the protein. In 
this study, we used the ECD fragment spectra from the entire ATD, 
as the undeuterated ATD had only one major feature. However, if 
desired, these proton transfer product peaks could be eliminated by 
using a less basic deuterating reagent, such as deuterated metha-
nol,62-63 or the extent of the reaction could be reduced by varying the 
trap traveling wave, or by decreasing the partial pressure of ND3 in 
the trap cell or the overall pressure in the cell.38 By changing the re-
action time, information about the HDX kinetics (i.e., structure) of 
different regions of the protein could be determined. 

The A-state is characterized by loss of the native structure in the 
C-terminal half of the protein into an extended coiled form.64 As a 
result, it is expected that the C-terminal region would undergo more 
rapid exchange than for the native state, since the side chains in the 
C-terminal half are no longer buried in the core of the protein. A 
model of the A-state constrained by NMR measurements64-65 has il-
lustrated that residue 39 to residue 72 form a single extended alpha 
helix, and salt bridges that stabilize the native state are disrupted. We 
observed significant increases in exchange throughout the protein, 
especially for regions such as the main α helix that are well protected 



 

against exchange in the native-like structures, indicative of a partially 
unfolded structure. 

 

 

Figure 6. Differences in deuterium uptake between ubiquitin 11+ and 
the compact ubiquitin 6+ conformer. (A) Bar chart and (B) color coded 
structure representing the magnitude of the differences in relative deu-
terium uptake. The significance of these differences was verified by t-
tests at a p value of 0.05. 

HDX of Native-Like Cytochrome C. As an additional model 
case, the most abundant charge state of cytochrome c resulting from 
nESI from an ammonium acetate solution, the 7+ charge state, was 
isolated and allowed to exchange with ND3 in the trap cell. Again, 
ECD was used to localize the exchange data. The ATD of cyto-
chrome c 7+ is mainly a single feature; we did not incorporate the 
data for the minor peak at longer arrival time (Figure S-5) in our data 
analysis. Figure 7 shows the relative deuterium uptake of different 
regions of cytochrome c upon gas-phase HDX. The following trends 
were observed. First, in general, more structured regions of the pro-
tein, for instance, alpha helical regions and regions proximal to heme 
binding, as determined by the crystal structure (Figure 7B),66 
showed a moderate level of exchange. However, more disordered 
loop sections of the protein and the helical regions farther from the 
heme showed additional exchange. For example, the disordered re-
gion comprised of residues 23-35 showed a relative deuterium ex-
change of 1.4, indicating that all exchangeable side chain hydrogens 
and some amide backbone hydrogens were exchanged. These data 
correlate with the conservation of important aspects of solution 
structure in the gas phase and show the ability of gas-phase HDX-
IM-ECD to provide localized structural information. 

 

Figure 7. Relative deuterium uptake for cytochrome c 7+ (A) Bar chart 
and (B) color coded structure representing the magnitude of the relative 
deuterium uptake. 

 

CONCLUSIONS 
In this article, we have shown the application of ion mobility and 
transmission-mode ECD to gas-phase HDX. Our results appear to 
show that by avoiding collisional activation, this method provides for 
localized three-dimensional structural information of gaseous pro-
tein ions. Exchange information for protein ions formed by nESI 
from aqueous conditions shows that regions of the proteins whose 
side chains are expected to be more protected against exchange 
based on their condensed phase structures are indeed more pro-
tected in the gas phase. In contrast, more unstructured regions of the 
protein and side chains that are closer to the surface of the protein 
exchanged more completely. Equilibrium gas-phase structures of na-
tive like proteins give an “inside-out” orientation, with the hydro-
phobic interior being refolded to the surface of the protein and the 
external, more hydrophilic portion towards the interior.67 Therefore, 
our results, along with of other gas-phase evidence, suggest that ki-
netically trapped solution-like states are preserved over a typical MS 
timescale and that inside-out gas-phase equilibrium structures are 
not populated. The application of a mobility separation prior to 
ECD allows HDX to be determined as a function of conformational 
family, a key aspect of this workflow versus workflows that employ 
fragmentation prior to mobility separation, perform HDX in the mo-
bility cell itself, require post-mobility trapping, or do not have ion 
mobility. This allowed us to separate more compact and extended 
conformers of the 6+ charge state of ubiquitin, with HDX illuminat-
ing significant differences between the two gas-phase structures. Fi-
nally, localized HDX for the partially folded A-state of ubiquitin, 
measured utilizing the 11+ charge state, showed greater exchange 
throughout the entire protein, as is expected following the loss of 
structurally stabilizing salt bridges. 

 Future efforts for this workflow will include developing the 
ability to use different exchange conditions to generate HDX kinet-
ics data. The number of collisions that ions experience with ND3 or 
other exchange reagent gases can be controlled by changing the par-
tial pressure of ND3, the background gas pressure of the cell, or the 
trap traveling wave velocity and height.38 These changes in collision 
rates and labeling times would allow exchange kinetics to be probed, 
giving much more detailed structural information. Another ad-
vantage of controlling exchange rates would be to minimize charge 
reduction reactions of higher charged protein ions, which can com-
plicate the mobility spectra due the charge dependence on ion mo-
bility. Furthermore, the identity of the reagent gas could be changed 
to a less basic reagent. However, the mechanism of gas-phase HDX 
is known to change with the proton affinity of the reagent,62 so care 
must be taken in the interpretation of results with different reagent 
gases. In sum, we expect that HDX-IM-ECD will be a useful tool for 
characterizing gaseous protein structures, especially for dynamic sys-
tems that are difficult to characterize with condensed phase meth-
ods. 
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