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Abstract 
Hydrogen/deuterium exchange monitored by mass spectrometry (HDX-MS) enables the study of 
protein dynamics by measuring the time-resolved deuterium incorporation into a protein incubated in D2O. By using 
electron-based fragmentation in the gas-phase it is possible to measure deuterium uptake at single residue resolution. 
However, a prerequisite for this approach is that the solution phase labeling is conserved in the gas-phase prior to 
precursor fragmentation. It is therefore essential to reduce or even avoid intramolecular hydrogen/deuterium 
migration, which causes randomization of the deuterium labels along the peptide (hydrogen scrambling). Here we 
describe an optimization strategy for reducing scrambling to a negligible level while minimizing the impact on 
sensitivity on a high-resolution Q-TOF equipped with ETD and an electrospray ionization interface consisting of a 
glass transfer-capillary followed by a dual ion-funnel. In our strategy we have narrowed down the optimization to 
two accelerating potentials and we have defined the optimization of these in a simple rule by accounting for their 
interdependency in relation to scrambling and transmission efficiency. Using this rule, we were able to reduce 
scrambling from 75% to below 5% on average using the highly scrambling-sensitive quadruply charged P1 peptide 
scrambling probe resulting in a minor 33% transmission loss. To demonstrate the applicability of this approach, we 
probe the dynamics of certain regions in cytochrome c. 

Introduction 
HDX-MS has proven to be a versatile method for investigating the conformational properties of proteins as well as 
protein-ligand interactions, providing the benefits of high sensitivity and the possibility to study very large protein 
complexes1-5. In the classical approach initially developed by Zhang and Smith6 and further developed by Johnson 
and Walsh7, isotopic exchange is initiated by transferring the protein into D2O and after various periods of deuteration, 
the exchange reaction is quenched by acidification and cooling followed by proteolytic digestion and LC-MS analysis. 
However, this approach is in general limited in resolution (i.e., the ability to localize incorporated deuterium atoms 
to specific residues), as defined by the size and number of proteolytic peptides with overlapping sequences. While 
several computational approaches have been developed for enhancing the resolution in HDX-MS datasets8-14, HDX-
MS/MS has the potential for direct measurement of exchange rates at single residue resolution15-33. With this approach, 
site-specific deuterium levels are obtained from fragmentation of the labeled peptide/protein in the mass spectrometer 
yielding a series of sequence fragment ions34. However, a complicating factor for the implementation of HDX-
MS/MS methodologies is the risk of intramolecular hydrogen/deuterium migration caused by excessive collisional 
heating of the analytes in the gas phase. Such heating results in a positional randomization of the isotopic labeling, a 
process termed hydrogen scrambling35-42. Thus, negligible hydrogen scrambling is a prerequisite for using HDX-
MS/MS as tool for improving the resolution. In this regard, it should be noted that collision-induced dissociation 
(CID) cannot be used as a fragmentation method of protonated peptides to improve the resolution by HDX-MS/MS 
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as it causes extensive scrambling in both positive and negative mode MS35, 37-45. However, prompt gas-phase 
fragmentation techniques such as MALDI-ISD, electron-based fragmentation (ECD/ETD), and more recently 
ultraviolet photo dissociation (UVPD) occur without inducing hydrogen scrambling46-50. Importantly, hydrogen 
scrambling is likely to occur in the ion source and in high-pressure ion transmission stages prior to fragmentation 
unless the level of vibrational excitation is carefully kept in check. Indeed, standard instrumental settings in normal 
proteomics experiments are often relatively harsh with respect to vibrational excitation to ensure maximal sensitivity 
(i.e., optimal ion desolvation, ion transmission and fragmentation). Consequently, standard settings usually result in 
scrambling due to excessive vibrational excitation caused by collisional activation of ions during their acceleration 
in high-pressure regions46, 48, 49. However, the extent of hydrogen scrambling and the specific parameters which are 
important for its control are highly dependent on instrument design. Therefore, for a given instrument design it is 
important to investigate the sensitivity to hydrogen scrambling, to identify the parameters that are important for 
minimizing scrambling, and to identify the parameter values resulting in a negligible amount of scrambling. Several 
mass spectrometers with different configurations have been optimized in this way previously to minimize hydrogen 
scrambling, but at significant cost to ion transmission15, 46, 48, 49.  

Here, we have analyzed the influence of ion source desolvation parameters and certain ion optic potentials on the 
extent of hydrogen scrambling and signal attenuation in a model peptide for a Bruker maXis II Q-TOF mass 
spectrometer. We identified conditions for minimal hydrogen scrambling at a low cost to transmission hereby 
demonstrating the feasibility of coupling ETD and HDX-MS for single residue resolution HDX at high sensitivity. 
In addition, we demonstrate the feasibility of our approach by measuring site specific deuterium levels in certain 
regions of cytochrome c. 

Experimental 
Peptide MS 
A stock solution of 100 µM fully deuterated peptide P1 with the sequence HHHHHHIIKIIK (Genscript Corp., 
Piscataway, NJ, USA) was prepared by dissolution of lyophilized peptide in 99.9% D2O (Sigma-Aldrich, St. Louis, 
MO, USA) and incubation at 4 °C for 24 h. The method for selective labeling of peptide P1 has been described 
previously39. Briefly, selectively labeled peptide was produced by 50-fold dilution of the fully deuterated stock 
solution into an acidic water-methanol ESI solvent (0.5 M acetic acid in 50% MeOH (v/v, pH 2.5)) followed by a 
short mixing step and immediate loading onto a precooled syringe (825RN; Hamilton, Reno, NV, USA) for direct 
infusion. Equilibrated samples of peptide P1 were prepared by incubation of the diluted peptide solution in ESI 
solvent for 20 hours at 25 °C. The average mass increase per labile hydrogen of the diluted peptide P1 after 
equilibration in ESI solvent was experimentally determined based on the charge reduced species in MS2 or from the 
precursor ion in MS1 this value was on average 0.045 Da ±0.01. 

Injection was controlled using a syringe pump (KD Scientific, Holliston, MA, USA) and the syringe was cooled by 
placing zip-lock bags containing pulverized dry ice on top and underneath the glass cylinder (Figure 1d). Labeled 
peptide was infused into a maXis II ETD quadrupole time of flight (Q-TOF) mass spectrometer (Bruker Daltonik 
GmbH, Bremen, Germany) at 10 µL/min using PEEK tubing of 26 cm in length and 0.005 in. inner diameter. Between 
each injection the syringe was washed in 3×250 µL 100% MeOH and the transfer line was washed once with 250 µL 
100% MeOH. Upon starting a new injection, the system was allowed to equilibrate until the TIC was stable. 

ETD reagent (3,4-Hexanedione, 95%; Sigma-Aldrich) was introduced into the electron attachment ion source by a 
flow of methane gas into the reagent vial. Radical anions were formed in the electron attachment ion source by 
emission of electrons from the thermionic cathode which was operated at a max. emission current of 5 µA and an 
ionization energy of 70 eV. The methane saturation was set to 16%. Reagent injection time and reaction time was set 
to 50 ms for the quadruply charged precursor. The quadruply protonated precursor was isolated in the quadrupole 
using an isolation window width of ±5 m/z units and both MS and MS/MS scans were made in a range of 50-2000 
m/z. The dry gas flow was set to 4 L/min. 
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In order to arrive at a set of parameter settings which produced negligible hydrogen scrambling, the following ion 
source and ion optic potentials were systematically varied while carefully monitoring the degree of hydrogen 
scrambling. The following instrument setting ranges were tested, the settings in parentheses indicate the default value 
which take effect when varying another parameter (unless otherwise noted): nebulizer pressure 0.1-1.6 bar (0.4 bar), 
dry gas temperature 160-200 °C (200 °C), ion energy 1-4 eV (2 eV), collision energy 1-8 eV (2 eV). The parameter 
ion energy is used to accelerate ions into the quadrupole while the collision energy is used to accelerate ions into the 
collision cell (Figure 1d). If CID gas is turned on, the collision energy controls the incident kinetic energy of the 
precursor ions into the gas-filled collision cell and hence this parameter determines the extent of fragmentation. 
However, even when CID is turned off, the pressure in the collision cell serves to trap ions during ETD in addition 
to facilitating collisional cooling of the analytes prior to orthogonal acceleration into the TOF mass analyzer. 
Therefore, the collision cell is kept at elevated pressures compared to the quadrupole region, even during ETD. 
Remaining, unaltered settings are reported in Table S1. 

Protein MS 
A stock solution of 2 mM fully deuterated cytochrome c was prepared by dissolution of the lyophilized protein 
(cytochrome c from equine heart, 95%; Sigma-Aldrich) into 50 mM potassium phosphate in D2O at pH 7.0 (99.8 D 
atom-%) and incubation at 60 °C for 3 hours. Further sample preparation and liquid chromatography (LC) separation 
was carried out on a PAL RTC liquid handler for HDX (LEAP Technologies Inc.). Native state D-to-H exchange 
was initiated by 50-fold dilution of the fully deuterium labeled cytochrome c into 50 mM potassium phosphate in 
H2O at 20 °C. After 20 minutes of exchange the solution was quenched by diluting 1:3 into 1.6 M guanidinium 
hydrochloride at 1 °C. Online digestion was done on a composite protease XVIII/pepsin column (1:1) 
(NovaBioAssays LLC, Woburn, MA, USA) at 9.5 °C, at a flow of 0.2 mL/min using a mobile phase of 0.3% formic 
acid in H2O. Desalting was done using a Van Guard Acquity UPLC BEH C18 1.7 µm trap column (Waters, Milford, 
MA, USA) at 0.2 mL/min, the total digest and desalting time was 3 minutes. The LC system was run using mobile 
phases of 0.3% formic acid in H2O (Solvent A) and 0.3% formic acid in acetonitrile (solvent B) using a gradient from 
5 to 20% solvent B over 12 minutes at a flow of 0.1 mL/min. The analytical column used was a BEH C18 2.1 x 50 
mm 1.7 µm (Waters). The maXis II ETD mass spectrometer (Bruker Daltonik) was used as detector. The dry gas 
temperature was 190 °C, dry gas flow was 3.5 L/min, nebulizer pressure was 0.4 bar, capillary voltage was 4000 V 
and the end plate offset was 500 V. Ion energy was set to 1 V and collision energy was set to 2 V. For ETD the 
reagent injection was set to 35 ms and the extended reaction time was 50 ms. A shortlist of peptides was selected for 
ETD fragmentation. 

Data analysis 
Data preprocessing for peptide P1 was performed using Genedata (Genedata AG, Basel, Switzerland) incl. spectral 
averaging, centroiding and conversion from vendor format to csv-formated files which were used for the subsequent 
data analysis. Data from cytochrome c runs were preprocessed in DataAnalysis (Bruker Daltonik) and exported as 
peaklists in csv-format. The in-house developed web application ScramblR (http://scramblr.proteinms.com) was 
used for further processing of the peaklists. Briefly, average masses were calculated based on intensity-weighted 
centroid masses and deuterium content of the ETD product ions was calculated as the difference between the 
corresponding ions of the selectively labeled sample and the equilibrated sample. Hydrogen scrambling was 
quantified using the theoretical model as described previously46. Briefly, Eq. 1 describes the theoretical mass 
difference for each ion at 0% scrambling (∆𝑚𝑚0%). 

 ∆𝑚𝑚0% = ∆𝑚𝑚𝑒𝑒𝑒𝑒 ∙ �𝑛𝑛𝑡𝑡𝑡𝑡𝑡𝑡 − 𝑛𝑛𝑠𝑠𝑡𝑡𝑡𝑡� +
𝑛𝑛𝑠𝑠𝑡𝑡𝑡𝑡
𝑛𝑛𝑠𝑠𝑡𝑡𝑠𝑠

∙ �∆𝑚𝑚𝑠𝑠𝑝𝑝𝑒𝑒𝑝𝑝𝑝𝑝𝑝𝑝𝑠𝑠𝑝𝑝𝑝𝑝 − ∆𝑚𝑚𝑒𝑒𝑒𝑒 ∙ �𝑛𝑛𝑡𝑡𝑡𝑡𝑠𝑠 − 𝑛𝑛𝑠𝑠𝑡𝑡𝑠𝑠�� Eq. 1 

 

Where ∆𝑚𝑚𝑒𝑒𝑒𝑒 is the background deuterium content per exchangeable hydrogen at equilibrium after dilution of the 
stock into ESI solvent, 𝑛𝑛𝑡𝑡𝑡𝑡𝑡𝑡 is the total number of exchangeable hydrogen in each fragment ion and 𝑛𝑛𝑠𝑠𝑡𝑡𝑡𝑡 is the 
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number of slow exchanging hydrogen in each fragment ion. Thus, in the first term each fast exchanging hydrogen is 
assigned an amount of deuterium corresponding to the background deuterium level after equilibration. The second 
term describes the behavior of the slow exchanging hydrogens which are all located in the C-terminal half of peptide 
P1. 𝑛𝑛𝑠𝑠𝑡𝑡𝑠𝑠 is the number of slow exchanging hydrogens in the precursor, ∆𝑚𝑚𝑠𝑠𝑝𝑝𝑒𝑒𝑝𝑝𝑝𝑝𝑝𝑝𝑠𝑠𝑝𝑝𝑝𝑝  is the deuterium content in the 
labeled peptide P1, 𝑛𝑛𝑡𝑡𝑡𝑡𝑠𝑠 is the total number of exchangeable hydrogens in the precursor ion and 𝑛𝑛𝑠𝑠𝑡𝑡𝑠𝑠 is the number 
of slow exchanging hydrogens in the precursor ion. Thus, �𝑛𝑛𝑡𝑡𝑡𝑡𝑠𝑠 − 𝑛𝑛𝑠𝑠𝑡𝑡𝑠𝑠� ∙ ∆𝑚𝑚𝑒𝑒𝑒𝑒 is the amount of deuterium that is 

already assigned to the fast exchanging hydrogens. 𝑛𝑛𝑠𝑠𝑠𝑠𝑠𝑠
𝑛𝑛𝑠𝑠𝑠𝑠𝑠𝑠

 is the fraction of slow exchanging hydrogens in a given 

fragment out of the total number of slow exchanging hydrogens, this term becomes zero if no slow exchanging 
hydrogens are present in the fragment. Thus, in the second term the deuterium that is not assigned to any fast 
exchanging hydrogens is distributed evenly across the slow exchanging hydrogens. 

The mass difference for 100% scrambling (∆𝑚𝑚100%) is given by Eq. 2. 

 ∆𝑚𝑚100% =
𝑛𝑛𝑡𝑡𝑡𝑡𝑡𝑡
𝑛𝑛𝑡𝑡𝑡𝑡𝑠𝑠

· ∆𝑚𝑚𝑠𝑠𝑝𝑝𝑒𝑒𝑝𝑝𝑝𝑝𝑝𝑝𝑠𝑠𝑝𝑝𝑝𝑝 Eq. 2 

Thus, Eq. 2 assumes that in the event of 100% scrambling all deuterium is evenly distributed across all exchangeable 
sites of a fragment ion. In order to compare measurements with variations in precursor deuterium content, the % 
scrambling (𝑃𝑃𝑠𝑠𝑝𝑝𝑝𝑝) is calculated using Eq. 3. 

 𝑃𝑃𝑠𝑠𝑝𝑝𝑝𝑝 =
∆𝑚𝑚𝑒𝑒𝑡𝑡𝑠𝑠 − ∆𝑚𝑚0%

∆𝑚𝑚100% − ∆𝑚𝑚0%
· 100 Eq. 3 

Where ∆𝑚𝑚𝑒𝑒𝑡𝑡𝑠𝑠  is the experimentally measured deuterium content for a given fragment ion.  
All scrambling values are reported as an average of the scrambling observed for the c2 through c6 fragment-ions over 
three injections. The reported intensity values are the summed intensity over the isotopic envelope of the singly 
charge-reduced precursor-ion formed by non-dissociative electron transfer (ETnoD) or proton transfer averaged over 
three injections51, 52. Response surface regressions were made using MATLAB version R2019a Update 1 (see 
supporting information). 

Results and discussion 
Peptide P1 (sequence: HHHHHHIIKIIK) was developed to accurately measure the level of hydrogen scrambling 
upon gas phase ion activation in mass spectrometers39. An annotated MS1 spectrum of non-labeled peptide P1 is 
available in Figure S1, we observed peptide P1 in charge state 2+ through 5+ with the 4+ charge state being the most 
abundant. We also observed some peaks which could be tentatively assigned as solvent clusters53, 54. Peptide P1 is 
regio-selectively labeled by diluting the fully deuterated peptide into a cold acidic methanolic quench solution. Due 
to the difference in the chemical exchange rate of the residues in the N- and C-terminal halves, deuterium is retained 
in the C-terminal half for minutes to hours at quench conditions while the N-terminal half will be completely 
exchanged within seconds and hence devoid of the initial deuterium atoms (i.e., equilibrium labeled with a uniform 
labeling reflecting the solution atom D%)39. The large difference in chemical exchange rate between the amides in 
the N-terminal and C-terminal regions is due to the fact that the side chain of histidine accelerates the chemical 
exchange rate of the amide backbone hydrogen while the bulky isoleucine slows down the exchange rate39, 55. By 
measuring the deuterium content of the precursor ion and fragment ions in MS/MS experiments, the extent of 
hydrogen scrambling can be accurately quantified (Figure 1a-c). The extent of hydrogen scrambling is measured on 
a scale between the selectively labeled state (i.e., 0% scrambling, Figure 1b inset) and the scrambled state (Figure 1c 
inset) where all isotope labels are positionally randomized over all labile sites (i.e., all exchangeable hydrogen). The 
scrambling that is detected in HDX-MS/MS could potentially occur at any point in the ion path between desolvation 
and fragmentation, so it is therefore important to consider the analyte ions path through the instrument. In the maXis 
II ETD mass spectrometer ions are sprayed into the spray chamber. Between the spray shield and the capillary cap is 
a countercurrent flow of heated nitrogen drying gas. From the glass transfer-capillary, the ions are transferred through 
a dual ion-funnel into a hexapole ion-guide, then into a quadrupole and through the hexapole collision-cell before 
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they enter the TOF region, consisting of an orthogonal accelerator, a reflector, and a detector (Figure 1d). Of the five 
instrumental parameters that were investigated here only the ion energy and collision energy were identified as 
important for limiting hydrogen scrambling.  

  

Figure 1 Measuring hydrogen scrambling using peptide P1 with the maXis II quadrupole time-of-flight (Q-TOF) mass 
spectrometer. Due to large differences in the chemical exchange rates of the backbone amides in peptide P1 it can be selectively 
labeled by D-to-H exchange in electrospray solvent such that only the amides in the C-terminal half are deuterated. Illustration 
of the selective labeling of the backbone amides of peptide P1, sequence: HHHHHHIIKIIK (a). ETD mass spectra of the c6 
fragment ion obtained from the selectively labeled P1 at mild (b) or harsh (c) instrumental settings, see text for details. The inset 
illustrates the labeling pattern of P1 prior to fragmentation by ETD; backbone amide deuterium atoms are indicated by the red 
color, protium atoms by the blue. Schematic diagram of the experimental setup and the maXis II mass spectrometer (d). Peptide 
P1 is infused directly into the ion source using a syringe pump, the sample is cooled with a sandwich of zip-lock bags containing 
dry ice. The ion energy and collision energy accelerating potentials showed a large influence on hydrogen scrambling. The 
drawing is not to scale (d). 
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Figure 2 Deuterium content of the fragment ions c1-c8 recorded by subjecting the selectively labeled, quadruply charged peptide 
P1 (H6IIKIIK) to ETD at (a) harsh and (b) mild ion energy and collision energy settings, see text for details. The observed 
deuterium content (blue) is plotted along with the theoretical deuterium content for 0% (green line) and 100% scrambling (red 
line). For c1-c6 the 0% scrambling profile (green line) represent the background deuterium in the equilibrated peptide after 
dilution in ESI solvent. ~75% scrambling is observed at harsh conditions, whereas ~4.8% is observed at gentle conditions. 
Annotated ETD spectra of the mild and harsh condition is available in Figure S2. 
 

Mass spectrometer parameters are usually optimized for high sensitivity, that is the highest possible ion transmission. 
However, such settings are also relatively “harsh” in terms of increasing the internal energy of the analytes. Using 
these “harsh” conditions (ion energy 4 eV, collision energy 8 eV) almost complete scrambling was observed (Figure 
2a), while at less transmissive “mild” conditions (ion energy 1 eV, collision energy 1 eV) ~4.8% scrambling was 
observed for the quadruply charged precursor of P1 (Figure 2b). Within the parameter range tested, both accelerating 
potentials and the extent of hydrogen scrambling had a cumulative effect. Thus, a given amount of acceleration 
introduced across the two parameters (i.e. ion energy and collision energy) produced an equivalent level of hydrogen 
scrambling at least between 1 and 4 eV (Figure 3). This effect indicates that there is no significant increase in the 
level of scrambling from the additional distance traveled at a higher velocity through the quadrupole. This in turn 
suggests that the majority of the collisional activation is induced in the collision cell prior to fragmentation. This is 
in line with the fact that the pressure in the collision cell is more than two orders of magnitude higher than in the 
quadrupole region. In addition, a previous study has reported the occurrence of hydrogen scrambling for P1 at 
pressures as low as ~1×10-3 mbar, which is even lower than the ~8×10-3 mbar usually observed in the collision cell 
of the maXis II ETD49. In contrast to some other instrument designs, e.g., those employing a heated capillary48, the 
ion source parameters such as the dry gas temperature (Figure 4a) and the nebulizer pressure (Figure 4b) do not 
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influence scrambling within the range usually employed for HDX-MS. Likewise, the flow rate of dry gas into the ion 
source did not influence the level of scrambling at 4-9 L/min (data not shown). 

 
 

 

Figure 3 Average level of scrambling for the c2-c6 fragment ion (yellow) recorded by subjecting the selectively labeled, quadruply 
charged peptide P1 (H6IIKIIK) to ETD at different ion energy and collision energy settings. The summed intensity of the charge-
reduced species during ETD (blue). All data were measured in triplicate. 
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Figure 4 The level of scrambling for the c4 fragment ion (yellow) obtained by ETD of the selectively labeled, quadruply charged 
peptide P1 (H6IIKIIK) at different dry gas temperatures (a) or at different nebulizer pressures (b). The summed intensity of the 
singly charge reduced precursor and annotated c-ion fragments (blue). All data were measured in triplicate. 
 

Peptic peptides are the typical analytes in bottom-up HDX-MS experiments; in ESI-MS these peptides produce 
mainly multiply charged (+2, +3, +4) ions. This is important in the context of HDX-MS/MS analyses since it has 
been shown that quadruply charged peptide ions are more sensitive to hydrogen scrambling than their triply charged 
equivalent46, 48. This difference can be attributed to the fact that an ion of equal mass, but higher charge state will 
gain more kinetic energy when accelerated in the mass spectrometer by an equal electrostatic or electrodynamic 
potential. The higher kinetic energy will result in more energetic collisions with neutral gas molecules in the 
transmission path and result in a hotter ion. Furthermore, Wysoki and coworkers have shown significantly increased 
proton mobility for higher charge states (doubly protonated vs. singly protonated peptides) at identical kinetic energy 
in CID experiments56. The increased propensity for scrambling at higher charge states is therefore caused by two 
factors: more energetic collisions and increased proton mobility due to the additional proton. In order to show the 
feasibility of using peptide analytes with a high charge density, it is therefore beneficial to show a negligible level of 
scrambling for the quadruply protonated peptide P1 in HDX-MS/MS analysis. In most cases, this is not trivial given 
the loss of transmission efficiency that is associated with tuning an instrument for low hydrogen scrambling. However, 
we were able to obtain an average level of scrambling of ~4.8% using the quadruply charged P1 on maXis II ETD at 
a 33% transmission loss relative to the optimal settings for high sensitivity when using an ion energy and collision 
energy of 1 eV (Figure 3). The less scrambling-sensitive triply protonated P1 was previously used for optimization 
on a 7-T LTQ FT (ECD) and an LTQ Orbitrap XL ETD where a transmission loss between 50 and 66% was reported23, 

48. Previous results for the SYNAPT G2 suggests a ~77% transmission loss for obtaining scrambling values below 
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5% for the triply charged precursor49. For the successor SYNAPT G2-Si a 66% reduction in transmission has been 
reported upon reducing scrambling values to below 10% for the triply protonated peptide P157. These results show 
that the maXis II ETD QTOF instrument can generate cold ions even for the quadruply protonated P1 with uniquely 
low loss of ion transmission. The ability of an electrospray ion source to generate cold ions shifts the charge state 
distribution towards higher values58, 59. The observation of the unprecedented high charge state for P1 of quintuple 
protonation (+5 at m/z 310.78 (monoisotopic), suppl. Fig. S1) provides further support for the exceptional ability of 
our ion source to generate abundant cold ions. In addition, because low scrambling settings could be obtained by 
adjusting the ion energy and collision energy only, the ion source parameters were kept at conditions for optimal 
desolvation of ions. The cumulative response on scrambling from ion energy and collision energy acceleration 
between 1 and 4 eV is reflected in the response surface regression by the scrambling isolines approximately forming 
diagonal lines through this range (Figure 5a). Importantly, the transmission in MS/MS was more efficient for low ion 
energy to collision energy ratios than vice versa as indicated by the transmission isolines in Figure 5b. Therefore, 
when finding a balance between scrambling and transmission it is generally advisable to set the ion energy at 1 eV 
and gradually increase the collision energy up to a point where the level of scrambling is still acceptable for a given 
application. This in turn simplifies the managing of scrambling and makes tuning for less scrambling-sensitive 
analytes easy by monitoring any deuterium loss caused by the loss of ammonia from the precursor ion in ETD 
spectra60. Briefly, this strategy relies on quantifying the deuterium loss from elimination of NH3 from the N-terminus 
and lysine side chains of the charge reduced species, which will only contain deuterium in the event of H/D 
scrambling, see Figure S3 and Table S3. 

 

Figure 5 Response surface contour plot showing the influence of varying ion energy and collision energy potentials on the level 
of hydrogen scrambling (a) and ion transmission (b) for ETD spectra of the quadruply charged precursor of peptide P1. The 
black lines are isolines. The scrambling values are averages for the c2-c6 fragment ions over three injections. The intensity values 
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are averages of the summed intensity over the envelope of the proton transfer product and singly charge-reduced precursor-ion 
produced by ETnoD.  
 

To demonstrate the applicability of our current methodology, we probed the dynamics of certain regions in 
cytochrome c. Figure 6 shows the deuterium content of the c/z ions obtained from ETD of the peptide 
83AGIKKKTEREDL94 (annotated ETD spectrum in Figure S4) obtained from native state D-to-H exchange of 
cytochrome c. The N-terminal residues of this peptide (shown in italics) are part of an omega loop which is one of 
the most dynamic regions in cytochrome c, while the C-terminal residues (shown in bold) are part of the N/C-bihelical 
unit which is the most stable region in cytochrome c (Figure S5)61. The backbone amide groups of the C-terminal 
residues are thus strongly protected against isotopic exchange. Therefore, they retain their deuterium label during 20 
min of native state D-to-H exchange as evidenced by the marked increase in the D-content from c7 to c11 and the 
similar increase in the corresponding observed complementary z ions (z3 to z5). In contrast, the N-terminal residues 
of 83AGIKKKTEREDL94 (except for I85) are not protected against exchange and they undergo rapid and complete 
D-to-H exchange within 20 min thereby yielding an almost horizontal D-content from c4 to c7 and z5 to z10 (Figure 
6a & b). I85 serves as an anchor for the dynamic omega loop and it is the only residue in the N-terminal part that 
does not undergo rapid exchange as evidenced by the stepwise increase in D-content from z10 to z11. Clearly, a nearly 
perfect correlation is observed between the D-content of the c/z ions and the D-content graph obtained from known 
NMR exchange rates (compare blue line with green line in Figure 6a & b). Similar results were obtained from the 
triply protonated peptide (data not shown). The other investigated cytochrome c peptide, 68LENPKKYIPGTK78, also 
exhibits an excellent correlation (Suppl. Figure S6). As a corollary, the level of hydrogen scrambling in our 
measurements is evidently negligible (compare blue line with red line in Figure 6a & b and in Figure S6). In this 
regard, we note that Hamuro et al62 recently reported a high level of scrambling in certain regions of cytochrome c 
peptides where two or more lysine residues locate in proximity. For example, residues from K87 to L94 and K72 to 
K73 were reported to be particularly prone to scrambling which prohibited site-specific measurements of their D-
content by HDX-MS-ETD62. However, neither of these lysine rich regions display any propensity for increased 
scrambling in our measurements (Figure 6a & b and Figure S6). The virtual absence of scrambling in our cytochrome 
c data highlights the importance of having a robust procedure that allows for an easy optimization of the instrumental 
conditions for achieving negligible scrambling in HDX-MS-ETD experiments. The current instrumental settings are 
also directly transferrable to top-down HDX-MS-ETD experiments and if increased sensitivity is required then we 
expect that collision energy can be increased significantly without inducing scrambling due to the decreasing center-
of-mass collision energy with increasing ion mass63. We note in passing that, except for I85, 83AGIKKKTEREDL94 
exhibits coincidentally a selective labeling pattern that is strikingly like the labeling pattern of peptide P1. We 
therefore propose that this region in cytochrome c will serve as a useful probe for the occurrence of scrambling in 
top-down HDX-MS-ETD experiments as the onset of scrambling is readily detected due to the selective labeling 
pattern of this region. 
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Figure 6 Deuterium levels reveal two regions of cytochrome c with very different dynamics within the peptide 
83AGIKKKTEREDL94. Fragmentation scheme (a, inset) of quadruply protonated AGIKKKTEREDL by electron transfer 
dissociation, ETD. Deuterium levels of c ions (a) and z ions (b) obtained from ETD of AGIKKKTEREDL from cytochrome c 
after native state D-to-H exchange for 20 min at pH 7.0, 20°C (blue line) followed by pepsin proteolysis and LC-MS/MS analysis 
at quench conditions. NMR deuterium levels (green line) were obtained from cytochrome c exchange rates determined by Milne 
et al.64 and adjusted for back exchange using exchange rates from SPHERE65 based on Bai et al.66. Error bars represent +/- s.d. 
for measurements made in triplicate. The theoretical deuterium content in the case of complete gas phase H/D scrambling among 
all labile sites in the peptide is indicated (red line). Note that cn contains the backbone amide hydrogens 
 of residue No. 1 to n+1 in the peptide (No. 1 is the N-terminal residue for c ions), while zn contains the backbone amide 
hydrogens of residue No. 1 to n-1 (No. 1 is the C-terminal residue for z ions). The D-content of the parent ion was 3.0 +/- 0.1 
Da. 
 

Gentle handling of ions is also important for other applications in mass spectrometry, for instance some metabolites 
and post-translational modifications are especially prone to fragmentation and require specific tuning of the mass 
spectrometer to mild conditions to allow for their unambiguous detection67-69. In native mass spectrometry gentle ion 
transport is important for conserving protein complexes in the gas-phase. Therefore, ion energy and collision energy 
should also be considered for other applications, which rely on gentle ion transport in this Q-TOF instrument. 
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Conclusions 
Without proper control and optimization of relevant ion source or ion optical parameters, hydrogen scrambling can 
be damaging to the localization of deuterium by HDX-MS/MS even when appropriate fragmentation techniques are 
used. Our study provides evidence that the parameters important for scrambling in the investigated instrument design 
are unrelated to the ion source but rather related to the ion transport after desolvation. We have demonstrated the 
feasibility of employing HDX-MS/MS approaches on this Q-TOF based system by showing that a sensitive 
scrambling probe with a high charge density can be analyzed with ETD at low scrambling conditions with a relatively 
low impact on ion transmission. At transmission-optimized conditions ~75% scrambling was recorded for the 
quadruply charged precursor of P1 while at scrambling-optimized conditions ~4.8% scrambling was recorded. This 
optimization for low scrambling was associated with a 33% reduction in transmission. We have found that an 
optimum between transmission efficiency and low scrambling can be defined on a case-by-case basis by following 
the simple rule of keeping the ion energy at 1V and gradually increasing the collision energy to the highest value at 
which scrambling remains within an acceptable level. Furthermore, we demonstrate the applicability of this approach 
by probing certain regions in cytochrome c with single-residue resolution. 

Supporting information 
Table of unaltered mass spectrometer parameters values, MS1 spectrum of the unlabeled peptide P1, ETD spectra of 
selectively labeled peptide P1 at “mild” and “harsh” ion transport conditions, outline of method and fit criteria for 
the surface response regressions in Figure 5, an example on how to use ammonia elimination in ETD as an internal 
control for hydrogen scrambling, a protein structure representation of cytochrome c, an ETD spectrum of the 
cytochrome c peptide 83AGIKKKTEREDL94 and deuterium contents of c/z ions from HDX-ETD-MS of the 
cytochrome c peptide 68LENPKKYIPGTK78.  

Acknowledgements 
The authors gratefully acknowledge financial support from Innovation Fund Denmark (7038-00174B), Novozymes 
A/S, and instrumental support from Bruker Daltonics. A special thanks to Dr. Niels Gödecke for fruitful discussions 
on the specifics of the maXis II design. 

References 
1. Konermann, L.;  Pan, J.; Liu, Y. H., Hydrogen exchange mass spectrometry for studying protein structure 
and dynamics. Chem Soc Rev 2011, 40 (3), 1224-34. 
2. Trabjerg, E.;  Nazari, Z. E.; Rand, K. D., Conformational analysis of complex protein states by 
hydrogen/deuterium exchange mass spectrometry (HDX-MS): Challenges and emerging solutions. TrAC Trends in 
Analytical Chemistry 2018, 106, 125-138. 
3. Masson, G. R.;  Jenkins, M. L.; Burke, J. E., An overview of hydrogen deuterium exchange mass 
spectrometry (HDX-MS) in drug discovery. Expert Opin Drug Discov 2017, 12 (10), 981-994. 
4. Georgescauld, F.;  Wales, T. E.; Engen, J. R., Hydrogen deuterium exchange mass spectrometry applied 
to chaperones and chaperone-assisted protein folding. Expert Rev Proteomics 2019, 16 (7), 613-625. 
5. Ramesh, R.;  Lim, X. X.;  Raghuvamsi, P. V.;  Wu, C.;  Wong, S. M.; Anand, G. S., Uncovering metastability 
and disassembly hotspots in whole viral particles. Prog Biophys Mol Biol 2019, 143, 5-12. 
6. Zhang, Z.; Smith, D. L., Determination of amide hydrogen exchange by mass spectrometry: a new tool for 
protein structure elucidation. Protein Sci 1993, 2 (4), 522-31. 
7. Johnson, R. S.; Walsh, K. A., Mass spectrometric measurement of protein amide hydrogen exchange rates 
of apo- and holo-myoglobin. Protein Sci 1994, 3 (12), 2411-8. 
8. Kan, Z. Y.;  Walters, B. T.;  Mayne, L.; Englander, S. W., Protein hydrogen exchange at residue resolution 
by proteolytic fragmentation mass spectrometry analysis. Proc Natl Acad Sci U S A 2013, 110 (41), 16438-43. 
9. Saltzberg, D. J.;  Broughton, H. B.;  Pellarin, R.;  Chalmers, M. J.;  Espada, A.;  Dodge, J. A.;  Pascal, B. 
D.;  Griffin, P. R.;  Humblet, C.; Sali, A., A Residue-Resolved Bayesian Approach to Quantitative Interpretation of 
Hydrogen-Deuterium Exchange from Mass Spectrometry: Application to Characterizing Protein-Ligand Interactions. 
J Phys Chem B 2017, 121 (15), 3493-3501. 
10. Keppel, T. R.; Weis, D. D., Mapping residual structure in intrinsically disordered proteins at residue 
resolution using millisecond hydrogen/deuterium exchange and residue averaging. J Am Soc Mass Spectrom 2015, 
26 (4), 547-54. 



13 

 

11. Hu, W.;  Walters, B. T.;  Kan, Z. Y.;  Mayne, L.;  Rosen, L. E.;  Marqusee, S.; Englander, S. W., Stepwise 
protein folding at near amino acid resolution by hydrogen exchange and mass spectrometry. Proc Natl Acad Sci U S 
A 2013, 110 (19), 7684-9. 
12. Fajer, P. G.;  Bou-Assaf, G. M.; Marshall, A. G., Improved sequence resolution by global analysis of 
overlapped peptides in hydrogen/deuterium exchange mass spectrometry. J Am Soc Mass Spectrom 2012, 23 (7), 
1202-8. 
13. Althaus, E.;  Canzar, S.;  Ehrler, C.;  Emmett, M. R.;  Karrenbauer, A.;  Marshall, A. G.;  Meyer-Base, A.;  
Tipton, J. D.; Zhang, H. M., Computing H/D-exchange rates of single residues from data of proteolytic fragments. 
BMC Bioinformatics 2010, 11, 424. 
14. Gessner, C.;  Steinchen, W.;  Bedard, S.;  J, J. S.;  Woods, V. L.;  Walsh, T. J.;  Bange, G.; Pantazatos, D. 
P., Computational method allowing Hydrogen-Deuterium Exchange Mass Spectrometry at single amide Resolution. 
Scientific reports 2017, 7 (1), 3789. 
15. Rand, K. D.;  Zehl, M.;  Jensen, O. N.; Jorgensen, T. J., Protein hydrogen exchange measured at single-
residue resolution by electron transfer dissociation mass spectrometry. Anal Chem 2009, 81 (14), 5577-84. 
16. Trelle, M. B.;  Madsen, J. B.;  Andreasen, P. A.; Jorgensen, T. J., Local transient unfolding of native state 
PAI-1 associated with serpin metastability. Angew Chem Int Ed Engl 2014, 53 (37), 9751-4. 
17. Karch, K. R.;  Coradin, M.;  Zandarashvili, L.;  Kan, Z. Y.;  Gerace, M.;  Englander, S. W.;  Black, B. E.; 
Garcia, B. A., Hydrogen-Deuterium Exchange Coupled to Top- and Middle-Down Mass Spectrometry Reveals 
Histone Tail Dynamics before and after Nucleosome Assembly. Structure 2018, 26 (12), 1651-1663 e3. 
18. Seger, S. T.;  Breinholt, J.;  Faber, J. H.;  Andersen, M. D.;  Wiberg, C.;  Schjodt, C. B.; Rand, K. D., Probing 
the Conformational and Functional Consequences of Disulfide Bond Engineering in Growth Hormone by Hydrogen-
Deuterium Exchange Mass Spectrometry Coupled to Electron Transfer Dissociation. Anal Chem 2015, 87 (12), 5973-
80. 
19. Rand, K. D.;  Pringle, S. D.;  Morris, M.; Brown, J. M., Site-specific analysis of gas-phase 
hydrogen/deuterium exchange of peptides and proteins by electron transfer dissociation. Anal Chem 2012, 84 (4), 
1931-40. 
20. Abzalimov, R. R.;  Kaplan, D. A.;  Easterling, M. L.; Kaltashov, I. A., Protein conformations can be probed 
in top-down HDX MS experiments utilizing electron transfer dissociation of protein ions without hydrogen scrambling. 
Journal of the American Society for Mass Spectrometry 2009, 20 (8), 1514-1517. 
21. Huang, R. Y.;  Garai, K.;  Frieden, C.; Gross, M. L., Hydrogen/deuterium exchange and electron-transfer 
dissociation mass spectrometry determine the interface and dynamics of apolipoprotein E oligomerization. 
Biochemistry 2011, 50 (43), 9273-82. 
22. Pan, J.;  Han, J.;  Borchers, C. H.; Konermann, L., Electron capture dissociation of electrosprayed protein 
ions for spatially resolved hydrogen exchange measurements. J Am Chem Soc 2008, 130 (35), 11574-5. 
23. Landgraf, R. R.;  Chalmers, M. J.; Griffin, P. R., Automated hydrogen/deuterium exchange electron transfer 
dissociation high resolution mass spectrometry measured at single-amide resolution. J Am Soc Mass Spectrom 2012, 
23 (2), 301-9. 
24. Donohoe, G. C.;  Arndt, J. R.; Valentine, S. J., Online deuterium hydrogen exchange and protein digestion 
coupled with ion mobility spectrometry and tandem mass spectrometry. Anal Chem 2015, 87 (10), 5247-54. 
25. Song, H.;  Olsen, O. H.;  Persson, E.; Rand, K. D., Sites involved in intra- and interdomain allostery 
associated with the activation of factor VIIa pinpointed by hydrogen-deuterium exchange and electron transfer 
dissociation mass spectrometry. J Biol Chem 2014, 289 (51), 35388-96. 
26. Zhang, Z.; Vachet, R. W., Kinetics of Protein Complex Dissociation Studied by Hydrogen/Deuterium 
Exchange and Mass Spectrometry. Anal Chem 2015, 87 (23), 11777-83. 
27. Amon, S.;  Trelle, M. B.;  Jensen, O. N.; Jorgensen, T. J., Spatially resolved protein hydrogen exchange 
measured by subzero-cooled chip-based nanoelectrospray ionization tandem mass spectrometry. Anal Chem 2012, 
84 (10), 4467-73. 
28. West, G. M.;  Willard, F. S.;  Sloop, K. W.;  Showalter, A. D.;  Pascal, B. D.; Griffin, P. R., Glucagon-like 
peptide-1 receptor ligand interactions: structural cross talk between ligands and the extracellular domain. PLoS One 
2014, 9 (9), e105683. 
29. Masson, G. R.;  Maslen, S. L.; Williams, R. L., Analysis of phosphoinositide 3-kinase inhibitors by bottom-
up electron-transfer dissociation hydrogen/deuterium exchange mass spectrometry. Biochem J 2017, 474 (11), 1867-
1877. 
30. Hamuro, Y.; E, S. Y., Determination of Backbone Amide Hydrogen Exchange Rates of Cytochrome c Using 
Partially Scrambled Electron Transfer Dissociation Data. J Am Soc Mass Spectrom 2018, 29 (5), 989-1001. 
31. Pan, J.;  Han, J.;  Borchers, C. H.; Konermann, L., Characterizing short-lived protein folding intermediates 
by top-down hydrogen exchange mass spectrometry. Anal Chem 2010, 82 (20), 8591-7. 
32. Leurs, U.;  Beck, H.;  Bonnington, L.;  Lindner, I.;  Pol, E.; Rand, K., Mapping the Interactions of Selective 
Biochemical Probes of Antibody Conformation by Hydrogen-Deuterium Exchange Mass Spectrometry. 
Chembiochem 2017, 18 (11), 1016-1021. 



14 

 

33. Sterling, H. J.; Williams, E. R., Real-time hydrogen/deuterium exchange kinetics via supercharged 
electrospray ionization tandem mass spectrometry. Anal Chem 2010, 82 (21), 9050-7. 
34. Rand, K. D.;  Zehl, M.; Jorgensen, T. J., Measuring the hydrogen/deuterium exchange of proteins at high 
spatial resolution by mass spectrometry: overcoming gas-phase hydrogen/deuterium scrambling. Acc Chem Res 
2014, 47 (10), 3018-27. 
35. Johnson, R. S.;  Krylov, D.; Walsh, K. A., Proton mobility within electrosprayed peptide ions. Journal of 
Mass Spectrometry 1995, 30 (2), 386-387. 
36. Mueller, D. R.;  Eckersley, M.; Richter, W. J., Hydrogen transfer reactions in the formation of “Y + 2” 
sequence ions from protonated peptides. Organic Mass Spectrometry 1988, 23 (3), 217-222. 
37. Bache, N.;  Rand, K. D.;  Roepstorff, P.;  Ploug, M.; Jorgensen, T. J., Hydrogen atom scrambling in 
selectively labeled anionic peptides upon collisional activation by MALDI tandem time-of-flight mass spectrometry. J 
Am Soc Mass Spectrom 2008, 19 (12), 1719-25. 
38. Jorgensen, T. J.;  Bache, N.;  Roepstorff, P.;  Gardsvoll, H.; Ploug, M., Collisional activation by MALDI 
tandem time-of-flight mass spectrometry induces intramolecular migration of amide hydrogens in protonated peptides. 
Molecular & cellular proteomics : MCP 2005, 4 (12), 1910-9. 
39. Rand, K. D.; Jorgensen, T. J., Development of a peptide probe for the occurrence of hydrogen (1H/2H) 
scrambling upon gas-phase fragmentation. Anal Chem 2007, 79 (22), 8686-93. 
40. Rand, K. D.;  Zehl, M.; Jørgensen, T. J. D., Measuring the hydrogen/deuterium exchange of proteins at 
high spatial resolution by mass spectrometry: overcoming gas-phase hydrogen/deuterium scrambling. Accounts of 
chemical research 2014, 47 (10), 3018. 
41. Demmers, J. A.;  Rijkers, D. T.;  Haverkamp, J.;  Killian, J. A.; Heck, A. J., Factors affecting gas-phase 
deuterium scrambling in peptide ions and their implications for protein structure determination. J Am Chem Soc 2002, 
124 (37), 11191-8. 
42. Wang, Q.;  Borotto, N. B.; Hakansson, K., Gas-Phase Hydrogen/Deuterium Scrambling in Negative-Ion 
Mode Tandem Mass Spectrometry. J Am Soc Mass Spectrom 2019. 
43. Bulleigh, K.;  Howard, A.;  Do, T.;  Wu, Q.;  Anbalagan, V.; Stipdonk, M. V., Investigation of intramolecular 
proton migration in a series of model, metal-cationized tripeptides using in situ generation of an isotope label. Rapid 
communications in mass spectrometry : RCM 2006, 20 (2), 227-32. 
44. Ferguson, P. L.;  Pan, J.;  Wilson, D. J.;  Dempsey, B.;  Lajoie, G.;  Shilton, B.; Konermann, L., 
Hydrogen/deuterium scrambling during quadrupole time-of-flight MS/MS analysis of a zinc-binding protein domain. 
Anal Chem 2007, 79 (1), 153-60. 
45. Hamuro, Y.;  Tomasso, J. C.; Coales, S. J., A simple test to detect hydrogen/deuterium scrambling during 
gas-phase peptide fragmentation. Anal Chem 2008, 80 (17), 6785-90. 
46. Zehl, M.;  Rand, K. D.;  Jensen, O. N.; Jorgensen, T. J., Electron transfer dissociation facilitates the 
measurement of deuterium incorporation into selectively labeled peptides with single residue resolution. J Am Chem 
Soc 2008, 130 (51), 17453-9. 
47. Bache, N.;  Rand, K. D.;  Roepstorff, P.; Jorgensen, T. J., Gas-phase fragmentation of peptides by MALDI 
in-source decay with limited amide hydrogen (1H/2H) scrambling. Anal Chem 2008, 80 (16), 6431-5. 
48. Rand, K. D.;  Adams, C. M.;  Zubarev, R. A.; Jorgensen, T. J., Electron capture dissociation proceeds with 
a low degree of intramolecular migration of peptide amide hydrogens. J Am Chem Soc 2008, 130 (4), 1341-9. 
49. Rand, K. D.;  Pringle, S. D.;  Morris, M.;  Engen, J. R.; Brown, J. M., ETD in a traveling wave ion guide at 
tuned Z-spray ion source conditions allows for site-specific hydrogen/deuterium exchange measurements. J Am Soc 
Mass Spectrom 2011, 22 (10), 1784-93. 
50. Rand, K. D.;  Bache, N.;  Nedertoft, M. M.; Jorgensen, T. J., Spatially resolved protein hydrogen exchange 
measured by matrix-assisted laser desorption ionization in-source decay. Anal Chem 2011, 83 (23), 8859-62. 
51. Syka, J. E.;  Coon, J. J.;  Schroeder, M. J.;  Shabanowitz, J.; Hunt, D. F., Peptide and protein sequence 
analysis by electron transfer dissociation mass spectrometry. Proc Natl Acad Sci U S A 2004, 101 (26), 9528-33. 
52. Liu, J.; McLuckey, S. A., Electron Transfer Dissociation: Effects of Cation Charge State on Product 
Partitioning in Ion/Ion Electron Transfer to Multiply Protonated Polypeptides. Int J Mass Spectrom 2012, 330-332, 
174-181. 
53. Keller, B. O.;  Sui, J.;  Young, A. B.; Whittal, R. M., Interferences and contaminants encountered in modern 
mass spectrometry. Anal Chim Acta 2008, 627 (1), 71-81. 
54. Ijames, C. F.;  Dutky, R. C.; Fales, H. M., Iron carboxylate oxygen-centered-triangle complexes detected 
during electrospray use of organic acid modifiers with a comment on the finnigan TSQ-700 electrospray inlet system. 
J Am Soc Mass Spectrom 1995, 6 (12), 1226-31. 
55. Rand, K. D.;  Lund, F. W.;  Amon, S.; Jørgensen, T. J. D., Investigation of amide hydrogen back-exchange 
in Asp and His repeats measured by hydrogen (1H/2H) exchange mass spectrometry. International Journal of Mass 
Spectrometry 2011, 302 (1–3), 110-115. 
56. Dongré, A. R.;  Jones, J. L.;  Somogyi, Á.; Wysocki, V. H., Influence of Peptide Composition, Gas-Phase 
Basicity, and Chemical Modification on Fragmentation Efficiency:  Evidence for the Mobile Proton Model. Journal of 
the American Chemical Society 1996, 118 (35), 8365-8374. 



15 

 

57. Mistarz, U. H.;  Bellina, B.;  Jensen, P. F.;  Brown, J. M.;  Barran, P. E.; Rand, K. D., UV Photodissociation 
Mass Spectrometry Accurately Localize Sites of Backbone Deuteration in Peptides. Analytical Chemistry 2017, 
acs.analchem.7b04683-acs.analchem.7b04683. 
58. Loo, J. A.;  Udseth, H. R.;  Smith, R. D.; Futrell, J. H., Collisional effects on the charge distribution of ions 
from large molecules, formed by electrospray-ionization mass spectrometry. Rapid Communications in Mass 
Spectrometry 1988, 2 (10), 207-210. 
59. Thomson, B. A., Declustering and fragmentation of protein ions from an electrospray ion source. Journal of 
the American Society for Mass Spectrometry 1997, 8 (10), 1053-1058. 
60. Rand, K. D.;  Zehl, M.;  Jensen, O. N.; Jorgensen, T. J., Loss of ammonia during electron-transfer 
dissociation of deuterated peptides as an inherent gauge of gas-phase hydrogen scrambling. Anal Chem 2010, 82 
(23), 9755-62. 
61. Maity, H.;  Maity, M.;  Krishna, M. M. G.;  Mayne, L.; Englander, S. W., Protein folding: The stepwise 
assembly of foldon units. Proceedings of the National Academy of Sciences 2005, 102 (13), 4741-4746. 
62. Hamuro, Y., Regio-Selective Intramolecular Hydrogen/Deuterium Exchange in Gas-Phase Electron 
Transfer Dissociation. Journal of The American Society for Mass Spectrometry 2017, 28 (5), 971-977. 
63. Wells, J. M.; McLuckey, S. A., Collision-induced dissociation (CID) of peptides and proteins. Methods 
Enzymol 2005, 402, 148-85. 
64. Milne, J. S.;  Mayne, L.;  Roder, H.;  Wand, A. J.; Englander, S. W., Determinants of protein hydrogen 
exchange studied in equine cytochrome c. Protein Sci 1998, 7 (3), 739-45. 
65. SPHERE: A Server Program for Hydrogen Exchange Rate Estimation. 
https://protocol.fccc.edu/research/labs/roder/sphere/sphere.html. 
66. Bai, Y.;  Milne, J. S.;  Mayne, L.; Englander, S. W., Primary structure effects on peptide group hydrogen 
exchange. Proteins 1993, 17 (1), 75-86. 
67. Nguyen, D. N.;  Xu, B.;  Stanfield, R. L.;  Bailey, J. K.;  Horiya, S.;  Temme, J. S.;  Leon, D. R.;  LaBranche, 
C. C.;  Montefiori, D. C.;  Costello, C. E.;  Wilson, I. A.; Krauss, I. J., Oligomannose Glycopeptide Conjugates Elicit 
Antibodies Targeting the Glycan Core Rather than Its Extremities. ACS Cent Sci 2019, 5 (2), 237-249. 
68. Gathungu, R. M.;  Larrea, P.;  Sniatynski, M. J.;  Marur, V. R.;  Bowden, J. A.;  Koelmel, J. P.;  Starke-Reed, 
P.;  Hubbard, V. S.; Kristal, B. S., Optimization of Electrospray Ionization Source Parameters for Lipidomics To 
Reduce Misannotation of In-Source Fragments as Precursor Ions. Anal Chem 2018, 90 (22), 13523-13532. 
69. Monigatti, F.;  Hekking, B.; Steen, H., Protein sulfation analysis--A primer. Biochim Biophys Acta 2006, 
1764 (12), 1904-13. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

https://protocol.fccc.edu/research/labs/roder/sphere/sphere.html


16 

 

For TOC only 

 

 

 

 

 

 

 

 

 

 

 


	Avoiding H/D scrambling with minimal ion transmission loss for HDX-MS/MS-ETD analysis on a high-resolution Q-TOF mass spectrometer
	Abstract
	Introduction
	Experimental
	Peptide MS
	Data analysis

	Results and discussion
	Conclusions
	Supporting information
	Acknowledgements
	References

