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Real-time HD Exchange Kinetics of Proteins from Buffered 
Aqueous Solution with Electrothermal Supercharging and Top-
Down Tandem Mass Spectrometry

Catherine C. Going, Zijie Xia, and Evan R. Williams*

Department of Chemistry, University of California, Berkeley, California 94720-1460

Abstract

Electrothermal supercharging (ETS) with electrospray ionization produces highly charged protein 

ions from buffered aqueous solutions in which proteins have native folded structures. ETS 

increases the charge of ribonuclease A by 34% whereas only a 6% increase in charge occurs for a 

reduced alkylated form of this protein, which is unfolded and ~66% random coil in this solution. 

These results indicate that protein denaturation that occurs in the ESI droplets is the primary 

mechanism for ETS. ETS does not affect the extent of solution-phase hydrogen-deuterium 

exchange (HDX) that occurs for four proteins that have significantly different structures in 

solution, consistent with a droplet lifetime that is significantly shorter than observable rates of 

HDX. Rate constants for HDX of ubiquitin are obtained with a spatial resolution of ~1.3 residues 

with ETS and electron transfer dissociation of the 10+ charge-state using a single capillary 

containing a few μL of protein solution in which HDX continuously occurs. HDX protection at 

individual residues with ETS HDX is similar to that with reagent supercharging HDX and with 

solution phase NMR, indicating that the high spray potentials required to induce ETS do not lead 

to HD scrambling.

Introduction

Tandem mass spectrometry (MS) is a powerful technique for identifying proteins and for 

determining the identities and sites of post-translational modifications. Information about 

higher-order structure and dynamics of proteins in solution can also be obtained using 

tandem MS when combined with solution-phase labelling techniques, such as photo-

oxidative labelling [1-4], selective noncovalent adduct protein probing mass spectrometry 

(SNAPP-MS) [5], primary amine acetylation [6-8], and hydrogen-deuterium exchange 

(HDX) [9-11]. Of these methods, HDX is most widely used and probes primarily protein 

secondary structure in solution. Rates of exchange of amide hydrogen atoms along the 

protein backbone are obtained by MS from the 1 Da mass difference where exchange occurs. 

Backbone hydrogen atoms that undergo slow exchange for deuterium (on the order of 

several minutes to even days) are “protected” from exchange and are often involved in 

hydrogen bonding in alpha helix or beta sheet regions of a protein [12]. Conversely, 

backbone hydrogen atoms that undergo rapid exchange (on the order of milliseconds to 
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seconds) are likely in random coil or other highly flexible regions of a protein [12]. HDX 

has the advantage that labelling at every amino acid is possible, whereas covalent 

modifications typically target a more limited subset of residues [13]. However, H/D labeled 

sites can undergo back exchange with solvent during the time required to analyze the sample 

[14-16], which is typically not an issue with covalent labelling methods.

HDX is coupled to mass spectrometry in either a bottom-up or top-down approach. In the 

bottom-up [9, 10] approach, a protein sample is diluted into D2O to initiate exchange. At 

incremental time points, HDX is “quenched” by adding acid to pH 2-3, where the HDX rate 

is at a minimum. The protein is subsequently digested with a protease, such as pepsin, which 

has optimal activity at pH 3, and the HDX of peptide fragments are measured using liquid 

chromatography (LC)-MS. One of the advantages of bottom-up HDX is that there is no limit 

to the size of the proteins or protein complexes that can be studied [17-19], but there is a 

limit to the resolution on the exchange sites that can be obtained using this approach. 

Information on one exchange site is lost at every proteolytic cleavage site for a given peptide 

fragment, and the resolution on the exchange sites is typically limited by the size of the 

peptides that are produced by proteolysis. Tandem MS on the peptides has been used to 

localize exchange to individual residues [12]. The top-down HDX [11, 20, 21] approach is 

similar, but does not involve proteolysis in solution prior to electrospray. After HDX is 

“quenched”, intact protein ions are produced by ESI, and the intact protein is fragmented in 

the gas phase. With this approach, sites of exchange can be localized to individual amino 

acids. In tandem MS in either bottom-up or top-down HDX, electron capture or transfer 

dissociation (ECD or ETD) is typically used to minimize HD scrambling that can occur 

between residues in a single peptide or protein during fragmentation [20, 22, 23], which can 

be significant for slow-heating methods, such as collision induced dissociation (CID) 

[24-26]. For example, Jorgensen and Zubarev [22] showed that for a peptide that exchanges 

rapidly on one end and slowly on the other, <5% HD scrambling occurs with ECD, but 

~92% occurs with CID.

In the top-down HDX approach, it is essential to form high charge-state protein ions in order 

to maximize sequence coverage and the resolution of HDX information. High charge-state 

protein ions are more efficiently fragmented in tandem MS than low charge-state ions. 

Electron capture/transfer efficiencies increase with the extent of charging [27-30], and 

highly charged ions have more extended conformations with fewer noncovalent interactions, 

resulting in greater fragmentation and sequence coverage [31, 32]. High charge states for 

top-down fragmentation are typically produced by denaturing the protein prior to ESI, either 

by acidification during quenching of HDX, or by the introduction of organic solvents [11, 

21]. High charge states can also be formed from aqueous solutions at neutral pH with a 

variety of supercharging methods. For example, supercharging [33-43] with the reagent m-

nitrobenzyl alcohol can be used as a “quench” step [41] that chemically and/or thermally 

unfolds the protein in the ESI droplet [37-41]. By using supercharging as the HDX quench 

and to produce high charge state ions, a continuous, real-time measurement of HDX of 

proteins in buffered aqueous solutions can be obtained from a single nanoESI capillary [41]. 

This method saves both sample and sample manipulation, and close to single amino acid 

resolution on exchange rates can be obtained for a small protein.
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High charge-state protein ions can be formed from aqueous buffered solutions with 

electrothermal supercharging (ETS) [44-46]. In ETS, increasing protein ion charge from 

aqueous ammonium bicarbonate solutions is as simple as increasing the ESI spray potential 

and inducing thermal denaturation of the protein in the ESI droplet [44, 45]. However, it is 

possible that HD scrambling could occur as a result of the energetic source conditions used 

in ETS in which both high inlet capillary temperature and high ESI potentials are used. 

Here, we show that ETS is significantly less effective on proteins lacking ordered structure 

providing additional evidence that ETS unfolds proteins in the ESI droplet. The extent of 

HDX incorporation in proteins is the same in native MS as ETS MS, indicating that there is 

no significant back exchange during protein unfolding in the ESI droplet. Top-down 

fragmentation coupled to ETS HDX MS shows that no measureable HD scrambling occurs 

during either ETS or ETD, and that ETS HDX MS/MS data provides similar structural 

information at individual residues that obtained by NMR.

Materials and Methods

Ions were formed by nanoelectrospray ionization (nanoESI) from aqueous solutions 

containing 100 mM ammonium bicarbonate, pH 7.8, unless otherwise specified. Borosilicate 

capillaries (1.0 mm o.d./0.78 mm i.d., Sutter Instruments, Novato, CA, USA) pulled to a tip 

i.d. of ~1 μm using a Flaming/Brown micropipette puller (Model P-87, Sutter Instruments, 

Novato, CA, USA) were used as nanoESI emitters, and electrospray was initiated by 

applying a potential of +0.8-0.9 kV for native MS and +1.3 kV for ETS MS to a platinum 

wire that is in contact with the aqueous solutions. The source capillary temperature was held 

at 250 °C, resulting in a temperature of ~35 °C at the nanoESI capillary containing the 

sample solution. A Thermo Linear-Trapping Quadrupole (LTQ) Orbitrap mass spectrometer 

equipped with electron transfer dissociation (ETD) was used to obtain mass spectral data. 

ETD was performed by reacting ubiquitin ions with fluoranthene anions for 30 ms. The 

source chamber was continuously flushed with dry nitrogen gas to reduce back exchange 

from incorporation of water from air into the ESI droplets. Fragment ions were identified by 

comparing their m/z values to those of c and z ions calculated using Protein Prospector 

(http://prospector.ucsf.edu/prospector/mshome.htm) within an uncertainty of ± 0.005. Rate 

constants for HDX were obtained from the extent of deuterium incorporation as a function 

of time for each residue by fitting these data with an exponential function in OriginPro 

(OriginLab, Northampton, MA, USA). Protection factors (P) are calculated as P = kint/k, 

where kint is the intrinsic peptide backbone exchange rate constant estimated as that for 

polyalanine according to the method of Englander and coworkers [47], and k is the measured 

exchange rate constant at an individual residue of ubiquitin. A value of log(P) = 0.0 is 

assigned for all residues for which k >1.3 min−1 (or log(P)<3.08), which corresponds to 

complete exchange within the standard deviation of deuterium incorporation measurements 

(0.06) prior to the start of data acquisition at 2.2 min.

Lyophilized samples of ribonuclease A (RNase A), holo-myoglobin, apo-myoglobin, and 

ubiquitin, and all solvents and salts were obtained from Sigma (St. Louis, MO, USA). 

Amide-capped reduced-alkylated ribonuclease A (raRNase A) was made from RNase A as 

described previously [37], and ubiquitin was deuterated as described by Sterling et al. [41].
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Results and Discussion

ETS charging and protein conformation

The fidelity of HDX in solution must be maintained throughout measurements aimed at 

determining where exchange occurs. Heating of ESI droplets and concomitant protein 

unfolding in the ESI droplet that may occur during ETS [44] could potentially result in some 

loss of HDX fidelity. The role of protein conformation and unfolding as the primary 

mechanism of high charging in ETS was investigated by comparing charging obtained for 

two similar proteins: one that has a native folded structure and one that is disordered and 

does not have higher order structure. Reduced-alkylated ribonuclease A (raRNase A) is 

~66% random coil in solution at pH 6 [48] and is entirely random coil at pH 2-3 [47, 49, 

50]. Unmodified ribonuclease A (RNase A) has four disulfide bonds and is folded in 

solution with ~41% random coil at pH 6 [48]. Ions of both proteins were formed by nanoESI 

from aqueous 100 mM ammonium bicarbonate, pH 7.8, with native MS (+0.8 kV spray 

potential) and ETS MS (+1.3 kV spray potential) (Figure 1a,b black and red for RNase A 

and raRNase A, respectively). With native MS, the width of the charge-state distribution for 

RNase A is narrow and is centered around ~6+, consistent with a folded conformation in 

solution. In contrast, the charge-state distribution for raRNase A is broad and centered at 

~12+, indicative of its unfolded and largely random coil conformation in solutions around 

neutral pH. With ETS MS, the charge-state distribution of RNase A shifts to lower m/z, and 

the average ion charge increases by 34% (Figure 1b; Table 1). In contrast, the charge-state 

distribution of raRNase A increases by only 6% (Table 1) and shifts from being centered 

around the 12+ charge state to the 11+ charge state (Figure 1b). Thus, a protein that is 

extensively disordered in solution does not undergo significant increases in charge in ETS. 

This indicates that the charge enhancement obtained with ETS is associated with 

conformational changes of proteins in the ESI droplets.

The effect of ETS on the charge of apo-myoglobin, a form of myoglobin that does not have a 

noncovalently attached heme group and that adopts a molten globule-like state in solution 

[51, 52], was compared to that of the folded form of the protein with a bound heme group, 

holomyoglobin. A molten globule state has more folded structure compared to that of a 

random coil state and retains a native-like secondary structure. However, it is a labile and 

dynamic state with much more conformational flexibility than a tightly folded protein [53]. 

Ions of holo-myoglobin and apo-myoglobin were formed by nanoESI from ammonium 

bicarbonate solution under native MS and ETS MS conditions (Figure 1c,d). The charge-

state distribution of holo-myoglobin produced by native MS is centered at ~10+ and is 

predominantly holo-myoglobin (72% of the protein ion population) (Figure 1c, black). The 

small population of ions without the heme is due to the relatively energetic source conditions 

(high interface capillary temperature) necessary for optimal ETS [44], resulting in a small 

amount of ETS even at low spray potentials. The temperature of the solution in the nanoESI 

capillary is ~35 °C, much lower than the melting temperature of myoglobin (~76.5 °C) [54]. 

This indicates that loss of heme does not occur prior to droplet formation by ESI. The 

charge-state distribution of apo-myoglobin is centered around ~14+ (Figure 1c, red). The 

higher charge for apo-myoglobin compared to holo-myoglobin in native MS is consistent 

with a more labile conformation associated with a molten globule state. With ETS MS, the 
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average charge of myoglobin formed from the holo-myoglobin solution increases by 48% 

(Table 1) and shifts from being predominantly holo-myoglobin to mostly apomyoglobin 

(76% of the protein ion population) (Figure 1d, black). The concomitant loss of heme with 

increase in charge suggests that ETS causes protein denaturation and subsequent loss of the 

noncovalently bound heme group in the ESI droplets. For apo-myoglobin, ETS results in a 

smaller, but still significant increase (21%) (Table 1) in the charge (Figure 1d, red). These 

data indicate that some unfolding and increase in charge occurs for this molten globule state 

of the protein, but the increases in charge that are observed are smaller than for the more 

rigid, folded form of the protein, holo-myoglobin. The observation that both RNase A and 

holo-myoglobin, which are folded proteins with native or native-like structure in aqueous 

solution, undergo large increases in charge with ETS, whereas raRNase A and apo-

myoglobin, which do not have significant higher order structure in solution, undergo far 

smaller changes in charge indicates that the mechanism of electrothermal supercharging 

involves protein denaturation in the ESI droplet. These results are consistent with no 

increase in charging with ETS for a dendrimer for which unfolding or significant 

conformational changes are not possible [45].

ETS-HDX and protein conformation

In order to establish whether the fidelity of H/D exchange done under native conditions in 

solution is adversely affected by the unfolding of proteins in the electrospray droplet that 

occurs with ETS, HDX of the same four proteins was investigated both with native MS and 

with ETS. RNase A, raRNase A, holo-myoglobin, and apo-myoglobin were diluted 1:100 to 

10 μM in D2O with 100 mM ammonium bicarbonate, pH 7.8, and exchanged at room 

temperature for 60 minutes prior to electrospray. The deuterium incorporation averaged over 

all charge states for each protein with both native MS and with ETS is given in Table 2. The 

average deuterium incorporation for each protein with native MS is the same as that in ETS 

MS (Table 2). Conformational differences between RNase A and holomyoglobin versus 

their more disordered counterparts raRNase A and apo-myoglobin, respectively, are 

indicated by the different number of deuterium incorporated in each (Table 2, Figure 2). For 

example, the deuterium incorporation of the 10+ charge-state ion of RNase A and raRNase 

A (Figure 2) produced in ETS MS is 143 and 195 deuterium for RNase A and raRNase A, 

respectively, corresponding to exchange of 60% and 77%, respectively, of the total number 

of exchangeable sites on each protein (238 for RNase A and 254 for raRNase A). Similarly, 

the deuterium incorporation of the 16+ charge-state ion of apo-myoglobin produced by ETS 

from entirely holo- or apo-myoglobin solutions (Figure 2) is much greater for apo-

myoglobin from purely apo-myoglobin solutions (+178 deuterium) than for apo-myoglobin 

produced from holomyoglobin solutions (+139 deuterium), or 68% and 53%, respectively, of 

the 262 possible exchangeable sites. Greater deuterium incorporation for raRNase A and 

apo-myoglobin compared to RNase A and apo-myoglobin produced from holo-myoglobin 

solutions reflects the greater disorder and structural lability of the former proteins compared 

to the latter and demonstrates that differences in protein conformation isotopically encoded 

by HDX are retained during ETS MS.

The same extent of H/D exchange measured in native MS and with ETS indicates that the 

protein unfolding that occurs in the ESI droplet does not adversely affect the fidelity of the 
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exchange that occurs in bulk solution prior to electrospray. This indicates that protein 

conformational changes in ETS occur more quickly than H/D exchange occurs. The lifetime 

of a nanoESI droplet formed under similar conditions was recently measured and is ~27 μs 

[55]. For exchange to occur on this timescale would require an exchange rate constant on the 

order of ~6 × 106 min−1. This rate constant is 1000 fold higher than the intrinsic peptide 

backbone HDX rate constant (~1.6 × 103 min−1) [47] under the conditions used in this 

experiment. Thus, conformational changes in the ESI droplet during ETS and subsequent 

ion formation occurs much faster than amide HDX can occur. Although no back exchange 

can occur in solution during the short lifetime of the electrospray droplet, H/D scrambling 

may occur as a result of activation and dissociation in the gas phase after ion formation. The 

extent to which gas-phase scrambling occurs can be investigated by measuring exchange 

rates at individual amide backbone sites using tandem MS and comparing these rates to 

those in solution measured by NMR.

ETS-HDX real-time exchange rates for individual residues

The high charge states that are produced with ETS are efficiently fragmented with ETD [45] 

resulting in high sequence coverage that is essential to identify individual sites of exchange. 

ETD of ions of ubiquitin produced with ETS was performed in order to evaluate the efficacy 

of this method for obtaining real-time H/D exchange rates at individual residues with top-

down native MS. Exchange rate constants at individual residues of ubiquitin have been 

measured with NMR [56-58] and top-down HDX with supercharging reagents [41]. The 

charge-state distribution of ubiquitin ions produced by ETS from 200 mM ammonium 

bicarbonate, pH 6, is bimodal, with a low-charge distribution centered around ~5+ and a 

high-charge distribution centered around ~11+ (Figure 3a). ETD of the 10+ ion, for which 

top-down HDX kinetics have been obtained previously [41], results in ~90% depletion of the 

precursor ion (Figure 3b) and cleavage of 70 of the 75 inter-residue bonds (Figure 4). There 

are 64 c ions and 61 z ions from which 93% sequence coverage is obtained (Figure 4). ETD 

does not cleave N-terminal to proline residues. Thus, only 72 inter-residue bonds can be 

cleaved with ETD.

In order to determine whether the activating source conditions required for ETS (high ESI 

interface temperature and high spray potentials) lead to HD scrambling within the protein 

ion, either as a result of ion formation or the ETD process itself, HD exchange was done on 

ubiquitin. Deuterated ubiquitin (D-ubiquitin, 92% total deuterium incorporated) was diluted 

1:70 into 200 mM ammonium bicarbonate in water, pH 6 (pH adjusted with acetic acid), to a 

final concentration of 3 μM in order to initiate HD exchange. After dilution, the solution was 

loaded into the nanoESI capillary, and electrothermal supercharging was initiated within 2.2 

minutes after mixing. Real time information about the exchange kinetics were obtained from 

ETD mass spectra of the 10+ charge state. Data were acquired continuously until 21 minutes 

of exchange, at which point the spray potential was set to 0 kV. All later time points were 

acquired by increasing the spray potential to reinitiate ion formation by ETS at those times. 

This was done at the longer exchange times to conserve sample where high-density data is 

not required to obtain accurate exchange rate constants. In contrast, HDX is quenched at 

specific time points in more conventional top-down HDX experiments so that multiple 

experiments are required in order to extract accurate rate constants.
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The average deuterium incorporation for an individual residue, n, determined by the 

difference in mass between fragment ions c(n-1)-c(n-2) or zn-z(n-1), versus reaction time, was 

used to obtain rate constants of exchange at each site. For example, the difference in the 

number of deuterium incorporated in c2
1+ and c3

1+ corresponds to the average number of 

deuterium at the backbone peptide bond for residue Phe4, and the difference in the number 

of deuterium incorporated in c10
2+ and c11

2+ corresponds to the average number of 

deuterium at the backbone peptide bond for residue Thr12 (Figure 5). Phe4 undergoes slow 

exchange (k = 3.3 × 10−3 min−1, whereas Thr12 undergoes significantly more rapid 

exchange (k = 4.5 × 10−1 min−1). Due to overlap between isotope distributions for ions at 

the same m/z, single amino acid resolution of exchange rates were obtained for only 48 out 

of 75 residues, corresponding to an overall 1.3 residue resolution (weighted average of 

segment length for which HDX kinetics could be obtained).

The exchange rates for individual residues were converted to protection factors (P = kint/k) 

and log(P) at each exchange site, and these data are shown in Figure 6. Overlaid on the top-

down ETS HDX data from this work are the log(P) values from the top-down reagent 

supercharging HDX data measured previously [41], as well as the NMR HDX data from Pan 

and Briggs [56]. The ETS MS data generally agree with the reagent supercharging MS data 

and solution phase NMR data, with regions of high or low protection obtained from the ETS 

MS data corresponding to the same regions of high or low protection measured by the latter 

two methods. There are some exceptions, however, where MS data shows different 

protection at an individual residue compared to the NMR data. For example, in the region of 

residues 71 and 76, the NMR data indicates that there is no protection, whereas the 

supercharging or ETS MS data indicate that some of these residues have intermediate 

protection. The dynamic range of the NMR data is greater than that of the MS data. The 

limit of detection for the MS data is log P ~3.1 so differences in the data sets for smaller 

values of log P may not be significant. Other discrepancies between data sets occur for 

individual residues, such as the order of magnitude difference in protection at residues 3-5 

between the NMR data and the two MS data sets, and the order of magnitude difference in 

protection at residue 34 between the ETS and supercharging MS data. These differences 

may be due to small structural differences in the protein under the different solution 

conditions (different pH and buffer salts) that were used to obtain the NMR, ETS MS, and 

supercharging MS data. Regions of high protection in all three data sets correspond to 

regions of α-helix or β-sheet in the crystal structure of ubiquitin (PDB: 1UBQ). For 

example, there is a beta sheet between residues 2-7 and a random coil between residues 8-11 

in the crystal structure, and these residues have high protection factors (slow exchange) and 

low protection factors (fast exchange), respectively, in the MS and NMR data sets. There are 

some residues for which there is high protection for all three data sets in regions that are 

random coils in the crystal structure. This may be due to the presence of salt bridges or 

solvent interactions, and discrepancies between NMR or MS HDX data and ordered regions 

in crystal structure have been reported previously [57, 59, 60]. The similarity of exchange 

rates measured using ETS MS, reagent supercharging MS and NMR along with the high 

correlation between exchange rates and ordered regions in the crystal structure demonstrate 

that there is no significant scrambling of HDX information at individual residues with ETS. 
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These results show that real-time HDX rates of proteins can be obtained using ETS from 

buffered aqueous solutions in which the protein has a native structure.

Conclusions

Real-time HDX exchange kinetics that report on the secondary structure of native, folded 

proteins can be obtained with ETS coupled to top-down MS/MS. ETS causes proteins to 

unfold in the ESI droplet, the primary mechanism for higher charging with this method. 

Although the proteins unfold prior to ion formation, this process is sufficiently fast that 

essentially no back exchange can occur. Thus, information about the higher order structure 

of the protein is preserved as the ions are transferred into the gas phase. As demonstrated 

previously, ETD does not produce scrambling of HDX information within a protein in the 

gas phase [20, 22, 23]. Thus, ETS can be effectively coupled to HDX and tandem MS to 

obtain residue-specific HDX information on the conformations of proteins from buffered 

aqueous solutions. An important advantage of this method is that the kinetic data is 

measured while HDX occurs, which eliminates any quenching steps that are conventionally 

used. Thus, HDX information on individual residues of a protein can be acquired in real-

time using a single nanoESI capillary and only a few hundred nanograms of protein is 

required.

The charge states that can be produced from proteins using ETS are similar to those 

produced using the most effective supercharging reagents in native MS [61] and those 

produced without supercharging reagents from denaturing solutions in which proteins are 

denatured [45]. ETS has the additional benefits that it is effective on large (~80 kDa) 

proteins, it eliminates any concerns about potential effects of supercharging reagents on 

protein conformation in solution prior to electrospray ionization, and high charge states can 

be produced from aqueous solutions with high buffer concentration where supercharging 

reagents are less effective [36, 61]. Thus, it should be possible to extend ETS-HDX-MS/MS 

to larger proteins and even protein complexes than is currently demonstrated.
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Figure 1. 
NanoESI mass spectra of 10 μM RNase A (a,b, black), raRNase A (a,b, red), holomyoglobin 

(c,d, black, *denotes that the heme is retained), and apo-myoglobin (c,d, red) in 100 mM 

ammonium bicarbonate acquired under native MS conditions at a potential of +0.9 kV (a,c) 

and under ETS MS conditions at a potential of +1.3 kV (b,d). Spectra were acquired 

separately and subsequently overlaid. Some ammonium bicarbonate cluster ions were 

observed under native MS conditions and are marked by † in the spectra.
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Figure 2. 
Partial nanoESI mass spectra showing the 10+ charge state of RNase A (top left, black) and 

raRNase A (top right, black) and the 16+ charge state of apo-myoglobin (bottom, black) 

overlaid with spectra of the same charge states of each protein 60 minutes after dilution into 

D2O. Blue and red in the bottom spectra correspond to apo-myoglobin produced from 

holomyoglobin and apo-myoglobin solutions, respectively. All spectra were acquired under 

ETS MS conditions at +1.3 kV spray potential. The average number of deuterium 

incorporated for each protein is given above each arrow. An increase in sodium ion 

adduction is observed from D2O compared to water solutions due to the presence of sodium 

in the D2O stock.
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Figure 3. 
NanoESI mass spectrum of ubiquitin with ETS at +1.3 kV spray potential from 200 mM 

ammonium bicarbonate, pH 6 (a), and ETD mass spectrum of the 10+ ion (b). A nanoESI 

mass spectrum of the same sample of ubiquitin obtained under the same conditions but 

minimizing the ETS effect by using a +0.9 kV spray potential is inset in (a).
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Figure 4. 
Map of sequence coverage of ubiquitin from ETD fragmentation of the 10+ ion.
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Figure 5. 
Plot of deuterium incorporation for individual residues Phe4 (open squares) and Thr12 

(closed squares) of ubiquitin over three hours’ time.
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Figure 6. 
Plot of the logarithm of the protection factor at individual residues of ubiquitin determined 

with ETS HDX-MS/MS (red circles, solid line), with supercharging HDX-MS/MS (purple 

squares, dotted line), and with NMR [56] (blue triangles, dashed lines). The horizontal 

dashed black line indicates the limit of detection for the ETS and supercharging MS data 

(log P ~ 3.1). At the top are regions of secondary structure in the crystal structure of 

ubiquitin (PDB: 1UBQ). Single amino acid resolution could not be obtained for residues 

61-63 or 75-76, but these segments of the protein underwent immediate exchange for all 

three or two, respectively, amide hydrogens, indicating no protection at any residue in these 

segments.
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Table 1

Average charge of protein ions produced by nanoESI from 100 mM ammonium bicarbonate solutions. 

Uncertainties are the standard deviation of three triplicate measurements.

Native MS (+0.8 kV) ETS MS (+1.3 kV)

RNase A 7.1 ± 0.1+ 9.5 ± 0.1+

raRNase A 11.3 ± 0.3+ 12.0 ± 0.2+

Myoglobin *
10.5 ± 0.1+

*
15.2 ± 0.2+

10.5 ± 0.1+ 15.6 ± 0.3+

Apo-myoglobin 13.6 ± 0.4+ 16.4 ± 0.3+

*
denotes that the heme is retained
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Table 2

Average deuterium incorporation of protein ions produced by nanoESI from 100 mM ammonium bicarbonate 

in D2O after 60 minutes exchange. Uncertainties are the standard deviation of deuterium incorporation for 

each charge state.

Native MS (+0.8 kV) ETS MS (+1.3 kV)

RNase A 148 ± 1 D 145 ± 5 D

raRNase A 195 ± 4 D 196 ± 4 D

Myoglobin *
137 ± 2 D

*
139 ± 2 D

137 ± 2 D 138 ± 3 D

Apo-myoglobin 176 ± 3 D 176 ± 3 D

*
denotes that the heme is retained
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