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Abstract

The analytical aspects of measuring hydrogen exchange by mass spectrometry are reviewed. The 

nature of analytical selectivity in hydrogen exchange is described followed by review of the 

analytical tools required to accomplish fragmentation, separation, and the mass spectrometry 

measurements under restrictive exchange quench conditions. In contrast to analytical quantitation 

that relies on measurements of peak intensity or area, quantitation in hydrogen exchange mass 

spectrometry depends on measuring a mass change with respect to an undeuterated or deuterated 

control, resulting in a value between zero and the maximum amount of deuterium that could be 

incorporated. Reliable quantitation is a function of experimental fidelity and to achieve high 

measurement reproducibility, a large number of experimental variables must be controlled during 

sample preparation and analysis. The method also reports on important qualitative aspects of the 

sample, including conformational heterogeneity and population dynamics.
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1. Introduction

The following review is meant to encompass the principle analytical aspects of hydrogen 

exchange (HX) mass spectrometry (MS). All readers are highly encouraged to familiarize 

themselves with the early descriptions of the fragment separation method (1–5) wherein 

large peptides or proteins were labeled with an isotope of hydrogen, enzymatic digestion 

fragmented the labeled protein into smaller pieces, chromatographic separation was used to 

resolve the pieces, and some sort of isotope-selective detection was used to quantify the 

labeling. These studies in the late 1970s and early 1980s formed the foundation for the 

integrated method of HX MS. After MS began to be used for the analysis of large peptides 

and whole proteins, the first MS measurements of deuterium incorporation into proteins 

were made (6–8). Two subsequent reports (9, 10) described the integration of direct MS 

detection into the fragment separation method that was described in 1979. Many of the 

analytical challenges that were already anticipated and apparent in these early experiments 
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of 1979 have been addressed in the years since 1993. These analytical aspects are the 

primary focus of this article.

The theory and practice of HX MS has been reviewed many times. The reader is directed to 

the many reviews from the past 10 years as a starting point for familiarization with this topic 

[e.g., (11–26)]. Several historical accounts of the early days of HX measurements, not 

limited to detection by mass spectrometry, are also highly recommended (27–31). In light of 

these many other descriptions, the details of the actual hydrogen exchange reaction, the 

mechanisms of exchange, and fundamental principles that govern how protein structure is 

connected to exchange will not be covered in great detail in this article. While various 

chemical moieties exchange with various rates, the backbone amide hydrogen position is the 

one that is used the most for studies of proteins and protein conformation (9, 32–35). The 

location of the label within the protein for all subsequent discussions is the hydrogen located 

at backbone amide positions. Several other theoretical aspects, including the restraints 

placed on analysis that are intimately connected to the analytical method, must be made 

clear in order that the justification for the analytical approach is obvious. Such reviews of 

theory will be accomplished in turn, with each section that follows.

2. Selectivity in measuring hydrogen exchange

In hydrogen exchange, hydrogen in the protein is exchanged for an isotope of hydrogen in 

the solvent (liquid or gas) (34–40). In some experiments, these parameters are reversed and 

the protein starts out heavily labeled (e.g., deuterated) and hydrogen from solvent replaces 

deuterium in the protein. As with any analytical measurement, there must be selectivity – the 

ability to detect/distinguish a given analyte in a complex mixture without interference from 

other components in the mixture/matrix – to distinguish deuterium from hydrogen, or 

distinguish tritium from hydrogen. The matrix signal may originate from other hydrogens in 

the protein molecule, hydrogen in the solvents, or hydrogens in other components of the 

solution (buffer molecules, etc.) (1). For example, a peptide of 10 residues that has 30% of 

its backbone amide hydrogens replaced with deuterium will have a background signal of 

70% from the backbone amide hydrogens that are not deuterated. As long as the selectivity 

is high enough, these two isotopes of hydrogen and their respective positions in the peptide 

can be distinguished. Selectivity in detecting hydrogen exchange can be afforded by 

exploiting any chemical property that is unique to the three isotopes of hydrogen, as 

summarized in [TABLE 1].

The selectivity of mass spectrometry can be classified as “moderate” for typical fragment 

separation methods and “high” in single-residue experiments using MS/MS, as described 

further below. Other detection methods are exquisitely selective – such as nuclear magnetic 

resonance (NMR), for example, where signal from deuterium at a single backbone amide 

hydrogen can be observed in a field of hundreds of other hydrogens. Much older methods, 

such as density measurements or spectrophotometric methods (UV and FTIR) [TABLE 1], 

do not have such selectivity and therefore much larger amounts of change (more deuteration) 

must be realized before reliable detection is possible. With low selectivity methods, the 

location of deuterium to single amino acids is not possible. Note also that single molecules 

are never detected (see Section 4.2 below on population measurements).
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Historically speaking, density was the first selectivity property exploited to measure 

exchange, as described by Linderstrøm-Lang and colleagues (36, 38, 41). Scintillation 

counting (42–44) was an obvious way to measure exchange as tritium is radioactive. The 

fragment separation method of Rosa/Richards (1) used tritium labeling and scintillation 

counting as did subsequent studies using fragment separation (2, 5). With the development 

of other more modern analytical tools, the use of radioactivity as the selectivity agent for 

exchange measurements decreased. The isotope effects with tritium are larger than those 

with deuterium (44–46) and the complications (including associated costs) of production and 

disposal of the radioactive isotope, particularly in modern times, greatly reduced the use of 

tritium as a labeling agent. It was shown than deuteration can be monitored by far UV 

absorption (47), absorption in the infrared (39, 48, 49) or with neutron diffraction (50). 

Many examples of exploiting the magnetic resonance properties of the hydrogen isotopes to 

provide selectivity exist [e.g., (51–55)]. While very selective, the time required to take an 

NMR measurement, unless quenching methods are used (56, 57), and size restrictions and 

concentration requirements generally preclude NMR as a method for analysis of large and 

complicated protein systems. Each amide hydrogen in HX NMR must be assigned and 

spectral overlap in large proteins can reduce the selectivity for individual amide hydrogens 

and thereby compromise the spatial resolution.

Selectivity in mass spectrometry measurements of HX arises from the mass differences 

between the isotopes, the ability to measure the mass of peptides to very high accuracy, and 

the ability with MS/MS to locate individual atoms in molecules. Early mass spectrometry 

measurements of isotope exchange were done indirectly using the Linderstrøm-Lang method 

(37, 38) followed by MS of the solvent. Deuterated protein was incubated in pure H2O, 

deuterium from the protein exchanged back out into the H2O, small samples were taken of 

this H2O solution after various amount of exchange time and converted to a gas by reduction 

of the water in the presence of a platinum-zinc mixture (58, 59). MS detection of the isotope 

ratio was done with a Thomson-Houston THN 202 mass spectrometer. This HX MS 

indirectly measured the deuterium level on proteins and it was not until much later that 

deuterated molecules were directly introduced into the mass spectrometer, by both fast-atom 

bombardment (9, 60, 61) and then by electrospray (6, 7, 10). It was clear from the first direct 

measurements that the mass difference afforded by the isotopes supplies sufficient selectivity 

to distinguish deuterated versus undeuterated species. What was also obvious was that the 

selectivity was not high enough to distinguish which amide hydrogens were labeled in 

species that had more than one possible position. It was proposed (6, 7) that MS/MS or 

digestion were needed to localize the deuterium. Much work has been done in the last ~25 

years to address this issue, the so-called spatial resolution problem. While adaptation of the 

Rosa and Richards fragmentation method (1) to mass spectrometry detection (9) increased 

spatial resolution from whole proteins to smaller peptides, there has been a strong desire to 

increase resolution even more. This topic will be addressed in Section 3 below.

The fragment separation method relies on a chromatographic step to separate the fragments 

for individual interrogation by the detection method, a mass spectrometer in the case of HX 

MS implementation. MS, and in particular electrospray, is ideally suited for a 

chromatographic step prior to ionization and thus detection of exchange by MS seemed 

destined or predetermined to be a method even before MS was used to do it. However, many 
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analytical challenges are introduced by the inclusion of chromatography prior to MS. While 

there are some challenges in the analysis that arise from the mass spectrometer itself (e.g., 

ionization temperature, mass accuracy, etc.), the majority of problems come from all the 

steps that precede the actual MS measurement. To address these challenges, a review of the 

components of a typical fragmentation separation method HX MS experiment is needed.

3. Analytical tools required

What is required in any hydrogen exchange method is to use the selectivity of the analytical 

method at hand to measure which positions have become deuterated, and at what rate. With 

mass spectrometry, this means measuring a mass change upon deuteration. Measuring a 

mass change in HX sounds much more straightforward than it is – it is actually quite an 

analytical challenge. The major reason for the challenge when using MS as the detection 

system is that the label itself is labile (37, 39). As rapidly as deuterium exchanges into a 

protein placed into a 100% D environment, it can exchange back out of the protein if placed 

into a 100% H environment [FIGURE 1]. While the labeling aspects are simplified by the 

spontaneity of the labeling reaction, i.e. it occurs naturally in water and physiological pH, 

this spontaneity also causes major analytical problems in the liquid chromatography (LC) 

and MS steps. If one wishes to measure the instantaneous level of deuterium in a protein, 

one must prevent changes to the amount of label during the analysis (1, 5). The label must 

not disappear during the analysis (back-exchange) nor must more labeling happen during 

analysis (forward-exchange). In addition to the reviews of HX MS mentioned in Section 1 

above, reviews and descriptions of back- and forward-exchange can be found in Refs. (6, 9, 

11, 62–64). To deal with the labile nature of hydrogen exchange, the two choices are to not 

allow back- or forward-exchange at all [FIGURE 1, point 1], or to limit it greatly by 

“quenching” [FIGURE 1, point 2].

To not allow any back- and forward-exchange, the liquid water solvent must be rapidly 

removed at the exact moment desired (the labeling time-point) by either going into organic 

solvent (either pure or high percentage) where there is no/reduced solvent hydrogen that 

could exchange with the protein sample (65) or by going immediately into the gas phase 

(66) where there is a greatly reduced local concentration of hydrogen that could exchange. 

The problem with both of these strategies is that proteins are not necessarily happy in 

organic solvent or in the gas phase and steps may be required after labeling – such as 

digestion – which must occur in liquid water. Additionally, some back-exchange is desirable, 

almost essential for data interpretation, such as that of deuterium incorporated into various 

side chains (9). A primary alternative is to slow the exchange reaction with conditions that 

limit the back- and forward-exchange as much as possible, that is, to quench. This 

quenching step is not modern, and has been used since the very beginning in HX with 

scintillation counting or UV-Vis measurement (1, 5), HX NMR (56, 57), and HX MS (9, 10).

The theory of quenching is essential to understand. Because the exchange reaction itself is 

both acid and base catalyzed, with the cross-over point between the two regimes occurring 

around pH 2.5–3.0, one can label at pH 7.0–8.0 where there are high rates of exchange and 

then slow the exchange orders of magnitude by adjusting to acidic pH (44, 65, 67–69). In the 

pH range 2.5–3.0, the intrinsic rate of exchange is the slowest for the average backbone 
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amide hydrogen, with variability in intrinsic exchange introduced by the local environment, 

including the sequence (70–73). Reduction in temperature also slows the exchange (20, 44, 

73). From the first reports of the fragment separation method (1–5), therefore, pH 2.5 and a 

temperature of 0 °C were used to slow (i.e., quench) exchange for analysis. While a pH of 

2.5 is optimal for analysis, temperatures lower than 0 °C provide even more reduction in 

exchange [e.g., recent examples (74, 75)].

The constraints of HX quench conditions introduce the majority of the analytical challenges 

to the HX MS method. Bearing quench conditions in mind, the next several sections will 

address three areas of analytical technology needed to make the measurements, how each is 

influenced by the restraints of quench conditions, and examples of how some constraints can 

be overcome. The sections are: fragment generation, separation, and MS analysis.

3.1 Fragment generation

The fragments generated in the fragment separation method must be created under quench 

conditions. For digestion with a protease, there must be enzymatic activity under quench 

conditions, meaning pH 2.5 and low temperature. There are a limited number of enzymes 

that fulfill these requirements, including porcine pepsin [EC 3.4.23.1] (1, 2, 5, 9), 

aspergillopepsin [protease type XIII, EC 3.4.23.18] (76–78), rhizopuspepsin [protease type 

XVIII, EC 3.4.23.21] (1, 76, 78–80), plasmepsin [EC 3.4.23.39] (81), aspartic proteases 

from the Antarctic rock cod (82) or the rice field eel (Monopterus albus Zuiew) (83), and 

nepenthesin [EC 3.4.23.12] from plants (84, 85). Digestion with immobilized enzymes, also 

first described by Rosa and Richards in 1979 (1), has been described multiple times [e.g., 

(85–89)]. Immobilized enzymes that are packed into columns for online digestion are 

preferable to digestion with enzyme in solution because the relative enzyme to substrate 

ratio can be much higher with immobilized material and no free enzyme is introduced into 

the subsequent separation and MS steps, further enhancing selectivity by eliminating 

background signals that are not of interest.

Pepsin is the most commonly used HX MS enzyme and as a result, the most characterized. It 

is known that some care must be taken with pepsin, which while very active in acid is 

irreversibly inactivated should the pH rise above pH 5 (90, 91). Pepsin has some preference 

for what sequences it will cleave (92–94), but the molten globule conformation of a protein 

in acid may significantly contribute to the digestion pattern observed, more so than the 

amino acids on either side of the cleavage point. The addition of denaturants (e.g., guanidine 

hydrochloride, urea) and reducing agents (e.g., TCEP, DTT) can improve digestion (7, 95–

99) by changing the conformation in acid to one more favorable to the protease. While 

digestion is unpredictable based only on sequence, digestion reproducibility can be very 

high given identical experimental conditions and a group of very reproducible peptides 

emerges when the same protein is digested many times (83). Peptic peptides are not 

necessarily ideal for electrospray and may exhibit a wide variety of intensities with less than 

ideal sequences for good ionization and multiple charging (83).

The original report of the fragment separation method (1) described the idea of increasing 

the spatial resolution of the exchange data by the analysis of smaller pieces, and that single-

residue resolution could be possible if there were enough pieces that overlapped. They also 
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exploited the use of multiple enzymes, that being pepsin and the acid protease from 

Rhizopus chinensis. Other reports over the years described using overlapping fragments to 

improve spatial resolution [e.g. (63, 77, 100, 101)] and a recent renaissance (102–104) has 

revived the idea but with the use of much improved computational and analytical tools. 

Using overlapping fragments is not without problems (105) so caution must be exercised.

3.2 Separation

Quench-conditions – aimed at retaining as much label as possible – restrict separations to 

high speed, low pH and at low temperature. High chromatographic speed degrades 

chromatographic performance because there is not enough time for sufficient equilibration 

between mobile and stationary phases. Low temperature results in poor mass transfer, 

further degrading chromatographic performance. Luckily, peptide separations can be 

accomplished well at low pH so there is at least one LC/MS variable in favor of HX MS.

For mass spectrometry analysis of chromatographic effluent, the most ideal scenario (i.e., 

high peak capacity case), is when the chromatography sequentially presents each peptide to 

the electrospray source for ionization and detection. Poor-efficiency separation (i.e., low 

peak capacity case) deviates from this ideality and presents multiple peptides to the source 

simultaneously. The resulting mass spectra can become quite complex, especially in the case 

of large proteins, and valuable data can be lost if too much overlap occurs. Conventional 

HPLC peptide chromatography has greatly advanced from what it was in the 1980s (5). At 

present, proteins smaller than ~30–40 kDa generally present few problems during traditional 

HPLC separation (1×50mm C18 column, 3.5 μm particles) with gradients under 10 minutes 

because there are not that many peptides to be separated which are not also resolved from 

one another in the mass spectrometer. When larger more complicated systems are analyzed, 

sometimes presenting thousands of amino acids of unique sequence and therefore hundreds 

of peptides, co-elution becomes a major issue; species overlap in the mass spectra, thereby 

inhibiting data analysis and interpretation. When many species co-elute, ion suppression 

effects can reduce the MS signal of some species. The dynamic range of the mass 

spectrometer can then become an issue when very strongly responding species are present 

along with verily poorly responding species [examples shown in (83)].

In many separation scenarios, the complexity of the digestion which must be separated 

relates to unique sequence. For example, in HX MS analysis of large viral capsids such as 

brome mosaic virus (106) or the P22 capsid (107), or the chaperonins GroEL/ES (108), there 

are many identical copies of each subunit. Upon digestion, the amount of unique sequence is 

low because each identical monomer produces identical peptides (e.g. for brome mosaic 

virus, the total size of the assembled capsid is 3.6 mega Daltons but the unique sequence of 

the monomer, from which all peptides are drawn, is only 20 kilo Daltons). Therefore, 

chromatography is only challenged with separating a small number of unique peptides and is 

relatively trivial. In contrast, much more complex systems with large amounts of unique 

sequence [e.g. (109, 110)] present chromatographic challenges wherein many hundreds of 

unique peptides must often be separated with the same peak capacity used for much simpler 

digestions.
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Another separations complication is analysis of proteins present at low concentration relative 

to undesirable proteins present in vast excess, such as studies of the folding substrates of 

GroEL/ES (111, 112). In the case of the later, dynamic range considerations prevent easy 

analysis of the comparably weak desired signals of the substrate protein in the presence of 

the very strong, undesirable signals of the chaperonins. In the analysis of membrane 

proteins, lipids, detergents or other components of the lipid mimetics may also compromise 

separation efficiency and MS response. These matrix components must be removed or 

isolated to enable optimal peptide signals, as has been reported using several strategies (113, 

114).

One solution to overwhelmed peak capacity, matrix effects, dynamic range issues, and the 

overall complexity of digesting a lot of unique sequence is to limit the number of species 

being digested and therefore introduced to the separation and mass spectrometer. For 

analysis of protein complexes, this could mean only digesting the members of the complex 

for which HX information is desired while the members that are not of interest are 

discarded. Accomplishing rapid chromatographic separation of proteins (for example using 

HPLC, SEC, etc.) to remove the undesired proteins under quench conditions is challenging 

[e.g., (111)]. Other more attractive strategies include: 1) immobilization of one member of 

the complex prior to labeling and digestion or 2) affinity capture after quench. An example 

of immobilization methods is the use of biotin:streptavidin, as initially reported (115) and 

more recently described [e.g., (116–118)]. While the second approach, affinity capture/

extraction, is an ideal method to fish out what is desired from what is not desired, most 

affinity associations either do not hold together in low pH quench conditions or the kinetics 

of association are such that they are incompatible with the HX MS workflow. More work in 

this area is needed.

In the absence of better separation or reduction to the complexity of the digestion, 

overlapping peptide signals have be deconvoluted by the mass spectrometer itself when there 

is high mass spectrometric resolving power [e.g., (119–123)] or with software methods [e.g., 

(104, 120, 124–127)]. These approaches, while valuable, do not solve the underlying issue 

of poor analytical performance under quench conditions. With the field of HX MS pushing 

towards analysis of very large and complex systems, the total peak capacity of the separation 

step in HX MS must be improved. Pure peaks with high signal-to-noise ratio are also 

desirable for other manipulations including MS/MS (see next section) – if not enough 

precursor ions are available, fragment ion detection will be poor.

What can solve the problem of separations in quench conditions is separation methodology 

that has higher performance under quench conditions. To improve mass transfer at low 

temperature, separations with larger surface area at higher pressure can be used (128). 

Chromatography with sub-2-micron particles is vastly superior at 0 °C to that of more 

conventional separations at 0 °C with particles >3.0–3.5 microns in diameter (129). 

However, when the particle size is smaller, backpressure is higher (near 8,000 psi at 0 °C, 

flow rate 40 μL/min, 1×100mm column, 1.7 μm diameter particles) and pumps that can 

withstand higher pressure must be used. In 2004, the Waters Corporation commercialized 

(trademark UPLC) such pumps, along with columns that use 1.7 micron particles (130). 

There are now many instrument vendors that provide commercial systems compatible with 
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small diameter separation particles and higher backpressure. UPLC separation for HX MS 

was first described in 2006 (129), with additional reports and improvements in the years 

following [e.g., (109, 131–133)]. Examples comparing separation under quench conditions 

for various particle diameters are shown in [FIGURE 2]. An added benefit of using smaller 

particles is that the gradient time can be made shorter without compromising separation 

quality, resulting in higher deuterium recovery (129, 132), or the flow rate can be increased 

to further enhance chromatographic efficiency if pumps capable of higher backpressure are 

utilized.

Another way to improve peak capacity is to incorporate orthogonal separations, or add other 

separation modalities to the reversed-phase LC separation. However, the addition of more 

separation(s) must not come at the expense of more separation time and more deuterium 

loss. Including ion mobility spectrometry (IMS) increases the overall resolving power of 

LC/MS [e.g., (134–136)] by adding an additional separation step based on collisional cross 

section and charge, but does so without any increase in the analysis time. IMS separation, 

which happens in milliseconds, fits nicely between LC separation where peaks are seconds 

wide and TOF MS where each TOF pulse is microseconds [FIGURE 2g]. IMS and its uses 

for HX MS has been explored (137, 138). New developments in IMS have led to great 

improvements in the total peak capacity and chromatographic efficiency possible in HX MS. 

An example of using it in HX MS is in the analysis of a sample where higher deuterium 

recovery is obtained by significantly shortening the gradient program [FIGURE 2e,f]; 

overlapping species in the shorter LC step are resolved in the IMS step and there is no 

compromise to the quality of the MS data that are recorded. Future developments that 

include other types of separation modalities could also improve peak capacity.

3.3 MS analysis

There are many mass spectrometers capable of making the measurement of mass increase as 

a result of deuteration. A survey of the HX MS literature over the past 20 years shows that 

instruments from all vendors and in many configurations have been used. The mass 

spectrometry, the final step in the HX MS workflow [FIGURE 3] is the most straightforward 

of all steps overall (see also Section 4.1). A number of new features of mass spectrometers 

make the measurements easier, less time-consuming, and raise the upper limit of sample 

complexity that can be analyzed.

Good measurements of deuterium incorporation come from instruments with a number of 

characteristics that are now commonplace. Relatively cool ionization sources with good 

desolvation are desirable as less deuterium is lost during the ionization process. The source 

conditions need to be set for low in-source fragmentation to prevent identification of 

“peptides” that were not, in fact, produced by enzymatic digestion. An instrument should 

have good ion transmission and high duty cycle resulting in low limits of detection. As there 

is a wide range of ion intensity for peptic fragments (see Sect 3.2 above), detectors with high 

dynamic range provide the best results and most reliable, total sequence coverage. A mass 

analyzer with high mass accuracy, and good overall calibration stability (for example, with 

lock mass calibration methods) is desired so there is no drift in measured m/z during a long 

day or more of data acquisition. Since the centroid m/z value of an isotope distribution is 
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generally the final outcome (9, 61, 139), not the pattern of the isotopes, even a single 

quadrupole mass analyzer will work if that is all that is available. However, it is certainly 

beneficial to have high (20,000 or more) mass resolution, if available, especially for charge 

state assignment and peptide identification.

Where the other bells and whistles of modern peptide and protein mass spectrometry come 

in handy is in integrated ion-mobility for increasing peak capacity (Section 3.2), peptide 

identification using data independent fragmentation methods (140), and the push toward 

single amino acid resolution via fragmentation by electron transfer/capture dissociation 

(ETD/ECD) wherein deuterium scrambling is greatly reduced, as described by Rand, 

Jorgensen and colleagues [reviewed in (141)] and others [e.g., (142–145)]. ETD/ECD 

fragmentation may be of whole, intact proteins just deuterated (top-down) or of deuterated 

peptides produced by enzymatic digestion (middle-down). Top-down methods [e.g., (75, 

146, 147)], where deuterium quantity is measured in fragments of the protein produced 

within the mass spectrometer, offer the possibility of single amino acid resolution without 

protein digestion and chromatography (and the resulting deuterium losses that accompany 

both), but are not without complications. Incomplete fragmentation, poor ion statistics (i.e., 

weak signals hard to detect), hydrogen scrambling, difficulty in isolating single peptide 

species in crowded fields of ions (isolation window too wide), and the potential for retaining 

deuterium at side-chain positions are all issues that must be resolved prior to such methods 

becoming mainstream.

4. Quantitation of deuterium

Quantitation in HX MS is distinct from most types of MS quantitation experiments where 

quantity is related to peak height, peak area, or intensity with respect to an internal standard. 

Rather, the quantitation in HX MS arises from mass change with respect to an undeuterated 

(or totally deuterated) control. The amount of mass change that is measured can report on 

protein conformation and dynamics, i.e. more exchangeable regions unprotected from 

exchange will have a higher deuterium level and so forth. However, a mass change can also 

arise from changes to the analysis conditions (6, 9, 61). FIGURE 4a describes an example 

scenario. If, for example, pH was improperly controlled and was 0.25 pH units too high in 

one sample versus in another, the m/z measured would be higher (FIGURE 4a, red 

spectrum) than the properly-controlled-pH sample [FIGURE 4a, green spectrum]. An 

analogous situation from other types of MS quantitation would be if a random error from 

improper handling of samples during extraction, for example in small molecule quantitation 

with GC/MS, led to lower than appropriate peak height with respect to a standard, a 

concentration value for the small molecule could be reported as lower than it really was. For 

HX MS methodology errors based on altered conditions that change the measured m/z, if the 

experimenter was unaware of the altered conditions, they may falsely attribute the higher 

mass (red spectrum versus green spectrum, FIGURE 4a) to a feature of protein 

conformation, binding, etc., effectively fooling the experimenter into thinking changes 

originating from poor experimental control are real. As it turns out, most all of the 

challenges in MS measurements of deuterium levels come not from the mass spectrometer, 

but from the steps prior to the mass analysis. Section 4.1 on reproducibility addresses some 

Engen and Wales Page 9

Annu Rev Anal Chem (Palo Alto Calif). Author manuscript; available in PMC 2016 August 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of these issues. Quantitation also depends on the shape of the isotope distribution, which 

reports on the population of molecules during labeling, as discussed in Section 4.2

The range of quantitation for forward exchange (deuterium replacing hydrogen) in each 

peptide extends from zero (undeuterated reference) to the theoretical maximum amount of 

deuterium that could possibly be incorporated if every backbone amide hydrogen of every 

amino acid were deuterated (totally deuterated reference). When there is back-exchange 

during analysis, it is nearly impossible to observe the totally deuterated form. The theoretical 

maximum takes into account that proline has no backbone amide hydrogen and therefore 

does not contribute to the maximum value. The other major consideration is the N-terminal 

end of each peptide. Digesting a protein into peptides creates an unprotected amide on the 

N-terminus of each peptide (72, 73). This N-terminal amide hydrogen has a very fast 

exchange rate and invariably exchanges with the solvent soon after it is created during 

enzymatic cleavage. During LC/MS in H2O, after labeling in D2O, this N-terminal position 

will quickly lose any deuterium it may have incorporated making it appropriate to subtract 

this position from the theoretical number of available backbone amide hydrogens that could 

exist in a particular peptide (1, 9). Subtracting also the penultimate, or second residue, of 

each peptide from consideration is also sometimes warranted because of the potential for 

fast back-exchange and loss of label in this position. As various sequence combinations lead 

to different amounts of back-exchange, due to primary structure effects, the Bai/Molday 

factors (72, 73) can be used to calculate the exchange rate constants for all 400 hundred 

sequence combinations of the first two amino acids of peptides [FIGURE 5]. Sequences 

involving certain pairs of Ile, Val, Ala, Tyr, Trp and Leu mostly retain deuterium at the 

second position after even 10 minutes in H2O quench conditions while pairs involving 

certain combinations of Asp, His, Cys, Asn and Gln easily lose deuterium at the second 

position even after 1 minute of quench conditions. A wise strategy is to consider the 

sequence of each peptide, known from MS identification, and apply a smart algorithm that 

deducts deuterium for consideration from the second position if warranted based on 

sequence, quench pH and temperature, and the amount of time exposed to the quench 

isotope (usually H2O). With modern computation methods, this strategy can be implemented 

automatically during data processing.

4.1 Measurement reproducibility

The sources of variability in an HX MS experiment were summarized in Sect 3.3, FIGURE 

3 [also recently discussed in (22)]. Each experimental parameter at each step of the 

experiment must be under control in order that the information that is obtained [FIGURE 4a] 

reports on the protein and not on the methodology. While small changes in pH, time and 

temperature may at first consideration seem trivial and inconsequential to the experiment, 

they can in fact [FIGURE 6] make changes to the measured mass that are much larger than 

the error of most peptide mass determinations (±0.01 Da or less). The inclusion of sample 

handling robotics [e.g., (121)] enhances reproducibility. Robots can assist in sample 

preparation, labeling, and subsequent injection into LC/MS systems.

As each of the experimental parameters contributes to variability, overall global 

experimental reproducibility is an aggregate of these many parameters. The type of 
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experimental replication is a key factor when describing error because it changes the number 

of variables that contribute to the overall reproducibility [FIGURE 7]. We here define five 

classes of HX MS replicates: biological, manipulation, labeling, analysis and processing. We 

do not wish to confuse these terms with interday or intraday variability because such 

variability may also be a function of the type of replicate, not just the frequency with which 

it was performed. For example, measuring the interday variability by taking repeated 

measurements over a 3 month period for a sample that was prepared once and frozen in 

aliquots is quite different from measuring the intraday variability of 3 samples of protein 

made from three distinct labelings of isolates from 3 separate cell culture pellets. The most 

error arises in performing biological replicates because there are more parameters that can 

vary [see also FIGURE 3] while the least error arises in processing replicates. Biological 

replicates are a much better representation of the biological system as they include all the 

variability that comes with recombinant protein expression and purification. Low overall 

error in a biological replicate has more meaning than low overall error in an analysis 

replicate.

Detailed measurements from several laboratories (18, 148, 149) have explored the error of 

HX MS experiments [reviewed in (22)]. Some of these reports describe labeling replicates or 

analysis replicates, which should not be confused with biological replicates that bear higher 

error. A valuable practice is to provide more experimental details about how replication was 

performed, the criteria for similarity attribution, etc. [e.g., (109, 149–152)]. Without such 

details, error cannot be compared between various types of experiments with different kinds 

of replication. An understanding of error helps gauge the significance of measured 

differences between states, or forms of a protein that are being labeled [e.g., see Ref. (153)]. 

When strict tests of statistical significance are applied, it should be done along with common 

sense. For example, in a protein of 100 amino acids if a mass difference of 1 Dalton was 

found in a peptide of 10 amino acids for a bound versus free form of the protein, all 

statistical tests may indicate this is a real and statistically meaningful difference in that 10 

amino acid peptide. The question to be answered next is does a change in deuteration of one 

amide position in a protein of 100 amino acids mean something biologically significant to 

the protein. The answer may depend on many factors, not necessarily all of them rooted in 

analytical chemistry and statistics.

4.2 Qualitative aspects – sample homogeneity and conformational mixtures

Protein molecules in solution are in an equilibrium of interconverting states that are not all 

identical [the native state ensemble (154, 155)]. This conformational heterogeneity 

introduces variability in HX MS measurements because what is measured is the sum of all 

populations of molecules in the sample, an aggregate of each of the different co-existing 

conformational forms. When the mass spectra are first taken, the shape, the width, the 

number, and the intensity of each isotope cluster reports on the conformational heterogeneity 

of the sample that was labeled. An example is shown in [FIGURE 4b] where two 

populations are apparent: a lower-m/z population that is more protected from exchange than 

a higher m/z population that has become more deuterated. Often, what is extracted from 

isotope clusters is the center of mass, or first moment, of each isotopic distribution (9, 61, 

139). Unusual shapes, isotope cluster widths and distributions can report on interesting 
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protein dynamics, conformational heterogeneity and interconverting states (8, 156–159). 

Perturbing the native state ensemble (with buffer conditions, concentration, pH, and 

temperature) may change the average deuterium incorporation and therefore both the mass 

and pattern of the isotope clusters that are measured. Care must be exercised to ensure that 

the analytical conditions do not cause the experimenter to falsely attribute peak shape to 

protein conformation and dynamics, as can be the case when carryover occurs from sample 

to sample (160, 161).

Deuterium quantitation in situations where there is conformational heterogeneity in the 

labeled sample is not the same as when there is a single, homogenous conformation. Mixed 

populations during pulse-labeling experiments of protein folding [e.g., (8, 111, 112, 162)] or 

in continuous labeling of proteins with obvious EX1 kinetics [e.g., (157–159, 163, 164)] can 

be handled in a number of ways [FIGURE 4b]. It is best to present the spectra in such 

situations to illustrate the heterogeneity. The quantity of label in each individual population 

[FIGURE 4b, gray and orange bars] can be extracted by fitting peaks (156, 162) or the entire 

isotope distribution [FIGURE 4b purple bar] can be processed to produce peak width plots 

(158) or bubble plots (127). Particularly in the case of mixed populations displaying 

heterogeneous isotope distributions, attention to the experimental details of the data 

processing steps is crucial to ensure reproducibility and validity of the final conclusions. 

Biological replicates [FIGURE 7] are essential in cases of conformational heterogeneity as 

the ensemble of protein molecules being labeled may be very sensitive to the experimental 

conditions, particularly those of the initial buffer [FIGURE 3, purple].
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Figure 1. 
Hydrogen exchange is spontaneous. In this diagram, hydrogen or deuterium at backbone 

amide positions are represented by blue or red balls, respectively. When a protein with all 

hydrogen is placed in a solvent with a different isotope (here at left, D2O), exchange occurs 

spontaneously. If a partially deuterated protein were to suddenly find itself in a pure H2O 

solvent, the deuterium in the protein exchanges back to the solution (right). Options for 

measuring the amount of labeling include 1) measure deuteration before the protein is placed 

in pure H2O, or (2) slow the labeling (with quench conditions) to limit-the back-exchange in 

H2O and allow time to make the measurement.
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Figure 2. 
Improving HX MS chromatographic separations at 0 °C. Panels (a–c) are taken from Ref. 

(132), with permission, and correspond to separation of a peptic digestion of a 52 kD protein 

with 20, 3.5, and 1.7 μm diameter particles, respectively. Panels (d–g) are separations of 

peptic digestion of monoclonal antibody (IgG) using a 1×50 mm HSS T3 1.8 μm column 

and a 5–35% water:acetonitrile gradient with changes to gradient time, flow rate, and 

backpressure: (d) 12 minute separation, 65 μL/min., backpressure 8000 psi; (e) 12 minute 

separation, 100 μL/min., backpressure 12000 psi; (f) 6 minute separation, 100 μL/min., 

backpressure 12000 psi, with addition of ion mobility separation. Separation with >2 μm 

particles (black traces, panels a,b) is inferior to separations with sub-2 μm particles (brown 

traces, panels c,d,e). Separation with both chromatography and ion mobility (purple trace, 

panel f) greatly enhances peak capacity. (g) Ion mobility separations require milliseconds 

and fit nicely between the time scale of liquid chromatography (minutes) and that of time-of-

flight MS detection (microseconds).
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Figure 3. 
Variables in HX MS. Each step of the experiment from earliest (top) to latest (bottom) is in a 

different colored box with the variables associated with that step indicated to the right.
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Figure 4. 
Quantitation of deuterium by mass change. (a). An undeuterated spectrum (black) is 

compared to deuterated spectra where the increase in mass may be small (grey spectrum), 

intermediate (green spectrum) or large (red spectrum). Improper control of experimental 

conditions could produce an isotope cluster with an average m/z higher or lower than would 

be found with proper control of conditions, in which case changes could be falsely attributed 

to changes in the protein that were in fact due to undesirable changes in experimental 

conditions. (b) in EX1 kinetics, there can be a broadened isotope cluster which may resolve 

to two distributions (blue spectra): a higher-mass envelope representing a more unfolded/

unprotected species and a lower-mass envelope representing a more folded/protected 

species. Quantitation in EX1 kinetics can be done by finding the centroid of each 

distribution (gray or orange bars) or the centroid of the entire distribution (purple bar).

Engen and Wales Page 24

Annu Rev Anal Chem (Palo Alto Calif). Author manuscript; available in PMC 2016 August 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Loss of deuterium incorporated at the penultimate backbone amide hydrogen position of 

peptides, as calculated using (73). All 400 combinations of the twenty common amino acids 

at the N-terminus (along the top of each panel) and penultimate position (vertically along the 

side) are shown. Deuterium loss after 1 min, 3 min or 10 min at pH 2.5 and 0 °C is colored 

using the gradient scale indicated. Note that proline has no backbone amide hydrogen 

(colored light grey).
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Figure 6. 
Examples of how changes to various experimental parameters affect the deuterium level of 

peptic peptides. Three random sequences were chosen (blue, MYSLCEQTVNFK; red, 

QCSVFMTNYEKL; green, IHGASDFWVWER) and the deuterium level after forward 

exchange, 100% H to D (a, b) or back-exchange, 100% D to H, (c, d) was calculated using 

(73) for various conditions. (a) labeling at 25 °C for 1 second at variable pH (x-axis). (b) 

Same as panel a but labeling for 2 seconds. (c) Back-exchange for 5 minutes at 0 °C with 

variable quench pH. (d) Back-exchange for 5 minutes at pH 2.5 with variable quench 

temperature. Differences in deuterium levels at specific conditions are highlighted with 

numbers in colored boxes.
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Figure 7. 
The five main types of HX MS experimental replication. (a) The major steps of the HX MS 

experiment are shown down the central spine with colored boxes. Replication can be one of 

five types, shown with the proposed nomenclature (colored lines and text). Some 

experiments (e.g., binding, pulse-labeling) require a(n) additional step(s) (manipulation, blue 

box and shading) just before labeling in which sample volumes, concentrations and other 

conditions are manipulated; simple, one-protein HX MS generally does not have a 

manipulation step. The final relative error for each type of replicate, as determined by the 

spread of the replicate data points during final data interpretation, is shown at the left (++++

+ is most error, + is least error). (b) Examples of two types of replication experiments. In the 

analysis quadruplicate, a single sample of protein is labeled and quenched, and the quenched 

material is divided into four separate tubes for four independent LC/MS analyses and 

processing. In the other example, protein is overexpressed/isolated three independent times 

and then divided into three separate aliquots per biological preparation for independent 

labeling, analysis and processing. A total of nine replicates comprises this final data set.
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TABLE 1

Distinguishing chemical properties of the isotopes of hydrogen used to detect hydrogen exchange

Chemical property Details Detection Method Example Refs.

Density Hd = 1.000 g mL−1

Dd = 1.106 g mL−1

Td = 1.215 g mL−1

Density gradient tube (36, 38)

Radioactivity H,D half-life = stable
Thalf-life = 12.3 yr

Scintillation counting (1, 2, 5, 42–44)

Absorption Blue shift upon deuteration, measure at 220–230 nm Ultraviolet spectroscopy (47)

Absorption e.g., downshift of amide II band from ~1550 cm−1 to 1450 
cm−1 upon deuteration

Infrared spectroscopy (39, 48, 49)

Nuclear spin/Magnetic resonance D silent in 1H NMR; H spin = ½ D spin = 1 NMR spectroscopy (51–55)

Nuclear scattering Scattering amplitudes of H and D of are opposite sign Neutron diffraction (50)

Mass Mass (natural abundance)
H=1.0078 Da (99.9885%)
D=2.0141 Da (0.0115%)
T=3.0160 Da (trace)

Mass spectrometry (6, 9, 10, 58–60)
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