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Abstract
Until recently, mass spectrometry (MS) was not often associated with the analysis of protein
conformation and dynamics but rather as a method to measure molecular weight and quantify
molecules. However, by taking advantage of labeling methods such as hydrogen exchange (HX),
many details about protein conformation, dynamics and interactions can be revealed by mass
spectrometry. In the current work we provide an update that covers hydrogen exchange theory as it
applies to HX MS protocols, explain in detail the practice of HX MS including data analysis and
interpretation, and highlight recent advancements in technology which greatly increase the depth
of information gained from the technique.
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INTRODUCTION
Until recently, mass spectrometry (MS) was not often associated with the analysis of protein
conformation and dynamics but rather as a method to measure molecular weight and
quantify molecules. However, by taking advantage of labeling methods such as hydrogen
exchange (HX), many details about protein conformation, dynamics and interactions can be
revealed by mass spectrometry. In the current work we provide an update that covers
hydrogen exchange theory as it applies to HX MS protocols, explain in detail the practice of
HX MS including data analysis and interpretation, and highlight recent advancements in
technology which greatly increase the depth of information gained from the technique.

The hydrogen exchange phenomenon, whereby labile hydrogens in proteins exchange
positions with hydrogens in the surrounding solvent, has been known for some time (Hvidt
and Linderstrom-Lang, 1954; Hvidt and Nielsen, 1966; Englander and Poulsen, 1969). HX
occurs all the time for all proteins but can go unnoticed unless an isotope of hydrogen other
than protium (H) is introduced. Tritium oxide (T2O) was employed at one time for labeling,
but now deuterium oxide (D2O) is mostly used. Any spectroscopic technique or
experimental method capable of distinguishing between the isotopes of hydrogen can be
used to measure the exchange, including measurements of density, radioactivity, NMR,
infrared spectroscopy or mass spectrometry.
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The deuterium atom (D) has a mass of 2.014 amu whereas protium (H) has a mass of 1.008
amu; therefore, if a protein were to be deuterated, its mass would increase slightly.
Measuring the mass of a deuterated protein with a mass spectrometer indicates how much
deuterium was incorporated. The first demonstrated use of HX MS came shortly after the
development of electrospray ionization (Chowdhury et al., 1990; Katta and Chait, 1991). An
extension of the method was described by Prof. David Smith and developed throughout the
1990s (Zhang and Smith, 1993; Smith et al., 1997). Hydrogen exchange mass spectrometry
has now been the subject of several comprehensive reviews (Hoofnagle et al., 2003; Wales
and Engen, 2006b; Tsutsui and Wintrode, 2007; Brier and Engen, 2008). Recent
developments in this field offer unparalleled limits of detection, low sample consumption
requirements, the promise of single amino acid resolution, potential for automation and the
ability to analyze increasingly complex mixtures of proteins.

HYDROGEN EXCHANGE BACKGROUND
The theory of hydrogen exchange itself is fairly well understood and has been reviewed
extensively (Woodward et al., 1982; Englander and Kallenbach, 1983). The following
section highlights basic hydrogen exchange principles which are important for HX MS
experimental design and data analysis.

Proteins contain a number of hydrogens (Figure 1). Hydrogens bonded to carbon essentially
do not exchange. The exchangeable hydrogens in sidechains can become deuterated but their
exchange rates are too rapid to be measured by MS (Englander et al., 1985;Bai et al., 1993)
and they are purposefully exchanged back to hydrogen during analysis (Zhang and Smith,
1993) (see also below). The most interesting hydrogens for analysis by MS are the backbone
amide hydrogens. The exchange rates of these hydrogens are in a range that can be followed
by MS. Conveniently, every amino acid has a backbone amide hydrogen (except for proline)
meaning that each amino acid can be used as an exchange sensor. It is also the backbone
amide hydrogens that hold secondary structural elements (α-helicies and β-sheets) together.

The exchange rate of amide hydrogens is primarily dictated by four factors: pH,
temperature, solvent accessibility, and intramolecular hydrogen bonding. Given a particular
temperature and pH, the exchange rate for each amide hydrogen in an unstructured peptide
can be predicted based on its sequence (Molday et al., 1972; Bai et al., 1993). The primary
structure of a peptide may affect amide hydrogen exchange rates by as much as 30-fold due
to the sidechains on neighboring residues. Secondary, tertiary, and quaternary structure can
decrease the rate of exchange at individual amide positions by a factor of 108. This drastic
reduction in exchange rate is what allows HX to be a sensitive probe for conformational
change.

Hydrogen exchange is both acid- and base-catalyzed and the rate of exchange for any
hydrogen is given by:

Equation 1

where kint is the intrinsic exchange rate constant and kH and kOH are the acid and base
catalyzed exchange rate constants, respectively. At physiological pH, where most labeling
experiments are performed (see Figure 2), the base-catalyzed exchange mechanism is
dominant. The pH minimum for exchange of the average backbone amide hydrogen is
around 2.5, but will vary slightly depending on the neighboring residues. All other types of
hydrogens (side chain groups, etc) exchange at least two orders of magnitude faster at this
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pH. The connection between the rate of exchange and the pH is a key aspect that makes an
HX MS experiment possible, as described below.

Hydrogen exchange into folded proteins can be described by a two-process model (Kim and
Woodward, 1993; Bai et al., 1994; Li and Woodward, 1999) which will not be described in
great detail here [see (Smith et al., 1997; Wales and Engen, 2006b) for more details]. The
first process is exchange from the folded form, expressed as:

Equation 2

where F is the folded form of the protein and the subscripts H and D refer to hydrogen and
deuterium respectively. Exchange from the second process occurs from partially unfolded
forms and is described by:

Equation 3

where F is the folded form, U is the unfolded form, k2 is the intrinsic rate of exchange, and
k1 and k-1 are the unfolding and refolding rate constants, respectively. Localized unfolding
events (Equation 3) can break intramolecular hydrogen bonds and expose hydrogens to
solvent; such an unfolded region can now exchange as if it were an unstructured peptide.

For most proteins under physiological conditions k-1 ≫ k2 and the protein must undergo
multiple unfolding events until the region becomes deuterated. This type of exchange is
referred to as EX2 kinetics and results in peaks in mass spectra that gradually increase in
mass as the protein is exposed to D2O for longer periods of time (see Figure 3). In the case
where k-1 ≪ k2, called EX1 kinetics, multiple amide hydrogens in a region can become
simultaneously (i.e., cooperatively) deuterated during a single unfolding event. The mass
spectra of a protein in the EX1 regime are very different from those found in the EX2
regime (Figure 3) (Miranker et al., 1993;Deng et al., 1999b;Weis et al., 2006b). In EX1, two
distinct populations are revealed, the less massive being the population of molecules which
have not unfolded and the more massive being the population of molecules which have
unfolded and become labeled. Observation of EX1 kinetics is much more infrequent than
EX2 kinetics but provides important clues about protein dynamics in solution.

PROTOCOLS
A flow-chart which highlights the steps from labeling to data analysis is shown in Figure 4.
The details of each step throughout this flow chart are described in the following sections.

Protein preparation
Preparation of the protein for labeling is a step sometimes overlooked. The buffer system of
the protein must be compatible with the mass spectrometer and the protein concentration
should be known so that in the subsequent dilution steps, one is sure that there is still enough
material to give a good signal in the mass spectrometer.

Deuterium addition
The first and foremost task in HX MS is to introduce the protein, normally in an all H2O
environment, to D2O so labeling can begin. The primary method for introducing deuterium
is by dilution. Typically, a solution of protein in a protiated buffer is diluted with a
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deuterated buffer that has a deuterium content of 99% or more. Dilutions of 15-fold or
greater will produce final deuterium concentrations of >95% in the labeling solution. This
serves to force the labeling reaction (k2) in one direction (see equation 3). However, with
this labeling method, the original protein sample is diluted so care must be taken that such a
dilution will be compatible with the sample quantity requirements of the mass spectrometer.
An alternative to the dilution technique is to carry out a rapid buffer switch with small gel
filtration spin columns [described in (Jeng et al., 1990; Zhang et al., 1996; Engen and Smith,
2000)]. Although the buffer switch technique introduces deuterium more slowly than the
dilution method, the protein is not nearly as diluted.

Continuous labeling
Continuous labeling is the simplest labeling method. In this method, a fully protiated protein
in a buffer containing 100% H2O is typically introduced to deuterium by dilution (15-20
fold is typical) with an identical buffer containing >99% D2O and the deuterium
incorporation is then monitored as a function of time. Continuous labeling proceeds until the
maximum amount of exchange time desired has passed, for example 24 hours. At various
times along the way (see Figure 4), aliquots are removed from the labeling solution, the
labeling is quenched and the resulting labeled protein is analyzed by mass spectrometry.

Continuous labeling experiments are usually performed under conditions (pH, ionic
strength, etc.) where a protein is in its native state. Thus, the monitored exchange rate at
various incubation times provides information on the conformational dynamics of a protein
under equilibrium conditions. For any given protein, the natural fluctuations of the native
state population could mean that, for example, 95% of the molecules exist in a given
conformation at any one moment and the remaining 5% are in transition to another folded
state. Once a protein has made a transition from a folded to an unfolded state, it becomes
labeled with D2O and the mass increases. The deuterium level in the protein sample at any
point in the course of the labeling experiment integrates the number of molecules in the
sample that have become labeled up to that point (Miranker et al., 1993). Given enough
time, all proteins should become totally deuterated during a continuous labeling experiment
if protein motions and protein breathing expose all residues to exchange competent
conditions. Transitioning between folded and unfolded species may be the result of natural
motions of the protein but can also be induced in response of ligand binding, protein-protein
complex formation, or by the addition of chaotropic agents (mild denaturing conditions).
Continuous labeling is very useful for monitoring slow unfolding transitions [e.g., (Engen et
al., 1997; Wales and Engen, 2006a)].

Pulsed labeling
Pulse labeling is not nearly as common as continuous labeling and for that reason will not be
covered in as much detail. In pulsed labeling experiments, protein is exposed to deuterium
for a very brief period of time, typically 10 seconds or less (depending on pH), after the
protein has been forced to undergo structural changes via addition of a perturbant (Deng et
al., 1999b; Konermann and Simmons, 2003), see Figure 4. Perturbants are usually
chaotropic agents (urea, guanidine hydrochloride), but can also be binding partners, changes
in pH or temperature. The goal of adding a perturbant is to establish a new, different
equilibrium of populations, each presumably/possibly with a different conformation. Each of
these populations may exhibit a different hydrogen exchange pattern in which case the
resulting deuterium levels then indicate the instantaneous population of folded and unfolded
molecules. Pulse labeling experiments have been used to study protein folding mechanisms
by mass spectrometry as well as to identify transient intermediate states [for example (Yang
and Smith, 1997; Deng and Smith, 1998; Deng and Smith, 1999; Deng et al., 1999b; Mazon
et al., 2004; Pan et al., 2004)].
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Quench
At the completion of the desired amount of labeling time, the pH is adjusted to “quench” the
exchange reaction. As eluded to above, HX MS is made possible by the connection between
pH and exchange rate. Protein labeling normally occurs at physiological pH (pH 7.0-8.0)
where the majority of proteins are in their most biologically relevant conformation(s). To
reduce the exchange rate so that the amount and location of deuterium can be determined,
the pH of the labeling solution is reduced to the minimum value for exchange, pH 2.5 (as in
Figure 2). By reducing the pH from 7.0 to 2.5, the exchange rate for the average backbone
amide hydrogen is reduced about 10,000 fold [although this is not true for all sequences, see
(Zhang and Smith, 1993;Smith et al., 1997)]. To make sure the analysis is reproducible, it is
critical to always label and quench with the same pH values as alterations as small as 0.1 pH
units can change the rate of exchange significantly. One good way to ensure a reproducible
and reliable pH is to use a buffer with a pK value near the labeling or quenching pH (7.0 and
2.5, respectively). Phosphate buffers are particularly convenient in this regard because there
is a pK1 at 2.15 for the quench and a pK2 at 6.82 for the label [see (Engen and Smith,
2000)]. Once the exchange reaction has been “quenched”, the samples must then either be
analyzed immediately (“on-the-fly”) or quickly frozen by exposure to liquid nitrogen or dry
ice. In many cases, the quenched sample can be stored at -80 °C for several days before
analysis. However, this is also a function of each individual protein as some proteins are not
able to withstand a single freeze-thaw cycle.

Analysis: General considerations
What follows next depends on what type of mass spectrometry will be employed. Generally,
we have advised that LC-MS (using electrospray) be used as other types of mass
spectrometry (such as MALDI) may appear easier at the outset, but in the end make things
more complicated (see below). What we will describe in the following sections applies to
electrospray MS.

A major concern is the temperature of all analysis steps post-quench. The reason this is an
issue is that positions that have become deuterated during the labeling step can revert back
to hydrogen before mass analysis can occur. Such “back-exchange” can be an issue if not
properly controlled. However, when it is controlled and understood, it becomes more of an
annoyance than a prohibitive factor.

Deuterium in a protein will revert to hydrogen if the concentration of deuterium in the
surrounding environment becomes small. This reduction in deuterium concentration will
occur in the 100% H2O environment of an HPLC solvent system, the H2O environment of a
traditional MALDI matrix, or even the H2O-containing air surrounding a fast atom
bombardment solids probe (David Smith, personal communication). At pH 2.5, if a
deuterated protein were to suddenly find itself in a 100% H2O environment, the reversion of
the deuterium label back to hydrogen would occur with a half-life of about 10-15 minutes.
To reduce the rate of reversion by another order of magnitude, the temperature of the
quenched sample is lowered to 0 °C. The half-life for back-exchange under quench
conditions of 0 °C and pH 2.5 is between 30-120 min, depending on the sequence
(Englander and Kallenbach, 1983; Bai et al., 1993; Smith et al., 1997). Consequently, the
analysis steps must still be completed as quickly as possible to maximize the amount of
deuterium that is recovered. The quench conditions of pH 2.5 and 0 °C must be maintained
at all times once the quench has been initiated.

We advocate setting up experiments so that no back-exchange correction is needed. To do
this, one must first understand the back-exchange characteristics of their particular
experimental setup (i.e., how much deuterium is lost during each step of the process, values

Morgan and Engen Page 5

Curr Protoc Protein Sci. Author manuscript; available in PMC 2010 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



determined by running a series of totally deuterated control proteins). Once the back-
exchange in the experimental system is understood, it becomes possible to make relative
deuterium measurements, as described in detail in (Wales and Engen, 2006b). One compares
two or more forms of a protein (e.g., wild-type vs. mutant, bound vs. free, active vs.
inactive, etc.), determines the deuterium incorporation in both samples using identical
experimental conditions, and compares where levels are similar or different. On the other
hand, if the absolute deuterium level is of greater interest or if there are not two states that
can be compared, back-exchange adjustment is required and several controls must be
analyzed along with each sample set so an adjustment can be made for back-exchange. To
arrive at an absolute number of deuteriums that exchanged at each time point, an adjustment
equation is applied (Zhang and Smith, 1993). Although several variations to the original
adjustment formula have been described (Hoofnagle et al., 2004), the original adjustment
method has found the most use in HX MS experiments.

Global analysis
As shown in Figure 4, after labeling is finished and the quench completed, one must choose
how to characterize the deuterium incorporation. The most basic way to do this is to
measure the deuterium incorporated into a whole protein as a function of time, or what we
term “global analysis”. Global analysis was the first type of analysis reported for HX MS
(Chowdhury et al., 1990;Katta and Chait, 1991) and is the simplest to implement. Global
analysis is also a good first experiment when working with a new protein, for several
reasons. First, it is a good test to see if the protein of interest is stable through the HX MS
procedure of labeling, quenching, LC and so on. Second, the results of global analysis can
provide an indication of how structured (or unstructured) the protein is.

To determine the global incorporation of deuterium, the intact, labeled protein is analyzed
by LC and electrospray MS. As there is really no separation required in global analysis of a
single protein, there is often just a trap column used for the LC step. Several important
things happen during this LC step and therefore it must be performed prior to MS analysis.
First, sample concentration occurs which can be useful particularly if a dilute protein
solution was used for labeling. Second, desalting removes buffer salts that will negatively
impact the electrospray process and suppress the signal of the protein. Third, and most
importantly, the LC step serves to wash away all deuterium that had exchanged into
sidechain positions. Because the chromatography is performed with protiated solvent (all
H2O), back exchange begins the moment the deuterated sample is injected. Any deuterium
that had exchanged into side-chain positions, which have very fast exchange rates even
under quench conditions (Figure 2) (Englander et al., 1985;Bai et al., 1993), will revert back
to hydrogen during the chromatography step. Therefore, the deuterium incorporation that is
measured is a result of deuteration at backbone amide positions only. This substantially
simplifies the data interpretation step because the maximum number of deuterium atoms that
can be found in each amino acid (except proline) will be one. Note that because arginine has
a side chain amide hydrogen (ε-NH) with an exchange rate minimum near that of the
backbone amide hydrogens (Figure 2), proteins rich in arginine can complicate the analysis
because all side-chain deuterium may not be washed away during the analysis steps.

So while back-exchange of side chain positions is desirable, back-exchange of backbone
amide hydrogens is not desirable. As described above, the injection valve, loop, trap column
and all associated tubing must be maintained at 0 °C. By maintaining 0 °C and pH 2.5
throughout the chromatography step, as well as using a very short gradient (e.g., 5-40%
organic in under 3 minutes), back-exchange from the backbone amide positions can be
reduced to as little as 10-15% deuterium loss.
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Mass measurement in global analysis only requires that the mass spectrometer be capable of
accurately measuring the mass of whole proteins. We have found that time of flight
analyzers work well for this purpose for the widest variety of proteins, although other mass
analyzers can provide suitable results in many cases. The ionization parameters must be
controlled so as not to elevate back-exchange losses during the electrospray process and
subsequent desolvation. Control experiments with totally deuterated peptides and proteins
can help determine the exact settings, but it is recommended that the source temperature be
high enough to encourage good desolvation but not so high that back-exchange is elevated.
In a Waters Z-Spray electrospray source, for example, an optimal source temperature is 80
°C with a desolvation gas temperature of 150-175 °C.

Once the spectra are obtained, the deuterium incorporation for each labelling time is
determined. The increase in mass is determined by subtracting the mass measured for an
undeuterated control sample from the mass at each deuterium exchange-in time point. For
this calculation, the average mass is used, either from the deconvolved spectrum or from a
particular charge state. The resulting data are plotted as the time in deuterium (on a log
scale, x-axis) versus the increase in mass (Relative Deuterium Level, y-axis), see Figure 5.
Several valuable pieces of information can be extracted from such a graph of whole protein
HX. First, the number of rapidly exchanging amide hydrogens in the protein can be
estimated if the first labeling time point is sufficiently short (such as 10 seconds or less). The
amide hydrogens that exchange during such a short labeling time are those which must be
highly exposed to solvent and probably not involved in hydrogen bonds within secondary
structural elements (Dharmasiri and Smith, 1996). In the example shown in Figure 5, this
number is 124. Second, the number of amide hydrogens that do not exchange at all during
the course of the experiment can be determined. These hydrogens are those that are most
protected and likely in areas inaccessible to solvent or strongly protected by hydrogen
bonds. In Figure 5 this value is 178, or the total number of exchangeable backbone amide
hydrogens in the protein minus the number of exchanged hydrogens at the longest timepoint.
Third, the number of amide hydrogens that undergo some kind of localized unfolding or
fluctuations during the labeling time course are those that contribute to the increase in mass
between the shortest and longest timepoints (86 in the data shown in Figure 5). Although not
discussed in this chapter, additional information about protein dynamics and kinetic
mechanisms can be derived from the isotopic distribution profile of the mass spectrum [see
(Wales and Engen, 2006b;Weis et al., 2006b;Brier and Engen, 2008) for further
information].

Local analysis
Another option for measuring the incorporation of deuterium is local analysis (Figure 4). Its
called local analysis because the outcome is a much more specific detailing of where the
deuterium has been incorporated. While in global analysis the total amount of incorporation
in the whole protein over time is measured, in local analysis the location and the amount of
the deuterium incorporation can be refined to short stretches of amino acids. In order to
accomplish local analysis, the protein is broken into pieces after the labeling is quenched.

The local analysis technique was first reported by Rosa and Richards (Rosa and Richards,
1979) who used T2O for labeling followed by enzymatic digestion. The Rosa and Richards
method was later adopted, modified, and combined with mass spectrometry analysis by
Smith and colleagues (Zhang and Smith, 1993). It is important to realize that fragmentation
occurs after protein labeling is completed, when the deuteration reaction has already been
quenched. Because the quench effectively “freezes” the deuteration of the native, pH 7 state
of the protein, in later steps the deuterium levels of short pieces are directly related to the
deuteration levels in the folded, intact protein. Because quench conditions must be
maintained during the enzymatic digestion of the labelled, quenched proteins, acid proteases
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that are active at pH 2.5 must be employed. The resulting peptide fragments can then be
separated by liquid chromatography (Figure 4, Figure 6).

The most common protease used in HX MS is pepsin. As seen in Figure 2, pepsin is highly
active at quench conditions (pH 2.5). Pepsin is a relatively “non-specific” protease in that it
generally cleaves at hydrophobic residues but does not hold fast to this rule [see also
(Hamuro et al., 2008)]. It does have some cleavage specificity but unfortunately cleavage
products cannot be predicted from sequence alone as is the case for other enzymes such as
trypsin. Although pepsin fragments are not predictable, cleavage is highly reproducible
under identical conditions (pH, temp, time, and concentration). Each peptic peptide in the
digestion must be identified, usually with a combination of MS/MS and exact mass analyses.
Peptic digestion results in many, typically small (10-15 residues), and overlapping peptides
which can serve to increase ones ability to localize deuterium to short stretches of amino
acids or in the best case, to individual amino acids (Garcia et al., 2004). The addition of
guanidine hydrochloride to the quench buffer has the effect of enhancing the digestion as
pepsin can tolerate concentrations as high as 3 M (Wang and Smith, 2005). Other acid
proteases such as aspergillopepsin I from Aspergillus saitoi (EC 3.4.23.18) have been shown
to be an acceptable alternative to porcine pepsin (EC 3.4.23.1) as they are functional at
quench pH (Figure 2). Localization of deuterium to shorter and shorter stretches of amino
acids can be greatly enhanced when multiple proteases are used to digest the same protein
(Cravello et al., 2003).

Digestion may be done in two ways. Offline digestion is carried out by preparation of a
concentrated pepsin solution (typically 10 mg/mL in H2O, pH ~5.0) and addition of 1:1
pepsin:substate by weight to the quenched sample (Zhang et al., 1996; Engen and Smith,
2000). Digestion is typically carried out for 5 minutes or less at 0 °C. For offline digestion,
the LC setup is similar to that of the intact mass analysis discussed above with the addition
of a chromatography column and an increase in analysis time. Alternatively, digestion may
be performed online by the use of a slightly more complex system involving an immobilized
pepsin column (Wang et al., 2002). An injection valve is used to load quenched protein onto
the pepsin column. Proteins enter one side of the column, peptides come out the other side
and are trapped on a peptide trap inline with the pepsin column [see (Wang et al., 2002; Wu
et al., 2006b)]. A switching valve then diverts the trapped peptides onto an analytical
column for separation. As in intact analysis, the entire process of online digestion must be
maintained at 0 °C and done in as short a time as possible.

As was the case for global analysis, an LC step is used for local analysis also. For local
analysis, however, it serves a much more important role as there is actually something to be
separated besides just whole proteins and buffer salts. Figure 6 shows an example of a
separation of the peptides from pepsin digestion of a 27 kDa protein. Although analysis of
deuteration with other mass spectral techniques such as MALDI has been reported (Mandell
et al., 1998), such methods suffer from the lack of a separation step as is afforded with LC
and electrospray MS. The separation step allows for detailed analysis of the location of
deuteration even for very large proteins (upwards of 200 kDa), while simultaneously
washing away deuterium from the sidechains. Unfortunately, the analysis requirements of 0
°C compromise the efficiency of conventional reversed-phase HPLC. For small proteins
(and therefore not a lot of peptic peptides) peptides are resolved on the m/z scale even with
poor chromatography. However, better chromatography (Figure 6, for example)
significantly improves the entire MS analysis portion of local analysis. Switching from
conventional HPLC to UPLC has the advantage of vastly improved separations, shorter
separation times, and improved mass spectral response when compared with analysis of the
identical sample with HPLC (Wu et al., 2006a;Wales et al., 2008).
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The mass analysis portion of a local analysis HX MS experiment is similar to the mass
analysis that would be done for any mixture of peptides, with a few exceptions. There must
be special attention paid, as for global analysis, to the temperature of the source and
desolvation regions. Similar to what was discussed above for intact proteins (see also Figure
5), the mass increase of each peptic peptide is determined by subtracting the centroid mass
of the undeuterated peptides from the centroid mass of each deuterated peptide (Figure
7A,B) (Engen and Smith, 2000). Even in instruments with modest resolution (~2000), the
isotopic peaks of peptides will be resolved (Figure 6C and 7A) and selecting which peaks to
include in the centroid determination is fairly straightforward. These data processing steps
are repeated for all the peptic peptides produced during the digestion. The analysis is then
repeated for each time point in the time course and the results are plotted in the same fashion
as stated above for intact analysis (Figure 7C). There are now a variety of software packages
which offer varying degrees of automation for processing peptide data [e.g., (Weis et al.,
2006a;Nikamanon et al., 2008;Pascal et al., 2009)].

DATA INTERPRETATION
The final step in a hydrogen exchange experiment is to interpret the deuterium incorporation
data. To visualize the data, the deuterium uptake is often converted into a graph, or a
deuterium uptake curve (as in Figure 5, Figure 7C, Figure 8). If no adjustment has been
made for back-exchange during analysis (discussed above), the y-axis will be labeled as
relative deuterium level.

To illustrate the different types of deuterium incorporation graphs that are possible, we have
created a series of hypothetical curves for peptic peptides derived from a hypothetical
protein with different exchange properties (Figure 8). The goal with this discussion is to
understand what various shapes in deuterium uptake graphs mean at the protein biophysics
and protein dynamics level. Each panel of Figure 8 (A-H) shows one potential result when a
peptide from a wild-type protein under physiological conditions (black lines) is compared to
the same peptide from the same protein after exposure to some external stimulus (dotted
lines). By stimulus, we mean a generic term referring to any of a number of circumstances
including mutation, ligand binding, denaturant, activation, protein-protein complex
formation, etc. The data are plotted as Relative Deuterium Level (Da) as a function of time.
In these graphs, we have adopted the common practice of making the maximum of the y-
axis the maximum number of backbone amide hydrogens for the peptide in that graph.
Further, we have ranked three parameters for each panel: [x,y,z] where x is protection/
structure, y is dynamics, and z is change upon stimulation. A value of 1-3 is given for each
parameter with 1 being low and 3 being high.

The protein region illustrated by the data in Figure 8A takes up nearly the maximum amount
of deuterium possible by the earliest time point and remains at the same deuterium level for
the duration of the experiment. Such results are an indication of a protein region with high
solvent accessibility and/or a lack of hydrogen bonding. These data are consistent with a part
of a protein that is unstructured and very easily deuterated. Upon stimulus (dotted line),
there is no change to the deuteration, meaning nothing happened to the conformation of the
protein in this region upon stimulation. The region in panel A receives a ranking of [1,?,1]; it
has low protection, we are unsure about dynamics because its fully deuterated by the first
labeling point in the experiment and it has low changes upon stimulation. In contrast, for the
region shown in Figure 8B, although in the wild-type protein the data are the same as in
panel A, upon stimulus, there is a drastic change in the deuteration in this region. This
regions ranks [1,?,3] and the conclusions from results like panel B are that while the region
was highly exposed and rapidly deuterated in the wild-type protein, when the protein
stimulus occurred (say for example it bound a small molecule), the region became
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significantly protected from exchange. Such changes in deuteration are highly indicative of
conformational rearrangements in response to some kind of stimulus.

In Figure 8C, the data indicate that this region of the protein was protected from exchange
and the amount of deuterium that could exchange into the protein in this region is very low.
There was no change to the deuteration upon stimulus. Deuteration curves like panel C
indicate regions that are highly protected, generally not dynamic (no significant breathing
motions or unfolding) and probably in very stable structural elements. The ranking is [3,1,1].
A few positions exchange immediately (in the case shown, 2 residues are deuterated at the
first timepoint) and those might be backbone amide hydrogens at one end of the peptide that
are not as structured. A different situation is shown in Figure 8D where there is significant
protection at the beginning of the time course, but the region is rapidly deuterated during the
time course. Data with this shape indicate regions of a protein that are dynamic, breathing in
solution and visiting the exchange-competent state many times during the labeling
experiment. By the end of the timecourse, there have been so many motions that the entire
region has become deuterated. Again, in Figure 8D as in Figure 8A and C, there has been no
change to the deuteration upon stimulus, indicating that these regions are not altered during
the stimulation event. The rank for the data in panel D is [2,3,1]; that is, moderate
protection/structure, high dynamics and low change on stimulation.

Other possible types of data follow in Figure 8 panels E-H. In panel E, the region is partially
protected/structured, moderately dynamic and changes upon stimulation; the ranking is
[2,3,2]. Since the change upon stimulation in panel E happens from the first time point and
persists throughout the time course with almost the same difference between wild-type and
stimulated, it is likely that the stimulus only perturbed rapidly exchanging amide hydrogens
that become deuterated before the first time-point of the experiment. In panel F, the region is
highly protected prior to stimulation but after stimulation it becomes highly dynamic and
much less protected from exchange for a ranking of [3,1,3]. The protein region in panel G is
one that is protected initially (similar to panel D), but upon stimulation becomes very
unprotected and exchanges rapidly (like the region in panel A). The ranking of the region in
panel G is [2,3,3] and such data are consistent with parts of a protein that become
unstructured as a result of stimulation. Finally, in panel H we show an interesting case where
a region is partially protected but not very dynamic initially; upon stimulation, some parts
get more protected and other parts get deprotected. The rank for this region is [2,1,3] based
on the unstimulated form.

The various types of deuteration curves that could be observed, as shown in Figure 8,
provide clues about conformation and dynamics. If a crystal structure is available for the
protein being investigated, the data interpretation can continue with the known structure as a
guide. The deuterium incorporation information can be plotted onto the crystal structure
rendering of the protein, considered in light of the hydrogen bonds found in the crystal
structure and interpreted along with the structural elements found in each peptic peptide
(recall that the deuterium exchange reaction captures the conformational information of the
protein prior to digestion). We see crystal and NMR structures as complementary and a very
good starting point as a model with which to interpret the HX MS results. However, it
should be kept in mind that the solution form of a protein being investigated by HX MS
might not be consistent with the structure revealed by crystallography.

Using the pepsin digestion methodology for local analysis, exchange cannot be localized in
most cases to individual amide positions. Therefore, the interpretation of the results must
consider that, for example, changes involving 2-3 deuteriums in a peptide of 20 amino acids
do not occur throughout the entire peptide but are confined to only a few amino acids within
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that peptide. The identity of those few residues remains unknown without further
experiments (see also next section).

PRACTICAL POINTERS
The following guidelines will work for most proteins and protein systems. As with all
analyses of proteins, care should be taken with each protein as they all have their own
unique characteristics and may not fall under these general guidelines in all cases. The
limitations below are mainly due to the limitations of the LC-MS, and not due to the HX
reaction itself.

Types of proteins
Any soluble protein can be used in routine HXMS experiments. Proteins that require
detergents to exist in solution will not work as the detergents are detrimental to the mass
spectrometry analyses in the later steps of the experiments. Up to 10% glycerol can be
tolerated as well as certain non-ionic detergents like dodecyl maltoside. Membrane proteins/
peptides are still very challenging for this method and successful analysis of these proteins
requires removal of the lipid before MS analysis.

Size limitations
The typical protein being analyzed with HXMS at present is something smaller than ~70
kDa. Larger proteins and more complex systems can be analyzed as well but the amount of
time required to process all the data that is generated can become prohibitive for extremely
large systems. We have analyzed systems containing over 250 kDa of unique sequence in
our laboratories. Proteins less than ~30 kDa are considered trivial to analyze.

Quantity requirements
The amount of material needed is highly dependent on the type and sensitivity of the mass
spectrometer used. For the QTof-type instruments that we use in our laboratory, we
recommend 20-30 pmoles of protein for experiments involving pepsin digestion and
100-150 pmoles of protein for intact protein experiments. These requirements will vary
depending on the ionization efficiency of the peptides/proteins, but this is a good starting
point. These values are for each injection. If a time course of 10 time points is needed, the
total consumption will be 200-300 pmoles for peptide-level analyses and 1000-1500 pmoles
for intact protein work.

Concentrations
Protein concentrations of 10-30 μM are where we typically operate. The concentration can
be as low as 0.1 μM and the sample rapidly concentrated during the HPLC step prior to mass
analysis. One must always inject the amount of material required by the MS system (see
previous point on quantity). We have used up to 2.0 mL injections of dilute proteins with
rapid loading of the solution onto the HPLC column for concentration. More typical
conditions would be injections of 25-100 μL.

Ligand binding
Because non-covalent ligands are in equilibrium with their binding partners, a significant
molar excess of ligand may be required to force binding of the partner of interest to a
sufficient level (>60%). The greater the molar excess of ligand the greater percent bound but
that in turn makes the analysis more difficult as the signal from the ligand can easily swamp
out the signal from the protein. Care must be taken to calculate the effect such
concentrations of ligand may have on the dynamic range of the analysis.
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System complexity
The limitations of system complexity are related to the amount of data processing and the
peak capacity of the HPLC and MS systems. Current systems of 2-3 proteins not totalling
more than ~250 kDa are feasible but challenging. Complicated systems involving whole
protein machines with multiple subunits cannot be analyzed with this technique as it stands
now. Future improvements should allow for more and more complex systems.

Useful websites: HX Express software: http://www.hxms.com/HXExpress/; HD Desktop
software: http://hdx.florida.scripps.edu/; general tutorial on HXMS: http://www.hxms.com.

FUTURE PERSPECTIVES
It would be most desirable to be able to monitor deuterium exchange at individual amino
acids with mass spectrometry. Attempts have been made to use CID to fragment deuterium
labeled peptic peptides into shorter pieces (b/y ions) and thereby find each deuterated
residue (Deng et al., 1999a; Demmers et al., 2000; Kim et al., 2001; Demmers et al., 2002;
Hoerner et al., 2004). It was originally observed that b ions from high-energy CID with
argon as the collision gas yielded deuterium levels that were consistent with NMR measured
deuterium levels (Deng et al., 1999a; Kim et al., 2001). However, later work showed that
scrambling appears to be 100% in both b and y ions when CID is used for fragmentation
(Jorgensen et al., 2005). Other methods of fragmentation offer a solution to the scrambling
issue. It was recently shown that electron transfer dissociation (ETD) can be used to
fragment solution deuterated peptides and that gas-phase scrambling can be minimized with
specific ionization conditions (Zehl et al., 2008). In the coming years, it seems likely that
ETD fragmentation will routinely provide deuteration information for individual amino
acids.

Another area that will see growth in the future is the automation of data processing. It is
surprisingly difficult to automate the processing of deuterium exchange data. Progress in this
area has been slow, but major strides have been made in the last few years [e.g., (Pascal et
al., 2009)]. With the combination of good chromatography, such as that from UPLC, ETD
fragmentation for improved localization and rapid data processing, the rate at which proteins
can be interrogated by this method will rapidly increase, as will the amount of useful
information about proteins.

SUMMARY
As was illustrated in this chapter, mass spectrometry can be used for much more than just
measuring the molecular weight of proteins. With the labeling method of hydrogen-
deuterium exchange, protein conformation and changes in conformation can be investigated
with mass spectrometry. Because so many proteins remain uncharacterized and are not
amenable to other types of structural analyses, it is almost certain that HX MS will make
substantial contributions towards understanding proteins and their functions.
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Figure 1.
Types of hydrogens in proteins. The six residue peptide Gln-Asp-His-Pro-Lys-Leu
illustrates backbone amide hydrogens (black), non-exchangeable hydrogens bonded to
carbon (grey) and exchangeable hydrogens which cannot be monitored with HX MS
because their rates are too fast (white). In this six residue peptide, there are only four
backbone amide hydrogens that can be monitored by MS as proline does not have a
backbone amide hydrogen and the exchange rates of the N-terminus amide hydrogens are
similar to those of hydrogens in sidechains, such that they cannot be measured by MS.
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Figure 2.
Exchange rates for various types of hydrogens as a function of pH. The data shown are for
hydrogens in unstructured peptides. Labeling (pH ~7.0) and quench (pH ~2.5) regions are
highlighted in grey. Activity (arbitrary units) of trypsin and the acid proteases
aspergillopepsin I and porcine pepsin (EC numbers are noted) as a function of pH are shown
at the top [activity values derived from: aspergillopepsin I – (Tello-Solis and Hernandez-
Arana, 1995), pepsin – (Bohak, 1969; Brier et al., 2007), trypsin – (Woodard et al., 2003)].
A full bar represents 100% activity. Note that pepsin activity is in the pH range where the
HX rate for backbone amide hydrogens is at its minimum. This figure was adapted from
(Brier and Engen, 2008) and is used with permission.
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Figure 3.
Protein unfolding and deuterium labeling kinetics in hydrogen exchange mass spectrometry.
The folding/unfolding and labeling scheme (Equation 3) is shown at the top and resulting
spectra for both EX2 and EX1 kinetics are shown below. This figure is reproduced from
(Weis et al., 2006b) with permission.
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Figure 4.
Flow chart for hydrogen exchange mass spectrometry. Decision points are indicated with
diamonds. The shading indicates which type of work is being performed: continuous
labeling (black), pulsed labeling (white) and mass and data analysis (dashed border).
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Figure 5.
Example data for deuterium exchange into an intact protein. The maximum of the y-axis is
equal to the maximum number of exchangeable backbone amide hydrogens. Three general
regions can be defined in a graph of this type. Region (a) represents those amide hydrogens
that exchanged before the first time point. These amide hydrogens are typically highly
solvent exposed and not engaged in intraprotein hydrogen bonding. In region (b), the amide
hydrogens that become exchange competent either through EX2 or EX1 kinetics (see Figure
3) become deuterated. These amide hydrogens are generally those that are in dynamic
regions where local unfolding can occur during the deuteration time course. Region (c)
contains those amide hydrogens that did not exchange even after the longest exchange
timepoint in the experiment, here 4 hours. These amide hydrogens that are slow to exchange
are often located within the core of the protein protected from solvent or are engaged in
strong hydrogen bonds in structural elements.
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Figure 6.
Representative chromatograms and electrospray mass spectra to illustrate the LC separation
and mass spectra for local analysis. A. Typical UPLC trace for separation of the peptic
peptides from a 27 kDa protein [methods described in (Wales et al., 2008)]. The amount of
time required for separation of the peptides is relatively short (~5 min). B. Full scan mass
spectrum of the ions eluting between 3.95-4.12 minutes. While there are multiple ions, they
are well resolved in the m/z scale. C. Zoom of the ion at m/z 747.41 illustrating the typical
isotopic pattern and mass resolution observed. These results were obtained with a Waters Q-
Tof Premier.
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Figure 7.
An illustration of the steps required to convert the data in raw mass spectra from a time
course of deuteration into a deuterium uptake graph. A. Raw mass spectra for an ion at m/z
635.32, produced by labeling a protein for a certain time, digesting the protein with pepsin
and then carrying out UPLC/MS (as shown in Figure 6). The time spent in deuterium is
indicated, with the undeuterated protein at the top. The horizontal bars indicate what part of
each mass spectrum was used to determine the centroid mass of each isotopic distribution.
The centroid values are named a,b,c, or d as shown. B. A table that tallies the time spent in
deuterium, the centroid value and the mass increase of each time point relative to the
undeuterated control. C. A graph of the data in panel B.
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Figure 8.
Peptide hydrogen exchange data that may be encountered. Eight regions (A-H) from a
hypothetical protein that has different physiological conformation and dynamics are
described for wild-type protein by itself (solid symbols, solid lines) and the same protein
when stimulated (open symbols, dotted lines). Stimulation means one of many things,
including: ligand binding, mutation, activation, post-translational modification, protein-
protein interactions, denaturant, etc. In these graphs, the maximum number of exchangeable
hydrogens is plotted as the maximum of the y-axis. Each panel has been assigned a ranking
with the following format: [x,y,z,] where x is the protection/structure, y is the dynamics, and
z is the change upon stimulation. A rank of 1 is low, 2 is medium and 3 is high. The rank is
based on the wild-type protein transitioning to the stimulated form. The details of each panel
are discussed in the text.
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