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Abstract
Functional regulation of ligand-activated receptors is driven by alterations in the conformational
dynamics of the protein upon ligand binding. Differential hydrogen/deuterium exchange (HDX)
coupled with mass spectrometry has emerged as a rapid and sensitive approach for
characterization of perturbations in conformational dynamics of proteins following ligand binding.
While this technique is sensitive to detecting ligand interactions and alterations in receptor
dynamics, it also can provide important mechanistic insights into ligand regulation. For example,
HDX has been used to determine a novel mechanism of ligand activation of the nuclear receptor
peroxisome proliferator activated receptor-γ, perform detailed analyses of binding modes of
ligands within the ligand-binding pocket of two estrogen receptor isoforms, providing insight into
selectivity, and helped classify different types of estrogen receptor-α ligands by correlating their
pharmacology with the way they interact with the receptor based solely on hierarchical clustering
of receptor HDX signatures. Beyond small-molecule–receptor interactions, this technique has also
been applied to study protein–protein complexes, such as mapping antibody–antigen interactions.
In this article, we summarize the current state of the differential HDX approaches and the future
outlook. We summarize how HDX analysis of protein–ligand interactions has had an impact on
biology and drug discovery.
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Many pharmacological drugs target proteins that are receptors for small-molecule ligands.
These ligands bind to and alter the structure of the protein target, resulting in modulation of
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its function. Protein targets of high interest to biology and the pharmaceutical industry
include the nuclear receptor (NR) superfamily of ligand-dependent transcription factors, the
G protein-coupled receptor (GPCR) family of seven-transmembrane receptors, and protein
kinases, members of a large protein family that comprise the kinome. In addition to being
receptors for small-molecule ligands, proteins can function directly as drugs such as
monoclonal anti bodies or soluble decoy receptors, which target and bind to a host protein to
neutralize its function or to deliver a warhead. In all cases, modulation of the structure and
dynamics of the protein or protein target impacts its function and provides an opportunity
for pharma ceutical intervention. Methods for characterizing the structure and dynamics of
protein–ligand and protein–target complexes are therefore of considerable interest. Atomic
structures solved with x-ray crystallography have played a key role in understanding protein
structure–function relationships and the technology has had a profound impact on biology
and the drug discovery process [1]. The advantages of x-ray crystallography are undisputed;
however, atomic structures do not readily reveal information pertaining to the dynamics of
the protein, although limited information may be obtained [2]. Long-range allosteric
communication across protein–protein (or domain–domain) interaction surfaces can also be
difficult to detect or infer from static crystal structures. Unfortunately, some proteins or
protein states (i.e., the unliganded or apo-state) can be resistant to crystal formation.

Over the last two decades, solution phase amide hydrogen/deuterium exchange (HDX)
coupled with mass spectrometry (MS) has become a valuable complement to x-ray
crystallography in the determination of protein structure and dynamics. In this article, we
describe the current state-of-the-art HDX MS methodology employed to study protein–
ligand interactions and we highlight several examples of how the approach has been applied
to the characterization of protein–ligand interactions that are critical to our understanding of
biology as well as being of high interest to the pharmaceutical industry. It is important to
note that many reviews have been published on the topic of HDX MS [3-6]. Many of these
reviews have described the broad applications of the technology and compared various
experimental approaches. This article, however, focuses specifically on the application of
differential HDX to probe ligand interactions with their target proteins (where the ligand is
either a small molecule or another protein).

Hydrogen/deuterium exchange MS
Amide hydrogens exchange with solvent hydrogen or deuterium through acid-, base- and
water-catalyzed reactions. Measuring the rate of exchange for these amides provides
detailed information about their surrounding environment [3]. Englander et al.’s intensive
nuclear magnetic resonance (NMR) studies accumulated enough data to predict ‘intrinsic’
amide hydrogen exchange rates for small peptides of a given sequence when exposed to
heavy water at a specific pH and temperature, assuming the peptide adopts a random coil
conformation [7]. At pH 7.0 and room temperature, any amide hydrogen in a random coil
conformation will exchange on the order of milliseconds to seconds. This same amide
hydrogen within a folded protein may exhibit a decrease in exchange rate as great as 108.
This slowing of amide hydrogen exchange rate is called the ‘protection factor’.

In a protein, amide hydrogen exchange rates are influenced by hydrogen bonding and, as
such, measurement of this physical property is an excellent method to probe changes in
protein structure and dynamics. However, in order to measure amide exchange rates, several
factors need to be considered. First, amide hydrogen exchange is sensitive to pH and
temperature. At room temperature, a minimum exchange rate is observed around pH 2.7
with an increase of an order of magnitude per pH unit away from the exchange rate minima.
Second, temperature can reduce or increase the exchange rate by a factor of 10 per 22°C.
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Thus, precise control of experimental pH and temperature are therefore critical in
experimental design.

Following exposure of the protein target to deuterium (on-exchange), two approaches can be
employed to obtain localized HDX data: the ‘bottom-up’ approach of digesting the target
protein with a protease, or the ‘top-down’ approach employing fragmentation technology
such as electron-capture dissociation (ECD) or electron-transfer dissociation (ETD) that
avoids randomization of deuterons within the protein in the gas phase. The ‘top-down’
approach is discussed in more detail in the ‘Emerging technology: instrumentation
developments’ section later. In the ‘bottom-up’ approach, spatial resolution is obtained from
the digestion of the intact deuterated protein following on-exchange into smaller proteolytic
fragment peptides. Since the on-exchange precedes the digestion step, the measured extent
of HDX in each peptide reflects the average rate of incorporation of deuterium across all
amides within that sequence of the intact protein. The protein is usually digested with low
specificity acid-stable proteases, such as pepsin, to generate a collection of small peptic
peptides, many of which may overlap in sequence. In the absence of overlapping peptides,
the spatial resolution of the HDX measurement is limited by the size of each proteolytic
peptide minus the two amino terminal residues of each peptide (the new amino terminus of
the proteolytic peptide is no longer an amide and the exchange behavior of the first amide
within the new peptide is influenced by the presence of the free amino terminus). With
overlapping peptides, sublocalization of amide HDX kinetics can be obtained via subtractive
analysis [8,9]. For overlapping peptide regions that share the same start or end position, the
accepted approach is to assume that the nonoverlapping segment would contain the
difference between the two measured percent deuterium (%D) values. This approach makes
it possible to obtain more localized HDX data, sometimes resolved to a single amide, and
recently software developments have automated this process (software developments to
support HDX studies are discussed in detail later) [10]. The assignment of amino acid
sequence to specific proteolytic peptides can be performed manually, but is typically
assisted by use of database correlation algorithms such as Mascot or SEQUEST.

The increase in mass of a protein following solution phase amide hydrogen exchange with
deuterium places MS as the ideal technique for measuring the rate of exchange over time
[3,11,12]. Figure 1 shows a common workflow for the HDX MS experiment. Following
each period of on-exchange, the reaction must be stopped or quenched to accurately
preserve the level of deuterium incorporation until the digestion and mass spectrometric
analysis can be completed. It is important that any further on-exchange and D/H back-
exchange (loss of deuterium) with protic solvent be minimized. Even with a reduction of pH
to 2.7 and temperature to 1°C, the experiment requires a sub-20 min time period in which
the digestion, chromatographic separation and mass analysis must take place to avoid
significant loss of the deuterium label. These experimental constraints prohibit the use of
traditional proteomics methods that utilize off-line trypsin digestion and long shallow or
multistage gradient liquid chromatography (LC) MS experiments.

Measuring the percent deuterium exchange for each of the proteolytic peptides is achieved
by calculating the number average mass-to-charge ratio (m/z) value of the peptide ion
isotope cluster (centroid approach), or through fitting of theoretical isotopic distributions to
experimental data. For the centroid approach, the percent deuterium incorporation can be
calculated by subtracting the number average m/z value for the nondeuterated control from
the number average m/z value of the deuterated peptide ion. The measured Δm/z value is
then corrected to account for the number of exchangeable amides, charge state of the ion, the
D2O concentration of the reaction and corrected for back-exchange. The %D incorporation
can then be plotted as a function of time (s) as shown in Figure 1. In addition to the
qualitative ‘fingerprint’ obtained from differential HDX data, the work of Englander has
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demonstrated how the results from the HDX method can be reported as a quantitative
change in the protection factor [13]. The relationship between protection factor (Pf),
measured exchange (kex), intrinsic exchange (kref) is shown in Equation 1.

(1)

Sample processing & data acquisition
The first HDX MS experiments to include protease digestion were reported by Smith and
Zhang in the early 1990s [14]. As illustrated in Figure 1A, the processing of the sample
during the HDX experiment is comprised of four main steps, all of which require careful
control of pH and temperature: incubation with D2O buffer (on-exchange); quenching of the
reaction with cold acidic solution (to stop further on-exchange and minimize off-exchange
[loss of deuterium label]); exposure of the target protein to protease to facilitate enzymatic
digestion; and chromatographic separation coupled with mass analysis. As emphasized
previously, in order to minimize D/H back-exchange, quenching of the reaction with cold
acidic solution and chromatographic separation coupled with mass analysis should be
performed at a low temperature (1°C) and be maintained around pH 2.7.

The quench step allows the opportunity to denature the target protein prior to exposure to
protease to facilitate efficient proteolysis. The two most common denaturants employed in
HDX studies are urea and guanidine hydrochloride. Often, it is desirable to chemically
reduce all intramolecular disulphide bonds at this quench step and this is commonly
achieved through the addition of tris(2-carboxyethyl)phosphine (TCEP). The use of
progressive proteolysis, multiple enzymes, optimized denaturant conditions and TCEP to
improve digestion and analysis were described in detail by Woods and Hamuro in 2001 [5].

The most common enzyme used in HDX experiments to date is pepsin; however two
alternative acid-stable proteases (fungal protease XIII and XVIII) have been in use since
2003 [15]. All three of these enzymes perform well when covalently coupled to a stationary
phase and packed into columns for use as online immobilized enzyme reactors [16]. The
immobilization of the enzyme ensures that the enzyme is not injected into the LC MS
system, which can lead to a reduction in dynamic range (the enzyme may overload the
capacity of the sample trap) and system robustness. Optimization of methods to produce
immobilized pepsin columns have been described by Busby et al. [17].

In certain ligand screening applications, it may be beneficial to remove the ligand of interest
prior to digestion and analysis. One such example would be the removal of excess DNA or
oligodeoxynucleotide (ODN) from protein/DNA complexes. An online system for the
removal of ODN prior to MS analysis was described by the Gross laboratory in 2008 [18].

The automated processing of samples for HDX MS experiments has received significant
attention over the last 10 years. The automation of the HDX MS experiment was first
described by Woods and Hamuro in 2001 with the description of a modified autosampler
that thawed frozen samples from manually generated on-exchange time points and injected
them into a cooled HPLC system housed within a refrigerator [5]. This system remains in
use today. The advantage of this technique is that the period of on-exchange is under manual
control and is therefore highly flexible. The decoupling of the manual on-exchange and
automated injection steps may also be considered a disadvantage for the processing of large
numbers of samples; complete automation with this approach is not possible. The complete
automation of the entire HDX MS experiment was first described by Hamuro et al. in 2003
and was based upon the use of CTC Analytics (Zwingen, Switzerland) HTS PAL liquid-
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handling robots [19]. Subsequent coupling of this automated platform to high-resolution MS
systems was described by Chalmers et al. in 2006 [20]. The liquid-handling robots processes
all the replicate on-exchange events and controls the quench, online digestion and LC MS
analysis [21]. This approach has expanded and has found use in a growing number of
laboratories [22]. The system has been integrated with a custom ultra-performance liquid
chromatography pump capable of high-pressure chromatography at 1°C [23] and has been
configured to operate with a dual-column HPLC system to increase the rate of data
acquisition [22]. The precision and reproducibility of these automated HDX MS systems
have been evaluated [22] and the results demonstrate that the experiments can be performed
with a precision suitable for compound screening studies [24].

The measurement of HDX rates on a millisecond time scale is best performed with a pulsed
label or quenched-flow apparatus [25-27]. Rist et al. described a quench flow HDX system
capable of measuring on-exchange time points between 100 ms and 30 s [26]. In an
alternative approach, Chalmers et al. demonstrated the ability to perform automated on-
exchange in the 130 ms timescale by elimination of the movement of samples, and relying
on aspiration of air gaps between target protein, on-exchange buffer and quench solution
[20].

Data processing & analysis
The starting point of the HDX experiment is the identification of the protoelytic peptides
generated from the digestion of the protein of interest with LC MS/MS. The conditions of
the quench event and the choice of enzyme are optimized to provide the highest attainable
sequence coverage. The methods used for peptide identification are often the same as
traditional proteomics workflows for the identification of peptide product ion spectra. Such
workflows rely on database search engines such as SEQUEST and/or Mascot [28,29].

As mentioned previously, the enzyme pepsin is commonly used in HDX experiments, due to
both its ability to function at low pH and its broad specificity. Common enzymes used in
proteomics experiments, such as trypsin, are not active at low pH. Recent work from
Hamuro et al. has evaluated the specificity of pepsin across many hundreds of experiments
[30]. This paper provides the percent probability of a pepsin cleavage event for all
combinations of amino acid pairs. For example, the highest probability cleavage event was
between the amino acid pair F-F (85%). Importantly it was demonstrated that no cleavage
was observed between R-X and P-X residues (where X is any amino acid). The detection of
a pepsin peptide that breaks these Hamuro ‘forbidden cleavage’ rules should therefore be
treated with caution, especially if assignment is based solely upon measured mass and not
product ion data. To accommodate the broad specificity of pepsin it is therefore
recommended to conduct a ‘no-enzyme’ database search for HDX studies. The high
computational expense usually associated with no enzymes searches is not an issue with
HDX studies as the databases are small, often containing only a single protein.

As with any proteomics experiment, it is important to establish false discovery rates in
peptide assignments. One way to address this is the application of a target–decoy search
strategy, where the original ‘target’ protein sequence is combined with a ‘decoy’ sequence.
This decoy sequence can be generated in various ways, such as reversing the sequence or the
generation of a random database of equal size and amino acid composition. The
concatenated ‘target’ and ‘decoy’ database is used for the MS/MS search. The false-positive
rate can then be estimated by doubling the number of matches to the decoy database [31].
These approaches are all combined to establish a final set of peptides for HDX data analysis
with software applications such as Scaffold (Proteome Software, Portland, OR, USA).
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As shown in Figure 1, the typical HDX experiment consists of multiple samples that are
analyzed at each of a series of discrete on-exchange time points. The HDX data for each
time point are acquired with multiple replicate experiments in order to allow the researcher
to determine the variance within the data. Each protein within the sample will generate many
proteolytic peptides, each of which need to be identified as described earlier and the extent
of deuterium incorporation across all the time points and replicates must be determined. All
the data must then be stored and made available for statistical analysis and cross comparison
with other HDX datasets. One of the most demanding problems remaining is how to process
and manage the data that are generated in a typical HDX experiment on a timescale that is
equivalent to the rate of data generation. Although methods for data analysis have
progressed in recent years, it remains significantly quicker to acquire the data than it is to
process and validate it in sufficient detail that the results can be considered ready for
publication or report generation. Compounding the problems that arise from the size and
complexity of the datasets are the different types of mass spectrometers that are used to
perform the mass analysis. For example, the approach for analyzing low-resolution MS data
differ significantly from that for the analysis of high-resolution data.

Here, we outline the approaches that are currently available for HDX MS data analysis. The
simplest approach for the extraction of deuterium content is to measure the weighted m/z
average of each peptide distribution over the experimental time course and use this to
determine its rate of deuterium exchange [14]. Associating exchange rate data to the regions
of the intact protein provides information related to the dynamics of the investigated protein.
The software MagTran [32] provided a means to accomplish these calculations and allow
the calculation of the peptide ion centroid m/z values. Alternate approaches aim to extract
information directly from measured isotopic envelopes. One such approach uses theoretical
isotopic distributions to determine the %D incorporation by comparing multiple theoretical
profiles to the measured isotopic distribution. Determination of the best fit is performed with
least-squares regression [33-36]. Others have implemented a maximum entropy method for
the determination of deuterium content [37]. The software HX-Express uses the widths of
the peak envelopes to extract deuterium content from spectral data for the examination of
EX1-type kinetics [38,39].

Tools have been produced that provide a simple user interface, automation capabilities and
visualization components for data analysis and interrogation. The Deuterator [40] and HD
Desktop [10] combined existing and novel approaches into a convenient web-based user
interface. This software was designed to include visualization tools that are able to process
data on a project-wide scale. A similar approach was taken for the subsequent development
of the web-based MSTools software package [41]. Hydra offers equivalent attributes and
provides new features such as support for the analysis of product ion data and deconvolving
isotopic distributions [42]. HD Desktop and Hydra operate from a common file format for
MS data, mzXML [43], in an effort to support a broad range of users. The standalone
proprietary solutions DXMS [5] and HD Express (ExSAR Corp., NJ, USA, unpublished)
have been built to facilitate the extraction of deuterium content. The software package
TOF2H provides multiple tools for the management and interrogation of LC-MALDI TOF
MS HDX data [44].

The starting point for many of these applications is a list of MS/MS-identified peptides as
described previously; however, this limits the approach to obtaining HDX data only for
peptides in the starting list. The software Hexicon attempts to increase sequence coverage by
performing an in silico digest of the intact protein sequence, and searches for the resultant
peptides in the spectral data in regions lacking coverage in the list of peptides originating
from MS/MS experiments [45]. The software allows the user to fully automate the
extraction of deuterium content. A solution that utilizes both MS and MS/MS for peptide
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identification from fourier transform ion cyclotron resonance MS data has been described by
the Marshall group [46].

Looking forward, there are many challenges that still exist for analysis of HDX data. The
near-future HDX data analysis will allow for more fully automated analysis, further
reducing the data-processing time. Software will provide more support for detection of post-
translational modifications (PTMs), which has become a growing need in the field, as well
as comparing HDX kinetics for the protein or the same peptide region with and without the
PTM. It has now been shown that alternative fragmentation processes from ECD and ETD
can be used to investigate deuterium content from HDX studies at single amide resolution
[47,48]. These techniques are poised to change the current landscape by providing site-
localized HDX data from regions containing PTMs, allowing single amide resolution of
deuterium content, as well as facilitating ‘top-down’ experiments. We also envisage that a
computational platform that provides near-real-time analysis of complete HDX experiments
will be forthcoming. Such a platform will allow quick changes in experimental conditions
and design to be performed and would facilitate screening of protein–ligand interactions. A
true end-to-end high-throughput HDX workflow that combines these advances will reduce
cost per experiment and enable HDX to become a more widely adopted technique.

Emerging technologies: instrumentation developments
One of the most exciting areas of research in recent years has focused on the possibility that
ECD [49] and ETD [50] may provide the ability to measure HDX kinetics with a spatial
resolution of a single amide. The gas-phase fragmentation of protein and peptide ions
without any intramolecular rearrangement of hydrogen or deuterium atoms would allow the
HDX kinetics for each amide to be established. At present, the only technique available for
the direct measurement of individual amide exchange kinetics is NMR spectroscopy.
However, NMR analysis requires significant amounts of protein compared with the
equivalent HDX MS experiment and is typically limited to the analysis of small proteins.

Nearly a decade has passed since the first description of HDX experiments in combination
with ECD [51] and the issue of the ‘scrambling’ of the solution phase HDX data during gas-
phase fragmentation remains the subject of some debate. However, a number of recent
publications have made a compelling case that, despite some valid concerns, the experiment
is indeed feasible [47,48,52,53]. The publication by Rand and Jørgensen in 2007
characterizing a series of synthetic peptides provided a simple reference system for
researchers to determine the degree of scrambling induced during a particular MS/MS
experiment [54]. The analysis of control peptides during these sublocalization experiments
is predicted to become an established requirement of method development and validation
prior to publication. Subsequent publications from the same group have demonstrated that
single amide HDX data correlated well with reference NMR data [47].

The development of ‘top-down’ MS following HDX has progressed alongside the use of
ECD/ETD. The removal of the proteolysis step from the experiment is an ambitious goal
and good progress has been made with small (<20 kDa) proteins [55]. The progression of
‘top-down’ HDX MS/MS experiments was the focus of a recent review and will not be
covered in detail here [4]. However, it is possible that the limiting factor of top-down HDX
experiments will be the ability to transfer protein ions into the gas phase and fragment the
parent ions into a sufficient number of product ions. It is nontrivial to perform the isolation
and fragmentation of protein ions above 40 kDa with comprehensive product ion sequence
coverage. By contrast, the use of proteolysis in HDX research allows multiprotein
complexes in excess of 100 kDa to be analyzed routinely. These complexes can include
upwards of three protein components, small-molecule ligands and DNA [56]. Thus, the ideal
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experimental design at this point in time would appear to be the use of ECD/ETD to
sublocalize amide exchange kinetics within peptide fragments generated via proteolysis, or
so-called ‘middle-down experiments.’

The use of alternative mass separation technologies and alternative scan functions has
offered important options for HDX studies. The recent availability of a commercial ion
mobility-TOF MS instrument has a number of potential benefits to the HDX MS
experiment. The introduction of an additional dimension of ion separation prior to TOF MS
analysis increases the peak capacity of the experiment and should aid in HDX studies of
very large proteins or the study of complex multicomponent samples [57,58]. In addition,
the traveling wave ion guide allows for gas-phase HDX experiments [59]. In the traditional
HDX experiment, a mass spectrometer is used to measure a shift in m/z upon incubation
with deuterium. A recent publication from Percy and Schriemer reevaluated this
experimental design [60]. Taking advantage of an established method, they describe the use
of a mass spectrometer operating in a multiple reaction monitoring (MRM) mode to measure
the mass shift perturbations. The key advantage of the experiment arises from an increase in
sensitivity and a simplified data analysis workflow that can take advantage of commercial
software optimized for small molecule quantification applications. The approach may be
limited to a small number of MRM transitions (and therefore peptides); however, it appears
ideally suited for ligand screening applications and may simplify and expand the use of the
HDX MS experiment.

Emerging technologies: new methods
The increasing size of the protein complexes that are being characterized with HDX has lead
a number of researchers to propose the isotopic depletion of one (or more) of the proteins of
interest [51,61]. It has been demonstrated that depletion of 13C (and 15N) isotopes during
protein expression can significantly reduce the complexity of the mass spectrum and
increase the signal/noise ratio of the ions through consolidation of ion current into a single
isotope [61]. It was also demonstrated how the use of isotope depletion aided the
identification of peptide ions where mass conflicts occur, assuming the peptides cannot be
separated during the chromatography step [61].

The efficient digestion of the target protein is an important step in the ‘bottom-up’ HDX
experiment; however, to preserve deuterium label on the target protein, the proteolysis has to
be performed in a short period of time at low temperature and pH. If the protein is not
digested efficiently under these conditions, the sensitivity of the experiment is reduced and
the sequence coverage of the protein will be compromised. To improve the efficiency of the
digestion step, a high-pressure digestion apparatus compatible with the HDX experiment has
been introduced by the Gross laboratory [62]. As the HDX MS method moves to larger
protein complexes and more challenging targets, improved methods for the efficient
digestion of the protein will be required. Conditions that denature the target protein without
causing precipitation or aggregation are critical to enable efficient digestion and maintain
sensitivity. This is particularly evident as the technique is applied to the characterization of
transmembrane proteins such as GPCRs. Zhang et al. demonstrate that maintenance of
appropriate detergent in the on-exchange and quench buffer when performing HDX on β2-
adrenergic receptor (a seven-transmembrane GPCR) is required to prevent loss of protein
target to precipitation or aggregation [63]. In this study, HDX analysis was performed with
buffers containing the detergent n-dodecyl-β-D-maltoside and cholesterol hemisuccinate.
While this was encouraging, the ability to study proteins in solution with a wide range of
detergents would be of benefit. To address this need, a recent publication has described a
system for the removal of detergents such as Brij®58, PEG-4000, Tween®20 and Triton
X-100™ in a system compatible with HDX experiments [64].
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As an alternate approach, the insertion of the protein of interest within phospholipid bilayer
nanodisks prior to HDX analysis has also been described by Engen’s group [65]. The
method is demonstrated with the HDX analysis of the 94 kDa transmembrane protein γ-
glutamyl-carboxylase (GGCX). HDX is performed on the intact nanodisk complex that is
comprised of membrane scaffold protein (MSP), GGCX and lipid. Following the HDX on-
exchange time period, the nanodisk is disrupted with cholate and the lipid is sequestered
with ZrO2-coated silica beads. The 2:1 molar excess of MSP to GGCX was not detrimental
to the detection of GGCX peptides in the UPLC MS step. The authors were able to obtain
the HDX data from 71 peptides that spanned 45% of the GGCX protein sequence.

Alternate approaches
All the experiments detailed so far follow the traditional HDX workflow outlined in Figure
1. There are additional MS-based techniques that take advantage of protein deuterium
exchange to discern information regarding protein folding and protein–ligand interactions
[66]. The stability of unpurified proteins from rates of H/D exchange (SUPREX) technique
monitors the global unfolding equilibrium of proteins with deuterium exchange to measure
their thermodynamic global stability [67]. In contrast to the traditional HDX experiments, in
the SUPREX experiment the period of D2O incubation is fixed and the concentration of a
chemical denaturant is varied. The deuterium uptake of a protein is used to follow its
denaturant-induced transition to the unfolded state. The denaturant concentration midpoint
of this transition (C1/2) allows for the determination of the Gibbs energy (ΔGf) for the
protein of interest. The comparison of the SUPREX transition’s C1/2 values in the presence
and absence of ligand allows for the change in the free energy of folding (ΔΔGf), and
thereby the dissociation constant (Kd), to be calculated [66]. Similar to the traditional HDX
experiments, the SUPREX technique can be combined with a proteolysis step to explore
localized regions of stability within proteins, which has been useful for analysis of
multidomain proteins [68]. Protein–ligand interaction by mass spectrometry, titration, and
H/D exchange (PLIMSTEX) is a similar technique to SUPREX; however ligand
concentration, not denaturant, is varied while the on-exchange time is constant [69]. The
experiment measures binding affinities and stoichiometries for protein–ligand complexes.
Stability of proteins from rates of oxidation (SPROX) is a method for the detection of
protein–drug interactions [70]. Although it is not based upon HDX, it is compatible with
standard proteomic chromatography and it does provide for the identification of on- and off-
target drug interactions, and as such is expected to be of interest to the readers of this article.
A thorough comparison of the SUPREX, PLIMSTEX and SPROX methods are given in a
recent review [66].

Application of HDX to protein–ligand interactions
The HDX technique is ideally suited to the characterization of interactions between protein
targets and small molecules that bind to them. A typical HDX ligand screening application
involves multiple differential HDX MS experiments to generate a ‘HDX fingerprint’ for
each ligand. The differences between the fingerprints can allow for the clustering of ligands
into groups that share a similar binding mode [71]. It is important to note that the differences
in HDX between ligand-free (apo) and ligand-bound (holo) protein can also arise from direct
interactions with the ligand within the ligand-binding pocket (LBP), as well as changes to
the protein structure or dynamics remote to the binding site. This allostery may span
domain:domain and protein:protein interaction surfaces, and while this presents challenges
in the interpretation of HDX studies, this allosteric communication is not often detected with
x-ray crystallography experiments.
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There are many examples of the application of HDX to study protein/small-molecule
interactions. A recent study from the Schriemer laboratory discovered the unique binding
site of laulimalide on microtubules using differential HDX [72]. The binding site for
laulimalide had been determined to be nonoverlapping with the binding site for paclitaxel,
but its location on the protein was unknown. Interestingly, but not unexpectedly, differential
HDX of laulimalide-stabilized microtubules revealed extensive perturbations in amide
exchange in regions throughout the protein, making it difficult to localize the binding site of
the ligand using the differential HDX data alone. The authors proposed that HDX
perturbations unique to the binding site of laulimalide could be determined by suppressing
common allosteric effects of ligand binding to the paclitaxel site on microtubules. Thus,
differential HDX of laulimalide-stabilized microtubules was performed in the presence and
absence of docetaxel, a ligand that binds to the paclitaxel site and is not competitive with
laulimalide binding. The reverse experiment was also performed, differential HDX of
docetaxel-stabilized microtubules in the presence and absence of laulimalide. Comparison of
these datasets resulted in defining a contiguous patch of solvent-accessible surface area on
the microtubule that can be uniquely assigned as the laulimalide binding site as the allosteric
effects of each ligand and their combination are identical under saturating conditions. Figure
2 shows the mass shift perturbation data from the study. In a unique approach, the authors
plot the difference in HDX according to the statistical significance of the change (1-p), as
opposed to a traditional Δ%D [72]. In these studies, it was determined that laulimalide binds
to the exterior of the microtubule on β-tubulin in a region previously unknown to support
ligand binding and well removed from the known paclitaxel binding site. These and other
studies highlight the importance of HDX as a technique for mechanistic and structure–
function studies of biologically and pharmacologically important proteins. As it would be
impossible to address all HDX studies focused on protein–ligand interactions in one review,
in the following section we summarize the impact HDX has had on three classes of proteins
that are important to our understanding of biology and have significant commercial value to
the pharmaceutical industry.

Nuclear receptors
Nuclear receptors comprise a superfamily of ligand-dependent transcription factors,
including receptors for thyroid hormones, steroid hormones, retinoids, fatty acids and
sterols, as well as receptors with no currently known ligand (termed orphan receptors). In
the late 1980s, the identification of the canonical domain structure and conserved sequence
of members of this superfamily led to an intense effort to identify additional members of this
superfamily. The conserved domain structure of NRs consists of four major functional
domains. The variable amino-terminal (A/B) domain is followed by the central, highly
conserved DNA-binding domain (DBD), which contains two zinc fingers (C domain).
Adjacent to the C domain is the hinge region (D domain), followed by a carboxy-terminal
ligand-binding domain (LBD; E domain). Several nuclear receptors, such as the estrogen
receptor, contain an additional C-terminal F domain whose role is poorly defined. NRs bind
to specific DNA sequences typically in the promoter region of target genes and these
sequences are referred to as response elements. The LBDs of the nuclear receptors are
multifunctional and have a secondary domain structure that is characteristic of all NRs.
Small pharmacological compounds bind within the LBP of the LBD and this interaction
with ligand alters the dynamics and conformation of the receptor. The human genome
contains 48 NRs and these proteins can form an array of complexes where the central NR is
present as either a monomer, homodimer or heterodimer and bound with coregulatory
proteins (coactivators such as steroid receptor coactivator [SRC]-2, or co repressors such as
nuclear receptor corepressor [NCoR] or silencing mediator of retinoid and thyroid hormone
receptors [SMRT]), and DNA [56,73]. The transcriptional output of the NR complex is
modulated by binding of small-molecule ligands (agonists, partial agonists, antagonists and
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inverse agonists) that induce conformational changes in the receptor that alter interactions
with coregulatory proteins involved in chromatin remodeling or facilitate regulatory PTMs
of the complex. Such ligands have already been successfully designed for approximately 23
NRs and several of these ligands are used clinically to treat diseases such as osteoporosis,
Type 2 diabetes and various cancers.

The combinatorial regulatory mechanism of NRs makes them ideally suited for HDX MS
studies. HDX can be used to profile the changes in dynamics upon ligand binding, addition
of PTMs or binding of coregulatory proteins and DNA. HDX characterization of ligand
binding can provide insights into binding mode and can aid compound optimization,
whereas HDX analysis of NR interaction with coreceptor (heterodimer partner),
coregulatory protein and DNA can provide a mechanistic insight into how these complexes
modulate transcriptional output of specific target genes. Many of the 48 human nuclear
receptors have been studied by HDX. Several of these receptors are of significant
therapeutic interest and some of these studies are reviewed in the next section.

Retinoid, fatty acid, oxysterol & vitamin A NRs
The retinoid X receptor (RXR) is in the NR2B subfamily of NRs and is the common
heterodimer partner (coreceptor) for many NR1 subfamily nuclear receptors, including the
vitamin D receptor (VDR), the peroxisome proliferator-activated receptor (PPAR), the
thyroid hormone receptor, the liver X receptor, the farnesoid X receptor and the constitutive
androstane receptor [74]. It seems fitting, therefore, that this common heterodimer partner
was among the first NRs to be studied with HDX by the Deinzer laboratory [75]. RXR is
activated through binding of 9-cis retinoic acid and the changes to the HDX signature upon
ligand binding were profiled, along with a comparison to the atomic structure of the RXRα
LBD [75]. Importantly, this work identified changes in dynamics upon ligand binding within
regions of RXR LBD that could not be predicted from the x-ray RXR: 9-cis retinoic acid
cocrystal structure. This work was followed in 2007 by a comparison of the HDX behavior
of RXR in complex with two synthetic antagonists [76]. More recent work from the
Renfrow laboratory has profiled the HDX behavior of RXR in complex with 9-cis retinoic
acid and a 13-mer RXR coactivator peptide, glutamate receptor-interacting protein (GRIP)-1
[77].

The RXR heterodimer partner PPARγ is the master regulator of adipocyte differentiation
and the molecular target of the antidiabetic thiazolidinedione (glitazones or
thiazolidinediones [TZDs]), ligands such as rosiglitazone (Avandia™) and pioglitazone
(Actos™). The glitazones are agonists of PPARγ and strong insulin sensitizers; however,
several well-publicized adverse effects have been associated with the use of these drugs,
including cardiac events, weight gain and increased fluid retention [78]. Development of
second generation PPARγ modulators, so-called selective PPARγ modulators, suggested that
it might be possible to dissociate the insulin-sensitizing effects from the weight-promoting
activity and fluid retention. Thus, understanding the mechanism of activation of PPARγ is
therefore of significant interest and has been the subject of decades of research. The HDX
behavior of PPARγ has been profiled by a number of researchers [21,79-82]. In 2006,
Hamuro et al. published a HDX study investigating changes in the dynamics of the PPARγ
LBD following binding of four synthetic ligands, including two full agonists (rosiglitazone
and GW1929), a non-TZD partial agonist (nTZDpa) and an antagonist known to covalently
bind to the receptor (GW9662) [82]. Importantly, this study demonstrated that all four
compounds reduced the dynamics of the receptor, but that only the full agonists reduced the
rate of HDX in a region of the LBD referred to as ‘activation function-2’ or AF-2, which is a
3D surface that forms a hydrophobic cleft and includes helix 3–4 loop and helix 12 (H12).
AF2 had been shown to be a critical structural component involved in the activation of most,
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if not all, NRs and it has been shown to be the primary binding site for coactivator and
corepressor on NRs [73]. The observation that partial agonists do not stabilize AF2 of
PPARγ suggested an alternative mode of action for these compounds compared with full
agonists; however, the specific mechanism was still unclear. These studies were extended
beyond synthetic ligands, where HDX was used to probe the interaction of the receptor with
several putative endogenous ligands and results from this study were consistent with
observations for synthetic ligands, suggesting the existence of putative endogenous partial
agonists [21].

These publications were followed by a more extensive study performed by Bruning et al.
that combined the use of HDX with x-ray crystallography and cell-based transcriptional
assays to further investigate the mechanism of partial agonist activation of PPARγ [79]. This
work profiled the structural dynamics of the receptor with a series of compounds that
exhibited a gradient of transcriptional activity from partial to full activation. In all cases, the
backbone structure of PPARγ obtained from the x-ray crystallography experiments was
unchanged for each of the ligand complexes, suggesting no obvious conformational change
induced by this array of ligands. As such, these co-crystal structures provided little insight
into the mechanism associated with different transcriptional activities of each ligand class,
but they did provide an atomic resolution structure detailing the precise orientation of the
ligands within the binding pocket. Interestingly, HDX analysis revealed major differences
between all of the compounds profiled in terms of localized alterations in dynamics, and
compounds with similar binding modes had similar HDX characteristics. Comparing the two
datasets, a complete picture of the changes in the receptor dynamics following ligand
binding was obtained. Combining these findings with the cell-based data, the researchers
proposed a model for partial agonist activation of PPARγ that was independent of
involvement of H12 (AF2-independent). It was proposed that ligands that do not utilize H12
engage other regions of the LBP such as the β-sheet region of the receptor (located on the
opposite side of the LBP from H12) and this engagement compensates for a lack of
interaction with H12 to support high-affinity binding. Of particular interest in this study was
the analysis of two regioisomers, MRL20 and MRL24. MRL20 was shown to have full
agonist activity in cellular transaction assays whereas MRL24 afforded partial agonist
activity. The x-ray co-crystal structures showed that these two highly similar compounds
had opposite orientations (binding modes) in the ligand pocket. The acid functionality of
MRL20 was shown to be interacting with H12, consistent with its full agonist activity, and
the acid functionality of MRL24 was shown to be interacting with the β-sheet, consistent
with its partial agonist activity. Even with this level of structural detail, this study still did
not fully define the insulin sensitization efficacy of PPARγ partial agonists.

The role of the β-sheet region of the PPARγ LBD was recently highlighted in a landmark
publication demonstrating that PPARγ is a substrate of cdk5 [81]. The single site of cdk5-
dependent phosphorylation was shown to be serine 273 (S273) which is located in the H2-
H2′ region of the receptor and in close proximity to the β-sheet region shown to be strongly
stabilized by partial agonists. The HDX data for this region of the receptor are shown in
Figure 3. The Spiegelman group demonstrated that phosphory lation of S273 alone was
capable of dysregulating expression of adipokines, which are genes involved in insulin
sensitization [81]. Interestingly, the extent of phosphorylation was inversely proportional to
the expression levels of adiponectin and adipsin. More importantly, treatment with agonist
in vitro or in cells afforded a dose-dependent blockage of this PTM. To their surprise, the
partial agonist MRL24 was more potent at blocking the PTM than the full agonist
rosiglitazone (controls demonstrated that the compounds do not directly inhibit cdk5).
Regardless of level of PTM state of the receptor, cdk5 was coprecipitated with PPARγ,
suggesting that the kinase binds to PPARγ, but ligand binding alters the kinases ability to
interact and modify S273. Subsequent studies revealed that the insulin sensitivity activity in
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rodents and in humans correlated with the level of this PTM. HDX studies showed that the
full agonist rosiglitazone did not stabilize this H2-H2′ link region containing S273 or the β-
sheet. By contrast, the partial agonist MRL24 stabilized both the β-sheet and the H2-H2′ link
region. It was therefore proposed that the alterations in the dynamics of the receptor, as
determined by HDX, modulate the extent of cdk5 phosphorylation. In turn, the
phosphorylation state of the receptor influences the transcriptional output of this NR
complex. This study is a powerful example of how perturbations in the dynamics of this
receptor, even when subtle, can reflect profound changes in the biology of this important
transcriptional regulator.

It is surprising that it was not until 2008 that the first crystal structure of a full-length NR
was published. This structure high-lighted the atomic nature of the PPARγ/RXRα
heterodimer in complex with ligand and DNA (PDB:3DZU) [80]. This fascinating structure
supported many theories and provided a unique insight into the structure of the heterodimer
complex. For example, this structure revealed that the β-sheet region of PPARγ was in close
proximity to the DNA-binding domain of RXRα, suggesting possible cross-domain
interactions. As highlighted previously, potent insulin sensitizers alter the dynamics of this
region of the receptor and it is possible that these ligands modulate the interaction of the
RXRα DBD with DNA. This study used HDX to complement the x-ray crystallography data
to provide supporting insight into this and other domain:domain interactions within the
intact heterodimer.

There are a number of orphan NRs for which no endogenous ligand has been identified or
there is still debate as to the identity of an endogenous ligand. The retinoic acid receptor-
related orphan receptors (RORs) are an example of the latter. Identification of ligands that
potentially regulate the activity of RORs has been met with controversy. Elegant x-ray
crystallographic studies provided significant insight into the nature of a putative
physiological ligand. The resolution of the x-ray structure of the RORα LBD revealed the
presence of cholesterol in the binding pocket. A second crystallographic study established
that in addition to cholesterol, cholesterol sulfate could be bound within the LBD of RORα.
Although the idea that RORα functioned as a receptor for cholesterol and cholesterol sulfate
was attractive, it was still unclear whether cholesterol or derivatives of cholesterol were
truly physiological ligands for RORα. Wang et al. recently demonstrated that 7-oxygenated
sterols function as high-affinity ligands for both RORα and RORγ with Ki values in the
range of 10–20 nmol/l, as determined by radioligand-binding assays [83]. These data
indicated that 7-oxygenated sterols (7α-OHC, 7β-OHC and 7-ketocholeseterol) bind RORα
and RORγ with higher affinity than cholesterol sulfate, whereas cholesterol binding is barely
detectable. More importantly, this study demonstrated that addition of a 7-oxygenated sterol
to apo RORα perturbed the HDX dynamics of the receptor. This study demonstrates a role
for HDX in deorphanizing orphan NRs.

The majority of NR HDX studies performed to date have focused on the analysis of the
receptor ligand-binding domain. The dynamics of the full-length PPAR:RXR heterodimer
complex were detailed for the first time alongside the publication of the x-ray structure of
the complex as already described [80]. More recent work described a study of intact full-
length vitamin D receptor (VDR) in complex with full-length RXR and three ligands of
interest, 1α25-dihydroxyvitamin D3 (active form of VD3), alfacidol and ED-71 [56,84]. The
data presented in this study illustrate how the ligand-induced changes to HDX behavior for
the LBD of VDR are similar to those induced within the full-length heterodimer complex.
These data further highlight the relevance of earlier NR HDX experiments performed on the
LBDs alone.
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Steroid & hormone receptors
Human glucocorticoid receptor functions as a homodimer, binds cortisol, and is involved in
the regulation of glucose homeostasis, lipid metabolism and inflammation [85]. In 2006, the
HDX profiles of the receptor in complex with the anti-inflammatory agonist dexamethasone
and the antagonist RU-486 were detailed [86]. These data are supplemented with HDX data
from complexes of glucocorticoid receptor with corepressor (NCoR) and coactivator (TIF2/
SRC2) peptides. In agreement with previously obtained x-ray structures, the agonist showed
reduced dynamics of H12 when compared with the antagonist.

Since the activation and transcriptional output of NRs is driven by changes in structure and
dynamics of the receptor upon ligand binding, and since these changes are reflected in a
differential HDX experiment, it is logical to suspect that it may be possible to predict the
pharmacological properties of NR ligands directly from HDX data. This hypothesis was put
to the test in a 2008 paper by Dai et al. that focused on the prediction of the pharmacology
of ligands for the estrogen receptor (ER) [71]. Ligands profiled included the human estrogen
(estradiol, a full agonist) and several selective ER modulators including raloxifene (a
compound used to prevent osteoporosis) and 4-hydroxytamoxifen (the active metabolite of
the anticancer drug tamoxifen). Seven of these known compounds were profiled with HDX
and classified into three distinct groups. Then, in a blinded study, four unknown compounds
were profiled with HDX and assigned to one of these three groups. Only the antagonist ICI
182780 and one of the four unknown compounds were incorrectly assigned. Although the
study is limited in the number of compounds (both in the training set and the blinded
compound set), the data do support the hypothesis that the HDX profile can, at least in
certain cases, predict the pharmacology of ER ligands. A follow-up manuscript to this work
described a comparison between the ERα and ERβ HDX profiles of 12 ER ligands [87].

Protein kinases
Protein kinases are responsible for the addition of phosphate to serine, threonine and
tyrosine residues of proteins. This reversible phosphorylation is a key regulatory step in
many signal transduction pathways. As such, the study of the structure and function of these
enzymes is of paramount importance to deciphering cell signaling and the role these
enzymes play in physiology. Importantly, aberrant signaling by kinases is often associated
with the pathogenesis of disease; thus, a detailed understanding of the structure–function
relationship of these proteins is critical to tackling diseases such as cancer,
neurodegeneration and immune disorders. A few examples of the application of HDX to the
study of kinases and interactions with ligands are presented in the next section.

The chimeric oncoprotein Bcr-Abl has been implicated in the onset of chronic myelogenous
leukemia (CML) and other leukemias. Bcr-Abl is a constitutively active protein kinase, and
resistance to small-molecule ATP competitive inhibitors of the Abl kinase domain (such as
imatinib) has become a serious impediment to the successful therapeutic treatment of CML.
In studies to further understand the role of protein dynamics in the regulation of the Abl
kinase domain, the HDX behavior of Abl SH2 and SH3 domains has been characterized
[88-90]. In more recent work, a series of known imatinib-resistant mutants were compared
with the wild-type protein [91]. It was demonstrated that the T315I mutant induced
conformational changes when compared with wild type; however, no changes in HDX
profile were detected for the Y253H and E255V mutants. In order to overcome the
resistance of Bcr-Abl kinase mutants to inhibition with ATP competitive ligands, efforts
have been refocused on the development of allosteric inhibitors of Abl to be used in
cooperation with ATP competitive inhibitors. These allosteric inhibitors have recently been
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characterized with HDX and the data compared with the x-ray structure, leading to new
insights into the mechanism of action of these allosteric inhibitors [92].

Hydrogen/deuterium exchange studies have probed the effect of mutations on the dynamics
on another kinase of importance, the receptor tryrosine kinase KIT. Gajiwala et al. have
detailed the HDX behavior of wild-type KIT and KIT mutants associated with
gastrointestinal stromal tumors [93]. The same group have also profiled the dynamics of
wild-type KIT in complex with imatinib and sunitinib [94].

G protein-coupled receptors
The GPCRs belong to a large family of cell surface receptors that are the molecular targets
of many marketed therapeutics [95,96]. All GPCRs share a seven-transmembrane α-helical
structure and they function as integrators of extracellular stimuli into intracellular signal
transduction pathways. The hydrophobic nature of the transmembrane regions of GPCRs
presents a formidable challenge for structural biologists trying to understand mechanism of
action of modulators of these receptors. Structural characterization of GPCRs is also
complicated by the extensive PTM state of the receptor. There are heterogeneous sites of N-
glycosylation, sites of phosphorylation, intramolecular disulphide linkages and sites of
palmitoylation. Although the x-ray structure of rhodopsin was first solved in 2000 [97], it
was not until 2007 that the first ligand-diffusible GPCR structures were reported [98-100].
Crystallization of the β2-adrenergic receptor (β2-AR) was achieved via protein engineering
where the highly dynamic third intracellular loop (ICL3 located between TM5 and TM6)
was replaced with T4 lysozyme [99,100], or by formation of a protein complex with a
monoclonal antibody bound to the third intracellular loop [100]. The first HDX MS analysis
of a GPCR followed and was published in 2010 [63]. Working with a construct of β2-AR
that contained a more native ICL3 sequence, Zhang et al. were able to determine HDX MS-
compatible conditions that allowed the dynamics of the receptor in complex with the inverse
agonist carazolol to be profiled [63]. It was observed that all the transmembrane helices
were resistant to exchange; however, the ICL regions were highly dynamic. Although not
the first HDX manuscript to profile a membrane protein [101-104], this study paves the way
for the analysis of β2-AR in complex with other ligands such as full and partial agonists and
antagonists. More importantly, the study paves the way to facilitate HDX analysis of the
many other important GPCRs, as well as studying the interaction of the receptor with G
proteins, arrestins and GPCR kinases. These studies will help dissect the structural dynamics
important to functional selectivity of ligands that drive biased GPCR signaling.

Can HDX be used for small-molecule screening?
One desirable application of the HDX technique would be to screen chemical libraries
containing small molecules, natural products or fragments for chemical entities that impart a
desired HDX fingerprint on the target protein. Although an attractive prospect, the use of
HDX as a screening tool is problematic and has yet to be demonstrated at a throughput
capable of screening even a simple library of a few thousand compounds. However, a
number of recent papers offer two approaches that may provide opportunities in the future.
If the desired HDX behavior can be distinguished from the ligand-free protein at a single on-
exchange time point, as is the case for PPARγ, then as many as 10–20 compounds can be
screened within a few hours [21]. This approach was validated with PPAR modulators with
previously determined HDX signatures, and was then used to provide the first HDX
fingerprints for a number of putative endogenous ligands of the receptor. The limit to the
throughput of this method is the requirement for a chromatographic step of sufficient length
to separate the peptide of interest from any interfering peptides. The use of the MRM
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approach already described would allow for a more rapid chromatography step and also
provide for a simplified data analysis workflow.

A workflow and performance evaluation for automated HDX was evaluated in a recent
manuscript from the Griffin laboratory [24]. In this work, the precision of the automated
system was evaluated over a period of 8 months. The manuscript also shows a heat map
containing statistically significant changes to the HDX behavior of VDR upon ligand
binding (Figure 4). The data provided in this manuscript demonstrate the feasibility of HDX
for small-molecule screening applications. This is an area predicted to see significant
progress in the next couple of years.

Challenges to the development of the HDX technique
Although there have been many successful applications of HDX covered in this article, no
technique is without its limitations. The reader may want to consider the following points
when contemplating the use of HDX MS. It should be noted that it is often unclear if a
change in HDX rate is a result of a direct interaction (e.g., formation of a new H-bond), or
the result of an allosteric effect causing a perturbation of the hydrogen-bonding network at a
site remote from the site of ligand binding. Care must also be taken to ensure that the ligand
concentration is sufficiently above its Kd to ensure binding. Problems may arise from the
precipitation of DNA at a low pH, leading to a loss of system robustness. Finally, if no
peptide can be detected that spans a region of interest within a protein, then no HDX data
can be obtained. Despite these limitations, HDX MS experiments clearly provide a valuable
addition to many research programs around the world.

Expert commentary
The field of HDX MS continues to evolve at a rapid pace. Building on the foundations of the
early work from the likes of Englander, Smith, Woods and numerous others, the technique
has become widely adopted by the MS community. The last 10 years have seen significant
advancements in the HDX MS method. The experiment has been automated and many
software applications are available for the analysis and management of HDX MS datasets.

As the method has matured, the application of HDX to the drug discovery process has
expanded. HDX MS is now routinely applied in our laboratory in support of the medicinal
chemistry efforts of our collaborators in the pharmaceutical industry. Other academic groups
have partnered with industry to characterize therapeutic antibodies, and the internal use of
the HDX method in the pharmaceutical industry can be expected to continue to grow.

The expansion of the size of the datasets that are being generated now allows researchers to
undertake large-scale mechanism of action projects, such as those performed on the NRs.
These large-scale projects will provide new insight into the regulation of key pharmaceutical
targets and further increase the impact of the method on the understanding of the associated
biological systems. Through a number of recent studies, it has become apparent that minor
changes in HDX behavior can have significant impacts on the biology and pharmacology of
the systems being studied [81,91]. Methods for determining the statistical significance of
these minor changes in HDX data are therefore of importance and will undoubtedly receive
more prominence in future HDX studies.

Five-year view
As we look back on the development of the HDX method, the future will surely provide
some exciting developments and provide many key insights into the pharmacology and
biology of important drug targets. Consistent with early efforts in the field, the work of
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Englander continues to set a high standard and provide direction to the field, particularly in
the treatment of HDX datasets. It might be expected that future HDX screening applications
will report data not simply as a change in %D, but as a more quantitative description of a
change in the protection factor (ΔPf) of individual amides. Such single-amide-resolution
HDX will be made possible by the use of ECD/ETD for peptide ion fragmentation. The size
of the protein complexes amenable to HDX MS experiments is expected to increase, with
data for complexes in excess of 200 kDa being reported. It is expected that the average HDX
manuscript will no longer be a single experiment with an isolated protein, but will comprise
an evaluation of many tens, or even hundreds of datasets in the context of full-length
mutiprotein complexes.
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Figure 1. Hydrogen/deuterium exchange experimental workflow.
(A) From left to right: incubation of target protein (± ligand) is performed for a series of
predetermined time points. At the end point of the H/D exchange time, the reaction is
‘quenched’ with the addition of cold acidic solution and the protein is digested with enzyme.
The percent deuterium incorporation into each peptide at each timepoint is measured with
liquid chromatography electrospray ionization MS. Deuterium uptake curves are then
plotted for the ‘apo’ sample, or a comparison between apo and ligand can be made. (B)
Deuterium uptake information is often displayed using color gradients under a protein
sequence or overlaid onto 3D crystal structure images. Differences in deuterium uptake can
also be displayed in this manner to compare different ligands, as shown to the right.
D2O: Deuterium oxide; MS: Mass spectrometry; T: Temperature.
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Figure 2. Mass shift perturbation data between singly and doubly ligated microtubules.
Mass shift perturbation data from analyses of doubly ligated microtubules relative to the
singly ligated state. (A) Scatterplot of replication membrane scaffold protein data for a
comparison of doubly ligated microtubules with laulimalide-stabilized microtubules,
highlighting the perturbations unique to docetaxel. (B) Significant changes in (A) mapped to
their locations in tubulin sequence. (C) Scatterplot of replication membrane scaffold protein
data for a comparison of doubly ligated microtubules with docetaxel-stabilized
microtubules, highlighting the perturbations unique to laulimalide. (D) Significant changes
in (C) mapped to their locations in tubulin sequence. Each point in (A,C) represents the shift
perturbation of a single peptide in millimass units. The horizontal dotted lines represent a ±2
standard deviation cutoff based on noise in ΔD measurements and the vertical dotted line
represents a 1-p cutoff value of 0.95. Green represents positive mass shifts resulting from
single ligation and red represents negative mass shifts resulting from single ligation. The
sequence maps (B,D) are arranged with α-tubulin on the bottom and β-tubulin on the top.
mmu: Millimass unit.
Reproduced with permission from [71]. For more details, refer to the text or reference [71].
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Figure 3. Differential hydrogen/deuterium exchange coupled with mass spectrometry data for
peroxisome proliferator-activated receptor γ-ligand binding domain ± rosiglitazone and MRL24.
The HDX data shown correspond to four regions of interest: helix 3 (IRIFQGCQF), the β-
sheet region (ISEGQGFMTRE), helix 12 (QEIYKDLY) and the helix 2–2′ link region
containing the site of CDK5 phosphorylation (KTTDKSPFVIYDM). (A) Histograms
showing the percent reduction in HDX for each peptide region. Values are calculated
relative to the measured %D value for apo peroxisome proliferator-activated receptor
(PPAR)γ-LBD (n = 4; error bars are standard error of the mean; p < 0.01, p < 0.001). (B)
HDX data for the four peptides of interest are plotted over the structures of PPARγ-LBD
bound with rosiglitazone (left: PDB:2PRG) and MRL24 (right: PDB:2Q5P). Percent
reduction in HDX relative to apo receptor is colored according to the key. Red circle
indicates Ser273 residue of PPARγ.
H12: Helix 12; HDX: Hydrogen/deuterium exchange; LBD: Ligand-binding domain; ns:
Not significant.
Reproduced with permission from [79].

Chalmers et al. Page 25

Expert Rev Proteomics. Author manuscript; available in PMC 2011 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Hydrogen/deuterium exchange heat map obtained from the analysis of vitamin D
receptor ligand-binding domain in complex with 87 ligands of interest.
Data are clustered and ordered according to Wards method (see [24] for details). Changes
with Tukey-adjusted p-values <0.05 are colored according to the key. p-values >0.05 are
colored gray.
Reproduced with permission from [24].
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