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Abstract

Much of our understanding of protein structure and mechanistic function has

been derived from static high-resolution structures. As structural biology has

continued to evolve it has become clear that high-resolution structures alone

are unable to fully capture the mechanistic basis for protein structure and func-

tion in solution. Recently Hydrogen/Deuterium-exchange Mass Spectrometry

(HDX-MS) has developed into a powerful and versatile tool for structural biolo-

gists that provides novel insights into protein structure and function. HDX-MS

enables direct monitoring of a protein's structural fluctuations and conforma-

tional changes under native conditions in solution even as it is carrying out its

functions. In this review, we focus on the use of HDX-MS to monitor these

dynamic changes in proteins. We examine how HDX-MS has been applied to

study protein structure and function in systems ranging from large, complex

assemblies to intrinsically disordered proteins, and we discuss its use in probing

conformational changes during protein folding and catalytic function.

Statement for a Broad Audience

The biophysical and structural characterization of proteins provides novel insight

into their functionalities. Protein motions, ranging from small scale local fluctua-

tions to larger concerted structural rearrangements, often determine protein func-

tion. Hydrogen/Deuterium-exchange Mass Spectrometry (HDX-MS) has proven

a powerful biophysical tool capable of probing changes in protein structure and

dynamic protein motions that are often invisible to most other techniques.
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1 | INTRODUCTION

While high-resolution three-dimensional structures of
macromolecular complexes have deepened our under-
standing of their assembly and construction, proteins are
dynamic molecules that are constantly in motion. These
motions range from small fluctuations in local structure
to large-scale conformational rearrangements between

distinct structural states. Despite the fact that these
dynamic motions and structural rearrangements are criti-
cal for protein function, we do not yet fully understand
how these motions and conformational changes contrib-
ute to protein structure and function.1 Furthermore,
high-resolution models are usually only available for
the endpoints of dynamic processes and one can only
infer what takes place during protein motion and
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conformational changes. In order to fully understand
how a protein functions, we need to understand the
dynamic structural changes that lead to functionally dis-
tinct conformations. In recent years Hydrogen/Deute-
rium-exchange Mass Spectrometry (HDX-MS) has
developed into a powerful solution-state structural tech-
nique that enables the study of macromolecular protein
complexes under native conditions. HDX-MS enables one
to interrogate protein structure and function by directly
monitoring backbone amide solvent accessibility in solu-
tion, which is sensitive to protein structural conformation
and dynamics.2

Due to advances in mass spectrometry and liquid
chromatography, the complexity and size of the systems
amenable to analysis by HDX-MS has greatly expanded.
Compared to other high-resolution structural techniques,
information about protein conformation can be obtained
using HDX-MS for samples spanning a range of sizes and
complexities, provided one's analyte of interest is homo-
geneous in composition and well-behaved in solution.3

While HDX can also be probed by NMR with residue
level resolution, this approach is generally restricted to
small soluble proteins that are amenable to solution state
NMR analysis.2,4 By contrast, mass spectrometers have
no inherent size limit and have been used to study sys-
tems as large and complex as intact ribosomal com-
plexes.5,6 HDX-MS experiments require submicromolar
concentrations of sample and can, under certain circum-
stances, provide residue level information.2

In this review, we will discuss how HDX-MS has been
used to interrogate challenging biological problems and
extract information that was otherwise not available. We
will show how the HDX-MS data enabled the researchers
to reach their conclusions and highlight the power of
HDX-MS as a tool to study diverse biological systems and
protein structures. In addition, pulse labeling HDX-MS
has recently been used to study protein folding mecha-
nisms and the structures of intrinsically disordered pro-
teins; areas of structural biology where conventional
high-resolution structural techniques have shown limited
success. We will also review how HDX-MS can be used to
resolve and monitor conformational changes in integral
membrane proteins and large protein complexes. These
recent works demonstrate the power and versatility of
HDX-MS as a solution state structural technique and
highlight how the technique has rapidly evolved over the
recent years.

2 | THE BIOPHYSICS OF HDX-MS

Protein motion is constant and ranges from large-scale,
slower structural rearrangements to rapid, transient

fluctuations in local structure.7 These innate, often sub-
tle, dynamic motions across the protein backbone are
fundamental to protein function but cannot be probed
readily by most structural techniques.8 The intrinsic
chemical rate of deuterium exchange of a residue's amide
group is primarily dependent on temperature, pH, and
the particular type of amino acid. Under physiological
conditions the exchange rates for fully exposed amide
hydrogens range from 101 to 103 s−1.9 On top of this,
HDX-MS applied to proteins is sensitive to the accessibil-
ity, or exposure, of backbone amide hydrogens resulting
from a protein's conformation and can change in
response to protein motion and structural dynamics.9,10

In native proteins, the accessibility of a backbone amide
hydrogen is largely dependent on hydrogen bonding and
local secondary structure, as well as solvent accessibil-
ity.10,11 Backbone amide hydrogens more exposed to deu-
terated solvent will exchange faster than those occluded
in the protein core. Similarly, those amide hydrogens
engaged in stable hydrogen bonds are protected from
deuterium and will exchange more slowly. Local fluctua-
tions in protein structure transiently expose backbone
amide hydrogens to deuterium. The propensity for
exposed amide hydrogens in a peptide segment to
exchange with deuterium is related to how frequently
and for how long they exist in an exposed, exchange-
competent state with respect to the chemical rate of
exchange.10 These transitions are monitored under equi-
librium conditions during continuous labeling HDX-MS
experiments.12 Briefly, in such an experiment, a protein
is diluted into a deuterated solution for various amounts
of time, ranging from seconds to hours or days. The
exchange reaction is then quenched by dropping the
solution pH to 2.5 and 0�C, where the labeling rate is at
its minimum.10,13–15 The labeled protein is digested into
peptide fragments that are separated and analyzed by liq-
uid chromatography coupled to mass spectrometry (LC-
MS). The reverse phase LC separation must be performed
quickly and under quench conditions to limit back
exchange of the deuterium label with water in solution.
The extent of labeling is straightforward to analyze by
mass spectrometry as uptake of a single deuteron pro-
duces a Dalton increase in mass.

Under physiological conditions, the majority of local
protein motion is faster than the HDX labeling rate and
thus leads to gradual incorporation of deuterium onto the
peptide backbone (Figure 1a). So-called EX2 kinetics is
observed when the interconversion rate between a pep-
tide's protected, exchange-incompetent and exposed,
exchange-competent state is faster than the labeling
rate.10,16,17 In this case, rapid opening and closing events
allow only a subset of the collectively exposed amide
hydrogens to exchange during any single transition to the
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exchange competent state. These rapid fluctuations are
characterized by unimodal mass spectra envelopes that
gradually shift to higher masses with time. Over time the
entire peptide segment will become deuterated after
repeatedly sampling the exposed, exchange-competent
state. The rate and extent of a peptide's deuterium uptake
under EX2 kinetics is interpretable in terms of local
structural dynamics, motion, and flexibility (Figure 1a).
Furthermore, by characterizing how this exchange profile
changes with environment, upon ligand binding, or
between homologous proteins, one can begin to appreci-
ate and dissect the structural basis for protein function
and behavior.

Large-scale structural rearrangements, including
reversible interconversion between conformations, can
also be monitored by HDX-MS (Figure 1b). As a protein
changes conformation, the rate and extent of HDX will
shift in accordance with the local structure of each state.

These types of protein motion are typically slow (on the
order of milliseconds to seconds) and highly correlated
across segments of the amide backbone. In an HDX label-
ing experiment, this behavior manifests as multimodal iso-
topic distributions with unique HDX populations for each
structural state, and is termed EX1 kinetics.17–20 For exam-
ple, if a region in a protein reversibly interconverts
between a “closed” protected (exchange-incompetent) and
an “open” exposed (exchange-competent) state, with the
residues in this segment switching conformations in a con-
certed manner, this would be readily apparent by HDX-
MS (Figure 1b). The amide hydrogens in the “closed” state
would be protected from exchange and visible as a lower
mass population in the spectra, whereas those that had
transitioned to the exposed state would be evidenced as a
deuterated higher mass population in the spectra. As the
protein reversibly transitions between these states, the
individual HDX populations will ultimately converge on

FIGURE 1 Protein structural dynamics and motion monitored by HDX-MS. Continuous labeling HDX-MS probes the accessibility of

backbone amide hydrogens (blue circles) by their exchange with deuterium in solution. Under equilibrium conditions the majority of

protein structural dynamics and motion manifests as “EX2 kinetics” (a) where deuterium is gradually incorporated across the protein

backbone in a manner directly related to the local structural dynamics and changes in amide accessibility. Examples of peptide specific

HDX-MS data with representative mass spectra show the gradual incorporation of deuterium over time. Peptide segments in highly

structured regions with strong hydrogen bonding networks (green beta sheet) take up deuterium much slower than regions with exposed

and accessible amides (pink loop) and those undergoing dynamic motions (blue helix) that occur faster than the labeling rate. (b) When

these dynamic structural changes are slower than the labeling rate (e.g., a reversible interconversion or conformational change) they

produce unique and resolvable HDX states that manifest as “EX1 kinetics.” Here the protein reversibly interconverts between conformations

with a protected (blue) or exposed (orange) helical domain. Analysis of the mass spectra reveals the equilibrium distribution of these two

states and their respective half-lives
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the fast exchanging exposed state, enabling one to deter-
mine the rate of conversion between states and their rela-
tive half-lives (Figure 1b). More generally, EX1 kinetics is
indicative of correlated local structural changes or motion
occurring slower than the labeling rate; meaning multiple
amide hydrogens in a peptide segment adopt a relatively
long-lived exchange competent state and become deuter-
ated together.17,21 In reality, EX1 exchange kinetics are
rarely observed under physiological conditions because
one's ability to resolve EX1 kinetics is dependent on the
rate of interconversion between the protected-exchange
incompetent and exposed-exchange competent state being
slower than the labeling rate.17,21

EX1 kinetics are also often misidentified during
analysis.18,22–24 Determining the presence and root cause
of EX1 behavior requires careful interrogation and analy-
sis of the data using the proper analytical tools. Most
commonly, HDX-MS data is analyzed by centroid fitting,
where the centroid of a mass envelope is identified and
tracked over time.25 While centroid fitting may be suffi-
cient for analysis of clean EX2 kinetics data, it is insuffi-
cient for the analysis and extraction of accurate structural
dynamic information when EX1 kinetics are present.
More importantly, centroid fitting fails to identify all but
the most blatantly obvious EX1 exchange data where the
two HDX states are dramatically different. EX1 exchange
kinetics commonly manifests as abnormally broad mass
envelopes, where the two HDX states are not dissimilar
enough from one another to produce visually distinct
populations. Analysis by binomial fitting is sensitive to
changes in mass envelope width and can therefore detect
the presence of two similar, coexisting HDX states and
characterize their individual exchange profiles through
bimodal deconvolution. (For a more expansive explana-
tion of bimodal deconvolution and binomial fitting the
reader is referred here.18,24) The presence of bimodal
spectra in HDX-MS data does not always correspond to
EX1 kinetics arising from large scale conformational
changes, reversible interconversion between states, or
local coordinated motion. It can also be indicative of con-
formational heterogeneity resulting from sample impu-
rity or degradation, mixed populations from unsaturated
ligand binding, and even back exchange from chromato-
graphic carryover and improper sample handling.14,26,27

Similarly where EX2 kinetics are observed, it does not
necessarily prove that the local protein motion across
those residues is uncorrelated, only that it is occurring
faster than the labeling rate.17,28 Critical analysis of
HDX-MS data using the proper and most robust analyti-
cal tools is essential for making meaningful conclusions
about protein structural dynamics and motion.

Below, we highlight some notable examples where
HDX-MS has been used to investigate protein motions

and conformational changes, revealing novel insights
into their behavior and functions.

2.1 | Conformational sampling and
protein folding

The mechanism by which proteins fold in solution
remains the subject of intense debate.29–31 An unfolded
protein must rearrange in solution to find its final, cor-
rect, conformation amongst a vast number of incorrect
alternatives. Exactly how proteins find this proverbial
“needle in a haystack” is still unclear; are there multiple
discrete folding pathways for a given protein, or does
folding occur through a single distinct pathway?31,32 Biol-
ogy has evolved a solution to the protein folding problem
and encoded it in each protein's sequence. However, we
have yet to elucidate these solutions for ourselves. Classi-
cal high-resolution structural techniques, such as cryo-
EM and X-ray crystallography, are not amenable to
studying protein folding. While folding can often be
directly monitored by spectroscopic methods, these
approaches lack the structural and temporal resolution
needed to resolve and appreciate the mechanism of pro-
tein folding.16,29

Pulse labeling HDX-MS enables direct monitoring of
active events such as protein folding with high structural
and temporal resolution. During folding the protein is
rapidly pulsed with deuterium, effectively capturing a
snapshot of the protein's structure as it transitions to the
native folded state. Using a short, fixed, often millisec-
ond, labeling time abrogates the contributions of struc-
tural dynamics to exchange as the labeling rate is faster
than folding can occur; thus the acquisition of structure
during folding is the primary factor contributing to
HDX.12,33 Walters et al. sought to determine the mecha-
nism of protein folding for maltose binding protein
(MBP), a large multidomain protein, using pulse labeling
HDX-MS.32 An obligate folding intermediate was
observed soon after folding was initiated (Figure 2A).
This intermediate was comprised of two structurally adja-
cent helices that form long-range contacts in the native
folded state, as seen in the crystal structure (Figure 2c,d).
Together with these helices, the adjacent sheets form the
structural core of MBP. As these helices formed, they
became protected from exchange resulting in clear
bimodal isotopic distributions representing both a protec-
ted helical state and an exposed unfolded state
(Figure 2e,f). After formation of this intermediate, multi-
ple slow but distinct folding events were observed. These
sequential folding events began nearest to the obligate
intermediate's structural core and concluded in the most
distant parts of the protein (Figure 2b). While Walters
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et al. were unable to resolve individual discrete folding
intermediates from within these events, it was clear that
folding radiated outward from the structural core that
was present in the fast folding intermediate. The authors
of this protein folding pulse deuteration study concluded
that for MBP, folding occurs through a single distinct
pathway where the obligate fast folding intermediate acts
as a seed for the subsequent folding events. Bimodal
deconvolution allowed the researchers to resolve how,
and on what time scale, each peptide segment folds. If
MBP folded by multiple discrete pathways, they would
have manifested in the data as uncorrelated and tempo-
rally blurred folding events. Each discrete folding event
would not be resolvable from one another, therefore the
observable folding kinetics for each peptide would be the
combination of all folding pathways. Their conclusions
are further supported by a subsequent study where Ye
et al. examined the effect of mutations on the folding
mechanism for MBP by HDX-MS.34 Mutations made in
the hydrophobic cluster of the fast folding intermediate
and structural core resulted in dramatically slower fold-
ing for the intermediate and all subsequent folding
events. The folding rate for the intermediate was roughly
20× slower, whereas the subsequent folding events were
only twofold slower thus supporting their earlier conclu-
sions that formation of the intermediate is required for

folding to occur.34 They also demonstrated using HDX-
MS, that folding aided by a chaperone abrogated the
mutation's effect on folding. HDX-MS is a sensitive tool
to probe the conformational space proteins navigate
through. It has been successfully used to identify partially
folded intermediate conformations during the protein
folding process. The time-resolved monitoring of struc-
ture formation throughout the protein can be used to
understand the mechanism of protein folding and
unfolding in solution and deepen our understanding of
how large, multidomain proteins fold and how this pro-
cess is modulated by chaperones. HDX-MS combines
high structural resolution with the temporal resolution of
quench-flow spectroscopic techniques enabling for the
precise elucidation of how and when folding occurs in
proteins.

3 | MONITORING TRANSIENTLY
PREFERRED CONFORMATIONAL
STATES IN INTRINSICALLY
DISORDERED PROTEINS

While it had long been believed that proteins require a
well-folded, ordered native structure to carry out their
functions, recent research revealed the ubiquitous nature

FIGURE 2 Elucidating the mechanism of protein folding by pulse labeling HDX-MS. The folding of maltose binding protein (MBP)

was monitored by pulse labeling HDX-MS where unfolded and fully deuterated MBP was diluted to initiate folding. Using a quench flow

system the samples were rapidly labeled during folding with a ~millisecond pulse of H2O (D–H exchange) resulting in bimodal isotopic

distributions showing the formation of secondary structure, and resistance to exchange, as each peptide folds (e–g). Analysis of all peptides
folding kinetics revealed the formation of an obligate “fast folding” intermediate state (blue traces and highlights a–e). Subsequent folding
events radiated outward from the structural core formed by the fast folding intermediate and only a single distinct folding pathway was

observed (a and b). The contact map in (b) highlights the long-range contacts formed by the fast folding intermediate and how each

subsequent folding event was seeded by the formation of this structural core. Peptide specific folding kinetics mapped onto the crystal

structure for the native folded state (c and d) further highlight how peptides nearest to the fast folding intermediate and structural core (c, d,

and e blue highlights) fold sequentially radiating outward from the core (c, d, f, and g). Source: Adapted from Reference 32 with permission
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of intrinsically disordered proteins (IDPs) that play essen-
tial roles in cellular signaling, regulation, and have been
implicated in disease pathogenesis.35 IDPs are critical for
a number of diverse cellular processes and individual
IDPs are often functionally promiscuous. The large range
of IDP functionalities are likely derived from their inher-
ent conformational plasticity.36 IDPs are challenging to
study using HDX-MS for a number of reasons; significant
flexibility and a lack of secondary structure means IDPs
require very short, rapid deuteration time points under
physiological conditions. IDPs have been shown to rap-
idly interconvert between ensembles of conformational
states and this structural heterogeneity poses additional
hurdles during data analysis.37 For example, if an ensem-
ble of conformations are present in solution, multimodal
spectra may make ascribing which population in the
spectra belongs to which conformer a challenging task.38

The combination of rapid conformational switching
along with a lack of secondary structure often means
most IDPs are maximally deuterated in mere seconds. In
order to get any dynamic information from proteins with
such rapid deuteration times researchers have made use
of quench-flow devices to detect transient conformational
states of IDPs at very short timeframes.39,40 Even without
access to quench-flow instrumentation, adjusting the pH
can dramatically increase the time window covered by
HDX.41,42 Decreasing the pH by one unit slows the
exchange rate 10-fold, enabling one to probe differences
in HDX for even the most exposed amide hydro-
gens.2,10,11 By reducing the pH during the exchange reac-
tion, Goswami et al. were able to compare the dynamics
of an IDP responsible for regulating nuclear receptors,
PGC-1α, in the presence and absence of the nuclear
receptor PPARγ.41 Initially, they were unable to detect
differences in HDX at physiological conditions, however,
at pH 6.0 where the labeling rate is dramatically slower,
they were able to see how regions of PGC-1α rapidly fold
upon receptor binding. This study is an excellent example
of how labeling times may be adjusted to capture protein
dynamics that occur on very fast time-scales; however,
care should be taken to ensure the protein's structural
dynamics and conformational bias are not altered by low-
ering the pH.

Pulse labeling HDX has enabled researchers to better
understand the mechanism of aggregation for the clini-
cally important IDPs Aβ (amyloid beta) and AS (alpha-
synuclein).43,44 Aggregation of Aβ and AS is closely
linked with progression of their neurological diseases,
Alzheimer and Parkinson's disease respectively. By moni-
toring the structure of these IDPs during aggregation,
researchers were able to understand how the appearance
of early structural features contribute to the initiation
and kinetics of the aggregation cascade. By HDX-MS

these structural seeds for aggregation are visualized as
the formation of a long-lived protected population. Iden-
tification of these preferential structural features is criti-
cal for understanding the progression of disease and
developing effective therapeutics.43,44 The presence of
multiple conformers/oligomeric states frequently gener-
ates complex multimodal spectra. While discerning
which population belongs to a certain conformer may be
very challenging, typically a shift in mass to more protec-
ted populations is observed as a result of aggregation.43,44

Aggregation, especially fibril formation, can cause poor
protein sequence coverage due to decreased proteolysis
efficiency in bottom-up HDX-MS approaches where the
protein is proteolyzed before analysis.37,43,45,46 In addi-
tion, typically, HDX-MS data for a given peptide is an
average of all states present in the population, meaning if
multiple unique states exist but are not resolvable by
bottom-up HDX-MS workflows, they remain undetected.
Furthermore, if all protein states are not proteolyzed with
similar efficiencies the resulting distributions seen during
analysis can be artificially skewed and misrepresentative
of what existed in solution. More recent technological
innovations have allowed for combining top-down HDX-
MS workflows with the gas phase fragmentation tech-
nique, electron capture dissociation (ECD), to isolate and
analyze individual conformers from within a population.
In a top-down HDX-MS workflow the whole intact pro-
tein is ionized into the mass spectrometer for analysis.
Typically, this workflow would be applied to small solu-
ble proteins with a high degree of conformational homo-
geneity in solution. However, when combined with ECD
the capabilities are greatly expanded. ECD functions by
fragmenting a protein or peptide inside the mass spec-
trometer that has been selected for based on mass and
charge. ECD enables analysis of the peptide fragments
without proteolytic digestion having occluded which
unique solution state conformer they originated from.
When ionized in a mass spectrometer different protein
conformations take on charge differently due to their size
and shape, thus allowing one to isolate and analyze target
conformers and their peptide fragments.47–49 ECD also
enables fragmentation of a peptide without scrambling of
the deuterium label, as is the case with other fragmenta-
tion methods, meaning deuterium uptake can be ana-
lyzed with single amino acid resolution.1,47,48 Pan et al.
were able to take advantage of different conformers’ pref-
erences for different charge states and select for specific
isotopically labeled Aβ42 conformers using precursor ion
selection enabling analysis of the Aβ42 oligomer's HDX
profile with single amino acid resolution using ECD.48

The innate conformational plasticity of IDPs enables
them to engage multiple partners and modulates a
diverse range of functionalities. However, it has proven
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difficult to understand or identify specific structural fea-
tures or conformations present in IDPs that give rise to
these functions. Interactions with IDPs are often accom-
panied by a disorder-to-order transition, which can be
directly monitored by HDX-MS.50,51 Like many proteins,
CyaA, an adenylate cyclase toxin from bacteria, contains
a large intrinsically disordered region (IDR).52 Binding of
calmodulin (CaM) to CyaA activates its enzymatic activ-
ity, generating toxic levels of cAMP. HDX-MS was used
by O'Brien et al. to elucidate the mechanism of CyaA
activation through ligand binding. While no crystal struc-
ture of unbound CyaA was available, HDX-MS revealed
an IDR encompassing a 75 amino acid stretch of fast
exchanging peptides previously thought to primarily be
helical based on the ligand bound crystal structure. Upon
binding CaM, large regions of the C-terminus displayed
significant increases in backbone amide protection,
suggesting formation of secondary structure confirmed to
be helical via CD. This ligand-induced gain of structure is

likely important for adopting a catalytically active confor-
mational state. Regions distal to the binding location,
such as around the catalytic site became rigidified upon
CaM binding, while the catalytic loop remained highly
disordered and solvent accessible (Figure 3a,b). The
authors posit that balancing a more ordered catalytic site
with a flexible loop may optimize substrate binding and
product release, and that structural disorder in CyaA is a
mechanism used to inhibit enzymatic activity. To illus-
trate the benefit of pairing high-resolution atomic models
with a solution state technique, the authors noted a rigid
G helix in the ligand bound crystal structure was shown
to be highly flexible in solution by HDX-MS (Figure 3c,
d). They surmise the rigidity in the crystal structure may
be an artifact of symmetric crystal packing and not repre-
sentative of the native environment.52 HDX-MS can be
used to characterize structural transitions that often
define protein function and control protein–protein inter-
actions. Though HDX data do not provide a three-

FIGURE 3 Ligand induced disorder to order transition is critical for catalytic function in CyaA. The structure of free CyaA (AC) eluded

previous structural characterization as large sections of the protein are intrinsically disordered. By HDX-MS it was observed that a 75 amino

acid long region, previously seen as helical in the ligand bound structure, was intrinsically disordered in the apo state and becomes ordered

upon binding with CaM (a and b). Purple indicates helices with dramatic increases in protection from deuteration, and green indicates

regions where a dynamic event occurred upon ligand binding. Differences in percent deuteration on AC and CaM upon binding CaM and

AC, respectively, mapped onto the crystal structure (c and d). These data highlight how CaM induces formation of structure in AC upon

binding, however that structure is highly dynamic across the H helicies. In contrast the catalytic site remains largely unperturbed as it is

primed for high catalytic turnover. Source: Adapted from Reference 52 with permission
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dimensional structure of a protein, it provides useful
information on how proteins dynamically move in solu-
tion and is a more powerful tool when combined with
high resolution structures. This ligand induced structural
rearrangement is an excellent example of how HDX-MS
can be used to characterize structural transitions that
often define protein function and control protein–protein
interactions.

4 | CONFORMATIONAL
SWITCHING THROUGH
CORRELATED MOTIONS

It is well appreciated that a protein's three-dimensional
structure dictates its function and induced or spontane-
ous changes in that structure are critical to that function.
Typically, static high-resolution models are used to visu-
alize protein structure and its related function. However,
functionally relevant dynamic changes in protein struc-
ture are not always apparent by these methods. One of
the powers of HDX-MS is the ability to identify and
resolve induced conformational changes distal to the
ligand binding site. A better understanding of allosteric
effects can provide important details on protein function.
Conversely it can complicate epitope mapping as it is not
always apparent what changes in HDX result from pro-
tection at the binding site or long-range compensatory
structural changes. Deng et al. demonstrated that HDX
data generated from a typical HDX-MS experiment,
where an antibody was preincubated with myoglobin
(Mb) and allowed to reach equilibrium, provided data
that was unable to differentiate changes in peptide amide
protection caused by antibody binding at the immediate
binding site from distal allosteric changes.53 In order to
better differentiate between the antigen binding site and
allosteric effects, the authors utilized a novel kinetic
labeling approach using microfluidic chips to perform
mixing of small solution volumes. In this configuration,
the antibody, antigen, and deuterium were mixed simul-
taneously prior to quenching and enzymatic digestion.
The authors demonstrate the kinetic labeling approach
can distinguish the epitope of an antibody against Mb
from distal allosteric changes because local allosteric
changes in HDX were generally not detectable until
~200 ms, where peptides in regions involved directly in
binding Ab displayed an immediate decrease in HDX. It
thus appears that the allosteric communication leading
to detectable changes in structure may occur more slowly
than the immediate increase in protection resulting from
a ligand binding event.53 The authors note that this
approach proved successful here; however, it has limited
scope as the allosteric change they observed was

markedly slower than the initial binding event. It will be
interesting to determine if this kinetic labeling approach
is generalizable to other protein systems as well, or if
rates of allosteric propagation in other proteins takes
place on timescales too rapid to parse out allosteric
changes from ligand binding using HDX-MS.

Protein–protein interactions can alter a protein's con-
formational landscape giving rise to new conformational
states, and the subsequent changes are often critical for a
diverse range of protein functions, including those
involved in cellular signaling.7 Tulsian et al. used HDX-
MS along with supporting techniques to probe such bind-
ing induced conformational changes in the ternary com-
plex of protein kinase A (PKA), phosphodiesterase
(PDE), and cAMP to better understand how cells termi-
nate cellular signaling.54 The two cAMP binding sites on
PKA have been well characterized; however, the mecha-
nism of cAMP hydrolysis by PDE was poorly understood.
It had puzzled researchers how cAMP tightly bound to
PKA could be hydrolyzed by PDE. Monitoring peptides
in the cAMP binding sites confirmed PKA alone could
only bind cAMP but not hydrolyze it. Following the addi-
tion of PDE, they observed hydrolysis and release of
cAMP resulting in bimodal mass spectra representing a
protected, cAMP bound state, and an exposed apo state.
However, over time they observed increased broadening
of the mass envelope indicating the presence of a unique
conformational state distinct from the apo and cAMP
bound states of this ternary complex. The observed HDX
profile could not be attributable to linear combinations of
spectra corresponding to any individual assembly
(Figure 4 top right spectrum). The authors suggest this
unique HDX state may arise from an additional struc-
tural rearrangement in the RIα-PDE-cAMP complex that
forms a substrate channel linking the cAMP binding site
to the PDE catalytic site as a method to shuttle bound
cAMP to the catalytic site for enzymatic hydrolysis.

It has been shown that many proteins require a lipid
environment to properly fold into their native functional
conformation and many essential protein–protein inter-
actions occur on the surface of membranes with integral
and peripheral membrane proteins.50,55 It is known that
this amphipathic environment can have profound effects
on the native structure and dynamics of proteins.56

Researchers have tried to recapitulate the native environ-
ments of integral and peripheral membrane proteins
in vitro using detergent solubilization, lipid micelles and
bicelles, liposomes, and lipid nanodiscs.55,57,58 While it is
not well understood how each of these synthetic lipid sys-
tems influence or perturb a protein's structure, dynamics,
or function these synthetic systems are invaluable experi-
mental tools for the study of membrane protein structure
and function. Recently, the atomic structures of an
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increasing number of integral and peripheral membrane
proteins, often solubilized in detergent, have been
solved; and while these structures have proved invalu-
able in furthering our understanding of membrane pro-
tein structure they do not fully convey how these
dynamic proteins function. One such integral mem-
brane protein, the P-glycoprotein ABCB1 transporter
(Pgp) facilitates the active transport of a myriad of small
molecules across the cell membrane, including drugs,
peptides, and lipid-like molecules through a dynamic
conversion between inward and outward facing confor-
mations (Figure 5c).59 Using HDX-MS to study the con-
formational dynamics of Pgp, Li et al. identified
multiple peptides across Pgp displaying bimodal spectra
likely resulting from the inward and outward facing
conformations (Figure 5a).59 HDX-MS was performed in
both detergent and lipid nanodiscs to mimic the native
environment of this integral membrane protein and to
attempt to understand how different synthetic lipid sys-
tems influence protein structure, dynamics, and func-
tion. A larger number of peptides exhibiting bimodal
spectra suggestive of mixed EX1/EX2 kinetics were
identified in the nanodiscs compared to detergent
(Figure 5b). This observation may suggest the more
native membrane-like nanodisc environment slowed the

conformational interconversion rate in local regions
enough to resolve multiple conformational states. It is
also possible that the lipid packing in nanodiscs restricts
protein motion in a way that is not present in deter-
gent.60 Meanwhile, the conformational switching in
detergent likely takes place on a faster time scale effec-
tively masking certain peptides indicative of dynamic
conformational transitions. Peptides from ligand-free
Pgp displayed bimodals on different timescales; fast con-
formationally interconverting peptides only displayed
bimodals at the earliest time points (10 s and 1 min),
moderate peptides displayed bimodals up to 1 hr, and
peptides suggesting the slowest conformational transi-
tions displayed bimodal spectra up to 4 hr (Figure 5a).
The presence of mixed EX1/EX2 kinetics enabled the
authors to extract approximate half-lives for these inter-
mediate conformations. The authors deduced that the
presence of peptides exhibiting structural transitions on
different timescales likely implies that Pgp exists not
only as the inward or outward facing conformation but
instead is more dynamic and fluidly undergoes multiple
conformational transitions.

While often a protein's functional structure is visu-
alized as a single discrete state, this static image does
not represent the ensemble of states present in solution

FIGURE 4 HDX-MS reveals a novel functional state in protein kinase A ternary complex. Hydrolysis of cAMP by the protein kinase A

(PKA) and phosphodiesterase (PDE) ternary complex was monitored in real time by HDX-MS. A highly broad mass envelope appeared over

time in the ternary complex (top right spectra). Analysis of each component and their possible assemblies (spectra shown on the right) could

not explain the distribution seen in the ternary complex indicating this is a unique and catalytically active structural state. Source: Adapted

from Reference 54 with permission
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that contribute to that protein's functionality. This is
especially relevant for promiscuous proteins, such as
the Pgp transporter, which has an incredibly diverse
substrate pool or may interact with multiple partners
and ligands. By using HDX-MS to study changes in pro-
tein structure, it becomes possible to start to identify

and link specific structural changes to specific func-
tional events, to characterize the timescales of protein
motion during a conformational change, and to shift
the perspective on protein dynamics and conforma-
tional change away from a static image to one that cap-
tures a fluid, dynamic entity.

FIGURE 5 Dynamic conformational

changes in the integral membrane protein

Pgp. The ABCB1 transporter

P-glycoprotein P (Pgp) reversibly

interconverts between inward and outward

facing conformational states to facilitate

transport of ligand across the cell

membrane. HDX-MS of Pgp in lipid

nanodics and detergent micelles revealed

conformational transitions occurring on

multiple timescales across Pgp indicating

the presence of more than two discrete

conformational states (a–c). Binomial

fitting of bimodal isotopic distributions

enabled the deconvolution of multiple

coexisting HDX populations and analysis

of their conformational kinetics (a). In

nanodiscs peptides throughout Pgp

exhibited EX1 kinetics on three distinct

timescales; fast (red), moderate (yellow),

and slow (purple). In contrast Pgp

reconstituted in detergent micelles

contained fewer peptides exhibiting EX1

kinetics and did not contain those peptides

where fast transitions were observed in

nanodiscs (a and b). Peptides exhibiting

EX1 kinetics mapped onto Pgp structure by

their relative timescales (c). Source:

Adapted from Reference 59 with

permission
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5 | CONCLUSIONS

HDX-MS has evolved into a powerful and versatile solu-
tion state biophysical and structural technique capable of
probing protein structure and motion under native con-
ditions and in complex assemblies. Recent advancements
have enabled the investigation of protein folding inter-
mediates, the characterization of transient structure in
IDPs, and the real-time observation of large integral
membrane proteins during catalysis. These studies dem-
onstrate how HDX-MS can be readily applied to study
protein structural dynamics in systems with a scale and
complexity where other techniques have struggled. As
the field continues to evolve, the technique is becoming
increasingly powerful and accessible, further expanding
the scale and complexity of systems capable of being
studied. For example, HDX-MS has recently been used to
study the structural dynamics of proteins on intact
enveloped viruses such as dengue virus and influenza
virus.61–63 Similarly, the structural characterization of
integral membrane proteins in native membrane envi-
ronments by HDX-MS has become commonplace. What
were once considered pipedreams of structural
biology are now within reach. Furthermore, as HDX-MS
becomes used by a larger population of researchers, sig-
nificant efforts have been made across the field to stan-
dardize experimental procedures and data processing
and reporting practices.3,26
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