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Abstract

Conformational changes and protein dynamics play an important role in the catalytic efficiency of enzymes. Amide H/D
exchange mass spectrometry (H/D exchange MS) is emerging as an efficient technique to study the local and global changes in pro-
tein structure and dynamics due to ligand binding, protein activation–inactivation by modification, and protein–protein interac-
tions. By monitoring the selective exchange of hydrogen for deuterium along a peptide backbone, this sensitive technique probes
protein motions and structural elements that may be relevant to allostery and function. In this report, several applications of H/
D exchange MS are presented which demonstrate the unique capability of amide hydrogen/deuterium exchange mass spectrometry
for examining dynamic and structural changes associated with enzyme catalysis.
� 2004 Elsevier Inc. All rights reserved.
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The backbone of a protein contains a unique set of
tandem chemical reporters, the amide NH group. Back-
bone amide hydrogen/deuterium (H/D)1 exchange is
emerging as an attractive technique that has been used
for over three decades to investigate protein structure
and dynamics [1–6]. The kinetics of amide H/D ex-
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change can be measured by several methods, however
the two more commonly used techniques are nuclear
magnetic resonance (NMR) spectroscopy and mass
spectrometry (MS). The principal advantage of NMR
spectroscopy is that amide H/D exchange rates can be
determined for specific residues and hence has a high de-
gree of spatial resolution. The limitations of NMR spec-
troscopy lie in its modest sensitivity and difficulties with
proteins having molecular masses in excess of 50 kDa.

Driven by advances in instrumentation over the last
decade, mass spectrometry has emerged as an attractive
alternative to NMR [7] (for a comprehensive review see
[8]). Analysis of H/D exchange kinetics by mass spec-
trometry (H/D exchange MS) has certain advantages
in that there is no practical size limitation to the protein,
the working protein concentrations can be in the
sub-micromolar range, and the technique can be easily
extended to membrane proteins. Spatial resolution is
typically achieved by proteolysis and mass analysis of
the peptide fragments [9]. However, since H/D exchange
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MS yields information on short segments of the protein
its structural resolution is typically not as high as can be
achieved with NMR spectroscopy. This lack of site-spe-
cific information can, in principle, be resolved with the
use of tandem MS/MS techniques, which can yield the
same spatial resolution as the NMR method.

Amide H/D exchange mass spectrometry is a sensi-
tive technique that can be used to study the changes in
protein structure and dynamics due to protein–protein
interactions, ligand binding, and protein modification,
even if these changes are subtle. In addition, the tech-
nique can also be used to monitor protein folding or
to determine the stability of proteins under various con-
ditions. In this review, we present a brief survey of
amide H/D exchange MS as it relates to the investiga-
tion of enzyme structure and dynamics. The practicality
of H/D exchange MS to enzymology has been demon-
strated for a variety of enzymes, and has been used to
study local and long-range conformational changes that
occur in enzymes upon substrate and cofactor binding,
beyond mapping these binding sites [10–13]. In addition,
H/D exchange MS has been extended to enzyme com-
plexes with transition state analogs and inhibitors to
yield valuable structural and mechanistic data [14–17].
The use of H/D exchange MS to monitor the structural
effects of enzyme modification, such as phosphorylation,
has also been reported [10,18–20]. Structural and mech-
anistic information can also be obtained with active and
inactive mutant enzymes [21–23]. Topological informa-
tion for enzyme–peptide and protein–protein complexes
can also be attained by H/D exchange MS regardless of
size, and can even yield information as to how regula-
tory and catalytic subunits of an enzyme interact [24–
26]. These studies demonstrate the unique capability of
amide hydrogen/deuterium exchange mass spectrometry
for examining dynamic and structural changes associ-
ated with enzyme catalysis.
Hydrogen/deuterium exchange mass spectrometry

History

Hydrogen–deuterium exchange was first introduced
through the pioneering work of Linderstrøm-Lang and
colleagues in the mid-1950s, who after the discovery of
protein a-helices and b-sheets, realized that amide
hydrogen exchange rates should reflect the presence of
hydrogen bonded structure [1,2,27]. Linderstrøm-Lang
was also the first to note the relationship between the
rate of hydrogen exchange and protein dynamics, and
his mathematical descriptions form the basis for current
exchange models. The advent of liquid scintillation tech-
nology in the 1960s spurred the use of hydrogen–tritium
exchange to study native protein exchange rates [28].
Rosa and Richards [4] enhanced the spatial resolution
by combining proteolysis with newly discovered HPLC
separation techniques, and Englander et al. [3] improved
the technique in the early 1980s. In 1993, Zhang and
Smith [9] were the first to combine hydrogen–deuterium
exchange with mass spectrometry, while Johnson and
Walsh [29] first reported the use of electrospray ioniza-
tion in 1994. Improvements of the various steps of H/
D exchange MS have been reported since the mid-
1990s [10,30–32], and the technique is emerging as an
essential tool to study protein structure in solution.

Theory

Of the many exchangeable hydrogens present in a
protein, only those located on peptide amide linkages
are used for H/D exchange studies. The kinetics of
backbone amide H/D exchange is dependent on a vari-
ety of factors including protein structure, pH, and adja-
cent amino acid side-chains of the amide group [33,34].
Amide hydrogen chemical exchange with solvent can be
catalyzed by acid (D3O

+), base (OD�), water (D2O), or
buffer solutes. At neutral pH, exchange is base-cata-
lyzed (OD�) by proton abstraction (for a comprehen-
sive discussion see [35]). Despite the compact folded
structure of most proteins which hinders access by the
OD� catalyst, there are some solvent exposed amide
hydrogens that exchange relatively rapidly, with the
average intrinsic rate of the order of ki � 10 s�1 (pH
7, 25 �C) [34]. Amide protons that are inaccessible to
solvent or are participating in stable hydrogen bonds
must undergo transient distortion of local structure to
allow hydrogen bonding to the hydroxide ion and thus
have significantly slower exchange rates, by as much as
eight orders of magnitude, if they exchange at all
[9,27,35]. This significant decrease in the exchange rates
of amide hydrogens in a folded protein makes H/D iso-
topic exchange an excellent and sensitive probe for
monitoring protein conformational changes and dy-
namic processes [8].

The rate of H/D exchange in a folded protein de-
pends on structural fluctuations that result in ‘‘open’’
and ‘‘closed’’ conformations as illustrated in Fig. 1
[8,36]. According to the solvent penetration model, these
fluctuations allow access of the OD� catalyst, and
hydrogen-bonded or buried amide hydrogens may ex-
change through local or global unfolding mechanisms
and small-amplitude dynamic fluctuations [8,36]. Local
unfolding and dynamic motions are described by equi-
libria between solvent-inaccessible and solvent-accessi-
ble protein states. For this mechanism, the
experimental rate constant for exchange (kex) is given
by Eq. (1),

kex ¼ koki=ðko þ kc þ kiÞ; ð1Þ
where ki is the intrinsic rate constant for exchange (i.e.,
the exchange rate constant in the fully unfolded form),



Fig. 1. Linderstrøm-Lang model of hydrogen exchange. Amide
hydrogen exchange at neutral pH involves protein structure fluctua-
tions that result in open and closed conformations, which are described
by the kinetic rates of opening and closing, ko and kc, respectively.
Hydrogens which are involved in hydrogen bonding or are solvent
inaccessible exchange with a rate constant (kex) that is dependent on
the equilibrium fluctuations between the open and closed states (ko and
kc) as well as the intrinsic rate of exchange for an individual amide
hydrogen. The equations describing the EX2 and EX1 exchange
regimes are shown [1,33,36,37].

Fig. 2. Method overview of H/D exchange mass spectrometry. A
native protein (pH 7.0, 25 �C) is incubated with D2O to initiate
exchange of amide hydrogens. After incubation, the exchange is
quenched by lowering the pH to 2.4 and temperature to 0 �C. Pepsin is
added and the resulting peptides are injected onto a reverse-phase
column and separated by HPLC connected in-line to a mass
spectrometer.
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and ko and kc are the rate constants of opening and clos-
ing, respectively. For most stable proteins at neutral pH,
the rate of closing is much faster than the rate of open-
ing (kc � ko). In one amide hydrogen exchange mecha-
nism termed EX2, or uncorrelated exchange, refolding
of the locally unfolded form occurs much faster than
the rate of hydrogen exchange (kc � ki). The rate
expression can be further simplified as in Eq. (2) [36].

kex ¼ koki=ðkc þ kiÞ ¼ ðko=kcÞki: ð2Þ
This rate expression for amide proton exchange depends
on the rate constant for intrinsic exchange and the equi-
librium constant between the open and closed states
(Keq = ko/kc) which embodies the molecular dynamics
of the protein occurring on the microsecond to millisec-
ond timescales [8].

In another extreme termed EX1, or correlated ex-
change, the rate of intrinsic amide hydrogen exchange
is much faster than the rate of closing (ki � kc), and
the rate constant for exchange is a measure of the rate
of opening (ko). The rate expression (Eq. (1)) simplifies
to Eq. (3) [36,37].

kex ¼ ko: ð3Þ
In this exchange regime, global unfolding motions in-
volve the simultaneous exposure of many amide hydro-
gens in a region to solvent. For unstable protein
structures, whether native or induced by denaturants,
the observed exchange rate is independent of the intrin-
sic rate of exchange for a particular amide hydrogen and
is governed by exposure to solvent upon protein unfold-
ing events. Where EX2 exchange leads to a random dis-
tribution of deuterium within a peptide, EX1 exchange
yields peptides that have regions that contain either no
deuterium or fully deuterated leading to a bimodal iso-
tope pattern in the mass spectra. For these proteins,
unfolding events occur on a millisecond timescale [36].

Method overview

The general procedure used to study amide H/D ex-
change kinetics by mass spectrometry is depicted in
Fig. 2 and begins with initiating isotopic exchange of
amide hydrogens (‘‘in-exchange’’) by incubating the
folded protein in D2O (pH 7, 25 �C) for a series of time
points anywhere from 10 s to days, if needed. Isotopic
exchange is quenched by decreasing the pH* to 2.4 and
the temperature to 0 �C. Lowering both the tempera-
ture and pH results in an �105 reduction in the ex-
change rate, thereby ‘‘trapping’’ the deuterium label
by reducing the back-exchange of hydrogen onto the
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amide group [38]. Importantly, other exchangeable
groups on the protein exhibit relatively rapid back ex-
change, hence the trapped isotope resides exclusively in
the backbone amide groups. In addition, the low pH*
mildly denatures the protein to facilitate the subse-
quent cleavage by pepsin, an acid-stable protease.
These pepsin-generated peptide fragments, whose ami-
no acid sequences have been confirmed by tandem
MS/MS or other techniques, are separated by HPLC
at 0 �C and introduced directly into a mass spectrome-
ter usually by positive ion electrospray ionization
(+ESI). The level of amide-based deuterium incorpo-
rated into each peptide can be determined by the
change in molecular mass as a function of time, after
correction for any in-exchange during digestion (m0%)
and loss of the deuterium label during fractionation
(m100%). The corrected amount of incorporated deute-
rium (D) calculated from the centroid of the peptide
isotope mass envelope is given by Eq. (4),

D ¼ N
mt � m

0%
m

100% � m
0%

 !" #
; ð4Þ

where N is the total number of exchangeable amide
hydrogens minus any proline residues and the N-termi-
nal amide, and where m0%, mt, and m100% are the
average molecular masses of the same peptide in the
non-deuterated, the partially deuterated at time t, and
the fully-deuterated control samples, respectively [9].
The corrected amount of deuterium (D) in each peptide
is then plotted versus time and fit to the sum of first-or-
der rate terms given by Eq. (5),

D ¼ N �
XN
i¼1

expð�kitÞ; ð5Þ

where N is the number of amide protons that exchange
at a given rate constant, ki, during the time allowed for
isotopic exchange, t [9]. In practice, amide hydrogen ex-
change rates can be divided into rapid, intermediate, and
slow exchange regimes and these progress curves can be
fit to between one and three exponentials depending on
the complexity of the exchange process and the number
of data points collected.

It is certainly possible to measure the individual rate-
constant for H/D exchange of a site or groups of sites in
a protein with a high degree of precision. However, one
of the most informative uses of the technique is derived
from the comparison of the experimental rate constant
for exchange of a perturbed state, kex, to that of some
reference state, krefex . In the EX2 exchange limit, for
example, the ratio of the rate constants is a good esti-
mate of the ratio of equilibrium constants for a confor-
mational fluctuation. Thus changes in the exchange
rates, for instance in a mutant protein, can be directly
related an alteration in the equilibrium position of a
conformational fluctuation (Eq. (6)) [21].
kex=k
ref
ex � ðko=kcÞ=ðko=kcÞref ¼ Kconf=Kref

conf : ð6Þ
Structure and dynamics

Amide hydrogen/deuterium exchange kinetics can
vary dramatically within a protein due to hydrogen
bonding, solvent accessibility, and backbone flexibility
[33,34]. Therefore, the amide exchange rate is highly
dependent on protein structure, as well as dynamics.
With respect to enzymes, the rate of amide hydrogen ex-
change provides essential information for understanding
function and mechanism by defining the dynamic pro-
cesses the enzyme undergoes, whether on a local or glo-
bal scale. To understand any structure–function
relationship, it is imperative to localize the regions of
the enzyme that are changing. Measurements of protein
dynamics are crucial to understanding enzyme function,
since static protein structures are inadequate in describ-
ing the sometimes subtle, yet seemingly complex nature
of enzymatic processes.
Glutathione transferase M1-1: segmental dynamics of

an active site mutant

Class mu glutathione transferase rGSTM1-1 metabo-
lizes toxic alkylating agents by catalyzing the addition of
glutathione (GSH) to endogenous and xenobiotic elec-
trophilic compounds. Each subunit of rGSTM1-1 is
composed of two domains, an N-terminal GSH binding
domain (domain I) and a C-terminal substrate binding
domain (domain II) [39]. Previous work established that
Tyr115, located in domain II, was an important residue
in catalysis [40]. The subsequent crystal structure indi-
cated that Tyr115, which was hydrogen-bonded with
Ser209 near the C-terminus, could act as a physical bar-
rier to product release from the active site [21,39]. The
structure of the Y115F mutant (Fig. 3) revealed a similar
structure to that of the native enzyme with minor back-
bone alterations near the site of mutation, as well as in
the C-terminal tail due to the loss of hydrogen bonding
interactions [21].

As reported by Codreanu et al. [21], H/D exchange
MS of this mutant showed enhanced exchange kinetics
in the regions of the enzyme that form the channel to
the active site, including distal residues in the C-terminal
tail, as well as in the mu loop of domain I where contact
with the C-terminal tail has been disrupted (Fig. 3). It is
important to note that the �3-fold increase in kcat of the
Y115F mutant is very similar to the magnitude of change
in kex for the peptide segments near the access channel
[21,40]. These data suggest that the change in molecular
dynamics in the Y115F mutant involves coupled motions
affecting product release. Taken together with the struc-
ture and other biochemical evidence, not only is Tyr115



Fig. 3. The Y115F mutant of glutathione transferase M1-1. Shown in
gray is the X-ray crystallographic structure of one monomer of dimeric
GSTm1-1 (PDB entry 1mtc) [21]. Active site residues are in orange
(Tyr6, Trp7, and Trp45). Phe115 and Ser209 are shown in magenta.
Regions which show enhanced H/D exchange are as follows: mu loop
(red), C-terminal tail (green), and a4-turn-a5 structural element
harboring the Y115F mutation (blue) [21]. This figure was generated
with PyMOL [114].

Fig. 4. The C-subunit of protein kinase A. Shown in gray is the X-ray
crystallographic structure of one C-subunit of PKA (PDB entry 1atp)
[62]. ATP (red) binds in the active site pocket between the two lobes of
the C-subunit. The glycine-rich loop is depicted in magenta, the C-
helix in green, the catalytic loop in blue, and the C-terminal tail in
cyan. The conserved dyad of Lys72 and Glu91 oriented toward the
ATP-binding site are indicated. This figure was generated with
PyMOL [114].
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an important residue for function, but it also plays a
structural role in catalysis by altering the release of prod-
uct from the active site. Thus, amide H/D exchange
kinetics by mass spectrometry can provide essential dy-
namic information for enzyme segmental motions that
are important for catalysis, such as product release from
an active site. This type of information is rarely reflected
in a static X-ray crystallographic structure.

Thermophilic alcohol dehydrogenase:

thermal-activated protein motions

Alcohol dehydrogenase from the thermophilic
organism Bacillus stearothermophilus (htADH), an en-
zyme that catalyzes the reversible NAD+-dependent
oxidation of alcohols to aldehydes/ketones, is known
to exhibit temperature-dependent kinetic isotope effects
with hydride transfer [41]. Theoretical models have
predicted that the enhanced hydrogen transfer ob-
served at higher temperatures may be due to increased
protein motions, or conformational sampling, that
optimize configurations for the overlap of substrate
and product wave functions [41–43]. Since protein mo-
tions are a dynamic process, Liang et al. utilized amide
H/D exchange MS to study whether htADH confor-
mational flexibility was temperature dependent, and
whether changes in protein mobility correlated with
the rate of catalysis at elevated temperatures [44,45].

Amide hydrogen–deuterium exchange on apo-
htADH was carried out between 10 and 65 �C and as ex-
pected, many peptides displayed H/D-exchange patterns
where the rate of exchange increases with temperature in
an Arrhenius fashion [44]. A second subset of peptides
located around the substrate- and NAD+-binding sites
exhibited discontinuous H/D-exchange behavior with a
clear transition at �40 �C. Weak temperature-depen-
dence on the rate of exchange is observed below the
transition temperature, whereas more significant tem-
perature-dependence is seen above the transition tem-
perature. Interestingly, a third subset of peptides
located in the substrate-binding domain exhibits the
transition at �30 �C and a correlation plot of the aver-
age rate constants for H/D-exchange and kcat measured
at temperatures above 30 �C reveals a linear correlation
between the two rates [42,45]. These results indicate that
local protein motions at higher temperatures, specifi-
cally in the substrate-binding domain, enhance catalysis
by populating higher-energy protein structures that re-
sult in more efficient hydride transfer.

MAP kinase kinase-1: dynamic motions

accompanying activation

Mitogen-activated protein kinase kinase-1 (MKK1)
is a key enzyme of the MAP kinase-signaling pathway
involved in the regulation of cell growth, differentiation,
and stress response [46]. As part of the cascade, MKK1
is activated by phosphorylation of Ser218 and Ser222,
located within a loop as part of the conserved structural
core [47,48]. Mutation of both Ser218 and Ser222 to
acidic residues (S218E, S222D) along with a deletion
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of putative a-helical residues 44–51 results in a constitu-
tively active mutant enzyme that is 530-fold more active
than wild-type MKK1 [22,49,50]. Mutating the Ser res-
idues is thought to mimic the effect of phosphorylation
by enhancing the negative charge of the loop, while
the deletion of 44–51 presumably disrupts structural
constraints at the N-terminus [49].

Resing and Ahn addressed what role enzyme dynam-
ics contributed to the molecular switch between inactive
and active enzyme using amide H/D exchange MS [22].
The activated mutant enzyme exhibited decreased ex-
change rates in the proposed activation loop around
the site of the mutations, attributed to the formation
of new electrostatic interactions. This result is supported
by structures of other protein kinases in which ionic
interactions between residues in helix C and phosphory-
lated amino acids in the activation loop were observed
[51,52]. Interestingly, within the N-terminal domain of
the activated protein where other kinases are known to
make several contacts with ATP [53,54], H/D exchange
rates were increased. ADP release is known to be the
rate limiting step of catalysis for a related kinase, there-
fore enhanced backbone dynamics in activated MKK1
could allow for the conformational changes upon ATP
binding and ADP release [55]. These data suggest that
MKK1 is activated through localized dynamic motions
and increased flexibility, as well as domain closure
involving the activation loop itself.
Ligand binding and protein modification

One of the most common uses for H/D exchange MS
is to map unknown ligand binding sites, whether that li-
gand is a cofactor, substrate, inhibitor, or transition
state analog, and to correlate the observed changes in
enzyme dynamics to mechanism. H/D exchange MS
can help to identify active sites of enzymes, especially
in the absence of a high-resolution structure, and is
now being used as a high-throughput screen to localize
the binding sites for small molecule inhibitors [56,57].
Others use H/D exchange MS to monitor how protein
modifications such as phosphorylation modulate activ-
ity of an enzyme, where modification of a single residue
may lead to local and/or long-range changes in dynam-
ics that can affect enzyme activity [10,20,58,59]. H/D ex-
change MS can reveal small perturbations in protein
motions as a result of allostery or protein modification
that many other structural techniques may not observe.

Protein kinase A: ATP-binding affects distal element

to form ‘‘closed’’ complex

Protein kinase A (PKA) is an enzyme of the cAMP
signal-transduction pathway that phosphorylates pro-
teins involved in the pathway. The active site lies within
a pocket between two lobes of the catalytic domain (C-
subunit), where ATP and a protein substrate bind (Fig.
4) [60–62]. The active site switches between the open and
closed conformations by motions between the two lobes.
Kinetic studies suggest that turnover is partially rate-
limited by conformational changes occurring after sub-
strate phosphorylation that have been linked, in part,
to nucleotide binding and release [63–66].

To address the nature of the conformational changes
that occur after phosphoryl-transfer, the ADPÆC-sub-
unit complex was subjected to H/D exchange MS by
Andersen et al. [11] and compared with the apoC-sub-
unit. Four regions of the C-subunit displayed decreased
exchange in the presence of ADP. Significantly reduced
exchange was localized to the conserved glycine-rich
motif involved in nucleotide binding, as well as to the
active site catalytic loop (Fig. 4). Part of helix-C, impli-
cated in activation, also showed decreased exchange de-
spite having no direct interactions with bound
nucleotide [62]. In fact, these data support the hypothe-
sis that ADP-binding may stabilize the closed state by
forming a conserved electrostatic dyad (K72-E91),
where K72 is known to interact with the phosphates of
ATP [52,67,68]. Finally, a region of the C-terminal tail
exhibited decreased exchange in the presence of ADP,
consistent with this region being involved in the closed
conformation and contributing to the nucleotide-bind-
ing site. H/D exchange MS provided evidence that
nucleotide binding by PKA resulted in previously unde-
fined changes in local and distal dynamics within the
catalytic subunit that may reflect a portion of the rate-
limiting step in catalysis.

Hypoxanthine–guanine phosphoribosyltransferase:

insights into a transition-state complex

One essential enzyme for parasitic protozoan purine
uptake is hypoxanthine–guanidine phosphoribosyltrans-
ferase (HGPRT), which specifically catalyzes the
reversible Mg2+-dependent phosphoribosyl transfer
from a-DD-5-phosphoribosyl 1-pyrophosphate (PRPP)
to hypoxanthine or guanine to form IMP or GMP,
respectively. The Immucillin phosphate ImmGP, a mi-
mic of the hypothetical GMP oxocarbenium transition
state (Fig. 5A), specifically inhibits HGPRT [69,70].
The crystallographic structure of human HGPRT in
complex with ImmGP and Mg2+-pyrophosphate
(MgPPi) revealed that the transition-state analog is
shielded by an antiparallel b-sheet, which was previously
a disordered catalytic loop that moved �25 Å to cover
the active site (Fig. 5B; green) [70,71].

Wang et al. [14] used H/D exchange MS to explore
the difference in solvent accessibility between three
HGPRT complexes: (i) GMP ÆMg, with a partially filled
active site; (ii) the internally equilibrating Michaelis
complex of IMP Æ MgPPi (94%); and (iii) the transi-



Fig. 6. CheB methylesterase. Shown is the X-ray crystallographic
structure of one monomer of dimeric CheB (PDB entry 1a2o) [74]. In
the catalytic domain (gray), active site residues Ser164, His190, and
Asp286 are depicted in magenta. The regulatory domain is indicated in
green and Asp56, the site of phosphorylation, is in red. Two peptides
at the domain interface which exhibited enhanced hydrogen exchange
upon phosphorylation are in shown in cyan [58]. This figure was
generated with PyMOL [114].

Fig. 5. HGPRTÆImmGPÆMgPPi. (A) Shown are the proposed HGPRT
transition state and the transition state mimic ImmucillinGP [69]. (B)
Shown in gray is the X-ray crystallographic structure of one monomer
of tetrameric hypoxanthine–guanine phosphoribosyltransferase in
complex with ImmucilinGP (ImmGP; blue), Mg2+ (purple), and
pyrophosphate (PPi; red) [70]. The structural features that undergo
changes in hydrogen exchange are indicated as follows: the subunit
interface (red), the catalytic loop (green), and the phosphate binding
loop (cyan). This figure was generated with PyMOL [114] using PDB
entry 1bzy.
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tion-state analog ImmGP ÆMgPPi. For the catalytic
loop, both the GMPÆMg and Michaelis complexes exhi-
bit significant H/D exchange presumably due to dy-
namic fluctuations. These motions are diminished
upon forming the transition state complex, possibly
the result of new hydrogen bonds [70,71]. Unexpectedly,
a portion of the subunit interface also exhibits reduced
exchange upon formation of the Michaelis complex
(Fig. 5B), with additional reduction observed for the
transition-state complex, and can be attributed to the
before unrecognized dynamic nature of the interface.
Also, bound phosphonucleotides were not sufficient to
shield the phosphate-binding loop from solvent accessi-
bility, and only the transition-state analog was able to
slightly reduce exchange in this region (Fig. 5B). Given
that the dissociation rate of the transition complex is
too slow to explain the rapid exchange [69], the research-
ers suggested that the two water molecules H-bonded to
phosphate oxygens become ‘‘trapped’’ when the cata-
lytic loop closes, forming proton transfer bridges to lo-
cal amides [70]. H/D exchange MS has provided new
information of how interactions between substrate and
enzyme lead to a catalytically favorable transition state.
Methylesterase CheB: phosphorylation-driven motions

at the interdomain interface

CheB, a methylesterase, is involved in a bacterial che-
motaxis signaling cascade pathway by specifically deme-
thylating methylglutamate residues of other cascade
proteins [72]. As a part of the pathway, CheB is acti-
vated by phosphorylation of the N-terminal regulatory
domain at Asp56 (Fig. 6) [20,73]. When non-phosphor-
ylated, the regulatory domain is proposed to act as an
inhibitor by obstructing access to the active site located
in the C-terminal effector domain [74]. It is thought that
phosphorylation, although distant from the active site,
leads to conformational changes within the interface
linking the two domains [73,74]. In the absence of a
structure of phosphorylated-CheB, it is unclear how
phosphorylation-induced conformational changes of
the regulatory domain are communicated to the effector
domain.

Hughes et al. [58] employed H/D exchange MS to ad-
dress how phosphorylation affects solvent accessibility
at the interface between the regulatory and catalytic do-
mains (70% phosphorylation at equilibrium). Increases
in solvent accessibility were expected if phosphorylation
reorients the regulatory domain allowing access to the
active site. Such increases were observed in two regions
of the catalytic domain containing key residues involved
in domain–domain contacts (Fig. 6). However, no such
increases in exchange were seen in the regulatory do-
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main. Deletion of the regulatory domain of CheB indi-
cated that the regulatory domain does protect the inter-
facial region of the catalytic domain from exchange,
therefore the lack of changes in solvent accessibility of
the regulatory domain may be due to slower motions
that were unobservable over the short time course mon-
itored (5 min). H/D exchange MS revealed that phos-
phorylation leads to increased solvent accessibility
along the edges of the catalytic domain, however the lin-
ker region and the regulatory domain do not fully
uncouple from the catalytic domain, leading to much
more subtle changes than predicted based on structure
alone.
Fig. 7. The R-subunit of PKA residues 113–224. Shown in gray is one
monomer of the RIa(113–224) subunit of protein kinase A (PDB entry
1rgs) [75]. The psueosubstrate cAMP is shown in red. The general
structural elements which exhibited altered hydrogen exchange kinetics
are as follows: the linker region (cyan), helix A of cAMP-binding
domain A (green), helix B of cAMP-binding domain A (blue), the C-
subunit binding interface (magenta), and the cAMP-pseudosubstrate
binding pocket (orange). This figure was generated with PyMOL [114].

Fig. 8. Human a-Thrombin. Shown in gray is the X-ray crystallo-
graphic structure of human a-thrombin with an inhibitor (PPACK,
not shown) [115]. The catalytic triad (His57, Asp102, and Ser195) of
the active site is shown in magenta. Specific segments that exhibited
decreases in hydrogen exchange are indicated as follows: the anion
binding exosite (ABE1; blue), the tunnel to the active site (green), and
the residues flanking the active site (cyan). This figure was generated
with PyMOL [114] using PDB entry 1 ppb.
Protein–protein and subunit–subunit interactions

Enzyme activation or inhibition can also be achieved
by protein–protein and subunit–subunit interactions
usually involving catalytic and regulatory subunits. In
some cases, heteromultimeric complexes must be assem-
bled in vivo for full activity. H/D exchange MS can pro-
vide insight into the solution behavior of these
complexes that cannot be gleaned from three-dimen-
sional structures. In some cases where a structure cannot
be obtained, this technique can be utilized to map the
interaction interfaces and even to reveal local and distal
dynamic changes that affect enzyme active sites.

Protein kinase A: catalytic-regulatory subunit
interactions affect distal substrate binding

PKA, introduced earlier, is composed of two regula-
tory (R) and two catalytic (C) subunits to form the tet-
rameric holoenzyme. The R-subunit is made of four
domains: the dimerization/docking domain, the pseudo-
substrate domain, and two tandem cAMP-binding do-
mains (A and B) [75]. Cyclic AMP binds sequentially
to the B and A domains, respectively, which leads to
cooperative dissociation of the R-subunit from the C-
subunit [76,77]. The primary interaction between the
C- and R-subunits occurs at the cAMP-binding A do-
main, as well as at the pseudosubstrate region [78].

To understand how the essential residues of the regu-
latory subunit, RIa(94–224), interact with the catalytic
subunit [79], H/D exchange MS was utilized by Anand
et al. [80] to map these interactions and build a model
of cAMP-mediated regulation of PKA activity (Fig.
7). When the C-subunit was bound to RIa(94–224), de-
creased solvent accessibility was observed for the
pseudosubstrate region, a linker region not previously
determined, and for specific helices (A and B) of the A
domain, as well as increased exchange within the
cAMP-binding pocket. These data lead to a model
where C-subunit binding to the A domain of the R-sub-
unit induces conformational flexibility into the distal
cAMP binding pocket, and that C-subunit binding pro-
motes release of cAMP from the R-subunit [80].

Thrombin–thrombomodulin: mapping the TM binding
interface

Thrombin, a multifunctional protease, participates in
the blood clotting cascade by catalyzing the proteolytic
cleavage of two different substrates, fibrinogen and pro-
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tein C [81,82]. Thrombomodulin (TM) is a transmem-
brane regulatory protein that binds to thrombin, alter-
ing the substrate specificity from fibrinogen to protein
C, to promote anti-coagulation [82,83]. Thrombin is
postulated to recognize specific protein substrates using
residues distal from the active site, including the anion
binding exosite 1 (ABE1) [84,85]. A structure of the
thrombin–TM model peptide complex indicated that
TM also binds thrombin at ABE1, which prevents
fibrinogen binding and promotes protein C binding,
but does not appear to create marked structural changes
at the active site [86].

Mandell et al. [25] employed H/D exchange MS to
map the core of the complex interface and the allosteric
effects TM model peptide binding had on thrombin
activity (Fig. 8). Consistent with the TM-complex
structure [86], the most solvent inaccessible amides
were found within ABE1 and constitute the interface
core, while additional protected amides reside within
the ABE1 flanking regions. Both surface and buried
amides located along a pathway to the active site also
show decreased solvent accessibility, which may be
implicated in an allosteric response whereby constraints
for protein C binding are removed. Future H/D ex-
change MS studies into the mechanism of allosteric
changes revealed two possible pathways that connect
the active site to the distal ABE1 [87]. Together, H/D
exchange MS provide insight into the allosteric link be-
tween thrombomodulin binding at the distal anion
binding site and the thrombin active site, thereby mod-
ulating substrate specificity.
Fig. 9. H/D exchange of MGST1. (A) Shown is a cartoon of the
predicted secondary structure of membrane bound microsomal gluta-
thione transferase-1 along with a summary of the changes in H/D
exchange observed upon the addition of glutathione (GSH) [10]. Those
that showed decreased and increased exchange are in blue and red,
respectively. Cys49, the site of NEM-alkylation, is indicated with an
asterisk (*). Note the two peptides in red in helices 1 and 3, 19–23 and
104–106, respectively. (B) Shown are the kinetic traces of deuterium
incorporation into peptides 19–23 (d, solid lines) and 104–106 (j,
dashed lines) as a function of time for apoMGST1 (black) and GSH-
MGST1 (blue).
Membrane proteins

In general, membrane protein structure and dynam-
ics are more difficult to study by most physical tech-
niques. For many membrane proteins, H/D exchange
can be monitored by attenuated total reflection Fou-
rier transform infrared spectroscopy (ATR-FTIR),
however only global solvent accessibility information
is obtained [88]. Solid and solution state NMR tech-
niques can also be employed but data collection can
be limited by protein solubility and size [89,90]. Re-
cently, H/D exchange MS has been applied to
MGST1, full-length integral membrane protein, in
both detergent and proteolipid complexes [10], provid-
ing significantly improved spatial resolution compared
to ATR-FTIR. Previous H/D exchange MS studies
have only focused on model transmembrane peptides
of small size [91–95]. For those membrane-associated
enzymes where structural information is limited, work
with MGST1 has demonstrated that H/D exchange
MS is a sensitive and attractive tool to study protein
conformational changes associated with ligand binding
and/or activation in solution [10].
Microsomal glutathione transferase-1: locating dynamic

areas within a membrane-protein

The membrane-bound, microsomal glutathione
transferase (MGST1) exists as integral membrane
�51 kDa homotrimer that binds and ionizes a single
molecule of GSH [96,97]. After the rapid equilibrium
association of GSH, there is a rate-limiting conforma-
tional transition to form the tight enzyme–thiolate com-
plex [98–100]. Alkylation of Cys49 in the cytosolic
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domain by N-ethylmaleimide (NEM) enhances the rate
of this conformational transition and serves to activate
the protein [99,100]. Two separate three-dimensional
maps, calculated to a resolution of 6 Å from two-dimen-
sional crystals, are consistent with each subunit consist-
ing of a membrane-spanning four-helix bundle where
the only difference in the structures is a change in incli-
nation of the helices [101–103]. It is likely that the differ-
ence in the observed helix angles represents an inherent
flexibility of MGST1 and may be indicative of the con-
formational transition required to form the enzyme–thi-
olate complex.

H/D exchange MS can reveal the nature of the con-
formational transition upon GSH binding and ioniza-
tion, as well as identify the mechanism by which
NEM-modification activates an MGST1-detergent
complex. Busenlehner et al. [10] reported significant de-
creases in the exchange kinetics of the cytosolic seg-
ments that occur upon GSH binding and are
consistent with extensive re-ordering of this domain
(Fig. 9A). In addition, two peptides in the interior of
helices 1 and 3 show an increase in exchange, likely
representative of the cooperative conformational tran-
sition which involves reorientation of the transmem-
brane helices (Fig. 9B). NEM-alkylation of Cys49 in
the cytosolic domain results in decreased exchange near
the site of modification, but also leads to the same in-
creases in exchange within helices 1 and 3. Thus,
NEM-alkylation pre-organizes the helices to facilitate
the conformational transition required for GSH bind-
ing and ionization, resulting in activation. The H/D ex-
change MS method was also extended to catalytically
active, two-dimensional crystals of an MGST1–
phospholipid complex in the presence of GSH to con-
firm that the conformational changes observed reflected
the behavior of the protein in a membrane. This study
indicated that the stress-sensor Cys49 acts as a molec-
ular switch which re-orients at least two transmem-
brane helices into a more favorable conformation for
GSH binding and ionization.
Future directions of amide H/D mass spectrometry

Site-specific H/D exchange MS using tandem mass

spectrometry

One of the main limitations of H/D exchange MS is
the amount of spatial, and therefore structural, resolu-
tion that can be obtained. Pepsin cleavage results in
many peptides that may cover an entire protein se-
quence and if some peptides overlap in a specific way,
manual subtraction of the kinetic data can lead to
increased spatial resolution. However, unit resolution
is not possible for most proteins using this method.
Many researchers have turned to site-specific H/D ex-
change MS, which utilizes tandem-MS techniques
(MS/MS) to further fragment peptide ions in the gas
phase into daughter ions leading to deuteration kinetics
of individual amides. Although scrambling of the deute-
rium along the backbone during collision-induced disso-
ciation may be problematic [29,93], many researchers
have found that specific daughter ions of model peptides
gave more reliable exchange data [30,92–94]. The utility
of site-specific H/D exchange MS rivals that of NMR
methods, but can be applied to proteins that may not
be amenable to NMR spectroscopy. So far, site-specific
H/D exchange MS has been applied to a few small pro-
teins including insulin [104], viral fusion peptide [105],
thioredoxin [106], cytochrome c [30], and model trans-
membrane peptides [92,94]. One of the more recent ad-
vances to the technique interfaces Fourier transform
ion cyclotron resonance (FT-ICR) with MS to study
protein structure [107,108] with increased sensitivity
and mass accuracy.

H/D exchange MS on large multimeric complexes

H/D exchange MS is also particularly well suited to
study large multi-subunit proteins and macromolecular
complexes. Since the H/D exchange MS method em-
ploys a digestion step after pulse labeling with deute-
rium, the size and complexity of the protein become
less of an issue. The combination of pepsin and other
acid proteases, whether used individually as complemen-
tary experiments or together in a protease ‘‘cocktail,’’
may also increase spatial resolution [32]. Other physical
techniques such as NMR spectroscopy have size limita-
tions that H/D exchange MS theoretically does not
have. Currently, large homo-oligomeric complexes such
as rabbit muscle aldolase (157 kDa tetramer), acet-
ohydroxy acid isomeroreductase (114 kDa dimer), and
retinoid X receptor (92 kDa dimer) have been amenable
to this technique [13,109,110]. Heteroligomeric com-
plexes have been less extensively studied using H/D ex-
change MS with the full complex, however H/D
exchange data have been acquired on individual sub-
units of the F1-ATPase supramolecular complex and
on truncated subunits of protein kinase A (�100 kDa
complex) [80,111]. H/D exchange MS appears poised
to make a significant contribution to the study of struc-
ture and dynamics of these important biological
complexes.

H/D exchange MS in the millisecond time domain

Practically, measuring exchange rates for some amide
protons by H/D exchange MS is limited to the inherent
‘‘hands on’’ nature of the experiment. In most cases, the
shortest incubation time that can be performed with
manual mixing is usually around 10 s. Therefore, addi-
tional exchange information is lost for those amide link-
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ages that exchange far too fast to be followed by manual
mixing techniques. Many of these amide protons may be
reside in loops or unstructured regions that may be
important for enzyme catalysis, for example the mu loop
in rGSTM1-1 or the catalytic loop for HGPRT dis-
cussed previously [14,21].

Pulse-labeling with deuterium can be extended into
the millisecond time domain with easily modified ra-
pid-quench techniques and has been demonstrated for
cytochrome c by Dharmasiri and Smith [112] and for
apomyoglobin by Tsui et al. [113]. Given that the half-
life for intrinsic exchange of a typical amide proton at
pH 7 and 25 �C is approximately 70 ms [33], exchange
at or near the intrinsic rates can be measured with this
technique. H/D exchange MS using a rapid quench
apparatus may also include an on-line immobilized pep-
sin column prior to LC/MS, which is currently utilized
by several researchers [31]. Amide exchange rates of
these rapidly exchanging protons can yield much more
structural information about the solvent accessibility
of particular amides that may be catalytically important.
Conclusions

Although many techniques provide structural infor-
mation that is indispensable for enzymology, one must
not overlook the importance of protein dynamics to
catalysis. H/D exchange mass spectrometry has made
significant contributions to the understanding of the role
dynamics plays in enzyme-catalyzed reactions. The prac-
ticality of the method lies in the fact that amide hydro-
gens are sensitive probes of protein secondary structure,
solvent accessibility, and protein motions. The recent
advances in mass spectrometry allow site-specific infor-
mation to be gleaned from amide H/D exchange exper-
iments, and now H/D exchange MS is emerging as an
attractive alternative to other structural techniques due
to the exceptional capability of examining both dynamic
and structural changes.
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