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Abstract
Differential hydrogen/deuterium exchange (H/DX) coupled with mass spectrometry (H/DX-MS)
offers a rapid and sensitive characterization of changes in protein following perturbations induced
by changes in folding, ligand binding, oligomerization, and modification. The characterization of
H/DX rates in software tools and automated data processing often relies on the centroid mass
calculation, and, thereby, the deuterium distribution in the mass spectra is neglected. Here we
present an example demonstrating the clear limitation of using only a centroid approach to
characterize the H/DX rate, in which the change in protein is not reflected as the difference in
deuterium uptake based on centroid calculation.

Introduction
Hydrogen/deuterium exchange mass spectrometry (H/DX-MS) has emerged as a powerful
tool for the analysis of protein conformation and dynamics (1–4). H/DX studies focus
principally on the backbone amide hydrogens (-CO-NH-) that exchange at rates that can be
followed by MS. These rates are good readouts for protein dynamics at the global, peptide,
and soon even at the amino-acid level (1, 5).

H/DX studies often involve a comparison of conformational dynamics, in which the H/DX
rate of a region of a protein in one state is compared to that of the same region following a
perturbation. The perturbation can be ligand binding, mutation, posttranslational
modification, protein activation, and formation of a complex or oligomer. Changes to the H/
DX rates readily reflect the changes in protein after exposure to stimuli. As a result, they can
be used to identify ligand binding sites (5–7), protein-protein interfaces (8–10), and
allosteric effects (11–13).

The most widely used approach for measuring H/D exchange rates at the retional or peptide
level follows the isotope clusters of the peptides for various H/D exchange time points,
calculates the centroid mass of the isotope cluster, and subtracts the centroid mass of
undeuterated peptides from that of deuterated peptides (Supplemental Figure 1). The source
of information is the mass spectrum, which originally was processed manually in a tedious
and time-consuming way. To ease this burden, a number of software programs have been
developed to extract automatically the deuterium isotope patterns (14–20). A possible
problem associated with centroid calculation is that it neglects the deuterium distribution
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and outputs a single value (21). Consequently, information from the distribution is often
lost. An example is evidence for EX1 behavior, which may offer an important clue about
protein function.

In most cases, one is able to assess the changes because there are differences in the
deuterium uptake from centroid calculation. We found, however, that simply calculating the
centroid mass of target peptides can lead to a wrong conclusion. When we investigated the
changes induced by Ca2+ binding to an N-terminus truncated DREAM (downstream
regulatory element antagonist modulator), we found that there is no difference in the H/DX
rate for one peptide from EF-hand 2 (of four EF hands) based on centroid calculation, but
upon closer examination, this region shows changes upon Ca2+ binding. The purpose of this
note is to illustrate this phenomenon and in so doing to urge practitioners to examine the
isotopic distributions in mass spectral H/DX of proteins.

Experimental
Materials

All chemicals were from Sigma (St. Louis, MO) unless otherwise noted. Short full-length or
sFL DREAM (amino acid residues 95–256, lacking the first 94 residues of the full-length
protein) was expressed and purified as described previously (22).

Peptide Level H/DX
Differential, solution H/DX experiments were performed to detect the changes in full length
DREAM induced by Ca2+ binding, as previously described (12, 23). DREAM (50 μM) was
incubated with 5 mM Ca2+ for at least 1 h on ice before H/DX analysis. Continuous labeling
was initiated by incubating 1 μL of the 50μM protein complex (with and without Ca2+) with
19 μL of D2O buffer for a predetermined time (10, 30 s, 1, 2, 15 min, 1, and 4 h) at 4 °C.
The exchange reaction was quenched by mixing with 30 μL of 3 M urea, 1% TFA at 1 °C.
The mixture was passed over a custom-packed pepsin column (2 mm × 2 cm) at 200 μL/
min. Digested peptides were captured on a 2 mm × 1 cm C8 trap column (Agilent) and
desalted with a 3 min flow. Peptides were then separated by using a 2.1 mm × 5 cm C18
column (1.9 μm Hypersil Gold, Thermo Scientific) with a 5 min linear gradient of 4%–40%
CH3CN in 0.1% formic acid. Protein digestion and peptide separation were carried out in
ice-water bath to reduce back exchange. Mass spectrometric analyses were with a hybrid
LTQ Orbitrap with capillary temperature at 225 °C, and data were acquired with a mass
resolving power of 100,000 for ions of m/z 400. Each experiment was performed in
duplicate.

Peptide Identification and H/DX Data Processing
MS/MS experiments were also performed with the LTQ Orbitrap (Thermo Fisher, Walthan,
MA). Production spectra were acquired in a data-dependent mode, and the six most
abundant ions were selected for production analysis. The MS/MS*.raw data files were
converted to *.mgf files and then submitted to Mascot (Matrix Science, London, UK) for
peptide identification. Peptides included in the set used for H/DX had a MASCOT score of
20 or greater. The MS/MS MASCOT search was also performed against a decoy (reverse)
sequence, and ambiguous identifications were ruled out. The production (MS/MS) spectra of
all peptide ions from the MASCOT search were manually inspected, and only those
verifiable were used in the coverage. The centroid masses of isotopic envelopes were
calculated with HD Desktop (17), as described elsewhere: deuterium level (%) = {[m(P) −
m(N)]/[m(F) − m(N)]} × 100%, where m(P), m(N) and m(F) are the centroid values of
partially deuterated peptide, nondeuterated peptide, and fully deuterated peptide,
respectively (3). To accommodate situations where a fully deuterated control is not

Zhang et al. Page 2

J Am Soc Mass Spectrom. Author manuscript; available in PMC 2014 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



available, m(F) was determined with m(F) = m(N) + ((n − p − 2)/z), where n is the number
of amino acids in the peptide, p is the number of prolines, and z represents charge. Prolines,
with no amide hydrogen, were not considered. The value “2” is subtracted within the
equation because the first two amino acids do not retain deuterium (2). An adjustment was
made for the exchange media at 95% deuterium content. No correction was made for back
exchange because all values are relative and susceptible to the same back exchange (24).

Results and Discussion
DREAM is a 29.6 kDa (256 amino acids) EF-hand Ca2+-binding protein that serves as a
transcriptional repressor that modulates pain through the regulation of the prodynorphin
gene (25). DREAM possesses four EF hands, indicating that it can bind up to four Ca2+.
Recently NMR and thermodynamic studies of N-terminal truncated mouse DREAM
showed, however, that only EF hand 2, 3 and 4 are responsible for Ca2+ binding, not EF-1
(26, 27). We applied comprehensive H/DX analysis for N-terminal-deleted sFL DREAM in
the absence (apo) and presence of Ca2+ (holo) to investigate the Ca2+-binding-induced
changes in protein, and thereby to confirm Ca2+ binding sites.

We submitted both apo and holo proteins to H/DX under identical conditions, so changes in
H/DX rates would reliably reflect any Ca2+-binding-induced changes. As shown in Figure 1,
EF hands 3 and 4 undergo lower exchange upon addition of Ca2+, indicating Ca2+ binding at
these two regions, as was established by NMR (26). Isothermal titration calorimetry (ITC)
analysis and other evidence from DREAM homolog proteins revealed that Ca2+ binds to EF
hand 2 as well, but with lower affinity compared to binding at EF hand 3 and 4 (27).
Unexpectedly, the deuterium uptake curves for the peptide 139–150 covering the EF hand 2
did not show any difference between apo and holo states (Figure 1). On the basis of this lack
of difference, one would normally draw a conclusion that EF hand 2 is not binding Ca2+

under these conditions. Upon close inspection, however, the mass spectral isotopic
distributions between apo and holo are quite different (Figure 2).

We know that H/DX into a protein occurs via two processes: (1) local opening and closing
of the protein, and (2) chemical exchange with the solvent-accessible backbone amide
hydrogens1. It follows that the kinetics for amide H/DX has two limits, EX2 and EX1. In
EX1, the exchange rate is much faster than the closing rate and, therefore, the amide
hydrogens in a region showing EX1 kinetics exchange with deuterium rapidly and
completely during the first open event, giving rise to a bimodal deuterium distribution. By
comparison, EX2 kinetics occurs when the exchange rate is much slower than the closing
rate. Substantial exchange requires a few cycles of structural opening and closing. For EX2,
mass spectra show a single isotopic distribution that gradually shifts to higher mass with
increasing exchange time. The H/DX rate can be characterized by the shift of the deuterium
distribution’s centroid mass as a function of time. Under physiological condition, most
proteins follow EX2 kinetics, and the centroid approach of data processing is reliable.

For H/DX of DREAM, the average mass centroids of the entire isotopic distribution for the
doubly charged peptide 139–150 from EF hand 2 are not different after Ca2+ binding. There
are significant differences, however, for the mass spectra of apo and holo at the early
exchange time points. The deuterium distribution of mass spectra at the early exchange
times (10 s, 30 s, 1 min, and 2 min) for the apo protein exhibited a distinct EX1 signature as
a broad isotopic envelope and a bimodal isotopic distribution. In contrast, this EX1 signature
occurred for the holo protein only at 10 s.

To reveal the exchange mechanism’s details, we fit the mass spectra that displayed EX1
kinetics with two Gaussian distributions (28, 29). For the apo state, a high mass distribution
at centroid m/z 635.14 appeared as early as 10 s, and its signal intensity increased with
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labeling time. The centroid mass difference between the high-mass and the undeuterated
species (m/z 631.17) is ~8 Da, implicating at least 8 residues are involved in exchange
through correlated local unfolding in this peptide region. Factoring in a small extent of back
exchange, we conclude that nearly all 11 exchangeable amino-acid residues in this peptide
must be involved in the EX1 exchange. Interestingly, the low-mass distribution continued to
increase in mass, indicating EX2 kinetics while at the same time the EX1 exchange kinetics
occurs, but gradually disappeared after 2 min of exchange.

The data indicate the co-existence of two major protein conformations, one of which
undergoes correlated H/DX (EX1) and the other which undergoes uncorrelated H/DX
(EX2). The EX1 kinetics is concurrent with EX2 because a transient, locally unfolded state
arises from part of the total population undergoing EX2 kinetics. This state undergoes EX1
kinetics as seen by the appearance of the high-mass distribution (Figure 2). An example of
this phenomenon is discussed in a recent review (30).

We also observed the two protein conformations for the holo state. The high-mass
component, however, only displayed a ~6 (not ~8) Da mass increase from m/z 631.17 to
634.28, suggesting that two of the eight residues of apo are not involved in the EX1
exchange kinetics of the holo. The entire distribution shifted upward by the remaining 2 Da
via EX2 kinetics after the EX1 kinetics was complete (from 30 s to 4 h H/DX). This is
another example whereby not all residues in a given region of a protein participate in EX1
exchange kinetics, but some exchange via EX2 (28, 31, 32). The difference is due to Ca2+

binding, which shifts the exchange of those two residues from EX1 to EX2 and slows their
exchange. Moreover, the low mass component in the EX1 signature had a mass increase
compared to undeuterated, but diminished after 10 s of exchange, indicating that the protein
population not undergoing EX1 exchange had much faster EX2 kinetics compared to that of
the apo state. Overall, there is a significant difference for the EF-2 region between apo and
holo protein with regard to the EX1 and EX2 kinetics, which suggest Ca2+ binding also
induces changes in EF-2 region, and this is consistent with conclusions drawn from NMR
and other studies mentioned earlier (26, 27).

Although the centroid approach to characterize H/DX rate offers a representation of an
overall average protein conformation, it is usually reliable and, therefore, has been
extensively used in H/DX software tools for automated data processing. Mass spectra may
contain, however, useful information other than centroid mass values. The example shown
here informs us of the occurrence of unexpected correlated unfolding (EX1 kinetics).
Recently, Engen and coworkers (31) reported, using both centroid mass calculations and
deuterium distribution analysis, EX1 kinetics in a comparison study of the protein
conformational dynamics between E. coli β clamp homodimer and monomeric mutant.
Although the centroid mass was sufficient to determine the difference between two proteins,
a thorough analysis also revealed a bimodal distribution and additional features of the
protein.

The example we present here demonstrates a clear limitation of using only the centroid
approach to study the H/D exchange differences in a protein. Unfortunately, mass spectral
isotope distributions are not considered in some software tools for H/DX. To recover the
information on the multi-modal distributions, the corresponding peptides should be
processed separately. Recently, two software tools were proposed to identify and extract
automatically any peptides with a bimodal pattern of isotopic distribution (21, 33).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Representative deuterium uptake curves for peptides from EF-1, 2, 3, and 4 of sFL DREAM.
The red lines represent the deuterium incorporation of the peptides from the apo state, and
the black lines represent that from Ca2+-bound (holo) state.
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Figure 2.
Mass spectra of the peptide (AA 139–148) from EF hand 2 at different on-exchange time for
both apo and holo states. The EX1 kinetics can be distinguished by the presence of two
isotopic distributions. The spectra with obvious EX1 kinetics at different on-exchange time
points were fitted with two Gaussian distributions shown as cyan dashed lines. The vertical
black dashed lines indicate the centroid positions of the higher mass distribution in EX1
kinetics.
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