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ABSTRACT: Hydrogen exchange is a powerful method to examine macromolecules. In
membrane proteins, exchange can distinguish between solvent-accessible and
-inaccessible residues due to shielding by the hydrophobic environment of the lipid
bilayer. Herein, rather than examining which residues undergo hydrogen exchange, we
employ a protocol that enables the full deuteration of all polar hydrogens in a membrane
protein. We then measure the impact of hydrogen exchange on the shift of the amide I
vibrational mode of individually labeled sites. The results enable us to correlate polarity
with vibrational shifts, thereby providing a powerful tool to examine specific locations
within a membrane protein in its native membrane environment.

Hydrogen exchange has long been used as a tool for
studying proteins.1 The first to demonstrate that amide

hydrogens may undergo exchange were Lenormant and Blout
in 1953.2 Using infrared spectroscopy, the authors concluded
that the absorption in the region of 1550 cm−1 is partly
composed of groups that can be deuterated. Soon thereafter, in
a series of pioneering experiments, Linderstrøm-Lang and
colleagues used hydrogen exchange for quantitative measure-
ments and analyses of protein chemistry.3,4 Currently,
hydrogen exchange is a powerful tool for studying numerous
aspects of proteins, among which insights into protein folding
have been particularly informative.5−7

Detection of hydrogen exchange can be done using several
biophysical tools that rely on the differences between the
physical properties of protium and deuterium. Because
protium possesses a magnetic spin of 1/2 versus deuterium
with a spin of 1, the detection of hydrogen exchange rates by
NMR has been particularly fruitful (for review, see ref 6).
Similarly, the mass difference between the two isotopes has
enabled mass spectrometry to detect hydrogen exchange with
exquisite detail and sensitivity (for review, see refs 7−9).
Finally, the same mass difference affects the vibrational
properties of the amide group, which enables both linear2

and multidimensional10 IR spectroscopic approaches to
monitor exchange.
The mechanism of protein amide hydrogen exchange is well

characterized. It may be acid- or base-catalyzed11 and is
thought to occur via the imidic acid intermediate.12 In either
case, the reaction intermediate is charged, and, as such, amide
hydrogen exchange rates increase appreciably with solvent
accessibility and polarity.

Considering the above, it is of no surprise that hydrogen
exchange rates in membrane proteins are considerably slower
than in their water-soluble counterparts. For example, Killian
and coworkers used electrospray ionization mass spectrometry
to show that hydrogen exchange rates vary dramatically in a
transmembrane peptide.13 The authors attributed their results
to the location of the residues, whereby water-exposed residues
exhibited exchange rates that were four orders of magnitude
faster than those for residues thought to be located in the
hydrophobic core of the membrane. In a more recent study,
Ladizhansky and colleagues, using solid-state NMR of
Anabaena sensory rhodopsin, have shown that residues
undergoing exchange are mostly confined to the solvent-
exposed regions of the protein.14 In contrast, Brooker and
colleagues have demonstrated that most amide hydrogens in
lactose permease are accessible to exchange, likely due to the
extensive conformational fluctuations the protein undergoes.15

Removing membrane proteins from the lipid bilayer into an
organic solvent, while retaining their secondary structure,
increases the hydrogen exchange rates significantly.16,17 Of
particular interest are studies examining the conformational
dynamics of multipolytopic membrane proteins in which
regions in the proteins exhibit ligand-dependent solvent
accessibility changes.18−22 Finally, we note that the above
approach can readily be extended to the study of amphipathic
peptides,23 providing further insight into such important
systems.
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In the current study, we examine hydrogen exchange in
transmembrane peptides in a site-specific manner using FTIR.
Because the amide II vibrational mode is primarily due to the
bending of the N−H group,24−26 its spectral properties are
sensitive to deuteration. Therefore, traditionally, FTIR has
been able to provide exchange rates for membrane proteins by
examining the reduction of the amide II vibrational mode.27,28

However, such data provide only average values for the entire
protein without the ability to obtain site-specific information.
The reason for this is that the peak width of individual
vibrations is significantly larger than the difference between
contributing peaks of the amide II band, resulting in band
broadening. Furthermore, 15N isotopic labeling results in a
−10 cm−1amide II band shift29 and is therefore insufficient for
isolating individual residues.
Zanni and colleagues analyzed hydrogen exchange using 2D

IR spectroscopy based on the ability of this technique to detect
cross peaks between individual groups.10 The authors made
use of another isotope labeling scheme to identify individual
residues: 1-13C18O.10 The dual isotope labeling shifts the
peptide amide I mode (mostly the CO stretch) by
approximately −63 cm−1, thereby resolving it entirely.30,31

Subsequently, the authors have ingeniously examined cross
peaks between the individual isotope-edited amide I peak and
the amide II vibrational modes with 2D IR. This approach
enabled Zanni and coworkers to identify the hydrogen
exchange rate of a single residue by monitoring the reduction
in its relevant cross peak.10

In the current study, a different approach is taken to study
hydrogen exchange of membrane peptides in their native
environment. We wish to examine the impact of hydrogen
exchange on the vibrational properties of individual residues
and derive structural information from such changes. There-
fore, we employed 1-13C18O labels because they enable site-
specific analysis of individual residues.30,31 Furthermore,
because many residues in transmembrane peptides are resistant
to hydrogen exchange, we carried out the exchange process in
organic solvent under acidic conditions prior to membrane
reconstitution. This enabled us to obtain the spectral shifts
caused by hydrogen exchange at every position in the protein,
regardless of its solvent accessibility in the native state. Finally,
we correlate the aforementioned shifts with the protein’s
known 3D structure and derive a correlation with localized
polarity.
To study hydrogen exchange in a membrane environment,

we examined two small, well-characterized viral membrane
proteins: M2 from influenza A32,33 and E protein from SARS
coronavirus.34−36 Analyzing two different peptides that differ in
their spectral properties ensures that our results are not
system-specific. In both instances we made use of peptides that
encompass the transmembrane domains of the proteins and
have been shown to possess many of the properties and
functionalities of the full-length sequence: residues 22 to 46 in
influenza M237,38 and residues 7 to 38 in SARS E.39 Finally, to
ease notation, protium (1H) is designated as H, whereas
deuterium (2H) is designated as D.
It is well known that the membrane environment shields

many residues from undergoing H/D exchange.13 For example,
we have shown that a peptide that encompasses the
transmembrane domain of the SARS E protein undergoes
H/D exchange in ca. 20% of its residues.39 Therefore, the
extent of hydrogen exchange via conventional methods,
monitored by the reduction in the amide II peak (the peptidic

NH deformation), may be used to gauge the percentage of the
protein that is embedded in the lipid bilayer.16,39,40 This is due
to the fact that the amide II mode of a deuterated amide group
is centered at 1450 cm−1, as previously shown in the
pioneering study of Lenormant and Blout.2

In the current study, rather than simply monitoring which
residues underwent exchange, we sought to examine the
impact of exchange on the vibrational properties of the
individual amide groups. However, because exchanging the
protiated water to deuterium oxide does not result in
significant exchange of membrane peptides, we developed a
protocol that would exchange all polar hydrogens.
In Figure 1 we depict the spectra of the SARS E protein

transmembrane peptide in a lipid bilayer. Two major peaks are

observed: the amide I (mostly the CO stretch) and the
amide II modes centered at 1657 and 1546 cm−1, respectively.
Exchanging the buffer from H2O to D2O results in marginal
spectral changes for the SARS E protein transmembrane
peptide (Figure 1a). In particular, the reduction in the amide II
mode is <20%, as previously shown.39 As stated above, this is
expected because hydrogen exchange involves a charged
intermediate,12 the existence of which is strongly disfavored
by the hydrophobic environment of the lipid bilayer.

Figure 1. H/D exchange of the SARS E transmembrane peptide in a
lipid bilayer. The peptide contains a single 1-13C18O label at residue
Leu28. (a) Spectra obtained after purging the sample with air
saturated with H2O (black) or D2O (red). (b) Hydrogen exchange
conducted in organic solvent under acidic conditions prior to
membrane reconstitution. Spectra of a protiated sample are in
black, whereas spectra obtained after deuteration are in red. (c)
Expansion of panel b in the region of the 1-13C18O isotope edited
mode with different horizontal and vertical scales.
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To overcome the shielding effect of the lipid bilayer, we took
a different approach for conducting hydrogen exchange.
Membrane reconstitution takes place via organic solvent
cosolubilization, followed by evaporation and hydration.
Therefore, during the phase at which the peptide was dissolved
in organic solvent, we used a deuterated solvent and increased
the acidity with DCl to facilitate exchange. The control sample
was treated identically but with protiated solvent and HCl.
Finally, the results of this hydrogen exchange can be seen in
Figure 1b. In this instance one can readily observe a stark
reduction in the amide II peak (1546 cm−1), reflecting the fact
that the majority of the amide protons have undergone
exchange to deuterons.
In addition to the reduction in the amide II peak, one can

also observe a shift in the amide I peak, which prior to
deuteration is centered at 1657 cm−1. This peak arises from all
of the peptide groups in the protein, and its frequency is
indicative of high helical content,41 as is known from the

structure of the protein.42 Following deuteration, the aggregate
amide I band of the protein shifts to lower frequencies by 5
cm−1.
The above results provide information on all of the amide

groups in the protein as an average. However, because the goal
of the current study was site-specific information, we needed to
resort to isotopic labeling. To that end, we have included a
single 1-13C18O label that results in a large frequency shift of
−60 cm−1 due to the different masses of the oscillating
atoms.30,31 Hence, one can determine the impact that
deuteration has on an individual residue, which, in this
instance, results in a shift to lower frequencies by 4 cm−1

(Figure 1c).
The ability to measure residue-specific amide I shifts upon

H/D exchange prompted us to conduct a more extensive
analysis. Accordingly, we measured the H/D exchange-derived
shifts in five different locations in the SARS E protein and five
different sites in the influenza M2 peptide. The results

Figure 2. FTIR spectra in the region of the isotope edited amide I mode. Spectra of protiated samples are shown in black, whereas deuterated
samples are in red. Influenza M2 (left) and SARS E (right) spectra were obtained with 1-13C18O labeling at positions indicated in the Figure and
in the color-coded sequences listed on the top. All spectra were obtained in hydrated lipid bilayers, and accurate peak positions were obtained from
second derivative spectra.
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presented in Figure 2, show the amide I shifts that result from
H/D exchange range from 4 to 10 cm−1. The average shift in
the M2 peptide is 6 cm−1, which is similar to that observed for
the aggregate of all of the unlabeled carbonyls of the SARS
peptide at 5 cm−1 seen in Figure 1 and slightly smaller than the
SARS E shift of 6.8 cm−1. The difference between the average
and aggregate shifts may result from the location of the
isotopic labels, as discussed in detail below.
Finally, as described in detail in the Supporting Information,

we have also examined the impact of H/D exchange in a
system containing a bifurcated hydrogen bond.43 In brief, the
extent of the shift in the amide I mode due to H/D exchange
when the amide carbonyl is hydrogen bonded to two
hydrogens is similar to systems with single hydrogen bonds.
Prior to analyzing site-specific hydrogen exchange using

carbonyl labels, it was important to determine which hydrogen
influences the vibrational properties of the aforementioned
label. In particular, two hydrogens undergo exchange that may
impact the amide I vibrational mode: the hydrogen that is
bonded to the carbonyl oxygen by hydrogen bonding and the
hydrogen that is part of the particular amide group.
Because it is impossible to experimentally exchange only one

of the above hydrogens and not the other, we decided to
conduct DFT calculations on a model system. Our
configuration, shown in Figure 3, includes two N-methyl-
acetamide molecules positioned such that they mimic the
canonical α-helical hydrogen-bond interaction between an
isotopically labeled carbonyl at position i and an amide
hydrogen four residues further along in the sequence
13C18O···HNi+4.
To determine the impact that deuteration has on the amide I

mode, we distinguish between two hydrogens: The “hydrogen-
bonding hydrogen” that is hydrogen bonding to the isotopi-
cally labeled carbonyl (blue in Figure 3) and the “amide
hydrogen” that is covalently attached to the labeled carbonyl as
part of its amide group (red in Figure 3). Subsequently, we
measured the amide I peaks in the isotopically labeled and
unlabeled carbonyl groups in the different cases shown in
Figure 3.
The results of the DFT calculated “hydrogen bonding” and

“amide” peak shifts are shown in Table 1. In brief, the shift in
frequency of the amide I vibrational mode is due to the H/D
exchange of the hydrogen that is part of the amide group (red
in Figure 3). In contrast, H/D exchange of the hydrogen-
bonding hydrogen (blue in Figure 3) does not impact the
vibrational frequency of the amide group to which it is
hydrogen bonded. In other words, whereas the hydrogen that
is covalently bonded to the 1-13C18O affects the amide I
band upon H/D exchange, any hydrogen interacting with the

carbonyl via a noncovalent bond (such as the i + 4 canonical
hydrogen bond) has a negligible effect on the amide I band
position upon H/D exchange.
Our results are in accord with previous studies. For example,

studies on the folding rates and stability of Hen Egg-White
lysozyme and other proteins have shown that the deuteration
does not affect the protein’s stability.44,45 More detailed
analyses of model compounds by Zheng and colleagues, using
ultrafast chemical exchange spectroscopy, have shown that
deuteration has a negligible effect on hydrogen-bond
dissociation rates.46 Hence, the site-specific differences that
we observe in the amide I vibrational shifts upon deuteration
are due to the amide hydrogen.
We next decided to examine whether different structural

considerations and local environments of the amide hydrogen
might affect the amide I shift magnitude due to H/D exchange.
Toward this end, we made use of the vibrational shifts arising
from the different labels of the M2 peptides shown in Figure 2
because the known structure of the protein47,48 affords detailed
analyses at each of these sites.
To examine the electrostatic field at each of the different

labeled sites, we conducted molecular dynamics simulations of
the M2 tetrameric complex in a hydrated lipid bilayer.
Subsequently, we could calculate the time-averaged electro-
static potential at each of the amide groups. Supporting Figure
2 depicts the results in the context of the protein structure.
However, the actual element of the electrostatic field that

impacts the amide I vibrational shift is the component that is
parallel to the hydrogen bond in-plane bend,26,49 as shown in
Figure 4a. The electric field of the amide amine in the in-plane
bend direction was calculated by taking the negative gradient
of the potential, followed by a projection onto the in-plane
bend direction (see the Supporting Information). Hence, we
correlated the electric field projected on the hydrogen bond in-
plane bend vector to the experimentally measured amide I
shifts due to H/D exchange.

Figure 3. Model systems used for the DFT calculations of vibrational frequencies. There are two amide carbonyl groups in each system, and it is
the isotopically labeled CO (shown in green) that is participating in hydrogen bonding. Furthermore, note the distinction between the two
amide hydrogens: The “hydrogen-bonding hydrogen” is in blue and the “amide hydrogen” is in red, which is part of the amide group that contains
the labeled carbonyl.

Table 1. DFT Amide I Vibrational Peak Shifts upon H/D
Exchangea

H/D exchange shift
amide I

12C16O (cm−1)

amide I
13C18O (cm−1)

(green)
models in
Figure 3

hydrogen bonding
H/D (blue)

3.82 0.04 a versus c

amide H/D (red) 0.02 4.60 a versus d
both H/D 3.84 4.64 a versus b
aSpecific comparisons between the models depicted in Figure 3 are
listed.
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Gratifyingly, the electric-field component in the direction of
the in-plane bend of the amide group correlates remarkably
well with the extent of the hydrogen exchange shift that was
obtained experimentally (Figure 4b). Specifically, the amide I
shifts due to H/D exchange increase linearly with the
reduction of the electric field in the direction of the in-plane
bend.
An electrostatic field in the direction of the in-plane bend

would downshift the amide I peak. Because D is heavier than
H, any impact on the amide amine would displace a D less
than an H. Hence, the shift of the amide I peak would be
greater for a protiated sample than for a deuterated one. This
means that the shift difference in the amide I mode due to H/
D exchange would be smaller in a more polar environment, as
is shown in Figure 4b.
Taken together, the extent of the shift of the amide I

vibrational mode due to hydrogen exchange can be used as a
gauge of the local electrostatic field. Moreover, conducting the
exchange in organic solvent prior to membrane reconstitution
enables one to examine every site in the protein, regardless of
its native state solvent accessibility.

■ EXPERIMENTAL SECTION

The detailed procedures employed in the study are given in the
Supporting Information. In brief, the experimental procedures
used to synthesize the peptides and the isotopic labels and to
collect the FTIR data are described.43,50−52

Hydrogen exchange was conducted in organic solvent:
Lyophilized HPLC fractions containing the peptide were
dissolved in fully deuterated 2,2,2-trifluoro-ethanol, acidified
with DCL. Reconstitution was achieved by the addition of 1,2-
dimyristoyl-sn-glycero-3-phosphocholine to the solution, fol-
lowed by solvent evaporation and hydration with D2O. The
protiated sample was prepared in an identical manner, whereby
all deuterated solvents were replaced with their protiated
equivalents.
Molecular dynamics simulations were conducted as

previously described53 and expounded in detail in the
Supporting Information. Similarly, DFT calculations were
undertaken as previously reported43 and described in detail in
the Supporting Information.
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