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Na*/H* antiporters comprise a family of membrane proteins evo-
lutionarily conserved in all kingdoms of life and play an essential
role in cellular ion homeostasis. The NhaA crystal structure of
Escherichia coli has become the paradigm for this class of second-
ary active transporters. However, structural data are only available
at low pH, where NhaA is inactive. Here, we adapted hydrogen/
deuterium-exchange mass spectrometry (HDX-MS) to analyze con-
formational changes in NhaA upon Li* binding at physiological pH.
Our analysis revealed a global conformational change in NhaA
with two sets of movements around an immobile binding site.
Based on these results, we propose a model for the ion transloca-
tion mechanism that explains previously controversial data for this
antiporter. Furthermore, these findings contribute to our under-
standing of related human transporters that have been linked to
various diseases.
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NaJr/HJr antiporters found in the membranes of nearly all
eukaryotic and prokaryotic cells (1) are essential for cell
homeostasis (2, 3), as they regulate intracellular pH, sodium ion
concentration, and volume. They represent drug targets as mutations
in the human NHAZ2 have been implied in essential hypertension
and diabetes (4-6), and a change in the activity of NHEI1 plays a role
in heart failure (4). Due to their evolutionary conservation, studies of
prokaryotic antiporters can contribute to the understanding of hu-
man homologs important in health and disease (6).

The Escherichia coli protein NhaA is one of the central model
proteins for the class of Na*/H" antiporters (7). It exchanges one
Na* (or Li*) for two protons (8) and is thereby responsible for
intracellular Na* and H* homeostasis. The antiport activity is
strongly pH dependent, as NhaA is inactive below pH 6.5 and
reaches its activity maximum at pH 8.5 (9). The functional unit of
NhaA is the monomer (10), although in membranes and in de-
tergent micelles it typically forms dimers (11, 12).

The crystal structure of the ligand-free, inactive NhaA monomer
and dimer were both determined at acidic pH (13, 14). Each
monomer contains 12 transmembrane helices (TMs) organized in
two domains (Fig. 1, Left): the core domain (the functional unit,
TMs III-V and X-XII) and the interface domain (connecting the
two monomers, TMs I, II, VI, VII, VIIL, and IX). The two domains
are connected by three loops (II-III, V=VI, and IX-X) and form
the cytoplasmic and the periplasmic funnel (Fig. 1, Left).

Two structurally related helix bundles (TMs III, IV, and V,
and TMs X, XI, and XII) are topologically inverted to each other
(13) (Fig. 1, Left). In each repeat, one TM (TM IV/XI assembly)
is interrupted by an extended chain. They cross each other in the
middle of the membrane, leaving two short helices oriented ei-
ther toward the cytoplasm (c) or toward the periplasm (p), IVc/
IVp and XIc¢/XIp, respectively (Fig. 1, Left). These interrupted
helices contribute to a delicately balanced electrostatic envi-
ronment at the ion binding site (Asp163 and Asp164) (15) and
play a critical role in cation translocation (13). This general
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architecture, the “NhaA-fold” (16), is found in a steadily in-
creasing number of secondary active transporters (17-21).

The Na*/H" antiport cycle (22-24) is in principle compatible
with the canonical “alternating-access” mechanism of secondary
active transporters (25, 26). This model describes a shift between at
least two conformations, alternatively exposing the substrate
binding site either to the cytoplasm or to the periplasm. To date,
no crystal structure of NhaA in its active, ligand-bound confor-
mation is available. However, many complementary techniques (in
silico and in situ) to analyze conformational changes in membrane
proteins were applied to NhaA. Most of these approaches focus on
the conformational change during pH activation (23, 27-29), and
very little information has been obtained regarding conformational
changes induced by substrate binding (29-31). Although these
studies provided important information to understand the regula-
tion of NhaA, only movements in specific regions of the protein
were analyzed. Specifically, in contrast to a small number of other
transporters [e.g., LeuT (32)], no global dynamic data for active
NhaA as well as for other family members are available to date.

Here we used hydrogen—deuterium exchange mass spectrometry
(HDX-MS) (33, 34) to directly analyze Li*-induced conformational
changes of native, unmodified NhaA at physiological pH. In HDX-
MS, the exchange rate of the protein backbone amide hydrogen
atoms with the surrounding D,O is analyzed. At constant pH and
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temperature, this process is a function of the local accessibility of
surrounding water and the strength of intramolecular hydrogen
bonding (33). A combination of proteolytic digestion with HDX-
MS enables the determination of deuterium uptake into specific
peptides. Therefore, changes in deuterium uptake due to ligand
binding can be correlated to specific areas of the protein (34, 35).
Hence, HDX-MS has become an important tool for structural and
functional analyses of soluble proteins.

However, to date only a limited number of membrane proteins
have been analyzed using HDX-MS (36), as they represent a
particular challenge for this technique (37) (Discussion). Here, we
report the successful implementation of HDX-MS for the analysis
of an integral membrane protein, NhaA. Our study revealed a
global, coordinated conformational change in the architecture of
NhaA upon Li* binding.

Results

HDX-MS of a Membrane Protein in a Detergent Micelle. Affinity-
purified dimeric NhaA in n-dodecyl p-p-maltoside (DDM) (10)
was prepared at pH 7.5 in two buffers containing either Li* or
K*. We used Li* as a ligand because it has a 10-fold higher af-
finity compared with Na™, and K* served as a negative control as
it does not bind to NhaA (8, 15). The samples were incubated in
an excess of D,O at 20 °C for various times (0, 1, 5, 10, 30, and
60 min), and the exchange reaction was rapidly quenched by
shifting pH and temperature (2 °C, pH 2.6). Subsequently, the
protein was digested online on a pepsin column and analyzed
using liquid chromatography-coupled ion mobility time-of-flight
mass spectrometry (SI Methods). Using this setup, we identified
193 peptides across both conditions (Li* and K*) covering 92%
of the protein. To determine back-exchange levels, predigested
NhaA was incubated in D,0O for 4 h at room temperature (RT)
before the HDX-MS measurements. Back-exchange levels could
be assessed for 140 of the 193 identified peptides, covering
88.5% of the protein, with an average redundancy of four pep-
tides per amino acid (Fig. 1 and Fig. S1). On average, peptides
showed 47% back-exchange, with about 80% of the peptides
within 35% and 55% deuterium loss.

Next, we determined the relative deuterium uptake for each
peptide and time point by normalizing the observed mass shift to the
maximum of exchangeable backbone amides (excluding N terminus
and prolines) and corrected for back-exchange (SI Methods). Only
peptides with back-exchange correction were retained for statistical
evaluation. However, the behavior of all identified peptides was
taken into consideration when interpreting the data. We observed
significant uptake for most parts of the protein, with a SD for the
relative uptake below 2% on average (Fig. 1 and Dataset S14).

We further analyzed the distribution of the deuterium uptake
across the protein structure. The measured relative deuterium
uptake after 30 min of incubation in D,O in the presence of K*
was projected onto the latest NhaA crystal structure (Fig. 1 and
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Fig. 1. Deuterium uptake of NhaA. NhaA (PDB ID
4aub) is viewed parallel and normal to the membrane
(dashed gray lines), and the TMs are numbered. Dashed
lines show the cytoplasmic (c) and periplasmic (p) fun-
nels (Left), and a solid line shows the separation be-
tween the interface and core domain (Right). The loops
connecting the two domains (arrows) and the unique
NhaA-fold in proximity to the binding site (yellow star)
are indicated. The structure is colored according to the
relative deuterium uptake measured after 30 min of
incubation in D0 in the presence of K*, from white to
IX-X dark green (zero to maximum deuterium uptake), and
gray indicates no sequence coverage.

Movie S1). This projection demonstrated a clear correlation
between high deuterium uptake and protein areas exposed to water,
including the periplasmic and cytoplasmic surfaces of the protein
(Fig. 1 and Movie S1). In contrast, the majority of the membrane-
embedded segments showed lower deuterium uptake. This strong
overlap clearly shows that solvent accessibility in the crystal structure
correlates with the relative deuterium uptake in our experiments. In
addition, our data suggest that no major structural changes occur
during pH activation, as also suggested by electrophysiology (22)
and observed by cryo-electron microscopy (38). In summary, our
analysis yielded a global and comprehensive deuterium uptake map
in strong agreement with the crystal structure, and we subsequently
analyzed the differences in deuterium uptake induced by Li*.

Li*-Induced Differences in Deuterium Uptake. We compared relative
deuterium uptake into NhaA in the presence of Li* and in the
presence of K* by calculating the uptake differences for each in-
dividual peptide and time point. For statistical data evaluation, we
performed a two-stage ¢ test (P < 0.05 and P < 0.01) and only
retained peptides with significant uptake differences between the
conditions for further analyses (Fig. S2 and Dataset S14). These
uptake differences were plotted onto the NhaA crystal structure
(Fig. 2 and Movie S2). Li*-induced differences in deuterium uptake
were observed in different segments of the protein (Fig. 2 and Fig.
S3A). In several areas, the presence of Li* induced an increase in
the deuterium uptake (Fig. 2, shades of blue), while in other areas it
induced a decrease (Fig. 2, shades of red). Surprisingly, no differ-
ences in deuterium uptake were observed at the cation binding site
(15), located at TM V (Fig. 2, yellow star), and in the adjacent loops
(IV-V and V-VI). However, from this area, we observed changes
in HDX spreading toward the N and the C termini (Fig. 2).
Toward the N terminus, differences in deuterium uptake were
observed in all helices from TM IVp to TM 1. TM IVp and loop
IV-III showed a low but significant increase in deuterium uptake
(Fig. 2). In TM 11, a distinct pattern of deuterium uptake differ-
ences was observed, which repeated itself in several other helices;
at the C terminus of TM III, there was a decreased deuterium
uptake in the presence of Li* (Fig. 2B, red). In the middle of the
helix, the deuterium uptake gradually increased and reached the
highest value at the N terminus, loop II-III (Fig. 24) and the C
terminus of TM II (Fig. 2B, dark blue). In the middle of TM II, no
uptake difference was observed, but at its N terminus a decrease in
deuterium uptake was detected. Hence, TM II showed a pattern of
uptake differences similar to TM III (Fig. 2B). The C terminus of
TM I showed a decrease in deuterium uptake like the N terminus
of TM 1I, but no further changes were observed in TM 1.
Toward the C terminus of NhaA, Li*-induced changes in deu-
terium uptake were observed in all TMs from VI-XII (Fig. 24).
TMs IX, X, and XI showed the distinct pattern of uptake differ-
ences at their termini, as the pattern observed for TMs II and III:
an increase in deuterium uptake at one terminus was accompanied
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Fig. 2. Differences in deuterium uptake upon Li* binding observed for NhaA.
Relative deuterium uptake into NhaA was measured after 30 min of incubation
in the presence of Li* (binding) or K* (control). The uptake difference (binding
minus control) was projected on the crystal structure (PDB ID code 4au5) and
indicated using a color gradient from red (decreased) via white (unchanged) to
blue (increased). (A) NhaA is viewed in stereo parallel to the membrane as
ribbon representation (indicators as in Fig. 1). (B) Topology map of NhaA. All
TMs are grouped according to the crystal structure into either the core or the
interface domain (loop simplified and uncolored for clarity).

by a decrease at the other terminus (Fig. 2B). A high Li*-induced
increase in deuterium uptake was observed at the C terminus of
TM IX and part of loop IX-X (Fig. 2).

The Li*-Induced Deuterium Uptake Differences Only Occur in Functional
NhaA. As mentioned previously, the deuterium uptake rate into the
protein backbone is mainly a function of its local accessibility to
water and its structural rigidity. Both may also be perturbed by
different ionic strengths or buffer conditions. Even though we used
identical salt and buffer concentrations in all experiments, the
different ions (Li* or K*) could cause unspecific effects or produce
nonphysiological peptide adducts.

To address this question, we made use of an inactive variant
(D164N) (39), which does not bind Li* (24). HDX-MS measure-
ments of this variant under identical conditions showed an overall
deuterium uptake pattern like the wild type (WT) in the absence of
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Li*. However, only minor differences in deuterium uptake were
observed in the protein upon addition of Li* (Fig. 3; Fig. S3B and
Dataset S1B). In particular, no global changes as found for the WT
were detected in this variant. Taken together, these results imply
that the deuterium uptake differences observed in the presence of
Li* for WT NhaA represent conformational dynamics induced by
ion binding to functional NhaA at physiological pH.

Discussion

HDX-MS of a Membrane Protein. HDX-MS as a tool for the structural
elucidation of proteins has first been described by Zhang and
Smith (33) in the early 1990s. Since then, it has developed to a
well-established method, mainly for soluble proteins (36). Integral
membrane proteins represent a challenge for this method (40) as
their hydrophobicity leads to low deuterium uptake rates and in-
sufficient proteolytic digestion efficiencies (40). In addition, the
required detergents or lipids interfere with chromatography and
mass spectrometry (37).

In the past 5 years, the number of HDX-MS-based studies on
membrane proteins steadily increased (36, 40). While most of these
studies focused only on soluble domains (41-43), determined the
average deuterium uptake of the entire proteins, or showed low
peptide coverage (44, 45), advances in instrumentation and meth-
odology enabled the comprehensive analysis of nearly entire integral
membrane proteins (46-48).

Here, we report an HDX-MS-based analysis of an integral
membrane protein, NhaA, in a detergent micelle at physiological
pH. In our setup, we achieved exceptionally high sequence cov-
erage for a membrane protein (88.5%) with robust deuterium
uptake (Fig. 1; Movie S1 and Dataset S1). Back-exchange levels
were assessed using predigested protein to ensure complete
unfolding and deprotection of the peptide backbone. We observed
a comparatively high deuterium loss of 47% on average. This
value is considerably higher than the ~30% back-exchange fre-
quently observed in other HDX-MS experiments. However, it is in
the range of up to 50% deuterium loss reported in literature (49),
and recent studies using similar experimental conditions and di-
gestion temperatures also reported back-exchange values of about
40% (50). The observed deuterium loss can be attributed to the
elevated digestion temperature of 20 °C (compared with 0 °C used
regularly) and to the working speed of the auto sampler. For
NhaA, lower digestion temperatures significantly lowered the se-
quence coverage and the use of an automated system greatly re-
duced workload and sample variation. We hence decided to
continue with these experimental parameters in favor of the
higher sequence coverage and reproducibility, being aware that
thereby the sensitivity of our HDX-MS setup was lower. The
observed uptake for each time point and condition was corrected
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Fig. 3. HDX-MS results for NhaA variant D164N. Differences in deuterium
uptake measured after 30 min of incubation in the presence of Li* (binding)
or K* (control) for NhaA variant D164N are projected onto the crystal
structure viewed in stereo parallel to the membrane (color coding and in-
dicators as in Fig. 2A).
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for the peptide specific back-exchange level to still ensure a viable
sensitivity and proper data interpretation.

We obtained a comprehensive map for NhaA of ligand-induced
significant uptake differences, including data on transmembrane
segments that have not been described before. In addition, we
demonstrated that the observed differences (Fig. 2) were induced
by Li* binding to active WT NhaA using an inactive variant
(D164N, Fig. 3). In summary, we revealed the global confor-
mational changes in NhaA upon Li* binding and highlighted the
power of HDX-MS for analyzing the conformational dynamics of
membrane proteins.

Deuterium Uptake Changes Reveal Helix Movements in Active NhaA.
The observed differences in deuterium uptake in NhaA can be
due to two main factors, which are not mutually exclusive:
changes in the structural rigidity of the protein backbone and/or
changes in the accessibility of the amide hydrogens to water. The
observation that, in six helices (I, II, ITI, IX, X, XI), the change in
deuterium uptake at one end of the helix was inverted with re-
spect to the change at the other end (Fig. 2B and Movie S2)
implies a movement of the TMs relative to the detergent micelle.
Thereby, one helix terminus becomes more accessible to the
solvent and the opposite terminus becomes less accessible. It
should also be noted that the tightly folded a-helices are unlikely
to change their structural rigidity upon ion binding.

Following the conformational changes in neighboring helices
and loops, we traced the spread of the movements from one helix
to another (Figs. 2 and 4). We therefore propose that the Li*-
induced movements represent two conformational changes
originating at the Li*-binding site: one toward the N terminus
and the other toward the C terminus of the protein, movement
1 and 2, respectively, as outlined below.

Movement 1 (binding site toward the N terminus) showed a
high increase in deuterium uptake upon Li* binding in the cy-
toplasmic segment of loop II-III (Lys80-GIn93, Fig. S2), the
N-terminal section of TM 11, and the C-terminal part of TM III
(Figs. 2 and 4). These findings imply that this segment was dis-
placed from the micelle and became more exposed to the solvent
at the cytoplasmic face of NhaA (Fig. 4). Consistently, this dis-
placement toward the cytoplasm extended to the periplasmic
face of the protein via the membrane-embedded parts of TMs II
and III. Although the latter segments did not show any uptake
difference, their ends (C terminus of TM II, flanking loop I-II,
and N terminus of TM IIT), which had been exposed to the
periplasmic side, now became less exposed or occluded (Figs. 2
and 4). Toward the N terminus of NhaA, movement 1 weakened
but extended to TM I (Fig. 2). Toward the C terminus of NhaA,
the displacement of TM III toward the cytoplasmic side ex-
tended to TM IVp, exposing its end on the periplasmic face and
therefore displacing TM IVc away from the cytoplasm. As
mentioned above, movement 1 did not affect the N terminus of
T™ VI, loop IV-V, and TM V, as no differential uptake was
observed in this area (Figs. 2 and 4; Fig. S3).

Movement 2 (binding site toward the C terminus) showed a
strong increase in deuterium uptake upon Li* binding in the
periplasmic facing segment (Phe269-Leu287, Fig. 2 and Fig.
S3A) of loop IX-X and its flanking regions. This result suggests
that the segment was displaced away from the micelle into the
periplasm. Accordingly, the corresponding segments at the cy-
toplasmic side of TM IX and loop VIII-IX became less exposed
to the solvent (Figs. 2 and 4). This displacement toward the
periplasmic side extended to loop X-XI and TM Xlec, which
became more exposed to the cytoplasm. TM Xlp, including its
extended chain (Gly336-Leu348), became slightly less exposed
to the periplasm, followed by movements in loop XIp—XII and
the C terminus of TM XII (Fig. 2). Toward the N terminus of
NhaA, movement 2 included movements in TMs VI and VII and
finally, like movement 1, abated toward TM V (Figs. 2 and 4).
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Fig. 4. Schematic representation of movement 1 and 2. Cylindrical repre-
sentation of the TMs and loops involved in the conformational changes
upon Li* binding viewed parallel to the membrane (color coding and indi-
cators as in Fig. 2A). Arrows indicate the general movements of TMs upon Li*
binding in movement 1 (solid arrows) and movement 2 (dashed arrows)
around the binding site (yellow star). The movements proceed along a
central symmetry axis (dashed orange line) running through both funnel
centers. TMs |, VI, VII, and XII are shown as transparent ribbons for clarity.

Movement 1 and 2 Overlap with Structurally and Functionally Important
Sites of NhaA. Many indirect biochemical and biophysical approaches
have been applied to get insights into the structural dynamics of
active NhaA at physiological pH and to identify the amino acid
residues involved. In these experiments, specific sites and amino
acid residues were identified using proteolysis, binding of various
probes, or point mutations (Dataset S2). For comparison with our
HDX-MS results, it is important to consider the differences between
these indirect techniques and the direct HDX-MS approach. Most
of the indirect techniques are conducted in situ (in intact cells or
isolated membrane vesicles), are dependent on various reagents that
can affect conformation or activity, and are site-directed. In contrast,
HDX-MS experiments were performed with purified NhaA in de-
tergent micelles and were neither dependent on any reagent nor
limited to specific sites. Remarkably, despite the differences be-
tween these techniques, all results overlap regarding the localization
of the conformational changes in NhaA (Fig. S4 and Dataset S2).
Furthermore, most of the functionally important residues in NhaA
activity were found in the helices displaying changes in deuterium
uptake (TMs II, IVp, IX, X, XIp, and XIc). These matching re-
sults, obtained by different approaches, strongly support our in-
terpretation of the HDX-MS data.

Notably, deletion of TMs VI and VII and the p-sheet segments
of loop I-II revealed that they are not involved in the antiporter
activity but contribute to protein stability (51). We therefore
assume that the conformational changes observed by HDX-MS
in these areas are a consequence of the movements induced by
Li* binding to NhaA.

Movements 1 and 2 Affect the Cytoplasmic and Periplasmic Funnel.
Although NhaA forms dimers, its functional unit is the monomer
(10). Thus, we projected the HDX-MS data onto the crystal
structure of the NhaA monomer to analyze the conformational
change in NhaA upon Li* binding (Fig. 4). Movement 1 (TM
I-IV) involves both the cytoplasmic and periplasmic funnels
(Figs. 1 and 2). TM 1I, showing the distinct, inverted uptake
difference pattern at its termini, is the only TM that lines both
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funnels and crosses the hydrophobic barrier between them (13).
TM IVc also lines the cytoplasmic funnel and TM IVp lines the
periplasmic funnel. Movement of TM IVp upon ligand binding
has been observed by 2D electron crystallography (38), directly
matching our findings (Figs. 2 and 4). These small helices are
part of the interrupted TMs of the unique NhaA fold (13, 16).
The Li*-induced movement 2 (TM VI-XII) also involves both
funnels; TM IX lines the cytoplasmic funnel and TM Xlp lines
the periplasmic funnel (13). TMs XIc and XIp and the extended
chain between them form the other part of the unique NhaA fold
(16). Taken together, we conclude that the movements play an
important function in opening and closing the NhaA funnels.

No changes were observed in loops IV-V, V-VI, and TM V
(Figs. 2 and 4), where the most conserved and essential residues
of the binding site, Asp163 and Aspl64 (15), are located. We
thus conclude that this segment does not move upon Li* binding,
Notably, HDX-MS monitors differential deuterium uptake of
the backbone amides and not of the side chains (52). Therefore,
our results do not exclude movements of the side chains at or
around the active site.

Taken together, the HDX analysis revealed Li*-induced move-
ments, occurring on both sides of the active site, proceeding almost
parallel to an axis running through both funnels and between the
two NhaA domains (Fig. 4). Indeed, the most pronounced Li*-
induced deuterium uptake changes occurred in loops II-III and
IX-X that connect the two domains (Figs. 2 and 4).

A Model for NhaA Na*/H* Antiport Based on the Movements Observed
by HDX-MS. The central alternating-access mechanism proposed for
secondary active transporters has first been visualized as a “rocker
switch” (25). In its simplest form, this model describes a shift be-
tween two conformations allowing access to the active site either
from the cytoplasm or periplasm while the rest of the protein, in-
cluding the binding site, remains immobile relative to the mem-
brane (25). However, recent studies on distinct transporters
described an “elevator-like” mechanism (53). Therein the protein
domain harboring the substrate performs a vertical translation of
5-16 A relative to the membrane plane (53).

For NhaA, all known crystal structures have been determined
of an inactive conformation at low pH, and studies of these
structures favored a rocker switch mechanism for ion trans-
location (13, 14). However, recent studies on the related Na*/H*
antiporters, NapA from Thermus thermophiles and NhaP from
Methanocaldococcus jannaschii, described an elevator-like move-
ment upon ion binding (20, 54) including a 5- to 10-A translation
of the core domain relative to the membrane plane.

Our HDX data neither provide exact dimensions and orien-
tations of the observed movements nor temporal resolution.
Thus, no information on the specific spatial translocation and
the timing of the observed conformational changes is given. The
Li*-induced movements can either occur simultaneously or
consecutively, leading to the final global conformation. Based on
our findings, we propose the following model for NhaA antiport:
an immobile binding site is alternatively exposed to either the
cytoplasmic or the periplasmic side by a translational motion of
the core domain relative to the membrane plane (Fig. 5). We
assume a translation of the core domain, because the interface
domain is anchored in the membrane by its twin of the NhaA
dimer (14), a connection critical for NhaA stability (51). Indeed, in
the core domain, the movements span entire TMs (111, X, and XIT)
(Figs. 2 and 4), while in the interface domain they mainly affect the
C terminus of TM II and the N terminus of TM IX (Figs. 2 and 4).
These observations suggest a more pronounced translation of the
core domain, directly matching our assumption.

In the antiport cycle, two protons are released upon Li* binding
(Fig. 5, steps 1-2). Then, the core domain shifts toward the cyto-
plasm into closer proximity of the interface domain, leading to a
closure of the cytoplasmic funnel and opening of the periplasmic
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funnel (Fig. 5, step 3). Notably, the observed movements in the
middle of NhaA (TMs IV and XI) (Figs. 2 and 4) would certainly
cause a disruption of the charge balance delicately maintained at
the ion binding pocket (13). Thus, even though TM V does not
move, this effect may trigger the release of the substrate ion via the
open periplasmic funnel (Fig. 5, step 3) in exchange for two pro-
tons (Fig. 5, step 4) to complete the antiport cycle.

Our model is directly supported by two computational ap-
proaches that have been used to model the periplasmic open
conformation of NhaA (23). Both analyses predicted similar
types of conformational changes. Overall, the two NhaA do-
mains move around a putative symmetry axis at the funnel cen-
ters, perpendicular to the membrane plane. This motion results
in the closure of the cytoplasmic funnel and the opening of the
periplasmic funnel. Remarkably, the TMs involved were pre-
dicted to be TM II, TM IX, TM IVc, and TM Xlp, and thus
directly match with the HDX-MS results in this study.

In summary, our HDX-MS-based analysis revealed a global
conformational change in NhaA mediated by two movements
that form the basis of the alternating-access mechanism. Our
findings highlight the value of this powerful technique and can
contribute critically to driving structure—function-based experi-
ments in NhaA. On the basis of the NhaA crystal structure,
we successfully modeled human NHE1 and NHA2 (23, 55).
Therefore, the results presented here can guide experiments to
improve our understanding of the human antiporters of the
cation/proton antiporter (CPA) family, which play essential roles
in health and disease (1).

Methods

WT His-tagged NhaA (56) and variant D164N (39) were produced in E. coli
strain RK20 (8) and affinity purified in DDM as previously described (56, 57).
Samples were dialyzed against either the control buffer composed of 10 mM
NH4Ac, 100 mM KCl, and 0.03% DDM or the binding buffer in which KCl was
replaced by 100 mM LiCl and diluted to ~0.6 mg/mL, before each HDX-MS
experiment. The hydrogen/deuterium exchange reaction was performed on

Fig. 5. Proposed alternating-access mechanism of NhaA. Schematic repre-
sentation of NhaA viewed parallel to the membrane. The two domains are
shown in green (interface) and blue (core). TM V including the binding site is
indicated as a dark blue segment in the core domain. The membrane is
shown in gray, and a dashed line indicates its center. NhaA in the “cyto-
plasmic open” conformation releases two protons (yellow dots) (7) and binds
Na*/Li* (red dots) (2). After Na*/Li* binding, the core domain translocates by
a rotational upward translation, closing the cytoplasmic and opening the
periplasmic funnel (3). Thereby the Li*/Na™ is released into the periplasm and
two protons can bind (4). Due to the proton binding, NhaA switches back
into the cytoplasmic open conformation and a new transport cycle starts (7).
TMV including the binding site remains immobile relative to the membrane
throughout the entire cation binding and translocation process.
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a Waters HDX Automation setup, as previously described (35). In brief,
samples were 15-fold diluted with the corresponding fully deuterated buffer
(control/binding) and incubated at 20 °C for various times (0, 1, 5, 10, 30, and
60 min). Subsequently, the exchange reaction was quenched using acidic
conditions (pH 2.6, 0 °C). Peptic digestion was carried out online at 20 °C, and
peptides were trapped and separated using reverse-phase chromatography
on an Acquity UPLC system (Waters) kept at pH 2.5 and 0 °C. Mass spectra of
the eluting peptides were obtained on a Synapt GS-Si (Waters) using HDMS®
mode (50-2,000 m/z), which includes ion mobility separation (IMS). Back-
exchange levels were accessed using predigested NhaA incubated in fully
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