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Human NHA?2 is a poorly characterized Na*/H" antiporter recently
implicated in essential hypertension. We used a range of computational
tools and evolutionary conservation analysis to build and validate a three-
dimensional model of NHA2 based on the crystal structure of a distantly
related bacterial transporter, NhaA. The model guided mutagenic evalua-
tion of transport function, ion selectivity, and pH dependence of NHA2 by
phenotype screening in yeast. We describe a cluster of essential, highly
conserved titratable residues located in an assembly region made of two
discontinuous helices of inverted topology, each interrupted by an extended
chain. Whereas in NhaA, oppositely charged residues compensate for partial
dipoles generated within this assembly, in NHA2, polar but uncharged
residues suffice. Our findings led to a model for transport mechanism that
was compared to the well-known electroneutral NHE1 and electrogenic
NhaA subtypes. This study establishes NHA2 as a prototype for the poorly
understood, yet ubiquitous, CPA2 antiporter family recently recognized in
plants and metazoans and illustrates a structure-driven approach to derive
functional information on a newly discovered transporter.

© 2009 Elsevier Ltd. All rights reserved.
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Introduction

Intracellular salt and pH must be tightly regulated
for cell viability. Therefore, organisms from all
kingdoms of life require pH-regulated cation/
proton antiporters (CPAs) to maintain homeostasis
of H" and Na*.'® To date, 11 human CPAs have
been identified and assigned to specific subfamilies
of the monovalent CPA family with orthologs
throughout the biological world. The CPA1 sub-
family includes many orthologs (NHE1-9) that are
well characterized and believed to be electroneutral.

In contrast, most CPA2 members are virtually
unknown or poorly studied, with the exception of
bacterial NhaA, which is an electrogenic antiporter
with a stoichiometry of 2H"/Na*. More recently,
phylogenetic analysis identified human NHAl and
NHA2 as members of the CPA2 subfamily.*

Based on tissue expression, genome location, and
phloretin sensitivity, the human transporter NHA2
was considered a candidate gene for sodium-
lithium countertransport act1v1ty, which has been
described 1n red blood cells,® lymphoblasts,” and
fibroblasts,® as a marker for essential hypertension.
Pairwise alignment between bacterial NhaA and
human NHA?2 identified a shared pair of conserved
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Asp residues in the fifth transmembrane (TM)
segment, implicated in electrogenic transport. Mu-
tation of these residues to Cys abolished the ability
of NHA2 to confer growth in Na*- or Li* —supple—
mented medium in a salt-sensitive yeast strain.’

Elevations of sodium-lithium countertransport
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activity are likely to correspond to physiologically
relevant increases in Na*/H" antiport activity and
are hypothesized to underlie excessive salt absorp-
tion leading to hypertension. A more mechanistic
understanding of transport, however, has been
hampered by the lack of a structural model. To
date, there are no crystal structures of any eukary-
otic member of the CPA family.

The recently determined crystal structure of NhaA
from Escherichia coli is the first and only available
structure of a CPA, revealing unique structural
features that provide insight into the mechanism of
antiport and its regulation.” Of 12 TM segments,
TM4 and TM11 are discontinuous and interrupted
by extended chains in the middle of the membrane
(referred to as the TM4-TM11 assembly). Included
in the unique fold of NhaA is an inverted topology
repeat composed of TMs 3-5 and TMs 10-12. Such
inverted topology repeats with interrupted TM
helices have recently been found in structures of
other ion-coupled secondary transporters."’ The
opposite orientation of the interrupted helices
results in electrostatically unfavorable positioning
of the dipoles that face each other within the
membrane. It has been proposed that the charged
side chains, Asp133 (TM4) and Lys300 (TM10),
located in the same region, compensate for these
dipoles. Further, it has been suggested that the
delicate, electrostatic balance of the TM4-TM11
assembly may facilitate conformational changes
associated with the transport mechanism. A pair of
conserved and essential residues in TM5, Aspl163
and Aspl64, are located in close proximity to the
unwound regions of TM4 and TM11 and implicated
as binding sites for H* and Na*.”!" Other remark-
able structural features of NhaA include two
funnels, facing the cytoplasm and periplasm,
respectively.

Homology modeling is a useful computational
approach for producing reliable structural data on
membrane proteins for which structure determina-
tion is still a challenge.'” Using NhaA as template,
Landau and coworkers recently generated a model
structure of human NHE1, which was supported by
existing mutagenesis data, inhibitor binding,'” and
recent NMR studies.'*"” Because of the lack of
existing biochemical data on NHA2 and the
extremely low sequence similarity between mam-
malian and bacterial CPA proteins, it was critical to
use a complex modeling technique that combined
several computational tools to produce high-quality
pairwise alignment between the two proteins. In this
study, we optimized the pairwise alignment be-
tween human NHA2 and NhaA by combining fold
recognition, profile-to-profile alignment, and hydro-
phobicity analysis. The new alignment was used to
produce a three-dimensional (3D) model of NHA2
that was supported by evolutionary conservation
analysis. We refer to it as ‘model structure’, rather
than ‘homology model’, because of the low sequence
similarity between NHA2 and the NhaA template.
Most significantly, the model guided the design of
mutations that revealed new key residues for

function. Together, the experimental and structural
data presented in this study identified novel
structural attributes of NHAZ2 likely to contribute
to a mechanism of antiport distinct from the
previously characterized NhaA- and NHEI1-type
transporters. In future studies, the model can be
used to assess sequence variants in the human
population that may be associated with hyperten-
sion and other diseases.

Results and Discussion

Construction of a model structure for human
NHA2

Both human NHA?2 and E. coli NhaA have been
identified as members of the CPA2 subfamily* and
are also part of the same Ehylogenetic clan accord-
ing to the Pfam database,'® suggesting that they are
evolutionarily related and may share the same fold.
Indeed, twofold recognition algorithms, FFAS03"”
and INUB,'® identified NhaA as a structural
template for NHA2. The low sequence similarity
between NHA2 and NhaA (<15% sequence identity)
required the use of a composite modeling approach
in order to optimize the alignment between the
target and template sequences. Similar to the
attempt to model the NHE1 structure,'® our
modeling procedure also employed pairwise align-
ments computed by the FFAS03'” and the HMAP"
algorithms (Fig. la). Additionally, we integrated
results of other methods to aid the selection of the
TM helix boundaries (Fig. 1a and b). This included a
hybrid fold recognition method, INUB,'"® TM and
secondary-structure prediction algorithms,*' > hy-
drophobicity analysis, and the previously presented
pairwise alignment between NHA2 and NhaA.’

Initial TM helix assignment

The majority of the computational methods,
especially the fold recognition and profile-to-profile
alignment algorithms, predicted a similar helix
assignment, albeit with minor deviations in the
exact boundaries (Fig. 1a). To establish the initial
boundaries of the TM helices for most of the
segments, we utilized the helix assignment pro-
duced using the HMAP pairwise alignment.'” This
decision was based on the following observations.
First, a recent study found that HMAP is more
accurate than sequence-to-sequence, sequence-to-
profile, and multiple sequence alignments (MSAs) in
cases of weak sequence similarity between mem-
brane proteins,'> although the study did not
compare this method to fold recognition or other
profile-to-profile alignment methods. Second, the
HMAP result presented at least a partial match to
the results of all other computational tools (Fig. 1a).
Third, examination of a hydrophobicity analysis of
NHA2 and its close homologues revealed that the
HMAP TM predictions are in most cases very
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Fig. 1. Building the NHA2 model structure. (a) The location of the helices of NHA2 according to secondary-structure
predictions (HMMTOP and TMHMM), profile-to-profile alignment (HMAP), fold recognition (FFAS03 and INUB), and
pairwise alignment with NhaA® are marked in different colors according to the legends. The boundaries of the TM helices
that were used for the modeling here are highlighted in gray, and the TM helix numbers are marked above. (b) The
suggested TM topology of NHA2. Residues are colored according to the hydrophobicity scale of Kessel and Ben-Tal,*’
using the color bar, with blue through yellow indicating hydrophilic through hydrophobic. The long loop connecting TM1
and TM2 was omitted for clarity. Overall, the helices are hydrophobic, but they do feature polar and titratable residues, as

anticipated for a transporter.

similar to the preserved hydrophobic segments
within the NHA2 family (data available upon
request).

Deviations from the HMAP predictions are
described here: For TMs 3, 5, and 6, the HMAP
prediction placed gaps one residue before the end
of the helix. We manually removed the gaps and
assigned these helices according to the gapless TM

segments. The same procedure was performed for
TM12, in which the gaps occurred in the middle of
the predicted helix. In addition, we assigned TM8
according to the identical prediction of FFAS03
and INUB, since the region detected for TM8 by
these methods better corresponded to the MSA
and hydrophobicity analysis than the HMAP
assignment.
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3D model building and modification

We then matched the TM segments according to
the initial prediction to their corresponding TM
helices in NhaA and used this alignment to
construct an initial 3D model of NHA2. On
examining the hydrophobicity of the preliminary
model, the selected boundaries of most of the TM
segments maximized the exposure of hydrophobic
residues to the lipids while maintaining most of the
polar and charged residues in the protein core
(Supplementary Fig. Sla and b), as they should. In
the case of TM1, however, our initial assignment
placed two highly hydrophilic residues toward the
lipids. We thus shifted the boundaries of TM1 so it
would begin one residue N-terminally to the initial
assignment. Furthermore, the evaluation process
(described below) revealed that the initial assign-
ment of TM9 placed its evolutionarily conserved
face toward the membrane. We therefore shifted the
original assignment of TM9 by a single residue
toward the N-terminal so it would better correspond
to hydrophobicity and conservation (Figs. 1b and 2a
and Supplementary Fig. S1).

The final pairwise alignment of NHA2 and NhaA,
after the slight modifications in TM1 and TM9, was
utilized for building the model structure (Supple-
mentary Figs. S1 and S2). The model showed the
TM4-TM11 assembly of NHA2, embedded between
™1, TM3, TM5, TM10, and TM12 and the
cytoplasmic and external funnels shaped by the
cytoplasmic parts of TM2, TM4, TM5, and TM9 and
the external regions of TM2, TMS8, and TMI11,
respectively. The model structure possessed the
expected physicochemical properties of a typical
transporter, with hydrophobic residues facing the

(a) NHA2 (b)

Extracellular

Bz 4567 HB

Variable

NhaA (c)
Cytoplasm

membrane, while most of the polar residues
clustered in the core or on extramembrane loops
(Supplementary Fig. Sla and b). It should be noted
that exact overlap between the current helix
boundaries and the boundaries deduced from the
previous pairwise alignment” occurred only in 4 of
the 12 TM segments (i.e., TM3, TM5, TM9, and
TM12) (Fig. 1a). We note the work of Forrest and
coworkers, who demonstrated the increased accu-
racy of structure-based profile alignments over
pairwise alignments for modeling of structures of
TM proteins, especially in sequence pairs sharing
low sequence identity.!?

In silico validation of the NHA2 model

There are no previous experimental data that can
be used to examine the validity of the model
structure of this newly discovered transporter.’
Structures of membrane proteins, however, have
been shown to display distinct common features,
especially in regard to the distribution of positively
charged residues at the ends of the TM helices and
the extramembrane loops, and the pattern of
evolutionary conservation.”® We evaluated the
compatibility of the NHA2 model with these generic
characteristics.

NHAZ follows the ‘positive-inside’ rule

The “positive-inside” rule describes the empirical
observation that intracellular regions of membrane
proteins are enriched with positively charged
residues (lysme and arginine) relative to extracellu-
lar regions.”’*® This distribution has been readily

Conserved

Fig. 2. Evolutionary conservation. The evolutlonary conservation profiles of NHA2, NhaA, and NHEI, calculated via

the ConSurf Web server (http://consurf.tau.ac. 112
facing up in all panels. The structure of NhaA

are shown in (a), (b) and (c), res;l)ectlvely The intracellular side is
and models of NHA2 and NHE1"

are colored according to their

conservation grades using the color-coding bar, with turquoise through maroon indicating variable through conserved.
The most variable and most conserved positions of each transporter are shown as spheres. The three proteins exhibit a
highly conserved core, while loops and lipid-facing residues are variable, as they should.
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demonstrated in NhaA and NHE1.'® Likewise, the
model structure of NHA2 has 15 lysines and
arginines in the cytoplasmic side versus 8 in the

extracellular face of the membrane (Supplementary
Fig. S3a).

Evolutionary conservation supports the NHA2
model structure

As previously exemplified for the NHE1 model
structure, evolutionary conservation can be uti-
lized to assess the validity of structures and model
structures.”” Proteins are usually subjected to
evolutionary pressure in regions of structural or
functional importance. For ion transporters, this
consists not only of regions that take part in ion
binding or translocation, but also of interhelical
interfaces, crucial for stabilizing the architecture of
the helix bundle. Therefore, the expectation is that
the protein core would be conserved, whereas
residues that face the lipids would be variable.”’
We projected evolutionary conservation scores,
calculated using the ConSurf server} on the model
structure of NHA2.** The model structure is
compatible with the conservation pattern in that,
overall, the variable residues face the lipids or are
located in extramembrane regions, whereas the
protein core is highly conserved (Fig. 2a and
Supplementary Fig. Slc and d). The NHA2 conser-
vation distribution is similar to that exhibited for the
structure of NhaA and the model of NHE1"? (Fig. 2b
and c¢). Moreover, the NHA2 and NHE1 models
along with the NhaA crystal structure’ all show
high conservation of the TM4-TM11 assembly and
its flanking helices, each containing a cluster of at
least four extremely conserved charged residues
(Fig. 3). It is noteworthy that the conservation scores
were calculated individually for NhaA, NHE1, and
NHAZ2 by using three distinct sets of homologues.
The similarity detected between the conservation
patterns of the 3D structures of these distantly
related transporters reflects their presumed struc-
tural resemblance, strengthening the notion that
NhaA is indeed a suitable template for modeling the
structures of human proteins belonging to the CPA
superfamily.

Additionally, our analysis revealed that three
nonsynonymous single-nucleotide polymorphisms
detected in the sequence of NHA2 all map to
variable residues on extracellular loops, supporting
a neutral effect for substitutions occurring in these
positions (see Supplementary Data, Supplementary
Fig. S3b).

Experimental validation of the NHA2 model

We undertook a detailed validation of the model
structure based on directed mutagenesis. Previous-
ly, we described functional complementation of the
salt-sensitive phenotype of a yeast host by heterol-

T http://consurf.tau.ac.il/

ogous expression of NHA2.> Wild-type (WT)
human NHA?2 rescued the dose-dependent Na®-
and Li*-growth sensitivity of the yeast strain ABl1c
lacking endogenous cation pumps and antiporters
(enal-4 Anhx1AnhalA)* (Fig. 4 and Supplementary
Fig. S6), but could not rescue the K'-sensitive
phenotype, consistent with ion-selective transport
of Na” and Li" but not K". Insight into proton
transport and regulation was derived from the pH
dependence of phenotype complementation that
occurred between a pH range of 3-4.5 (Fig. 5 and
Supplementary Fig. S7). We note that this acidic pH
optimum of the NHA2 activity (Fig. 5) probably
reflects the H" motive force set up by the plasma
membrane H-ATPase in the yeast cell, and other pH-
dependency ranges could emerge under different
physiological conditions in human cells. Neverthe-
less, we still interpreted shifts from the pH optimum
as potential changes in the pH dependence of
NHA2. Our experimental approach allowed rela-
tively large numbers of newly designed mutants to
be rapidly and quantitatively screened for function-
al changes. Mutants were evaluated for protein
folding defects by monitoring expression levels by
Western blot analysis (Supplementary Fig. 54) and
plasma membrane localization by fluorescence
imaging of green fluorescent protein (GFP)-NHA2
(Supplementary Fig. S5).

Structure-guided design of mutations

The insertion of charged residues into the mem-
brane bilayer is energetically unfavorable, and the
common view is that they do reside in the membrane
only to conduct physiological functions.?’*"?
Indeed, several such charged and conserved resi-
dues within the core of bacterial NhaA and human
NHE1 have been assigned specific roles in ion
binding and structural stabilization of the TM4-
TM11 assembly based on structural and mutagen-
esis data (Fig. 3a, ¢, and d).?132%3¢ The model
structure of NHA2 accommodates eight charged
residues in the core of the membrane domain, five
of which are highly conserved positions located in
or near the TM4-TM11 assembly (Figs. 3b and 6).
Many other charged residues are located in the
extramembrane regions. In order to obtain struc-
tural and functional insight on NHA2, we under-
took site-directed mutagenesis of the highly
conserved charged residues in the core and several
peripheral titratable residues, including both con-
servative and nonconservative replacements. While
our general aim was to investigate charged resi-
dues, we also performed substitutions in few other
residues of interest, chosen based on the compari-
son of NHA2 with previous data available for
NhaA and NHE1.

Two conserved and essential aspartates in TM5 of
NHA2

In our previous study, we identified two sequen-
tial Asp residues in TM5 of NHA2, Asp278 and
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Extracellular

(c) NhaA
D163, D164

(b) NHA2
D278, D279

Fig. 3. Titratable residues in the TM4-TM11 assembly region. In all panels, TM12 was omitted for clarity and the
intracellular side is at the top. Locations of C* atoms of highly conserved titratable residues in the TM4-TM11 assembly
region are shown as spheres. Red spheres denote aspartates and glutamates, while blue spheres indicate lysines or
arginines. Ser245 and Thr462 of NHA2 are shown as green spheres. (a) The model structure of NHA2 (light brown) is
aligned to the crystal structure of NhaA (gray)” and the model of NHE1 (green)."® The center of the TM4-TM11 assembly
and flanking region is marked by a square. (b)—(d) Focus on the marked region of NHA2, NhaA, and NHEI, respectively.
While the assembly region of all three transporters includes conserved charged residues, each displays distinct features,
possibly corresponding to functional divergence. Please refer to the main text for details.

Asp279, which are homologous to Aspl63 and
Aspl64 of NhaA (Figs. 3b and c and 6b, and
Supplementary Fig. S2), referred to as the ‘DD
motif’. Mutagenesis demonstrated that the NHA2
double mutant DD—CC failed to rescue the salt-
sensitive phenotype of the host yeast strain,’
consistent with a role of these aspartates in cation
(Na*, Li*, or H") binding.”” Herein, we expanded
investigation of this essential motif by individually
replacing each aspartate with glutamate, aspara-
gine, or alanine (Figs. 4a and 5a). All the mutants
except for D278E failed to restore growth of the salt-
sensitive strain under increasing concentrations of
both Na*™ and Li", supporting a specific requirement
for an acidic residue at these locations. Western blot
and fluorescence microscopy confirmed that both
the expression level and localization of the NHA2

mutants were comparable to that of WT NHA2
(Supplementary Figs. S4a and S5), confirming that
D278 and D279 play a functional role, probably in
transport.

Notably, the ND motif in the CPAl family,
corresponding to Asn and Asp in positions 266
and 267 of NHEI1, has also been implicated in ion
binding and translocation.'>**”® We explored the
possible relation between the predicted ion-
binding sites of NHE1 and NHA2 by generating
the D278N mutant in NHA2. The mutant, in which
the original DD motif was substituted to an ND
motif, failed the functional complementation test.
Because similar results were obtained in bacterial
NhaA,* it appears that contrary to CPA1, CPA2
exchangers with an ND motif are unable to perform
transport.
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Fig. 4. Functional analysis of NHA2 mutants predicted by homology modeling: dosage response. The salt-sensitive
yeast strain AB11C was transformed with His-tagged NHA2 (WT), NHA2 mutant as indicated, or empty vector (EV).
Yeasts were grown in APG medium supplemented with LiCl (left panels), or NaCl (right panels), and growth was
determined by optical density of the culture at 600 nm (ODgg) after 24 h (LiCl) or 48 h (NaCl) at 30 °C. Data are the
average of triplicate determinations.

As with other substitutions in the DD motif, the =~ comparable to that of the WT protein, suggesting a
D278E mutant failed to confer Li" tolerance (Figs.  limited retention of function by Glu in place of
4a and 5a). However, the yeast strain expressing  Asp (Figs. 4a and b5a). Interestingly, a similar
this NHA2 mutant showed Na'-tolerant growth  partial retention of function was observed in the
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Fig. 5. Functional analysis of NHA2 mutants predicted by homology modeling: pH profile. Same as Fig. 4 except that
LiCl concentration was fixed at 25 mM and NaCl concentration at 300 mM. Media pH was adjusted by using phosphoric
acid.

D164E mutant of NhaA, with both Na* and Li*,*®  small change in placement of the carboxyl group
and the corresponding D267E mutant in NHE1  within the DD motif may be accommodated in all
was also deemed active.® This suggests that a  three structures.
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Fig. 6. Mutagenesis results in light of the evolutionary conservation analysis. In (a) and (b), the NHA2 model is shown
as transparent ribbons, with its cytoplasmic side facing up. C* atoms of mutated positions are shown as spheres and are
marked by lowercase letters with their corresponding residues shown in the table. (a) Residues mutated in this study are
colored by the resulting phenotype of the mutations, with red, green, and yellow corresponding to nonfunctional,
functional, and partially functional, respectively. Positions were colored red even if a single mutant failed to rescue the
salt-sensitive yeast in the presence of either Li* or Na*, whereas residues were marked as partially functional if mutations
mildly lowered yeast growth in comparison to WT. (b) The model structure is colored by conservation, as in Fig. 2a. All
positions that were sensitive to mutation are evolutionary conserved (grades 8 and 9), while all nonsensitive positions
receive significantly lower conservation scores, as anticipated.

Compensation of helix dipoles in the TM4—-TM11
assembly

In the NhaA structure, both TM4 and TM11 are
interrupted by an extended chain,’ flanked by
partial charges formed at the N- and C-termini of
the respective small helices connecting the extended
chains. These partial charges in the middle of the
membrane were proposed to be compensated for by
the highly conserved Asp133 of TM4 and Lys300 of
TM10 (Fig. 3c).””” The model of NHE1 suggested a
similar compensation for these helix dipoles, with
D238 and R425 corresponding to D133 and K300,
respectively (Fig. 3a, ¢, and d).” However, the
model structure of NHA2 suggested some devia-
tions from this pattern: While the highly conserved
Arg432 of TM10 (Figs. 3b and 6b) corresponds to
Lys300 in NhaA and Arg425 in NHE1 (Fig. 3cand d,
respectively), there was no conserved negatively
charged residue in the position equivalent to Asp133
or Asp238 of NhaA and NHE1, respectively. Mutant
R432A failed to rescue salt-tolerant growth in the
host yeast strain and R432K retained partial function
with both Na* and Li" (Figs. 4b and 5b), consistent
with the proposed mechanism of dipole compensa-
tion. Surprisingly, mutant R432Q retained signifi-

cant levels of function equal to, or greater than,
mutant R432K, indicating that a polar residue with a
partial positive dipole may suffice for stabilization
of the two negative dipoles of TM4 and TM11.

Following this, we speculated that the partial-
positive charge of the TM4-TM11 helix dipoles
could be compensated for through partial charges of
hydroxyl side chains of two highly conserved
residues, Ser245 and Thr462, positioned at the N-
termini of the small helices connecting the extended
chains of TM4 and TM11, respectively (Figs. 3b and
6b). Indeed, the S245A and T462V mutants failed to
rescue the salt-sensitive phenotype in the presence
of Na™ (Figs. 4c and 5c¢), while substitution of these
residues with cysteine retained activity (Supple-
mentary Fig. S6c). Together, these data suggest that
the partial dipoles of the TM4-TM11 assembly, both
positive and negative, can be compensated for via
polar residues possessing the opposite partial
charges.

Novel features of the TM4—TM11 assembly

A unique feature of the region in the vicinity of the
TM4-TM11 assembly of NHA2 is the highly



1190

Model Structure of Na*/H* antiporter NHA2

conserved Glu215 in TM3 (Figs. 3b and 6b). Neither
NhaA nor NHE1 possess a charged residue in the
same position (Fig. 3c and d, respectively). We
therefore tested the effect of a series of substitutions
at this site, ranging from profound to mild. Whereas
substitutions lacking a carboxylic group, E215A (not
shown), E215C, and E215Q), failed to rescue the salt-
sensitive phenotype of the host strain, partial
function was retained in the E215D mutant (Figs.
4d and 5d). We note that Li* tolerance was more
prominent than Na™ tolerance in this mutant. We
can conclude that structural, phylogenetic, and
experimental data all point to the significance of
Glu215. Whether Glu215 is directly involved in ion
or proton binding or contributes to function in
another manner (for instance, participates in con-
formational changes during the transport cycle or in
pH regulation) remains to be elucidated.

Another highly conserved and positively charged
residue, Lys460 in TM11 (Fig 3b), has an equivalent
in CPA1 family members (Fig. 3d), but not in
bacterial NhaA (Fig. 3c). Thus, the corresponding
residue in NhaA is Gly338, which oddly enough, is
implicated in pH regulation,” whereas NHE1
possesses the conserved and positively charged
Arg458 in the equivalent position. However, re-
placement of this residue in NHE1 failed to
express,”’ so the functional effect of this mutant
could not be assessed. We show that in NHA?2, the
mutant K460A exhibited a Li*-selective phenotype
reminiscent of the effect of E215D in the vicinity of
the TM4-TM11 assembly (Figs. 4d and 5d).

Three unique charged residues in the core outside
the assembly region

The membrane domain of NHA2 incorporates
three other titratable residues outside the TM4-
TM11 assembly: Argl77 and Argl87 in TM2, and
Asp394 in TM9 (Fig. 6b). Given the highly conserved
nature of Argl87 within the protein core, it was not
surprising that mutant R187A failed to rescue salt-
sensitive growth of the host strain. Nevertheless,
maintaining a positive charge in this position
(R187K) allowed partial function (Figs. 4e and 5e).
While these results suggest that a positive charge in
this position is needed for NHA2, NhaA and NHE1
do not possess a similar charge in this position.

Mutation to alanine of the conserved Argl77
allowed only partial compensation (Figs. 4e and
5e). Since Asp394 is not conserved, we hypothesized
that it does not have a significant role for function or
structure stabilization (Fig. 6b). Verifying this
notion, mutants D394E and D394C were deemed
functional (Supplementary Figs. S6a and S7a).

Ser362 and Glu449 line the gateways to the
transport funnels

Next, we selected two other residues of interest for
mutagenesis, Ser362 and Glu449, which are both
evolutionarily conserved (Fig. 6b). Ser362 is the
equivalent position of Ser351 of NHE1, which was

predicted to take part in the 10n—transport mecha-
nism of NHE1."> Indeed, Reddy et al.'* recently
showed that Ser351 was seemingly a pore-lining
residue. Interestingly, the 5362C variant of NHA2
did allow complementation almost as WT (Figs. 4f
and 5f), maybe owing to the physicochemical
similarity between Ser and Cys.

On the other hand, Glu449 was located at the
cytoplasmic side of TM11, facing the putative
entrance gate for the TM4-TM11 assembly (Fig.
6b). The E449C mutant significantly reduced activ-
ity, with a more profound effect for Na™ than for Li*
(Figs. 4f and 5f). Since NhaA and NHE1 do not
encompass a similar conserved and charged residue
in this region, this was also considered as a novel
feature of NHAZ2.

Mutations in nonconserved residues support model
structure

Integrating structural data with phylogenetic
analysis, we identified and verified the functionality
of several NHAZ2 residues. While this provided some
primary validation for our model structure, we also
initiated a different validation approach. We fo-
cused on relatively variable segments that are
enriched with charged residues: the cytoplasmic
ends of TM2, TM3, and TM9, along with the loop
between TM2 and TM3 (Fig. 6b). We anticipated that
mutations in charged but variable residues in these
regions, which are exposed to the cytoplasm or
residing on the membrane boundary, would not
impair function. Reassuringly, substitutions per-
formed in 10 randomly selected residues in these
regions still allowed growth of the salt-sensitive
strain in the presence of Na™ or Li" (Supplementary
Figs. S6a, b, and d, and S7a, b, and d).

On the Mechanism

lon selectivity and the translocation pathway

Studies have shown that different CPA transpor.
ters exhibit selectivity for a distinct range of cations.*
Mutations that alter ion selectivity of a transporter
are of special interest because they help identify the
residues that most likely contribute to the ion
translocation pathway. Several NHA2 mutants
located at the TM4-TM11 assembly and its flanking
helices displayed asymmetric phenotypes with Na™
and Li", including S245A, R432Q, K460A, and
T462V along with D278E and E215D (Figs. 4-6),
consistent with a role for these residues in ion
discrimination, binding, and translocation.

Although neither Na* nor Li* were shown in the
crystal structure of NhaA determined at pH 4,
structure-based calculations have suggested that the
nonhydrated ions reach the bmdmg site. Based on
differences in nonhydrated ionic radii (0.68 A for Li*
and 0.95 A for Na*) and the previous suggestion that
Li* requires fewer coordinating residues than Na*,*'
we can speculate that the ion-binding sites overlap
only partially. We observed that mutant D278E
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strongly complemented Na® phenotypes but grew
poorly in Li*-supplemented medium, whereas
mutant E215D displayed the opposite phenotype,
with preferred selectivity for Li" over Na* (Fig. 4a
and d). Considering that the single mutants D278E
and E215D were reversed in terms of both side-chain
size and complementation phenotype, we generated
a double mutant, D278E/E215D, to test whether this
may restore activity with both ions. Interestingly,
the double mutant restored the deficient activity of
the E215D single mutant in the presence of Na”,
although it did not change the observed D278E Li*
phenotype (Supplementary Figs. S6e and S7e). This
functional interaction supports the proximity of
these two residues in the model structure (Fig. 3b)
and suggests that the unique residue Glu215, along
with Asp278, is indeed located along the ion
translocation pathway. The specificity of this inter-
action was validated by another double mutant,
D278E/K460A, which failed to restore activity
(Supplementary Figs. S6f and S7f). This result is
also in line with the NHA2 model, in which Asp278
and Lys460 are both part of the assembly region, but
are not in close proximity like Asp278 and Glu215
(Fig. 3b).

Proposed transport mechanism

Generally speaking, the NHA2 model predicted
that the external and cytoplasmic funnels, along with
the TM4-TM11 assembly and nearby regions, are
enriched with highly conserved polar residues
(Supplementary Fig. S1). Cons1stent with the prev1—
ous suggestions for NHE1"? and NhaA,’"" we
propose that these regions, especially the specific
residues discussed above, take part in ion transloca-
tion in NHA2. More specific ion-transport mechan-
isms have been proposed for NhaA and NHE1.”'!*?
We therefore examined whether these mechanisms
can provide an initial understanding of the mecha-
nism of NHA2. Based on the crystal structure, it has
been suggested that the irregularities in the a-helical
structure in the TM4-11 assembly expose main-chain
hydrogen-bonding partners and create a delicately
balanced electrostatic environment essential for ion-
binding and antiport.” Molecular dynamics simula-
tion in NhaA explained electrogenic transport by
suggesting that Asp163 binds only H*, while Asp164
binds both Na" and H, and proposed that there are
two translocation pathways (Fig. 7a)."! Mutation in
Glu252 of TM2 increased K for Na*, implicating
this residue in ion binding.” In the model of the
mechanism of NHE1, one Na™ is exchanged for one
H" via Asp267, while Glu262 and Ser351 were
suggested to play a role in proton attractlon and
cation binding, respectively (Fig. 7b)."?

Figure 7 summarizes the comparison between the
mechanisms of NhaA, NHE1, and NHA2. In the case
of NHA2, Asp278 and Asp279 are likely to possess
the same role proposed for Asp163 and Asp164 of
NhaA (Fig. 7a and c). Considering the predicted
structural location of Ser362 at the extracellular end
of TM8 (Fig. 6), Ser362 might participate in ion

attraction or initial binding, just like its equivalent
residue in NHE1, Ser351 (Fig. 7b and c). This may be
possible if TM8 indeed rotates in the active state
relative to its conformation in the inactive state, as
suggested for NHEL."? Although there was no
corresponding residue for Glu262 of NHE1 nor for
Glu252 of NhaA in NHA2, we did find Glu449, a
negatively charged and conserved position at the
cytoplasmic end of TMI11 (Fig. 6b), facing the
entrance of the TM4-TM11 assembly. In line with
the necessity of the negative charge at this position,
we suggest that Glu449 serves as a proton attractor
that can aid the transport process but is not crucial
for function (Fig. 7c). Relying on the model structure,
we also speculate that a slight rotation of TM5 could
result in a salt bridge between the conserved and
essential Arg187 of TM2 and Asp279 of TM5 (Fig. 7c).
Such an interaction may stabilize the active confor-
mation during transport and explain the importance
of Argl87 for function. Alternatively, Asp279 may
replace its interaction with Argl87 for Na”, in the
same manner in which H" is replaced by Na™ in the
mechamsm proposed by Arkin ef al. for NhaA (Fig.
7a and c).'" If indeed the positively charged side
chain of Argl87 interacts with Asp279 instead of a
proton, one might consider the possibility that
NHAZ2 is electroneutral rather than electrogenic.
Last, highly conserved and essential Glu215 of TM3,
positioned near the TM4-TM11 assembly, is pre-
dicted to take part in the function mechanism, in a
manner that remains to be discovered.

Concluding remarks

Helices and specific residues that are part of the
proposed NHA?2 antiport mechanism are marked on
the model structure presented in Fig. 8. Despite an
overall similarity in architecture with other CPA
family members, our studies revealed striking
differences and unique features not seen in other
CPA subtypes (Figs. 3 and 7). First, our results
suggest that partial dipoles of the TM4-TM11
assembly of NHA2 can be compensated for by
polar side-chains (GIn, Ser, Thr, Cys), in the absence
of oppositely charged residues seen in both NhaA
and NHE1 (Fig. 3). Second, we describe a uniquely
conserved negative charge, Glu215, in the vicinity of
the TM4-TM11 assembly and the essential charged
residue Asp278 in TM5. Another unique and
conserved charge, Argl87, is located in TM2 where
it has the potential to stabilize the oppositely
charged Asp279 in TM5 (Fig. 8). Whereas the DD
motifs of TM5 in NHA2 and NhaA are clearly
functional equivalents and characteristic of CPA2
family members, other residues in NHA2 are
potentially equivalent to functionally important
residues seen in the CPA1l family prototype,
NHE]1, including Ser362 and Lys460, proposed to
line the translocation pathways.

In this study we applied an innovative reverse
genetic approach to study the mechanism and
function of a recently identified ion transporter.
Traditionally, investigation of membrane proteins
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Fig. 7. Comparison of the suggested transport mechanisms of NhaA, NHE1, and NHA2. The intracellular side is
facing upward. The schemes on the left depict the inactive conformations, which correspond to the crystal structure of
NhaA and models of NHE1 and NHA2 (a, b, and c), respectively. Indeed, pH-dependent inactive and active states were
identified for NhaA and NHE,?”** and here we showed that the activity of NHAZ2 also depends on pH conditions (Fig. 5).
Residues proposed to take part in transport and their corresponding helices are illustrated, along with the TM4-TM11
assembly. The right-hand side represents the putative active conformations and the suggested transport cycles, with the
residues of interest, sodium ions and protons according to the legend below. The number of transported protons matches
the stoichiometry of NhaA and NHE1 and the putative electrogenicity of NHA2. Since the physiological direction of
transport for NHA?2 is yet to be determined, its transport direction in (c) is for illustration purposes only. While Glu262
serves as a proton attractor in the cytoplasmic side of NHE1 (b),"* and Glu252 participates in sodium binding in NhaA
(a),*”® Glu449 may possess a similar role for NHA2 (c). The two Asp of TM5 in NhaA (a) and NHAZ2 (c) along with the
single one of NHEI (b) are the proposed binding sites for protons and cations in the protein core. Uniquely for NHA2, a
salt bridge between Argl87 and Asp279 (c) may be formed in the active state. In the extracellular side, Ser351 and
Ser362 of TM8 of NHE1 and NHA2, respectively, perhaps participate in cation binding (b and c). Additionally,
essential Glu215 is probably situated in the ion translocation pathway of NHA2, and its precise functional role is yet to be
discovered.

begins with elaborate biochemical data that ulti-  model structure of NHA2 allowed us to obtain early
mately validate structural information, often the  molecular-level insight into the structure—function
culmination of years of trial and effort. Here, the  relationship of a novel human protein implicated as
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Fig. 8. Functional residues mapped on the structural architecture of NHA2. The cytoplasmic side is upward. The
model structure of NHA2 is shown as transparent ribbons, whereas helices implicated in the function mechanism are
marked. Helices 9 and 12, along with the extramembrane loops, were omitted for clarity. Specific residues suggested to
participate in transport, illustrated in Fig. 7c, are shown as spheres and highlighted.

a marker in essential hypertension (Figs. 3b and 6-
8). Our findings establish NHA?2 as a prototype for
the poorly understood, yet ubiquitous, CPA2 family
in plants and metazoans.

Materials and Methods

Identifying the fold

We initiated a PSI-BLAST search® of three iterations
against the UniProt database,** using the NHA2 sequence,
but did not succeed in finding NhaA as a sequence
homologue. The FFAS03 fold recognition server'” identi-
fied the structure of NhaA (PDB ID 1ZCD) as the best
template with a significant score of —36.1. According to the
FFASO3 benchmark, scores lower than —9.5 exhibit less
than 3% of false positives.'” The INUB hybrid fold
recognition method also identified NhaA as a suitable
template.'®

Sequence data and evolutionary conservation analysis

Studies have shown that evolutionary conservation
analysis is a useful tool for prediction of TM protein
structures, as conserved residues often reside in the

protein core, whereas variable positions face the mem-
brane or are part of extramembrane loops.”***** When
not employed for model building, the conservation profile
can also be used for model evaluation.?’ To this end, we
conducted a BLAST search®* against the UniProt
database® to collect homologous sequences to NHA2.
We discarded hits shorter than 60% of the original
sequence and identical sequences. This resulted in an
MSA of 55 sequences that we computed using the
MUSCLE algorithm.”® We then utilized the MSA to
calculate conservation scores via the ConSurfi** Web
server with Bayesian inference.”' Scores were projected on
the model structure of NHA2. We also calculated
conservation scores using several additional MSAs pro-
duced for NHA2 (described in the Supplementary Text),
which were similar to the results computed using the 55-
homologue collection. The MSAs and conservation scores
for NhaA and NHE1 were taken from a previous study."

Prediction of NHA2 TM helices and pairwise
alignments between NHA2 and NhaA

The low similarity between NhaA and NHA2 makes it
difficult to construct an accurate pairwise alignment using
simple means, but requires a more complex procedure.
We estimated the secondary structure of NHA2 usin,
PSIPRED* and utilized HMMTOP?' and TMHMM?* to
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predict TM helices. In addition, we colored the MSA
produced for NHA2 according to a hydrophobicity scale*
to identify segments conserved as hydrophobic through-
out the NHA2 family. We computed pairwise alignments
via the FFAS03 server,'”” the HMAP profile-to-profile
method, and the INUB server.'® An additional pairwise
alignment was taken from a preceding study.’

Building a 3D model by homology modeling

We used the homology modeling program NEST*?
with default parameters, and the pairwise alignment
between NHA2 and NhaA (Supplementary Fig. 2), for
modeling the TM domain of NHA2 (residues 114-516)
according to the template structure NhaA (PDB ID
1ZCD). The model’s accuracy is directl}l correlated to the
sequence identity with the template.”” Because of the
high sequence divergence between NhaA and NHAZ2,
we refer to the model as ‘model structure’ to emphasize
that it might be less accurate than typical homology
models.

Site-directed mutagenesis, yeast strains, and growth
media

Subcloning of human NHA2 with N-terminal His9 or
GFP epitope tag into plasmid pSM1052 was described
previously.” Mutations in NHA2 were carried out using
QuikChange (Stratagene) method and confirmed by
sequencing.

Saccharomyces cerevisiae strains AB11c or B31W lacking
endogenous Na* pumps and antiporters™ were used as
host for heterologous expression of NHA2 and its
mutants. Yeast cultures were grown at 30 °C in APG, a
synthetic minimal medium with minimal salt.”® Salt-
sensitive growth was monitored by inoculating 0.2 ml of
APG medium in a 96-well microplate with 4 ul of a
saturated seed culture. After incubation at 30 °C for 20—
72 h, cultures were gently resuspended, and the ODggo
was recorded on a FLUOStar Optima plate reader (BMG
Labtechnologies).

SDS-PAGE, biochemical techniques, and
fluorescence microscopy

Total yeast lysates were prepared by breaking the
cells with 27 mM NaOH, 1% (v/v) 2—mercaptoethanol54
from equal numbers of cells (four ODgyy units). Total
samples were treated with 6.4% trichloroacetic acid and
the pellets were washed once with acetone. Samples
were resuspended in 100 pl of SDS lysis buffer [1x
phosphate-buffered saline (PBS), 1% (w/v) SDS, 3 mM
EDTA (ethylenediaminetetraacetic acid), 5 mM EGTA
[ethylene glycol bis(p-aminoethyl ether) N,N’-tetraacetic
acid] with 1x protease inhibitors. Samples (50 pg
protein) were subjected to SDS-PAGE and Western
blotting. NHA2 was detected on a Western blot by
anti-NHA2 antibody (1:2000 dilution), as described in
the figure legends. Actin as loading control was detected
using mouse monoclonal antibody to p-actin (1:2000,
mAbcam 8224). IRDye 700DX-conjugated anti-rabbit
immunoglobulin G (1:20,000, Rockland, code 611-130-
122) or IRDye 800CW-conjugated anti-mouse secondary
antibody (1:20,000; Rockland, code 610-131-121) were
used to visualize protein bands on the Odyssey
Fluorescence Imaging System (Li-Cor Biosciences, Lin-
coln, NE). Live yeast cells harboring GFP-HsNHA2 and

its mutants were grown overnight and then visualized
and imaged directly under a Zeiss Axiophot fluores-
cence microscope.

Proper expression and plasma membrane localization of
all examined mutants was indeed confirmed (Supplemen-
tary Figs. S4 and S5).
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