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Abstract

The human Na*/H™" antiporter NHA2 (SLC9B2) transports Na™ or Li" across
the plasma membrane in exchange for protons, and is implicated in various
pathologies. It is a 537 amino acids protein with an 82 residues long hydro-
philic cytoplasmic N-terminus followed by a transmembrane part comprising
14 transmembrane helices. We optimized the functional expression of
HsNHAZ2 in the plasma membrane of a salt-sensitive Saccharomyces cerevisiae
strain and characterized in vivo a set of mutated or truncated versions of
HsNHAZ2 in terms of their substrate specificity, transport activity, localization,
and protein stability. We identified a highly conserved proline 246, located in
the core of the protein, as being crucial for ion selectivity. The replacement of
P246 with serine or threonine resulted in antiporters with altered substrate
specificity that were not only highly active at acidic pH 4.0 (like the native
antiporter), but also at neutral pH. P246T/S versions also exhibited increased
resistance to the HsNHAZ2-specific inhibitor phloretin. We experimentally
proved that a putative salt bridge between E215 and R432 is important for anti-
porter function, but also structural integrity. Truncations of the first 50-70 resi-
dues of the N-terminus doubled the transport activity of HsNHA2, while
changes in the charge at positions E47, E56, K57, or K58 decreased the anti-
porter's transport activity. Thus, the hydrophilic N-terminal part of the protein
appears to allosterically auto-inhibit cation transport of HsSNHA2. Our data
also show this in vivo approach to be useful for a rapid screening of SNP's
effect on HSNHA2 activity.
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intracellular concentrations of monovalent cations in
organisms of all kingdoms, from bacteria to mammals.'

The maintenance of ion homeostasis is crucial for any liv-
ing cell, as it influences various physiological parameters
such as cell size, intracellular pH, and membrane poten-
tial. Cation/H™ antiporters (CPAs, SLC9 family) are
tightly regulated transporters that ensure appropriate

They mediate the exchange of monovalent cations,
mainly Na* and K", for one or two protons across the
membrane. Human cation/H" antiporters account for
13 isoforms from three subfamilies—NHE (SLC9A),
which includes 9 proteins (NHE1-9), NHA (SLC9B) with
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two members, NHA1 and NHA2, and the SLC9C subfam-
ily with two proteins (SLC9C1 and SLC9C2) of unknown
functions.>® Deficiencies in the functions of CPAs are
related to a growing list of pathologies, ranging from
hypertension to autism spectrum disorder and cancer,
which demonstrates their importance for human health.?

In this work we focus on a member of the SLC9B sub-
family encoded by the NHA2 gene. It is a Na™(Li")/H*
antiporter, which is expressed in multiple tissues,* but its
physiological functions are relatively poorly defined.
Within individual cells, it was shown to be localized to
the plasma membrane or intracellularly to endosomes or
mitochondria.* It generally contributes to the regulation
of intracellular pH, sodium homeostasis, and cellular vol-
ume, and it was found to play crucial roles in various
physiological processes depending on the specific tissue
where it resides.

All knowledge obtained so far indicates that NHA2
performs multiple functions in the human body and its
malfunctioning leads to various pathologies ranging from
metabolic to fertility disorders. Moreover, the NHA2 gene
is located in a human chromosomal region (4q24) which
has been associated with hypertension in numerous link-
age studies.’ So far, particular physiological roles of
NHAZ2 have been studied in a range of organisms and tis-
sues. Single RNAi knockdowns of NHA2 or its homolog
NHAL1 in Drosophila melanogaster reduced survival, and
their combination was lethal, suggesting their essentiality
for life.” In pancreatic p-cells of mice and humans, NHA2
resides in endosomes and is critical for insulin secretion
and clathrin-mediated endocytosis.® The loss of NHA2
also exacerbates obesity- and aging-induced glucose intol-
erance in mice,” and a single-nucleotide polymorphism
of the NHA2 locus was recently associated with type
2 diabetes in humans.'® In the kidney, NHA2 localizes to
distal convoluted tubules, where it is critical for electro-
lyte (sodium reabsorption) and blood pressure homeosta-
sis.*!" In 2021, Anderegg et al. corroborated the NHA2
role in blood pressure regulation in mice, and identified
it as critical for the maintenance of serine-threonine
with-no-lysine kinase 4 (WNK4) levels, and thus ulti-
mately for the activity of the Na'/Cl™ co-transporter
NCC in the distal convoluted tubules of the kidney."?
Increased NHA2 expression also promotes cyst develop-
ment in an in vitro model of polycystic kidney disease."*
In the testis, NHA2 is relevant for sperm motility and
male fertility, since the deletion of NHA2 significantly
reduced the percentage of motile sperm (of about 30%)
and resulted in a decrease in pregnancy rate (of about
25%) in mice.'* In addition, several studies showed
NHAZ2 to be expressed in osteoclasts, where NHA2 deple-
tion significantly inhibited osteoclast differentiation

in vitro™>'%; however, its physiological role in vivo in
this type of cell remains to be elucidated.'”'®

As for its structure, human NHA2 is a protein
537 amino acids in length and 58 kDa in size. It consists
of 14 transmembrane segments (TMS), a hydrophilic N-
terminus approximately 82 amino acids long, and a rela-
tively short (27 aa) hydrophilic C-terminus. A two-
dimensional representation of HsSNHA2 topology is sche-
matically shown in Figure 1a, and in detail in Figure SI1.
Recently, 3D-structures of human NHA2 and its bison
homolog were determined using cryo-electron micros-
copy (Protein Data Bank 7B4M and 7B4L,> respectively).
However, the hydrophilic N-terminal and C-terminal
parts of NHA2 were not resolved in both structures. The
N- and C-termini are predicted to be unstructured, for
example by the recently published Al-based protein
structure prediction algorithm AlphaFold2.** The impor-
tance of the highly unstructured hydrophilic N-terminal
part for the functioning of NHA2 has not been studied
yet. In general, methods such as x-ray crystallography
and cryo-electron microscopy are limited when it comes
to extremely mobile and unstructured regions of proteins.
In the case of CPAs, many mammalian antiporters pos-
sess extramembrane regions mostly in their N- or C-ter-
mini, which are predicted to be unstructured. These are
often involved in regulatory mechanisms and interaction
with other proteins.>*® Indeed, despite the growing
number of CPAs structures our understanding of the
function of these regulatory regions remains limited.

HsNHA?2 mediates an electroneutral efflux of sodium
or lithium cations in exchange for external protons across
the membrane.”*® Some studies indicate that, depending
on the proton or cation concentrations, it is able to work
in both directions and also provides Na'/Li* counter
transport in kidney-derived MDCK cells.""*° Pharmaco-
logically, NHAZ2 is resistant to amiloride, a typical inhibi-
tor of members of the NHE subfamily, but it is a
phloretin-sensitive transport system.®>°

So far, several functional and mutagenesis studies of
HsNHA2 have been done upon its expression in the
model yeast S. cerevisiae, in a strain that lacked the three
Na" transporters—the Na'/H"' antiporter Nhal and
Na*t-ATPases Ena from the plasma membrane and the
endosomal Na*/H" antiporter Nhx1.*%**3! This strain is
highly sensitive to all alkali-metal-cations salts and the
expression of HsSNHA?2 improved the growth of these cells
in the presence of sodium or lithium in a pH dependent
manner.*® Examination of the growth of yeast cells
expressing mutated variants of HsSNHA?2 in the presence
of salts was also used to identify some residues that are
important for the activity of HsNHA2.>**" However, the
transport activity of the native (or mutated) HsSNHA2
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FIGURE 1 Optimization of conditions for heterologous
expression of HSNHAZ2 in S. cerevisiae. (a) Schematic representation
of transmembrane topology of HSNHAZ2. The positions of residues
studied in this work are highlighted. (b) Growth of alkali-metal
cation-sensitive BW31 strain containing empty vectors (YEp352,
PRS316) or expressing ScNhal or HsNHA2 (non-tagged or N- or C-
terminally tagged with GFP) from various types of plasmids

(Table 1) was compared on YNB-Pro (pH approx. 4.8) or non-
buffered YNB-Pro plates (pH 4.0) supplemented with LiCl, NaCl, or
KCl as indicated (t = TPS1 terminator, pC = centromeric plasmid).
Cells were grown at 30°C for 2 (control), 6 (LiCl) or 4 (NaCl, KCI)
days. (c) Nomarski (left) and fluorescence (right) micrographs of
BW31 cells expressing either N-terminally GFP-tagged HsNHA2, C-
terminally GFP-tagged HSNHA2 or ScNhal-GFP (expressed from
pGFP-HsNHAZ2t, pGFP-HsNHA2, pHsNHA2-GFP or
pNHA1-985GFP, respectively). Cells were grown in YNB-Pro (4%
glucose) to the early exponential phase. The scale bar corresponds
to 10 pm

=

antiporter(s) has never been measured directly in yeast
cells.

In this work, we first optimized the functional expres-
sion of HsNHA2 in S. cerevisiae cells and obtained a

THE
PROTEIN 3of22
@ SOCIETY_WI LEY

highly valuable experimental model that we next used for
in vivo determination of effects of HsNHA2 mutations
that alter its substrate specificity, transport activity, sta-
bility, or are among the single-nucleotide polymorphisms
(SNP) in humans. In addition, for the first time, we dem-
onstrate that the hydrophilic N-terminus (and negatively
charged residues in this part of the protein) has a regula-
tory (inhibition) effect on HsNHA2 activity. Altogether,
our data suggest an allosteric link between the hydro-
philic N-terminus and transmembrane core of the
protein.

2 | RESULTS
2.1 | Optimization of HsSNHA2
expression in yeast cells

A eukaryotic cell model organism, the yeast S. cerevisiae,
has been used for functional characterization of human
proteins for a long time. Several mammalian Na*/H*
antiporters were also studied via their expression in
S. cerevisiae,>>* including Homo sapiens NHA2.*%**>!
In these studies, HSNHA2 was expressed under the con-
trol of a strong promoter (PGKI or TEFI) from a multi-
copy plasmid in a salt-sensitive strain (ABllc; nhalA
enal-4A nhx1A). HSNHAZ2 activity was then observed as a
pH-dependent increase in tolerance to sodium or lithium,
estimated by the growth of cells either in liquid media or
on plates containing the corresponding salts.****~*" How-
ever, in our first experiment, we realized that using one
of these previously made constructs (pTEF1-HsN-
HA2-HA), in which HsNHAZ2 is expressed under the con-
trol of the TEFI promoter (Table 1*) is partially toxic for
AB11c cells as well as for another strain, BW31, which
only lacks the two plasma-membrane Na® exporters
(nhalA enal-4A). In both cases, cells expressing HSNHA2
grew under non-stress conditions significantly slower
than cells containing the empty vector (shown for the
BW31 strain in Figure 1, control plates). Therefore, we
next carefully examined and optimized the conditions of
the expression of HsSNHA2 in S. cerevisiae (non-toxic for
yeast cells) to obtain a valuable experimental model use-
ful for the in vivo determination of HSNHA2 transport
activity. We constructed seven new plasmids (centro-
meric or multi-copy; Table 1), in which the HSNHA2 was
expressed under the control of a weak and constitutive
S. cerevisiae NHA1 promoter.>* Four plasmids contained
a GFP sequence added in frame either at the 5'- or 3'-
ends of HSNHA2 to confirm a plasma-membrane locali-
zation of HsNHAZ2 in yeast cells (Table 1°°"). Since the
presence of a terminator behind any gene is important
for mRNA export from the nucleus to the cytoplasm, as
well as its stability and translation efficiency,>® an
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TABLE 1

Plasmid
YEp352
pHsNHA2
pGRU1

pHsNHA2-GFP
pGFP-HsNHA2
pHsNHA2¢
pGFP-HsNHA2t
pNHA1-985
pNHA1-985GFP
pTEF1-HsNHA2-HA
pRS316
pC-HsNHA2t
pC-GFP-HsNHA2¢t

YEp352-ZrSTL1-TPS1t-
kanMX

Plasmids used in this study

Description®

Multi-copy empty vector

H. sapiens NHA2 in YEp352
Multi-copy empty vector with GFP

H. sapiens NHA2 in pGRU1

N-terminally GFP tagged HsSNHA?2 in YEp352

H. sapiens NHA2 with TPS1 terminator in YEp352

N-terminally GFP tagged HsSNHA2 with TPS1 terminator in YEp352
S. cerevisine NHA1-985 in YEp352

S. cerevisiae NHA1-985 in pGRU1

H. sapiens NHA2 in p426TEF

Centromeric empty vector

H. sapiens NHA2 with TPS1 terminator in pRS316

N-terminally GFP tagged HSNHA2 with TPSI terminator in pRS316

Plasmid for the expression of Zygosaccharomyces rouxii STL1 gene
downstream with the TPSI terminator

VELAZQUEZ &t AL.
Source, / reference
19
This work

B. Daignan-Fornier, NCBI Acc.
No. AJ249649

This work
This work
This work
This work
20

20

4

21

This work
This work
22

4ScNHA1 or HsNHA?2 were expressed under the control of S. cerevisiae NHA1 promoter, except in pTEF1-HsNHA2-HA, in which TEF1 promoter was used.

efficient S. cerevisiaze terminator TPSI*® was added

(pC-HsNHA2t, pC-GFP-HsNHA2f) was too low to

behind the HsNHA2 cDNA in four versions of plasmids
(Table 1). BW31 cells were transformed with all new plas-
mids, and we compared the level of cell salt tolerance
provided by HSNHAZ2 expressed from particular plasmids
(Figure 1b). Salt tolerance was tested on YNB-Pro plates
with the pH adjusted to 4.0 to ensure the necessary gradi-
ent of H" for the transport activity of HsSNHA2.* Adjust-
ment of the media to lower pH from approximately 4.8 to
4.0 with HCI accentuated the phenotypes on plates with
salts described below (results obtained on non-adjusted
YNB-Pro plates are not shown). Cells expressing empty
vectors (YEp352, pRS316) or S. cerevisiae Nhal antiporter
(non-tagged or tagged with GFP) were used as negative
or positive controls, respectively. BW31 cells containing
an empty vector (YEp352 or pRS316; Table 1) were
highly sensitive to all three salts tested (LiCl, NaCl, KCl),
while cells expressing the ScNhal antiporter were able to
grow in the presence of LiCl, NaCl, and KCl (Figure 1b),
as ScNhal is able to export all three cations from cells.*
None of the constructs with HsSNHA2 improved the cell
growth on KCI plates, which confirmed the previous
results that HsSNHA2 is not transporting K+.**°

The expression of HsSNHA2 from new plasmids was
not toxic for cells, as all transformants grew as well as
cells containing empty vectors or expressing the yeast
Nhal antiporter on control plates (and better than cells
transformed with pTEF1-HsNHA2-HA) (Figure 1b). The
level of HsNHA2 expression from centromeric plasmids

observe its activity, since cells with these plasmids grew
similarly to cells with empty vectors (Figure 1b). On the
other hand, the expression of HsSNHA2 under the control
of the ScNHAI promoter from new multi-copy plasmids
increased the cell tolerance to LiCl and NaCl, although
they differed in the level of tolerance provided
(Figure 1b). Cells expressing HSNHA2 from pHsNHA2¢
or pHsNHA2-GFPt plasmids were more tolerant to salts
than cells with the same constructs without the termina-
tor (Figure 1b). Thus, the use of multi-copy plasmids with
a weak ScNHA1 promoter and TPSI terminator was the
best for studying the transport properties of human
NHAZ2 expressed in yeast.

To consider various types of expression for the correct
targeting of HSNHAZ2 to the plasma membrane, we first
compared the localization of GFP-tagged versions of
HsNHA?2 in AB11c and BW31 cells, and realized that the
lack of intracellular Nhx1 antiporter in the AB11c strain
resulted in a higher intracellular stacking of GFP-
HsNHA2 than in BW31 cells (Figure S1). Thus, we subse-
quently only used the BW31 strain. As shown in
Figure 1c, the GFP-tagging of HsNHA?2 at the C-terminus
also resulted in a partial stacking of the antiporter in the
endoplasmic reticulum (Figure 1c), and correspondingly,
the tolerance of cells expressing HSNHA2-GFP was lower
than that of cells with non-tagged HsNHA2 or HsSNHA?2
tagged with GFP at the N-terminus (Figure 1b). HsSNHA2
with a GFP tag at the N-terminus exhibited similar
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plasma-membrane  localization to  ScNhal-GFP
(Figure 1c). The expression of GFP-HsNHA?2 from a plas-
mid with a TPSI terminator (pGFP-HsNHAZ2t) resulted
in a diminished level of intracellular fluorescent spots
observed in cells containing pGFP-HsNHA2 (Figure 1c,
compare the upper two images).

Thus, from all these tested conditions, for the optimal
functional expression of HsNHA?2 in yeast cells and fur-
ther experiments, we selected the BW31 strain trans-
formed either with the pHsNHA2t or pGFP-HsNHA2t
plasmids.

2.2 | Point mutations of Pro246 modify
the ion selectivity of the antiporter for Na™
and/or Lit and its transport activity

atpH 7.0

The membrane parts of Na*/H" antiporters are highly
conserved and are sufficient for ion exchange.”* In the
last phylogenetic analysis, a minimal set of eight highly
conserved positions in the protein core that are present
in all CPAs was identified.? In HsNHAZ2, this motif con-
tains, among others, proline 246 in TMS 6 and arginine
432 in TMS 12 (Figures la and S1). The replacement of
an equivalent proline with a polar amino-acid residue
(serine or threonine) in the homologous Na*, Li*/H*
antiporter Sod2-22 from Zygosaccharomyces rouxii
resulted in an ability to recognize and transport K* cat-
ions.”” Thus, in the next part of this work, we tested how
a substitution of P246 in HsNHA2 can change its sub-
strate specificity and transport activity (Figure 2). Proline
246 was replaced by site-directed mutagenesis either with
glycine, a small hydrophobic amino acid (alanine) or
polar residues (serine or threonine), and mutated ver-
sions were expressed in the BW31 strain from the corre-
sponding pHsNHA2t or pGFP-HsNHA2t plasmids.
Transformants were tested for their tolerance to LiCl,
NaCl or KCI at pH 4.0 or 7.0 in comparison with cells
transformed with the empty vector or expressing the
native HsNHA2 antiporter (Figure 2a). None of the
mutated versions improved the tolerance of cells to KCI
(not shown), but we observed that their ability to provide
cells with tolerance to LiCl or NaCl within the pH range
4.0-74 was different from the native antiporter
(Figure 2a,e). The GFP-tagging had no effect on the sub-
strate specificity of mutated versions (cf. below), but it
slightly enhanced the phenotypes observed as cell salt tol-
erance on plates (compare Figures 2a and S3A). All four
mutated versions were localized to the plasma membrane
(Figure 2c), like the native GFP-HsNHA2 (Figure 1c),
and similar amounts of proteins in cells were detected by
immunoblot for all of them (Figure 2d).

As expected, the presence of the native antiporter
only increased cell tolerance to sodium and lithium at
pH 4.0 (when there is a high H" gradient across the
membrane), but not at pH 7.0 (Figure 2a). The P246G
substitution resulted in an almost inactive antiporter, as
cells with this mutated version grew only slightly better
in the presence of salts than cells containing the empty
vector (Figure 2a). The P246A mutation resulted in an
antiporter which was able to transport Li* better than
the native antiporter, but its ability to improve the NaCl
tolerance was much lower than that of the native
HsNHAZ2 (Figure 2a). In contrast, Pro246 replaced with
threonine resulted in an antiporter with the opposite sub-
strate preferences to the P246A version, that is, transport-
ing lithium worse and sodium better than the native
HsNHAZ2 (Figure 2a). Finally, HsSNHA2 with the P246S
mutation provided a better tolerance of cells to both cat-
ions compared to the native HsSNHA2 (Figure 2a).

Interestingly, and in contrast to the native antiporter,
HsNHAZ2 harboring the point mutations P246A/S/T also
exhibited activity at a higher external pH than 4.0. They
improved the tolerance of BW31 cells to both cations on
non-buffered plates with the pH adjusted to 7.0
(Figure 2a), where the P246T version provided the most
robust growth (Figure 2a). In the growth test shown in
Figure 2e, we verified this observation on plates with
buffered media (cf. Section 5). On these plates, extracellu-
lar pH should not change with the growth of cells, as in
Figure 2a. It is evident that under these conditions, each
of the three P246A/T/S versions was able to improve the
tolerance of cells to LiCl within the pH range 4.0-7.4,
and the P246T/S versions also to NaCl (Figure 2e). Note
that in contrast to P246A/S, the ability of the P246T ver-
sion to improve the tolerance to LiCl increased with
increasing extracellular pH (Figure 2e). This drop test
also confirmed the decreased activity of the P246G ver-
sion in comparison with the native HsSNHA2, in which
Li" and Na™ transport activity was only observable on
plates with low pH 4.0 (Figure 2e or a).

Next, the differences in capacity to transport Na™ cat-
ions observed in drop tests (Figure 2a,e) were verified by
sodium loss measurements at pH 4.0 (Figure 2b) from
sodium-preloaded cells (cf. Section 5). During the experi-
ment, the intracellular concentration of Na™ also slightly
decreased in control cells without any antiporter
(Figure 2b, empty vector), but significantly higher efflux
was observed in cells with the native HsNHA2
(Figure 2b). In accordance with the drop tests, the
amounts of sodium lost from cells expressing the
HsNHA?2 antiporter with the P246A or P246G mutation
were lower than from cells with the native HsNHA2, but
higher than from cells with the empty vector (Figure 2b).
On the other hand, the P246S, and especially the P246T
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FIGURE 2 Characterization of HSNHA2 with point mutations at proline 246. (a) Salt tolerance of S. cerevisiae BW31 cells containing
empty vector or expressing native HSNHAZ2 or one of four HsNHA2 versions with single point mutations P246A, T, S or G from pHsNHA2¢
plasmid. Cells were grown on YNB-Pro or non-buffered YNB-Pro plates with pH adjusted to 4.0 or 7.0 and supplemented with LiCl or NaCl
as indicated. Plates were incubated at 30°C and photographed on the indicated day. (b) Loss of Na™ from same cells as described in (a). Cells
were grown in YNB-Pro media, preloaded with Na™, transferred to Na*-free incubation buffer at pH 4.0 and changes in the intracellular
Na' content were estimated as described in Section 5. Columns show the amount of Na™ lost from cells within 90 min. Data represent the
mean of at least 5 replicate values + SD. Significant differences compared to cells expressing the native HsSNHA?2 are indicated with asterisks
(**p < .01). Localization (c) and immunodetection (d) of N-terminal GFP-tagged HsNHA2 with single point mutations at Pro246. BW31 cells
expressing variants of GFP-HsNHA?2 from pGFP-HsNHA2¢ were grown in YNB-Pro (4% glucose) to the exponential phase and observed
under a fluorescence microscope (c, right). A Nomarski prism was used for whole-cell imaging (c, left). In (d), protein extracts of cells were
prepared as described in Section 5, subjected to SDS-PAGE (10% gel) and transferred to a nitrocellulose membrane. Native GFP-HsNHA2
and its variants were detected with an anti-GFP antibody. The membrane was reprobed and incubated with an anti-Pgk1 antibody to verify
the amount of loaded proteins. (e) Activity of mutated HSNHA2 antiporters at various extracellular pH was determined by growth of cells on
YNB-Pro plates buffered to various pH levels (4.0-7.4) and supplemented with LiCl or NaCl as indicated. Images were taken on the indicated
day of incubation at 30°C
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mutation increased HsNHA2 transport activity for Na*.
The amount of sodium lost from these cells was signifi-
cantly higher than from cells with the native antiporter
(Figure 2b). Since the localization and amounts of pro-
teins did not change with the P246 substitutions
(Figure 2c,d), sodium loss measurements fully reflected
the sodium transport capacity of the particular mutated
versions observed as differences in growth on plates with
NaCl (Figure 2a,e).

All these data identified proline 246 as a crucial resi-
due involved in the ability to recognize and transport par-
ticular substrates (ion selectivity), most likely also
influencing the capacity to transport protons, as the pH
profile of HsSNHAZ2 transport activity changed, especially
when the polar-branched amino acid threonine was at
this position.

2.3 | HsNHA2 with substitutions at
Pro246 are less sensitive to phloretin
inhibition

The activity of HsNHA2 is insensitive to amiloride
(a hallmark of plasma-membrane NHE antiporters), and
sensitive to phloretin,*® even when it is expressed in yeast
cells.® Phloretin (a flavonoid abundant in apples) is a
highly flexible molecule with the ability to bind to biolog-
ical macromolecules. It has interesting pharmacological
and pharmaceutical potential due to its antimicrobial,
antioxidant, anti-inflammatory, and anticancer activi-
ties.*® The mechanism of HsNHA2 inhibition by phlore-
tin is unclear. To determine whether mutations of P246
change the sensitivity of the antiporter to phloretin, we
tested the growth of cells expressing the native, or either
of the four antiporters mutated at proline P246, on plates
supplemented with 15 mM LiCl or 250 mM NaCl and
increasing concentrations of phloretin (Figure 3).

Control

0 pM
Empty
Native
P246A
P246T
P246S
P246G

E215R + R432E

Days of growing 3 6 6

pHsNHA2t

pH 4.0 + 15 mM LiCl + phloretin
100 pM
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In accordance with previous results®, the ability of the
native HSNHA2 to improve LiCl tolerance at pH 4.0 of
yeast cells highly decreased in the presence of phloretin
(Figure 3). Here we also demonstrate the same effect of
phloretin on Na™ transport activity (Figure 3). Remark-
ably, the inhibition effect of phloretin decreased when
proline 246 was replaced with alanine/glycine or even
disappeared when serine or threonine was at this position
(Figure 3). BW31 cells transformed with these versions of
HsNHAZ2 grew on plates with LiCl or NaCl and phloretin
very similarly to when the inhibitor was not present
(Figure 3).

These results reinforced the importance of proline
246 for the proper activity of HsSNHAZ2. They also indicate
that this residue could take part in a mechanism of inhi-
bition mediated by phloretin.

2.4 | Swapping E215 and R432 results in
a Li'-specific antiporter that is also active
at higher pH

As was mentioned above, R432 is one of the eight highly
conserved amino acids of the whole CPA family, and it
was predicted to potentially form a salt bridge with E215
in TMS 5 (Figure 1a).”> To experimentally prove the
importance and function of these two titratable residues,
we prepared three mutated versions of HSNHA2 in which
we either introduced the opposite charge at these posi-
tions (E215R or R432E versions) or we swapped these
two residues (E215R + R432E double mutant). The effect
of mutation(s) on the transport properties of HsNHA2
was tested similarly as above.

The single-mutated versions of the antiporter, E215R
or R432E, were non-functional (Figure 4a). Cells trans-
formed with pHsNHA2t (E215R) or pHsNHA2t (R432E)
plasmids did not grow in the presence of NaCl or LiCl

pH 4.0 + 250 mM NacCl + phloretin

250 pM 100 pM

250 pM

FIGURE 3 HsNHA2 variants of proline 246 are less sensitive to phloretin inhibition. S. cerevisiae BW31 cells containing empty vector or
expressing native HSNHA2 or HsNHA?2 versions with point mutations P246A, T, S or G or the double mutation E215R + R432E from
pHsNHAZ2t plasmid, as indicated, were used in this experiment. The inhibition of mutated HsNHA2 versions by phloretin was determined by
the growth of cells on non-buffered YNB-Pro plates with the pH adjusted to 4.0 and supplemented with LiCl or NaCl, and with or without
phloretin at the indicated concentrations. Plates were incubated at 30°C for 3 (controls) or 6 days (phloretin)
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FIGURE 4 Characterization of HSNHA2 with mutations of residues forming a putative salt bridge. (a) Salt tolerance of S. cerevisiae

BW31 cells containing empty vector or expressing native HsSNHA?2 or its mutated versions (E215R, R432E or E215R + R432E) from
pHsNHAZ2t plasmid. Cells were grown on YNB-Pro (pH approx. 4.8) or non-buffered YNB-Pro plates with the pH adjusted to 4.0 or 7.0 and
supplemented with LiCl or NaCl as indicated. Plates were incubated at 30°C and photographed on the indicated day. Localization (b) and
immunodetection (c) of N-terminal GFP-tagged HSNHA2 mutated versions E215R, R432E or E215R + R432E. Cells were grown in YNB-Pro
(4% glucose) to the exponential phase and observed under a fluorescence microscope (b, right). A Nomarski prism was used for whole-cell
imaging (b, left). The scale bar corresponds to 10 pm. In (c), protein extracts from the same cells as in (b) (with cells expressing native GFP-
HsNHAZ2 as a control) were prepared as described in Section 5, subjected to SDS-PAGE (10% gel) and transferred to a nitrocellulose
membrane. GFP-HsNHA?2 was detected with an anti-GFP antibody. The membrane was reprobed and incubated with an anti-Pgk1 antibody
to verify the amount of loaded proteins. (d) Activity of mutated HsNHA2 antiporters at various extracellular pH levels determined by growth

of cells on YNB-Pro plates buffered to various pH levels (4.0-7.4) and supplemented with LiCl or NaCl as indicated. Images were taken on

the indicated day of incubation at 30°C

(at both pHs, 4.0 or 7.0), just like cells containing the
empty vector (Figure 4a). On the other hand, swapping
these two residues led to a functional antiporter, how-
ever, with substrate specificity limited to Li" cations. At
both of pH levels, «cells expressing HsSNHA2
(E215R + R432E) were only able to grow on plates with
LiCl, but not with NaCl (Figure 4a). Similar results were
observed in a drop test with cells expressing the same
mutated versions, but tagged with GFP at the N-terminus
(Figure S3B).

The loss of function of the two single-mutated ver-
sions most likely resulted from their mislocalization in
intracellular compartments, observed as fluorescent spots
inside cells (Figure 4b). In contrast, the double-mutated
E215R + R432E version tagged with GFP was partially
targeted to the plasma membrane and partially observed
in the perinuclear ER (Figure 4b). The level of proteins
expressed in cells checked by immunoblotting revealed
that all three mutated variants were present in cells in
lower amounts than the native antiporter (Figure 4c).
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Since all proteins are expressed under the same condi-
tions (plasmid, promoter, terminator), it indicates that
these mutations affected the structure, stability, and
plasma-membrane targeting of HSNHA2.

The drop test on plates with salts and pH buffered to
various values (Figure 4d) confirmed the lithium sub-
strate specificity of the E215R + R432E version. In con-
trast to the native antiporter, it was able to improve the
LiCl tolerance of cells not only at pH 4.0, but also at
higher pH, up to 6.0 (Figure 4d). Nevertheless, in contrast
to P246 variants, phloretin inhibited the Li" transport
ability of the double mutant E215R + R432E, as observed
for the native HsNHAZ2 (Figure 3).

All these results confirmed E215 and R432 to be cru-
cial residues for HsNHA2 functionality. The transport
activity of the antiporter with the E215R mutation in
TMS 5 could be restored by introducing a second muta-
tion R432E in TMS 12 (Figures 1, S1, and 8). Thus, we
experimentally confirmed that in the full version of
HsNHAZ2 (containing the hydrophilic N-terminus), these
two residues are spatially close to each other with a salt
bridge between them. The interaction between these two
residues is important for the structural integrity of the
protein.

Control

(a)
Empty
Native
5 G238R
< |V240L
FIGURE 5 Phenotypes of SNPs of I D278G

HsNHAZ2. (a) Salt tolerance of %

S. cerevisiae BW31 cells containing empty T |K382E
) 2|A406E
vector or expressing native HSNHA?2 or R432Q

one of six HSNHA2 mutated versions—
G238R, V240L, D278G, K382E, A406E,
and R432Q from the pHsNHAZ2¢ plasmid.
Cells were grown on YNB-Pro or non- (b)
buffered YNB-Pro plates with pH

adjusted to 4.0 and supplemented with

LiCl or NaCl as indicated. Growth was

monitored for 2 (controls) or 7 (LiCl or

NacCl) days at 30°C. (b) Localization of
N-terminal GFP-tagged HsNHA2

versions. BW31 cells expressing GFP-

HsNHAZ2 with single point mutations as

in (a) from pGFP-HsNHA2t were grown

in YNB-Pro (4% glucose) to the

exponential phase and observed under
fluorescence microscope (b, right). A

Nomarski prism was used for whole-cell

imaging (b, left). The scale bar

corresponds to 10 pm

2.5 | Validation of the system for
studying the effect of SNPs in HsNHA2

As was mentioned above, HsSNHA?2 is associated with a
growing list of various pathologies. For this reason, we
think that our optimized expression system of HsNHA2
in yeast cells could be useful in the future for the charac-
terizing the effects of a broad range of mutations that are
present in human genomes. To test this possibility, we
selected six point mutations (G238R, V240L, D278G,
R432Q, K382E, and A406E) that belong to known human
SNPs from patients.’® The positions of these residues in
HsNHA?2 are shown in Figures 1a, S1, and 8b,e. Mutated
versions were prepared by site-directed mutagenesis and
expressed from pHsNHA2t or pGFP-HsNHA2t plasmids
in BW31 cells, and we tested the tolerance of cells to LiCl
and NacCl at pH 4.0 (Figures 5a and S4). The localization
of the corresponding GFP-tagged versions was observed
by fluorescence microscopy (Figure 5b).

All six mutations influenced the transport properties
of HSNHAZ2, but to various extents. The mutation V240L
resulted in an antiporter with a preference for transport-
ing Li" over Na*, while the R432Q or K382E versions
narrowed the substrate specificity of the antiporter only

pH 4.0
LiCl NacCl Substrate
Control 12.5 mM specificity
® 0@ N
§ Li*, Na*
non-functional
Li*, Na*

non-functional
Li*

Li*, Na*

Li*
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for Li* (Figure 5a; for K382E cf. also Figure S4). The
point mutation A406E resulted in a less active antiporter
for both cations, as cells with this mutated antiporter
grew worse in the presence of both salts than cells with
the native one (Figure 5a). Neither of the mutated ver-
sions G238R or D278G were functional, because in the
presence of salts, cells with these antiporters grew very
similarly to cells with the empty vector (Figure 5a). How-
ever, the non-functionality of G238R resulted from mis-
folding of the antiporter (stacking in the ER; Figure 5b),
while for D278G, which was localized in the plasma
membrane (Figure 5b), it was instead due to the effect of
the mutation on activity (the mechanism of transport).
The fluorescence in cells expressing GFP-HsNHA2 with
V240L, K382E, A406E, or R432Q was also observed pre-
dominantly in the plasma membrane (Figure 5b).

These results confirmed that in the future our expres-
sion system may provide an efficient screening of the
effects of mutations present in HsNHA?2 versions associ-
ated with pathologies or for the large-scale testing of vari-
ous compounds that activate/inhibit the HsNHA2
activity.

2.6 | Amino acids 1-40 of the hydrophilic
N-terminus inhibit the transport activity of
HsNHA2

HsNHAZ2 and its homologs from other mammals possess
an unusually long hydrophilic N-terminus (about 82 aa,
Figure S1), which is not present in the NHE clade.**
The structure of the N-terminus is predicted to be disor-
dered (Alpha-fold prediction Q86UDS5).>* In the above
drop test experiments, we always noticed that N-
terminally GFP-tagged versions of HsNHA2 provided
BW31 cells with a higher tolerance to LiCl and NaCl
(Figures S3-S5) than the corresponding variants without
the tag (Figures 2, 4, and 5), even though the expression
conditions were the same. This observation indicated that
GFP-tagging somehow activated HsNHA?2, and that the
hydrophilic N-terminal part of the protein may play a
role in the regulation of the transport activity of
HsNHA2. In addition, the cryo-EM structure of bison
NHAZ2 truncated by 69 amino acids from the N-terminus
indicated the presence of an unusual short helical seg-
ment (corresponding to amino acids 70-79) prior to
T™S 1.7

To understand the role of the N-terminus in
HsNHAZ2's function, we constructed a series of step-by-
step truncated HsNHAZ2 versions, ranging from the com-
plete antiporter down to the shortest version lacking the
first 90 amino acids (Figure S1). In eight newly prepared
constructs of HSNHA2, codons for amino acids at posi-
tions 20, 40, 60, 70, 75, 80, and 90 were replaced by the

start codon ATG for methionine. Truncated HsNHA2
versions were expressed in BW31 cells, and tested for
their properties as above (Figure 6). For each version, a
corresponding N-terminal GFP-tagged construct was
used to test the localization and level of expression of the
encoded protein (Figure 6¢,d).

The lack of the first 40 amino acids had no effect on
HsNHA?2 transport properties. Cells with A1-20 and A1-
40 truncated versions exhibited the same salt tolerance as
the native HsNHA2 (Figure 6a). The lack of the first
40 amino acids also did not change the Na*-efflux activ-
ity of the antiporter (Figure 6b). On the other hand, cells
expressing A1-50, A1-60, or A1-70 versions grew better
on LiCl and NaCl plates than cells expressing the native
antiporter (Figure 6a). This suggested that truncation of
the first 50-70 aa increased the activity of the antiporter,
which we confirmed by measurements of Na'-efflux
activity (Figure 6b). Notably, the amount of Na® lost
from cells expressing the A1-50, A1-60, or A1-70
HsNHA?2 variants was double that of the native antipor-
ter or A1-40 version (Figure 6b). Truncations longer than
75 amino acids resulted in less efficient transporters, as
they provided cells with lower LiCl and NaCl tolerance
than the native antiporter, and the removal of 90 amino
acids resulted in a non-functional protein (Figure 6a).
Truncations up to 70 amino acids did not influence the
plasma-membrane localization of the antiporter
(Figure 6b). In contrast, the fluorescence signal in cells
with the A1-75, A1-80, or A1-90 GFP-HsNHAZ2 antipor-
ters was predominantly observed in intracellular com-
partments (Figure 6c). Thus, these versions were
probably not folded properly, which led to their misloca-
lization. Neither of these truncated versions was able to
improve the salt tolerance of BW31 cells on plates with
pH 7.0 (results not shown), which means that the depen-
dency on the H' gradient of HsNHA2 did not change
with N-terminal truncations.

The immunodetection of truncated versions
(Figure 6d) showed that the signal of the GFP-HsNHA2
proteins gradually decreased with larger truncations of
the N-terminus, being the weakest for the last three (A1-
70, A1-80, or A1-90). This indicates that the N-terminus
is not only important for the regulation of transport activ-
ity, but also for the stability of the protein and/or its traf-
ficking to the plasma membrane. Interestingly, in
contrast to the point mutations studied above (localized
within the TMS), the GFP-tagging decreased the ability of
truncated HsNHA2 to improve the tolerance of cells to
LiCl, but the provided tolerance to NaCl was enhanced
with a truncation longer than 40 aa, as with non-tagged
antiporters (compare Figure 6a and S5).

Although the protein signals detected by immuno-
blotting for the A1-50, A1-60, or A1-70 versions were
much lower than that for the native antiporter
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FIGURE 6 Hydrophilic N-terminus of HsNHAZ2 plays inhibitory role. (a) Salt tolerance of S. cerevisiae BW31 cells containing empty
vector or expressing native or N-terminally truncated HsNHA?2 versions from plasmids derived from pHsNHA2t. Cells were grown on YNB-
Pro (pH aprox. 4.8) or non-buffered YNB-Pro plates with pH adjusted to 4.0 and supplemented with LiCl or NaCl as indicated. Plates were
incubated at 30°C and photographed on the indicated day. (b) Loss of Na* from BW31 cells mediated by N-terminal truncated HsNHA2
versions. Cells were grown in YNB-Pro media, preloaded with Na*, transferred to Na*-free incubation buffer at pH 4.0, and changes in the
intracellular Na* content were estimated as described in Section 5. Columns show the amount of Na* lost from cells within 90 min. Data
represent the mean of at least 3 replicate values + SD. Significant differences compared to cells expressing the native HsSNHA?2 are indicated
with asterisks (**p < .01). Localization (c) and immunodetection (d) of N-terminal GFP-tagged truncated HsNHA?2 versions. BW31 cells
expressing variants of GFP-HsNHA?2 with truncated N-terminus from plasmids derived from pGFP-HsNHA2t were grown in YNB-Pro (4%
glucose) to the exponential phase and observed under a fluorescence microscope (c, right). A Nomarski prism was used for whole-cell
imaging (c, left). The scale bar corresponds to 10 pm. In (d), protein extracts from the same cells as in (c) (with cells expressing native GFP-
HsNHAZ2 as a control) were prepared as described in Section 5, subjected to SDS-PAGE (10% gel) and transferred to a nitrocellulose
membrane. GFP-HsNHA2 variants were detected with an anti-GFP antibody. The membrane was reprobed and incubated with an anti-Pgk1

antibody to verify the amount of loaded proteins

(Figure 6d), these GFP-non-tagged versions exhibited at
least double the Na™ efflux activity (Figure 6b). More-
over, truncation of the N-terminus of 50 aa in GFP-
HsNHA?2 also resulted in an increased Na™ efflux activity
in comparison with the native version of GFP-HsNHA2
(57 + 5 nmol Na'/mg dry wt/90 min vs. 35 + 6 nmol
Na*/mg dry wt/90 min, respectively). Since we observed
this phenomenon in yeast cells, which may lack some
regulatory mechanisms or protein interactions that regu-
late the activity of HsNHA2 in mammalian cells,'* the
first 40-50 amino acids of the protein appears to allosteri-
cally auto-inhibit HSNHA2 activity.

2.7 | Conserved charged amino acids in
the hydrophilic N-terminus of HsSNHA2 are
important for its activity

It was found that in the hydrophilic N-terminus of the
Na*/HCO;~ co-transporter, the presence of charged (pos-
itively as well as negatively) residues is essential to fulfill-
ing the auto-inhibitory function of the transporter.*® To
corroborate the role of the N-terminus in the regulation
of HsNHA2 activity, we compared the sequences of
unique homologs of NHA2 from various metazoan spe-
cies (Figure 7a). In the important region revealed above
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FIGURE 7 Charged residues in HsSNHA2 hydrophilic N-terminus are important for transport activity. (a) Evolutionary conservation
analysis of HSNHA2 N-terminus. HsSNHA2 N-terminal residues 1-to-105 colored based on ConSurf server evolutionary conservation scale,
with cyan to maroon representing variable to conserved amino acids, respectively. The position of the unique N-terminal TMS is highlighted

with a yellow box. The conservation analysis was conducted using HSNHA2 N-terminal amino acids. A total of 99 unique sequences were
collected by HMMER from the UniRef90 database with sequence identity ranging from 35 to 95% and an E-value of at least 0.00001. (b) Salt
tolerance of S. cerevisiae BW31 cells containing empty vector or expressing native HsSNHA2 or one of six HSNHA2 mutated versions E47A,
E47K, E56A, E56K, K57A + K58A, or K57E + K58E from pHsNHAZ2t. Cells were grown on YNB-Pro or non-buffered YNB-Pro plates with
the pH adjusted to 4.0 and supplemented with LiCl or NaCl as indicated. Plates were incubated at 30°C for 2 (controls) or 5 days (salts).
Localization (c) and immunodetection (d) of N-terminal GFP-tagged HsNHA2 mutated versions as in (b). BW31 cells expressing variants of
GFP-HsNHA2 from the pGFP-HsNHA2t were grown in YNB-Pro (4% glucose) to the exponential phase and observed under a fluorescence
microscope (c, right). A Nomarski prism was used for whole-cell imaging (c, left). The scale bar corresponds to 10 pm. In (d), protein extracts
from the same cells as in (c) were prepared as described in Section 5, subjected to SDS-PAGE (10% gel) and transferred to a nitrocellulose
membrane. GFP-HsNHA2 variants were detected with an anti-GFP antibody. The membrane was reprobed and incubated with an anti-Pgk1
antibody to verify the amount of loaded proteins

(amino acids 40-70), we identified four charged residues lysines at positions 57 and 58, and we estimated their
(3 of them highly conserved; Figure 7a): negatively  possible role in HsNHA2 activity. We replaced these
charged glutamates 47 and 56, and positively charged amino acids with neutral alanine or with an amino acid
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with the opposite charge. The resulting six mutated ver-
sions of HsNHA2 (E47A/K, E56A/K, K57A + K58A,
K57E + K58E) were tested for their ability to improve
the salt tolerance of BW31 cells at pH 4.0 in comparison
with the native antiporter (Figure 7a). Fluorescence
microscopy of GFP-tagged versions revealed that none of
these mutations changed the plasma-membrane localiza-
tion of the antiporter (Figure 7c), or the amount of pro-
teins in cells (Figure 7d).

The drop test (Figure 7b) showed that both glutamate
residues E47 and E56 are important for the antiporter's
activity. Their replacement with alanine resulted in anti-
porters with a lower ability to improve the lithium and
sodium tolerance of cells, and their replacement with an
amino-acid with the opposite charge (lysine) emphasized
this phenotype (Figure 7b). The replacement of K57 and
K58 with alanines did not affect the antiporter's function,
but negatively charged glutamates at these two positions
also resulted in an antiporter with decreased activity
(Figure 7b).

In summary, these experiments revealed a new role
of the N-terminus in the regulation of HSNHA2 activity
and identified four charged amino-acid residues in the N-
terminus as crucial for determining HsNHA2 transport
activity.

3 | DISCUSSION

As a unicellular eukaryotic organism, the yeast
S. cerevisiae plays a key role in fundamental scientific
research in exploring molecular aspects of cellular pro-
cesses. Thanks to the identification of human orthologs
to yeast proteins, including proteins related to human
pathologies, yeast is widely used as a simplified cellular
model of human diseases.*’ The heterologous expression
of human proteins in yeast cells also provides valuable
information about the structure of human proteins and
their functional domains.** We optimized the expression
of the human Na*/H™" antiporter NHA2 in yeast cells to
be stable, functional, at a non-toxic level for cells, and
with proper targeting to the plasma membrane
(Figure 1). For the first time, we set the conditions and
methodology for in vivo measurements of its Na* trans-
port activity (Figures 2 and 6). Using this system enabled
us to identify several as-yet unknown residues crucial for
HsNHA?2 substrate specificity and transport activity
(Figures 2, 4, 5, and 7), and to discover a possible auto-
inhibitory role of the hydrophilic N-terminal segment
(Figures 6 and 7), which appears to allosterically regulate
transmembrane ion transport. Our experimental model is
also a key tool for better understanding the molecular
causes of pathologies related to single-nucleotide

polymorphism of HsNHA2, and to screen for putative
modifiers, including drugs, which could alter HsSNHA2
activity (similarly as is shown in Figures 5 and 3,
respectively).

All Na*/H" antiporters seem to share a similar trans-
membrane topology, known as the NhaA fold, organized
into two functional domains—a dimerization domain
and a conserved core domain encapsulating the ion-
binding site.**** According to recently resolved N-
terminally truncated cryoEM structures of two NHA2
proteins (human [PDB 7B4L; Figure 8a], bison®®), the
antiporter consists of 14 TMS, instead of the 13 TMS
observed in mammalian NHE Na'/H"' exchangers**°
and the prokaryotic NhaPl, NapA and NhaP
antiporters*’~° or the 12 TMS in Escherichia coli antipor-
ter NhaA.*> HsNHA2 possesses a long hydrophilic N-
terminus that resides in the cytosol (Figures 1a and S1),
which is followed by the first transmembrane helix corre-
sponding to amino acids 82-105 (Figures 7a and 8a). Pre-
dicted to be unstructured, the hydrophilic N-terminal
part preceding TMS1 is not present in both resolved
NHA2 structures that were recently released (Protein
Data Bank 7B4M or 7B4L>%). Specifically, in structural
studies of bison NHA2, the protein was shortened of
69 amino acids at the N-terminus to reduce predicted dis-
order.”> We have found that this region is important for
the regulation of HsNHA2 activity (Figure 6). Our data
show that, in HsSNHA2, molecular dissection of this
region (aa 1-70) neither affected protein localization
(Figure 6c) nor substrate specificity (Figure 6a). However,
truncation of the first 50-70 aa from the N-terminus pro-
vided cells with higher tolerance to LiCl and NacCl
(Figure 6a) and resulted in increased Na*-transport activ-
ity (Figure 6b). The activity of various Na*/H™" antipor-
ters, members of the CPA1 clade, was found to be mainly
regulated via their large C-terminal hydrophilic domains.
A number of phosphorylation sites and binding sites that
interact with regulatory proteins were found in these C-
terminal segments.>***>>" Nevertheless, our results
revealed a novel and unique auto-inhibitory function of
the N-terminus among human Na*/H" antiporters. So
far, an auto-inhibitory role of the hydrophilic N-terminus
has been described in some other transporters, for exam-
ple, the human Ca®" and Mn*" transporter TMEM165*
or Na*/HCO;™ co-transporter NBCel-B,* plant Ca*"/
H™" antiporters®* or yeast vacuolar Na*, K*/H" antipor-
ter Vnx1.>

The N-terminus of HsNHA2 is poorly conserved
except for the region between amino acids 45 and
60 (Figure 7a). We identified two glutamates (E47, E56)
and two lysines (K57, K58) within this region as impor-
tant residues for HsSNHAZ2 activity (Figure 7b), but not
essential for the protein's stability (Figure 7d) or its
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localization in the plasma membrane (Figure 7c). In par-
ticular, the replacement of these residues with an amino
acid with the opposite charge resulted in HSNHA2 with a
decreased capacity to transport both its substrates, Li*
and Na™ (Figure 7b).

In bison NHA2AN1-69, the TMS1 (aa 86-106) formed
a unique homodimer interface with a large intracellular
gap between the protomers, which closes in the presence
of phosphoinositol lipids, and the lipid-compacted form
was more active.”> Our results confirm that truncations
larger than 75 amino acids in HSNHA?2 in the immediate
proximity of TMSI (aa 82-105; Figure 7a) led to the loss
of function of the antiporter (Figure 6a), most likely due
to protein misfolding, and consequently mislocalization
(Figure 6¢c). The N-terminus seems to be also important
for the stability of the protein, because with truncations
larger than 70 amino acids we observed a decrease in the
protein amount in cells (Figure 6d). Nevertheless, our
results clearly show that the N-terminal hydrophilic
extension preceding TMS1 is an important part of the
protein involved in the regulation of HsNHA2's function.
Whether the structure of the conserved region between
amino acids 45-60 or some posttranslational modification
in this region are crucial for the regulation of HsSNHA2 is
currently studied in our lab. Charged residues present in
this segment could determine the flexibility of the N-
terminus or they could be involved in intramolecular
interactions and/or substrate attraction.

The core domain of Na*/H" antiporters encapsulat-
ing the ion binding site includes two unwound trans-
membrane helices that cross each other in the middle of
the membrane near the ion-binding site, creating an X-
shaped structure, characteristic of the NhaA fold.** As for
the membrane domain of HsNHA2, a comprehensive
evolutionary analysis of 6,537 representative CPAs
revealed a sequence motif of 8 amino acids residing on
different transmembrane segments, but spatially close to
each other around the substrate binding site.” In
HsNHA2, this motif A243,V244,5245,P246,...-s...
D2784D279,....R432¢ lacks the glutamate at position 5 pre-
sent in other electrogenic CPA2 members. It was sug-
gested that the electroneutrality of mammalian NHA2 is
instead ensured by another glutamate (E215 in HsNHA2)
in TMS 5 (Figures S1 and 8b) which forms a salt bridge
with R432 at position 8 of the motif in TMS 12.> The glu-
tamate residue located in TMS 5 (Figures 1 and S1) is
unique in the HsSNHA2 and its homologs and cannot be
found in other CPA2 members.> Cryo-EM structures of
N-terminally truncated human (PDB 7B4M or 7B4L) or
bison NHA2 confirmed the proximity of these two resi-
dues (Figure 8b; Protein Data Bank 7B4M or 7B4L>).
Our mutagenesis studies of full version of HsNHA2 cor-
roborate the results obtained for bison NHA2AN that, in

contrast to non-functional single-mutated versions
(E215R or R432E), swapping up of E215 and R432 results
in a Li*-selective transporter that transports Li* within
the pH range 4.0-6.0 (Figure 4a,d). In addition, we show
that the interaction between these two residues is also
important for its structural integrity, and hence for the
trafficking of the protein (Figure 4b,c).

Another residue that our study found to be highly
important for the determination of HsSNHA2 transport
properties is Pro246, located at position 4 in the con-
served CPA motif close to the cation binding site D279
(Figure 8c). The presence of proline in any TMS perturbs
the a-helical structure due to the flexibility of the ring
structure of its side chain and the elimination of helix
backbone hydrogen bonds for the carbonyls at positions
i-3 and i-4.>* In HsNHAZ2, Pro246 is located in TMS 6 (Fig-
ures 1 and S1), which is one of the two unwound trans-
membrane segments that create the X-shaped structure
in CPAs' core domain (Figure 8c). Depending on the
nature of the amino acid substituted at this position, we
observed changes in the substrate specificity (ability to
recognize and transport Li* or Na™) of the antiporter
(Figure 2a). Mutations of the corresponding proline resi-
due to polar amino acids (Ser, Thr) in yeast Na™/H" anti-
porters also resulted in altered substrate specificity
toward larger cations.’” In human NHEI, the replace-
ment of this residue with alanine or glycine resulted in
the loss of transport activity.”>>” In Schizosacchromyces
pombe sod2 antiporter, mutations of corresponding pro-
line affected its structure and localization.”® According to
our results, the replacement of P246 with G, A, S or T did
not change the targeting of HsSNHA2 to the plasma mem-
brane or its stability (Figure 2b,c). Nevertheless, in partic-
ular the presence of the polar-branched threonine
resulted in an antiporter that transports better Na'
than Li".

The cytosolic pH in growing S. cerevisiae cells is kept
around a neutral value 7.0-7.2°° and the activity of the
native HSNHA2 antiporter could only be detected at
pH 4.0-5.5 (Figures 2a,e and 4a,d), that is, when there is
a high gradient of protons across the plasma membrane.
Interestingly, mutations P246S/T altered the pH depen-
dent transport activity of HSNHAZ2, as it was highly active
within the external pH range 4.0-7.4 (Figure 2a.e).
Remarkably, measurements of Li* binding by the puri-
fied E. coli NhaA showed that a variant mutated at the
corresponding residue at position 4 of the conserved CPA
motif to threonine (I134T) also exhibited a decrease in
pH dependence, but the affinity of this mutated version
to Li" increased.® Similar to what was observed in EcN-
haA, the altered pH-dependent activity of the P246
mutants could arise from the fact that this position is spa-
tially close to the two aspartic acids in the antiporter's
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G238
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FIGURE 8

HsNHAZ2 3D-structure and location of various point mutations. (a) Structure of HsSNHA2 dimer, residues 79-521 (PDB entry

7B4L) in cartoon representation with rainbow coloring corresponding to N- through C-terminus. The additional N-terminal helix that is
missing in other mammalian CPA members with known structures (dark blue) is highlighted. (b, c, e) Close-up view of studied HsNHA2's
point mutations in vicinity of ion-binding site. (b) Previously predicted E215-R432 salt bridge was recently confirmed by newly published
structures of both human and bison NHAZ2, and is likely to play a structural role. (c) P246 is located at unwound section of TMS 6. Its
surroundings are shown as sticks, and the bound sodium ion is shown as a purple sphere. Notably, the addition of a polar side-chain in the
vicinity of D278 and D279, which mediate sodium and proton binding, could alter the pH-dependent activity of the antiporter. (e) G238,
V240, D278 and R432, though they do not coordinate the sodium ion directly, are all located on the mobile and highly conserved core
domain of the antiporter. (d) HsSNHA2 monomer, shown in cartoon representation, with position of various point mutations shown as

yellow spheres. A sodium ion, observed in the experimental structure, is shown as a purple sphere and denotes the position of NHA2's

binding site

binding site (D278 and D279). Specifically, the position
equivalent to D279 was shown repeatedly to facilitate
sodium binding and proton transport, apparently by
alternating between a protonated and deprotonated
state.>!173 1t follows that the intrinsic pKa of this resi-
due affects the antiporter's pH-dependent ion transport.
D279's pKa shift in the P246 mutants can arise from two
reasons. First, replacing the conformational-rigid proline
with any other amino acid could alter the geometry of
the highly conserved binding site. This could modify, for
example, D279 hydration, thereby altering its pKa. Sec-
ond, the most significant effect on NHA2's pH-dependent
activity was observed for the P246T mutant. This implies
that the addition of a polar residue like threonine in a

position that is spatially close to D279 could alter its pKa.
Here we show in vivo that indeed mutations in position
246 can modulate cation and proton transport in
HsNHA2.

Mutations of proline 246 to G, A, S or T provided the
antiporter with highly increased resistance to the
HsNHAZ2-specific inhibitor phloretin (Figure 3). It was
found to efficiently inhibit for example, the enzymatic
activity of tyrosinase®* or glucose transporters GLUT,*>%°
and thus it influences various physiological
processes.®’"* Molecular docking showed that hydropho-
bic interaction and hydrogen bonding are the main non-
covalent interaction forces between phloretin and tyrosi-
nase.®* So far, the molecular mechanism of the phloretin
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inhibition of HsNHA2 has not been studied. Here we
show that the inhibition effect of phloretin did not
change with mutations E215R + R432E in HsNHAZ2;
however, it decreased significantly with alterations at the
position of P246 (Figure 3). Thus, our results indicate that
phloretin acts directly in the core domain of HsNHA2
and mutations of P246 possibly cause inhibitor resistance
by altering the binding site's geometry near the substrate/
inhibitor-binding pocket, resulting from the substitution
of the conformational-rigid proline with other amino
acids. Figure 9 depicts a model of the bound phloretin to
the native HsNHA2 produced with Glid.”>”* Phloretin is
predicted to directly interact with D279 in HsNHA2's
binding site.

There are significant differences between the
genomes of human individuals due to single-nucleotide
variants (polymorphisms, SNPs). In this study, we char-
acterized the effect of six mutations existing as SNPs in
human NHA2*° on the antiporter's transport activity,
substrate specificity and localization (Figure 5). The posi-
tions of mutated residues within the HSNHA2 monomer
in relation to the cation-binding site are shown in
Figure 8d. Residues G238, V240, D278 and R432, though
they do not coordinate the transported cation (Na* or
Li") directly, are all located on the mobile and highly
conserved core domain of the antiporter (Figure 8¢). Our
data show that this in vivo experimental approach can be
highly useful for a rapid screening of SNP's effect on
HsNHA?2 activity. Here, it enabled us to distinguish the
various effects of mutations on HsNHA?2 properties at the
molecular level (e.g., effect on substrate specificity—
R432Q); transport mechanism—D278G or protein folding
and trafficking—G238R; Figure 5). A more detail quanti-
fication of the total amount of proteins in cells with the
estimation of their amount in the plasma membrane
would bring even more knowledge on the effect of partic-
ular SNP(s) on the structure, stability and plasma-
membrane targeting of HSNHA2.

Remarkably, the K382E mutation was found to be
associated with hypertension.* Positively charged resi-
dues are more abundant in the cytoplasmic side of many
membrane proteins (“positive-inside rule”) and the sub-
stitution of such residue with an opposite charge could
potentially affect the proper insertion and orientation of
the protein to the membrane.”>”* Notably, the positively
charged K382 is located far from the cation-binding site,
facing the cytoplasm (Figure 8d), its replacement with
negatively charged glutamate did not change the plasma-
membrane localization of the antiporter (Figure 5b), but
it resulted in restricted substrate specificity for Li* alone
and very low transport activity (ability to improve the
LiCl tolerance of cells) (Figure 5a). On the other hand,
the V240L mutation in the antiporter's core domain
(Figure 8d,e) had only minor effect on HsNHAZ2's

functionality (Figure 5), probably, due to its conservative
nature. Furthermore, these results are in line with V240
positioning roughly 12 A away from where the sodium
ion binds (based on the Na'-bound structure of the
HsNHAZ2; PDB entry 7B4L; Figure 8d). Thus, the combi-
nation of our experimental expression model for
HsNHAZ2 with molecular modeling can be used to charac-
terize various pathology-related SNPs that exist in the
HsNHAZ2 gene in the future.

4 | CONCLUSION

In general, our work provides new and important
knowledge on using S. cerevisiae as a host for studying
human membrane transporters. Specifically, it provides
new valuable knowledge on the structure and function
of the human Na*/H" antiporter NHA2 that has broad
physiological functions in the human body, and whose
mal-functioning results in a growing list of pathologies.
We identified several amino-acid residues important for
HsNHA2 substrate specificity, transport activity, stabil-
ity and trafficking that had not been characterized pre-
viously. Furthermore, our optimized expression system
of HsNHAZ2 in yeast cells may be a powerful tool for the
efficient screening of compounds that can activate/
inhibit HsSNHA2 activity, for the selection of other
inhibitor-resistant mutants to elucidate structure-
activity relationships, or for discovering the molecular
mechanism of inhibitors' actions in HsNHA2. Newly
identified mutated versions of HsNHA2 with higher
activity and higher resistance to phloretin than the
native antiporter may also serve as controls in future
HsNHAZ2 studies. Moreover, our findings concerning a
unique regulatory/autoinhibitory role of the hydro-
philic N-terminal part of the protein will definitely be
useful for future studies of NHA2 regulation in human
cells.

5 | MATERIALS AND METHODS

51 | Yeast strains and growth media

Alkali-metal-cation-sensitive S. cerevisiae W303-1A
derivatives—BW31 (enalA::HIS3::ena4A nhalA::LEU2)*
or ABllc (enalA::HIS3:ena4A nhalA:LEU2 nhxlA:
TRPI)” lacking genes encoding plasma-membrane Ena
ATPases, plasma-membrane antiporter Nhal or intracel-
lular antiporter Nhx1 were used to characterize HsNHA2
activity in vivo. Yeast cultures were routinely grown in
YPD (Formedium, Hunstanton, UK) or YNB media
(Difco, Sparks, MD) at 30°C. YNB-based media (referred
in this work as YNB-Pro) contained 0.17% YNB without
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amino acids and ammonium sulfate, 0.1% proline, and
2 or 4% glucose. Proline was used instead of ammonium
sulfate as a nitrogen source. A mixture of appropriate
auxotrophic supplements (adenine, tryptophan, leucine,
and histidine—each at a final concentration of 20 or
40 pg/ml) was added after autoclaving. YPD media were
supplemented with extra adenine (final concentration
20 pg/ml) to avoid additional spontaneous mutagenesis
caused by the ade2 mutation present in both strains.
Solid media were prepared by adding 2 or 3% (w/v) agar.

5.2 | Plasmids

The plasmids used in this study are listed in Table 1. All
new plasmids were constructed by homologous recombi-
nation in the S. cerevisiae BW31 strain by using a series of
overlapping PCR products and a linearized plasmid
(pNHA1-985, pENA1, or pENA1-GFP; Table 1), in which
the original gene was replaced by the corresponding
HsNHA2 cDNA or its appropriately truncated versions.
The oligonucleotides used for PCR and the construction
of particular plasmids are listed in Table S1. HsNHA2
cDNA encoding full or N-terminally truncated versions of
the antiporter were amplified from pTEF1-HsNHA2-HA
(Table 1). The sequence corresponding to GFP or the
ScTPS1 terminator were amplified from pGRU1l or
YEp352-ZrSTL1-TPS1t-kanMX, respectively (Table 1). In
all new plasmids, the expression of HsSNHA2 variants was
under the control of the weak and -constitutive
S. cerevisiae NHA1 promoter.”’ The resulting plasmids
were based on multicopy vectors YEp352 or pGRU1
(Table 1). Plasmids containing N-terminally GFP-tagged
versions of HsNHA2 (native or truncated) were con-
structed by inserting a GFP-encoding sequence in frame
at the 5'-end. In pHsNHA2-GFP, the GFP was added in
frame at the 3’-end in front of the STOP codon. In
pHsNHA2t and pGFP-HsNHA2¢ plasmids, the ScTPSI
terminator was inserted behind the HsSNHA2 cDNA. To
generate centromeric versions of pHsSNHA2¢ and pGFP-
HsNHAZ2t, the 2p sequence was replaced by homologous
recombination with the sequence corresponding to a cen-
tromere amplified from pRS316,*' and the resulting plas-
mids were named pC-HsNHA2¢ and pC-GFP-HsNHA2t
(Table 1). Escherichia coli XL1-Blue (Agilent Technolo-
gies, Santa Clara, CA) was used for pDNA amplification.
Successful cloning was verified by restriction analysis and
sequencing.

Point mutations were introduced into pHsNHA2t or
pGFP-pHsNHA2¢ using a QuikChange XL Site-Directed
Mutagenesis kit (Agilent Technologies) and the corre-
sponding oligonucleotides (Table S1). The accuracy of
mutations was confirmed by sequencing.
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5.3 | Growth assays

To estimate the cell tolerance to different alkali-metal
cations, YNB-Pro media were supplemented with LiCl,
NaCl or KClI at the indicated concentration. HCI or TEA
(triethylamine) were used to adjust the pH. Media with
buffered pH were supplemented either with 20 mM MES
(pH 5.5 and pH 6.0) or 20 mM MOPS (pH 7.0 and
pH 7.4), and the required pH was adjusted as above. To
test the activity inhibition of HsNHA2 and its variants,
media were supplemented with a solution of phloretin
(Merck, Darmstadt, Germany; cat. no. P7912) dissolved
in DMSO (100 mM stock solution). Tenfold serial dilu-
tions of fresh cell suspensions (ODgyy = 2, Eppendorf
BioPhotometer, Hamburg, Germany) were spotted on
plates as indicated, and growth was monitored for 2-
10 days. Representative results of at least three indepen-
dent experiments are shown.

5.4 | Fluorescence microscopy

Microscopic images of yeast cells were acquired with an
Olympus BX53 microscope with an Olympus DP73 cam-
era (Olympus, Tokio, Japan). A Cool LED light source
with 460 nm excitation and 515 nm emission was used to
visualize HSNHA?2 and its variants or ScNhal tagged with
GFP (expressed from plasmids pGFP-HsNHAZ2t,
pHsNHA2-GFP or pNHA1-985GFP, respectively, Table 1).
Cells containing the corresponding multi-copy plasmids
were grown overnight in YNB-Pro with 4% glucose and
supplemented with adenine and tryptophan (final con-
centration 40 pg/ml), and leucine and histidine (final con-
centration 20 pg/ml). Cells were observed when they
reached the exponential phase (ODgyy = 0.3-0.5). A
Nomarski prism was used for whole-cell images.

5.5 | Cation loss determination

Sodium efflux was determined similarly as previously
described.*’ Cells were grown in YNB-Pro medium to the
early exponential phase (ODgg ~ 0.2-0.3, Spekol, Carl
Zeiss, Oberkochen, Germany), harvested, resuspended,
and incubated in YNB-Pro supplemented with 100 mM
NaCl at pH 7.0 (to preload them with sodium) for 60 min
at 30°C. Cells were collected by centrifugation, washed
with deionized water, and resuspended in an incubation
buffer (10 mM Tris, 0.1 mM MgCl,, 2% glucose). The pH
of the buffer was first brought down to 3.9 with citric acid
and then adjusted to 4.0 with Ca(OH),. The buffer was
supplemented with 10 mM KClI to prevent Na™* reuptake.
Samples of cell suspensions were withdrawn at intervals
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over 90 min. Cells were harvested by filtration (Millipore
membrane filters, Merck-Millipore, Cork, Ireland),
washed with 20 mM MgCl,, acid extracted, and the cat-
ion content in samples was determined by atomic absorp-
tion spectrometry.”” Data obtained in at least three
independent experiments are shown as the average
amount of sodium lost from cells over 90 min +SD.

5.6 | Protein extraction and
immunoblotting

Yeast cells containing the pGFP-HsNHAZ2t plasmid or its
variants were grown in liquid YNB-Pro media to the
exponential phase (ODggy = 0.6-0.8, Spekol, Carl Zeiss),
collected by centrifugation, and washed once with deio-
nized cold water. Cell pellets were kept at —80°C. Total
extracts of proteins from cells were then prepared as
described previously.”® The RCDC protein assay (Bio-
Rad, Hercules, CA) was used for the quantification of
proteins. Samples of total protein extracts (120 pg per
sample) were separated by 10% SDS-PAGE and trans-
ferred to nitrocellulose membranes (Trans-Blot Turbo
0.2 pm nitrocellulose, Bio-Rad) using a Trans-Blot Turbo
Transfer System (Bio-Rad). Membranes were incubated
overnight at 4°C with an anti-GFP monoclonal antibody
(Roche, Basel, Switzerland; dilution 1:500), washed and
then incubated with a secondary anti-mouse IgG

antibody tagged with a horseradish peroxidase
(GE Healthcare, Chicago, IL; dilution 1:10,000). Immu-
noreactive proteins were visualized with a Clarity Max
Western ECL substrate kit (Bio-Rad) in ChemiDoc visual-
izer (Bio-Rad). To detect Pgkl protein (as a protein load-
ing control), the same membranes used for GFP-
HsNHA2 were reprobed after being incubated with an
anti-Pgkl mouse monoclonal antibody (Abcam, Cam-
bridge, UK; dilution 1:20,000) for 1 hr at room tempera-
ture, incubated with the secondary antibody, and
detected as above.

5.7 | HsNHA?2 evolutionary conservation
analysis

The conservation analysis for HsSNHA2's N-terminus was
conducted using the ConSurf web server.”” A total of
99 unique sequences were collected by HMMER from the
UniRef90 database with sequence identity ranging
between 35 and 95% and an E-value lower than 107>

5.8 | Modeling of phloretin binding to
HsNHA2

A molecule of phloretin was docked to the crystal struc-
ture of human NHA2 (PDB entry 7B4L) using Glide.”®

S178

FIGURE 9

A model of phloretin binding to HSNHAZ2. Phloretin, shown in yellow, was docked to the crystal structure of human NHA2

(PDB entry 7B4L) as described in Material and Methods and is shown in two different views. Residues within a radius of 5 A from phloretin

are shown as sticks. Phloretin is stabilized by three amino acids. The 2,4,6-trihydroxyphenyl ring interacts via hydrogen bonds with the side

chain hydroxyl of S178 and the backbone carbonyl of R177. It also forms cation-pi interaction with the side chain guanidinium of R177. The

4-hydroxyphenyl ring hydrogen bonds with the highly conserved D279 in HsNHA2 binding site, that facilitates both proton and cation

transport
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The crystal structure was initially prepared for docking
using the Protein Preparation Wizard.”® The protonation
states of all residues were determined with PROPKA3,”°
with an exception of D278 and D279, which were
modeled in all combinations of protonation states. In
Figure 9, we arbitrarily show both D278 and D279 in
their deprotonated state. The docking poses were
scored and selected according to the extra precision scor-
ing function (XP).”' The docking score for the
HsNHAZ2-phloretin complex ranges from —4.9 to
—6.4 kcal/mol depending on the different protonation
states of D278 and D279. It should be noted that despite
their energy units, docking scores are not equivalent to
real world AG values, as they are calculated based on a
single conformation of the ligand-protein complex and
neglect dynamic and entropic contributions associated
with the small molecule binding. The figure was pro-
duced using PyMOL (The PyMOL Molecular Graphics
System, Version 2.5, Schrédinger).

5.9 | Statistics

Data presented are either from a representative experi-
ment or from the mean of replicative values plus or
minus standard deviation. Statistically significant differ-
ences were analysed by unpaired Student ¢-test using
Microsoft Office Excel 2016 (**p < .01).
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