'.) Check for updates
Update on Cation/H* Transporters

Plant Endomembrane Dynamics: Studies of K*/H*
Antiporters Provide Insights on the Effects of pH and Ion
Homeostasis!' "N

Heven Sze*"? and Salil Chanroj*

“Department of Cell Biology and Molecular Genetics and Department of Plant Science and Landscape
Architecture, University of Maryland, College Park, Maryland 20742

College of Life Sciences, Zhejiang University, Hangzhou 310058, China

‘Department of Biotechnology, Burapha University, Chon-Buri 20131, Thailand

ORCID IDs: 0000-0003-4118-3758 (H.S.); 0000-0003-0225-6213 (S.C.)

Plants remodel their cells through the dynamic endomembrane system. Intracellular pH is important for membrane trafficking,
but the determinants of pH homeostasis are poorly defined in plants. Electrogenic proton (H*) pumps depend on counter-ion
fluxes to establish transmembrane pH gradients at the plasma membrane and endomembranes. Vacuolar-type H*-ATPase-
mediated acidification of the trans-Golgi network is crucial for secretion and membrane recycling. Pump and counter-ion fluxes
are unlikely to fine-tune pH; rather, alkali cation/H* antiporters, which can alter pH and/or cation homeostasis locally and
transiently, are prime candidates. Plants have a large family of predicted cation/H* exchangers (CHX) of obscure function,
in addition to the well-studied K*(Na*)/H* exchangers (NHX). Here, we review the regulation of cytosolic and vacuolar pH,
highlighting the similarities and distinctions of NHX and CHX members. In planta, alkalinization of the trans-Golgi network or
vacuole by NHXs promotes membrane trafficking, endocytosis, cell expansion, and growth. CHXs localize to endomembranes
and/or the plasma membrane and contribute to male fertility, pollen tube guidance, pollen wall construction, stomatal opening,
and, in soybean (Glycine max), tolerance to salt stress. Three-dimensional structural models and mutagenesis of Arabidopsis
(Arabidopsis thaliana) genes have allowed us to infer that AtCHX17 and AtNHX1 share a global architecture and a translocation
core like bacterial Na*/H* antiporters. Yet, the presence of distinct residues suggests that some CHXs differ from NHXs in pH
sensing and electrogenicity. How H* pumps, counter-ion fluxes, and cation/H* antiporters are linked with signaling and mem-

brane trafficking to remodel membranes and cell walls awaits further investigation.

BACKGROUND

Multicellular and unicellular organisms have evolved
mechanisms to regulate ion and pH homeostasis in re-
sponse to developmental cues and to a changing en-
vironment. Such pH and ion homeostasis depends on
the coordinated action of multiple transporters at the
plasma membrane (PM) and in subcellular organelles.
Together, proton (H*) and ion pumps, cotransporters,
and channels determine ionic cellular distribution,
which is critical for the maintenance of membrane po-
tential, pH control, osmolality, transport of nutrients,
and protein activity. A central theme has emerged in
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plant cell biology that cells respond and adapt to di-
verse cues through a dynamic endomembrane system
(Adamowski and Friml, 2015; Gu et al.,, 2017). The
cytoplasmic pH of mammalian or plant cells is regu-
lated within narrow limits, usually at about pH 7 to
7.5. Remarkably, the luminal pH of the secretory sys-
tem of mammalian, yeast, or plant cells is not homog-
enous but appears to be finely regulated, as they have
steady-state pH values ranging from weakly acidic in
cis-Golgi to acidic in lysosomes or vacuoles (Wu et al.,
2001; Orij et al., 2011; Martiniére et al., 2013; Shen
et al.,, 2013). A specific pH value in separate organ-
elles suggests that the luminal pH may be optimized
for processes associated with each compartment. The
endomembrane and endocytic system of eukaryote
cells serves several major functions, including (1) to
sort cargo (e.g. enzymes, transporters or receptors, and
secreted factors) to specific destinations and establish
cell polarity, (2) to modulate the protein and lipid com-
position of membrane domains through remodeling,
and (3) to modify properties of the cell wall of plants
or fungi through synthesis and remodeling. In spite of
these vital functions, the molecular determinants of
pH and cation homeostasis and their impact on plant
biology are poorly understood.

Here, we briefly review cytosolic pH (pH_,) and
vacuolar pH (pH_ ) regulation mediated by PM
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ADVANCES

e Plants respond to diverse cues by remodeling
cells through a dynamic endomembrane
system.

e Intracellular pH regulation is important for
proper membrane trafficking in yeast,
mammalian, and plant cells, though the
determinants of pH homeostasis are poorly
defined in plants.

e Electrogenic H* pumps depend on counter-ion
fluxes to establish a pH gradient across a
membrane, yet they are unlikely to fine-tune
steady state pH seen in diverse compartments.

e Plants have a large family of predicted cation/H*
exchangers (CHXs) of obscure function. They are
prime candidates for pH and ion homeostasis of
the dynamic endomembrane system.

e Two types of cation/H* antiporters are
predicted to have a 3D protein architecture and
translocation core similar to the “NhaA-fold”
characteristic of known bacterial Na* /H*
antiporters.

e CHX transporters differ from Kt (Na*)/H*
exchangers (NHXs) in subcellular localization, pH
sensing, and probably electrogenicity.

e Plants with defective CHX genes are
compromised in diverse processes, including
guard cell movement, pollen tube targeting,
pollen wall formation, and salt tolerance.

transporters and vacuolar/endomembrane trans-
porters. The biophysical concepts and electrophysio-
logical tools that laid the foundation for pH and ion
homeostasis are especially crucial in order to under-
stand how the molecular inventory of pumps, chan-
nels, and cotransporters is integrated in plant life.
Although many transporter genes have been char-
acterized in the last two to three decades, the mo-
lecular identities of additional determinants of pH
have yet to be defined. In the second part, we focus
on a superfamily of cation/H* antiporters (CPA) that
likely fine-tune pH and cation levels in diverse in-
tracellular compartments. The views presented here
are based on bioenergetic concepts and, in part, on
functional studies using yeast and analyses of plant
mutants. By highlighting the similarities and differ-
ences between two types of CPA (CPA1 and CPA2),
this review provides new insights linking pH and
cation homeostasis with the operation of the dynam-
ic endomembrane system, which impinges on all as-
pects of plant life.
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TRANSPORTERS INVOLVED IN pH HOMEOSTASIS
INCLUDE H* PUMPS, ION CHANNELS, AND K*
COTRANSPORTERS

Fungal and algal cells have been used as powerful
models to understand pH and membrane potential
regulation in flowering plants. Both fungal and plant
cells have two types of H* pumps. The P-type ATPase
at the PM pumps H* to the external medium, and the
V-type ATPase associated with vacuolar membranes or
endomembranes acidifies intracellular compartments
(Fig. 1). Plant cells have an additional H*-pumping
PPase (AVP; Lin et al., 2012; Martinoia et al., 2012)
that energizes the vacuole and endomembrane. Plant
as well as fungal cells have a steep electrical gradient
(Aw) of about —150 to —250 mV (negative inside) and
a pH gradient (ApH) of 1.5 to 2 (acidic outside) across
the PM. Similarly, there is a ApH of 1.5 (acidic inside
the lumen) across the vacuolar membrane and a small
Ay (+30 mV, positive inside). The H* electrochemical
gradient generated by H* pumps provides energy to
drive the transport of most ions and metabolites across
membranes. A long-standing question has been how
plant or fungal cells maintain the pH_, at neutrality,
ranging from pH?7.1 to 7.5, and an acidic vacuolar lumen.

Interplay of ApH and Ay across the PM

A few classic experiments demonstrate the role of
the PM H* pump and additional ion fluxes on pH reg-
ulation in Neurospora crassa. When acid stress is im-
posed, a decrease in pH_, (pH 6.6) causes an increase
in outward pumping of H* (Sanders et al., 1981). H*
pumping has been detected as a transient hyperpolar-
ization (-250 mV) using intracellular microelectrodes.
Surprisingly, the hyperpolarization is followed by a
sustained depolarization to a membrane potential of
—155 mV. Current-voltage analysis based on a kinetic
model shows that pump velocity (current) increases
when pH_, decreases, but pump velocity also increas-
es as the cell depolarizes (Fig. 2A). Furthermore, pH_,
alkalinization depends on micromolar K* provided to
K*-starved cells (Blatt et al., 1987). Thus, depolarization is
caused by another ion flux, later shown to be K* inward
movement in cotransport with H* (Rodriguez-Navarro
et al., 1986). The entry of 1K* with 1TH* would electri-
cally balance the extrusion of 2H* per ATP hydrolyzed
by PM ATPase. Figure 2A shows a diagram of how an
N. crassa cell adjusts its pH_, after acid stress.

The example illustrates an important concept in in-
tracellular pH regulation. An electrogenic H* pump
generates an H* electrochemical gradient (or proton
motive force [PMF]) with two interconvertible compo-
nents, the Ay and the ApH Box 1; Sze, 1985). A charge
imbalance or Ay is generated with only a minute dif-
ference in charge across a membrane (Rodriguez-
Navarro, 2000). However, as emphasized before, the
concentration of H* cannot change unless the Ay is low-
ered (Smith and Raven, 1979). Cytosolic acidification
activates the PM H* pump, although pump velocity
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Figure 1. H* pumps, ion channels, and cation/H* antiporters contrib-
ute to pH and K* homeostasis in a model plant (A) or yeast (B) cell. A,
At left, a model plant cell. H*-ATPases (AHA and VHA) or PPase (AVP),
depicted as wide arrows, pump H* outside the cell or into the lumen.
At the vacuolar membrane, a CIC-type transporter (green) mediates
anion influx and a K*/H* antiporter (NHX1/2) mediates H* efflux for K*
uptake. Post-Golgi compartments or the trans-Golgi network (TGN) are
sorting compartments of biosynthetic or secretory cargo destined for
the PM or destined via prevacuolar compartment (PVC) to the vacuole.
Proteins/cargo can be recycled via endocytosis in early endosomes
(EE) or recycling vesicles (RE) and then sorted at the TGN or PVC. Car-
go is marked for degradation transit via the PVC to the vacuole. The pH
of the cytosol is 7.3, and other compartments are color coded: ER, pH
7.1 to 7.5; cis-Golgi to TGN, pH 6.8 to 6.3/6.1; PVC, pH 6.2 to 6.7;
and vacuole, pH 5.2 to 6 (Martiniere et al., 2013; Shen et al., 2013).
At right, magnified TGN and PVC compartments. Acidification of the
lumen by an electrogenic vacuolar H*-ATPase (AtVHA) and anion (A~
or CI) influx via a CICa-type antiporter can be alkalinized by a K*/H*
antiporter, such as AtNHX5/6 or AtCHX17 Box 1. ER, Endoplasmic
reticulum; GA, Golgi apparatus; LE, late endosome; MVB, multivesicu-
lar body; Nuc, nucleus. H* pumps, shown as wide arrows, include the
following: VHA, V-H*-pumping ATPase (red); AHA, PM-H*-pumping
ATPase (blue); and AVP, H*-pumping pyrophosphatase (purple). An-
tiporters, depicted as ovals, are SOS1 (PM Na/H* exchanger); NHX,
K(Na)/H* exchanger (red purple); CHX17, K*/H* exchanger (blue); and
CIC, anion/H* exchanger (green). CHX (light blue) members also are
found at the ER and the PM. B, A model yeast cell. H* extrusion by
Pma1l (PM-H*-ATPase) generates an H* electrochemical gradient that
is modulated by K* influx (Trk1/2) and efflux (Tok1) pathways and
by the Nhal Na*(K*)/H* exchanger. The vacuole (Vac) is acidified by
Vma, vacuolar-type H*-ATPase. Golgi or PVC (magnified at right) are
acidified by the Vma H* pump and by counter-ion flux of anion (A)
via Gefl. Compartment pH is alkalinized by Nhx1 in the PVC and
by Khat in the Golgi. Enal-4, PM Na*-pumping ATPase; Nhal, PM
Na*(K*)/H* antiporter; Trk1/2, K* uptake transporter; Tok1, K* efflux;
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depends on the Ay. A steep Ay antagonizes further H*
extrusion, whereas depolarization of the membrane
potential by K*/H* symport increases H* pump veloc-
ity. Thus, an H* extrusion pump alone is insufficient to
generate and maintain a constant pH_ . The example
seen in N. crassa has been verified by physiological,
molecular, and genetic studies in plant cells (Maathuis
and Sanders, 1994; Walker et al., 1996; Rubio et al.,
2008). In Arabidopsis (Arabidopsis thaliana) roots, K*
entry via a K*/H* symporter (HAKS5) is predominant
when [K']_, is very low (10-100 um) and K* entry me-
diated by K* channel from the AKT1 complex domi-
nates when [K*]  ranges from 0.1 to 1 mm (Fig. 2A;
Rubio et al.,, 2008 Nieves-Cordones et al., 2014). The
K_ of HAKS is reported to be 10 to 30 um K*, and the
K of the AKT1 complex is around 0.8 mm K* (Gierth
and Maser, 2007). In-depth reviews on K* transporters
and their regulation are available (Gierth and Maser,
2007; Wang and Wu, 2013; Véry et al., 2014). Thus, pH
and Ay homeostasis result from a collaboration mainly
between H* pumps, H*-coupled K* transporters, and
K* channels at the PM.

Less is known about pH homeostasis after alkaline
stress in plant cells, although studies using prokary-
otes (Padan et al., 2005; Krulwich et al., 2011) and yeast
(see below) provide valuable insights. Neutraliphiles
are bacteria that can grow at external pH (pH_ ) rang-
ing from about ~5 to 9 and maintain a pH_, of 7.5 to
7.7. A major strategy for bacterial pH homeostasis is
the use of primary H* pumps of the respiratory chain
complexes, H*-coupled ATP synthase, and H*-cou-
pled cation antiporters. At alkaline conditions, active
inward transport of H* is crucial for adaptation (Fig.
2C). Escherichia coli, a neutraliphile, pumps H* out to
generate a Ay (negative inside) and a pH gradient (acid
outside), except that the PMF is formed by the respi-
ratory chain. Under alkaline conditions when pH__ is
7.5, the transmembrane (TM) ApH would be negligible
and the Ay becomes relatively high (e.g. -150 mV). To
avoid alkalinization of the cytosol, NhaA is induced in
E. coli under alkaline stress. NhaA catalyzes the entry
of 2H* for 1Na*; thus, H* enters the cell down the Ay
component of the PMF Box 1. Extruded Na is taken up
into the cell to be recycled for additional H* entry. H*
accumulation against its gradient restores cytosol pH
to near neutrality (Padan et al., 2005).

Could plant cells respond in a similar manner under
alkaline stress? In theory, a similar electrogenic cation/
H* antiporter, K*/2H?*, could operate to maintain pH_,
near neutrality. For instance, a weak alkaline medium
atpH_, 7.5 eliminates any ApH across the PM. Assum-
ing that the PM-ATPase continues to extrude H*, a Ay
is maintained even if pump activity is suboptimal at
pH, 7.5. The Ay is the major driving force for net ac-
tive influx of H*, which could be achieved by electro-
genic K*/2H* exchange (Fig. 2B) and K*/H* symport.

Khat, Golgi K*/H* antiporter; Nhx1, K*(Na*)/H* exchanger; and Gef1,
anion channel like.
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Figure 2. Cytosolic pH homeostasis depends on the PM H* pump, K*/H* cotransport, and K* channels. A, Response to acid
stress in N. crassa. a, When acid stress is imposed on a K*-starved cell, pH_, decreases to ~6.9, which causes an increase in
outward pumping of H*. H* pumping is detected as a transient hyperpolarization (=280 mV). b, Addition of 50 pm K* causes a
depolarization to =190 mV. Current-voltage analysis shows that pump velocity increases when the cell depolarizes. K* inward
movement in cotransport with H* depolarizes the cell and alkalinizes pH_,. c, At 1 mm K_, voltage-dependent K* entry via
channel(s) further depolarizes the cell, and transporters together maintain pHcyt at 7.3. Pump (PmaT), symporter (HAK1), and
uptake pathway (Trk) have been identified in N. crassa, and comparable transporters (parentheses) are confirmed in Arabidopsis
(Fig. 1A). B, Alkaline stress in plants: a model. d, A plant cell in pH 7.5 medium has little or no pH gradient across the PM.
H* extrusion by the PM-ATPase generates an electrical gradient when the cell is K* starved. e, When K*_ is low, the electrical
gradient drives H* uptake via an electrogenic K*/2H* antiporter (e.g. CHX17). Net accumulation of H* into the cytosol would
acidify and maintain pH_, near neutral. Such an antiporter would be activated or induced by basic pH and inactived at pH 7. K*
lost from the cell is taken up and recycled by the voltage-sensitive K* channel (e.g. AtAKT1 complex). C, E. coli at alkaline pH.
In the absence of a pH gradient, the H* pump of the respiratory chain complexes generates a PMF of mostly Aw. An Na*/2H*
electrogenic antiporter (NhaA) mediates H* accumulation inside to maintain cytoplasmic neutrality (Padan et al., 2005).

K* extruded by an antiporter is likely recycled by K*
uptake pathways, resulting in a net gain of H* into
the cell without a net loss of K*. Although there is no
experimental evidence in plants yet, a K*/H* antiport
activity is inferred in alkali-stressed Chlorella fusca. The
pH, remained constant, as a weak base loading up to
20 mm was accompanied by increased K* efflux (Trom-
balla, 1987). These results suggest cation/H* antiport
at the PM.

ApH and Ay across Endomembranes and Luminal pH
Homeostasis

Unlike the nearly constant pH of the cytosol, pH___
varies depending on the cell type and function. In most
cells, pH _ranges from pH 4 to 6 and the TM ApH is
1.5 to 2.5 (Kurkdjian and Guern, 1989). Curiously, the
luminal pH of many endomembrane organelles, such
as the Golgi, TGN, and PVC, is weakly acidic, as de-
termined by pH-sensitive fluorescent protein target-
ed to each organelle (Martiniere et al., 2013; Shen et
al., 2013). The pH in endoluminal compartments is
largely determined by V-type H*-ATPase or H*-PPase
with a similar principle to that described above Box 1,
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although the natures of the counter-ion pathways and
cotransporters differ.

In plant intracellular membranes, the electrogenic
V-ATPase (VHA) or PPase (AVP) pumps naked H" into
compartments, unaccompanied by other ions; thus,
the pump generates an electrical gradient (positive in-
side). When anions enter the lumen, the Ay drops and
a pH gradient (acidic inside) develops Box 1; Churchill
and Sze, 1983; Kaestner and Sze, 1987). In theory, the
H* pumps could generate a maximum ApH gradient
of about 3 or an acidic lumen of pH 4, although that is
rarely seen in endoluminal compartments. The steady-
state pH ranges from neutral in the ER to pH 6.8 in
cis-Golgi, pH 5.6 to 6.3 in TGN, pH 6.2 to 6.7 in PVC,
and pH 5.2 to 6 in vacuoles (Martiniére et al., 2013;
Shen et al., 2013; Luo et al., 2015). H* pumps (V-ATPase
or H*-PPase) and the counter-ion flux establish a pH
gradient, but they are unlikely to modulate the fine
differences in steady-state pH (Casey et al., 2010) ob-
served in the lumen. A steady-state pH is maintained
when the rate of H* pumping is balanced by the rate
of H* leak.

What are the molecular identities of H* leak pathways
in plant endomembranes? Although various H*-coupled
transporters could serve this purpose (Schumacher,

Plant Physiol. Vol. 177, 2018
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BOX 1. Electrical Potential (Ay) and pH KCI (25 or 50 mM) reduced ApH, consistent
with a KY/H" antiport activity. Whether K*

Gradient (ApH the Pl Memb: .
radient (ApH) across the Plasma Membrane entry and H' efflux is electroneutral (1IK":1H")

and Intracellular Membranes or electrogenic (1K*:2H") has yet to be

In plant and fungal cells, the proton motive determined. Notably, results show

force (PMF) is an electrochemical gradient of endomembrane vesicles retained both a pH
H' formed across the PM membrane, vacuolar gradient (acid inside) and a low electrical
membrane, and other intracellular membrane. gradient (+ inside) relative to the cytoplasm.

The PMF consists of two related components:
a transmembrane electrical potential (Ay) and

a transmembrane pH gradient (ApH). Across Cl or NO3' d iSSipateS A\P
the PM, the electrical potential is negative
inside the cell relative to the outside and the 120
pH gradient is alkaline relative to the outside. 100
The PMF can be calculated as follows: PMF
(mV) = Ay — (2.3(RT/F) x ApH), in which R is 80
the gas constant, T is the absolute temperature, 60
and F is the Faraday’s constant. ApH is
calculated as pH;— pH,, and Ay is calculated 40
as Yi— Yo, so the Ay across the PM is negative 20
when the membrane cytoplasmic surface is
negative. At 25 C, the total PMF is about 0
PMF (mV) = Ay — 59 ApH. Q Q
T *_0% Q o’b O’b
Primary H® pumps generate the PMF. For £

instance, V-H'-ATPase (VHA) is electrogenic

as it moves a charge (H") across a membrane

without an accompanying counter ion. An Cl-increases and
electrical gradient (Ay) forms with a minute

difference in charges across a membrane. The

Ay repels further H" pumping. When a 120
counter ion moves in or out to balance the ApH
charge imbalance, the electrical gradient is 100 P

reduced, promoting net translocation of H" and
an increase in ApH (Sze, 1985). 80
60
The interconvertible relationship of ApH and
Ay can be demonstrated using isolated 4
endomembrane vesicles in their native I | I

K* lowers ApH

0
. . .. . . 20
orientation. H" pumping into vesicles with H'-
PPase generates a voltage (inside +) as 0
detected by fluorescent indicator, oxonol (Fig. ATP B-IDA B-Cl KCI25 KCI50

A, top; Kaestner and Sze, 1987). Addition of 2 ATP ATP ATP ATP

or 5 mM anion (CI” or NO3") reduced the Ay.
Results are consistent with anion entry via
ClCa-type (2CI/H") or CICd (2NO; /H")
antiporter. Fig. B shows that ATP generated ATP ATP

Ay in \./esif:les, and there is little ApH ‘ L Ay <4 H*
formation in the absence of permeant anions.
B-IDA or Bis-tris-propane imidodiacetate is an
impermeant anion. After CI” was added, Ay dfe
dropped and ApH (acidic inside) increased as H*
monitored with a weak base (e.g. methylamine

or acridine orange; Churchill and Sze, 1983).

Relative Ay or ApH is shown on the y axis.
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2014), we suggest that K*-coupled H* flux provides a
key leak pathway for modulating pH and K* homeo-
stasis, as K* is the most abundant and available ion in
cells. The major contributors of acidic pH in the en-
domembrane system are attributed to the electrogenic
V-ATPase or H*-PPase pumps and to counter-ion flux
from anions (Fig. 1A; Schumacher, 2014). In isolated
endomembrane vesicles, anion influx is likely me-
diated by CIC-type (e.g. 2NO, /H*; De Angeli et al.,
2006) antiporters, as chloride or nitrate is most effec-
tive in reducing Ay and raising ApH Box 1. Although
some CICs are anion channels, endomembrane CICs
in animals and plants are electrogenic exchangers,
2A~/1H* (Jentsch, 2008). Plant CIC-type antiporters
have been localized to vacuoles (CIC, to CIC_or Cng)
and PVC as well as Golgi (CIC)) and TGNs (CIC; von
der Fecht-Bartenbach et al., 2007; Barbier-Brygoo et al.,
2011). Vacuoles serve as a storage or recycling reservoir
of many ions and metabolites, so the tonoplast con-
tains multiple H*-coupled transporters with the ability
to alkalinize vacuoles (Schumacher, 2014). However,
endomembrane compartments (like PVC, Golgi, and
TGN) specialized for other functions may be limited in
H*-coupled transporters. Thus, K* coupled to H* flux
provides the most likely leak pathway for modulating
pH and K* homeostasis in intracellular organelles. This
idea has been proposed before (Pittman, 2012). Box 1
shows an example where KCI decreased ApH in en-
domembrane vesicles consistent with the presence of
K* influx in exchange for H* export (Churchill and Sze,
1983, 1984).

In addition to pH homeostasis, cation/H* antiport-
ers could load K* into endomembrane vesicles to sup-
port cation-dependent activities as seen in yeast (see
below). It is known that plants deprived of K* nutrition
show reduced [K*] in vacuoles (Walker et al., 1996) and
perhaps other endomembrane compartments. The ef-
fect of reduced endoluminal [K*] on the operation of
the endomembrane system and on intracellular pH
homeostasis is unclear.

In Vivo Roles of PM and Vacuolar H* Pumps

Based on genetic experiments in yeast, the PM and
vacuolar H* pumps collaborate, yet how the two pumps
sense and respond to pH_ or signaling cues is not well
understood. In Glc-deprived wild-type yeast, Glc stim-
ulated cytosol alkalinization and vacuole acidification,
consistent with Glc stimulation of ScPmal (PM-H*-
ATPase) and ScVma (V-H*-ATPase; Kane, 2016). In cells
subjected to acid stress, vma mutants show a relatively
acidic pH_, compared with that of wild-type cells, indi-
cating that Vma contributes to pH,, homeostasis.

ScPmal is an essential gene, as it is rate limiting for
growth. Point mutations with lowered Pmal activity
reduced yeast growth in acidic medium (Serrano et al.,
1986). In contrast, mutants of Vma subunits are able to
grow between pH_, 4 and 7 but fail to grow below pH
3 or above pH 7 (Orij et al., 2011; Kane, 2016). Condi-
tional growth of vma mutants at pH_ 5.5 (Nelson and
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Nelson, 1990) indicates that an acidic pH_, in some
way causes sufficient acidification of endomembrane
compartments to support cell proliferation. However,
at external alkaline pH, growth ceases unless the Vma
H* pump is active. These results clearly show that pH_,
influences pH__or the pH of diverse endoluminal com-
partments/vesicles, although the nature of the com-
munication between the PM and vacuolar membranes
(e.g. endocytosis) is unclear. This example underscores
the need to maintain an acidic pH in the lumen of the
endomembrane system for cell proliferation.

In plants, the PMF generated by two specific PM
H*-ATPases is essential for growth, although the es-
sentiality of H* pumps can be masked by the overlap-
ping expression of multiple Arabidopsis AHA genes,
which encode PM-autoinhibited H*-ATPases. AHA1
and AHA?2 are highly expressed and make up 80%
of all AHA transcripts. Double knockdown mutants
(ahal aha2) are embryo lethal under optimal growth
conditions, yet the transmission of male or female
gametes is unaffected (Haruta et al., 2010). Although
single knockdown mutants (aha2) complete their life
cycle, mutants secrete fewer H*. Moreover, growth is
retarded in the aha2 mutant relative to the wild type
when ApH (at pH_ 8) or membrane potential is reduced
(with 100 mm [K*]_ ). Thus, the PMF generated by both
AHA1 and AHA?2 is essential for cell functions and
embryo growth. Furthermore, the aha2 mutant shows
an up-regulation of the K* transporters HAKS and
CHX17, whereas reduced membrane potential sup-
presses their expression in the wild type or the aha2
mutant. Thus, genetic studies in plants indicate a close
link between PMF and K* fluxes at the PM, especially
at low [K']_, (Haruta and Sussman, 2012).

Determining the roles of H* pumps in the endomem-
brane system has been challenging due to multiple
pumps, V- and P-type H*-ATPases, and H*-PPases
(Schumacher, 2014). The plant V-ATPase complex con-
sists of over 10 different subunits, each encoded by one
or up to five genes (Sze et al., 2002). Loss of the only
VHA-A subunit gene in Arabidopsis results in male
gametophytic lethality, indicating that the V-ATPase
activity is essential for pollen development and can-
not be replaced by H*-PPase (Dettmer et al., 2005). An-
other vha mutant, lacking subunit E1, shows defective
embryo development. Localization to vacuoles and
endosomes of VHA-E1 suggests a role in maintaining
a functional secretory system (Strompen et al., 2005).
To address the specific role of vacuolar membrane
V-ATPase, a double mutant, vha-a2 vha-a3, has been an-
alyzed. VHA-a2 and VHA-a3 are isoforms of a large in-
tegral subunit localized to the tonoplast. Although the
double mutant is reduced in size and the pH___is less
acidic than in wild-type plants, the vha-a2 vha-a3 mu-
tant is viable (Krebs et al., 2010). This finding suggested
that the loss of V-ATPase function in vacuoles can be
replaced partially by H*-PPase. These results also in-
dicate that the V-ATPase complex with the remaining
VHA-al subunit associates with TGN /EE, and the en-
domembrane system is actively involved in secretory
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and endocytic processes essential for growing and de-
veloping cells. Even mutants lacking both the vacuo-
lar H*-ATPase and H*-PPase (AVP1) are conditionally
viable and have acidic vacuoles. Furthermore, pH __in
the mutant is increased by concanamycin A, an inhibi-
tor of V-ATPase at the TGN. Together, these results in-
dicate that TGN/EE V-ATPase contributes to vacuole
acidification (Kriegel et al., 2015). Furthermore, a weak
V-ATPase mutant, det3, has a TGN/EE lumen pH of
6.7 instead of 5.6, delayed endocytosis of a PM re-
ceptor, BRASSINOSTEROID INSENSITIVE], and a
reduced cellulose synthase A (CesA) complex at the
PM (Luo et al., 2015). Thus, V-ATPase is essential for
growth, and pump-mediated acidification of TGN/EE
is crucial for the secretion of an enzyme required for
wall synthesis and for membrane recycling of a brass-
inosteroid receptor.

Surprisingly, a P-type H*-ATPase acidifies vacuoles
of petunia (Petunia hybrida) flowers. A ph5 mutant de-
fective in a gene encoding a P-type ATPase has altered
petal color that depends on anthocyanin and pH__ .
PHS5 localizes to the tonoplast and is an H* pump ho-
mologous to AHA10 of Arabidopsis (Verweij et al,,
2008). Intriguingly, PH5 activity is enhanced by a part-
ner protein, PH1, which resembles a P-type ATPase but
lacks H* pump activity due to the loss of a conserved
Asp (Eisenach et al., 2014). Coexpression of PH5 and
PH1 forms an H* pump that restores the red flower
color and acidifies pH __ of a mutant to 5.3 instead of
greater than 6 (Faraco et al., 2014). Patch-clamp exper-
iments of petunia leaf vacuoles demonstrated that the
ATP-dependent outward current is partially sensitive
to an inhibitor of V-ATPase and largely sensitive to va-
nadate, a specific inhibitor of P-type ATPases. If PH5/
PH1 has a coupling ratio of 1H*/ATDP, then it can gen-
erate a steeper pH gradient than V-ATPase, which has a
coupling ratio of 2H*/ATP (Eisenach et al., 2014). Thus,
pH, . can be hyperacidified by the collaboration of dif-
ferent H* pumps in plant cells with particular functions.

CPA: AMAJOR H* LEAK PATHWAY?

Transporters that exchange cation flux for H* trans-
portin the opposite direction hold the potential to mod-
ulate pH, electrical, and cation balance locally (Fig. 1A,
right). Higher plant genomes predict a superfamily of
monovalent CPAs (Chanroj et al., 2012) that are sepa-
rated into two families. The CPA1 subfamily includes
Arabidopsis (At) NHX1 to NHX6, SOS1/NHX7, and
NHX8 and yeast ScNhx1 and ScNhal (Chanroj et al.,
2012; Table II). The CPA2 family includes yeast ScKhal,
28 AtCHX (predicted cation/H* exchanger), and six
AtKEA (K*-efflux antiporter) isoforms. Why do plants
need so many CPAs? What do they do in planta?

Less is known about CPA2 than CPA1 activity. Vacu-
olar-localized AtNHX1 catalyzes K*/H*as well as Na*/
H* exchange with low affinity using purified AtNHX1
reconstituted in a proteoliposome (Venema et al., 2002)
or AtNHX1 expressed in yeast vacuoles (Herndndez
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et al., 2009). Similarly, tomato (Solanum lycopersicum)
LeNHX2, an ortholog of Golgi/TGN-localized AtN-
HX5/6, mediates K*/H* exchange in proteoliposomes
(Venema et al., 2003). PM-associated AtNHX7/SOS1
and NHX8 mediate Na*(Li*)/H* exchange (Chanroj
et al., 2012; Table II). AtCHXs studied so far have been
localized to the ER, endosomes, or PM (Table II), al-
though the mode of transport of any plant CHX or
yeast Khal has not been demonstrated.

Plant CHX17 and NHX1 Share a Conserved Transport
Core But Differ in pH Dependence and Perhaps
Electrogenicity

If both NHX and CHX are predicted as cation/H*
antiporters, based on the Pfam0999 domain of 12 to 13
TM helices, what is the molecular basis for the sepa-
ration of CPA1 from CPA2? The availability of crystal
structures from bacterial transporters allows one to
model the protein architecture of poorly characterized
transporters and gain insights to their mode of trans-
port through model-based mutagenesis.

Using prediction tools like I-Tasser (Yang et al., 2015)
or PHYRE2 (Kelley et al., 2015), the first 3D models of
plant PeNHX3 or AtCHX17 (Wang et al., 2014; Czerny
et al., 2016; Fig. 3, A and B) have been generated with
high confidence based on the structures of bacterial
Na*/H* antiporters. The four best templates are E.
coli NhaA (Padan, 2014), Methanocaldococcus jannichii
NhaP (Paulino et al., 2014), Pyrococcus abysinnia NhaP
(Wohlert et al., 2014), and Thermus thermophilus NapA
(Lee et al., 2013; Coincon et al., 2016). Although a 3D
model is not a substitute for a structure determined
experimentally, the quality of the first 3D model of
AtCHX17 based on TtNapA (pdb 4bwz) is sufficiently
high to identify critical core residues within a global
architecture.

The 3D model of AtCHX17 is predicted have a unique
structure like crystallized TtNapA or EcNhaA Na*/H*
antiporters. The NhaA fold (Padan, 2014) refers to a
unique architecture, unlike that of other secondary ac-
tive transporters (Forrest et al., 2011). This fold consists
of two TM helices, TM4 and TM11, that cross over at
the unwound region in the middle of the membrane
(box in Fig. 3A). In the center of the AtCHX17 model,
the discontinuous regions of TM4 and TM11 inter-
sect in close proximity to an Asn (N200) and an Asp
(D201), both of which are conserved in TM5 of nearly
all eukaryote CPA members. Mutagenesis of N200,
D201, and residues (T170 and K383) in the unwound
helices eliminates or reduces CHX17 activity (Fig. 3C)
monitored as yeast tolerance to hygromycin B (HygB;
Czerny et al., 2016). These results support the idea
that AtCHX17 has a transport core similar to bacterial
CHXs (Padan, 2014). D201 of AtCHX17 is postulated
to bind and translocate alternatively an H* and a K* (or
Na*) in the transport cycle of an antiporter

Similarly, plant NHX1 is predicted to have an NhaA
fold as in MjNhaP (Fig. 3B), and several residues needed
for AtCHX17 activity are conserved in AtNHX1. These
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A CHX17

Ext/lumen

C CHX17rmaa T™M11b

TM10
E. AtCHX17_820

Cytosol

Figure 3. AtCHX17 and AtNHXT share similar protein architecture and transport core. A and B, NhaA protein fold. AtCHX17
(A) and AtNHX1 (B) models are predicted to have an NhaA fold based on Na*/H* antiporter structures, TtNapA (pdb 5bz3) and
MjNhaP (pdb 4czb), respectively. TM a-helices are shown as cylinders with the external/lumen face at the top. The dimeriza-
tion domain is shown in gray and beige. The transport domain of six helices is shown in color. Helices TM4 (green) and TM11
(orange) cross over at the unwound regions in the middle of the membrane (boxes), and TM5 (cyan) and TM12 (red) helices
face one another across the intersection. Two additional helices are TM3 (blue) and TM10 (salmon). Conserved Asp, D201 (A)
or D185 (B), is shown as a stick (cyan) protruding from the TM5 helix. A Glu (red circle) at the cytosolic face of the TM2 helix is
conserved in CHX17 (E111) and other CPA2, but not in NHX members. C and D, Core residues critical for activity. The regions
located in the boxes in A and B are magnified, and TM a-helices are represented as ribbons. TM1 and TM12 are hidden for clar-
ity. C, AtCHX17. Residues corresponding to N200 (TM5), D201 (TM5), K355 (TM10), and T170 and K383 (at unwound helices
of TM4 and TM11) are critical for activity, as shown by mutagenesis (Czerny et al., 2016). (TM helix colors correspond to A and
B.) D, AtNHXT. Residues equivalent to N184, D185* (TM5), and R353* (TM10) are critical in poplar NHX3 (Wang et al., 2014).
T156 and R390 (in the unwound region of TM4 and TM11) are predicted to be core residues. N200 (CHX17) and N184 (NHXT1)
are not shown. Lys K355 in CHX17 is replaced by Arg R353 in NHX1. E and F, AtCHX17 and AtNHX1 show a similar transport
domain (residues 1-440) but have distinct hydrophilic tails of unknown function. Topology was predicted by TOPO2 (http://
www.sacs.ucsf.edu/cgi-bin/open-topo2.py) based on TMHMM2, with slight modification according to the PHYRE2 model.

include Asn N184 and Asp D185 in the TM5 helix, a
basic residue R353 in the TM10 helix, T156 in the un-
wound helix of TM4, and R390 within the broken helix
TM11 of AtNHX1 (Fig. 3D; H. Sze, unpublished ob-
servation). Residues N187 and D188 in TM5 of pop-
lar (Populus euphratica) NHX3 are essential for activity
(Wang et al., 2014). Thus, the transport domains of
CHX17 and NHX1 appear highly conserved to mon-
ovalent cation/H* antiporters (Lee et al., 2013; Paulino
et al., 2014). AtNHX1 or a tomato ortholog (LeNHX2)
of AtNHX5/6 has been verified previously by reconsti-
tution in liposomes to mediate K*(Na*)/H* exchange
(Venema et al., 2002, 2003). Although the transport
mode of CHX17 has not been verified, modeling and
mutagenesis of conserved core residues are consistent
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with it being a cation/H* antiporter (Fig. 3, C and D).
For simplicity in this review, we consider CHX protein
as a K*/H* antiporter, although alternative modes are
not eliminated.

Notably, several residues conserved in CPA2 mem-
bers are absent from NHXs. First, a Glu at the cytoso-
lic end of the TM2 helix is conserved in nine AtCHXs
and in fungal or bacterial CPA2 members (Czerny
et al., 2016). E111 in AtCHX17 is located at the rim of
the funnel that provides access of the substrate to the
transport core (D201) at the center of the protein (Fig.
3A, red circle). The mutation E111C inhibits CHX17
activity, suggesting that residues in this region likely
contribute to pH sensing, as shown in EcNhaA
(Krulwich et al., 2011). Protonation or deprotonation
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Table I. Plant NHX and CHX members show distinct roles in yeast growth

Plant (At for Arabidopsis and Le for tomato) or yeast (Sc for S. cerevisiae) genes or vector only (None) were expressed in various mutants that were
unable to grow under limiting conditions I to IV. The yeast strain is shown in parentheses. Growth was scored as none (=), no or low (=/+), low (+),
medium (++), or high (+++). Blank spaces, Not determined. Localization refers to GFP-tagged protein in yeast cells only. Results are taken from
Chanroj et al. (2011) unless indicated otherwise in the footnotes. Note that, in experiment I, AtNHX activity was assayed using the AXT3 (enal-4,
nhal, nhxT) strain (Yokoi et al., 2002) or with nhx1 (Gaxiola et al., 1999). CHX activity was tested in the KTA40-2 strain at pH 5. High K*/Na* varied
from 50 to 400 mm. The KTA40-2 (enal-4, nhal, nhx1, khal) strain was used to test conditions Il and IV (Chanroj et al., 2011). LMMO04 (enai-4,
nhal, khal, trk1,2, tok1) was used to test condition Ill. LMBO1 (enai-4, nhal, kha1) has wild-type ScNhx1. (See Fig. 1B legend for gene names.)

Transporter Gene Localization Relative Yeast Growth
I. High K*/Na*, pH II. Low K* at pH Ill. Low K*atpH  IV. HygB at pH 5.6
~5 7.5 7.5

Plant (At or Le) or yeast (Sc) In yeast only (AXT3) (KTA40-2) (LMMO04) (KTA40-2)
None - —/+ —/+ -
AtNHX1 and NHX2? Vacuole, endosome +++ + - +++
AtNHX5, NHX6, and LeN- Endomembrane, ++ +44P

HX2b post-Golgi
ScNhx1 PVC, endosome' +++¢ (KTA40-2) - (LMBOT) +++ (LMBOT)
AtCHX20¢ Golgi, ERES® - ++ —/+ -
AtCHX17, AtCHX18, and Golgi - +++ +++ +

AtCHX19
ScKhat Golgi® — (AXT3) +++ (AXT3) ++ (AXT3)

“References are as follows: Gaxiola et al. (1999); Quintero et al. (2000); Yokoi et al. (2002).
“Brett et al. (2005) tested the wild type and nhx7 with 0.6 m KCI at pH 4.

AtNHX5; Venema et al. (2003), LeNhx2.

bReferences are as follows: Yokoi et al. (2002),
dpadmanaban et al.

(2007). *AtCHX20-GFP fluorescence in yeast resembled ER exit site (ERES) markers. Fluorescence patterns of CHX17-GFP and SCKHA1-GFP in
yeast were similar (Chanroj et al., 2011; Wu et al., 2016). ‘Nass and Rao, 1998.

of titratable side chains facing the cytosol may cause
conformational changes. Second, a Lys (K355) needed
for activity in AtCHX17 is absolutely conserved in all
28 CHX sequences from Arabidopsis (Sze et al., 2004),
six AtKEA, yeast Khal, and bacterial CPA2 members
(Chanroj et al., 2012; Czerny et al., 2016). In contrast,
AtNHX1 shows an Arg (R353) that is strictly conserved
in CPA1 members (Fig. 3, C and D).

The significance of a switch from R to K in TM10
was not understood until recently. Amazingly, TtNapA
with K305 (wild type) or K305H, but not K305R, me-
diated electrogenic transport, possibly as Na*/2H*
exchange (Uzdavinys et al., 2017). K305 and D157 of
TtNapA, which are conserved as K355 and D201 in
AtCHX17, are thought to be two dominant H* carriers.
These findings indicate that plant CHXs and NHXs
share similar transport modes but differ in their acti-
vation by pH, as shown in yeast (see below). Further-
more, CHXs may exchange K* for H* electrogenically,
whereas plant NHXs are electroneutral. Future muta-
genesis combined with direct transport assays of CHXs
and NHXSs are needed to determine the mode of trans-
port, electrogenicity, and residues in the pH sensor/
regulatory region.

Insights from Yeast: Plant NHX1 and CHX17 Play
Differential Roles in pH and Cation Homeostasis and
Affect Membrane Trafficking

Budding yeast (Saccharomyces cerevisiae) is an excel-
lent model in which to decipher the roles of plant CPA
genes, as yeast has only one ScNhx1 and one ScKhal gene.
Although the role of ScKhal is not well understood,
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ScNhx1 and ScKhal are functional orthologs of AINHX1
and AtCHX17, respectively (Table I). Yeast mutants
with loss of function in either ScNhx1 or ScKhal (Fig.
1B) and additional PM cation-handling transporters
are sensitive to pH_, and/or extreme alkali cation lev-
els, indicating that K*/H* exchangers and K* and Na*
transporters play roles in pH and cation homeostasis.
Table I summarizes key findings: (1) plant NHX1 or
ScNhx1 confers yeast tolerance to high (0.5 m) K* or
Na* at acidic pH_,, whereas AtCHX17 and ScKhal are
incompetent; (2) AtCHX17 or ScKhal confers tolerance
to growth on alkaline medium with low (8 mm) K* lev-
els, although AtNHX1 is ineffective; and (3) both At-
NHX1 and AtCHX17 confer resistance to HygB at pH
5.6, although AtNHX1 is more effective than AtCHX17.
In addition, yeast mutants containing a wild-type ScN-
hx1 but lacking ScKhal and PM K* transporters, trkl
trk2 and tokl, fail to grow on medium containing low
K*, although growth is restored with AtCHX17 or ScK-
hal alone. These findings clearly underscore different
roles of AtCHX17 and AtNHX1 in a unicellular model.
Notably, both participate in pH homeostasis: AtNHX1
restores growth at acidic pH, whereas AtCHX17 is ef-
fective at alkaline pH. These results are mimicked by
yeast ScNhx1 and ScKhal, which promote growth best
at pH 5 (Nass et al., 1997) and at weak alkaline pH (Wu
et al.,, 2016), respectively.

The conditional growth phenotypes, such as toler-
ance to alkaline pH at low K* and resistance to hygro-
mycin, are challenging to interpret. Thus, we review
studies that probe the genetic bases of these pheno-
types in yeast to provide a cellular framework for
the roles of cation/H* antiporters. Collectively, these
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reports link intracellular cation and pH balance to
membrane trafficking, protein/cargo sorting, and vac-
uole biogenesis.

Tolerance to Alkaline pH in Yeast Is Associated with Vacu-
olar Biogenesis and Protein Sorting

To reveal processes that confer tolerance of wild-
type yeast to alkaline pH, a genome-wide screen
of mutants has identified genes involved in (1) H*
pumping by the V-ATPase complex, (2) vacuole bio-
genesis and protein sorting, (3) Fe and Cu metal
homeostasis, and (4) cell polarity and cell wall orga-
nization and biogenesis (Serrano et al., 2004). These
results indicate that the acidification of endosomal and
vacuole compartments by the V-ATPase, as well as pro-
cesses in membrane trafficking and vacuole biogene-
sis, are critical for cell proliferation. One vacuolar
protein-sorting (Vps) gene is Vps44 or ScNhx1, which
encodes an Na*/H* antiporter at the PVC (Bowers
etal., 2000; Bowers and Stevens, 2005). The vps44 mu-
tants secrete 35% of a vacuole-destined carboxypep-
tidase Y (CPY) and missort markers that associate
with PVC, Golgi, or vacuolar membrane in wild-
type cells. This result provides the first evidence that
Na*(K*)/H* exchange-mediated ion balance is criti-
cal for endosomal function and protein sorting in a
eukaryote cell.

pH___ of an nhx1 mutant (pH 4-4.7) is more acidic
than that of the wild type (pH 5.3), consistent with the
idea that NHX1 catalyzes K* uptake and H* efflux from
compartments acidified by the vacuolar H*-pumping
ATPase (Brett et al., 2005). These results suggest that
proper pH homeostasis in LE/PVC is critical for the
sorting of proteins, like CPY, to the vacuole. In one
model, CPY binds to the CPY receptor (Vpsl0p) in the
late Golgi, and after the complex moves to the LE/
MVB, a change in pH causes dissociation of the ligand,
and the empty receptor is returned to the late Golgi.
As a weak base can alleviate the growth inhibition in
the nhx1 mutant under low-pH stress and restore en-
dosomal trafficking, Brett et al. (2005) concluded that
the pH, rather than K* homeostasis, is critical for cargo
trafficking out of the endosome (PVC).

Curiously, yeast carrying mutations in Vps genes
also are hypersensitive to HygB (Wagner et al., 2006;
Banuelos et al., 2010). Sensitivity to HygB of the nhx1
mutant is rescued by wild-type AtNHX1 (Table I).
Similarly, AtCHX17 confers HygB tolerance to yeast
mutants lacking several cation/H* transporters and
also reduces the missorting of vacuolar CPY to the
exterior (Chanroj et al., 2011). The reduction in CPY
secretion by CHX17 is more effective when pH_, is
weakly alkaline, whereas AtNHX1 is more effective
at acidic pH_,. In yeast, ScNhx1 and ScKhal are lo-
calized to the PVC and Golgi (Fig. 1B), respectively.
Thus, like yeast orthologs, plant CHX17 and NHX1
influence endosomal trafficking in a differential
manner.
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HygB Sensitivity Is Related to Impaired Budding andlor
Fusion in Membrane Trafficking

Along-standing question is, How is HygB resistance
related to pH and ion balance in yeast endomem-
branes? HygB inhibits eukaryote protein translation
at greater than 100 pg mL". Below 50 pg mL™" HygB,
wild-type yeast is resistant, although the growth of
vacuolar trafficking mutants is sensitive (Banuelos
et al., 2010; Cyert and Philpott, 2013). Gentamycin, a
related aminoglycoside, inhibits growth drastically,
especially in yeast mutants lacking Nhx1l, Vps16,
Vps51 to Vps54, Vps4l, or Sacl (Wagner et al., 2006).
Labeled gentamycin is taken up into kidney cells by
endocytosis and then delivered by retrograde traffic to
the lysosome (Sandoval and Molitoris, 2004). Intrigu-
ingly, a high level of gentamycin also is found in yeast
vacuoles of gentamycin-sensitive mutants, although a
lower level of gentamycin is seen in wild-type yeast.
Many luminal and membrane vacuolar proteins are
synthesized at the ER, transit through the Golgi, and
are delivered from the TGN to the vacuole via vesicu-
lar transport. Very low levels (10 pg mL™) of HygB dis-
rupt vacuole morphology, localization of an LE marker
(Pep12), and vacuole localization of Torlp in mutants,
like sacl, vps1, vps34, vps52, and vpsb4 (Ejzykowicz et
al., 2017). The Vps gene products affected are involved
in either budding or fusion events at the Golgi and LE
interface. These results indicate that sensitivity to low
levels of HygB is due to defects at the interface of the
trans-Golgi and LE and is independent of translation
inhibition. Thus, these findings from mammalian and
yeast cells indicate that ion and pH homeostasis as well
as the fusion of endosomes with vacuoles or with the
trans-Golgi are critical for drug detoxification.

A working idea is that pH and ion balance in en-
dosomes (e.g. PVC or TGN) results in proper vacuole
biogenesis and cargo sorting, leading to inactivation
of the aminoglycoside in the vacuole. Sensitivity re-
sults when endocytosed toxin is either not delivered
into an appropriate compartment and/or not inacti-
vated, so the toxin leaks into the cytosol, perhaps to
perturb membrane microdomains involved in fusion
or fission events (Ejzykowicz et al., 2017). If so, resis-
tance to HygB conferred by yeast or plant NHX1 or
by AtCHX17 supports the idea that active cation/H?*
transport and pH balance in particular endomembrane
compartments (PVC or LE) are paramount to the op-
eration of retrograde and anterograde trafficking and
vacuole biogenesis.

Is K* Cycling Needed at the PM and Endomembrane?

Another challenging result is the rescue of yeast mu-
tants lacking Khal and PM cation transporters (Enal-4,
Nhal, Trk1,2, and Tok1) to grow at low K* and alkaline
pHby ScKhal or AtCHX17 (Fig. 1B; Table I). Yet, 58 mm
[K*]_, alone restores growth in these mutants (Chanroj
et al., 2011), suggesting that high [K*] , compensates
for CHX17 or ScKhal function. A simple interpretation
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is that AtCHX17 promotes K* acquisition, although
the lack of *Rb (K*) uptake into yeast expressing
AtCHX17 does not support this idea (Chanroj, 2011).
Perhaps CHX17 promotes K* uptake and efflux in mu-
tants lacking other PM K* transporters, as K* needs to
be continually taken up and extruded to maintain an
electrical potential across the PM (Rodriguez-Navarro,
2000). Interestingly, yeast expressing rice (Oryza sativa)
OsCHX14 (ortholog of AtCHX17) also show tolerance
to low K* at alkaline pH_ . Yet, OsCHX14 enhances Rb*
content in frog oocytes (Chen et al., 2016), supporting
a role in K* acquisition. Two possible scenarios are as
follows: (1) AtCHX17-associated vesicles traffic among
Golgi and PM and facilitate K* cycling into and out of
yeast when [K*]_, is low; and (2) CHX17 actively fills
particular compartments (Golgi) with sufficient K*
required for K*-dependent processes. When [K*]_, is
high, perhaps K* uptake and loss occur via nonspecific
cation pathways or recycling vesicles in the absence of
Khal.

Compartment [K*] Affects Metal Homeostasis in Yeast

Although the bases of metal homeostasis within a
eukaryotic cell are incompletely understood, intra-
cellular compartments are involved in maintaining
a balance between supply and demand. For exam-
ple, yeast or plant vacuoles contain metal transport-
ers that load and unload metals (Cyert and Philpott,
2013; Blaby-Haas and Merchant, 2014). In addition, the
post-Golgi compartment is a storage site of Mn (Li et
al., 2008) and Cu, which are assembled to form PM-
or apoplast-metalloproteins. Cu(I) taken up by a PM
Cu transporter, Ctrl, in yeast can be sequestered into
a post-Golgi compartment via a Cu-pumping ATPase,
CCC2. Luminal Cu then binds to Cu-binding enzymes,
such as the apoferroxidase Fet3p. The mature enzyme
is then sorted to the PM to oxidize external ferrous to
ferric iron, which is taken up by the iron transporter
Ftrl (Cyert and Philpott, 2013).

Several genes involved in metal homeostasis are im-
portant for yeast survival on alkaline medium (Serrano
et al., 2004). Recently Sckhal was identified in a screen
for mutants unable to grow on medium depleted of
Cu (Wu et al., 2016). The khal mutant had reduced Fe
levels and reduced Fet3 ferroxidase activity, although
Cu levels were unchanged. ApoFet3 becomes active af-
ter it binds Cu, only in the presence of high K*. These
results indicate that Khal loads K* into the Golgi and
high [K*] promotes Cu binding to apoFet3 to form the
active ferroxidase. Ferroxidase then forms a heterod-
imer with the iron transporter, Ftrl, and the complex
is sorted to the PM to mediate Fe uptake (Singh et al.,
2006). K* is apparently not bound to the enzyme but
is thought to form an ion atmosphere via electrostatic
interactions to optimize Cu binding around the ferrox-
idase. These results illustrate a role of subcellular com-
partmentalized K* in Fet3 maturation. Although no pH
changes were detected in the cytosol or Golgi of khal
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mutants, it is possible that a PMF indirectly promotes
Fe uptake (Davis-Kaplan et al., 2004) in part to drive K*
into the lumen via Khal.

Cu binding to apoproteins in post-Golgi compart-
ments is likely conserved in plants. Cu is transported
into and out of endomembrane compartments through
AtHMAS5, a Cu pump, and other Cu transporters (Bla-
by-Haas and Merchant, 2014; Printz et al., 2016). Plants
possess multicopper oxidases, like extracellular laccas-
es (Turlapati et al., 2011) and apoplastic ascorbate oxi-
dases. Whether transporters, like AtCHX17, maintain a
suitable pH and cation balance for Cu binding to apo-
proteins in plants is not yet known.

Environmental Stress Affects Cell Wall Properties in Yeast

Alkaline pH has long been thought to cause cell
wall damage in S. cerevisiae, as the transcription pro-
file induced by alkaline pH stress overlaps with that
seen after cell wall damage (Serrano et al., 2006). The
wall gives the cell osmotic integrity and defines cell
shape during growth, budding, mating, and sporula-
tion. The wall consists of a load-bearing polysaccha-
ride of f-1,3-glucan, chitin, and f-1,6-glucan, which
cross-links wall components. Some wall proteins are
glycosylphosphatidylinositol modified and linked to
p-1,6-glucan, whereas other proteins are connected
by alkali-sensitive linkages to f-1,3-glucan. Moreover,
the wall status is thought to be monitored by cell sur-
face proteins, like the wall sensor Wscl (Levin, 2011).
Thus, the wall is dynamic, as its composition and
organization are altered by environmental stresses
and signals regulating the cell cycle (Klis et al., 2006;
Orlean, 2012).

In a genome-wide screen for cell wall-related phe-
notypes, khal is one of 145 mutants sensitive to agents
that perturb cell walls. Compared with wild-type cells,
the khal mutants secrete more $-1,3-glucan, a cell wall
mannoprotein, Cwp1l, and a covalently linked cell wall
glycoprotein, Ssrl or CCW14 (de Groot et al., 2001). Al-
though the molecular basis has not been determined,
the results indicate that the Golgi K*/H* antiporter,
Khal, has some role in the modification and/or deliv-
ery of wall components in yeast.

Summary

In yeast, endosomal ScNhx1 is important for main-
taining pH_, and pH__balance (Brett et al., 2005), and
luminal pI—f of PVC/LE alkalinized by Nhx1 confers
HygB resistance and is critical for membrane traffick-
ing, protein sorting, and vacuole biogenesis. Like yeast
Khal, AtCHX17 also confers HygB resistance to mu-
tants and reduces missorting of the vacuolar protein
CPY, supporting the idea that cation and pH balance in
particular endomembrane compartments is paramount
to the operation of retrograde and anterograde traffick-
ing. Distinct roles of ScNhx1 and ScKhal may result
in part from differential localization at endosome/
PVC and Golgi, respectively (Table I). In yeast, plant
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Table II. Functions of CHX and NHX in Arabidopsis and other plants

In or It, Morning glory; Pp, Physcomitrella patens. Reference groups are as follows: (1) Yokoi et al. (2002); Venema et al. (2002); Leidi et al. (2010);
Bassil et al. (2011b); Barragan et al. (2012); Andrés et al. (2014). (2) Venema et al. (2003); Bassil et al. (2011a). (3) Wu et al. (1996); Shi et al. (2002).
(4) An et al. (2007). (5) Fukada-Tanaka et al. (2000); Yamaguchi et al. (2001); Yoshida et al. (2005). (6) Zhao et al. (2008, 2015. (7) Chanroj (2011);
Chanroj et al. (2013). (8) Chanroj et al. (2011, 2013Padmanaban et al. (2017). (9) Chen et al. (2016). (10) Padmanaban et al. (2007). (11a) Guan et
al. (2014). (11b) Qi et al. (2014). (12) Mottaleb et al. (2013). (13) Lu et al. (2011); Evans et al. (2012).

Plant Tissue Expression Membrane Location Transport Mode Main Function or Mutant Phenotype References
Transporter
NHX
AINHXT, NHX2 Ubiquitous Tonoplast K*(Na)/H* K* uptake into vacuolar compartments 1
for cell expansion; vacuole biogene-
sis; vacuole alkalinization; guard cell
movement
AtNHX5, NHX6, Ubiquitous Golgi, TGN K*(Na)/H* pH homeostasis in TGN/PVC affects 2
LeNHX2 cargo sorting to vacuole and vacuole
biogenesis
AtSOS1/NHX7 Root, stem, and PM Na*/H* sos1 mutant is hypersensitive to Na* and 3
leaf xylem Li*, cannot grow on low K*; extrudes
Na* out of the cell
AtNHX8 Ubiquitous PM Liv/H* nhx8 mutant is hypersensitive to Li; 4
extrudes Li* out of the cell.
INNHXT1 or ItNHX1 Flower petal Tonoplast K*(Na)/H* Vacuole alkalinization turns morning 5
glory petals blue
CHX
AtCHX13 Pollen, root tip PM K* chx13 mutant is sensitive to K* deficiency 6
AtCHX14 Pollen, root, shoot PM K* efflux Overexpressing plant is sensitive to low
vascular K*
AtCHX16 Root ER, PVC, PM K* chx16 chx17 chx18 chx19 mutant shows 7
lower seed set; poor plant growth on
hydroponic medium
AtCHX17 Root, pollen PVC, PM K*/nH* (predict-  Triple chx17 chx18 chx19 mutant shows 8
AtCHX18 Hydathode, vascu- PVC, PM ed from core disorganized pollen wall; reduced
lar, sperm residues) K* male fertility; impaired fertilization,
AtCHX19 Pollen PVC, PM (Rb) reduced seed set
OsCHX14 Flower Endomembrane, K* (Rb) Jasmonic acid (JA) signaling and flower 9
ER opening; K*, Rb transport in oocyte
AtCHX20 Guard cell, root Reticulate, ER K* Participates in stomatal opening, guard 10
cap cell movement
GmSALT3 Root, vascular ER Confers salt tolerance in wild soybean 11a
Gm/GsCHX1 K* 11b
PpCHX1,2 Protonema Punctate, PM K* efflux? No phenotype yet 12
AtCHX23 (CHX21) Pollen, tube ER K* Involved in pollen tube targeting of ovule 13

NHX1 and CHX17 perform distinct, yet cooperative,
roles similar to ScNhx1l and ScKhal, respectively.
Whether CHX17-mediated pH and [K*] in compart-
ments influence membrane trafficking, metal homeo-
stasis, or cell wall remodeling in plants (Wolf et al,,
2012), as Khal does in yeast, has yet to be determined.

DISTINCT FUNCTIONS OF NHX, CHX, AND KEA IN
PLANTA

NHX functions have been reviewed previously (Bassil
and Blumwald, 2014), so major points are summarized
here (Table II). Although only a fraction of AtCHX or
AtKEA genes have been characterized, the emerging
picture indicates that CPA2 function is integrated with
multiple aspects of plant biology, including signaling
and development.
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Endomembrane AtNHX Loads K* in the Lumen and
Alkalinizes Compartment pH

Vacuolar AtNHX1/2

The first indication that plant vacuoles take up Na*
in exchange for downhill H* efflux was based on Na*
dissipation of a pH gradient (acidic inside) generated
artificially in isolated vacuoles (Blumwald and Poole,
1985). The molecular identities of cation/H* antiport
were verified later in yeast. The heterologous expres-
sion of AtNHX1 or AtNHX2 confers tolerance to high
Na* and high K* (Table I) in yeast nhx1 mutants. Fur-
thermore, purified AtNHX1 reconstituted in proteo-
liposomes shows specificity for K* and Na* followed
by Cs* and Li*. Thus, AtNHX1 has been established as
a K*(Na*)/H" antiporter (Venema et al., 2002). Plants
overexpressing AtNHX1 have higher vacuolar [K*]
content than Na* even under moderate Na stress (Leidi
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et al., 2010). Thus, the ability to retain more intracellu-
lar K* than Na* helps plants withstand stress from Na*
shock.

AtNHX1 and AtNHX2 share redundant or over-
lapping roles in vivo, as single mutants, Atnhx1 and
Atnhx2, show weak or no change in plant growth rel-
ative to the wild type. AtINHX2 and AtNHX1 share
similar protein sequences, tissue expression, mem-
brane localization, and transport activities (Yokoi et al.,
2002; Barragan et al., 2012). A double nhx1 nhx2 mu-
tant shows reduced growth and small cell size as well
as reduced K*(Na*)/H* exchange in isolated tonoplast
vesicles (Bassil et al., 2011b; Barragan et al., 2012). The
vacuolar K* level is lower, and the lumen is more acid-
ic at pH 5.8 instead of pH 6.2 in the wild type (Bas-
sil et al., 2011b). Similarly, pH __in guard cells is more
acidic at pH 5.5 in nhx1 nhx2 mutants than at pH 5.9
of wild-type plants under light (Andrés et al., 2014).
Together, these results support the idea that NHX1
and NHX2 regulate intravacuolar [K*] and pH by cat-
alyzing K* influx into the lumen coupled to H* efflux.
Moreover, high vacuolar K* content confers tolerance
to salt or osmotic stress in Arabidopsis. The antiport-
ers are important in cells where cell expansion de-
pends on an increase in vacuole volume as ions and
water enter.

These results extend a previous study in which InN-
HX1-mediated alkalinization of vacuoles (pH ~ 7)
turned morning glory (Ipomoea nil) petals blue, where-
as an Innhx1 mutant had purple petals and acidic (pH
~ 6.4) vacuoles (Yamaguchi et al., 2001). Localized to
vacuoles of petals, ItNHX1 protein was enriched in
open morning glory (Ipomoea tricolor) flowers (Yoshida
et al., 2005).

Endosomal NHX5/NHX6

Based on homology to tomato NHX2 (Venema et al.,
2003), AtNHX5 or AtNHX6 likely mediates K*/H* ex-
change. They are localized to mobile, punctate spots
corresponding to Golgi/TGN and endosomes (Bassil
et al., 2011a). Single mutants are unchanged from the
wild type, but nhx5 nhx6 plants are dwarfed and have
reduced cell size. The endocytosis of FM4-64 is not
altered, although its trafficking to the vacuole is de-
layed (Bassil et al., 2011a). Furthermore, protein sort-
ing to the vacuole is disrupted, as a vacuole-destined
CPY is secreted, or storage proteins are sorted to the
apoplast. The endosomal pH of nhx5 nhx6 mutants is
decreased by 0.3, which could reduce the interaction
of a vacuolar sorting receptor with its cargo (Reguera
et al., 2015). These results support the idea that altered
pH homeostasis in TGN/PVC impaired cargo sorting
and trafficking to the vacuole and compromised vacu-
ole biogenesis and function, causing reduced growth.
Thus, the cellular role of AtNHX5 or AtNHX6 is sim-
ilar to that of the yeast ScNhx1p, which is needed for
proper vacuolar protein sorting from the endosome
(LE/PVC) to the vacuole (Bowers et al., 2000; Brett
et al., 2005).
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Diverse Roles of Plant CHX Transporters: Signaling,
Development, and More

The in planta roles of CHX genes based largely on
mutant analyses are intriguingly diverse and seem dis-
connected (Table II). The cellular and molecular bases
are largely unknown at present, although a unifying
theme is emerging (see below).

Guard Cell Movement

Only one Arabidopsis CHX gene is expressed pref-
erentially in guard cells. Single chx20 mutants show
no obvious morphological or growth differences, al-
though three independent alleles of the mutant are im-
paired by 35% in light-induced opening of the stomatal
aperture (Padmanaban et al., 2007; Fig. 4A). AtCHX20
localizes to perinuclear and reticulate endomem-
branes, resembling the ER of guard cells. As all inward
and outward K* channels and K* cotransporters are
functional (Jezek and Blatt, 2017), impaired guard cell
movement is independent of K* availability as an os-
moticum. Assuming that AtNHX1/2 and AtNHX5/6
associate with the tonoplast and that the TGN is func-
tional in guard cells of the chx20 mutant, these results
indicate that K* loading into vacuoles to increase cell
turgor and cell expansion is not limiting (Bassil et al.,
2011b; Andrés et al., 2014). Thus, CHX20 occupies a
distinct functional niche.

The shape and size of vacuoles undergo dramatic
conversion, from multiple small compartments in guard
cells of closed stomata to a few large vacuoles in open
stomata (Meckel et al., 2004; Gao et al., 2005). 3D recon-
struction in wild-type guard cells shows that one or a
few vacuoles of open stomata look swollen and form a
continuous structure, whereas vacuoles of closed sto-
mata appear shrunken and convoluted (Andrés et al.,
2014). Like chx20, nhx1 nhx2 double mutants fail to open
stomata fully in response to light. Imaging shows that
mutant vacuoles appear small and separate, suggesting
that the fusion of compartments to form large vacuoles
is defective. Whether changes in intraluminal pH and/
or cation homeostasis compromise membrane fusion
has yet to be established. What is clear is that cation/H*
antiport by NHX1/2 provides an osmoticum and an H*
leak to sustain vacuolar dynamics.

Less clear is the role of ER-associated CHX20. Wheth-
er CHX20 is involved in vacuolar biogenesis from part
of the ER independent of the post-Golgi (Marty, 1999;
Viotti et al., 2013) or in cell wall pectin-mediated me-
chanics of guard cells (Amsbury et al., 2016) is consid-
ered. Intriguingly, AtCHX20-GFP signal occurs at the
border of two guard cell poles (Padmanaban et al.,
2007), where wall stiffening is proposed to affect the
degree of stomatal opening (Carter et al., 2017).

Adaptation to Stress: K* Starvation or High Salt

In plants, CHX17 expression in roots is induced
by salt stress, K* starvation, acidic pH_,, and abscisic
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Figure 4. Phenotypes of chx mutants in Arabidopsis. A, Guard cell movement. Promoter::GUS shows CHX20 expression in
guard cells (left). Light-dependent stomatal aperture is reduced in three alleles of chx20 mutants (right) compared with the wild
type (WT). Aperture size is expressed as a ratio of maximal aperture size per length of guard cell (GC) pair. Twenty apertures
were measured per treatment. Error bars indicate s (Padmanaban et al., 2007). B, Pollen tubes target ovules. GUS-expressing
(blue) pollen tubes of the wild type or the single chx2 7 mutant grow in the transmitting tract of pistils and target ovules on either
side. Blue dots inside ovules indicate pollen tube burst and release of contents. Tubes of double chx21 chx23 mutants grow in
the transmitting tract but fail to target ovules (Lu et al., 2011). C, Wall construction. The reticulate pattern of wild-type pollen
grains is disorganized and spongy in the chx17 chx18 chx19 triple mutant (Padmanaban et al., 2017). Bar = 5 pm.

acid treatment (Cellier et al., 2004), suggesting a role
in the adaption to stress. Although single chx17 mu-
tants show no obvious morphological differences, mu-
tants contain less K* in roots than the wild type when
K* is depleted. These results suggest that CHX17 has
a role in K* acquisition and K* homeostasis in plants
(Cellier et al., 2004) as in yeast, where the expression
of AtCHX17, AtCHX18, or AtCHX19 in K*-transport
mutants restores growth on low-K* medium (Chanroj
et al., 2011). Whether CHX17 contributes to K* uptake
and its distribution directly or indirectly (via endocyto-
sis and membrane trafficking) awaits experimentation.

Intriguingly, mapping of a quantitative trait locus re-
lated to salt tolerance in a wild soybean (Glycine max)
uncovered a CHX gene similar to AtCHX20 (Guan
et al., 2014). GmSALT3 (salt-tolerant-associated gene
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on chromosome3) is expressed in vascular tissues of
soybean roots, and the protein colocalizes with an ER
marker. The Na* content of the salt-tolerant haplotype
is reduced in stems and in leaves compared with that
of salt-sensitive cultivars. A salt-sensitive cultivar con-
tains an insertion mutation that truncates the transcript
of GmSALT3. Analyses of over 200 haplotypes, includ-
ing landraces and wild soybeans, support the idea
that the haplotype H1 (GmSALT3) is associated with
salt tolerance and is the ancestral allele. Although its
transport activity has yet to be determined, the results
suggest that GmSALT3 reduces the movement of root
Na* into shoots and leaves and provide the first genet-
ic evidence that a CHX gene promotes salt tolerance
in plants. GmSALT3 (Glyma03g32900) is identical to
wild soybean Gm/GsCHX1 (Glysoja01g005509 in W05),
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which conferred salt tolerance in tobacco (Nicotiana ta-
bacum) BY2 cells or in hairy roots of salt-sensitive C08
soybean (Qi et al., 2014). The basis of GmSALT3/CHX1
in conferring salt tolerance in soybean plants has yet to
be determined.

JA Signaling and Floret Closing in Rice

A homolog of AtCHX17 in rice might mediate K*
homeostasis in lodicules that control floret closing. A
JA signaling mutant shows delayed floret closing, in-
creases [K*] in the lodicules, and enhances OsCHX14
expression (Chen et al., 2016). In yeast, OsCHX14 con-
fers weak tolerance to alkaline pH at low K* and also
to 0.5 M K, suggesting a role in K* homeostasis. In
oocytes, OsCHX14 enhances Rb* contents, indicating
that it mediates K* transport. OsCHX14 localizes to
the ER in protoplasts, yet its association with other en-
domembranes also is considered. Although the bases
of OsCHX14 action remain obscure, it participates in
JA signaling in programmed cell death at the lodicules,
resulting in floret closure.

Male Fertility, Pollen Wall Formation, and Embryogenesis

Three CHXs (AtCHX17, AtCHX18, and AtCHX19)
share similarities in protein sequence, localization to
the PVC and PM in plants (Table II), and activities in
yeast (Table I). Single or double mutants appear nor-
mal; however, the triple chx17 chx18 chx19 mutant
(Chanroj et al., 2013) shows 50% reduced seed set. In
addition, the highly reticulate pattern of walls is dis-
organized in mutant pollen grains (Padmanaban et al.,
2017; Fig. 4C). As walls begin to form in the haploid
microspore after meiosis when AfCHX17 is expressed
(Bock et al., 2006), we propose that the scaffold of inner
walls formed in chx17 chx18 chx19 mutant microspores
is defective, causing deformation of the outer wall
(exine).

Moreover, mutant pollen tubes grow, target, and en-
ter ovules, although many targeted ovules fail to de-
velop into seeds. Live-cell imaging suggests that failed
fertilization could be due to impaired function of pollen
tube and/or sperm (Padmanaban et al., 2017), where
AtCHX19 and AtCHX18, respectively, are expressed.
We reason that a disorganized pollen grain wall alone
is unlikely to cause reduced fertility, although defects
in cargo sorting and secretion that alter the vacuole,
PM, and cell walls would likely hamper fertilization.
Successful fertilization depends on multiple steps, in-
cluding pollen tube burst at the right time and place
and fusion of the released sperms with the egg and the
central cell (Dresselhaus et al., 2016; Ge et al., 2017). All
these events depend on signaling that leads to rapid
remodeling of the PM and walls (Gu et al., 2017). In
cases when fertilization is successful, a delay in embryo
development is observed in the chx17 chx18 chx19 mu-
tant, suggesting that CHX17 and CHX18 expression in
micropylar endosperm has a crucial role in embryogen-
esis (Belmonte et al., 2013; Padmanaban et al., 2017).
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Pollen Tube Signaling and Navigation

The molecular framework of pollen tube sensing
and navigation in response to female signals is emerg-
ing (Higashiyama and Takeuchi, 2015), although many
questions remain. After pollen grains land on a re-
ceptive stigma, pollen tubes grow toward ovules in
response to secreted cues from the embryo sac (fe-
male gametophyte). An arabinogalactan-derived factor,
AMOR, from ovular sporophytic tissues enables Torenia
fournieri pollen tubes to sense guidance cues (Mizukami
etal., 2016). Primed tubes are then attracted to ovules by
LURE peptides, secreted by synergid cells. LUREs are
sensed by receptor-like kinases at the PM of pollen tubes
(Takeuchi and Higashiyama, 2016; Wang et al., 2016).
How the receptors transduce the signals to bring about
a shift in directional growth is mostly unknown. Curi-
ously, two K* transporters, AtCHX21 and AtCHX23, are
essential for pollen tube targeting to ovules.

Male fertility is severely impaired in chx21 chx23
double mutants but not in single chx21 and chx23 mu-
tants. Double mutant pollen grains germinate, and
pollen tubes grow through the entire length of the
transmitting tract. Oddly, chx21 chx23 mutant tubes
fail to turn toward the ovules and do not enter the
micropyle (Lu et al., 2011; Fig. 4B). CHX23 can me-
diate K* transport, as shown by its ability to restore
the growth of E. coli lacking three K* uptake systems
(Trk, Kup, and Kdp). The fluorescent protein-tagged
CHX23 was localized at reticulate membranes and
with ER markers in transfected pollen tubes. The pos-
sibility that CHX23-associated ER affects endosome or
PM dynamics and function (Bayer et al., 2017; Stefano
and Brandizzi, 2018) is considered. One model is that
CHX21- and CHX23-mediated cation and pH balance
is critical for signal reception or transduction, which
includes trafficking via the cytoskeleton and processes
that lead to a shift in directional tube growth (Lu et al.,
2011).

Two studies show different results from Lu et al.
(2011). One concludes that reduced seed set in plants
homozygous for chx217/~ and heterozygous for
chx237"* is due to defects in female (Evans et al., 2012)
rather than male transmission. Another study localiz-
es AtCHX23 to the chloroplast (Song et al., 2004) and
should be viewed with caution (Lu et al., 2011).

Other: A Potential Protein-Interacting Domain at the
C-Tail of CHX

The function of the long hydrophilic tail in CHX pro-
teins (Fig. 3E) remains a mystery. Most NHX members
have a hydrophilic tail of ~100 residues (Fig. 3F), ex-
cept for the PM AtNHXS8 and AtNHX7/SOS1, which
have tails of ~300 and 680 residues, respectively. Little
to no sequence similarity is observed between tails of
CHXSs and those of AtNHX7 and NHX8. The AtSOS1
C-terminal tail has a regulatory role, including an auto-
inhibitory domain that is deactivated by the phosphor-
ylation of Ser-1136 (Quintero et al., 2011). In contrast,
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truncation of the C tail does not affect AtCHX17 activ-
ity, although its sorting and localization in plant cells
are altered (Chanroj et al., 2013). Structural modeling
of the tail domain predicts an architecture similar to
that of bacteria universal stress proteins (Czerny et al.,
2016), a potential protein interaction domain. Experi-
ments are needed to determine the roles of plant CHX
C tails and to identify interacting partners that may
participate in membrane trafficking, protein activity,
and/or signal transduction.

Additional AtCHX genes are developmentally ex-
pressed in the male gametophyte (Bock et al., 2006),
although their roles are mostly unexplored. Not all
AtCHXs can be expressed functionally in yeast mu-
tants so far. Yet all CHXs expressed in E. coli defective
in three K* uptake systems (Trk, Kup, and Kdp) restore
growth on low K* (Chanroj et al., 2011; Mottaleb et al.,
2013). Whether K* transport into E. coli is relevant in
eukaryotes has been questioned, as mutations at core
residues that eliminate CHX17 activity in yeast fail to
inhibit CHX17-dependent growth in the E. coli mutant
(Czerny et al., 2016).

AtKEA1 to AtKEA3 Mediate pH, Cation, or Osmotic
Homeostasis in Plastids

Three of six Arabidopsis AtKEAs function in the
plastid. All KEA proteins possess a conserved Pfam
00999 domain characteristic of a CHX, although only
clade 1 possesses a KIN domain at the C terminus
(Chanroj et al., 2012). AtKEAS3 is targeted to the thyla-
koid membrane and likely modulates pH homeostasis
in the lumen and stroma, as single kea3 mutants show
increased ApH (Kunz et al., 2014). AtKEA1 and a close
homolog, AtKEA2, are targeted to the inner envelop
of chloroplasts. A keal kea? double mutant has stunt-
ed growth, pale green leaves, and swollen chloroplasts
with reduced thylakoids (Kunz et al., 2014). Although
reduced PMF and photosynthetic efficiency could
compromise growth in keal kea2 mutants, AtKEA1
and AtKEA2 are localized at the two poles of dividing
plastids early in leaf development, before chloroplast
differentiation (Aranda-Sicilia et al., 2016). Further-
more, double mutants contain 30% fewer chloroplasts
per cell. Thus, AtKEA1 and AtKEA2 might alter the
pH, ionic, or osmotic environment locally to influence
plastid fission and thylakoid formation from the inner
envelope during chloroplast development. Similarly,
a rice ortholog of AtKEALI affects chloroplast devel-
opment, as mutants show albino midribs and altered
chloroplast ultrastructure (Sheng et al., 2014).

AtKEA?2 is thought to exchange K* or Na* for H*
based on the rescue of the yeast Anhx1 mutant by an
N-terminal truncated AtKEA2 with an intact antiport
domain (Aranda-Sicilia et al., 2012). When reconstitut-
ed in proteoliposomes, monovalent cations reduce an
imposed pH gradient (acidic inside), indicating that
AtKEA2 mediated cation/H* exchange with a prefer-
ence for K* over Na*. The 3D model of AtKEA2 has an
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NhaA fold, and its transport core shares identical and
similar residues with that of AtCHX17 (Czerny et al,,
2016). As ApH across the thylakoid membrane increas-
es in the single kea3 mutant, we suggest that AtKEA3
mediates 2H* out of the lumen in exchange for 1K*.
At the inner envelope, we propose that AtKEA2 (or
AtKEA1) catalyzes the efflux of 1K* from the plastid
for the uptake of 2H*. In either case, antiport would
be driven by the PMF across the inner envelope or the
thylakoid membrane. Although these ideas need veri-
fication, it is clear that AtKEA1, AtKEA2, and AtKEA3
in some way maintain pH, osmotic, and K* balance for
plastid development and chloroplast function. Nearly
nothing is known about AtKEA4 to AtKEA®6.

MODEL: THE ION AND pH MICROENVIRONMENT
OF THE ENDOMEMBRANE SYSTEM INFLUENCES
CARGO SORTING AS WELL AS MEMBRANE AND
CELL WALL REMODELING

In spite of the diverse processes affected by NHX,
CHX, and KEA transporters, a common theme is
emerging. First, cells respond to developmental and
environmental cues by remodeling themselves using
a dynamic membrane system. Examples show that
CHXs are involved in processes such as light-induced
guard cell movement, male-female interactions that re-
sult in fertilization and seed set, and adaptation to en-
vironmental stress. Second, the association of cation/
H* antiporters at different parts of the endomembrane
system and in organelles indicates that a regulated pH,
ionic, or osmotic balance could affect protein confor-
mation, protein-protein or ligand binding, and disso-
ciation, which are essential for membrane trafficking.
Membrane dynamics include membrane biogenesis,
endocytosis, recycling, autophagy, exocytosis, and
exosomes. Trafficking depends on (1) membrane fis-
sion/budding, (2) directional vesicle transport via the
cytoskeleton, and (3) membrane fusion at the destina-
tion. Each process may rely on a pH (and Ay) range
and cation microenvironment. An imbalance could
disrupt the binding or dissociation between a protein
and its sorting receptor, the binding between tethering
complexes and fusion proteins, and pH-dependent ac-
tivities, any of which will lead to missorted or modi-
fied cargo/protein.

Insights from structural models and mutant phe-
notypes have highlighted different roles of NHX and
CHX transporters: (1) subclades of CPA1 or CPA2 are
localized on distinct endomembranes (Table II); (2)
AtCHX17 and AtNHX1 are differentially activated at
basic and acidic pH values in yeast, respectively, and
distinct residues at the pH sensor region (e.g. E111)
and ion-binding sites in AtCHX17 support this idea;
and (3) the possibility that CPA2 antiporters, like plant
CHXs and KEAs, which contain a conserved Lys in
TM10, mediate electrogenic (K*/nH*) exchange is con-
sidered not settled (Cilinescu et al., 2017; Uzdavinys
et al., 2017).
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We favor a model where multiple CHXs are in-
volved in distinct membrane-trafficking events, some
of which remodel membranes, cell walls, or both in
particular cell types. This idea stems from several ob-
servations: (1) the diversification of CHX genes (Chan-
roj et al., 2012) coincides with the evolution of walls in
land plants, particularly pectins (Popper et al., 2011);
(2) the wall pattern of chx17 chx18 chx19 mutant pollen
grains was severely disorganized (Padmanaban et al,,
2017); (3) the expression of CHXs is observed in high-
ly secretory cells/tissues, including root caps (Pad-
manaban et al., 2007), hydathodes, and vasculature (H.
Sze, unpublished results); and (4) many CHX genes
are expressed in pollen, where specific cargo, target-
ed sorting, and pectin remodeling are important for
polar tip growth and reorientation. Besides cellulose,
hemicellulose, and callose, the pollen tube wall con-
tains pectin, which is predominant at the growing tip
(Chebli et al., 2012; Mollet et al., 2013). The pectin is se-
creted as methyl esterified polymers and then partially
deesterified in a spatial and temporal manner to allow
Ca?* to cross-link two neighboring polymers. Together
with several pectin-degrading enzymes that are deliv-
ered to specific locations, the cell can regulate its exten-
sibility and growth. Moreover, the growing tube senses
female cues and turns to target an ovule, then finally
bursts to release two sperms in a matter of hours. Tube
growth, reorientation, and burst are consequences of
membrane and wall remodeling. Enzymes needed for
pectin modification (Willats et al., 2001; Pelloux et al.,
2007) are delivered to the wall in a spatial and tempo-
ral manner, as shown for pectin methylesterase (PME)
and PMEI (PME inhibitor; Rockel et al., 2008), perhaps
via the exosome (Prado et al., 2014). As multiple AtP-
MEs and PMEIs have varied pH optima, ranging from
5 to 9 (Pelloux et al., 2007), CHXs may be critical for
male fertility, as they influence pH and K* homeostasis
and provide a microenvironment optimal for pectin re-
modeling in space and time (Chanroj, 2011).

CONCLUSION

K*(Na*)/H* antiporters are emerging as crucial play-
ers in pH and cation homeostasis that alter growth,
signaling, development, and stress adaptation. Both
AtCHX17 and AtNHX1 are modeled to share a protein
architecture and translocation core similar to bacterial
Na*/H* antiporters. Yet, analyses of mutants indicate
that CHX-type and NHX-type transporters occupy
distinct functional niches, possibly due to differential
endomembrane distribution, pH set point, and electro-
genic versus electroneutral exchange (see Outstanding
Questions). Future efforts need to focus on the follow-
ing: (1) determining the transport mode and electro-
genicity of CHX and KEA transporters; (2) identifying
cargo contained in CHX-associated compartments;
and (3) finding interacting partners of CPAs and
links with membrane-trafficking and signal transduc-
tion networks. Studies to integrate components of the
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OUTSTANDING QUESTIONS

e  Whatis the mode of transport of CHXs? Do CHXs
mediate electrogenic cation/H* antiport?

e What signaling components or partners interact
with and modulate CHX activities?

e Whatis the role of the universal stress protein
(USP) domain found at the C tail of CHX
proteins?

e Are CHX or NHXs involved in budding
(endocytosis), vesicle movement, and fusion
events? What are the roles of CHXs at the ER?

e Are CHXs localized on subsets of endosomes,
and do they contain particular cargo?

e Are pH and ion homeostasis mediated by CHX
related to cell-wall remodeling during
development or adaptation to terrestrial
environment? If yes, how?

e Whatis the role of inner envelope KEA1/KEA2
transport on chloroplast development?
What are the functions of other KEAs?

endomembrane system with determinants of pH and
ion balance will shed light on plant strategies to devel-
op, reproduce, and survive.
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