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Potassium (K) is one of the major
nutrients that is essential for plant
growth and development. The majority
of cellular K* resides in the vacuole and
tonoplast K* channels of the TPK (Two
Pore K) family are main players in cel-
lular K* homeostasis. All TPK channels
were previously reported to be expressed
in the tonoplast of the large central lytic
vacuole (LV) except for one isoform in
Arabidopsis that resides in the plasma
membrane. However, plant cells often
contain more than one type of vacuole
that coexist in the same cell. We recently
showed that two TPK isoforms (OsTPKa
and OsTPKb) from Oryza sativalocalize
to different vacuoles with OsTPKa pre-
dominantly found in the LV tonoplast
and OsTPKb primarily in smaller com-
partments that resemble small vacuoles
(SVs). Our study further revealed that
it is the C-terminal domain that deter-
mines differential targeting of OsTPKa
and OsTPKb. Three C-terminal amino
acids were particularly relevant for tar-
geting TPKs to their respective endo-
membranes. In this addendum we
further evaluate how the different local-
ization of TPKa and TPKb impact on
their physiological role and how TPKs
provide a potential tool to study the
physiology of different types of vacuole.

The roles of plant vacuolar K* channels
are diverse and include potassium homeo-
stasis, turgor regulation and responses
to abiotic stress. Vacuolar K*-selective
channels belong to two-pore K* (TPK)
channel families which have been found
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in genomes of many plant species such
as Arabidopsis, poplar, Physcomitrella,
Eucalyptus, barley, potato, rice and
tobacco (Fig. 1). TPKs have structural
similarity to mammalian “tandem P
domain” channels with a secondary struc-
ture that contains four transmembrane
domains and two pore regions (Fig. 2)."°
TPK channels have pore regions with a
GYGD signature that endows K* selectiv-
ity and a variable number of Ca** bind-
ing EF domains in the C terminus.’*
One of the best characterized mem-
bers of the TPK family is AtTPKI from
Arabidopsis thaliana. A{TPK1 activity is
voltage independent but sensitive to cyto-
solic Ca*, cytosolic pH and N-terminal
phosphorylation by 14-3-3 proteins.>®%’
In Arabidopsis, AtI'PK1 expresses in the
large lytic vacuole (LV) and plays roles in
cellular K* homeostasis, K*-release during
stomatal closure and seed germination.*’
Other members of the Arabidopsis TPK
family (AcTPK2, AcTPK3, AcT'PK5) have
been shown to localize to the LV but also
showed some expression in smaller, ves-
icle-like, compartments.” However, none
of these isoforms appears to form func-
tional channels in planta although our
experiments with heterologous expression
of A{TPK3 and A¢TPK5 in the K* uptake
deficient E. coli LB2003 demonstrates
complementation of bacterial growth
phenotype (Isayenkov S, et al. unpub-
lished results). Equally intriguing, is the
plasma membrane localization of the
Arabidopsis TPK4 isoform, in spite of
its sequence being very similar to that of
other TPKs."
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Figure 1. Phylogenetic tree of plant TPKs. The three main clusters of TPKs comprise: Cluster 1 with AtTPK1-like channels; Cluster 2 with AtTPK3/TPK5-
like channels; Cluster 3 with barley HVTPKb. Bootstrap analysis was performed using ‘Molecular Evolutionary Genetics Analysis, MEGA4' software
available at www.megasoftware.net/mega4/mega

TPKs in Tobacco

Tobacco appears to have two TPK
isoforms.'"? N¢TPK1b is very simi-
lar to AtTPKI and is likely involved
in K* release from the vacuole.! In
contrast, NtI'PKla is more similar to
AtTPK5 and A(TPK3 and this isoform
has motifs in the second pore that are
different from the canonical GYGD
sequence.”! NtIT'PKla activity is sensi-
tive to spermidine and spermine and its
transcript levels are raised in hyperos-
motic conditions. On the basis of these
findings it was suggested that NtTPK1b
could be involved in the response to
hyperosmotic-shock."
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TPKs in Rice Express
in Different Types of Vacuole

The rice genome encodes at least three TPK
isoforms, OsTPKa, OsTPKb and OsTPKc.
OsTPKa and OsTPKb proteins are highly
similar to each other (63% identity) and
to AtTPKI (50-57% identity). The bio-
physical properties and membrane localiza-
tions of these two proteins were studied by
using patch clamp analyses and fluorescent
protein reporter fusions.” The obtained
data show that ion channel parameters
such as conductance, current rectifica-
tion and 14-3-3 activation are comparable
for OsTPKa and OsTPKb. Surprisingly

for two proteins that are so much alike
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(Fig. 1), OsT'PKa localisation was predom-
inantly in the LV whereas OsTPKb mainly
expressed in small vacuoles (SVs) that have
many hallmarks of proteins storage vacu-
oles found in reproductive tissues (Fig. 3).
Co-transformation experiments showed
that expression of both TPK isoforms can
occur in one cell (Fig. 3). By makinga large
range of OsTPKa:OsTPKb chimeras and
carrying out site directed mutagenesis it was
discovered that three key amino acids are
particularly important for the differential
vacuolar targeting."” Mutations in the three
residues, 1303, S313 and N326 located
between the core motifs of two putative
EF hands, significantly shifts trafficking to
either LV or SV. In addition, assays using
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the Golgi disrupting compound brefeldin
A showed that OsTPKb trafficking to its
destination is Golgi independent as has
previously been shown for certain protein
storage vacuole-located TIP proteins."

For plants, very little is known about
the trafficking of integral membrane pro-
teins in the secretory pathway, especially
regarding the ultimate destination in
different endocompartments. In many
cases it is unlikely that plant proteins
have clearly identifiable signal sequences.
Rather, fairly ill defined domains in either
C or N terminus may be important.>”"
For example, TPK C-termini have diacidic
motifs (DLEs) that are necessary for ER
release and may promote interaction with
COPII proteins to mediate transfer from
ER to Golgi.” Some TIP aquaporins have a
specific C-terminal domain (PIEPPPHH)
that interacts with trafficking proteins.' It
is not clear how the identified residues in
OsTPKa and OsTPKb ensure trafficking
to different types of vacuole; do they direct
proteins to particular ER subdomains
where either vesicles for Golgi-dependent
or Golgi-independent trafficking origi-
nate? Do they define binding interac-
tions with specific trafficking proteins? Is
phosphorylation of the S313 in OsTPKb
required for targeting to SVs?

What is the Physiological Role
of OsTPKb

There is currently considerable debate
about the question of whether plants have
more than one type of vacuole in one
cell.®7 Our data strongly suggest that
vegetative rice protoplasts contain SVs that
coexist with the central LV. However, the
function of SVs is unknown; SVs may be
“vegetative protein storage vacuoles” and
a deposit for defence proteins such as chi-
tinases or for storage of proteins involved
in annual regrowth in perennials.'”® The
SV localized expression of OsIPKb
makes it a potentially useful tool to study
the physiology of SVs. According to our
observation, loss of function mutations
in OsTPKb invariably led to (semi)sterile
rice plants but overexpression of Os7PKb
led to increased tolerance to damaging
abiotic conditions such as salt stress and
osmotic stress (Mian et al. unpublished
data). These data suggest that SVs may be
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Figure 2. Two-pore potassium channel secondary structure. TPK channels comprise four trans-
membrane domains (1-4) and two pore regions (P) per subunit. Functional channels are formed
from two subunits. In most TPKs, both P regions contain a K* selectivity signature, GYGD. How-
ever, the tobacco NtTPKa isoform has different motifs in the second P domain. In the N terminal
region, TPKs have a 14-3-3 binding domain that impact on channel activity, with the binding of
14-3-3 protein leading to channel activation. C-termini of TPKs show a varying number of putative

Ca* binding “EF hands” which may vary from zero to two.

Figure 3. Subcellular localisation and distribution of OsTPKa and OsTPKb channels in rice pro-
toplasts. OsTPKa channels are mainly targeted to the lytic vacuole (LV) (a and b). OsTPKa-EYFP
fluorescence pattern in intact protoplast (A) and an LV released from a disrupted protoplast (B).
The EYFP fluorescence in rice protoplasts transformed with OsTPKb-EYFP constructs is mainly in
small vacuoles (SVs) (C and D). Fluorescence of OsTPKb-EYFP in intact protoplasts (c) and SVs re-
leased from disrupted protoplast (D). OsTPKa colocalizes with OsTPKb in one rice protoplast after
cotransformation with OsTPKa-EYFP and OsTPKb-RFP. The bright field image (E) clearly shows small
vacuolar structures (SVs) and central lytic vacuole (LV). Overlay image (F) shows EYFP-specific
fluorescence of LV and RFP fluorescence of SVs in the same cell.

important compartments for osmoregula-
tion and that OsTPKD activity is a key part
of this function. This idea is supported by
other evidence such as the mechanosensi-
tivity of plant TPKs,” expression data that
show increased OsTPKb transcript levels
after exposure to salt or osmotic stress
(Fig. 4) and the surmised role of N¢(TPK1b

in the response to hyperosmotic-shock."
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Conclusions

It is now clear that membrane localization
of plant TPK channels is more diverse
than previously thought and includes
the plasma membrane and membrane of
various endocompartments.*>!* The main
variability between TPK isoforms occurs
in the N- and C-terminal regions® and
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Figure 4. Transcriptional profile of rice TPK genes. Relative transcript abundance of rice OsTPKa,
TPKb and TPKc in response to various growth conditions and stimuli. The expression profiles of
OsTPKs are arranged in several groups depending on the nature of the stimuli. The first group
(top) relates to various types of abiotic stress, the second group combines other types of growth
conditions, the third group relates to hormonal treatments, the forth group shows changes in
response to elicitors, and the last group relates to biotic stress (RSV: rice stripe virus; M grisea: rice
blast fungus Magnaporthe grisea). Data are adapted from Genevestigator database available at

our work with rice TPKs suggests that a
relatively small number of residues in the
C terminus determines protein targeting
to either the central LV or SVs. The dis-
covery that OsTPKb expresses mostly in
SVs makes it a convenient marker for this
compartment, a fact we hope to exploit in
unravelling the physiological function of
SVs in vegetative tissues.
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