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Among the different transport systems present in plant
cells, Shaker channels constitute the major pathway for K* in
the plasma membrane. Plant Shaker channels are members of
the 6 transmembrane-1 pore (6TM-1P) cation channel
superfamily as the animal Shaker (Kv) and HCN channels. All
these channels are voltage-gated K channels: Kv channels
are outward-rectifiers, opened at depolarized voltages and
HCN channels are inward-rectifiers, opened by membrane
hyperpolarization. Among plant Shaker channels, we can find
outward-rectifiers, inward-rectifiers and also weak-rectifiers,
with weak voltage dependence. Despite the absence of
crystal structures of plant Shaker channels, functional
analyses coupled to homology modeling, mostly based on Kv
and HCN crystals, have permitted the identification of several
regions contributing to plant Shaker channel gating. In the
present mini-review, we make an update on the voltage-
gating mechanism of plant Shaker channels which seem to
be comparable to that proposed for HCN channels.

Rapid plant growth and development require large fluxes of
K™ to growing tissues. In the plant model organism Arabidopsis
thaliana, a variety of K* channels and transporters, differing in
transport affinity, energetic coupling, voltage sensitivity or ionic
selectivity, are involved in uptake of K™ from the soil and its allo-
cation in different organs.l’4 Among these K* transport proteins,
the Shaker voltage-gated K™ channels are active at the plasma
membrane where they dominate K* membrane conductance in
plant cells. In this mini-review the main structural features of K™
Shaker channels are presented in relation with their animal coun-
terparts, the HCN and Kv channels.
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Plant Shaker Channels: Similar Structure, Different
Voltage-Gating

Functional Shaker channels are multimeric proteins formed
by the assembly of 4 a-subunits arranged around a central ion-
conducting pore. All plant Shaker subunits analyzed so far pos-
sess the same membrane topology: a short N-terminal cytosolic
domain followed by 6 transmembrane segments and a large cyto-
solic C-terminal part (Fig. 1A). Two modules can be distin-
guished in the transmembrane core: a voltage-sensing module
comprising the first 4 transmembrane segments (S1-S4) and a
pore-forming module (S5-P-S6).° In the former, the fourth
transmembrane segment (S4), which is enriched in positively
charged residues, constitutes the voltage sensor. Between the fifth
(S5) and sixth (S6) transmembrane segments of the pore-forming
module, a pore loop (P) containing the K" selectivity filter
“TxGYG” (Thr-X-Gly-Tyr-Gly) is located. The cytosolic C-ter-
minal part which begins just after the end of the sixth transmem-
brane segment (S6), contains the following domains successively:
a C-linker (about 80 residues in length), a cyclic-nucleotide bind-
ing domain (CNBD), an ankyrin domain (absent in some subu-
nits) and a Kya domain rich in hydrophobic and acidic
residues.®” To form a functional channel, Shaker a-subunits can
be assembled into homomeric channels (assembly of identical
Shaker subunit gene products) or heteromeric channels (assembly
of different Shaker subunit gene products). Homomeric Shaker
channels have been well studied in the model plant Arabidopsis
thaliana where 8 out of 9 Shaker a-subunits identified in the Ara-
bidopsis genome have been characterized at the functional level.
Four of them form inwardly-rectifying channels (opened by
membrane hyperpolarisation; KAT1, KAT2, AKT1 and SPIK),
2 form outwardly-rectifying channels (opened by membrane
depolarisation; GORK and SKOR), one forms weakly-rectifying
channels (weakly sensitive to voltage, AKT2) and the last one
named AtKC1, which seems unable to interact with itself to
form functional homomeric channels, can interact with
inwardly-rectifying and weakly-rectifying subunits to form func-
tional heteromeric channels.*® The formation of heterotetramers
with inwardly-rectifying, weakly-rectifying and AtKC1 subunits
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is common and proven to occur in plants.lo‘12 In contrast,
whereas it has been demonstrated in yeast and Xenopus oocytes
that SKOR and GORK subunits can physically interact and
assemble into heteromeric Kout channels,'® the presence of these
latter channels is controversely discussed in planta because no
overlap of expression pattern for SKOR and GORK subunits has
been reported.®

Plant Shaker channels belong to the 6 transmembrane-1 pore
(6TM-1P) cation channel superfamily where we also find the
well-characterized animal Shaker (Kv) and HCN channels.” The

latter channels, which regulate action potentials in cardiac muscle

cells and neurons, are the closest homologues of plant Shaker
channels in this channel superfamily.9’14’15 HCN channels share
with plant Shaker channels the subunit structure described above
with the exception of the distal cytoplasmic part that differs
(ankyrin and Kyj4 domains in plant Shaker channels and extreme
C-terminal part in HCNs) (Fig. 1B).>' At the functional level,
HCN channels exhibit inward-rectification and are opened by
hyperpolarized membrane potentials, like plant Shaker K™
inward-rectifiers. On the other hand, animal Kv K' channels
activate at depolarized membrane voltages (Fig. 1C),'° as in the
case of plant Shaker outwardly-rectifying K channels. In both
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Figure 1. For figure legend, see page 3.
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HCNs and plant Shaker channels, the cytosolic C-terminal part

131417 hile for Kv channels, it

participate in tetramer formation
is the N-terminal tail that is involved in this process.'® 1 com-
mon point among all these type of channels is that the voltage
sensor (S4) moves in a similar fashion with voltage, thus the type
of rectification exhibited by the channel depends on how such
movement of S4 is coupled to pore opening and closing.>'
With this regard, plant Shaker channels are an excellent model to
study the mechanism of voltage-gating since inwardly-, weakly-
and outwardly-rectifying channels exhibit different voltage sensi-
tivity but very similar subunit structure. Several studies have
addressed this issue by using chimeric and random mutated chan-
nel Shaker subunits.'”** Indeed, in the S4-S6 domains of Arabi-
dopsis SKOR  outwardly-rectifying K" channel and KAT1
inwardly-rectifying K* channel, different zones were deeply
investigated. The results obtained so far, revealed that the N-ter-
minal part of the S5 and the C-terminal part of S6 transmem-
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brane helices are key zones that influence channel gating.***

Channel Opening in Animal HCN Channels Needs
Conformational Changes in the Pore-Forming
Module (S5-P-S6) and in the C-Terminus Region

In the inward-rectifying HCN channels, where considerable
amount of data at the structural level is available including struc-
ture-function  relationship by crystallography,'>****  both
C-linker and CNBD significantly contribute to voltage-gating.
Following the end of the last transmembrane segment (S6), the
C-linker domain consists of 6 a-helices which are named A’ to F/
according to their position after the S6 segment. Downstream
the C-linker domain, the CNBD includes 4 a-helices (A, P, B,
C) and a B-roll between the A- and B-helices with a jelly-roll-like
topology. Binding site of cyclic-nucleotides is located inside the
B-roll.?* Crystallographic and functional information obtained

in HCN channels showed that the C-linker domain exerts an
inhibitory effect on channel opening that is waived by the bind-
ing of cyclic-nucleotides by the CNBD.?*?® In this context,
channel opening requires, in addition to the rearrangements nec-
essary to set the pore in the open conformation, a displacement
of the C-linker domain, especially of its first a-helix (A") which is
parallel to the membrane, located just below the channel trans-
membrane pore and in close proximity to the S4-S5 loop. Such
displacement takes place through interactions of S4-S5 linker res-
idues with the A’ helix residues of the same subunit or of neigh-
boring subunits.>”?® Indeed, the HCN model for voltage-gating
implies that S4 movements induced by membrane polarization
lead to a series of conformational changes in the pore-forming
module (S5-P-S6) and in the C-terminus (C-linker and CNBD

domains) as well.

Contribution of the S4-S5 Linker in Plant Shaker
Channel Functionality

In HCN channels, Alanine-scanning mutagenesis of the S4—
S5 linker was used to identify different residues that are impor-
tant for the channel functionality. Indeed it has been demon-
strated that 2 amino acids of the HCN2 S4-S5 linker, Y331, and
R339, disturbed normal channel closing when they are mutated
in Ala.”” The authors concluded that S4-S5 linker mediates the
coupling between voltage sensing and pore movements. In plant
KAT2 Shaker subunit, corresponding amino acids are Y193 and
R197 (Fig. 1D) and we showed here that when mutated in Ala,
the mutated channel gave rise to a non-functional channel in
Xenopus oocytes (Fig. 1E). This strongly suggested a similar role
of the §4-85 linker for the coupling of voltage sensor movements
to channel opening and closing, in both HCN and plant Shaker
channels.

Figure 1 (See previous page). Membrane topology of plant Shaker, HCN and Kv channels. (A) Plant Shaker a-subunits exhibit a short N-terminal cyto-
solic tail, 6 transmembrane segments and a long C-terminal cytosolic tail. The fourth transmembrane segment (S4), which is rich in Arginines, acts as a
voltage sensor. Between the fifth (S5) and the sixth (S6) transmembrane segment, there is a loop which participates in the formation of the pore (P) and
contains the K selectivity filter. The C-terminal cytosolic tail consists of a C-linker, a cyclic-nucleotide binding domain (CNBD), an ankyrine domain and a
Kha domain. (B) Animal HCN a-subunits share the same basic subunit structure with plant Shaker a-subunits with the exception of the post-CNBD region
which is not conserved. (C) Animal Kv a-subunits display the same topology of plant Shaker and HCN a-subunits at the membrane level but the former
notably differs in the cytosolic tails. The N-terminal tail is longer than in the other types of subunits and exhibits the tetramerization domain T1. The C-
terminal tail is shorter and does not possess any of the domains described above. (D) Aminoacid sequence alignment of selected plant Shaker and
mouse HCN2 a-subunits covering the S4-S5 linker and the beginning of the C-linker (putative A" helix) regions which have been shown to interact and
contribute to voltage-gating in HCN channels.**?” Plant sequences, previously characterized in heterologous systems, are grouped with respect to the
voltage-gating properties of the corresponding channels (Ki,: inward-rectifiers, Kyeax: Weak-rectifiers, Kgene: electrically silent, Ko: outward-rectifiers).
Sequence alignment was carried out with MUSCLE (MUItiple Sequence Comparison by Log-Expectation). Gray backgrounds depict identical residues in
more than half of the analyzed sequences. Red background depicts conserved residues in the mouse HCN2 sequence. Black background depicts residues
mutated in (E). Boxed sequences comprise residues exchanged in KAT2-AtKC1 chimeras described in Nieves-Cordones et al. 2014.° Protein alignment
includes one sequence from mouse (MHCN2 (NP_032252.1)*%), 8 from Arabidopsis (SPIK (NP_180131.3),** AKT1 (NP_180233.1),3° KAT1 (NP_199436.1),*°
KAT2 (NP_193563.3),% AKT2 (NP_567651.1)," AtKC1 (NP_974665.1),'° SKOR (NP_186934.1)*® and GORK (NP_198566.2)*°), 3 from grapevine (VvK1.1
(CAZ64538.1),° VvK1.2 (NP_001268010.1)°" and VVSIRK (NP_001268073.1)°2), one from potato (SKT1 (NP_001275347.1)'°), one from maize (ZmK2
(NP_001105120.1)>®) and one from carrot (Kdc1 (CAB62555.1)>%). (E) Mutation of the conserved residues Tyr193 and Arg197 into Ala renders KAT2 chan-
nels electrically silent in Xenopus oocytes. Representative current traces recorded by 2-electrode voltage-clamp recordings in occytes injected with
(from left to right): water, KAT2, KAT2 Y193A and KAT2 R197A in 100 mM K* bath solution. Applied activation membrane voltages ranged from 440 to
—170 mV (increments of 15 mV; holding potential, 0 mV; deactivation potential, —40 mV). Site-directed mutagenesis, cCRNA preparation and solutions
are described in Nieves-Cordones et al. 2014.°
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Contribution of the C-Linker in Plant Shaker
Channel Functionality

If we take into consideration information gained in Arabidop-
sis Shaker weakly- and inwardly-rectifying channels with respect
the involvement of the N-terminal part of the C-linker, striking
similarities with HCN channels can be also found at this level.
AKT? forms weakly-rectifying K* channels in Xenopus oocytes
and in COS cells which displays 2 type of current components:
one corresponds to channels behaving like K selective inwardly-
rectifying channels (mode 1) and the other to channels producing
K™ selective leak-like currents (mode 2).°° It is known that
switching between these 2 gating modes is under a phosphoryla-
tion control.”’ Two crucial phosphorylation sites, $210 and
$329, located in the S4-S5 linker and in the C-linker A’ helix,
respectively, have been pinpointed and studied by site-directed
mutagenesis. Indeed the double-Asn mutation (S210N-S329N
mutant) which seemed able to mimic phosphorylated serines,*
irreversibly set the channels in mode 2 while the double-Ala
mutation which mimics a non-phosphorylated state’ made the

channel gate in mode 1.%" Interestingly, certain mutations in the
S4-S5 linker and in the A’ helix of HCN channels also leads to
channels with an increased leak current component.””>*

In the case of Arabidopsis inward-rectifiers, data has been
obtained from the twin subunits KAT1 and KAT?2 by different
approaches. KAT1 and KAT?2 channels are known to be the
major inwardly rectifying K* channels in guard cells and play a
key role in stomatal opening.’ 435 I guard cells, the activity of
KAT1 channel is likely to be regulated by phosphorylation via
the SnRK2/SnRK2.6 kinase OST1 (Open Stomata 1).*® When
looking for target sites of the OST1 protein kinase in the C-ter-
minal part of KAT1 subunit, 2 Thr residues (Thr>°® and Thr?%®)
in the N-terminal part of the C-linker domain, just before the
beginning of the A’ helix, have been identified.”” Functional
analyses of such residues revealed a dramatic effect of the muta-
tions performed in Thr*®
channel in Xenopus oocytes and in yeasts. Although the impact
of such mutations on channel traffic was not assessed, the authors

which gave rise to a non-functional

proposed that Thr’®® mutants were affected in channel gating.
More recently, Nieves-Cordones et al. (2014)° showed that the
region homologous to the A" helix of HCN channels plays an
important role in KAT2 channel functionality. In this report, a
KAT2-AtKC1 chimeric channel, in which KAT2 C-linker
domain was replaced to a great extent by that of AtKCI, was tar-
geted to the plasma membrane but remained electrically silent in
Xenopus oocytes. Such silent chimeric channel was functionally
rescued by the presence of the native KAT2 9 aminoacid stretch
S12TVRAASEFA3?° covering the A’ helix (Fig. 1D). Moreover,
the native KAT2 subunit was rendered inactive in the range of
membrane potentials applicable in Xenopus oocytes by replacing
such KAT2 9 aminoacid stretch by the corresponding sequence
of AtKC1 (**'AINDILRYT**; Fig. 1D).

Moreover, it has been shown that high-affinity metal bridges
made between the S4-S5 linker and the A’ helix of a HCN chan-
nel can block the channel either in a closed state (as in the case of
KAT1 or KAT2 mutants) or in an open (leak) state (as in the
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case of AKT2 mode 2) implying that these regions move relative
to each other during gating.28 Thus, in absence of plant Shaker
crystallographic data, it is tempting to speculate that the same
voltage-gating mechanism described for HCN channels could be
applied to plant Shaker inwardly- and weakly-rectifying K*
channels: $4 drives the C-linker relative position through the S4-
S5 linker. In contrast, no functional information concerning the
role of S4-S5 linker and the putative A’ helix is available on plant
outward-rectifying K* channels, but protein alignment shows
that such regions significantly diverge among functional groups
of plant Shaker channels and could constitute additional ele-
ments for outward rectification (Fig. 1D).

Plant Shaker CNBD and Binding of Cyclic-
Nucleotides

Contrary to HCN channels, plant Shaker channels do not
seem to be regulated by cyclic nucleotides since they have little or
no effect on K conductance.’®?? Such lack of effect is not sur-
prising as the key residues involved in cyclic-nucleotide binding
are not conserved in plant Shaker channels.** However, deletions
in the CNBD of KAT1 and SKOR lead to non-functional chan-
nels in Xenopus oocytes and clearly showed that this domain is
important for channel functionality.'>*® A mechanism has been
described in animal ELK (ether-a-go-go like K" channel) chan-
nels, another member of the large 6 transmembrane-1 pore
(6TM-1P) cation channel superfamily, to explain the inability of
its CNBD to respond to cyclic-nucleotides. Indeed, crystal struc-
ture of the ELK channel from zebrafish (zELK) revealed that the
CNBD binding pocket is occupied by a 3-strand that acts as an
intrinsic ligand.*' Again, crystal structure of a plant Shaker chan-
nel would provide a precise answer about the conformation of
the CNBD and help us to understand whether a similar mecha-
nism exist for plant Shaker channels. Interestingly, the Arabidop-
sis cyclic-nucleotide gated channel 18 (AtCNGC18), which also
possesses a CNBD on its C-terminus, seems to respond to cyclic-
nucleotides.*? Thus, CNGC’s could constitute a more interesting
candidate for cyclic-nucleotide-mediated regulation in plant cells
rather than Shaker channels. Further work aiming at analyzing
the CNBD’s from plant Shaker and CNGC channels would help
to understand the molecular basis for cyclic-nucleotide binding
in plant channels.

Conclusions

Functional diversity and straightforward expression in heterol-
ogous systems of plant Shaker channels has permitted the identi-
fication of distinct residues involved in gating-specific features.
As a result, data obtained in plant Shaker inwardly- and weakly-
rectifying channels suggests that a very similar voltage-gating
mechanism to that of HCN channels may be operating in plant
Shaker channels in which membrane polarization is perceived by
the S4 and subsequent conformational changes at the pore level
and in the C-terminus, particularly in the putative A’-helix of the
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C-linker domain, allow the channel to open and close. However,
it remains to be assessed whether this mechanism is also present

nucleotides.

in plant Shaker outwardly-rectifying channels. Finally, analysis of
crystal structures of plant Shaker channels will definitely provide

us with critical information, unavailable at this point, about the
residues and conformational changes taking place during channel
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