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In plants, Ca2+, phosphatidylinositol 
phosphates (PtdInsPs) and inositol 

phosphates are major components of 
intracellular signaling. Several kinds of 
proteins and enzymes, such as calmodu-
lin (CaM), protein kinase, protein phos-
phatase, and the Ca2+ channel, mediate 
the signaling. Two new Ca2+-binding 
proteins were identified from Arabidopsis 
thaliana and named PCaP1 and PCaP2 
[plasma membrane (PM)-associated 
Ca2+(cation)-binding protein 1 and 2]. 
PCaP1 has an intrinsically disordered 
region in the central and C-terminal parts. 
The PCaP1 gene is expressed in most tis-
sues and the PCaP2 gene is expressed 
predominantly in root hairs and pollen 
tubes. We recently demonstrated that 
these proteins are N-myristoylated, sta-
bly anchored in the PM, and are bound 
with phosphatidylinositol phosphates, 
especially PtdInsP

2
s. Here we propose a 

model for the switching mechanism of 
Ca2+-signaling mediated by PtdInsPs. 
Ca2+ forms a complex with CaM (Ca2+-
CaM) when there is an increase in the 
cytosol free Ca2+. The binding of PCaPs 
with Ca2+-CaM causes PCaPs to release 
PtdInsPs. Until the release of PtdInsPs, 
the signaling is kept in the resting state.

Introduction

The versatile Ca2+ signaling in cells 
derives from the functioning of several 
Ca2+-binding proteins, such as calmodu-
lin (CaM), calreticulin, calnexin and 
annexin, which are localized in their spe-
cific organelles. These Ca2+-binding pro-
teins transfer signals through change in 
Ca2+ concentration by interacting with 
partner proteins. Two Ca2+-binding pro-
teins recently identified in Arabidopsis 

thaliana, AtPCaP1 and AtPCaP2 (hereaf-
ter referred to as PCaP1 and PCaP2), have 
been found to have unique characteristics: 
they are N-myristoylated and associated 
with the PM stably,1-3 and bind with the 
Ca2+-CaM complex and phosphatidylino-
sitol phosphates (PtdInsPs). In this report, 
we suggest that PCaP1 and PCaP2 are 
involved in the crosstalk between CaM 
and PtdInsPs signaling.

Structural Characteristics 
and Association with the PM

The N-myristoylation of PCaP1 and 
PCaP2 and their stable association with 
the PM have been demonstrated by in vitro 
myristoylation assay and single amino acid 
substitution.2,3 Both proteins have a puta-
tive N-myristoylation consensus sequence, 
Met-Gly-X-X-X-Ser-Lys.4 Several lines of 
evidence show that PCaP1 can stably bind 
with the PM. For example PCaP1 is not 
released after treatment with NaCl, urea 
or NaCO

3
.2

PCaP1 and PCaP2 are rich in gluta-
mate, lysine, proline and valine residues 
(PEVK-rich domain). It should be noted 
that PCaP1 has an intrinsically disordered 
region in the central and C-terminal 
parts.5 The intrinsically disordered (ID) 
protein is defined to possess a relatively 
long sequence of more than 50 amino acid 
residues that is intrinsically disordered or 
has no folded structure. Most ID proteins 
are rich in glutamate, lysine, proline, ser-
ine or glutamine residues.6 A PCaP ortho-
logue in radish (RVCaB) has also been 
demonstrated to be an intrinsically disor-
dered protein.7 These PCaPs might have 
an irregular tertiary structure instead of a 
typical globular one. Indeed, they migrated 
abnormally in SDS-polyacrylamide gel 
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wild type of A. thaliana. Therefore, the 
transgenic plants are mild overexpres-
sion lines. Accumulation of the protein 
was confirmed by detection of GFP fluo-
rescence on the PM. Most lines showed 
normal growth of roots with straight root 
hairs. However, branched root hairs were 
observed in several lines, which showed 
relatively strong fluorescence of GFP 
(Fig. 1), indicating involvement of PCaP2 
in root hair growth. This is the only mor-
phological alteration observed in the mild 
overexpression lines. This point needs 
to be confirmed using other overexpres-
sion mutants with the root-hair specific 
promoter.

In plant cells, PtdInsPs constitute a 
minor fraction of the total membrane 
lipids.16,17 The amount of PCaP1 pro-
tein is assumed to be balanced with the 
amount of PtdInsP

2
 protein in the PM. 

PCaP1 protein, but not PCaP2, can be 
detected in the membrane fractions pre-
pared from shoots and roots by immuno-
blotting.1 The absence of PCaP2 is due to 
its low content and restricted expression, 
because the protein is expressed in root 
hairs, pollen tubes, and root epidermal 
cells. Therefore, PCaP2 may play a role in 
these specific cells. The amount of PCaP1, 
PCaP2 and PtdInsP

2
 in the PM remains 

to be quantified.
We propose a model for the function 

of PCaPs as a molecular switch of the 
Ca2+ signaling mediated by PtdInsPs and 
CaM. At resting cytosolic [Ca2+], PCaPs 
bind to phosphate moieties on the inositol 
ring of PtdInsPs in the PM. Indeed, Ca2+-
signaling plays a key role in the polarized 
growth of root hairs.18 When the cytosolic 
[Ca2+] is elevated, Ca2+ forms a Ca2+-CaM 
complex that promotes dissociation of 
PtdInsPs from PCaPs. The free PtdInsP

2
 

can interact with particular ion channels 
such as K+ channel and regulates their gat-
ing19-21 (Fig. 2, step 1). Inositol(1,4,5)P

3
 

(InsP
3
) and diacylglycerol (DAG) are pro-

duced by hydrolysis of PtdIns(4,5)P
2
 by 

phospholipase C (PLC). Consequently the 
release of Ca2+ from ER and vacuole are 
enhanced by the activation of Ca2+ chan-
nels (step 2). DAG can function as a sig-
nal mediator and activates protein kinase 
C (PKC) together with Ca2+ (step 3). The 
activated PKC phosphorylates specific tar-
get molecules.

had no PtdInsP-binding ability.2 PCaP2 
has a N-terminal sequence similar to that 
of PCaP1 (18 out of 25 residues are identi-
cal) and is thought to interact specifically 
with PtdInsPs at its N-terminal region.

A Ca2+-CaM complex, but not a free 
CaM, is another ligand, and its binding 
to PCaPs causes dissociation of PtdInsPs 
from PCaPs.2,3 This reaction can medi-
ate the signal of Ca2+ to PtdInsPs in living 
cells. The site or sequence of PCaPs bind-
ing with the Ca2+-CaM complex is unclear 
at present, although a certain N-myristoyl 
protein interact with the Ca2+-CaM com-
plex at its N-terminal domain.11

PCaP2 associated with microtubules is 
also called MAP18.12 Microtubules may 
be involved in the tip growth of root hairs 
and pollen tubes.13 In our experiments 
using PCaP2 fused with GFP, however, 
the green fluorescence of GFP was clearly 
detected only on the PM.3 There is a pos-
sibility that the GFP portion of the fusion 
protein disturbs the interaction between 
microtubules and PCaP2. Although the 
interaction of MAP18 (PCaP2) with 
microtubules needs to be discussed, here 
we focus on the interaction of PCaP2 with 
CaM and PtdInsPs.

Hypothetical Role of PCaPs: 
A Cross Talk between Ca2+ 

and PtdInsPs

PCaP2 is expressed predominantly in 
root hairs and elongating pollen tubes, 
which are categorized as tip growth 
cells.3 PtdInsPs have been reported to be 
involved in polarized cell growth of these 
cells.13-15 We introduced a PCaP2-GFP 
construct with its own promoter into the 

electrophoresis. Recombinant PCaP1 and 
PCaP2, with a size of 36 and 43 kDa, 
respectively, have been detected although 
their calculated molecular weights are 
24,584 and 18,549.1-3

ID proteins or ID regions have a flex-
ible structure and can bind with ligands 
or partner proteins without structural hin-
drance. For this reason, RVCaB can bind 
with a large number of Ca.2-7 Recently it 
has been proposed that ID regions confer 
hub proteins with the ability to interact 
with multiple proteins in interaction net-
works.6 Association of ID protein with 
a partner protein causes a transition to 
highly ordered structure.8 This structural 
change might be essential for the function 
of ID proteins including PCaPs.

Interaction with PtdInsPs 
and Ca2+/CaM

The property of PCaPs most important 
for its physiological role is the ability to 
bind with PtdInsPs. PCaPs were shown to 
interact with PtdInsPs using PIP StripsTM 
and PIP ArrayTM sheet.2,3 Various pro-
teins exhibit their physiological roles by 
associating with PtdInsPs.9 However, 
PCaP1 and PCaP2 are distinct from 
these proteins in their primary sequences. 
Both PCaP1 and PCaP2 were found to 
bind with PtdIns(3,4)P

2
, PtdIns(3,5)

P
2
, PtdIns(4,5)P

2
 and PtdIns(3,4,5)P

3
 in 

an in vitro assay. These PtdInsPs except 
for PtdIns(3,4,5)P

3
 exist in plant cells.10 

Therefore, PtdInsP
2
s are good candidates 

of ligands. The N-terminal part of 25 
amino acid residues is essential for PCaP1 
to interact with PtdInsPs, because the 
mutant PCaP1 lacking the part completely 

Figure 1. Morphological changes in mild overexpression lines of PCaP2. A PCaP2-GFP construct 
with its own promoter was introduced into the wild type of A. thaliana. Morphological changes 
were observed in root hairs of several mutant lines. Roots of 9-day-old seedlings were photo-
graphed. Branched root hairs, which are indicated by arrows, were observed in most mutant lines. 
Bar = 0.5 mm.
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PCaPs have been shown to interact with 
ligands, PtdInsPs and Ca2+-CaM, and the 
binding with Ca2+-CaM subsequently 
affects its affinity for PtdInsPs. However, 
the down stream of PtdInsP signaling 
remains to be examined. Furthermore we 
should examine the following possibili-
ties. (1) PCaPs are distributed unevenly 
or are clustered in the PM and function 
in a spatio-temporal dependent manner.  
(2) PCaPs can interact with particular 
partner proteins in addition to CaM to 
exhibit their biochemical function as 
novel hub proteins. PCaPs are located at 
a cross-talk point between PtdInsPs and 
Ca2+/CaM. The Arabidopsis genome har-
bors seven CaMs and about 50 CaM-like 
genes.22 Examination of the interaction of 
each CaM with PCaP1 and PCaP2, and 
phenotypic analysis of the knockout and 
overexpression of the PCaP genes might 
help elucidate the signaling pathway.
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Figure 2. Schematic representation of the proposed role of PCaP1 and PCaP2 in the PM. During the resting state, PCaPs hold PtdInsPs on the mem-
brane surface. Increased cytosolic [Ca2+] leads formation of a Ca2+-CaM complex. Interaction with Ca2+-CaM complex stimulates release of PtdInsP2 
from PCaPs. The free PtdInsP2 interacts with particular ion channels and regulates its function (step 1). In another case, PtdIns(4,5)P2 is hydrolyzed by 
PLC and a product InsP3 enhances the release of Ca2+ from ER and vacuole by activation of Ca2+ channels (InsP3 receptors) (step 2). Remaining DAG 
activates PKC together with increased [Ca2+] (step 3). The activated PKC modifies target molecules (step 4).


