
福岡大医紀（Med.  Bull.  Fukuoka  Univ.）：39（3/4），281–287，2012

Cellular and Physiological Functions of Phosphoinositide-
Metabolizing Enzymes

Makoto FUJII, Satomi KITA, Ichiro HORIE, Yusuke GOTOH, 
Takahiro IWAMOTO

Department of Pharmacology, Faculty of Medicine, Fukuoka University

Abstract ： Phosphatidylinositol 4,5 -bisphosphate （PI（4,5）P2） is not only a component of the plasma 
membrane, but it also plays various physiological functions including membrane traf f icking, actin 

cytoskeletal reorganization, endocytosis, exocytosis, and the regulation of ion channels and transporters. 

PI（4,5）P2 also becomes a precursor of intracellular signal transduction. The in vivo physiology of 
phosphoinositide （PI）-metabolizing enzymes has been analyzed based on the study of gene knockout mice. 

This review summarizes the cellular and physiological functions of PI-metabolizing enzymes. 

Key words：Phosphatidylinositol, Phospholipase C, PI-Kinase, Ca2+ Signaling

Introduction

Phosphoinositides （PIs） are not abundant （less than 10 
％ of total cellular phospholipids）, yet they function in 
a remarkable number of crucial cellular processes 1）–3）. 
PIs undergo rapid phosphorylation/dephosphorylation 
at positions D3, D4, and D5 of their inositol head 
group by PI kinases and phosphatases （Fig. 1）. Three 
phosphatidylinositol monophosphates （PI（3）P, PI（4）P, 
and PI（5）P）, three phosphatidylinositol bisphosphates 
（P I（3,4）P 2 ,  P I（3,5）P 2 ,  a n d  P I（4,5）P 2）,  a n d  o n e 

phosphatidylinositol trisphosphates （PI（3,4,5）P3） have 
been identified in mammals （Fig. 1B）. PI（4,5）P2 is 
the best characterized one （Fig. 1A）. PI（4,5）P2 can be 
generated through two distinct phosphorylation pathways. 
PI（4）P 5-kinase （PIP5K） phosphorylates PI（4）P at D5 
position to catalyze the synthesis of PI（4,5）P2. PI（5）P, 
which has a ver y low concentration in cells, is also 
phosphorylated by PI（5）P 4-kinase （PIP4K）4）. Pulse-
labeling studies and the cellular level of PI（5）P, indicate 
that PI（4）P phosphorylation by PIP5Ks is probably the 
major synthetic pathway in mammals 4）–6）. Intact PI（4,5）P2 
has a role in cytoskeletal reorganization, membrane 

ruffling, endocytosis, regulated exocytosis, regulation of 
ion channels and transporters, chromatin remodeling, and 
recruitment of signaling molecules 1）–3）, 7）–9）. PI（4,5）P2 

also functions as a precursor of two independent signaling 
pathways. PI 3-kinases phosphorylate D3 position of 
PI（4,5）P 2 to produce PI（3,4,5）P 3 .  PI（3,4,5）P3 and/
or other PI derivatives are involved in multiple cellular 
events including cell survival, proliferation, phagocytosis, 
membrane r uf f l ing,  membrane traf f icking,  and 
recruitment of signaling molecules 1）–3）, 7）–9）. PI-specific 
phospholipase-C （PLC） hydrolyzes PI（4,5）P2 producing 
two second messengers, inositol 1,4,5-trisphosphate 
（I（1,4,5）P3） and diacylglycerol, which par ticipate in 

intracellular Ca2+ mobilization and protein kinase C 
activation, respectively 10）–12） . This review will summarize 
the recent progress in characterizing the cellular and 
physiological functions of PI-metabolizing enzymes.

PLC isozymes and their domain structure
There are 13 PLC isozymes that are divided into six 

main families, PLC-β1 to β4, PLC-γ1 and γ2, PLC-δ1, δ3 
and δ4, PLC-ε, PLC-ζ, and PLC-η1 and η2 （Fig. 2） 10）–12）. 
All PLC isozymes contain well-conserved catalytic X and 
Y domains. The crystal structure of PLC-δ1 shows that 
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Fig. 1  Chemical structure and metabolism of the phosphoinositides. A, A schematic representation of PI（4,5）P2. A diacylglycerol 
moiety is attached through a diester phosphate to the 1-hydroxyl of the inositol ring. The D4 and D5 positions of inositol ring 
are phosphorylated. B, Metabolic pathway of phosphoinositides. PIs are phosphorylated/dephosphorylated by PI kinases and 
phosphatases. PI（4,5）P2 is mainly synthesized from PI（4）P, which is catalyzed by PIP5Ks and is hydrolyzed by PLC to produce 
two second messengers, I（1,4,5）P3 and diacylglycerol.
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these catalytic domains are composed of alternating 
α-helices and β-strands and resemble the triose phosphate 
isomerase （TIM） barrel 13） . Each isozyme contains their 
own unique domain for the regulation of activity and 
subcellular distribution. One of these domains is the 
pleckstrin homology （PH） domain. The PH domain of 
PLC-δ1 binds both PI（4,5）P2 and I（1,4,5）P3, and these 
interactions are important for its activity and localization 
in the plasma membrane  14）–16）. The structural data from 
the isolated PLC-δ1 PH domain, which was co-crystallized 
with I（1,4,5）P3, shows that the PH domain is composed 
of seven anti-parallel β -strands and one C-terminus 
α-helix. The positively charged amino acids on the loop 
between β-strands （loop1/2, loop3/4, and loop6/7） have 
crucial role for PI（4,5）P2 and I（1,4,5）P3 binding 17）. The 
C2 domain of PLC-δ1 contains three to four Ca2+ binding 
sites 18）. Ca2+ ions bind to the C2 domain and enhance the 
enzymatic activity of PLC-δ1 by forming a PLC-δ1/Ca2+/
phosphatidylserine ternary complex.

PLC-β
PLC-β has four isozymes, β1 to β4 10）–12） . In addition 

to PH, EF, X, Y, and C2 domains, they possess a unique 
long C-terminus region （Fig. 2）. PLC-βs are activated 
by direct binding of heterotrimeric G proteins （Gα and 

Gβγ） to unique C-terminus or other regions. The in 
vivo distribution of PLC-β isozymes is tissue-dependent. 
PLC-β1 is widely expressed, especially in the cerebral 
cortex and hippocampus. Other PLC-β isozymes have 
a more restricted distribution. PLC-β2 is expressed in 
hematopoietic cells; PLC-β3 is found in the brain, liver, 
and parotid glands; PLC-β4 is present at the highest level 
in the cerebellum and retina. Knockout （KO） mice for 
PLC-β isozymes were developed and their phenotypes 
were analyzed. The PLC-β1 KO mice show epileptic 
seizures and related sudden death because PLC-β1 is 
involved in muscarinic acetylcholine receptor signaling 
in the cerebral cortex and hippocampus 19）. Neutrophils 
derived from PLC-β2 KO mice show impairment of 
chemoattractant-mediated elevation of intracellular 
Ca2+ concentration （[Ca2+]i） 20）. PLC-β3 KO mice have 
increased sensitivity to morphine, thus suggesting that 
PLC-β3 is a significant negative regulator of μ opioid 
receptor signaling 21）. PLC-β3 KO mice show significant 
defects in scratching behavior induced by histamine, 
which suggested that PLC-β3 is required to mediate 
itch sensation in response to histamine 22）. The PLC-β4 
KO mice exhibit ataxia because PLC-β4 is involved in 
the metabotropic glutamate receptor signaling in the 
cerebellum 19）. 



Fig. 2  A schematic representation of the mammalian PI-PLC isozymes. PH; pleckstrin homology domain which binds PI（4,5）P2 
and I（1,4,5）P3. EF; EF-hand domain. X and Y; catalytic domain. C2; C2 domain is a Ca2+-dependent phosphatidylserine binding 
domain. SH2 and SH3; src homology 2 and 3 domain which binds a phosphorylated tyrosine containing motif and proline rich 
motif, respectively. Cdc25; cdc25 domain functions as GTP/GDP exchange factor for small GTPase Rap1A. RA; RA domain, 
which mediates GTP-dependent interaction with small GTPase Ras or Rap. PDZ; PDZ domain is involved with protein - protein 
interaction. The activators of each PLC isozyme are listed on the right.
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PLC-γ
PLC-γ has two isozymes, γ1 and γ2 10）–12） .  PLC-γ 

possesses unique domains （a split PH domain, two SH2 
domains, and one SH3 domain） between conser ved 
catalytic X and Y domains （Fig. 2） which are implicated 
in the activation of PLC-γ isozymes downstream of 
receptor or non-receptor tyrosine kinase activity. PLC-γ1 
is widely distributed in various tissues and is abundant in 
embryonic cortical structures, neurons, oligodendrocytes, 
and astrocytes. On the other hand, PLC-γ2 is expressed 
in the cerebellar Purkinje cells, granule cells, and the 
lineages of hematopoietic cells. PLC-γ1 KO mice are 
lethal at embr yonic day 9 due to the impairment of 
vasculogenesis and erythropoiesis 23）, 24）. PLC-γ2 KO 
mice show defects in the function of B cells, platelets, 
mast cells, and natural killer cells 25）, 26）. Loss of PLC-γ2 
signaling in human B cells causes the immunodeficiency 
syndrome X-linked agammaglobulinemia 27）. 

PLC-δ
PLC-δ isozymes are well conserved from fungi, yeasts, 

plants, to mammalian cells, so they are thought to be a 
prototype of PLC 10）–12）. Three isozymes, δ1, δ3, and δ4, are 
identified in mammalian cells. Previous studies reported 
that there were four isozymes of δ1 to δ4 in mammals; 

however, a study recently found that PLC-δ2 is the same 
enzyme as PLC-δ4 28）. The activation mechanisms of 
PLC-δ are poorly understood, but several candidate 
molecules for activating PLC-δ including START-GAP/
DLC1 （p122/RhoGAP） and a subunit of a heterodimeric 
G protein （Ghα/transglutaminase) have been identified. 
In addition, it is possible that PLC-δ functions as an 
amplifier of Ca 2+ signaling, since PLC-δ is activated at 
lower [Ca2+]i in comparison to other PLCs. PLC-δ1 KO 
mice show a hair loss phenotype associated with abnormal 
hair follicle structures and epidermal hyperplasia due 
to an impairment of Ca2+ signaling and PKC activation 
in keratinocytes 29）. PLC-δ3 KO mice are normal but 
PLC-δ1/3 double KO mice became embr yonic lethal 
at embryonic day 11.5 to 13.5 due to a dif ferentiation 
defect in placental development 30）. PLC-δ4 KO male 
mice exhibit male infertility due to a failure of the zona 
pellucida （ZP）-induced acrosome reaction in sperm, 
which is a necessary step for mammalian fertilization 31）. 
Single sperm imaging revealed that the ZP-induced [Ca2+]i 
increase is not observed in PLC-δ4 KO sperm 32）.

Other PLC isozymes; PLC-ε, PLC-ζ, and PLC-η 
PLC-ε has been identified as mammalian homologue 

of C. e legans  PLC210 10）–1 2）,  33）.  PLC-ε  has unique 

Functions of PI-metabolizing enzymes （Fujii et al.）
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Cdc25 homology domain which functions as a GTP/
GDP exchange factor for small GTPase Rap1A and RA 
domain that mediates GTP-dependent interaction with 
small GTPase Ras or Rap 33）. Therefore, PLC-ε thought 
to connect between Ras-mediated and PLC-dependent 
signaling pathways. PLC-ε KO mice exhibit the defects in 
the development of the aortic and pulmonary valves 34）. 

PLC-ζ is a sperm specific PLC which lacks the PH 
domain 10）–12）, 35）. PLC-ζ is activated at the basal level of 
[Ca2+]i ranging 10 to 100 nM and the microinjection of RNA 
encoding PLC-ζ into mouse eggs induces Ca2+ oscillation 
and subsequent early embryonic development  35）. 

The last group of the PLC isozymes is PLC-η, which 
was identified by homology in a database search 10）–12）, 36）. 
Both PLC-η1 and PLC-η2 are neuron specific isozymes. 
PLC-η1 is dominantly expressed in the hippocampus and 
cerebellar Purkinje cell layer and PLC-η2 is expressed in 
the hippocampus, cerebral cortex, and olfactory bulb  36）. 
PLC-η has comparable or more sensitivity to intracellular 
Ca2+ than PLC-δ1 for PLC activity. The Ca2+ signaling 
plays an important role in neuronal functions including 
regulation of axonal growth and retraction, growth-
cone guidance, synapse formation, and neurotransmitter 
release, therefore PLC-η may function as Ca2+-sensor 
enzymes that are activated by a small increase of [Ca2+]i.

PIP5K
Three PIP5K isozymes, PIP5Kα, PIP5Kβ （human and 

murine α and β isozymes are reversed）, and PIP5Kγ, with 
alternative splice variants have been identified 37）–39） . All 
PIP5K isozymes have a well-conserved central region 
which includes the kinase catalytic domain. Substrate 
specificity and subcellular targeting of PIP5Ks are 
determined by an activation loop spanning the catalytic 
domain 40）, 41）.

PI（4,5）P2 is functionally involved in cytoskeletal 
reorganization, membrane r uf fl ing, endocytosis, 
regulated exocytosis, chromatin remodeling, and 
recruitment of signaling molecules 1）–3）, 7）. Spatially and 
temporally organized regulation of PI（4,5）P2 levels 
by PIP5Ks as well as PLCs and PI 3-kinases could be 
required to maintain these various functions. In fact, an 
overexpression of PIP5Ks induces stress fibers 42）, 43）, 
membrane ruf fles 44）, comet-like actin tails 45）, and 
microvilli 46）, accompanied by locally elevated PI（4,5）P2. 
Moreover, recent report showed that PIP5Kγ661 isozyme, 
which is activated by NMDA receptor at restricted 
areas of postsynapses, produces PI（4,5）P2 and induces 

AMPA receptor endocytosis during LTD 47）. PI（4,5）P2 
is also known to regulate ion channels and transporters 
including TRP channels, KATP channels, and Na+/Ca2+ 
exchanger type 1 （NCX1） 8）, 9）. NCX1 has a PI（4,5）P2-
binding domain, called as XIP region, in the cytoplasmic 
loop. Previous electrophysiological studies showed that 
PI（4,5）P2 exhibits two opposite effects on NCX1 activity 48）. 
Exogenous PI（4,5）P2 ablated inactivation mechanism, 
resulted in enhanced activity of NCX1 in membrane patch. 
On the other hand, transient overexpression of either 
PIP5Kα or PIP4Kα increase endogenously synthesized 
PI（4,5）P2, but decreases the NCX1 current densities 
in intact cells, thus suggesting that the endogenously 
synthesized PI（4,5）P2 would promote the endocytosis of 
NCX1. Intriguingly, cardiac-specific PIP4Kα transgenic 
mice exhibited cardiac hypertrophy. 

Conclusions and future issues

The PLC isozymes are redundantly expressed in 
numerous tissues; however, the analysis of PLC KO 
mice showed each PLC has their own physiological 
functions including neuronal activity, vasculogenesis, skin 
development, and fertilization. Therefore, it is necessary 
to determine the relationship between each of the PLC 
isozymes. The double or triple KO of PLC isozymes 
will contribute additional knowledge. Currently, there 
is no clinical drug that targets PLCs or PIP5Ks. The 
development of drugs targeting these enzymes could 
resolve the diseases related to PI-metabolizing disorder.

The PIs are rapidly turned over in cells. The KO 
mice of each PLC isozymes brought a lot of important 
information; however, the relationship between rapid 
PI-turnover and their physiological functions in vivo 
at the cellular level remains unknown. Therefore it is 
necessary to develop an in vivo PI-monitoring system. 
The transgenic mice with fluorescent protein fused to a 
PI-binding domain are therefore considered to be one of 
the candidates to eventually solve this problem. 
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