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hosphatidylinositol phosphate kinase

(PIPK) catalyzes a key step control-
ling cellular contents of phosphatidylino-
sitol-4,5-bisphosphate [PtdIns(4,5)P,], a
critical intracellular messenger involved
in vesicle trafficking and modulation of
actin cytoskeleton and also a substrate
of phospholipase C to produce the two
intracellular messengers, diacylglycerol
and inositol-1,4,5-trisphosphate. In addi-
tion to the conserved C-terminal PIPK
catalytic domain, plant PIPKs contain a
unique structural feature consisting of a
repeat of membrane occupation and rec-
ognition nexus (MORN) motifs, called
the MORN domain, in the N-terminal
half. The MORN domain has previously
been proposed to regulate plasma mem-
brane localization and phosphatidic acid
(PA)-inducible activation. Recently, the
importance of the catalytic domain, but
not the MORN domain, in these aspects
was demonstrated. These conflicting
data raise the question about the function
of the MORN domain in plant PIPKs.
We therefore performed analyses of
PpPIPK1 from the moss Physcomitrella
patens to elucidate the importance of
the MORN domain in the control of
enzymatic activity; however, we found
no effect on either enzymatic activity or
activation by PA. Taken together with
our previous findings of lack of function
in plasma membrane localization, there
is no positive evidence indicating roles
of the MORN domain in enzymatic
and functional regulations of PpPIPK1.
Therefore, further
reverse genetic analyses are necessary to

biochemical and
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understand the biological significance of
the MORN domain in plant PIPKs.

Phosphoinositides (PIs) are minor mem-
brane phospholipds that play pivotal
roles in various signal transduction cas-
cades involved in development and stress
response via the regulation of cytoskeletal
organization, ion channel activation and
vesicle trafficking.” These are derivatives
of phosphatidylinositol (PtdIns) produced
by phosphorylation of the 3-, 4- and 5-
positions of the inositol ring.* To address
the roles of PIs, enzymes involved in their
production have been extensively studied
using biochemical and molecular biologi-
cal approaches. Of these enzymes, phos-
phatidylinositol monophosphate kinases
(PIPKs) catalyze the reaction producing
phosphatidylinositol-4,5-bisphosphate
[PtdIns(4,5)P,] that is a substrate of phos-
pholipase C and phosphatidylinositol
3-kinase, and also acts as an intracellular
messenger involved in the regulation of
F-actin organization and activity of ion
channels.”  Although PtdIns(4,5)P, is
produced by sequential phosphorylation
by phosphatidylinositol 4-kinase, pro-
ducing phosphatidylinositol-4-phosphate
[PtdIns(4)P], and then by PIPK,"? the
cellular levels of PtdIns(4)P are much
higher compared to PtdIns(4,5)P,.*¢
Thus, a restriction step controlling cellu-
lar PtdIns(4,5) P, contents is mediated by
PIPKs, indicating the importance of PIPK
regulation in various kinds of physiologi-
cal processes.

The roles of plant PIPKs have been
established in growth regulation, such as
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Figure 1. Functional dissection of the N-terminal region of PpPIPK1 identifies positive regulatory
regions. (A) His-tagged recombinant PpPIPK1 proteins. A repetition of eight MORN motifs (grey
boxes) and the conserved catalytic domain (black box) are indicated in wild type and mutant
PpPIPK1s. The MORN repeat and junction of internal deletion are indicated by amino acid position
numbers. (B) In vitro lipid kinase activity of His-tagged recombinant proteins. The activities of
recombinant proteins bound to Ni-NTA agarose beads were assayed with PtdIns4P. (C) In vitro
PA-dependent lipid kinase activity of His-tagged proteins. The activities of recombinant proteins
bound to Ni-NTA agarose beads were assayed with PtdIns4P with 143 wM PA. Top and bottom ar-
rowheads represent reaction products PtdIns(4,5)P, and lysoPtdIns(4,5) P,, respectively.
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polarized tip growth of root hairs and pol-
len tubes, via their localization at plasma

712 Tt is worth to note that

membranes.
plant PIPKs contain a unique structure
consisting of a repeat of a membrane
occupation recognition nexus (MORN)
motifs, called MORN domain, at the
N-terminal region and a C-terminal PIPK
catalytic domain, except for AtPIP5K10
and AtPIP5K11 from Arabidopsis thali-
ana, which lack the N-terminal MORN
domain.® The MORN domain was first
identified as plasma membrane-binding
module in junctophilin' and the involve-
ment of the MORN domain in plasma
membrane localization was proposed for
A. thaliana AtPIP5K1 and AtPIP5K3.%1>:16

Another remarkable feature of eukary-
otic PIPKs is dependency of the enzymatic
activity on phosphatidic acid (PA)."'8
Indeed, PA-dependent activation of PIPKs
has been observed in A. thaliana and in
the moss Physcomitrella patens,*'** as with
animal type I PIPKs.?' Although much less
is known about how PA activates PIPKs
in plants, biochemical analyses suggested
the involvement of the MORN domain in
PA-dependent activation of AtPIP5K1.7

Based on above findings, it was pro-
posed that plasma membrane-localization
and PA-dependent activation of plant
PIPKs might be regulated by the MORN
domain.”>'® In contrast, we recently dem-
onstrated the critical involvement of the
C-terminal half containing the catalytic
domain of plant PIPKs in both plasma
membrane-localization and PA-dependent
activation.”? Thus, the function of the
MORN domain remains elusive in plant
PIPKS.

As shown earlier, the N-terminal half
of P. patens PpPIPK1 containing the
MORN domain enhances its catalytic
activity.”” Thus, to identify the region
required for the activation of PpPIPKI,
we further dissected the N-terminal half
into 3 regions; the N-terminal region
(amino acid nos. 1-154), the MORN
repeat (amino acid nos. 155-316) and
the linker region (amino acid nos. 338—
452), and made deletion mutants of
PpPIPK1 as shown in Figure 1A. Using
Pfu Turbo DNA polymerase (Stratagene,
La Jolla, USA), DNA fragments cor-
responding to deletion mutants lacking
the N-terminal and N-terminal plus the
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MORN repeat, designated PpPIPKIAN
and PpPIPKIAN-MORN, respectively,
were amplified with primer sets; one is
M_PIPK1_fb (5-GGC AAG CAC GTG
TAT AAT GTC TGA AGG GCT T-3")
and XhoIPIPK1 (5-TAAACT CGAGTT
AGC TGG GTA GGA GGA AA-3") and
the other is M_PIPK1_f7 (5-AGA GAA
CAC GTG TAT AAT GTC TGA CTT
CTA CGT CGG T-3") and XholPIPKI.
For building an expression plasmid for
a deletion mutant lacking the MORN
repeat, designated PpPIPKIAMORN,
the N-terminal region and PpPIPK1AN-
MORN were amplified with primer sets,
M_PIPKI1_fb and M_PIPK1_r3 (5-TTG
TAA GTC TCG GGT GCC ATT TGA
GAG CTC-3') M_PIPK1_f6 (5-GAG
CTC TCA AAT GGC ACC CGA GAC
TTA CAA-3") and XholIPIPKI1, respec-
tively, using Pfu Turbo DNA polymerase
and resultant DNA fragments were fused
by PCR with a primer set, M_PIPKI1_fb
and XhoIPIPK1 using the same enzyme.
These PCR products were digested with
Pmll and Xhol and inserted into Pml/l-
Xhol digested pPICZB (Invitrogen) to
construct expression plasmids, pPICZB-
PpPIPKI1AN, pPICZB-PpPIPK1AN-
MORN and pPICZB-PpPIPKIAMORN.
Transformation of P. pastoris X-33 cells
with the above expression plasmids, col-
ony PCR of transformants and follow-
ing expression, purification and western
blot analysis of His-tagged recombinant
proteins were performed as described pre-
viously.® The PIPK activity assay using
purified His-tagged proteins was carried
out as described previously?” with the
modifications.®

Biochemical analyses of these enzymes
after expression in yeast P. pastoris X-33
cells followed by purification showed
that deletion of the N-terminal region
(PpPIPK1IAN) reduced PpPIPK1 activ-
ity ca 40% compared to the full length
enzyme, whereas loss of the MORN repeat
(PpPIPKIAMORN) had no significant
effect (Fig. 1B). In agreement, a mutant
lacking four MORN repeats of the total
eight repeats showed no difference in the
activity compared the full length enzyme
(data not shown). These results indicate a
positive role of the N-terminal region, but
not the MORN repeats, on PpPIPK1 activ-
ity. However, these findings differ from

www.landesbioscience.com

those obtained with AtPIP5K1, where
the MORN domain represses enzymatic
activity.®  Interestingly, PpPIPK1AN-
MORN containing the linker and cata-
lytic regions showed higher enzymatic
activity of ca 23 % compared to the
full length PpPIPK1 (Fig. 1B). The
C-terminal half only containing the cata-
lytic domain of PpPIPK1 and thus lack-
ing the linker region showed a reduced
activity.? It is therefore proposed that the
linker region carries a positive regulatory
element. Although details are unknown,
negligible effects of the N-terminal and
MORN domains for the enzymatic activ-
ity has been indicated in AtPIP5K3 from
A. thaliana." Moreover, it is noteworthy
that PA-dependent activation was not
affected by any deletion as shown in Figure
1C, confirming that the N-terminal half
is not involved in PA dependency of the
PpPIPK1 activity.”

Our results indicated that the MORN
domain is not involved in the regula-
tion of the catalytic activity in PpPIPKI.
Similarly, the function of the MORN
domain found in the accumulation and
replication of chloroplasts 3 (ARC3) was
not resolved. ARC3 is an FtsZ homologue

4 and

involved in chloroplast division?
the only protein containing the MORN
repeats other than PIPKs in A. thaliana.
It was shown that the ARC3 MORN
domain did not interact with any stromal
plastid division components.”® Moreover,
there are reports representing functions
of the MORN domain other than plasma
membrane binding. Human amyotrophic
lateral sclerosis 2 (ALS2), a guanine nucle-
otide exchange factor (GEF) specific to the
small GTPase Rab5, contains the MORN
domain at the central region that is essen-
tial for the GEF activity but not for inter-
action with Rab5.% In contrast, specific
interaction of the MORN domain with
Rab-E GTPases and resultant enzymatic
activation was recently demonstrated for
AtPIP5K2."2 It is interesting that these
results are inconsistent with each other in
terms of interaction of the MORN domain
with small GTPases.

Taken together, with no function of
the MORN domain in plasma membrane
localization of PpPIPK1 and AtPIP5K1,*
the function of the MORN domain is still
unknown, despite its high conservation
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in plants PIPKs. Alternatively, based
on the findings of ARC3, ALS2 and
AtPIP5K2,!2%52%¢  the the
MORN domain possibly varies among

function of

PIPK isoforms and may thus have mul-
tifunctional roles. Therefore, it is neces-
sary to identify interaction partners for
the MORN domain of each plant PIPKs
and to analyze phenotypes of transgenic
plants carrying MORN' domain-lacking
PIPKs during developmental process and

environmental Stress responses.
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