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Phosphatidic Acid Regulates the Affinity of
the Murine Phosphatidylinositol 4-phosphate
5-kinase-Ib for Phosphatidylinositol-4-phosphate
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Abstract Type I phosphatidylinositol 4-phosphate 5-kinase (PI4P5K) catalyzes the phosphorylation of phospha-
tidylinositol 4 phosphate [PI(4)P] at carbon 5, producing phosphatidylinositol 4,5 bisphosphate [PI(4,5)P2]. Phosphatidic
acid (PA) activates PI4P5K in vitro and plays a central role in the activation of PIP5K pathways in vivo. This report
demonstrates that actin fiber formation in murine fibroblasts involves PA activation of PIP5Ks and defines biochemical
interactions between PA and the PIP5Ks. Inhibition of phospholipase D production of PA results in the loss of actin fibers.
Overexpression of the beta isoform of the type Imurine phosphatidylinositol 4-phosphate 5-kinase (mPIP5K-Ib) maintains
actin fiber structure in the face of phospholipase D inhibition. PA activates mPIP5K-Ib by direct binding to mPIP5K-Ib
through both electrostatic and hydrophobic interactions, with the fatty acid acyl chain length and degree of saturation
acting as critical determinants of binding and activation. Furthermore, kinetic analysis suggests that phosphorylationof the
PI(4)P substrate does not follow classicalMichaelis–Menten kinetics. Instead, the kinetic data are consistent with amodel
inwhichmPIP5K-Ib initially binds to the lipidmicelle and subsequently binds the PI(4)P substrate. In addition, the kinetics
indicate substrate inhibition, suggesting that mPIP5K-Ib contains an inhibitory PI(4)P-binding site. These results suggest a
model inwhichmPIP5K-Ib is surrounded byPI(4)P, but is unable to catalyze its conversion to PI(4,5)P2 unless PA is bound.
J. Cell. Biochem. 100: 112–128, 2007. � 2006 Wiley-Liss, Inc.

Key words: phosphatidic acid; type I phosphatidylinositol 4-phosphate 5-kinase; PIP Kinase; phosphatidylinositol 4,5
bisphosphate

Phosphatidylinositol metabolism regulates
diverse and essential cellular processes includ-
ing signal transduction, membrane trafficking,
gene expression, energy metabolism, macromo-
lecular synthesis, and dynamic control of cytos-
keletal structure, reviewed by Doughman et al.
[2003a] and Oude Weernink et al. [2004]. The
type I PI4P5Ks lie at a nexus within phosphati-
dylinositol pathways since it catalyzes formation
of the two major regulatory phosphatidylinosi-
tides, PI(4,5)P2 and PI(3,4,5)P3 (phosphatidyli-
nositol 3,4,5 trisphosphate).

The type I PI4P5Ks are encoded by a small
gene family comprising three genes (a, b , and g)
each of which produces multiple isoforms via
selective RNA processing [Ishihara et al., 1996,
1998; Loijens and Anderson, 1996; Loijens
et al., 1996; Itoh et al., 1998]. While these three
genes may have overlapping biological roles,
isoform specific functions have been associated
with the products of each gene. For example,
murine PIP5K-Ib (human PIP5K-Ia) has been
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implicated in the trafficking and signaling of
receptor tyrosine kinases, mRNA metabolism,
phagocytosis, and membrane ruffling [Davis
et al., 1997; Boronenkov et al., 1998; Barbieri
et al., 2001; Doughman et al., 2003b]. PIP5K-Ig
regulates synaptic vesicle trafficking, focal
adhesions, and IP3 /Ca2þ signaling downstream
of G-protein coupled receptors [Wenk et al.,
2001; Di Paolo et al., 2002, 2004; Ling
et al., 2002; Wang et al., 2004]. Murine PIP5K-
Ia (human PIP5K-Ib) has been less well
characterized but displays perinuclear mem-
brane staining [Doughman et al., 2003b]. Thus,
precise control of PI(4,5)P2 production likely
derives in part from isoform-specific functions
involving unique targeting domains.
While regulated expression and specific

targeting are important regulatory mechan-
isms, other mechanisms are employed to reg-
ulate the PIP5Ks. Phosphorylation of the
PIP5Ks is an important mechanism of control
for PI(4,5)P2-dependent pathways [Park et al.,
2001; Ling et al., 2002; Doughman et al., 2003a;
Oude Weernink et al., 2004]. Association with
G-proteins also regulates the PIP5K activity.
The Rho family of small GTPases (Rho, Rac,
and Cdc42) regulates PI(4,5)P2 production
in a number of biological settings via multi-
ple mechanisms that are all dependent upon
PIP5Ks [Chatah and Abrams, 2001; Weernink
et al., 2004; Yang et al., 2004], reviewed by
Oude Weernink et al. [2004]) and the ADP-
ribosylation factor (ARF) family of GTPases
has also been implicated in PIP5K-dependent
regulation of membrane trafficking and dyna-
mics, regulated secretion, and actin cytoskele-
ton regulation [Honda et al., 1999; Brown et al.,
2001; Aikawa and Martin, 2003].
While post-translational modification and

protein interactions are important regulatory
factors for the PIP5Ks, membrane lipids
also play key regulatory roles. Early studies
with purified type I PIP5Ks demonstrated
direct stimulation of PIP5K activity by phos-
phatidic acid (PA) [Moritz et al., 1992; Jenkins
et al., 1994] and later PA and PI(4,5)P2 were
shown to co-regulate biological processes such
as endocytosis and actin polymerization [Cross
et al., 1996; Arneson et al., 1999; Kam and
Exton, 2001; Yin and Janmey, 2003]. The
observation that ARF GTPases regulate both
phospholipase D enzymes and PIP5Ks together
with evidence that PA and PI(4,5)P2 regulate
overlapping cellular functions suggests that an

intimate connection exists between these
enzyme families [Honda et al., 1999; Brown
et al., 2001; Skippen et al., 2002]. Consistent
with this notion, PIP5K-Ia directly associates
with both phospholipase D1 and phospholipase
D2 and recruits phospholipase D2 to intracel-
lular vesicles [Divecha et al., 2000]. Addition-
ally, ARF1 mutants that fail to bind
phospholipase D do not enhance PI(4,5)P2
production in vivo as effectively as wild-
type ARF1 [Skippen et al., 2002]. While these
and other studies find consistent biological
links between PA and PI(4,5)P2 production, an
examination of the biochemistry underlying the
PA stimulation of PIP5Ks is lacking. Thus, the
research detailed in this report was undertaken
to elucidate the structural and biochemical
interactions between mPIP5K-Ib and PA.

In the present study, the biological, physical,
and biochemical interactions betweenmPIP5K-
Ib and PA are examined. mPIP5K-Ib directly
binds PA through both charge and lipid inter-
actions. PA binding bymPIP5K-Ib is dependent
upon acyl chain length while PA-activation of
mPIP5K-Ib kinase activity also requires
that the fatty acid chains be unsaturated. PA
significantly enhanced the affinity of mPIP5K-
Ib for PI(4)P withminimal effects on the overall
rate of the reaction. Interestingly, substrate
inhibition of mPIP5K-Ib activity is observed by
PI(4)P and PA had only a small effect on this
substrate inhibition.

MATERIALS AND METHODS

Materials

Ninety-six-well microtiter plates were obtained
fromBectonDickinson.GlutathioneSepharose 4B
was purchased from Amersham Pharmacia Bio-
tech. Rabbit polyclonal antibody directed against
Glutathione-S-Transferase (GST) was purchased
from Sigma. Reduced glutathione was obtained
from Fisher Scientific. The phospholipids used in
the binding experiments were obtained from
the following companies: 1,2-dipalmitoyl-rac-gly-
cerol (Sigma); dipalmitoyl phosphatidylinositol-
(3,4,5)-trisphosphate (Matreya); phosphatidic acid
(Sigma); phosphatidylinositol-4-phosphate; 1,2-
dioctanoyl-sn-glycero-3-phosphate; 1-myristoyl-2-
hydroxy-sn-glycero-3-phosphate, 1,2-dimyristoyl-
sn-glycero-3-phosphate; 1,2-dipalmityl-sn-glycero-
phospahte; 1,2, distearoyl-sn-glycero-3-phosphate;
dilinoleoyl-sn-glycero-3-phosphate, 1,2-diarachi-
donoyl-sn-glycero-3-phosphate; and phosphatidy-
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linositol- (4,5)-bisphosphate (Avanti Polar Lipids).
To study the effects of phosphatidic acid on the
activity of the mPIP5K-Ib, dipalmitoyl phosphati-
dylinositol-4-phosphate (Echelon) was used as a
substrate. The respective GST fusion proteins
were purified from E. coli XL-1 blue host cells.
GST-mPIP5K-Ibused in this studywaspreviously
described [Galiano et al., 2002].

Visualization of Actin in NIH-3T3 Cells

NIH-3T3 CSF-1R cells were transfected with
pcDNA GFP-mPIP5K-Ib and pHygro and
selected in completeDMEMsupplementedwith
400 mg/ml neomycin and 100 mg/ml hygromycin.
After 2 weeks, the GFP-expressing cells were
enriched by two rounds cell sorting based upon
GFPfluorescence usingaFACSVantageSE (BD
Biosciences). The expression of GFP-mPIP5K-
Ib was confirmed by immunoprecipitation with
anti-mPIP5K-Ib antiserum. The actin cytoske-
leton was stained using the actin cytoskeleton
and focal adhesion staining kit (Chemicon
International, Temecula, CA). The cells were
washed, fixed with paraformaldehyde, and
F-actin stained with rhodamine-phalloidin.
DIC and fluorescence images were obtained
with an Olympus-AX-70 epifluorescence micro-
scope equipped with differential interference
optics. Monochrome images were captured at
the microscope using a cooled-CCD camera
(Nu 200: Princeton Instruments) and IP-Lab
software (Scanalytics, Inc.) run on an Apple G4
computer.

Preparation of Pellet and Soluble Fractions
From NIH 3T3 Cells Treated With 1-butanol

NIH 3T3 cells were plated (8� 106 cells) on
100-mm dishes and after 24 h, the medium was
replaced with 12ml of DMEM containing either
1-butanol or 2-butanol (0.5% v/v). After 1 h, the
medium was removed and the cells were
scraped on ice in 10 ml of buffer (10 mM Tris
pH 7.5, 1 mM EDTA, 1 mM EGTA), pelleted by
centrifugation, and resuspended in 1.5 ml of
homogenizing buffer (10 mM Tris pH 7.5,
20 mM NaCl). After incubation on ice for
30 min, the cells were Dounce-homogenized
(40 strokes) and passed through a 25G needle
(25–30 passes). Nuclei and unbroken cells were
removed by centrifugation at 2500 rpm for
10 min at 48C. The pellet was resuspended in
1.5 ml of homogenizing buffer and the lysis
procedure repeated. The post nuclear lysates
were combined and the membrane fraction

obtained after centrifugation at 1,00,000g
(28,800 rpm in a SW50.1 Beckman rotor) for
1hat 48C.The soluble fractionwas collectedand
the membrane pellet was resuspended by
sonication in 1.5 ml of buffer containing
10 mM Tris pH 7.5, 1% Triton X-100, 500 mM
NaCl.

Immunoprecipitation of Endogenous mPIP5K-Ib
From NIH 3T3 Cells

Soluble and pellet fractions from NIH 3T3
cells were freshly prepared as described above.
For each immunoprecipitation, 60 mg of protein
in equal volume (1.5 ml) IP buffer (25 mM Tris
pH 7.5, 100 mM NaCl, and 0.1% Triton X-100)
was immunoprecipitated with a polyclonal
antibody against the mPIP5K-Ib (7 ml) and
Sepharose-6B-coupled protein A. The protein-
A beads were collected by brief centrifugation
andwashed six timeswith the following buffers:
1� IPkinase buffer (25mMTris pH7.5, 100mM
NaCl, 0.1% Triton X-100); 1� PBS pH 6.0, 0.5%
Triton X-100; 1� 25 mM Tris pH 8, 100 mM
NaCl, 0.1% Triton X-100; 1� with 25 mM Tris
pH 7.5, 500 mM NaCl, 0.1% Triton X-100; and
2� with IP kinase buffer. The immunoprecipi-
tates were used in a kinase assay as described
below.

Expression and Purification of the
GST-PIP5K-Ib Fusion Proteins

Overnight cultureswere diluted 1:10 in Luria
Broth; after 2 h, GST-fusion protein expression
was induced with 2 mM IPTG. After 1 h, the
cells were collected by centrifugation, resus-
pended in lysis buffer (PBS, 0.5% Tween 20),
and lysed by sonication. The lysates were
clarified by centrifugation and incubated with
glutathione Sepharose at 48C for 1 h. The beads
were collected by centrifugation, washed 3� in
lysis buffer, and the protein was eluted in
50 mM Tris pH 8, 20 mM reduced glutathione.

ELISA Phospholipid-Binding Assay

The previously described ELISA phospholi-
pid-binding assay [Ghosh et al., 1996] was
adapted to study the interaction of the different
GST-mPIP5K-Ib fusion proteins with phospha-
tidic acid. All procedures were performed at
room temperature. Two micrograms of each
phospholipidwerediluted inmethanol, added to
a well in a 96-well microtiter plate, and allowed
to bind overnight. The plates were blocked with
3% fatty acid free bovine serum albumin (BSA,
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Boeringher Mannheim) in TTBS buffer (10 mM
Tris pH 7.5, 150 mM NaCl, 0.1% Tween 20) for
1h. Glutathione-S-transferase (GST)-fusion
proteins were added in dilution buffer (0.3%
BSA in TTBS) and incubated for 1 h. The plate
was washed with TTBS and anti-GST rabbit
polyclonal antiserum (1:2,000 dilution in dilu-
tion buffer) was added and incubated for 1 h.
The plate was washed in TTBS and the
secondary antibody (1:2,000 dilution of goat
anti-rabbit IgG-alkaline phosphatase conju-
gate, Bio-Rad) was added and incubated for
1 h. The plate was washed as before and 150 ml
of a 10 mg/ml solution of 4-nitrophenyl phos-
phate (Amaresco) in substrate buffer (10 mM
Tris-HCl, pH 9.5, 100 mM NaCl, 5 mM
MgCl2) was added to each well. After 25 min,
the absorbance at 405 nm was measured on
an ELISA plate reader (Bio-Rad). For the
competition experiments, the GST-fusion pro-
teins were preincubated with the competitors
for 30 min.

Purification of GST-mPIP5K-Ib From 293T Cells

GST-mPIP5K-Ib was purified from cell
lysate prepared from transiently transfected
293T cells. pcDNA3 GST-mPIP5K-Ib was con-
structed by digestion of pGEX-2T-mPIP5K-Ib
with Ace I and Xho I. The Ace I site was end-
filled and the fragment ligated to EcoRV
and Xho I digested pcDNA III. Transient
transfection was performed using the modified
calcium phosphate method and 293T cells
(2�107 cells/150 mm dish, 20 plates/experi-
ment). At 16–20 h, the cells were scraped,
collected by centrifugation, suspended in 50 ml
TBST (10 mM Tris pH 7.4, 150 mM NaCl, 0.5%
Triton X-100), and lysed by trituration. The
lysate was clarified by centrifugation in Sorvall
SA600 rotor (10,000 rpm for 20min), the super-
natant collected, and the pellet-associated
enzyme was released by resuspension of the
pellet in 10 ml TBST adjusted to 500 mM NaCl
and suspended by Dounce homogenization. The
pellet wash was clarified as above, the super-
natants combined, and 0.2 ml of a 50% slurry of
GST-Sepharosewasaddedand incubated at 48C
for 1 h with constant agitation. The bound
protein was washed three times with 50 ml
TBST, 1 timewith 50ml PBS pH 6.0, and 1 time
with 50 ml TBST, and the protein eluted by
addition of two aliquots of 0.1 ml elution buffer
(50 mM Tris pH 8.0, 120 mM NaCl, 20 mM
reduced glutathionine).

Kinase Assays

GST-mPIP5K-Ib purified from 293T cells was
used in all kinase reactions. All kinase reactions
were performed in a 50 ml reaction volume at
room temperature in standard buffer, which
contained 50 mM Tris-Cl pH 7.5, 1 mM
EGTA, 10 mM MgCl2, 100 mM NaCl, 0.1%
Triton, X-100, and 50 mM [g-32P]ATP (10 mCi/
reaction). The reactions were quenched after
5 min by the addition of 200 ml of 1N HCl.
Phospholipids were extracted with 600 ml of
chloroform: methanol:(12N) HCl (200:100:1).
The organic phase was separated by centrifuga-
tion (5min), dried in a speed vacuumcentrifuge,
and resuspended in 100 ml of chloroform:
methanol:(12N)HCl (200:100:1). One-fourth of
the organic phase (25 ml) was spotted onto a thin
layer chromatography (TLC) plate. Immedi-
ately prior to use, TLC plates were coated with
a solution of methanol:water (40:60) containing
1%K2C2O4 and 1mMEGTA. TLC-coated plates
were activated by heating at 1008C for 20 min,
and phospholipids separated by developing
in chloroform:acetone:methanol:acetic acid:
water (46:17:15:14:8). After separation, the
[32P]-labeled phospholipids were visualized by
autoradiography followed by analysis on a
phosphorimager. Standard non-radioactive
phospholipids (PI(4)P, PI(4,5)P2 and phospha-
tidic acid) were stained with primuline
and visualized on a UV transilluminator.
After primuline staining, the area containing
[32P]PI(4,5)P2 was located and excised based
on the migration of the non-radioactive
PI(4,5)P2 standard. Excised [32P]PI(4,5)P2
was counted by scintillation counting in 2 ml
of ScintiVerseI. For all experiments, GST-
PIP5KI-b was added to a final concentration of
5 nM. In the studies of the PI(4)P dependence of
PI(4,5)P2 production, PI(4)P concentration was
varied from2.5 to 250mM,andphosphatidic acid
was added to a final concentration of 100 mM.All
assays were performed in the linear range with
regard to the enzyme concentration and incuba-
tion time.

Kinetic Analyses

The kinetic data were plotted as a function
of PI(4)P total concentration (Case I) and
PI(4)P effective surface concentration (Case
II). In Case I, the data were fit to the Hill
equation modified for uncompetitive substrate
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inhibition:

v ¼ vmax½PIð4ÞPo�n

KPIð4ÞP
m
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where Vmax is the maximal rate for PI
(4,5)P2 production, [PI(4)P0] is the total PI(4)P
concentration, KPIð4ÞP

m is the Michaelis constant
of PI(4)P, Ki

PI(4)P is the Michaelis constant of
PI(4)P at the inhibitory site, and n is the Hill
coefficient. For case II, the data were fit to
the Michaelis-Menten equation modified for
uncompetitive substrate inhibition:
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where Vmax is the maximal rate for PI(4,5)P2
production, [PI(4)Pe] is the effective surface
concentration of PI(4)P, Km

PI(4)Pe is the
Michaelis constant for the dissociation of
PI(4)P from the active site, and Ki

PI(4)Pe is the
Michaelis constant for the dissociation of PI(4)P
from the inhibitory site. To determine the
effective surface concentration of PI(4)P, the
mole fraction of PI(4)P at the surface of
the micelle was multiplied by the total concen-
tration of PI(4)P:

½PIð4ÞPe�

¼ ½PIð4ÞPo�
½PIð4ÞPo� þ ½PAo� þ ½TritonX � 100�

� �

� ½PIð4ÞPo� ð3Þ

where [PI(4)P0] is the total concentration of
PI(4)P, [PA0] is the total concentration of
phosphatidic acid and [Triton X-100] is
the concentration of Triton X-100. For analysis
of the phosphatidic acid dependence of
PI(4,5)P2 production, the phosphatidic acid
concentration was varied from 5 to 200 mM
and PI(4)P was added to a final concentration
of 65 mM. The kinetic data were plotted as
a function of the effective surface concentration
of phosphatidic acid and fit to the Hill equation:

v ¼ Vmax½PAe�n

ðKPAe
m Þn þ ½PAe�n

ð4Þ

where Vmax is the maximal rate of PI(4,5)P2
production, KPAe

m is the Michaelis constant for
phosphatidic acid, n is the Hill coefficient, and
[PAe] is the effective surface concentration of
phosphatidic acid. The effective surface concen-
tration of phosphatidic acid was determined
using the following equation:

½PAe� ¼
½PIð4ÞPo�

½PIð4ÞPo� þ PAo� þ ½TritonX � 100�

� �

� ½PAo� ð5Þ

where [PA0] is the total concentration of
phosphatidic acid, [PI(4)P0] is the total concen-
tration of PI(4)P, and [TritonX-100] is the total
concentration of TritonX-100.

Cell Lines

293T and NIH 3T3 cells were grown in
Dulbecco’s modification of minimal essential
media (DMEM; Cellgro) supplemented with
10% fetal bovine serum (Biowhittaker), 100 U
of penicillin/streptomycin (Cellgro), and main-
tainedat 378C inan atmosphere of 5%CO2.Cells
were transfected by using a modified calcium
phosphate precipitation procedure as previously
described [Chen and Okayama, 1987].

RESULTS

mPIP5K-Ib and Phosphatidic Acid
Collaborate in Actin Stress Fiber Formation

Since PA and PI(4,5)P2 positively regulate
actin fiber formation and the kinase activity of
the type I PIP5Ks is stimulated in vitro by PA,
we hypothesized that PA regulation of actin
polymerization is mediated through activation
of the type I PIP5Ks. To test this hypothesis,
the effect of inhibiting phospholipase D-derived
PA production on actin fiber formation was
determined in parental NIH 3T3 cells and NIH
3T3 cells engineered to express GFP-mPIP5K-
Ib. We expected that increased expression of
mPIP5K-Ib could substitute for PA-activation
of the endogenous levels of mPIP5K-Ib and
support actin polymerization in the absence of
PA. Parental and GFP-mPIP5K-Ib-expressing
NIH-3T3 cells demonstrated intact and well-
organized actin filaments after phalloidin
staining (Fig. 1A, top panels). Since in the
presence of primary alcohols, phospholipase D
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Fig. 1. GFP-mPIP5K-Ib expression supports actin fiber forma-
tion in the face of inhibition of PLD dependent production of PA.
Panel A shows photomicrographs obtained by using differential
interference contrast microscopy (DIC) or fluorescent micro-
scopy (Phalloidin) of parental NIH 3T3 cells (left panels as
indicated) or NIH 3T3 cells expressing GFP-mPIP5K-Ib (right
panels, as indicated) stained with rhodamine-phalloidin. PLD
synthesis of PA was inhibited by the addition of 0.5% 1-butanol
(center panels, as indicated). As a control for the alcohol effects
on the cells, addition of 0.5% 2-butanol was performed (bottom
panels, as indicated). Panel B is an autoradiogram of proteins
immunoprecipitated with non-immune serum (NI) antiserum
specific for mPIP5K-Ib (Im) from lysates prepared from 35S-
methionine-labeled GFP-mPIP5K-Ib-expressing cells (left panel,
designated Direct IP). The arrows indicate the slower migrated
GFP-mPIP5K-Ib (upper arrow)? and endogenous mPIP5K-Ib

(lower arrow). The right panel, designated IP Western, is an
autoradiogram of a Western blot using the mPIP5K-Ib specific
serum and proteins immunoprecipitated from lysates prepared
from the GFP-mPIP5K-Ib-expressing cells using either non-
immune serum (NI) or anti-GFP antibodies. The band corre-
sponding to GFP-mPIP5K-Ib is indicated by the arrow. Panel C is
an autoradiogram of thin layer chromatography of phospholipid
products formed by mPIP5K-Ib kinase activity present in soluble
or insoluble cellular fractions of control and 1-butanol treated
NIH 3T3 cells as measured by immune complex kinase assays.
Proteins were immunoprecipitated with either non-immune
serum (NI) or serum specific for mPIP5K-Ib. Immunoprecipita-
tions were performed using total cellular protein (T) in cell
extracts or the soluble (S) and pellet (P) fractions were prepared
from parental cells treated with 0.5% 1-butanol or mock treated.



mediates a transphosphatidylation reaction
that produces phosphatidyl-alcohol in lieu of
PA, 1-butanol was employed to inhibit phospho-
lipase D-mediated production of PA. Secondary
alcohols are not utilized by phospholipaseDand
2-butanol treatment of the cells served as a
control. Thirty-minute treatment of 1-butanol
resulted in dramatic loss of actin filaments in
the parental NIH 3T3 cells with a concomitant
rounding of the cells (Fig. 1A,middle left panel),
but no effect of 2-butanol was observed (Fig. 1A,
lower left panel). Expression of GFP-mPIP5K-
Ibwas confirmed in the cells by direct immuno-
precipation (IP) and IP-Western analysis
(Fig. 1B). TheGFP-mPIP5K-Ib-expressing cells
displayed normal actin filaments in the pre-
sence of both 1-butanol and 2-butanol (Fig. 1A,
rightmiddle and lower panels). Thus, inhibition
of phospholipase D-mediated production of PA
was required to maintain actin stress fiber
integrity and mPIP5K-Ib overexpression
obviated this PA requirement. Given that PA
is known to potently activate kinase activity of
the type I mPIP5Ks in vitro, these results sug-
gest that PA-dependent activation of the type I
mPIP5Ks is required to maintain actin stress
fibers and that expression of GFP-mPIP5K-Ib
was sufficient to substitute for the loss of PA
production in the presence of 1-butanol.

Multiple mechanisms could allow PA to
activate mPIP5K-Ib including regulated
recruitment to the plasma membrane, stable
post-translational modification such as phos-
phorylation, or direct interaction with the
enzyme. In order to determine if the PA
production altered the membrane recruitment
or overall activity of mPIP5K-Ib, IP-kinase
assays were performed using soluble and mem-
brane fractions of lysates prepared from control
and 1-butanol-treated parental NIH-3T3 cells.
Interestingly, no appreciable effects were
observed on total mPIP5K-Ib enzyme activity
or its subcellular localization when compared to
control cells upon inhibition of PA production
(Fig. 1C). Since total mPIP5K-Ib activity was
not affected by 1-butanol, a stable post-transla-
tional modification such as phosphorylation is
unlikely to mediate the PA-dependent effects
on mPIP5K-Ib. Additionally, 1-butanol had no
effect on themembrane localization ofmPIP5K-
Ib or kinase activity suggesting that PA was
not required to recruit mPIP5K-Ib to the
membrane. Thus, PA likely interacts directly
with mPIP5K-Ib and experiments designed to

further characterize the PA-dependent activa-
tion of the type I PIP5Ks were undertaken.

mPIP5K-Ib Binds to Phosphatidic Acid (PA)

WhilePAstimulation of the type IPIP5Kshas
been shown in vitro and in vivo [Moritz et al.,
1992; Jenkins et al., 1994; Divecha et al., 2000],
the mechanism by which PA stimulates the
type I PIP5Ks has not been studied. In vitro
stimulation of type I PIP5K kinase activity
together with the evidence presented above
support the hypothesis that mPIP5K-Ib is
activated by the direct binding of PA to the
enzyme. To test this hypothesis anELISAbased
lipid-binding protocol to characterize the bind-
ing of mPIP5K-Ib to PA was adapted from
studies that examined PA-binding by the Raf-1
kinase [Ghosh et al., 1996]. Initially, the ability
of mPIP5K-Ib to bind PA, as well as, other
phospholipids was examined. We reasoned that
mPIP5K-Ib would bind phosphatidylinositol-4-
phosphate (PI(4)P), which is the preferred
substrate of the enzyme, and phosphatidylino-
sitol-4,5-bisphosphate (PI(4,5)P2), which is pro-
duced by mPIP5K-Ib from PI(4)P and displays
feedback inhibition on the type I PIP5Ks. Addi-
tionally, phosphatidylinositol-3, 4,5-trisphos-
phate (PI(3,4,5)P3), which is derived from
PI(4,5)P2 by the action of a phosphatidylinositol
3-kinase (PI3K) was tested in the assay.
Diacylglycerol (DAG), which does not affect
type I PIP5K enzyme activity, and is not
expected to bind to mPIP5K-Ib, served as a
negative control. mPIP5K-Ib expressed in
E. coli as a glutathione-S-transferase (GST)-
fusion protein was affinity purified on glu-
tathione-Sepharose. The wells of a 96-well titer
plate were coated with the various phospholi-
pids, and the ability of the GST-mPIP5K-Ib to
bind to the respective phospholipids was deter-
mined byELISA (Fig. 2A).WhileGST-mPIP5K-
Ib bound to each phosphoinositide, albeit
with varying intensities, a distinct and strong
interaction of GST-mPIP5K-Ib with PA was
observed. These results support the hypothesis
that PA-activation ofmPIP5K-Ib ismediated by
direct binding to the enzyme.

The strong interaction between GST-mPIP5K-
Ib and PA was further characterized and titra-
tions of protein concentration against a constant
lipid amount indicated that the upper limit of the
linear range of the assay was reached at 0.5 mg of
GST-mPIP5K-Ib with higher protein amounts
leading to increased nonspecific binding (data
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not shown). To determine whether PA binds to a
specific site on GST-mPIP5K-Ib, dose response
and competition experiments were performed.
Decreasing amounts of PA used in the assay
resulted in reduced GST-mPIP5K-Ib-binding,
as indicated by the decrease in absorbance value
with decreasing PA concentration (Fig. 2B).
GST-mPIP5K-Ib-binding was saturated at 1 mg
ofPAandall further experimentswereperformed
under PA excess (2 mg of PA) to insure that GST-

PIP5K-Ib-binding was not limited by phospholi-
pid availability.

PA, as all phospholipids, has a hydrophobic
region composed of two fatty acids ester-linked
to glycerol, and a charged head group. Thus, we
hypothesized that specific PA-binding by
mPIP5K-Ib should involve both hydrophobic
and ionic interactions. In contrast, DAG-bind-
ing was expected to entail hydrophobic interac-
tions. To further characterize the interaction of
GST-mPIP5K-Ibwith PA, the ability of DAG or
PA to compete the binding of GST-mPIP5K-Ib
to PA-coated wells was tested (Fig. 2C). At a
concentration of 140 mM,, PA was sufficient to
inhibit binding of GST-mPIP5K-Ib to the immo-
bilized PA by over 90%, suggesting that GST-
mPIP5K-Ib specifically interacts with PA.
However, DAG (280 mM) only reduced PA-
binding of GST-mPIP5K-Ib by 40%. This low
but reproducible competition by DAG suggests
that hydrophobic interactions between GST-
mPIP5K-Ib and the hydrocarbon chains of the
acyl groups play a role in the PA binding.

The competition experiments presented
above suggested that PA-binding by GST-
mPIP5K-Ib was mediated by both ionic and
hydrophobic interactions. To further define the
molecular interactions betweenmPIP5K-Iband
PA, the GST-PIP5K-Ib-binding to PA was
examined in the presence of sodium pyropho-
sphate to probe ionic interactions. As shown in
Figure 3A, GST-mPIP5K-Ib-binding to PA
was initially diminished when incubated with
sodium pyrophosphate at a concentration of
0.83 mM but a much higher concentration of

Fig. 2. Specificity of lipid binding tomPIP5K-Ib. Panel A shows
the binding of various lipids by GST-mPIP5K-Ib. Phospholipids
were bound to a 96-well microtiter plate (2 mg/well) and the
ability of GST-mPIP5K-Ib to bind to the immobilized lipids was
determined using ELISA in which the secondary antibody
coupled to alkaline phosphatase. Lipid binding was monitored
by an increase in absorbance at 405 nm resulting from the
conversion of nitrophenylphosphate (PNPP) to p-nitrophenol. In
the control sample, no lipid was bound to the well of the
microtiter plate. Panel B shows the binding of GST-mPIP5K-Ib is
dependent on the amount of PA bound to the well as determined
by the ELISA assay. Panel C shows a competition assay in which
PA or diacylglycerol (DAG) competes with immobilized PA for
binding to GST-mPIP5K-Ib. In this assay, GST-mPIP5K-Ib was
pre-incubated with either PA or DAG prior to addition to the
microtiter plate containing immobilized PA (2 mg/well). The
control sample was not pre-incubated with either PA or DAG
prior to binding to immobilized PA. In panels A–C, the error
bars indicate the standard deviation for three independent
experiments.
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sodium pyrophosphate (112 mM) was required
to achieve a significant decrease in the PA-
binding by GST-mPIP5K-Ib. This biphasic
competition suggests that multiple domains
of GST-mPIP5K-Ib may interact with PA
through ionic interactions. PA-binding by
domain(s) mediated by weaker ionic interac-

tions would be competed at lower relative levels
of pyrophosphate while a high affinity domain
would bedisplaced bypyrophosphate only at the
highest concentrations.

Hydrophobic interactions mediating binding
of GST-mPIP5K-Ib to PA were further probed
by using synthetic PA derivatives prepared
with defined acyl chains. As shown in
Figure 3B, PA prepared with an acyl chain
length of 14 carbons effectively competed with
immobilized PA for binding toGST-mPIP5K-Ib.
PA derivatives containing fatty acids of
16 carbon and 18 carbon chains competed
GST-mPIP5K-Ib binding to the immobilized
PA, as effectively as, the PA with acyl chain
length of 14 carbons (data not shown).However,
purified DAGwas amore effective competitor of
PA-binding by GST-mPIP5K-Ib than either a
PA derivative composed of an eight-carbon
chain or lysophophatidic acid. In order to
examine the relationship between PA-binding
by GST-mPIP5K-Ib and PA-dependent activa-
tion of the kinase activity of GST-mPIP5K-Ib,
the ability of various PA-derivatives to acti-
vate the kinase activity of GST-mPIP5K-Ib
purified from 293T cell extracts was deter-
mined (Fig. 3C). The synthetic PA-derivatives
containing 14-carbons (DMPA), 16-carbons
(DPPA), or 18-carbons (DSPA) could compete

Fig. 3. Characterization of PA binding and activation of PIP5K-
Ib. Panel A shows a competition assay in which sodium
pyrophosphatewas pre-incubatedwithGST-mPIP5K-Ib. Binding
to immobilized PA was determined using the ELISA assay
described in Figure 1. Panel B shows a competition assay in
which the length of the fatty acid chain or identity of the polar
head group is altered. In this assay, lipids were pre-incubated
with GST-mPIP5K-Ib and an ELISA, performed as described in
Figure 1, was used to monitor the binding of GST-mPIP5K-Ib to
immobilized PA. Phospholipids used in this experiment are as
follows: PA14 is, 2-dimyristoyl-sn-glycero-3-phosphate, PA8 is
1,2-dioctanoyl-sn-glycero-3-phosphate, LPA14 is 1-myristoyl-2-
hydroxy-sn-glycero-3-phosphate, and DAG is diacylglycerol.
Panel C shows the activation of GST-mPIP5K-Ib by phospholi-
pids with varying fatty acid chain lengths and degree of
saturation. In this assay, the ability of GST-mPIP5K-Ib to catalyze
the formation of [32P]PI(4,5)P2 from PI(4)P and [32P]-g-ATP is
monitored. The fold stimulation is calculated relative to the
activity of GST-mPIP5K-Ib in the absence of non-substrate
phospholipid. Phospholipids used in the assay are as follows:
DAG is diacylglycerol; LPA is lysophosphatidic acid, DOPA is
1,2-dioctanoyl-sn-glycero-3-phosphate; DMPA is 1,2-dimyris-
toyl-sn-glycero-3-phosphate; DPPA 1,2-dipalmityl-sn-glycero-
phospahte; DSPA is 1,2, distearoyl-sn-glycero-3-phosphate;
DLPA is dilinoleoyl-sn-glycero-3-phosphate, DAPA is 1,2-
diarachidonoyl-sn-glycero-3-phosphate. In panels A–C, the
error bars indicate the standard deviation for three independent
experiments.
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for PA-binding by GST-mPIP5K-Ib, but these
molecules failed to activate kinase activity.
Interestingly, the incorporation of unsaturated
acyl chains into the PA, derivatives resulted in
molecules that could strongly activate the
kinase activity of GST-mPIP5K-Ib (DLPA).
Since activation of the kinase activity is depen-
dent upon both fatty acid chain length and
degree of saturation, the hydrophobic interac-
tions between mPIP5K-Ib and PA depend on
both acyl chain length and degree of fatty acid
saturation.

PA Specifically Binds to the C-Terminal
Region of mPIP5K-Ib

Sodium pyrophosphate competed PA-binding
by mPIP5K-Ib in a biphasic manner (Fig. 3A).
We hypothesized that this biphasic competition
was due to multiple PA-interacting sites within
the mPIP5K-Ib protein that bound PA with
differing affinities. To dissect the PA-binding
regionswithinmPIP5K-Ib,GST-fusionproteins
containing the N-terminal (GST-mPIP5K-
Ib1–237, GSTNH2) or C-terminal (GST-
mPIP5K-Ib239–546, GSTCOOH) of mPIP5K-Ib
were expressed inE. coli and affinity purified on
glutathione Sepharose. Figure 4A provides a
schematic diagram of the different GST-fusion
proteins used in this study. Both theN-terminal
and theC-terminal regions ofmPIP5K-Ibbound
to PA (Fig. 4B). However, GST-mPIP5K-Ib1–237
displayed lower binding to PA than GST-
mPIP5K-Ib239–546 or the full-length enzyme,
suggesting that the molecular interactions
mediating PA-binding to the N-terminal
domain were different from those involved in
binding the C-terminal domain.
To examine the characteristics of themultiple

PA-binding domains within mPIP5K-Ib, the
ability of sodium pyrophosphate or PA to
compete the binding of GST-mPIP5K-Ib, GST-
mPIP5K-Ib1–237, andGST-mPIP5K-Ib239–546 to
the PA-coated plates was compared. As
shown in Figure 4C,D, the binding through
the N-terminal domain (GST-mPIP5K-Ib1–237)
was competed equally with pyrophosphate
and PA, indicating that PA-binding through
the N-terminal domain may be mediated
primarily by ionic interactions. On the other
hand, only 0.25 mmol of PA was required to
decrease binding of GST-PIP5K-Ib239–546 by
90%, while 150 mmol of pyrophosphate was
required to compete the interaction of the C-
terminal domain by an equivalent amount.

Therefore, the C-terminal PA-binding domain
is likely responsible for the specific high affinity
interaction of mPIP5K-Ib with PA and the NH-
terminal domain binds primarily through ionic
interactions.

The identification of the C-terminal region as
the site of high affinity interactions with PA is
not surprising since this region of mPIP5K-Ib
mediates interactions with the phospholipid
substrate [Rao et al., 1998; Kunz et al., 2002].
The C-terminal domain of mPIP5K-Ib interacts
with PI(4)P through the activation loop to
determine substrate specificity and through
the catalytic loop to mediate the catalytic
activity of the enzyme. Thus, PA binding to the
C-terminal region could activate mPIP5K-Ib
activity via multiple mechanisms. To gain
further insight into the mechanism by which
PA activates the kinase activity of mPIP5K-Ib,
the C-terminal PA-binding domain of mPIP5K-
Ib was further dissected. Figure 5A provides a
schematic diagram of the GST-fusion proteins
comprising various regions of the C-terminal
region of mPIP5K-Ib and the relative binding
activity of the fusion proteins to PA in the
ELISA-based lipid-binding assay is given.
Two regions within the C-terminal region of
mPIP5K-Ib displayed PA-binding activity. One
region, denoted PA-binding 1 (PAB1), contains
the activation loop and the other region,
denoted PA-binding 2 (PAB2), contains a region
analogous to that proposed to bind PI(4)P in the
crystal structure of the type II enzyme
[Rao et al., 1998]. Additionally, PAB2 contains
the catalytic loopwith the catalytic aspartic acid
that serves as a weak base involved in the
phosphorylation reaction. The binding of the C-
terminal region, PAB1, and PAB2was analyzed
as a function of protein concentration (Fig. 5B).
The intact C-terminal region displayed the
highest affinity binding (Km¼ 15� 2 nM) and
both the individual PABdomains demonstrated
binding affinities lower than that of the entire
C-terminal region (Km for PAB1¼ 131� 11 nM
and Km for PAB2¼ 357� 31 nM). Thus, the
high affinity PA-interactions of the C-terminal
regionmay result from cooperation between the
domains or the lowered affinities of the isolated
domains may result from alterations to the
secondary structure of the protein. Thus,
high affinity PA-binding by mPIP5K-Ib is
too complex to be fully defined by using this
method and will require additional insight
into the protein structure of mPIP5K-Ib.
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These PA-binding studies suggest that the
binding of PA to mPIP5K-Ib entails multiple
domains with the C-terminal region. Further
insight into this complexity was provided by
examination of the concentration dependent
PA-activation of the kinase activity of GST-
mPIP5K-Ib, which was purified from 293T
cells (Fig. 5C). Interestingly, the plot of
GST-mPIP5K-Ib enzyme activity as a function
of PA concentration produced a sigmoidal
curve with a Hill coefficient of 2, strongly
suggesting that PA binds cooperatively to

mPIP5K-Ib. While it is not possible to distin-
guish between cooperative binding of PA to
monomeric mPIP5K-Ib or cooperative bin-
ding displayed between monomers of mPIP5K-
Ib dimers or higher order complexes, the obser-
vation that the C-terminal region contains
multiple PA-binding domains is intriguing.

PA Regulation of mPIP5K-Ib Kinase Activity

Initial characterization of mPIP5K-Ib indi-
cated that its activity is stimulated in vitro by
PA. To address the question of whether PA

Fig. 4. High affinity PA-binding by bacterially expressed GST-
mPIP5K-Ib is mediated by the C-terminal region of the protein.
Panel A is a schematic diagram of the regions of mPIP5K-Ib
expressed as GST-fusion proteins. The hatched areas represent
the N-terminal and C-terminal regions that are unique between
the type I PIP5K isoforms. Regions highly conserved between
type I and type II PIP kinases are shown as shaded boxes. Region I
corresponds to the ATP binding site, region II corresponds to a
putative PI4P-binding site, region III refers to the conserved
aspartic acid residue and region IV refers to the activation loop.
The amino acid residues for the beginning and ending of each
construct are given and are derived from the amino acid for
Genbank accession number D86177. Panel B shows the PA-
binding of the bacterially expressed GST-proteins described in
the Panel A. The proteins used in the binding assay are indicated

under the bars. Protein binding to PA (dark shaded bars), DAG
(light shaded bars) or control (no lipid, open bars) is indicated.
The total absorbance of the reactions is given along the Y-axis.
Panels C,D demonstrate that the C-terminal region of mPIP5K-Ib
specifically interacts with PA through ionic and hydrophobic
interactions. The ability of sodium pyrophosphate (C), or PA (D)
to compete the binding of GST5K, GSTNH2 and GSTCOOH to
PA-coated wells was tested. The concentrations of PA (C) and
sodium pyrophosphate (D) used in the competition experiments
are indicated on the X-axis and the absorbance values are
indicated on the Y-axis. PA binding by each of the bacterially
expressed proteins was set to 100 and relative binding in the
presence of the competitors was calculated. The data shown
represent the mean of a triplicate analysis for one representative
experiment.
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Fig. 5. Two domains within the C-terminal region of mPIP5K-Ib
mediate binding of GST-mPIP5K-Ib to PA. Panel A contains a
schematic representation of the regions of mPIP5K-Ib expressed as
GST-fusion proteins in bacteria, purified, and used in the ELISA
lipid binding assay. For reference, the full-length protein is shown
and annotated as in Figure 4. The N- and C-terminal boundaries of
each region ofmPIP5K-Ib expressed as aGST-fusion are given. The
ability of each region to bind PA in the ELISA lipid binding assay is
indicated by the subjective use ofþþþ for strong binding andþ for

modest binding. Panel B shows the binding affinity of GST-COOH
is higher than either PAB1or PAB2. The kinetic study of PA-binding
by the isolatedGST-fusion proteinswas performedusing the ELISA-
based lipid-binding assay with the concentration of GST-fusion
proteins shown on the x-axis. Panel C: Phosphatidic acid activates
the kinase activity of recombinant GST-mPIP5K-Ib purified from
293T cells with sigmoidal kinetics. Constant amounts of GST-
mPIP5K-Ib were used in in vitro kinase assays employing the
various concentrations of PA that are indicated along the X-axis.



regulates the affinitywithwhichPI(4)P binds to
mPIP5K-Ib or the rate at which mPIP5K-Ib
catalyzes the conversion of PI(4)P to PI(4,5)P2,
the substrate dependence for the synthesis of
PI(4,5)P2 was monitored in the presence and
absence of phosphatidic acid under steady state
conditions. Like other phospholipids, PI(4)P
forms a micelle in the presence of water when
its concentration exceeds the critical micelle
concentration (CMC). Since mPIP5K-Ib phos-
phorylates membrane bound PI(4)P in vivo, it is
likely that it also phosphorylates PI(4)P at the
surface of the micelle in vitro. Furthermore,
although PI(4)P is soluble at concentrations
below itsCMC, the presence of small aggregates
cannot be ruled out. Therefore, kinetic analysis
of mPIP5K-Ib activity over a range of PI(4)P
concentrations would be difficult to interpret
due to the presence of both soluble PI(4)P and
PI(4)P micelles. To overcome this problem,
Triton X-100 was used to solubilize all phospho-
lipids. Optimal PA-stimulation of type I PIP5K
activity has been previously shown to occur in
the presence of TritonX-100 [Moritz et al., 1992;
Jenkins et al., 1994].

The rate for PI(4,5)P2 production was deter-
mined by monitoring the incorporation of
[32P]ATP into PI(4)P. A plot of the initial rate
versus the total concentration of PI(4)P exhibits
sigmoidal kinetics (Fig. 6A). In addition, above
150 mM PI(4)P, there is a decrease in the initial
rate, suggesting the presence of substrate

inhibition. Attempts to fit the experimental
data to a modified Hill equation that incorpo-
rates uncompetitive substrate inhibition were
unsuccessful both in the absence and the
presence of PA, (Fig. 6, Panels A and B).
Similarly, attempts to fit the data to a Hill
equation that incorporates noncompetitive
substrate inhibition were also unsuccessful
(data not shown). The inability of the direct
binding model to account for the observed
kinetics led us to consider the possibility that
catalysis of PI(4)P phosphorylation follows the
surface dilution kinetics model proposed by
Hendrickson and Dennis [Hendrickson and
Dennis, 1984]. In this model, there is an initial
nonspecific binding of the enzyme to the surface
of themicelle, followed by the specific binding of
the phospholipid substrate. It is assumed that
there is a rapid equilibrium between protein in
solution and protein bound to the micelle. The
rate of catalysis depends on the ability of the
enzyme to bind substrate after it has bound to
the micelle. In other words, it is the effective
concentration of the substrate at the surface of
the micelle, not the total substrate concentra-
tion that determines the rate. The effective
concentration of PI(4)P at the surface of the
micelle was calculated according to Equation 5
and the initial rate of PI(4,5)P2 production
versus the effective concentration of PI(4)P
([PI(4)Pe]) was plotted. The data were fit to a
modified Michaelis–Menten equation that

Fig. 6. PA increases the affinity of mPIP5K-Ib for PI(4)P. The
activity of mPIP5K-Ib towards PI(4)P/Triton X-100 mixed
micelles was determined in the absence (filled circles) and
presence (open circles) of 100 mM PA. In Panel A, the data are fit
to a Hill equation, where the enzyme is assumed to initially
interact directly with the PI(4)P substrate (eq. 1). The concentra-

tion of [PI(4)P] corresponds to the total concentration of PI(4)P. In
Panel B, the data are fit to a model in which the enzyme is
assumed to initially bind to the lipid micelle, then subsequently
bind the PI(4)P substrate (Eq. 2). In this model, the concentration
of PI(4)P corresponds to its concentration in the lipidmicelle (i.e.,
the effective concentration).
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incorporates uncompetitive substrate inhibi-
tion (Eq. 2). This model produced a curve that
fit the data points except at the highest
substrate concentrations. Although the calcula-
tions based on this model must be interpreted
cautiously due to variation at high PI(4)P
concentrations, it appears that the addition of
PA to the reaction increases the affinity for the
binding of PI(4)P to the active site ofmPIP5K-Ib
by nearly 70-fold (Fig. 6B, Table I). In contrast,
PA appears to have little effect on the affinity
withwhich PI(4)P binds to the inhibitory site on
PIP5K-Ib (Table I). Similarly, the PA does not
appear to significantly alter the kcat for the
enzyme (Table I).

DISCUSSION

In addition to its canonical role as theprecursor
of the second messengers diacylglycerol and
inositol-(1,3,5)-trisphosphate, PI(4,5)P2 is known
to regulate the activity and localization of pro-
teinsinvolvedinactinpolymerization,vesicletraf-
ficking, and endocytosis. Coordination of these
signaling events requires both temporal and spa-
tial regulation ofPI(4,5)P2 synthesis.Although, it
has been shown that PIP5KI activity is stimu-
lated by phosphatidic acid in vitro, the mechan-
ism of phosphatidic acid-mediated regulation of
PIP5K-Ib activity or its role in the spatial and
temporal regulation of PI(4,5)P2 synthesis has
not been determined.
Previous work clearly implicated PA and

PI(4,5)P2 in the regulation of actin polymeriza-
tion [Cross et al., 1996; Shibasaki et al., 1997;
Ishihara et al., 1998; Rozelle et al., 2000]and
this present study suggests that phospholipase
D and PIP5Ks act in a common pathway to
regulate actin stress fiber formation. This
conclusion is supported by evidence of an
interdependent relationship between PA pro-
duction by phospholipase D isoforms and
PI(4,5)P2 production by the type I PIP5Ks in
the regulation of endocytosis and in response to

the small G-protein ARF6 [Arneson et al.,
1999; Divecha et al., 2000]. Since, type I PIP5K
activity is stimulated by PA and PI(4,5)P2
activates phospholipase D, a positive feedback
loop is potentially formed between these
enzyme families. In support of these observa-
tions, recent studies in Dictyostelium identified
a requirement of phospholipase D production of
PA for the regulation of the actin cytoskeleton
and linkedPAproduction toPI(4,5)P2 synthesis
[Zouwail et al., 2005]. Thus, the observation
that PA regulates type I PIP5K activity to
control actin stress fiber formation in NIH 3T3
cells provides substantiating evidence for this
interdependent relationship between phospho-
lipase D and type I PIP5Ks.

Since the identification of PA as a potent
activator of the type I PIP5Ks [Moritz et al.,
1992; Jenkins et al., 1994], studies of the
PA-dependent activation of PIP5Ks have con-
centrated more on cell biology and less on
biochemistry. PA binding by mPIP5K-Ib
employs both electrostatic and hydrophobic
interactions. Such complex interactions are
not surprising since the crystal structure of
the related type II PIP kinase suggests that
membrane interactions are mediated by elec-
trostatic interactions over a large face of
the protein [Rao et al., 1998]. Hydrophobic
interactions with PA not only determine the
ability of mPIP5K-Ib to bind the lipid but also
the ability of the lipid to activate mPIP5K-Ib
kinase activity. While PA derivatives contain-
ing fatty acids composed of 14 carbons or longer
are sufficient to bind mPIP5K-Ib, efficient
activation of mPIP5K-Ib kinase activity also
required that the fatty acids are unsaturated.
Interestingly, PA generated by phospholipaseD
activity in vivo predominantly contains mono-
unsaturated and di-unsaturated fatty acids
[Pettitt et al., 2001]. Thus, the PA-binding and
activation ofmPIP5K-Ib observed in our studies
reflects the structure of PA generated in vivo.

Few PA-binding domains have been identi-
fied and mPIP5K-Ib does not display sequence
similarities to proteins with defined PA-binding
domains. Two PA-binding domains (PAB1 and
PAB2) were identified within the C-terminal
domain. Both domains were associated with
areas implicated in substrate binding, PAB1 fell
within the activation loop and PAB2 contains
regions implicated in PI(4)P binding and cata-
lysis inferred from the crystal structure of the
related type II PIP kinase [Rao et al., 1998].

TABLE I. Kinetic Parameters ofmPIP5KI-ba

Kd
PA(4)Pe Ki

PA(4)Pe kcat

mM mM min�1

� PA 134 (� 5) 2.4 (� 0.5) 16.4 (� 0.6)
þ PA 2.0 (� 0.5) 4.2 (� 0.8) 17 (� 1)

aThe standard deviations for three independent experiments
are indicated in parentheses.
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However, the isolated PA-binding domains
displayed binding affinities much lower than
the full C-terminal region suggesting that high
affinity interactions require secondary struc-
ture features inherent to a properly folded
protein. Thus, further dissection of the
mPIP5K-Ib PA-binding domain will require
more sophisticated analysis of the structure of
the protein.

Analysis of the effect of PA on PIP5K-Ib
activity is complicated by both the sigmoidal
nature of enzyme activity with respect to total
concentration of PI(4)P and the inhibition of
PIP5K-Ib activity by the substrate of the
reaction, PI(4)P. The sigmoidicity for the
[PI(4)P] versus initial rate plot is eliminated
when the effective concentration of PI(4)P is
used inplace of the total concentration ofPI(4)P.
These results are consistent with mPIP5K-Ib
following the surface dilution model described
by Hendrickson and Dennis in which the
enzyme initially binds to the micelle in a
nonspecific manner, then subsequently binds
the substrate of the reaction [Hendrickson and
Dennis, 1984]. In this model, the rate at which
the enzyme binds substrate is dependent on the
concentration of the substrate in the micelle
(i.e., the effective concentration), not the total
concentration of substrate in solution (since the
enzyme only binds substrate after it is bound to
themicelle). The inhibition of PIP5K-Ib activity
at high substrate concentrations can be
explained using an uncompetitive inhibition
model in which the substrate of the reaction,
PI(4)P, also inhibits the enzyme. Although
there are some discrepancies at high PI(4)P
concentrations, the uncompetitive inhibition
model fits the data reasonably well.

The inhibition of mPIP5K-Ib by the PI(4)P
substrate is consistentwith amodelwhich there
are two binding sites for PI(4)P in PIP5K-Ib,
one ofwhich inhibits the rate atwhich theactive
site catalyzes the conversion of PI(4)P to PI
(4,5)P2. However, this model does not distin-
guish between inhibition arising from the
presence of an inhibitory binding site in the
mPIP5K-Ib monomer and inhibition mediated
by PI(4)P binding to the catalytic site on the
monomer. Crystallographic studies of the rela-
ted type II phosphatidylinositol phosphate
kinase suggest that mPIP5K-Ib is dimeric with
the monomers oriented such that the active site
of one monomer faces the membrane and the
active site of the other monomer is solvent

exposed [Rao et al., 1998]. This is consistent
with functional analysis of the conserved
domains, which suggest that mPIP5K-Ib con-
tains multiple dimerization domains [Galiano
et al., 2002]. Thus, substrate binding to one
catalytic site on the dimer could result in
inhibition of the other catalytic site. Identifica-
tion of the mechanism of substrate inhibition
will require additional studies aimedat defining
PI(4)P binding sites in mPIP5K-Ib and struc-
tural studies to define the effects of substrate
binding on the structure of the mPIP5K-Ib
dimer.

Although PA appears to affect the Vmax of
mPIP5K-Ib, analysis of the Km and kcat values
indicates that phosphatidic acid exerts its
effects by increasing the affinity of the active
site for PI(4)P and not through changes in the
kcat value. The apparent decrease in Vmax is
actually due to substrate inhibition by PI(4)P.
In the absence of PA, the inhibitory constant is
50-fold smaller than the Michaelis constant for
PI(4)P (Ki

PI(4)P¼ 2.4 mM vs. Km
PI(4)P¼ 134 mM).

As a result, even at low substrate concentra-
tions, when the enzyme has little PI(4)P bound
to the active site, there is a significant amount of
substrate inhibition. For example, at 5 mM
PI(4)P, only 3.6% of the active site has substrate
bound to it, while 68% of the inhibitory binding
site contains bound substrate. The addition of
PA increases the affinity with which the active
site of mPIP5K-Ib binds PI(4)P by 67-fold. This
results in a larger proportion of the enzyme
containing PI(4)P bound at the active site at
low substrate concentrations. In addition, the
affinity with which PI(4)P binds to the inhibi-
tory site is decreased almost twofold by PA. The
combination of these factors result in the
increased activity observed for mPIP5K-Ib at
low concentrations of PI(4)P when PA is
present. For example, at 5 mM PI(4)P, in the
presence of PA, approximately 70% of the active
site will contain bound substrate, while only
54% of the inhibitory site will contain PI(4)P.

While PA activation of mPIP5K-Ib has been
observed, this study is the first attempt to
describe themechanism throughwhichPAacts.
In the course of these studies, we provide
evidence that mPIP5K-Ib binds substrate
through a surface dilution kinetic model and
that mPIP5K-Ib displays substrate inhibition.
Although limited analyses of the type I PIP5K
enzyme kinetics have been performed, previous
studieshave failed to identify these attributes of
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type I PIP5K activity. The studies described in
this reportwere performed over abroad range of
substrate concentrations allowing the substrate
dependence of mPIP5K-Ib activity to be more
fully elucidated.
The substrate inhibition exhibited bymPIP5K-

Ib has potential biological consequences. In
particular, inhibition of mPIP5K-Ib by PI(4)P
mayprovide a convenientmechanism for regulat-
ing PI(4,5)P2 production. Numerous studies
have defined enrichment of phosphoinositdes in
discrete microdomains [Botelho et al., 2000;
Rozelle et al., 2000; Bodin et al., 2001; Caroni,
2001; Marshall et al., 2001; Miaczynska and
Zerial, 2002; Zhuang et al., 2002]. Localization of
PI to membrane rafts and other microdomains
may be protein mediated or a characteristic of PI
since phosphatidylinositol monophosphates
will form microdomains spontaneously in vitro
[Redfern and Gericke, 2004]. One consequence of
the microdomains is that the PI-modifying
enzymes are exposed to high local substrate
concentrations. Thus, substrate inhibition repre-
sents a mechanism to limit the activity of
mPIP5K-Ib in the unstimulated state. In this
scenario, mPIP5K-Ib is primed to transmit an
intracellular signal (through the production of
PI(4,5)P2) but is held in check until an activating
signal such as an increase in PA occurs. In effect,
substrate inhibition allows the enzyme to be
literally surrounded by substrate, yet unable to
efficiently process it until the activating signal is
received.
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