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Phosphatidic acid (PA) is one of the major phospholipids in
the plasma membrane. Although it has been reported that PA
plays key roles in cell survival and morphology, it remains
unknown when and where PA is produced in the living cell.
Based on the principle of Forster resonance energy transfer
(FRET), we generated PA biosensor, and named Pii (phospha-
tidic acid indicator). In these biosensors, the lipid-binding
domain of DOCK?2 is sandwiched with the cyan fluorescent pro-
tein and yellow fluorescent protein and is tagged with the
plasma membrane-targeting sequence of K-Ras. The addition of
synthetic PA, or the activation of phospholipase D or diacylglyc-
erol kinase at the plasma membrane, changed the level of FRET
in Pii-expressing cells, demonstrating the response of Pii to PA.
The biosensor also detected divergent PA content among vari-
ous cell lines as well as within one cell line. Interestingly, the
growth factor-induced increment in PA content correlated neg-
atively with the basal PA content before stimulation, suggesting
the presence of an upper threshold in the PA concentration at
the plasma membrane. The biosensor also revealed uneven PA
distribution within the cell, i.e. the basal level and growth factor-
induced accumulation of PA was higher at the cell-free edges
than at the cell-cell contact region. An insufficient increase in
PA may account for ineffective Ras activation at areas of cell-cell
contact. In conclusion, the PA biosensor Pii is a versatile tool for
examining heterogeneity in the content and distribution of PA
in single cells as well as among different cells.

Like that of other phospholipids, the regulation of phospha-
tidic acid (PA)® homeostasis is not simple, in part because PA
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can be a precursor or product of a number of metabolic path-
ways, and in part because several enzymes are involved in the
production of PA. Two major precursors of PA are phosphati-
dylcholine and diacylglycerol (DAG), which are the substrates
of phospholipase D (PLD) and DAG kinases, respectively (1).
The produced PA is then dephosphorylated by PA phospha-
tases to yield DAG, or hydrolyzed by phospholipase A to yield
lyso-PA.

In mammalian cells, there are two major PLDs, PLD1 and
PLD2, which are distinct from each other in terms of both over-
expression and knock-down phenotype (2). In addition, PLD1
and PLD2 differ strikingly in subcellular localization (3). Such
observations have suggested that the PA generation in different
subcellular membrane compartments is regulated by different
PLDs and that the PA in different subcellular compartment
regulates different cellular functions. Similarly, mammalian
DAG kinases comprise an extended family with 10 members
classified into five different subtypes with different regulatory
domains (4).

Biochemical methods such as the radioisotopic labeling of
phosphate or fatty acids have been used to measure cellular PA
content. However, spatial information cannot be obtained
though this approach. To overcome this problem, the yeast
t-SNARE Spo20 (5), mammalian Rafl kinase (6), the Racl
exchange factor DOCK2 (7), and the Ras exchange factor SOS1,
all of which bind specifically to PA using relatively compact PA
binding domains, have been developed as biosensors (8 —10).
For example, upon growth factor stimulation, the GFP-fused,
PA-binding SOS1 PH domain translocates from the cytoplasm
to bind to PA at the plasma membrane (11). The possible draw-
back of this method is its dependence on the intracellular con-
centration of the biosensors; either an excess or a shortfall may
hamper the detection of translocation from the cytoplasm to
PA-containing membrane surfaces. It is also suggested that a
location with a high surface to volume ratio, such as the mem-
brane ruffles, provides pseudo-positive signals even when the
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lipid distribution is uniform (12). Therefore, GFP-tagged
probes require appropriate negative controls and quantitative
analysis (13).

Based on the principle of Forster (or Fluorescence) reso-
nance energy transfer (FRET), we and others have developed
biosensors for various types of phosphoinositides and DAG to
visualize their spatio-temporal regulation (13-16). Here, we
have expanded this technique to develop a FRET biosensor for
PA. Using this biosensor, we found that Ras activation in
response to the presence of growth factor correlates very well
with the PA response. Importantly, the response of PA to
growth factor is inversely correlated with the basal PA content,
which is divergent among different cell types.

EXPERIMENTAL PROCEDURES
Reagents

The following reagents were purchased for use in this study:
synthetic PA, 1,2-dioctanoyl-sn-glycero-3-phosphate (Avanti
Polar Lipids, Inc., Alabaster, AL), normal butyl alcohol (#-BtOH),
and tertial-BtOH (£-BtOH) (Sigma-Aldrich), 5-fluoro-2-indolyl
des-chlorohalopemide (FIPI; Sigma-Aldrich), epidermal growth
factor (EGF; Sigma-Aldrich), platelet-derived growth factor-BB
(PDGF; BD Biosciences), and rapamycin (LC Laboratories,
Woburn, MA).

FRET Biosensors and Plasmids

Plasmids for the FRET-based monitors were constructed
essentially as described previously (14, 17). The FRET biosensor
for PA, Pii, consisted of CFP (amino acids 1-237), a spacer
(Glu-Ala-Ala-Ala-Arg),, Arabidopsis thaliana TGD2 (amino
acids 119-381) (18), the PH domain of mouse SOS1 (amino
acids 423-551) or the C-terminal region of human DOCK2
(amino acids 1614—-1830), a spacer (Glu-Ala-Ala-Ala-Arg),-
Gly-Gly-(Glu-Ala-Ala-Ala-Arg),, YFP (amino acids 1-237), a
spacer (Glu-Ala-Ala-Ala-Arg),, and the C-terminal region of
K;-Ras4B (amino acids 169 —188). The remaining FRET biosen-
sors used in this study were DIGDA, Raichu-Ras (Raichu-
146X), and Picchu-X, all of which have been described previ-
ously (16, 17, 19). The plasmid coding rat diacylglycerol kinase
v (rDGKy) was a gift from Dr. Naoaki Saito (20), and pERed-
NLS-LDR (Lyn,,-targeted FRB) was described previously (21).
Either the full-length rDGK<y or the kinase domain (amino
acids 423-788) of rDGKy was cloned to pCX4bsr-3HA-FKBP.
To manipulate PLD activity, pERedMito-3HA-FKBP-mPLD2-
dN-stop (deletion of N-terminal amino acids 1-308) (22), as
well as its catalytically inactive mutant, pERedMito-3HA-
FKBP-mPLD2-dN-K758R-stop, were constructed (23).

Cell Culture and Transfection

NIH3T3 and MDCK cells were purchased from the RIKEN
Gene Bank (Wako-shi, Japan). NIH3T3, HeLa (a gift from
Dr. Giorgio Scita), and COS7-E3 (denoted hereafter as COS7)
cells were maintained in Dulbecco’s modified Eagle’s medium
(Sigma-Aldrich) supplemented with 10% fetal bovine serum
(FBS; Equitech-Bio Inc., Kerrville, TX), 100 units/ml penicillin,
and 100 pg/ml streptomycin in 5% CO, at 37 °C. MDCK cells
were cultured in minimal essential medium (MEM) containing
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Earle’s balanced salt solution (Invitrogen) supplemented with
10% FBS, 3% L-glutamate, 1 mM pyruvate, 100 unit/ml penicil-
lin, and 100 ug/ml streptomycin in 5% CO, at 37 °C. For the
transient expression studies, cells were transfected using Poly-
fect (Qiagen, Hilden, Germany) or 293Fectin (Invitrogen). Cells
were analyzed at 24 —48 h after transfection.

FRET Imaging

FRET imaging was performed essentially as described previ-
ously (24). Briefly, cells plated on a collagen-coated, 35-mm-
diameter, glass-base dish (Asahi Techno Glass, Chiba, Japan)
were imaged every 1 min on an IX81 inverted microscope
(Olympus, Tokyo, Japan) equipped with a laser-based autofo-
cusing system, IX2-ZDC, and an automatically programmable
XY stage, MD-XY30100T-Meta, which allowed us to obtain the
time-lapse images of several view fields in a single experiment.
For dual-emission ratio imaging of the intramolecular FRET
biosensors, we used the filter sets described below and obtained
images for CFP and FRET. After the background subtraction
had been carried out, the FRET/CFP or CFP/FRET ratio was
depicted using MetaMorph software (Molecular Devices,
Sunnyvale, CA), and the resulting image was used to represent
FRET efficiency. Cells were illuminated with a 75-W xenon
lamp through a 6-25% ND filter (Olympus) and a 60 X oil
immersion objective lens (PlanApo 60X/1.4). The exposure
time was 0.2—0.5 s when the binning of the cooled charge-
coupled device camera Cool SNAP-HQ (Roper Scientific,
Trenton, NJ) was set to 4 X 4. The ratio images of FRET/CFP or
CFP/FRET were created with MetaMorph software and were
used to represent the efficiency of the FRET.

Filters and Mirror Settings

ZDCI Microscopy—For CFP, we used as exciter, 440AF21
(Omega Optical, Brattleboro, VT); dichroic mirror, 86006bs
(Chroma, Bellows Falls, VT); and emitter, XF3075 480AF30
(Omega Optical). For FRET, we used as exciter, 440AF21; dich-
roic mirror, XF2034 (Omega Optical); and emitter, XF1019
535AF26 (Omega Optical).

ZDC2 Microscopy—For CFP, we used as exciter, XF1071
440AF21 (Omega Optical); dichroic mirror, FF444/521/608
(Semrock, Rochester, NY); and emitter, XF3075 480AF30
(Omega Optical). For FRET, we used as exciter, XF1071
440AF21; dichroic mirror, XF2034; and emitter, XF3079
535AF26 (Omega Optical). For RFP, we used as exciter, FFO1-
589/15 (Semrock); dichroic mirror, XF2052 (Omega Optical);
and emitter, FF01-632/22 (Semrock).

RESULTS

Development of a PA Indicator, Pii—To investigate the spa-
tio-temporal dynamics of PA, we developed a FRET-based
monitor that we refer to as Pii, based on previously described
Pippi and DIGDA biosensors, for phosphoinositides and DAG,
respectively (14, 25, 16). The Pii biosensors consist of CFP, a PA
binding domain, a glycine linker, YFP, and the farnesylation
signal of K-Ras4B (Fig. 14). PA has been shown to bind to a
number of structurally unrelated, basic amino acid-rich
domains (26). From these, we selected the PA binding domain
of TGD2, the PH domain of SOS1, and the C-terminal PA bind-
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FIGURE 1. Development of FRET biosensors of PA. A, schematic representation of a monitor of phosphatidic
acid (Pii). YFP and CFP denote a yellow-emitting mutant of GFP and cyan-emitting mutant of GFP, respectively.
K-Ras4B-CT indicates the C-terminal region of K-Ras4B. PA is generated from phosphatidylcholine by PLC or
from DAG by DAG kinase. By a reversal of the process, phosphatidic acid phosphohydrolase (phosphatase)
generates DAG from PA. B, schematic representation of the monitor for DAG (DIGDA). Gly-Gly indicates glycine-
glycine linker. The C1 domain of PKCpIl was utilized as the DAG binding domain. In this biosensor design, the
FRET level will increase when the biosensor recognizes DAG. C, COS7 cells transfected with pPii-DK. Twenty-
four hours later, the cells were serum-starved, stimulated with synthetic PA:1,2-dioctanoyl-sn-glycero-3-phos-
phate (200 nm), and observed by fluorescent microscopy. CFP (ex 440 nm/em 480 nm) and FRET (ex 440 nm/em
530 nm) images were obtained every 1 min with a time-lapse epifluorescent microscope. After recordings were
made, the ratio of CFP to FRET was calculated by MetaMorph software. At the same time, phase images were
obtained. The net intensities of CFP and FRET in each cell were measured to calculate the averaged emission
ratio (CFP/FRET). The CFP/FRET ratio was normalized by the average value at 0 min. The bar graph shows the
averaged highest CFP/FRET values within 15 min after the addition of PA. Pii-DK-9A contains a 9 alanine-
substituted DOCK2-C-terminal region, and was used as a negative control for Pii-DK. Pii-DK was incubated with
PBS, the solvent for PA. Error bars indicate the S.D. n = 15 (Pii-DK+PA), 6 (Pii-DK-9A+PA), and 5 (Pii-DK+PBS).
The asterisk indicates statistical significance, determined by t test analysis: p < 0.01 (versus cells expressing the
mutant biosensors treated with PA, or versus cells expressing WT biosensor treated with PBS).

ing domain of DOCK2 (18, 11, 7) to construct Pii-TGD, Pii-SS,
and Pii-DK, respectively. In the early course of the experiments,
we discarded Pii-TGD because Pii-SS and Pii-DK performed
better than Pii-TGD in terms of the response to PA.

To begin characterizing the sensors, COS7 cells expressing
Pii-SS and Pii-DK were incubated with 200 nm synthetic PA
(1,2-dioctanoyl-sun-glycero-3-phosphate). In the previously
developed DIGDA, when the PH domain binds to the lipid of
interest on the cell membrane, the CFP is brought in close prox-
imity to the YFP, increasing the level of FRET (Fig. 1B) (16).
Unlike the FRET efficiency of DIGDA, that of Pii-SS and Pii-DK
(as represented by FRET/CFP) unexpectedly decreased upon
the addition of PA (Fig. 1C and supplemental Fig. S14). In other
words, the FRET efficiency of Pii showed an inverse correlation
with the amount of PA at the plasma membrane. Therefore, we
will hereafter express the amount of PA by the CFP (475-nm
fluorescence)/FRET (530-nm fluorescence) ratio. To examine
the specificity of the response, we prepared two negative con-
trols: a truncated SOS-PH domain (amino acids 445-544) was
used in Pii-SS-tr. In Pii-DK-9A, the 9 amino acids in the critical
lipid binding motif were replaced with alanine (7). As expected,
the FRET level of cells expressing these two mutants did not
change as efficiently as that of cells expressing Pii-SS or Pii-DK
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at the plasma membrane, we next
examined the response of Pii upon
an acute increase in endogenous
PA. For this purpose, we utilized
a rapamycin-inducible membrane
translocation system (21, 27). We
sought to increase the level of PA
through activation of either PLD or
DGK, the roles of which in PA
metabolism are depicted in Fig. 14.
FKBP-PLD2 and FKBP-DGK were
constructed as fusion proteins con-
taining the mouse N terminus-trun-
cated PLD2 (22) or full-length
rDGKv1 (20), respectively, and the
FKBP. HeLa cells were co-trans-
fected with FKBP-PLD2 or FKBP-DGK together with FRB
fused to a plasma membrane-targeting signal. Upon the addi-
tion of rapamycin (i.e. the heterodimerizer of FKBP and FRB),
FKBP-PLD2 and FKBP-DGK were recruited to the plasma
membrane, increasing the level of production of PA. As shown
in Fig. 2A, wild-type PLD2, but not a catalytically inactive
mutant allele (K758R), increased the CFP/FRET ratio of Pii-DK.
Similarly, wild-type DGK, but not an inactive truncated
mutant, increased CFP/FRET in Pii-DK-expressing cells (Fig.
2B), suggesting that Pii-DK can detect changes in endogenous
PA in real time at the plasma membrane. Similarly, cells
expressing Pii-SS showed an increase in the CFP/FRET ratio
upon endogenous PA production (supplemental Fig. S1, B and
C). To validate this approach further, HeLa cells co-expressing
FKBP-DGK, PM-FRB, and DIGDA, a FRET probe for DAG,
were stimulated similarly with rapamycin. As shown in Fig. 2C,
the FRET/CEP level representing the amount of DAG
decreased upon rapamycin treatment. The time course of the
decrease in DAG correlated inversely with the time course of
the increase in PA, indicating that rapamycin-induced translo-
cation of DGK to the plasma membrane resulted in phosphor-
ylation of DAG to produce PA there. To exclude the possibility
that the probe is recognizing PI(4,5)P,, COS cells expressing

PA PA

PBS
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FIGURE 2. Characterization of the FRET biosensor for PA. A and B, Hela
cells were transfected with expression plasmids for Pii-DK, FKBP-truncated
PLD2 (A), or FKBP-DGK'y (B), and membrane-targeted FRB. Forty hours after
transfection, cells were treated with a heterodimerizer (50 nm rapamycin,
denoted as rap) at 0 min (closed arrowheads) and observed using epifluores-
cent microscopy. The net intensities of CFP and FRET in each cell were mea-
sured to calculate the averaged emission ratio (CFP/FRET). The CFP/FRET ratio
was normalized by the average value before stimulation. Results were
obtained with the wild-type PLD2 (denoted as WT, open circles,n = 9) and a
catalytically inactive (K758R) PLD2 mutant allele (mut, n = 6, filled diamonds).
B, results for wild-type DGKry (open circles, n = 10) and a truncated (amino
acids 423-788) DGKy mutant allele (mut, filled diamonds, n = 12) are shown.
Error bars indicate S.D. C, experiments were performed as in B, with the excep-
tion that DIGDA, a FRET biosensor for DAG, was used instead of Pii-DK. The
same number of samples of full-length (open circles, n = 9) or short (filled
diamonds, n = 9) rat DGKry and ERed-NLS-LDR were processed as described in
B. Error bars indicate S.D.

Pii-DK or Pippi-PI(4,5)P, were treated with phenylarsine oxide,
which inhibits conversion of phosphatidylinositol to PI(4)P
(16). Although PI(4,5)P, was decreased within 1 min upon phe-
nylarsine oxide treatment, the CFP/FRET ratio for Pii-DK was
not detectably affected by the phenylarsine oxide treatment
(supplemental Fig. S2B). Propranolol, which inhibits type I PA
phosphohydrolase activity (15), rapidly increased the CFP/
FRET of Pii-DK, confirming that Pii-DK recognizes endoge-
nous PA in the living cells (supplemental Fig. S2C)

PA Production upon Growth Factor Stimulation—To exam-
ine the spatio-temporal regulation of PA distribution in the
plasma membrane, COS7 cells were expressed with Pii-DK,
stimulated with EGF, and time-lapse-imaged (Fig. 3). Upon
EGF stimulation, the amount of PA increased rapidly at the
plasma membrane, especially at the lamellipodia (Fig. 34), and
then reached the maximum at 5 min after stimulation, after
which it decreased gradually to the basal level within 30 min
(Fig. 3B). Such changes in CFP/FRET were not observed in

35982 JOURNAL OF BIOLOGICAL CHEMISTRY

A 0 min 2 min D
[ 1.4 EGF
& = 2 1.06 Y cos
= B 104
& N T
<) 09 © @ 1.02
Ew
< - Zo E 1.00
of G 0.98 —— . .
£6 5 0 10 20
time (min)
B —Pii-DK EGF
o 1.08 = Pii-DK-9A 2 1,064 Y HelLa
o ® o ®
8= 1.04 8 = 1.04
s HEJ g & 1.02
s g 1.00 5 & 1.00
s 5 098
1) I 5 0 10 20
40 0 10 20 30 time (min)
Time (min) PDGF
. * % 1064 Y NIH3T3
o = 1.08q o 8
28 o & 1044
SE g& 1.02
o¢ 104 55 1.004
T
o a 1.0 Z5 098 :
€S 1.00 5 0 10 20
Pii-DK Pii-DK-9A time (min)
¢ ) EGF
o 1081 mevdla E'GF S 766 Y MDCK
= ] - ®
5 & 1.06 B E 401
N = NE
< 1y 1.041 T W 102
£ X 40l EX
Ew 1.02 5% 1.00
2 £ 1.00] zi
S o 0.98 = = =

0.98 time (min)

5 0 5 10 15 20
Time (min)
FIGURE 3. PA production upon stimulation by various growth factors.
A, COS7 cells were transfected with pPii-DK. Twenty-four hours later, the cells
were serum-starved, stimulated with EGF (50 ng/ml), and observed by fluo-
rescent microscopy. CFP (ex 440 nm/em 480 nm) and FRET (ex 440 nm/em
530 nm) images were obtained every 1 min with a time-lapse epifluorescent
microscope. After recordings were made, the CFP/FRET ratio was calculated
using MetaMorph software. The calculated FRET efficiency is differentiated by
color in intensity-modulated display (IMD) modes shown at the right. The
upper and lower limits of the ratio range are also shown at the right of the
panel. B, COS cells were transfected with pPii-DK or -DK-9A. Twenty-four
hours later, the cells were serum-starved, stimulated with EGF (50 ng/ml), and
observed by fluorescent microscopy. The net intensities of CFP and FRET in
each cell were measured to calculate the averaged emission ratio (CFP/FRET).
The CFP/FRET ratio was normalized by the average value before stimulation.
Theresults obtained using the wild-type DOCK2-C-terminal region are shown
in red (Pii-DK, n = 4). The biosensor containing the 9 amino acid substitution
in the DOCK2-C-terminal region was used as a negative control (Pii-DK-9A,
shown in blue, n = 3). Error bars indicate the S.D. The bar graph (below) shows
the averaged highest CFP/FRET values after EGF stimulation. The asterisk indi-
cates statistical significance, determined by t test analysis. *, p < 0.05 (versus
cells expressing the mutant biosensor). C, COS7 cells expressing Pii-DK were
stimulated with medium at 0 min (white arrowhead) and EGF (50 ng/ml) at 10
min (black arrowhead). The normalized CFP/FRET ratio was calculated as in
(Fig. 2). n = 8. The bar graph below shows the averaged highest CFP/FRET
values after the addition of PA. Error bars indicate the S.D. The asterisk indi-
cates statistical significance, determined by t test analysis. p < 0.05 (versus
cells expressing the mutant biosensors treated with PA). D, cells expressing
Pii-DK were stimulated with growth factors at 0 min (closed arrowheads). The
following pairs of cells and growth factors were used: COS7 cells and 50 ng/ml
EGF (n = 15), HeLa cells and 50 ng/ml EGF (n = 15), NIH3T3 cells and 50 ng/ml
PDGF (n = 11), and MDCK cells and 50 ng/ml EGF (n = 18). Error bars indicate

the S.D.

EGF-stimulated cells expressing Pii-DK-9A (Fig. 3B) or, in the
mock-stimulated Pii-DK-expressing cells (Fig. 3C), which
demonstrated that the change in CFP/FRET indeed
depended on the increase in PA. Cells expressing Pii-SS also
showed similar changes in CFP/FRET upon EGF stimula-
tion, but the dynamic range of CFP/FRET was smaller than
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that of Pii-DK (supplemental Fig. S1, D—F), suggesting the
superiority of Pii-DK in the live-cell imaging of PA. Thus,
Pii-DK was used in the following experiments.

We extended our analyses to other cell types. As shown in
Fig. 3D, PA was increased most prominently in COS7 cells and
HelLa cells, less in NIH3T?3 cells, but not in MDCK cells. Nota-
bly, prominent membrane ruffles were evident in the COS?7,
HeLa, NIH3T3, and MDCK cells upon stimulation (data not
shown), indicating activation of the receptors in all of the cell
types. When COS7 and MDCK cells were stimulated with ATP,
which stimulates both P2X and P2Y receptors (28), PA was
transiently produced both in COS7 cells and MDCK cells, albeit
the increase was less in MDCK cells (supplemental Fig. S3).
Thus, the lack of PA increase in EGF-stimulated MDCK cells
suggests differences in MDCK cells in the signaling pathways
that couple EGF to PA production in COS7 and HeLa cells.

Divergence in Phosphatidic Acid Content among Various Cell
Types—During the course of the experiments, we noticed that
the amount of PA as represented by the CFP/FRET ratio was
significantly divergent among individual cells and among dif-
ferent cell lines. As shown in Fig. 44, COS7, NIH3T3, and HeLa
cells showed lower basal PA levels than did MDCK cells. In
contrast, MDCK cells contained lower DAG levels. This obser-
vation suggested that the lack of increase in PA in EGF-stimu-
lated MDCK cells might reflect high PA levels in the basal state.
To corroborate this hypothesis, we examined the correlation
between the basal level and the increase in PA upon growth
factor stimulation. As shown in Fig. 4B, there was a clear inverse
correlation between the basal level and the growth factor-in-
duced increase in PA levels in COS7 cells. A similar correlation
between the basal level and the growth factor-induced increase
in PA was observed in HeLa cells stimulated with EGF (Fig. 4C)
and in NIH3T3 cells stimulated with PDGF (Fig. 4D). In con-
trast, the CFP/FRET ratio in MDCK cells did not change upon
EGF stimulation, regardless of the basal PA content (Fig. 4B).
Because Pii-DK in MDCK cells stimulated with ATP enabled
the detection of an increase in PA (supplemental Fig. S3), this
inert response to EGF was not due to limitation in the dynamic
range of Pii-DK. Thus, we concluded that the lower the basal
PA content at PM, the higher the increase in PA after EGF
stimulation, suggesting the presence of a negative feedback
loop maintaining the level of PA within a predetermined range.
Although serum starvation increases negative regulation of
PLD2 and thereby decreases PA levels in cancer cells (29), we
did not observe any reduction in PA in the MDCK cells after
even 18 h of serum starvation (data not shown).

Effect of PLD Inhibition on Ras Activation—Because one of
the major targets of the PA produced by PLD2 is SOS, a guanine
nucleotide exchange factor of Ras (30), we next examined the
relationship of PA and Ras activation. It has been reported that
upon EGF stimulation, PA is produced by PLD2 at the plasma
membrane and recruits SOS to activate Ras (11). Cells express-
ing Raichu-Ras were treated with the PLD inhibitor n-BtOH
and its negative control, £-BtOH, for 5 min prior to EGF stim-
ulation (Fig. 5). As reported previously, pretreatment with
n-BtOH, but not with ¢-BtOH, affected the membrane ruffling
induced by EGF treatment (31) (data not shown). Ras activation
and membrane ruffling were delayed in the #-BtOH-treated
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FIGURE 4. Measurement of PA in quiescent and stimulated cells. A, COS7
(noted as COS), HelLa, NIH3T3, and MDCK cells were transfected with pPii-DK or
pDIGDA and observed by fluorescent microscopy (ZDC2) for 8 min. Images were
obtained every minute, and the net intensities of CFP and FRET were obtained
from a single cell. The averages from nine images were used to determine basal
FRET efficiency using the CFP/FRET ratio for PA (left axis, filled circles) or by FRET/
CFP for DAG (right axis, open boxes). The number of cells examined in each case
was as follows: 24 (COS), 25 (Hela), 26 (NIH3T3), and 39 (MDCK) for PA; and 38
(COS), 12 (HeLa), 28 (NIH3T3), and 14 (MDCK) for DAG. B-D, various cells express-
ing Pii-DK were stimulated with the indicated growth factors at a concentration
of 50 ng/ml. The basal FRET efficiency was obtained as described in A. The maxi-
mum poststimulation increase in CFP/FRET obtained from each cell was deter-
mined by imaging analysis, as described in Fig. 3D. Microscopies ZDC1 (B) and
ZD(C2 (Cand D) were utilized to obtain images.

cells compared with the ¢-BtOH treated cells. Intriguingly, the
PA level was decreased by n-BtOH treatment prior to stimula-
tion, but then increased upon EGF stimulation. This finding is
consistent with a prior report that found that the amount of
n-BtOH used here (0.5%) decreases but does not eliminate PA
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FIGURE 5. PLD inhibition and Ras activation upon stimulation by EGF.
A, COS7 cells expressing Raichu-Ras and Pii-DK were treated with 0.5% t-BtOH
or n-BtOH at 0 min (open arrowheads) followed by the addition of 25 ng/ml
EGF at 5 min (filled arrowheads). Time-lapse imaging was processed as in Fig.
2B.Errorbarsindicate the S.D.n = 11 (Raichu-Ras) and 13 (Pii-DK). B, COS7 cells
expressing Raichu-Ras and Pii-DK were treated with 750 nm FIPI or dimethyl
sulfoxide (DMSO) at 0 min (open arrowheads), followed by the addition of 25
ng/ml EGF at 10 min (filled arrowheads). Time-lapse imaging was processed as
in Fig. 2B. Bars indicate the S.D. n = 5 (Raichu-Ras+DMSO), 9 (Raichu-
Ras+FIPI), 8 (Pii-DK-+DMSO), and 4 (Pii-DK+FIPI).

o-

production (32). Because concerns has been raised about
potential off-target effects, cells were treated with PLD-specific
inhibitor FIPI prior to EGF stimulation (9). As shown in Fig. 5B,
both Ras activation and PA production were partially sup-
pressed by FIPI treatment.

The importance of PLD in COS7 cells was further supported
by the observation that DAG was produced only slightly in
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FIGURE 6. PA and DAG production in various cells. A-C, COS7 (A), HelLa (B),
and NIH3T3 (C) cells were transfected with pPii-DK (upper graphs) or pDIGDA
(lower graphs) and stimulated with 50 ng/ml growth factor as indicated (filled
arrowheads). After imaging by fluorescent microscopy was carried out, the
images were analyzed asin Fig. 2B. The number of cells examined in each case
was as follows: 7 (COS7), 13 (HeLa), and 10 (NIH3T3), for PA (upper graphs); and
12 (COS7), 12 (Hela), and 10 (NIH3T3) for DAG (lower graphs). Error bars
indicate S.D.

EGEF-stimulated COS7 cells, although PA was produced in par-
allel experiments (Fig. 6A4). Similarly, PA, but not DAG, was
increased significantly in EGF-stimulated HeLa cells (Fig. 6B),
whereas in PDGF-stimulated NIH3T3 cells, both PA and DAG
were prominently increased (Fig. 6C). These findings indicate
that cells or receptors utilize different pathways to elevate PA
levels and suggest that the balance between PA and DAG might
be brought by different activation of enzymes such as phospho-
lipase C, PLD, and DAG kinases. Moreover, the results suggest
that in COS7 and HeLa cells, PA derived from phosphatidyl-
choline might be the major pathway for PA production upon
EGF stimulation.

Suppression of PA Production by Cell-Cell Contact—Normal
epithelial cells cannot replicate in confluent states by a process
known as “contact inhibition.” One mechanism underlying this
phenomenon is that growth factor-induced Ras activation is
inhibited in cell-cell contact areas (17); however, the molecular
mechanism remains unknown. Because EGF-induced Ras acti-
vation is dependent on PLD (Fig. 5), and PLD2 at the plasma
membrane is suppressed in quiescent cells (33), we hypothe-
sized that PA may be preferentially produced at cell-free edges,
but not in cell-cell contact regions, upon stimulation by growth
factor. To investigate this hypothesis, COS7 cells expressing
Pii-DK were time-lapse-imaged before and after EGF stimu-
lation (Fig. 7A). We found that PA levels in the basal state
were higher in the cell-free edge areas compared with in
cell-cell contact areas. After EGF stimulation, rapid PA pro-
duction was observed in all regions of the cells examined.
Among these regions, PA production was observed most
prominently in the nascent lamellipodia, and the lowest lev-
els of production were seen in cell-cell contact areas. This
distribution is very similar to that of Ras activity before and
after EGF stimulation (17) (Fig. 7B). In contrast, the activity
of tyrosine kinase as visualized by a FRET biosensor, Pic-
chu-X (19), was distributed evenly across the entire area of
the cells, including both the cell-cell contact areas and cell-
free edges (Fig. 7C). These observations strongly suggest that
the localized PA produced in this manner determines the
spatial regulation of Ras activity.
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FIGURE 7. Heterogeneous distribution of PA. A-C, COS7 cells expressing Pii-DK, Raichu-Ras, or Picchu-X were
stimulated with 25 ng/ml EGF for the indicated periods. The CFP/FRET image represents PA content (A) and the
FRET/CFP images represent Ras activity and tyrosine kinase activity (B and C, respectively). Enlarged images

from the top panels are shown at the bottom.
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serum
factors

cell-cell contact

cell-cell contact

FIGURE 8. Model for potential roles of PA in the regulation of Ras activity.
Under steady-state conditions (left), factors in the serum or cell-cell contact
area suppress PLD2 activity at the plasma membrane. Upon EGF stimulation,
PA is produced at the cell-free edge, either by PLD2 activation or by PLD1
translocation, followed by Ras activation by SOS. However, in the same cell in
the area of cell-cell contact, PLD2 activity remains suppressed.

DISCUSSION

The major advantage of using a FRET probe is that it enables
measurement of the lipid concentration in the steady state. Here,
we found that the PA as well as the DAG concentration varies
among cell lines (Fig. 44) and that the PA content showed inter-
individual heterogeneity within the same cell line as well (Fig. 4, B
and C). There is evidence suggestive of aberrant PLD activity in
cells transformed by v-Src (34), H-Ras (35), and v-Raf (36), as well
as evidence for the overexpression of PLD in cancer tissues (37). In
the presence of 0.5% serum, the aggressive breast cancer cell
MDA-MB-231 shows higher PLD activity than that of another
relatively benign breast cancer cell line, MCF-7 (38). In our study,
the basal PA level in the plasma membrane of MDA-MB-231 cells
was higher than that of MDCK cells.* Therefore, this newly devel-

4 E. Kiyokawa, unpublished observation.
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oped FRET probe can be applied for
screening the level of PA at the plasma
membrane to identify potentially
highly invasive malignancies.

The negative correlation between
growth factor-induced PA produc-
tion and the basal PA concentration
indicated that a high PA concentra-
tion negatively regulates PA pro-
duction upon growth factor stimu-
lation (Fig. 4, B—D) in COS7, HelLa,
and NIH3T3 cells. Although it has
not yet been clarified that PA itself

3 min

0.8 INNNNN 1.35 interacts with and regulates its met-
abolic enzymes, such a negative cor-
relation between the PA level and
growth factor-induced PA produc-
tion suggests the possibility that the

cell-cell  cell-free PA level at the plasma membrane is

tightly regulated in the cell and
that the PA threshold is cell-type
dependent. Along these lines, we
had reported previously that exces-
sively produced PI(4)P at the plasma membrane increased the
PI(4)P level at the endomembrane, suggesting a limit to lipid
levels at the plasma membrane (16). The manner in which PA
regulates cellular function has not yet been elucidated,
although it has been suggested that PA function is largely
dependent on cell type. For example, PLD is activated upon
integrin stimulation in ovarian cancer-derived OVCAR-3 cells
and the inhibition of PLD has been shown to reduce cell spread-
ing (39). In contrast, in CHO cells, cell attachment to the sub-
strate reduced PLD activity and cell spreading (10) and an over-
expression of PLD2-suppressed cell spreading (40), both of
which suggest that tight PA regulation enables cell adherence.
Such PA discrepancies might be brought about by different PA-
binding protein expression patterns, including those of PI(4)P
5-kinase, SOS, Raf, DOCK2, Rac, mTOR (mammalian target of
rapamycin), and Fer (3,7, 41).

Contact inhibition is a process of arresting cell growth when
cells come into contact with each other (42) and is often used as
a hallmark to discriminate between normal cells and cancer
cells. Although the molecular mechanism of contact inhibition
is not yet fully understood, it is generally thought that the mol-
ecules that accumulate in cell-cell contact areas inhibit signals
for replication. For example, Ras, a critical signal transducer of
the growth signal, is suppressed in cell-cell contact areas (17).
Using the newly developed FRET biosensor, we for the first
time demonstrated that PA production is suppressed in cell-
cell contact areas in living cells (Fig. 7). Because EGF-triggered
PA production was decreased in the presence of PLD inhibitors
(Fig. 5, A and B) and little DAG was increased by EGF in COS7
cells (Fig. 6), it is likely PLD, rather than DGK, regulates such
uneven PA distribution after EGF stimulation (Fig. 8). These
observations also indicated that the DAG-PKC-PLD1 axis in
the caveolin-enrichment microdomain (43) might not be the
major determinant of PA heterogeneity in EGF-treated COS7
cells. It has been reported that EGFR binds to PLD2, thereby
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suppressing PLD2 activity (44). However, in the present study,
the tyrosine kinase activity pattern accessed by the FRET probe
Picchu-X revealed the homogeneous activation of tyrosine
kinases in areas in between the cell-free edges and cell-cell con-
tact areas (Fig. 7C), suggesting that mechanisms other than the
tyrosine phosphorylation by EGFR might regulate PLD activity
in cell-free edge areas.

Even though Pii shares a backbone with other FRET probes
of various Pippis and DIGDA, the change in FRET efficiency
observed with Pii had a different directionality (Fig. 1 and sup-
plemental Fig. S1). With the previous probes, FRET efficiency
increased upon lipid binding, whereas that of the PA probe Pii
described in this study decreased upon exogenous PA addition
or endogenous PA increase (Figs. 1 and 2). The reason for this
reversal of reactivity remains unknown; structural analyses of
the probe together with the lipid will reveal the mechanism(s)
of action. One plausible explanation is that the modes of inter-
action differ for the probe and the lipid. We believe that Pii
recognizes the three-carbon glycerol backbone and phosphate;
however, the possibility cannot be excluded that the probe also
recognizes the acyl chains of the lipids. A recent report shows
that DOCK2 is first recruited to the plasma membrane by phos-
phatidylinositol (3,4,5)-trisphosphate via the DHR1 domain
and is maintained there following PA binding to the polybasic
region at the C terminus (7). It is therefore possible that the
FRET probe recognizes the particular PA closely associated
with phosphatidylinositol (3,4,5)-trisphosphate. These factors
may affect FRET efficiency, which is governed not only by the
distance from the fluorophores, but also by their anisotropy
(45).

In summary, we here established a novel probe for PA based
on FRET principles, which enabled the detection of PA levels
and distribution at the plasma membrane. One drawback of this
probe is that it has to be anchored to the plasma membrane. We
therefore neglected the events in the endomembrane compart-
ments. Considering that mitochondrial PLD regulates mito-
chondrial fusion via PA production from cardiolipin (46), and
that the kinetics of DAG upon ATP stimulation differ between
the plasma membrane and endomembranes (15), the use of
FRET probes with different targeting signals aimed at various
organelles will shed light on PA regulation and function in liv-
ing cells. We expect that there is not a single operative protein
that regulates such deviations in PA; instead, such variance
appears to be the result of a summation of protein expression or
of the activities of multiple proteins. The computer-assisted
generation of metabolic maps (16) and systematic lipid analyses
(47) carried out using newly developed probes will help eluci-
date the contribution of lipids to various biological and patho-
logical phenomena.
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