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Summary

Synthesis of phosphatidylinositol 4,5-bisphosphate
[P1(4,5)P,], a signaling phospholipid, is primarily car-
ried out by phosphatidylinositol 4-phosphate 5-kinase
[PI(4)P5K], which has been reported to be regulated
by RhoA and Racl. Unexpectedly, we find that the
GTPyS-dependent activator of PI(4)P5Ka is the small
G protein ADP-ribosylation factor (ARF) and that the
activation strictly requires phosphatidic acid, the prod-
uct of phospholipase D (PLD). In vivo, ARF6, but not
ARF1 or ARF5, spatially coincides with PI(4)P5Ka. This
colocalization occurs in ruffling membranes formed
upon AlF, and EGF stimulation and is blocked by domi-
nant-negative ARF6. PLD2 similarly translocates to the
ruffles, as does the PH domain of phospholipase Cd1,
indicating locally elevated PI1(4,5)P,. Thus, PI(4)P5Ka
is a downstream effector of ARF6 and when ARF6 is
activated by agonist stimulation, it triggers recruit-
ment of a diverse but interactive set of signaling mole-
cules into sites of active cytoskeletal and membrane
rearrangement.

Introduction

Phosphatidylinositol 4,5-bisphosphate [P1(4,5)P,] plays
crucial roles in various cellular signaling pathways. One
of the best understood of its functions is to serve as a
precursor of two well-characterized second messengers
produced by phospholipase C (Berridge, 1987): diacyl-
glycerol, which activates protein kinase C (Nishizuka,
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1984), and inositol 1,4,5-trisphosphate, which mobilizes
intracellular Ca?* (Berridge and Irvine, 1984). PI(4,5)P,
is also metabolized by phosphoinositide 3-kinases to
phosphatidylinositol 3,4,5-trisphosphate (Auger et al.,
1989; reviewed by Cantley et al., 1991), which plays
pivotal roles in mitogenic signaling, cytoskeletal remod-
eling, and vesicular trafficking (reviewed by Wymann
and Pirola, 1998). Moreover, Pl(4,5)P, directly regulates
several proteins and enzymes that are involved in di-
verse cellular processes: it binds actin-binding proteins
and thereby regulates actin cytoskeleton reorganization
(Lassing and Lindberg, 1985; Janmey and Stossel, 1987;
Fukami et al., 1992); it is required as a cofactor for the
activation of phospholipase D (PLD) (Brown et al., 1993;
Hammond et al., 1995; Colley et al., 1997; Hammond et
al., 1997); and finally, it stimulates both guanine nucleo-
tide exchange on ARF (Terui et al., 1994; Randazzo,
1997) and the ARF GTPase-activating protein (Randazzo
and Kahn, 1994). Thus, PI(4,5)P, is aremarkably versatile
phospholipid.

In mammalian cells, PI(4,5)P, is synthesized through
phosphorylation of phosphatidylinositol 4-phosphate
[P1(4)P] by PI(4)P 5-kinases [PI(4)P5Ks] at the D-5 posi-
tion of the inositol ring (reviewed by Toker, 1998). Type
I and type Il of PI(4)P5Ks were initially defined (Loijens
et al., 1996) and consisted of three isoforms of type
I, «, B, and v (Ishihara et al., 1996, 1998; Loijens and
Anderson, 1996), and three isoforms of type Il (Boronen-
kov and Anderson, 1995; Divecha et al., 1995; Castellino
et al., 1997; Itoh et al., 1998). Reinvestigation of the
substrate specificity of PI(4)P5Ks by Rameh et al. (1997),
however, revealed that the type Il PI(4)P5Ks catalyze
phosphorylation of a novel phosphoinositide phosphati-
dylinositol 5-phosphate at the D-4 position of the inositol
ring, leading to the revised conclusion that the type Il
enzymes are actually phosphatidylinositol 5-phosphate
4-kinases. Thus, the PI(4)P5K family now comprises just
the three isoforms, «, B, and .

PI(4)P5K has been reported to be activated in vitro
by acid phospholipids—specifically phosphatidic acid
(PA) (Moritz et al., 1992; Jenkins et al., 1994, Ishihara et
al., 1996, 1998) and phosphatidylserine (PS) (Cochet and
Chambaz, 1986). PI(4)P5K was also anticipated to be
regulated by a GTP-binding protein, based on the finding
that GTPyS stimulates PI(4,5)P, production in human
placenta, rat brain, and rat liver membranes (Urumow
and Wieland, 1986; Smith and Chang, 1989; Urumow
and Wieland, 1990). Chong et al. (1994) and Hartwig et
al. (1995) reported that the small G proteins RhoA and
Racl respectively stimulate PI(4,5)P, production in ly-
sates from mouse fibroblasts and in permeabilized
platelets, which suggested that they are direct activators
of PI(4)P5K. However, such direct activation has never
actually been formally demonstrated.

In this study we have purified the GTPyS-dependent
activator of PI(4)P5Ka from bovine brain cytosol and
unexpectedly identified it as the small G protein ADP-
ribosylation factor (ARF). Investigation of the interaction
in vivo provides evidence that PI(4)P5Ka is a physiologi-
cal downstream effector specifically of ARF6 and that
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A B Cc Figure 1. Effects of GTPyS and PA on
PI(4,5]P,-|' ' ' l | ' | PI(4,5)P, Production in Bovine Brain Cytosol
6ol 120 (A) Bovine brain cytosol was incubated alone
40 b (open columns), with 40 uM of GTPyS (stip-
50} 100 [ pled columns), with 50 uM PA (hatched col-
g = b = = umns), or with both (solid columns), in the
-] g sof 5 2 40t E ES{J 3 absence (left four columns) or presence (right
-] $ T o '8 0 .
fm [ o ,g four columns) of 0.2 M ammonium sulfate,
'f;% 20| ':E 3ot “‘NE 60 | following which the amounts of [22P]PI(4,5)P,
% 3 %- 3 % generated were determined as described in
= E = E 20+ g',é 40 Experimental Procedures. The upper panel
a7 10t 2 A shows an autoradiogram of the [**P]PI(4,5)P,
101 20 produced, which was separated by TLC.
= (B) Bovine brain cytosol was incubated alone
GTPyS GTFPyS -+ -+ (open circles) or with 40 .M of GTP~S (closed
PA - + S PA - + - o circles) in the presence of the indicated con-
| I | — . .
(NH,),S0, ™ ¥ PI(4)P5Ka = + centrations of PA and of 0.2 M ammonium

sulfate as above.

(C) Vehicle (left four columns) or the COS-7 cell-expressed recombinant mouse PI(4)P5Ka (right four columns) was added to bovine brain
cytosol, which was then assayed in the presence of 0.2 M ammonium sulfate as in (A).

The results shown in (A), and (B) and (C) are from a single experiment in single and duplicate, respectively, representative of five performed.
The error bars represent the differences of duplicate determinations.

through its product PI(4,5)P,, it is likely to play a role
in membrane ruffle formation as induced by epidermal
growth factor (EGF).

Results

GTPyS and PA Synergistically Increase PI(4,5)P,
Production in Bovine Brain Cytosol

We began our studies by reexamining the requirements
for PI(4)P5K activation, since the stimulation of P1(4,5)P,
production by PA and PS had been assessed using
cytosol or recombinant PI(4)P5Ks (Cochet and Cham-
baz, 1986; Moritz et al., 1992; Jenkins et al., 1994; Ishi-
hara et al., 1996, 1998), while the stimulation by GTPyS
had been demonstrated using membrane preparations
(Urumow and Wieland, 1986; Smith and Chang, 1989;
Urumow and Wieland, 1990). Unexpectedly, although
addition of PA to bovine brain cytosol increased PI(4,5)P,
production by 2- to 3-fold, significant stimulation by
GTPvS alone was not observed (Figure 1A). However,
GTP~S did strongly increase PI(4,5)P, production when
PA was present. In the presence of 0.2 M ammonium
sulfate, similar effects of GTPyS and/or PA were ob-
served, but the basal level was lower and therefore the
relative stimulation much greater. This appeared to be
due to inhibition of enzymes that were further metaboliz-
ing PI(4,5)P, produced (data not shown). Accordingly,
ammonium sulfate was thereafter included in the crude
assay system. The extent of increase in PI(4,5)P, produc-
tion by GTPyS was critically dependent upon the pres-
ence of PA (Figure 1B). Thus, GTPyS absolutely required
the presence of PA to stimulate PI(4,5)P, production in
bovine brain cytosol, and in combination the two stimu-
lators were synergistic.

The increase in PI(4,5)P, production by GTPyS and
PA appeared to be, at least in part, attributable to the
activation of PI1(4)P5Ka, inasmuch as a similar but aug-
mented response was observed when recombinant
mouse PI(4)P5Ka was added to the cytosol (Figure 1C).
These results, taken together, demonstrated that a

GTPyS-dependent activator of PI(4)P5Ka that functions
only in the presence of PA exists in bovine brain cytosol.

Purification and ldentification of a GTPyS-Dependent
P1(4)P5Ka Activator

By assaying recombinant mouse PI(4)P5Ka in combina-
tion with bovine brain cytosol sequentially fractionated
by column chromatographies, a GTPyS-dependent acti-
vator of PI(4)P5Ka was purified (Figures 2A-2E). On the
final Superdex 75 HR 10/30 column, the activator eluted
in a single peak as a 21 kDa protein (Figure 2E) and
SDS-PAGE analysis (Figure 2F) revealed that it had been
purified to near homogeneity. The purification was about
400-fold with 2.4% yield (data not shown), implying that
the activator is abundant in bovine brain cytosol.

To identify the activator, amino acid sequences of
trypsin-digested peptide fragments of the purified pro-
tein were analyzed. The sequences of the six peptide
fragments analyzed exhibited identity to the small G
proteins ARF1 and ARF3, which are identical over the
regions covered by the peptide sequences (Figure 3A).
The 21 kDa protein eluted from the Superdex 75 HR
10/30 column was strongly recognized by an anti-ARF
antibody in parallel with the P1(4)P5K« activation (Figure
3B). In contrast, anti-RhoA, anti-Rac1, and anti-Cdc42
antibodies failed to react with the protein (Figure 3C).
These results demonstrated that ARF is the most abun-
dant GTPyS-dependent activator of Pl(4)P5Ka in brain
cytosol.

Reconstitution of Synergistic Activation of PI(4)P5Ka
by PA and ARF, but Not by RhoA, Racl,

and Other Phospholipids

When bacterial recombinant PI(4)P5Ka and myristoy-
lated ARF1 (myr-ARF1) were combined in the presence
of PA (Figure 4A), myr-ARF1 activated the enzyme in
the presence of GTPyS, butnot GDP, and in a concentra-
tion-dependent manner, although the concentrations of
myr-ARF1 required were higher than those for the native
protein. Nonetheless, the results provide evidence that
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the activation by ARF1 of PI(4)P5Ka is attributable to
their direct interaction. ARF5 and ARF6, class Il and Ill
ARFs, respectively, also activated PI(4)P5Ka (Figure 4B).

The identification of ARF as the primary endogenous
activator of PI(4)P5K was surprising because RhoA and
Rac1 had been previously implicated in this role (Chong
et al., 1994; Hartwig et al., 1995). To investigate whether
PI(4)P5Ka is also activated by these small G proteins,
the ability of recombinant RhoA and Racl purified from
Sf9 cells to stimulate bacterial recombinant Pl(4)P5Ka
was compared with that of ARF1 (Figure 4C). Whereas
ARF1 activated PI(4)P5Ka, RhoA and Racl were without
effect. Similar results were obtained using mammalian
recombinant PI(4)P5Ka (data not shown). The recombi-
nant RhoA and Racl were clearly active, since they
stimulated human PLD1ain the presence of GTPyS (data
not shown). These results, taken together, provide evi-
dence that ARF is the specific activator of PI(4)P5Ka in
vitro.

Since it has been reported that PS, as well as PA,
activates PI(4)P5K (Cochet and Chambaz, 1986), phos-
pholipid specificity in the activation of Pl(4)P5Ka was
assessed (Figure 4D). Phosphatidylethanolamine (PE),
phosphatidylcholine (PC), PI, and lyso-PA (LPA) did not
significantly activate PI(4)P5Ka, which was assayed in
combination with myr-ARF1, irrespective of the pres-
ence of GDP or GTP~S. Although PS, like PA, modestly
activated the enzyme in the presence of GDP, it failed
to synergize with GTPyS-bound ARF1. Thus, synergistic
activation with ARF1 was specific to PA. This PA effect
seemed to be attributable to direct action on PI(4)P5Ka

23 25 27 29 31
Fraction number

33

instead of ARF since PA did not affect [*S]GTP~S bind-
ing to ARF1 (Figure 4E) and PI(4)P5Ka activity was pref-
erentially precipitated by phospholipid vesicles con-
taining PA (Figure 4F).

ARF6-Dependent Translocation of Pl(4)P5Ka

to Ruffling Membranes with Concomitant

P1(4,5)P, Formation and Cotranslocation

of PLD2

To address which isoform of ARF is the physiological
activator of PI(4)P5Ka, subcellular localization of C-ter-
minally hemagglutinin (HA) epitope-tagged ARFs (ARFs-
HA) and N-terminally myc epitope-tagged PI(4)P5Ka
[myc-PI(4)P5Ka] coexpressed in Hela cells were visual-
ized using indirect immunofluorescence microscopy,
under the assumption that activation will take place only
if colocalization occurs (Figure 5A). In unstimulated
cells, ARF1 was localized exclusively to perinuclear
Golgi membranes, ARF5 to the nucleus and perinuclear
membranes and vesicles, and ARF6 throughout the cy-
toplasm and at the plasma membrane, as reported pre-
viously (Hosaka et al., 1996; Radhakrishna et al., 1996).
PI(4)P5Ka localized to the plasma membrane and also
to punctate structures dispersed throughout the cyto-
plasm. Upon stimulation by AlF,, cells overexpressing
ARF6 formed membrane ruffles and ARF6 became con-
centrated in the ruffles, as previously reported (Radha-
krishna et al., 1996, 1999). Strikingly, PI(4)P5Ka cotrans-
located with ARF6 to the ruffles. Neither colocalization,
membrane ruffles, nor obvious translocation of Pl(4)P5Ka
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A Figure 3. Identification of ARF1/ARF3 as the
hARF1 MGNIFANLFEGLFGEKEMH GTPvyS-Dependent Activator of PI(4)P5Ka
DARF2Z : - -W-EE- - -8L::--c- (A) The purified GTPyS-dependent activator
::;:i . _L“ﬁs_::_ I i of PI(4)P5Ka was digested with trypsin and
BARFS5 - -LTVSA: -SRI --Q- - the fragments obtained were purified and se-
hARF6 *-KV--==-LSKL--N-*+:""* Letreforsrssarrsnns [ Veonsons T---VE-H 60 quenced as described in Experimental Pro-
ww * k kA kAR kA h Ak EkEkEE Ak khhhh Ekdkdkkk hhkhkhkEEd Ehkk * CedureS TheSequenCeSOfthelefragmen[S
Dzruvoroaa @ LoEIVITIPTIGRAVELVIY determined are shown in italic type with num-
hARF1 VWDVGGQDKIRPLWRHYFQNTQGLIFVVDSHDRERVNEAREELMRMLAEDELRDAVLLVFANK| 127 bers. Boxes rep_rgsent s_equence5|dent|cal to
BREFE =ecvinvialweaeabin oo oaieiasmen wileus b b em sy W e R v-- 127 those of the purified activator. Dots represent
F i e O B R R R R R EEERNRIETD amino acid residues identical to the sequence
hARF4 +++=-+-+ Rl -~~~ Kerreorornenananns s +IQ*VAD: *QK- "LV« *vvcvens Le++++ 127 of ARF1.
................................. « : T o .
::::: ................. TG -~ - CA- D ;g.iuf:. .:Tnsm,“. T I i;; (B) Proteins in fractions eluted from the
RARREREE AR RE R HERRNREEE wN N w *w T Superdex 75 HR 10/30 column were analyzed
(@ IRPL(A)HYFQNTQGLIFVVDSH (5) DAVLLVFANK by Western blotting using an anti-ARF an-
tibody.
hARF1 |ODLPNAMNAAEITDKLGLHSLRHRNWY IQATCATSGDGLYEGLDWLSNQLRNQK 181 (C) Proteins in the peak fraction 27 from the
ol PEEERE s B o by eyt e e Y s Superdex 75 HR 10/30 column were blotted
hARF4 -- -+~ ALS M-+ QM T W oL S E--SKR 180 with anti-ARF, anti-RhoA, anti-Racl, and
hARFS M-+ PVS-L--""+ QH--§-T-+V:-++-+Q-T+--D------HE--SKR 180 anti-Cdc42 antibodies. The results shown are
BARFE - D*-KPH:-QE- " *TRI'D~ - ¥ PE--=----=-cr-- % -RSN--XKA 175 from a single experiment representative of
@;;;;u;;xu;zrn"” TR R wmmowowmwowwoaw three performed with independently purified
preparations of the PI(4)P5Ka activator.
B C
Antibodies specific to
ARF RhoA Rac1 Cdc42
— =21 kDa
— 21 kDa

22 24 26 28 30 32 34
23 25 27 29 31 33

Fraction number from
Superdex 75 HR 10/30 Column

upon AlF, stimulation was observed in cells coexpress-
ing ARF1 or ARF5, although ARF5 appeared to become
concentrated in the nucleus. Thus, observation of both
steady-state and stimulated conditions suggest that it
is ARF6 that functions as the physiological regulator of
PI(4)P5Ka. This finding is not in conflict with our recovery
of cytosolic bovine brain ARF1/3 as the activator, since
very little ARF6 would be present in the cytosol relative
to the ARF1 and ARF3 expression levels. To generalize
this for physiological agonists, EGF was employed (Fig-
ure 5B). EGF stimulation resulted in the formation of
membrane ruffles to which ARF6 and PI(4)P5Ka cotrans-
located. As would be expected, actin filaments were also
concentrated at the ruffles (data not shown). Membrane
ruffling was transient, readily visualized at 7 min and sub-
siding within 30 min, whereupon ARF6 and PI(4)P5Ka
became concomitantly redistributed.

The results above suggested that PI(4)P5Ka translo-
cation to membrane ruffles upon EGF stimulation should
be ARF6 dependent. In support of this model, cotrans-
fection of the dominant-negative, GTP binding—defec-
tive ARF6 mutant, ARF6 N122I, completely inhibited the
translocation of PI(4)P5Ka and membrane ruffling for-
mation upon EGF stimulation (Figure 5C). The notion
of ARF6-dependent translocation of PI(4)P5Ka is also
supported by a recent report showing that ARF purified
from bovine brain cytosol recruits PI(4)P5K activity in
the cytosol to the Golgi complex in an in vitro system
(Godi et al., 1999).

To establish that the PI(4)P5Ka translocated to the
plasma membrane is in the active state and generates
PI1(4,5)P, locally, we employed the PH domain of PLC31

(PH/PLC31), which has a high affinity for PI(4,5)P,, as
a reporter to visualize PI(4,5)P, localization in the plasma
membrane (Varnai and Balla 1998; Fujii et al., 1999) (Figure
5D). Green fluorescent protein (GFP)-fused PH/PLC31
(GFP-PH/PLC31) coexpressed with myc-Pl(4)P5Ka and
ARF6 in HelLa cells localized at the plasma membrane
and in punctate structures in the cytoplasm in nonstimu-
lated control cells. Upon EGF stimulation, PH/PLC31
translocated to the ruffling membranes formed by 7 min,
and then dispersed as the membrane ruffles disap-
peared. The localization of PH/PLC?31 at the ruffles coin-
cided with that of PI(4)P5Ka. Moreover, the dominant-
negative ARF6, ARF6 N122I, inhibited the EGF-induced
localization of PH/PLC31 at the plasma membrane (data
not shown). These results suggest that the PH/PLC31
redistribution was driven by activation of PI(4)P5Ka at
the plasma membrane and concomitant PI(4,5)P, gener-
ation.

Although a small amount of PA exists in the steady-
state level in plasma membranes, it is better known for
being dynamically regulated by the action of PLD, which
generates PA through the hydrolysis of PC in response
to a wide variety of agonists (Billah, 1993), including AlF,
(Schmidt et al., 1996). Two isoforms of mammalian PLD,
PLD1 and PLD2, have been molecularly identified (Ham-
mond et al., 1995, 1997; Colley et al., 1997). We sought
to determine whether a potential source for significant
levels of PA required for PI(4)P5Ka activation might be
present in membrane ruffles (Figure 5E). HA-PLD2 coex-
pressed with myc-PI(4)P5Ka and ARF6 in HeLa cells was
localized exclusively in the cytosol and at the plasma
membrane in unstimulated cells, consistent with a
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Figure 4. Reconstitution of Synergistic Acti-

vation of PI(4)P5Ka by ARFs and PA, but Not
by RhoA, Racl, and Other Phospholipids

(A) Recombinant PI(4)P5Ka (15 nM) and the in-
dicated concentrations of myr-ARF1 (squares),
both of which were purified from E. coli, or
purified ARF from bovine brain cytosol (cir-
cles) were combined and assayed for 25 min
at 37°C with 40 pM of GDP (open symbols)
or GTPyS (closed symbols) in the presence
of 50 M PA following which [®?P]PI(4,5)P,
production was quantitated.

(B) Bacterial recombinant PI(4)P5Ka (15 nM)

A

was assayed in combination with vehicle or
30 nM of recombinant ARF1, ARF5, or ARF6
purified from COS-7 cells in the presence of
40 uM of GTPyS and 50 pM PA.

(C) Bacterial recombinant PI(4)P5Ka (15 nM)
was assayed in combination with vehicle or
500 nM of recombinant ARF1, RhoA, or Racl
purified from Sf9 cells in the presence of 40
wM of GTPyS and 50 uM PA.

(D) Bacterial recombinant PI(4)P5Ka (15 nM)
was combined with myr-ARF1 (300 nM) and
assayed in the presence of 12.5 uM of the
indicated phospholipids and 40 pM of GDP

+PE +PA

(open columns) or GTPyS (solid columns). In this experiment, the PI(4)P substrate was used at 12.5 pM.

(E) Bacterial myr-ARF1 (3 wM) was incubated for 25 min at 37°C with 10 uM of [®*S]GTPyS in the presence of 12.5 uM of the indicated
phospholipids. [**S]GTPyS bound to myr-ARF1 was determined as described in Experimental Procedures.

(F) Bacterial recombinant PI1(4)P5Ka (15 nM) was incubated for 20 min at room temperature with 150 uM PE/20 wM PC vesicles containing
200 M of PE (open column) or PA (solid column) in the presence of 100 mM NaCl and 5 mg/ml BSA. After centrifugation, PI(4)P5K activity
in the supernatant was determined as described in Experimental Procedures.

Shown are the results from a single experiment in duplicate and representative of five with similar results. The error bars represent the

differences of duplicate determinations.

previous report (Colley et al., 1997). With EGF stimula-
tion, the overexpressed PLD2 translocated to the ruffling
membranes as visualized at 7 min and colocalized with
PI(4)P5Ka. As before, ruffle formation was transient, and
both proteins became redistributed in parallel with con-
comitant retraction of the ruffles. In contrast, PLD1 did
not alter its perinuclear distribution upon EGF stimula-
tion (data not shown). These results demonstrate that a
mechanism to locally generate PA is established during
membrane ruffle formation and suggests that it plays a
role in the activation of PI(4)P5Ka.

Requirement of Local Production of PI(4,5)P,

for Membrane Ruffling Formation

Growth factor-induced membrane ruffling formation is
also regulated by the Rho family GTPase Racl (Ridley
et al., 1992). Radhakrishna et al. (1999) have recently
reported that the dominant-negative ARF6 mutant inhib-
its the membrane ruffling formation induced by the con-
stitutively active Racl mutant. Consistent with these
reports, membrane ruffles were formed by the active
Racl mutant, Racl G12V, which colocalized to the ruf-
fles with coexpressed ARF6 and PI(4)P5Ka, and the
dominant-negative ARF6 mutant, ARF6 N122I, inhibited
both the membrane ruffling formation and the transloca-
tion of PI(4)P5Ka induced by Racl G12V (Figure 6A),
as was observed in EGF-stimulated cells (Figure 5C).
Furthermore, microinjection of an anti-PI(4,5)P, anti-
body, AM212 (Miyazawa et al., 1988), almost completely
inhibited the membrane ruffling formation induced by
Racl G12V (Figure 6B). These observations suggest that

the EGF-induced signaling pathway that induces ARF6-
dependent PI(4)P5Ka translocation to the plasma mem-
brane is mediated by Rac1 and that the local production
of PI(4,5)P, at the plasma membrane is, at least in part,
involved in the membrane ruffling formation. Although
consistent with a previous report (Ridley et al., 1992), the
dominant-negative Racl mutant, Racl T17N, inhibited
EGF-induced membrane ruffling, it nonetheless failed to
interfere with the EGF-induced cotranslocation of ARF6
and PI(4)P5Ka to the plasma membrane and concomi-
tant PI(4,5)P, production, the latter of which was de-
tected using the anti-PI(4,5)P, antibody (Figure 6C). In
mock transfected cells, both the membrane ruffling and
cotranslocation of ARF6 and PI(4)P5Ka to the ruffles
were observed (data not shown). These results, taken
together, lead to the conclusion that (1) the local genera-
tion of PI(4,5)P, by activated PI(4)P5Ka at the plasma
membrane is essential, but not sufficient, for membrane
ruffling formation; (2) ARF6-dependent translocation
of PI(4)P5Ka to the plasma membrane involves Racl-
dependent and -independent mechanisms; and (3) in
addition to the ARF6-dependent local production of
Pl1(4,5)P,, another Racl-dependent, ARF6-independent
pathway is required for the membrane ruffling formation
induced by EGF stimulation, as illustrated in Figure 7.

Discussion

In the present study, we demonstrate that the small G
protein ARF directly activates PI(4)P5Ka in concert with
PA. Furthermore, we provide evidence that PI(4)P5Ka
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A ARF isoform co-transfected with PI(4)P5Ka
ARF1 ARF5 ARF6
AIFs’
ARFs
PI(4)P5Ka

Merged

C ARF co-expressed
with PI(4)P5Ka
ARF6 ARF6 N122]|

B Time after EGF stimulation
Omin 7 min 30 min

ARFs

Merged
D Time after EGF stimulation Time after EGF stimulation
Omin 7 min 30 min O0min 7 min 30 min

PH/PLC1 PLD2
Merged Merged

Figure 5. ARF6-Dependent Translocation of Pl(4)P5Ka to Ruffling Membranes with Concomitant PI(4,5)P, Formation and Cotranslocation of PLD2

(A) Myc-PI(4)P5Ka was cotransfected with ARF1-HA, ARF5-HA, or ARF6-HA in HelLa cells. After 6 hr of additional culture in the presence of
5% FCS, cells were treated without or with AlF, (30 mM sodium fluoride plus 50 M aluminum chloride) at 37°C for 30 min, and localization

of ARFs and PI(4)P5Ka was then visualized as described under Experimental Procedures.

(B) HelLa cells cotransfected with myc-PI(4)P5Ka and ARF6-HA were cultured in DMEM without FCS for 36 hr, stimulated with 10 ng/ml of

EGF at 37°C for the times indicated, then processed as in (A).

(C) Wild-type ARF6-HA or the dominant-negative mutant ARF6 N122I-HA was cotransfected with myc-PI(4)P5Ka in HelLa cells. Cells were

further cultured as in (B), then stimulated with 10 ng/ml of EGF at 37°C for 7 min and imaged as in (A).

(D) HelLa cells cotransfected with GFP-PH/PLC31, myc-PI(4)P5Ka, and ARF6, were cultured and stimulated with EGF as in (B), and imaged

as in (A).

(E) HeLa cells cotransfected with HA-PLD2, myc-PI(4)P5Ka, and ARF6, were cultured and stimulated with EGF as in (B), and imaged as in (A).

Shown is one experiment representative of five performed.
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Merged HeLa cells transfected
with Rac1 T17N
ARFs
Pl(4)P5Ka
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Figure 6. Analysis for the Mechanisms by which Membrane Ruffles Are Formed

(A) Myc-Racl G12V was cotransfected with myc-PI(4)P5Ka and with wild type ARF6-HA or the dominant-negative mutant ARF6 N122I-HA in
HelLa cells. After culture in DMEM without FCS for 36 hr, localization of the tagged proteins was visualized as described under Experimental

Procedures.

(B) HelLa cells were transfected with Racl G12V, cultured 34 hr, then microinjected with 2 mg/ml of control mouse IgG or the monoclonal
anti-P1(4,5)P, antibody (AM212). After 2 hr, actin filaments and 1gG were visualized as described under Experimental Procedures.

(C) HeLa cells were transfected with Racl T17N (shown) or mock (not shown), cultured for 32 hr, and then microinjected with expression
vectors for ARF6 and PI(4)P5Ka. After 4 hr, cells were stimulated with 10 ng/ml of EGF at 37°C for 7 min, and localization of ARF6, P1(4)P5Ka
and PI(4,5)P, were visualized as described under Experimental Procedures.

Shown is one experiment representative of five performed.

is a downstream effector of ARF6, and that it is synergis-
tically activated by ARF6 and the PLD2 product PA to
increase local production of PI(4,5)P, in the plasma
membrane upon EGF stimulation, which in turn pro-
motes membrane ruffling formation in concert with the
Racl-specific pathway.

Activation Mechanism of PI(4)P5K by PA and Small
G Proteins

In the present study, we identified ARF as the direct
activator of PI(4)P5Ka in vitro (Figures 3 and 4). As re-
ported previously for the activation of PLD (Brown et al.,
1993; Cockcroft et al., 1994) and for promoting vesicular
transport (Balch et al., 1992; Kahn et al., 1992; Lenhard
et al., 1992), myristoylation of ARF also appears to be
required for the activation of PI(4)P5Ka, since the recom-
binant myr-ARF1, which is partially (10%-50%) myris-
toylated in E. coli coexpressing N-myristoyltransferase

(Liang and Kornfeld, 1997), was considerably less effec-
tive than the native proteins (Figure 4A). Since the func-
tion of myristoylation is to promote membrane localiza-
tion of GTP-bound ARF, this suggests, in combination
with the absolute requirement of the membrane lipid
PA, that activation of PI(4)P5Ka takes place only at mem-
brane surfaces where activated ARF and PLD2 (as the
source for PA) coincide.

RhoA and Rac1 had been reported to activate PI(4)P5K
in mouse fibroblast lysates and permeabilized platelets,
respectively (Chong et al., 1994; Hartwig et al., 1995).
Under the conditions employed in this study, however,
they failed to activate PI(4)P5Ka (Figure 4C). These re-
sults indicate that the stimulation by RhoA and Racl of
PI(4)P5K reported must reflect an indirect mechanism.
Alternatively, RhoA and Racl may regulate an unidenti-
fied isoform of PI(4)P5K, which is supported by a pre-
vious report that RhoA physically associates with a
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ARF-GEF?«——Rac1

PLD2 ARF6

PA—»PI(4)P5Ka  POR1

PI(4,5)P2

actin polymerization

( membrane ruffling )

Figure 7. Working Hypothesis for the Mechanisms of PI(4)P5Ka Ac-
tivation and of Membrane Ruffling Formation upon EGF Stimulation

See text for details.

PI(4)P5K that is insensitive to PA (Ren et al., 1996). It is
also conceivable that their target is the g8 or y isoform
of PI(4)P5K, although unpublished data from our lab
suggests that this is not the case. The nature of the
PI(4)P5K that Racl associates with in rat liver cytosol
and Ratla fibroblast lysates in a GTP-independent man-
ner (Tolias et al., 1995, 1998) remains undetermined.

It has been reported that GTP~S significantly activates
PI(4)P5K in membranes (Urumow and Wieland, 1986;
Smith and Chang, 1989; Urumow and Wieland, 1990).
We found the stimulation of PI(4,5)P, formation by
GTP~S alone to be minimal, if any, in the cytosol (Figure
1). Since the addition of PA to the cytosol allowed GTPyS
to stimulate PI(4,5)P, formation (Figure 1) and GTPyS-
bound ARF activated PI(4)P5Ka in the presence, but not
in the absence, of PA in the reconstituted system (Figure
4D), the lack of the ability of GTP+S to activate PI(4)P5K
in the cytosol is clearly attributable to the absence of
PA; in contrast, membranes constitutively contain basal
levels of PA, and therefore addition of GTPyS alone to
them increases PI(4,5)P, production.

The requirement of phospholipids for ARF activation
of PI(4)P5Ka was specific to PA (Figure 4D). This specific
effect of PA cannot be simply explained by a physical
effect on the substrate vesicle structure through its neg-
ative charge, since the other negatively charged phos-
pholipids tested, PS, PI, and LPA, were without effect.
It is also unlikely that PA has a direct effect on ARF,
since PA did not affect [**S]GTP~S binding to ARF1 un-
der these conditions (Figure 4E) nor is PA required for
another ARF downstream effector, PLD (Hammond et
al., 1997). The most likely explanation is that PA directly
stimulates PI(4)P5Ka: PI(4)P5Ka binds to phospholipid
vesicles containing PA, but not to vesicles lacking PA
(Figure 4F). This notion is also supported by the fact
that even by itself PA stimulates PI(4)P5Ka, but it does
not stimulate PI(5)P4Ka (data not shown). These obser-
vations lead us to speculate that binding of PA to
PI(4)P5Ka causes a conformational change in the en-
zyme, which in turn allows it to interact with the active
form of ARF, thereby leading to synergistic stimulation.

Relationship between Racl and ARF6 in the
Membrane Ruffling Signaling Pathway

Franco etal. (1999) recently identified the guanine nucle-
otide exchange factor for ARF6 (EFA6) and found that
expression of EFA6 induces membrane ruffles. Further-
more, they have demonstrated that both dominant-neg-
ative mutants of ARF6 and Racl inhibited the EFA6-
induced membrane ruffles. From these results, they hy-
pothesized that EFA6 activates both ARF6 and Racl in
parallel pathways. This hypothesis (Racl-independent
activation of ARF6) is consistent with the results show-
ing the failure of Racl T17N to inhibit the ARF6-depen-
dent signaling leading to the activation of PI(4)P5K«
(Figure 6C). In addition, ARF6 could also be activated
by a Racl-dependent mechanism, which may involve
an ARF-GEF (Figure 7), based on the result that ARF6
N122l inhibited the Racl G12V-induced translocation of
PI(4)P5Ka to the plasma membrane (Figure 6A). Further-
more, it could be speculated that membrane ruffling
formation induced by EGF requires two parallel path-
ways; one being the ARF6-dependent activation of
PI(4)P5Ka and the consequent PI(4,5)P, elevation, and
the other a Racl-specific, ARF6-independent pathway
possibly mediated by POR1, a Racl-interacting protein
involved in membrane ruffling (D’Souza-Schorey et al.,
1997) (Figure 7). This hypothesis is supported by the
findings that the dominant-negative ARF6 N122| and the
anti-P1(4,5)P, antibody inhibited the Racl G12V-induced
membrane ruffling formation (Figures 6A and 6B), while
EGF stimulation still caused the cotranslocation of
PI(4)P5Ka and ARF6 to the plasma membrane where
Pl1(4,5)P, was produced, without induction of the mem-
brane ruffling in cells overexpressing the dominant-
negative Racl T17N (Figure 6C). The observation by
D’souza-Schorey et al. (1997) that ARF6 and POR1 syn-
ergistically induce membrane ruffling also supports this
model.

Relationship of PLD2 to the Activation of PI(4)P5Ka
Both PLD1 and PLD2 are ARF responsive (Hammond
et al., 1995, 1997; Sung et al., 1999a, 1999b), although
the details of this regulation in vivo are not well under-
stood. In this study, PLD2 was found to cotranslocate
with PI(4)P5Ka to the ruffling membranes formed upon
EGF stimulation (Figure 5E), whereas PLD1 did not alter
its perinuclear location, suggesting that PLD2, but not
PLD1, is involved in PI(4)P5Ka activation in this setting.
This conclusion is also supported by the observation
that EGF stimulation of cells overexpressing PLD2 stim-
ulates PLD activity (Slaaby et al., 1998), and that overex-
pression of PLD2 in many cell types results in actin
cytoskeletal rearrangements (Colley et al., 1997).

It should be noted, though, that PLD1 may activate
another PI(4)P5K isoform(s) different from PI(4)P5Ka,
or even PI(4)P5Ka itself in a different setting, since
P1(4)P5Kp has been reported in association with recep-
tor signaling and endocytosis (Davis et al., 1997), and
one or more of the PI(4)P5K isoforms is involved in the
priming of exocytosis (Hay et al., 1995), either of which
may involve PLD1. Nevertheless, although further inves-
tigation is required to explore the involvement of PLD2
in PI(4)P5Ka activation, this report demonstrates a novel
physiological function for PLD2 and it sheds insight into
the role of PLD2 in EGF-stimulated cellular signaling.
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Novel Physiological Function of PI(4)P5Ka

It is firmly established that regulated exocytosis, such
as ATP-dependent, Ca?*-activated neurotransmitter se-
cretion in PC12 cells (Hay et al., 1995) and enzyme re-
lease in HL-60 cells (Fensome et al., 1996), appears
to be mediated by PI(4,5)P, produced by the action of
PI(4)P5K. In addition to this role, we provide evidence
in the present study for a novel function for PI(4)P5K,
i.e., involvement in membrane ruffle formation as in-
duced by EGF stimulation, which also appears likely to
be mediated by its product PI(4,5)P,, inasmuch as the
local production of PI(4,5)P, at the ruffling membrane
and the inhibition by the anti-PI(4,5)P, antibody of the
Racl G12V-induced membrane ruffling formation were
observed (Figures 5D and 6B). This idea is consistent
with many reports linking P1(4,5)P, to reorganization of
the actin cytoskeleton through the regulation of actin-
binding proteins (Lassing and Lindberg, 1985; Janmey
and Stossel, 1987; Fukami et al., 1992). Most noteworthy
of these, the PI(4,5)P,-regulated actin severing and cap-
ping protein, gelsolin, has been found by Radhakrishna
et al. (1996) to colocalize with ARF6 at the ruffles formed
upon AlF, stimulation and by Steed et al. (1996) to asso-
ciate with PLD2. Moreover, Azuma et al. (1998) reported
that gelsolin-null dermal fibroblasts have a markedly
reduced ruffling response to EGF stimulation. Although
the detailed mechanism by which gelsolin mediates
membrane ruffling formation remains to be clarified, it
is presently the best candidate as a target protein for
P1(4,5)P; in this setting.

Experimental Procedures

Reagents and Antibodies

Phospholipids, except for PI(4)P and LPA, were purchased from
Avanti Polar Lipids. PI(4)P, LPA, ATP, and GTPyS were obtained
from Sigma, [y-**P]ATP and [®*S]GTPyS from Amersham Life Tech-
nologies, and EGF from Takara Shuzo Co., Ltd (Shiga, Japan). Poly-
clonal rabbit anti-RhoA, anti-Rac1l, and anti-Cdc42 antibodies, and
a monoclonal mouse anti-myc antibody (9E10) were obtained from
Santa Cruz Biotechnology. Monoclonal rat anti-HA and mouse anti-
FLAG M2 antibodies were from Boehringer Mannheim and Eastman
Kodak Co., respectively. Cy3- and FITC-conjugated secondary anti-
bodies and Alexa 488 phalloidin were from Jackson ImmunoRe-
search Laboratories and Molecular Probes, respectively. A rabbit
anti-ARF antiserum was raised against a synthetic peptide, corre-
sponding to amino acid residues 23-36 of ARF1-5 and 19-32 of
ARF6. A monoclonal mouse anti-PI(4,5)P, antibody (AM212) was a
generous gift of Dr. Umeda, The Tokyo Metropolitan Institute of
Medical Science, Japan (Miyazawa et al., 1988).

Plasmid Construction
PI(4)P5Ka cDNA was amplified from mouse brain total RNA using
RT-PCR and the cDNA sequence (Ishihara et al., 1996) verified. The
mouse ARF cDNAs were previously described (Hosaka et al., 1996).
An N122I mutation was introduced into ARF6 using a PCR-based
strategy (Toda et al., 1999). pTB701-FLAG and pcDNA3-FLAG were
used to construct mammalian expression vectors for N- and C-termi-
nally FLAG epitope-tagged PI(4)P5Ka [FLAG-PI(4)P5Ka] and ARFs
(ARFs-FLAG), respectively. pcDNA3-FLAG was constructed by in-
sertion of the FLAG epitope sequence into pcDNA3 (Invitrogen).
pFLAG-MAC (Eastman Kodak Co.) and pET20b (Novagen) were
used to construct bacterial expression vectors for FLAG-PI(4)P5Ka
and C-terminally 6-His-tagged ARF1 (ARF1-His), respectively. The
bacterial expression vector for N-myristoyltransferase, pBB131, was
a generous gift of Dr. Gordon, Washington University (Duronio et
al., 1990).

Myc-tagged mammalian expression vectors for Pl(4)P5Ka and

Racl G12V were generated using pcDNA3-myc, which was con-
structed by insertion of a myc epitope—encoding linker into pcDNA3.
An HA-tagged version of PI(4)P5Ka was generated using pTB701-
HA. The construction of plasmids for ARFs-HA, ARF6 N122I-HA,
and HA-PLD2 were previously described (Hosaka et al., 1996; Colley
et al., 1997; Toda et al., 1999). The expression vectors for GFP-
PH/PLC31 and FLAG-Racl T17N were generous gifts of Dr. Yagi-
sawa, Himeji Institute of Technology, Japan (Fujii et al., 1999) and
of Dr. Kaziro, Tokyo Institute of Technology, Japan respectively.

Preparation of Recombinant PI(4)P5Ka, ARFs, RhoA, and Racl
To prepare mammalian recombinant FLAG-PI(4)P5Ka and ARFs-
FLAG, pTB701-FLAG-PI(4)P5Ka and pcDNA3-ARFs-FLAG were
transfected into COS-7 cells by electroporation and the proteins
purified as previously described (Yamazaki et al., 1999).

FLAG-PI(4)P5Ka was also inducibly expressed in E. coli with 1
mM isopropyl-B-D-thiogalactopyranoside (IPTG). After disruption of
cells and centrifugation, the supernatant was subjected to chroma-
tography on a Sulfate Cellulofine column (Seikagaku Co., Japan).
Fractions containing FLAG-PI(4)P5Ka were further subjected to
chromatography on a column of anti-FLAG M2 affinity resins (East-
man Kodak Co.). Myr-ARF1 was expressed in E. coli, which was
cotransfected with pBB131, with 0.4 mM IPTG in the presence of
0.2 mM myristic acid. Myr-ARF1 in the soluble fraction of the cell was
purified by chromatography on a ProBond nickel-chelating column
(Invitrogen) using 300 mM imidazole as an elution buffer. After re-
moval of imidazol by dialysis, purified proteins were stored at —80°C
until use.

Recombinant ARF1, RhoA, and Racl expressed in Sf9 cells were
purified as described previously (Hammond et al., 1997).

Preparation of Bovine Brain Cytosol

Bovine brains were homogenized in 10 mM Tris-HCI (pH 7.5), 1
mM EDTA, and 0.1 mM phenylmethylsulfonyl fluoride (PMSF), and
centrifuged at 100,000 X g for 30 min. The clear supernatant (4 mg/
ml protein) was frozen in liquid nitrogen and stored at —80°C until
use.

Purification of the GTPyS-Dependent Activator of Pl(4)P5Ka
from Bovine Brain Cytosol

Bovine brain cytosol proteins were precipitated with ammonium
sulfate at 25%-60% saturation and then dissolved in 20 mM Tris-
HCI (pH 7.5), 1 mM EDTA, 0.1 mM DTT, and 0.1 mM PMSF (buffer
A). After dialysis against buffer A, the sample was loaded onto a
DEAE Sephacel column and eluted with a linear gradient of 0-0.4
M NaCl in buffer A. PI(4)P5Ka-activating fractions eluted at 0.1 M
NaCl were concentrated and then subjected to gel filtration chroma-
tography on a Sephacryl S-300 HR column in buffer B which con-
sisted of 20 mM Tris-HCI (pH 7.5), 1 mM EDTA, 0.1 mM DTT, 0.1 mM
PMSF, 1 .M GDP, and 50 mM NacCl. PI(4)P5Ka-activating fractions
eluted were loaded onto a Hydroxyapatite column, and eluted with
a linear gradient of 0-120 mM potassium phosphate (pH 7.5) in 20
mM Tris-HCI (pH 7.5), 0.1 mM DTT, 0.1 mM PMSF, and 1 uM GDP.
After an equal volume of 4 M ammonium sulfate was added to
PI(4)P5Ka-activating fractions eluted at 35 mM potassium phos-
phate, the fractions were further subjected to chromatography on
a Phenyl-TOYOPEARL 650M column and eluted with a linear gradi-
ent of 2-0 M ammonium sulfate. PI(4)P5Ka-activating fractions
eluted at 0.6 M ammonium sulfate were concentrated and gel fil-
trated on a Superdex 75 HR 10/30 column with buffer B.

Amino Acid Sequence Analysis of the Purified

PI(4)P5Ka Activator

The PI(4)P5Ka activator purified from bovine brain cytosol (20 pg
of protein) was digested with 2 pg/ml of trypsin at 37°C overnight.
The peptide fragments were separated by reversed-phase HPLC.
The separated peptides were sequenced by a model PPSQ-21 se-
quencer (Shimadzu, Kyoto, Japan).

Assay of PI(4)P5K Activity

P1(4)P5K activity was determined by the incorporation of *Pi from
[y-¥?P]ATP into PI(4)P. In a standard assay, samples containing
PI(4)P5K were incubated at 37°C for 25 min in 50 mM Tris-HCI (pH
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7.5), 1 mM EGTA, 10 mM MgCl,, 0.004% (w/v) NP-40, 50 uM PI(4)P,
50 uM [y-*2P]ATP (1 pCi/assay), either of 40 pM GTP~vS or GDP,
and the indicated concentrations of PA. For purification of a GTPyS-
dependent PI(4)P5Ka activator, recombinant PI(4)P5Ka purified
from COS-7 cells was reconstituted with each fraction separated by
the column chromatographies in the presence of 0.2 M ammonium
sulfate. After the reaction was terminated by adding chloroform/
methanol/11.7 N HCI (200:400:1, by volume), lipids were extracted
according to the methods of Bligh and Dyer (1959), and separated
by thin layer chromatography on Merck silica gel 60 plates that were
impregnated with 1.2% potassium oxalate in the solvent system of
chloroform/methanol/acetone/water/acetic acid (7:5:2:2:2, by vol-
ume). The [?P]PI(4,5)P, produced was analyzed by a BAS2000 Bio-
imaging analyzer (Fuji Photo Film, Tokyo, Japan).

Confocal Immunofluorescence Microscopy

HelLa cells grown in Dulbecco’s modified Eagles medium (DMEM)
supplemented with 5% fetal calf serum (FCS) on glass coverslips
were transfected using Lipofectamine Plus (Life Technologies, MD).
Transfected cells were treated as described in figure legends, then
fixed, permeabilized, and blocked as previously reported (Torii et
al., 1995). To stain PI(4,5)P, with the anti-PI(4,5)P, antibody (AM212),
0.01% Triton-X 100 was employed for permeabilization. The cells
were then incubated with monoclonal anti-myc (9E10), anti-HA anti-
bodies, and anti-PI(4,5)P, antibodies, followed by fluorescent stain-
ing with FITC- and Cy3-labeled secondary antibodies and Alexa 488
phalloidin. After being washed with PBS, the immunofluorescently
stained cells were imaged using a laser-scanning confocal micro-
scope (TCS4D, Leica Laser Teknik).

[*S]GTP¥S Binding to Recombinant myr-ARF1

Recombinant myr-ARF1 was incubated for 25 min at 37°C with 10
wM [F®S]GTPYS in 50 mM Tris-HCI (pH 7.5), 1 mM EGTA, 10 mM
MgCl,, 0.004% NP-40, 12.5 wM PI(4)P, and 12.5 pM of the indicated
phospholipids. After the reaction was terminated by adding 50 mM
Na-HEPES (pH 7.4), 2.5 mM EDTA, 5 mM MgCl,, and 40 uM GTP,
samples were transferred to nitrocellulose filters. Filters were
washed thoroughly, then the bound [®*S]GTPvS was quantified by
liquid scintillation spectroscopy.

Western Blotting
Western blotting experiments were performed as described pre-
viously (Yamazaki et al., 1999) using ECL (Amersham).

Acknowledgments

We are grateful to Drs. U. Kikkawa, Y. Kaziro, J. I. Gordon, and K.
Toda for providing pTB701-FLAG, Racl G12V and the Racl T17N,
pBB131 plasmids, and ARF plasmids, respectively. We also thank
Drs. H. Yagisawa, M. Fujii, and T. Osumi for providing GFP-PH/
PLC31, Dr. M. Umeda for the anti-PI(4,5)P, antibody, and Dr. H.
Taguchi for skillful support in the sequencing of the purified GTPyS-
dependent activator of PI(4)P5Ka. This study was supported by
research grant from the Ministry of Education, Science, Sports and
Culture, Japan to Y. K. and grants from the NIH to A. J. M. (GM50388)
and M. A. F. (GM54813). T. Y. and M. Y. are Research Fellows of
the Japan Society for the Promotion of Science.

Received June 21, 1999; revised October 27, 1999.
References

Auger, K.R., Serunian, L.A., Soltoff, S.P., Libby, P., and Cantley,
L.C. (1989). PDGF-dependent tyrosine phosphorylation stimulates
production of novel polyphosphoinositide in intact cells. Cell 57,
167-175.

Azuma, T., Witke, W., Stossel, T.P., Hartwig, J.H., and Kwiatkowski,
D.J. (1998). Gelsolin is a downstream effector of rac for fibroblast
motility. EMBO J. 17, 1362-1370.

Balch, W.E., Kahn, R.A., and Schwaninger, R. (1992). ADP-ribosyla-
tion factor is required for vesicular trafficking between the endoplas-
mic reticulum and the cis-Golgi compartment. J. Biol. Chem. 267,
13053-13061.

Berridge, M.J. (1987). Inositol trisphosphate and diacylglycerol: two
interacting second messengers. Annu. Rev. Biochem. 56, 159-193.

Berridge, M.J., and Irvine, R.F. (1984). Insotisol trisphosphate, a
novel second messenger in cellular signal transduction. Nature 312,
315-321.

Billah, M.M. (1993). Phospholipase D and cell signaling. Curr. Opin.
Immunol. 5, 114-123.

Bligh, E.G., and Dyer, W.J. (1959). A rapid method of total lipid
extraction and purification. Can. J. Biochem. Physiol. 37, 911-917.

Boronenkov, V., and Anderson, R.A. (1995). The sequence of phos-
phatidylinositol-4-phosphate 5-kinase defines a novel family of lipid
kinases. J. Biol. Chem. 270, 2881-2884.

Brown, H.A., Gutowski, S., Moomaw, C.R., Slaughter, C., and
Sternweis, P.C. (1993). ADP-ribosylation factor, a small GTP-depen-
dent regulatory protein, stimulates phospholipase D activity. Cell
75, 1137-1144.

Cantley, L.C., Auger, K.R., Carpenter, C., Duckworth, B., Graziani,
A., Kapeller, R., and Soltoff, S. (1991). Oncogenes and signal trans-
duction. Cell 64, 281-302.

Castellino, A.M., Parker, G.J., Boronenkov, I.V., Anderson, R.A., and
Chao, M.V. (1997). A novel interaction between the juxtamembrane
region of the p55 tumor necrosis factor receptor and phosphatidyl-
inositol-4-phosphate 5-kinase. J. Biol. Chem. 272, 5861-5870.

Chong, L.D., Traynor-Kaplan, A., Bokoch, G.M., and Schwartz, M.A.
(1994). The small GTP-binding protein Rho regulates a phosphatidyl-
inositol 4-phosphate 5-kinase in mammalian cells. Cell 79, 507-513.

Cochet, C., and Chambaz, E.M. (1986). Catalytic properties of a
purified phosphatidylinositol-4-phosphate kinase from rat brain.
Biochem. J. 237, 25-31.

Cockecroft, S., Thomas, G.M.H., Fensome, A., Geny, B., Cunningham,
E., Gout, I., Hiles, I., Totty, N.F., Truong, O., and Hsuan, J.J. (1994).
Phospholipase D: a downstream effector of ARF in granulocytes.
Science 263, 523-526.

Colley, W.C., Sung, T.-C., Roll, R., Jenco, J., Hammond, S.M., Alt-
shuller, Y., Bar-Sagi, D., Morris, A.J., and Frohman, M.A. (1997).
Phospholipase D2, a distinct phospholipase D isoform with novel
regulatory properties that provokes cytoskeletal reorganization.
Curr. Biol. 7, 191-201.

Davis, J.N., Rock, C.O., Cheng, M., Watson, J.B., Ashmun, R.A.,
Kirk, H., Kay, R.J., and Roussel, M.F. (1997). Complementation of
growth factor receptor-dependent mitogenic signaling by a trun-
cated type | phosphatidylinositol 4-phosphate 5-kinase. Mol. Cell.
Biol. 17, 7398-7406.

Divecha, N., Truong, O., Hsuan, J.J., Hinchliffe, K.A., and Irvine, R.F.
(1995). The cloning and sequence of the C isoform of Ptdins 4P
5-kinase. Biochem. J. 309, 715-719.

D’Souza-Schorey, C., Boshans, R.L., McDonough, M., Stahl, P.D.,
and Aelst, L.V. (1997). A role for POR1, a Racl-interacting protein,
in ARF6-mediated cytoskeletal rearrangements. EMBO J. 17, 5445—
5454,

Duronio, R.J., Jackson-Machelski, E., Heuckeroth, R.O., Olins, P.O.,
Devine, C.S., Yonemoto, W., Slice, L.W., Taylor, S.S., and Gordon,
J.I. (1990). Protein N-myristoylation in Escherichia coli: reconstitu-
tion of a eukaryotic protein modification in bacteria. Proc. Natl.
Acad. Sci. USA 87, 1506-1510.

Fensome, A., Cunningham, E., Prosser, S., Tan, S.K., Swigart, P.,
Thomas, G., Hsuan, J., and Cockcroft, S. (1996). ARF and PITP
restore GTPyS-stimulated protein secretion from cytosol-depleted
HL60 cells by promoting PIP2 synthesis. Curr. Biol. 6, 730-738.
Franco, M., Peters, P.J., Boretto, J., Donselaar, E., Neri, A., D’Souza-
Schorey, C., and Chavrier, P. (1999). EFA6, a sec7 domain-con-
taining exchange factor for ARF6, coordinates membrane recycling
and actin cytoskeleton organization. EMBO J. 18, 1480-1491.
Fujii, M., Ohtsubo, M., Ogawa, T., Kamata, H., Hirata, H., and Yagi-
sawa, H. (1999). Real-time visualization of PH domain-dependent
translocation of phospholipase C-31 in renal epithelial cells (MDCK):
response to hypo-osmotic stress. Biochem. Biophys. Res. Commun.
254, 284-291.

Fukami, K., Furuhashi, K., Inagaki, M., Endo, T., Hatano, S., and
Takenawa, T. (1992). Requirement of phosphatidylinositol 4,5-bis-
phosphate for a-actinin function. Nature 359, 150-152.



PI(4)P5Ka as a Downstream Effector of ARF6
531

Godi, A., Pertile, P., Meyers, R., Marra, P., DiTullio, G., lurisci, C.,
Luini, A., Corda, D., and DeMatteis, M.A. (1999). ARF mediates re-
cruitment of PtdIns-4-OH kinase-B and stimulates synthesis of
PtdIns(4,5)P, on the Golgi complex. Nat. Cell Biol. 1, 280-287.

Hammond, S.M., Altshuller, Y.M., Sung, T.-C., Rudge, S.A., Rose,
K., Engebrecht, J., Morris, A.J., and Frohman, M.A. (1995). Human
ADP-ribosylation factor-activated phosphatidylcholine-specific phos-
pholipase D defines a new and highly conserved gene family. J.
Biol. Chem. 270, 29640-29643.

Hammond, S.M., Jenco, J.M., Nakashima, S., Cadwallader, K., Gu,
Q., Cook, S., Nozawa, Y., Prestwich, G.D., Frohman, M.A., and Mor-
ris, A.J. (1997). Characterization of two alternately spliced forms of
phospholipase D1. J. Biol. Chem. 272, 3860-3868.

Hartwig, J.H., Bokoch, G.M., Carpenter, C.L., Janmey, P.A., Taylor,
L.A., Toker, A., and Stossel, T.P. (1995). Thrombin receptor ligation
and activated Rac uncap actin filament barbed ends through phos-
phoinositide synthesis in permeabilized human platelets. Cell 82,
643-653.

Hay, J.C., Fissette, P.L., Jenkins, G.H., Fukami, K., Takenawa, T.,
Anderson, R.A., and Martin, T.F.J. (1995). ATP-dependent inositide
phosphorylation required for Ca?*-activated secretion. Nature 374,
173-177.

Hosaka, M., Toda, K., Takatsu, H., Torii, S., Murakami, K., and Naka-
yama, K. (1996). Structure and intracellular localization of mouse
ADP-ribosylation factors type 1 to type 6. J. Biochem. (Tokyo) 120,
813-819.

Ishihara, H., Shibasaki, Y., Kizuki, N., Katagiri, H., Yazaki, Y., Asano,
T., and Oka, Y. (1996). Cloning of cDNAs encoding two isoforms of
68-kDa type | phosphatidylinositol-4-phosphate 5-kinase. J. Biol.
Chem. 271, 23611-23614.

Ishihara, H., Shibasaki, Y., Kizuki, N., Wada, T., Yazaki, Y., Asano,
T., and Oka, Y. (1998). Type | phosphatidylinositol-4-phosphate
5-kinase. J. Biol. Chem. 273, 8741-8748.

Itoh, T., ljuin, T., and Takenawa, T. (1998). A novel phosphatidylinosi-
tol-5-phosphate 4-kinase (phosphatidylinositol-phosphate kinase
Ily) is phosphorylated in the endoplasmic reticulum in response to
mitogenic signals. J. Biol. Chem. 273, 20292-20299.

Janmey, P.A., and Stossel, T. (1987). Modulation of gelsolin function
by phosphatidylinositol 4,5-bisphosphate. Nature 325, 362-364.

Jenkins, G.H., Fisette, P.L., and Anderson, R.A. (1994). Type | phos-
phatidylinositol 4-phosphate 5-kinase isoforms are specifically stim-
ulated by phosphatidic acid. J. Biol. Chem. 269, 11547-11554.

Kahn, R.A., Randazzo, P., Serafini, T., Weiss, O., Rulka, C., Clark,
J., Amherdt, M., Roller, P., Orchi, L., and Rothman, J.E. (1992). The
amino terminus of ADP-ribosylation factor (ARF) is a critical determi-
nant of ARF activities and is a potent and specific inhibitor of protein
transport. J. Biol. Chem. 267, 13039-13046.

Lassing, I., and Lindberg, U. (1985). Specific interaction between
phosphatidylinositol 4,5-bisphosphate and profilactin. Nature 314,
472-474.

Lenhard, J.M., Kahn, R.A., and Stahl, P.D. (1992). Evidence for ADP-
ribosylation factor (ARF) as a regulator of in vitro endosome-
endosome fusion. J. Biol. Chem. 267, 13047-13052.

Liang, J.0., and Kornfeld, S. (1997). Comparative activity of ADP-
ribosylation factor family members in the early steps of coated vesi-
cle formation on rat liver golgi membranes. J. Biol. Chem. 272,
4141-4148.

Loijens, J.C., and Anderson, R.A. (1996). Type | phosphatidylinositol-
4-phosphate 5-kinases are distinct members of this novel lipid ki-
nase family. J. Biol. Chem. 271, 32937-32943.

Loijens, J.C., Boronenkov, I.V., Parker, G.J., and Anderson, R.A.
(1996). The phosphatidylinositol 4-phosphate 5-kinase family. Adv.
Enzyme Regul. 36, 115-140.

Miyazawa, A., Umeda, M., Horikoshi, T., Yanagisawa, K., Yoshioka,
T., and Inoue, K. (1988). Production and characterization of mono-
clonal antibodies that bind to phosphatidylinositol 4,5-bisphos-
phate. Mol. Immunol. 25, 1025-1031.

Moritz, A., DeGraan, P.N.E., Gispen, W.H., and Wirtz, K.W.A. (1992).
Phosphatidic acid is a specific activator of phosphatidylinositol-
4-phosphate kinase. J. Biol. Chem. 267, 7207-7210.

Nishizuka, Y. (1984). The role of protein kinase C in cell surface
signal transduction. Nature 308, 693-698.

Radhakrishna, H., Klausner, R.D., and Donaldson, J.G. (1996). Alumi-
num fluoride stimulates surface protrusions in cells overexpressing
the ARF6 GTPase. J. Cell Biol. 134, 935-947.

Radhakrishna, H., Al-Awar, O., Khachikian, Z., and Donaldson, J.G.
(1999). ARF6 requirement for Rac ruffling suggests a role for mem-
brane trafficking in cortical actin rearrangements. J. Cell Sci. 112,
855-866.

Rameh, L.E., Tolias, K.F., Duckworth, B.C., and Cantley, L.C. (1997).
A new pathway for synthesis of phosphatidylinositol 4,5-bisphos-
phate. Nature 390, 192-196.

Randazzo, P.A. (1997). Functional interaction of ADP-ribosylation
factor 1 with phosphatidylinositol 4,5-bisphosphate. J. Biol. Chem.
272, 7688-7692.

Randazzo, P.A., and Kahn, R.A. (1994). GTP hydrolysis by ADP-
ribosylation factor is dependent on both an ADP-ribosylation factor
GTPase-activating protein and acid phospholipids. J. Biol. Chem.
269, 10758-10763.

Ren, X.-D., Bokoch, G.M., Traynor-Kaplan, A., Jenkins, G.H., Ander-
son, R.A., and Schwartz, M.A. (1996). Physical association of the
small GTPase Rho with a 68-kDa phosphatidylinositol 4-phosphate
5-kinase in Swiss 3T3 cells. Mol. Biol. Cell 7, 435-442.

Ridley, A.J., Paterson, H.F., Johnston, C.L., Diekmann, D., and Hall,
A. (1992). The small GTP-binding protein rac regulates growth fac-
tor-induced membrane ruffling. Cell 70, 401-410.

Schmidt, M., Rumenapp, U., Bienek, C., Keller, J., von Eichel-
Streiber, C., and Jakobs, K.H. (1996). Inhibition of receptor signaling
to phospholipase D by Clostridium difficile toxin B—role of Rho
proteins. J. Biol. Chem. 271, 2422-2426.

Slaaby, R., Jensen, T., Hansen, H.S., Frohman, M.A., and Seedorf,
K. (1998). PLD2 complexes with the EGF receptor and undergoes
tyrosine phosphorylation at a single site upon agonist stimulation.
J. Biol. Chem. 273, 33722-33727.

Smith, C.D., and Chang, K.-J. (1989). Regulation of brain phosphati-
dylinositol-4-phosphate kinase by GTP analogues. J. Biol. Chem.
264, 3206-3210.

Steed, P.M., Nagar, S., and Wennogle, L.P. (1996). Phospholipase
D regulation by a physical interaction with the actin-binding protein
gelsolin. Biochemistry 35, 5229-5237.

Sung, T.-C., Altshuller, Y.M., Morris, A.J., and Frohman, M.A. (1999a).
Molecular analysis of mammalian phospholipase D2. J. Biol. Chem.
274, 494-502.

Sung, T.-C., Zhang, Y., Morris, A.J., and Frohman, M.A. (1999b).
Structural analysis of human phospholipase D1. J. Biol. Chem. 274,
3659-3666.

Terui, T., Kahn, R.A., and Randazzo, P.A. (1994). Effects of acid
phospholipids on nucleotide exchange properties of ADP-ribosyla-
tion factor 1. J. Biol. Chem. 269, 28130-28135.

Toda, K., Nogami, M., Murakami, K., Kanaho, Y., and Nakayama,
K. (1999). Colocalization of phospholipase D1 and GTP-binding-
defective mutant of ADP-ribosylation factor 6 to endosomes and
lysosomes. FEBS Lett. 442, 221-225.

Toker, A. (1998). The synthesis and cellular roles of phosphatidylino-
sitol 4,5-bisphosphate. Curr. Opin. Cell Biol. 10, 254-261.

Tolias, K.F., Cantley, L.C., and Carpenter, C.L. (1995). Rho family
GTPases bind to phosphoinositide kinases. J. Biol. Chem. 270,
17656-17659.

Tolias, K.F., Couvillon, A.D., Cantley, L.C., and Carpenter, C.L.
(1998). Characterization of a Racl- and RhoGDl-associated lipid
kinase signaling complex. Mol. Cell. Biol. 18, 762-770.

Torii, S., Banno, T., Watanabe, T., Ikehara, Y., Murakami, K., and
Nakayama, K. (1995). Cytotoxicity of brefeldin A correlates with its
inhibitory effect on membrane binding of COP coat proteins. J. Biol.
Chem. 270, 11574-11580.

Urumow, T., and Wieland, O.H. (1986). Stimulation of phosphatidyl-
inositol-4-phosphate phosphorylation in human placenta mem-
branes by GTPyS. FEBS Lett. 207, 253-257.

Urumow, T., and Wieland, O.H. (1990). A small G-protein involved



Cell
532

in phosphatidylinositol-4-phosphate kinase activation. FEBS Lett.
263, 15-17.

Varnai, P., and Balla, T. (1998). Visualization of phosphoinositides
that bind pleckstrin homology domains: calcium- and agonist-
induced dynamic changes and relationship to myo-[*H]inositol-
labeled phosphoinositide pools. J. Cell Biol. 143, 501-510.
Wymann, M.P., and Pirola, L. (1998). Structure and function of phos-
phoinositide 3-kinases. Biochim. Biophys. Acta 1436, 127-150.
Yamazaki, M., Zhang, Y., Watanabe, H., Yokozeki, T., Ohno, S.,
Kaibuchi, K., Shibata, H., Mukai, H., Ono, Y., Frohman, M.A., and
Kanaho, Y. (1999). Interaction of the small G protein RhoA with
the C terminus of human phospholipase D1. J. Biol. Chem. 274,
6035-6038.



