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ABSTRACT: Increases in intracellular phosphatidic acid levels caused by receptor-mediated activation of
phospholipase D (PLD) have been implicated in many signal transduction pathways leading to cellular
activation. PLD is known to be regulated by several means, including tyrosine kinase activity, increases
in C&*, receptor-coupled G proteins, small GTP binding proteins, ceramide metabolism, and protein

kinase C. We have investigated an additional regulatory effect on PLD activity involving nucleoside
triphosphates (NTPs). A NTP binding protein copurifies with PLD activity from rabbit brains using a

GTP—agarose affinity column, and this protein st

imulates PLD activity only in the absence of NTPs.

The NTP effect is reversible and labile, and the binding protein is separable from the PLD activity by

heparin-agarose chromatography. We identified
amino acid sequencing following peptide mapping.

this protein as the actin-binding protein gelsolin by
This finding was verified by the co-immunoprecipitation

of gelsolin and PLD activity as well as by the reconstitution of gelsolin-dependent nucleotide sensitive
PLD activity by the addition of purified gelsolin to gelsolin-free PLD. Our data indicate that actin
rearrangements and PLD signaling are coordinately regulated through the physical association between
PLD and gelsolin and that this interaction may also serve to amplify both PLD signaling and actin

reorganization.

The hydrolysis of phosphatidylcholine (P®)y phospho-
lipase D (PLD) to yield choline and phosphatidic acid (PA)
has been implicated in a variety of signal transduction
pathways (Billah, 1993; Exton, 1994). Increased PA is
associated with several important cellular activities, including
stimulation of cfosand cmyctranscription (Kanuss et al.,
1990), activation of protein kinases (Ha & Exton, 1993;
Limatola et al., 1994), activation of phospholipas¢ (Jones
& Carpenter, 1993), influx of Ca (Putney et al., 1980),

(Billah et al., 1989). Thus, the stimulation of PLD activity
is a component of multiple signaling cascades.

The control of PLD activity is known to be complex.
Receptor-mediated activation of PLD occurs in cells treated
with cytokines, growth factors, hormones, and neurotrans-
mitters (Natarajan & lwamoto, 1994; Zhou et al., 1993).
Many of these responses are dependent on trimeric guanyl
nucleotide regulatory proteins (G proteins) (Cockroft, 1992).
PLD can be activated by protein kinase C (PKC), tyrosine

and increased DNA synthesis (Boarder, 1994) as well asphosphorylation (Dubyak et al., 1993; Gomez-Cambronero,

other effects (Moritz et al., 1992). Increased intracellular
PA concentrations are manifested in a diversity of cellular
changes, including cellular activation and cell cycle control
(Fukami & Takenawa, 1992; McPhalil et al., 1993; Stutchfield
& Cockroft, 1993; Yasui et al., 1994). In addition to
producing the lipid messenger PA, PLD activity leads to the
formation of diacylglycerol (DAG) through dephosphoryla-
tion of PA by the action of PA phosphohydrolase (Kanoh et
al., 1992). This DAG response derived from PC is often of
longer duration relative to the DAG formed by the hydrolysis
of phosphatidylinositol 4,5-bisphosphate (BIBy phospho-
lipase C and is the major source of DAG in some cell types
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1995), ceramides (Gomez-Munoz et al., 1994), aad
superfamily GTP binding proteins (Cockroft et al., 1994;
Kuribara et al., 1995; Lambeth et al., 1995; Massenburg et
al.,, 1994). There are also unidentified regulators of PLD
activity (Geny et al., 1995; Singer et al., 1995). Despite the
intensive study dedicated to PLD and its regulatory impor-
tance, the purification of a mammalian PLD to homogeneity
and the cloning of human PLD have only been reported
recently (Hammond et al., 1995; Okamura & Yamashita,
1994).

In this paper, we show that partially purified PLD activity
extracted from rabbit brain membranes is regulated by the
nucleoside triphosphates (NTPs) ATP, GTP, CTP, and UTP.
Further, we identify the regulatory NTP binding protein
responsible for this phenomenon as cytosolic gelsolin.
Gelsolin and its homologs are important actin-binding
proteins that function in actin filament reorganization [for a
review, see Cunningham (1992), Rozycki et al. (1994), and
Wegner et al. (1994)]. Actin rearrangements involve sever-
ing of actin filaments, formation of nucleation sites, and
subsequent repolymerization. Such events are important for
cellular activities such as mobility, proliferation, and secre-
'tion, events in which PLD activation has been shown to play
a regulatory role (Boarder, 1994; Stutchfield & Cockroft,
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Table 1: Partial Purification of Phospholipase D from Rabbit Brain

total protein units of PLD PLD specific activity
purification step (mg) activity? (nmol/h) [nmol h™* (mg protein) ]

rabbit brain homogenate 15410 4983 0.33

Triton X-100 extract 196 1¢° 4389 2.31

Q-Sepharose FF 266 3510 13.2
GTP—agarose/UTP elution 12 2109 175.8
heparin-agarose post-GTPagarose purification 3.2 1992 623.4
heparin-agarose/no GTPagarose purification 53.1 2949 55.5

aPLD assays were performed in the presence of 1.0 mM ATP. The substrate concentration usbt) (813 below theK, in order to avoid
problems created by phase separation of the lipid substrate.

1993; Yasui et al., 1994). Additionally, PLD signaling has Tris-HCI (50 mM) (pH 7.2) and 1.0 mM EDTA (D buffer)
recently been found to have a stimulatory effect on actin were added to 50 frozen, stripped, mature rabbit brains (Pel-
filamentation (Ha & Exton, 1994). Freez Biological, Rogers, AK; approximately 500 g) to a
In this paper, we further demonstrate that PLD activity is final volume of 1.0 L. This material was homogenized in a
stimulated by the addition of phosphatidylinositol 4,5- Waring blender for 2 min and further homogenized with a
bisphosphate (PHpPonly in the presence of gelsolin, indicat- Polytron tissue homogenizer (Brinkman Instruments, West-
ing that the regulatory relationship between actin reorgani- bury, NY) on ice using three periods of 5 min. The
zation and PLD is reciprocal. These findings are discussedhomogenized tissue was centrifuged at @@ 15 min
in terms of the central role of PLD in signal transduction. and the supernatant collected. D buffer was added (400 mL)
to the cellular debris, and the homogenization and centrifu-
MATERIALS AND METHODS gation were repeated and the supernatants pooled and

Phospholipase D AssayThe PLD assay measured the centrifuged at 3000pfor 2 h. The membrane pellet was
release of JH]choline from [methytH]choline L-o-PC suspended in buffer supplemented with 2.0 M NaCl, the
dipalmitoylphosphatidylcholine essentially as described (Kanoh SUSpension recentrifuged, and the resulting pellet resuspended
et al.,, 1991). Choline was separated from PC substrate byl 800 mL of buffer. Protein concentrations were determined

partitioning into water from a chloroformmethanol extrac-  USing a Coomassie blue dye-binding kit (Bio-Rad). Triton
tion. PH]PC substrate was prepared by drying stock (in X-100 was added to a final concentration of 1.0% and the
methanol) with argon and redissolving into minimal volumes Suspension stirred for 2 h and then centrifuged at 3000
of methanol (210 uL). After dilution with a buffer of 20 for 2'h. The Triton X-100 extract had a specific activity of
mM Tris-HCI (pH 7.0), 1.0 mM ethylenediaminetetraacetic 3-34 x 107 nmol h* (mg protein)*. This material (400
acid (EDTA), and 0.05% Triton X-100 (PLDT buffer) to a ML, 15.1 g of total protein) was filtered through a 04%
5X concentration, the substrate was sonicated for 30 s andfilter and applied to a 50 mnx 300 mm Waters AP glass
used immediately. The assay was performed with,ap  column (Millipore Corp., Milford, MA) packed with Q-
[3H]choline (Dupont-NEN, Boston MA NET654; 0ACi/ Sepharose Fast Flow (approximately 600 mL; Pharmacia
assay) and 410 units of enzyme with PLDT buffer added Biotech, Piscataway, NJ). PLD activity was eluted with a
to a final volume of 50uL using polypropylene tubes. linear gradient over 60 min from 0to O.§ M NaCl in PLDT
Following a 2 h incubation at 37C, the reaction was stopped ~Puffer at a flow rate of 15 mL/min. Fractions (15 mL) were
by the addition of 25@L of water—methanol (2:3), followed ~ collected and assayed for PLD activity. Table 1 shows the
by the addition of 250uL of chloroform followed by level of purification for each chromatography step for one
vigorous vortexing and centrifugation. Th#H[choline in purification of eight total. The level of purification and
the aqueous phase (200) was counted in either a Beckman  SPecific activity obtained with our protocol for rabbit brain
LS 3801 (Beckman Instruments, Columbia, MD) or a Wallac PLD_agrees closely with a recent report of the partial
1450 Microbeta Plus (Wallac Inc., Gaithersburg, MD) liquid Purification of porcine brain PLD (Brown et al., 1995),
scintillation counter after the addition of scintillant. Pre- though we do not resolve which of the potential PLD
liminary experiments established that the assay was linear'SOforms is found in rabbit brain.
with time and enzyme concentration. The estimatgdor Purification of PLD Actiity on GTP-Agarose. Pooled
PLD with this assay is 5@M, but solubility constraints for ~ Q-Sepharose fractions (240 mL, 1.9 g of total protein) were
PC preclude its use above approximately30. At 1 uM dialyzed against 15 volumes of 20 mM MES (pH 6.5), with
PC, therefore, the substrate is a limiting reagent. We verified 1.0 mM EDTA and 0.05% Triton X-100 (PLDM buffer) for
that the activity being measured is PLD using a transphos-4 h. The PLD activity was loaded onto a 20 mm300
phatidylation assay with methanol as a substrate and a TLCmm Waters AP glass column (bed volume of 90 mL) packed
mobile phase of chloroformmethanot-ammonia hydroxide with GTP—agarose (Sigma Chemical Co., St. Louis, MO;
water (200:140:12:8, v:v) with a silica gel thin layer catalogno.G 1771). The column was washed with 2 column
chromatography (TLC) system. This allows for separation volumes of PLDM buffer and 1 column volume of PLDM
of DAG from PA, and no PLC activity was evident using buffer supplemented with 0.1 M NaCl. PLD activity was
the partially purified rabbit brain PLD because product eluted with PLDM buffer with 1.0 mM UTP. The column
migrated as phosphatidylmethanol. This is consistent with was run at a flow rate of 1.0 mL/min, and 8 min fractions
previously reported results using rat brain PLD purified in were collected. Due to the limited capacity of the GTP
the same manner (Kanoh et al., 1991). agarose column, no more than 10% {BD mg of total
Partial Purification of PLD Actvity from Rabbit Mem- protein per run) of the pooled PLD-containing fractions from
branes. All procedures were performed at°€ or on ice. the Q-Sepharose step was loaded at a time on the-GTP
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agarose column. Samples were run on a Bio-Rad 10% mini-
PROTEAN gel (Bio-Rad Laboratories, Hercules, CA) and
visualized using silver staining.

Purification of PLD Actbity on Heparin-Agarose. He-
parin—agarose chromatography was used following Q-
Sepharose or GTPagarose as indicated. PLD activity(5
20 mg of total protein per run) was loaded onto a 5 mm
100 mm Waters AP column packed with heparagarose
(bed volume of 2.0 mL; Sigma catalog no. H-6508) and
equilibrated with PLDT buffer. After the column was
washed with 2 volumes of PLDT buffer, PLD activity was
eluted with a linear gradient from 0 to 1.0 M NaCl over 100
min at a flow rate of 0.25 mL/min. Fractions of 4 min were
collected and the active fractions pooled. Alternatively,
200-300 mg of total protein (an entire run of pooled
Q-Sepharose fractions) was purified on a 5 mni00 mm
Waters AP column (bed volume of 7.0 mL) using the same
gradient run at 2.0 mL/min.

Purification of PLD Actvity on Sephacryl S300 HRA
20 mm x 300 mm Waters AP glass column was packed
with Sephacryl S300 HR (Pharmacia) and equilibrated with
PLDT buffer. The column was calibrated using standards
obtained from Pharmacia: blue dextran 2000 (void volume),
aldolase (158 kDa), catalase (232 kDa), and ferritin (440
kDa). The sample was concentrated to approximately 200
uL (0.5—5.0 mg of total protein) with an Amicon stirred
cell concentrator using a YM100 membrane (Amicon, W.
R. Grace & Co., Danvers, MA) and injected into the column
run at 0.25 mL/min. Fractions of 4 min were collected.

Protein Sequence AnalysisProtein sequences were

determined as previously described (Aebersold et al., 1987).

Samples of approximately Bg were separated on 7.5%
sodium dodecyl sulfatepolyacrylamide gel electrophoresis
(SDS-PAGE) gels and transferred to nitrocellulose using a
Bio-Rad mini-transfer apparatus. Amino acid sequences
were determined at the Harvard Microsequencing facility
from fragments generated ly situ digestion with trypsin.

Photolabeling of the Nucleotide Binding ProteimAp-
proximately 2 mg of total protein of the GFrRagarose-
purified PLD activity was used for photolabeling experi-
ments. Buffer was exchanged to PLDT buffer by passage
of the sample through PD-10 size exclusion columns
(Pharmacia Biotech). In a 12-well microtiter plate, 1,68
[y-%2P]-8-azidoadenosine '&riphosphate (6.10 Ci/mmol)
(ICN Biomedicals, Irvine, CA) was added to the enzyme in
a total volume of 1.0 mL. ATP, GTP, or UTP (1.0 mM)
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Ficure 1: Effect of nucleoside phosphates on the activity of
partially purified PLD. Nucleoside phosphates and their analogs
were added at the indicated final concentrations in the PLD assay
using Q Sepharose FF-purified PLD in PLDT buffer. PLD activity
is expressed as a percent of activity in the absence of nucleoside
phosphates. Data represent an average of three separate experiments.
The error for all data points is less than 5%. The nucleoside mono-,
di-, and triphosphates tested are listed.

produced/min) of PLD activity in a total volume of 104Q..

The antibody was then precipitated with 80 of Strepto-
myces aureusells (10% solution, Pansorbin cells; Calbio-
chem, La Jolla, CA). The cells were added, and the mixture
was vortexed and the incubation continued at room temper-
ature for 20 min. After the cells were pelleted by centrifuga-
tion for 5 min at 15000 rpm in a microcentrifuge, the
supernatant was assayed for PLD activity.

Addition of PIR to the PLD Assay.PIP, stock was
maintained in chloroform at a concentration of 1.0 mg/mL.
The solution was dried under nitrogen and resuspended in
methanol by vortexing and sonication (30 s) to a final
concentration of 1.0 mg/mL. This stock was diluted into
PLDT buffer for use in PLD assays.

RESULTS

Effect of Nucleotides on Partially Purified PLD Agitly.
The enzyme used in initial experiments was extracted from
rabbit brain membranes with Triton X-100 and purified by
a Q-Sepharose column, representing an enrichment of
approximately 40-fold for PLD activity. The specific
activities of the rabbit brain homogenate, Triton X-100
extract, and pooled Q-Sepharose fractions were 0.33, 2.31,
and 13.2 nmol ht (mg protein)?, respectively. PLD activity
was measured in the presence of ATP because, as described

was added in separate wells as a nonradioactive, competitivebelow, a labile stimulatory factor copurifies with PLD

displacer of the label. All mixtures were incubated for 20
min on ice. The plate was then illuminated while on ice
with 3 x 3.0 min pulses with a mineral lamp (Ultra-Violet

through several steps and the effect of this stimulatory factor
on PLD activity is not present when ATP is added to 1.0
mM. Thus, ATP must be present so that the PLD activity

Products, San Gabriel, CA). Samples were concentratedat different levels of purification can be compared.

using Centricon 30 spin concentrators (Amicon), run on 10%
SDS-PAGE gels (Daiichi Pure Chemicals, Tokyo, Japan),
silver stained (Bio-Rad), and exposed to X-Omat AR film
(Eastman Kodak Co., Rochester, NY).

Purification and Immunoprecipitation of GelsolirGelso-
lin was purified from rabbit plasma (East Acres Biologicals,
Southbridge, MA) as previously described (Yamamoto et al.,

Micromolar amounts of GTP and a nonhydrolyzable
analog inhibited partially purified PLD activity (Figure 1).
The inhibition of this PLD activity by GTP did not require
Mg?* and was also seen with micromolar amounts of ATP,
CTP, and UTP. The presence of 0.1 mM¥igad no effect
on the inhibition by ATP and GTP. The addition of 1.0 mM
or greater Mg+ (or C&") inhibited PLD activity regardless

1989). For immunoprecipitation experiments, aliquots of of the presence of nucleoside triphosphates (data not shown).
rabbit anti-pig smooth muscle gelsolin polyclonal antibody While purine nucleoside triphosphates were 1.5-fold more
or nonimmunized rabbit serum (East Acres Biologicals) were potent inhibitors than pyrimidine nucleoside triphosphates,
incubated in PLDT buffer at room temperature for 60 min  ADP and GDP were 10-fold less effective at inhibiting PLD
with approximately 5 units (1 unit 1.0 nmol of fH]choline activity and AMP only showed a marginal effect at 30d.
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Ficure 2: Nucleoside triphosphate effect on partially purified PLD
activity is reversible. After purified PLD was incubated for 20 min
in the presence of 1.0 mM AT or GTR'S in PLDT buffer (total
volume of 0.5 mL), the nucleoside triphosphates were removed by
passage of the enzyme through a Sephacryl S300 column run with
PLDT buffer (as described in Materials and Methods). The resulting
PLD activities were tested for nucleoside triphosphate sensitivity
by incubation in the presence of 1.0 mM ATP and 1.0 mM GTP.
PLD activity is expressed as a percent of activity in the absence of
nucleoside triphosphates. Data represent the riethre standard
error of the mean (SEM) of triplicate assays for a representative of
three separate experiments.
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Interestingly, the inhibitory effects of NTPs on PLD
activity plateaued when millimolar amounts of NTPs were
used. The maximum amount of NTP inhibition for a fresh

PLD ACTIVITY (% TOTAL ACTIVITY INJECTED)w

ELUTION VOLUME (ml)

preparation of partially purified PLD was 8®5%. How-
ever, nucleotide sensitivity was lost over time with a half-
life of approximately 3 days at 4C and 2 weeks at 80 °C
(data not shown).

To determine whether the inhibitory effects of NTPs were
reversible, preparations of partially purified PLD were
pretreated with ATP, GTP, AT, or GTR'S for 20 min

Ficure 3: Changes in the characteristics of PLD following
purification on heparirragarose. (A) Nucleoside triphosphate
sensitivity of PLD following purification on heparinagarose.
Partially purified PLD activity was eluted from hepatingarose
using a 0.0 to 0.5 M NaCl gradient in PLDT buffer as described in
Materials and Methods. The nucleotide sensitivity of PLD activity
was tested by addition of ATP, GJB, or UTP to a final
concentration of 1.0 mM in the PLD assay using PLDT buffer.

: . PLD activity is expressed as a percent of activity in the absence of
and passed through a Sephacryl S300HR size exCIUSIonnucleoside triphosphates. Absolute activity of post-heparin PLD
column to remove the NTPs. When PLD assays were

i - S “!% was 3-fold lower than that of the pre-heparin PLD (see text). Data
terminated after 20 min, the inhibitory effect of NTPS is represent the meatt SEM of triplicate assays for two separate
present, indicating that a 20 min pretreatment is sufficient experiments. (B) Shift in apparent molecular mass of PLD activity
to cause PLD inhibition (data not shown). The resulting PLD following purification on heparifrragarose. PLD activity (0:51.0

A Sop s _mg of total protein) was passed through a Sepharose S300HR
activity increased to near uninhibited levels and was subse column with 20 mM Tris-HCI and 1.0 mM EDTA prior to and

quently affected by ATP and GTP to the same degree as thefg|iowing purification on hepariragarose. The fractions were
untreated enzyme (Figure 2). Thus, the nucleotide effect assayed in the PLD assay with PLDT buffer.
on PLD activity is reversible and was not separated from
the enzyme activity on a gel filtration column under these decreases over time. PLD activity that was maximally
conditions, implying that NTPs do not cause dissociation of inhibited 50% by ATP or GTP produced a yield of 40% on
a regulatory polypeptide. heparin-agarose, while the highly ATP/GTP sensitive PLD
Changes in PLD Actity following Further Purification. activity of a fresh preparation (maximal inhibition of 80%)
PLD activity was purified by a hepariragarose column. gave a yield of only 20%. These data indicate that NTPs
Following this step, all inhibition of PLD activity by ATP, were not directly inhibiting PLD; rather, there was a
UTP, and CTP was lost. Whereas overall recovery of PLD stimulatory effect on partially purified PLD activity that was
activity was 15-50% (when assayed in the absence of lost upon further purification. This stimulatory effect was
NTPs), an effect of GTS was retained (Figure 3A). This  blocked by the addition of millimolar amounts of NTPs. The
effect is specific to GTP and its analogs (data not shown) stimulatory factor was also labile under the conditions used
and may represent the influence of a GTP binding regulatory here. Further verification of this conclusion was the
protein. While these data were obtained using PLD activity observation that unstimulated PLD activity (in the presence
eluted from Q-Sepharose, similar results were seen with of NTPs or heparin-agarose-purified) remained stable for
GTP—agarose-purified enzyme. The cause for the loss of months at 4°C while stimulated (without NTPs prior to
enzyme activity on heparinagarose was not obvious since heparin-agarose purification) PLD activity decreased rapidly
less than 5% of the PLD activity passed through the column. (data not shown).
Significantly, there was an inverse relationship between yield The loss of a stimulatory factor and responsiveness to
and the level of ATP/GTP sensitivity of the starting material. NTPs, other than GTP, was accompanied by a shift in the
The inhibition of PLD activity by NTPs was variable apparent molecular mass of PLD activity. PLD activity prior
because, as described above, the level of ATP/GTP inhibitionto purification on hepariragarose elutes in the excluded
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Ficure 4: GTP—agarose chromatography of PLD activity. PLD
activity was loaded onto GTPagarose, washed with 0.1 M NaCl,
and eluted with 1.0 mM UTP as described in Materials and
Methods. All fractions were assayed for PLD activity in PLDT
buffer with 1.0 mM UTP. The eluent corresponding to the flow-
through, the 0.1 M NaCl wash, and the UTP elution are indicated.

volume (greater than 300 kDa) of a Sephacryl S300HR
column, while heparirragarose-purified PLD activity elutes
at approximately 250 kDa (Figure 3B). Thus, a NTP-binding
protein that stimulates activity is complexed with PLD when
extracted from rabbit brain membranes. This protein(s) was
labile under the conditions optimized for PLD activity and
can be removed by purification of PLD activity on hepafin
agarose.

Affinity Purification of the Stimulated PLD Complex.
Since the interaction of PLD with this stimulatory protein(s)
survived purification on Q-Sepharose and Sephacryl S300HR,
we attempted to purify the complex on a GT&garose
column prior to the application of hepariagarose chro-
matography. The column was washed with 0.1 M NacCl
without elution of PLD activity (Figure 4), and UTP was
found to be the most selective displacer of the complex when
compared to ATP and GTP (data not shown). The use of
GTP—agarose resulted in an approximately 13-fold purifica-
tion of PLD activity. The Q-Sepharose fractions had a
specific activity of 13.2 nmol ht (mg proteiny* which
increased to 175.8 nmol~h (mg proteiny! following
purification on GTP-agarose. This PLD activity was still

responsive to NTPs and remained a large macromolecule,

which eluted in the excluded volume of a Sephacryl S300HR
column; however, the NTP sensitivity of this PLD activity
had a half-life of only a few hours (data not shown).

The use of GTP-agarose chromatography further verified
that the NTP binding activity was independent of PLD
activity. Heparin-agarose-purified PLD activity, lacking the
NTP binding domain, was not retained by G¥&garose
(data not shown). While PLD activity eluted from GFP
agarose with UTP was retained by GT&garose when
reapplied to the column, PLD activity eluted from GFP
agarose with a gradient of NaCl (0 to 1.0 M, with activity
eluting at approximately 0.4 M) rather than UTP was not
retained when reapplied to a GFRgarose column (data not
shown). This NaCl-eluted activity was like heparin
agarose-purified PLD in that it was unresponsive to ATP
and UTP (data not shown), implying that the NaCl separated
PLD from the NTP binding site.

Identification of a Nucleotide Binding Protein Associated
with PLD. The NTP binding protein associated with PLD
was identified by cross-linking/f32P]-8-azidoadenosine-5
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Ficure 5: Photolabeling of the PLD-associated nucleotide tri-
phosphate binding protein. The procedure for photolabeling PLD
activity eluted from GTP-agarose with azido-ATP is described in
Materials and Methods. The silver stain (A) and the autoradiogram
(B) of the photolabeling experiment are indicated. The locations
of molecular mass standards are shown. Lane 1 contains no
displacer, and lanes-2 contain 1.0 mM ATP, GTP, or UTP as
displacer, respectively. The large arrow indicates the major protein
labeled by azido-ATP.

1 2
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o
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FiIGurRe 6: The photolabeled 90 kDa protein is not retained by
heparin-agarose. PLD activity eluted from GTP agarose (lane 1)
was loaded onto heparitagarose in PLDT buffer with 1.0 mM
UTP. The protein not retained by the column was collected (lane
2), and PLD activity was eluted by a gradient of NaCl (0.0 to 0.5
M) in PLDT buffer with a peak of activity concentrated and
presented in lane 3. The respective fractions were run on a 12.5%
Diaiichi precast SDSPAGE gel and stained with silver as
described in Materials and Methods. The photolabeled 90 kDa
protein is indicated by the heavy arrow. The locations of molecular
mass standards are shown.

triphosphate to purified PLD activity. A protein of ap-
proximately 90 kDa was identified by autoradiography
(Figure 5). This cross-linking was displaced by ATP, GTP,
and UTP, as would be expected for the PLD-associated NTP
binding protein. As further verification, the 90 kDa protein
was not retained by heparitagarose, thereby separating it
from PLD activity (Figure 6). The heavy arrow denotes the
protein that was photolabeled using the protein that flowed
thru the heparirragarose column (data not shown). There
are slight differences between the GT&garose-purified
material in Figures 5 and 6. This is due to the higher protein
concentration used in Figure 5, the treatment of the material
with UV radiation in Figure 5, or differences between the
batches of material used for these experiments.
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Human Plasma Gelsolin 194 GRRVVRATEV va\\ﬁﬁmnc& ILDLGI:EI& A
I

PLD-Associated Protein 1 GRRVVRATEV PVS FNNG DNFILDLG 100.0 -

Human Plasma Gelsolin 616 TGAQELLRVL RAQPVQVAEG SEPDGFWEAL GGK
PLD-Associated Protein 1 TGAQELLRVL RAQPVQVAEG SEPDGFWEAL GGK

Ficure 7: Identification of the PLD-associated nucleotide binding
protein. Amino acid sequence analysis indicates that the nucleotide
binding protein is gelsolin. Two proteolytic fragments of the PLD-
associated nucleotide binding protein yielded a sequence of 33
amino acids for each. Sixty-two of 66 amino acids for this protein
matched the sequence for human plasma gelsolin. Sequence
differences are boxed, and the amino acid numbers for gelsolin
are shown.

B ruo
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The heparin-agarose flow-through (Figure 6, lane 3) was 77
concentrated and purified with a preparative SIPAGE 00- +GELSOLIN
gel, yielding approximately 100 pmol of the 90 kDa protein. PRE-HEPARIN POST-HEPARIN
This material was blotted onto nitrocellulose and digested
with trypsin, and two of the resulting proteolytic fragments
were sequenced. A sequence of 33 amino acids from each
fragment was obtained, and 62 of the 66 (33 of 33 and 29
of 33) amino acids matched exactly with the protein sequence
deduced from the human gene encoding the actin-binding
protein gelsolin (Figure 7). The tryptic digest of this protein
matched the predicted digest of gelsolin (data not shown).

Gelsolin Is Verified as the Protein Responsible for
Stimulating Partially Purified PLD Actiity. Gelsolin exists
in two forms, both encoded by the same gene [for a review,
see Pollard and Cooper (1986)]. Cytosolic gelsolin is very o T T
abundant in many cell types and is responsible for severing ’ AMO|UNT ADDE'D" " 1ee
actin filaments during cytoskeletal rearrangements. The *

; _ami i IGURE 8: Purified gelsolin and anti-gelsolin antibody affect
Segr?ted form of ge's‘t’"”fht‘;"ls a le il a‘#ﬂ.'eider Se?utﬁmé;artially purified PLD activity. (A) The addition of purified gelsolin
ana i1s a component of blood plasma. 1his form of the partially purified PLD. Gelsolin, approximately 1.4 purified
protein is responsible for clearing actin filaments from the from rabbit plasma as described in Materials and Methods, was
vascular system. In order to directly test the effect of gelsolin added to approximately 250 units (1 urmit 1.0 nmol of PC
on PLD activity, gelsolin was purified from rabbit plasma hydrolyzed per milliliter per minute; approximately 4.5 mg of total
as described in Materials and Methods. The data show thatProtéin) of heparin-purified PLD activity in the PLD assay. Pre-

: e L S heparin PLD was used as a control. PLD activity is expressed as a
heparin-purified PLD activity, which is unaffected by 1.0 ,ercent of untreated control PLD activity (denoted as pre-heparin

mM ATP, is stimulated by the addition of purified gelsolin.  PLD on the figure). All assays are standard PLD assays in PLDT
This stimulation is blocked by the addition of 1.0 mM ATP  buffer with the nucleoside triphosphate sensitivity evaluated by the
(Figure 8A). These results indicate that purified gelsolin addition of ATP to a final concentration of 1.0 mM. Data represent

. . .- . the mean and SEM of three experiments performed with triplicate
res'gqres' the stlmulatllon of PLD activity that is lost upon assays. Gelsolin alone, withoupt PLD, ha% no PLD activit)s) (not
purification on heparirragarose.

) o ) shown). (B) Immunoprecipitation of PLD activity by anti-gelsolin
To verify further that gelsolin is responsible for the antibody. Serum containing rabbit anti-pig smooth muscle gelsolin

nucleotide triphosphate sensitive stimulation of PLD activity (EastAcres Biologicals) as well as control rabbit serum was added

extracted from rabbit brain membranes, anti-gelsolin antibody i increasing amounts to partially purified PLD activity that was

: . y ...~ nucleotide triphosphate sensitive (prior to hepaagarose purifica-
(antiserum) was used to immunoprecipitate PLD activity. ,0v"p| - activity is given as a percentage of the nucleotide

Rabbit anti-pig smooth muscle gelsolin polyclonal antibody  sensitive portion of the PLD activity, defined in the presence of
was added to nucleotide triphosphate sensitive PLD activity 1.0 mM ATP. Assays were performed in PLDT buffer, and the
in increasing amounts. In this experiment, the nonimmunized data represent the mean and SEM of triplicate assays for two

rabbit control serum stimulated PLD activity (Figure 8B). €xperiments.
This effect was expected because serum is a rich source of

gelsolin (Yamamoto et al., 1989) and gelsolin directly activity in HL-60 polymorpholeukemic cell membranes
stimulates PLD activity (Flgure_ 8A). Desplte the_actlve_mon requires the presence of BIfBrown et al., 1993), and P}P
of PLD by the plasma gelsolin, the anti-gelsolin antisera s 5 potent stimulator of rat brain membrane PLD activity
precipitated more than 90% of the nucleotide sensitive PLD (Liscovitch et al., 1994). Since PiRevels affect both PLD
activity (Figure 8B). These data confirm the interaction and gelsolin, we tested the effect of PIEh PLD activity

between PLD and gelsolin and support the hypothesis that ' . .
nucleoside triphosphate sensitive PLD activity represents the_bOth in the presence an_d in the abse_nge of gelsolin., PIP
amount of gelsolin-coupled complex present. increased gelsolin-associated PLD activity3fold regard-

The Gelsolir-PLD Complex Is Regulated by PIPIt has less of whether ATP was present in the assay (Figure 9). In
been reported that gelsolin binds RPi&nd that this phos- ~ contrast, there was no significant effect of Pt PLD in
pholipid also causes increased actin filamentation in certain the absence of gelsolin. Our data suggest that the effect of
cell types (Janmey et al., 1987; Pike et al., 1991). ,”P  PIP, on PLD activityin vitro and in isolated membranes is
also involved in the regulation of PLD because optimal PLD due to the presence of gelsolin.
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Photo-cross-linking experiments indicated that PLD activ-
ity extracted from rabbit brain membranes with Triton X-100
is in a complex with a NTP binding protein of approximately
+PIPy 90 kDa. Amino acid sequence analyses of proteolytic

fragments of this protein indicate that it is the actin-binding
protein gelsolin; 62 of 66 amino acids matched those of
human gelsolin. Since the rabbit gene encoding gelsolin is
not present in GenBank version 86, the four differing amino
acids likely represent species differences. Gelsolin catalyzes
the severing of actin filaments and is thought to be intimately
involved in the control of actin reorganizations through the
PLD-Gelsolin  PLO-Gelsolin ALD regulation of filament severing as well as repolymerization
ATP (Cunningham, 1992; Deaton et al., 1992; Ditsch & Wegner,

Ficure 9: Effect of PIR on gelsolin-associated PLD activity. BIP 1994 Janmey et al., 1987; McLaughlin et al., 1993; Rozycki
was prepared as described in Materials and Methods and used i ' . ’ ’ . ’ '

the standard PLD assay at a final concentration ofiginL. PLD et gl., 16994’ Y:’egnﬁr ethal'.’ 1994; .Yu Et al., 1992)|' i d
activity prior to heparir-agarose purification was assayed either ur data show that the Interaction between gelsolin an

in the absence (left) or in the presence (center) of ATP (1.0 mM). PLD caused stimulation of PLD activity which can be
Heparin-agarose-purified PLD activity was also measured in the prevented by the addition of nucleotides or by the separation
presence of PIP(right). Data are presented as percent of the of p|D from gelsolin by heparinagarose chromatography.

untreated (no PWPor ATP) activity of pre- and post-heparin . - . .
agarose-purified PLD, respectively. The mean and SEM of qua- Consistent with these data, gelsolin has been shown to bind
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druplicate assays is shown. nucleoside triphosphates in the presence of EDTA (Pollard
& Cooper, 1986; Yamamoto et al., 1990) and has been
DISCUSSION demonstrated to associate with other phospholipases (Akiba

et al., 1993; Banno et al., 1992; Vaziri & Downes, 1992;
We have shown that PLD activity extracted from rabbit Yang et al., 1994). The PLBgelsolin complex is stable

brain membranes by detergent and partially purified through enough to be purified on a GTP column and to be precipitated
two columns was reversibly inhibited by millimolar amounts by anti-gelsolin antibodies. Since a similar NTP effect on
of NTPs. Our data indicate that this NTP effect is most likely PLD activity was seen with rat brain plasma membranes
due to the presence of a labile NTP-binding protein that (Kanfer & McCartney, 1994) and electropermeabilized HL-
copurifies with PLD activity up to the hepariragarose 60 granulocytes (Xie & Dubyak, 1991), the association with
chromatography step. The NTP binding protein interaction gelsolin is presumably a general mechanism of PLD regula-
is removed by heparinagarose chromatography. In this tion. Our results show that the stimulatory effect of gelsolin
model, the NTP binding protein stimulates PLD activity only is augmented by the addition of BIPActivation of PLD
in the absence of millimolar amounts of NTPs. There are by PIP has been previously reported (Liscovitch et al., 1994),
several lines of evidence presented here that support thisout our data indicate that this requires gelsolin and is not a
hypothesis. (1) PLD activity is separable from NTP binding, direct effect on PLD. Further, since there is a GTP-
as shown by the ability of PLD to bind to GFRgarose  dependent effect on PLD activity that is retained following
only when the NTP effect is present. (2) The NTP inhibition Purification on heparirragarose, a member of either the Rho
and PLD activity are both labile until the NTP effect is lost, ©F ARF family may be interacting with PLD. Thus, the
whereupon PLD activity remains stable. PLD activity regulatory interactions involving PLD and gelsolin are
determined in the presence of NTPs is stable. (3) PLD complex. _ o _
activity cannot be completely inhibited by NTPs, and the ~ The stimulation of PLD by the actin-binding protein
noninhibitable activity correlates with the yields on heparin ~ 9€ISolin is consistent with several reports implicating a
agarose. (4) Since the NTP effect is labile, PLD activity elationship between PLD activity and regulation of the
with varying amounts of NTP sensitivity was used for cytoskeleton. First, PLD activity is dgpendentuponasmall
heparin-agarose chromatography. The yields from this molecular mass GTP bmdmg_proteln Of. t_he Rho faml_ly
column correlate highly with the NTP sensitivity of the (Bowm_an et _al., 1993). In a(_idmon to their involvement in
starting material. However, when PLD activity is assayed PLD_st|quat|on, the_se proteins have been shown to play a
in the presence of ATP, the results were very reproducible role in actin reorganization (Leffers et al., 1993). Second,

and virtually all of the PLD activity could be accounted for PLD ac_:tivity in myeloid ceII_s requires pretreatment of the
(Table 1). (5) The loss of NTP sensitivity coincides with a cells with the cytoskeletal disrupter cytochalasin B. These

loss of apparent size on a size fractionation column cells must be “primed” by the addition of cytochalasin B
P ’ for maximal receptor-mediated stimulation of PLD. Since

A recent report by Kanfer and McCartney mentions an p|D plays a pivotal regulatory role in these cells, priming
inhibitory effect of NTPs on the PLD activity of isolated rat s also required for maximal cellular response, such as
brain plasma membranes (Kanfer & McCartney, 1994), a degranulation and oxidative burst, upon activation (Bonser
phenomenon similar to the one we have characterized inet al., 1989; Pai et al., 1988; Reinhold et al., 1990).
detail for the partially purified enzyme. Similarly, Xie and Cytochalasin B is a fungal metabolite that binds actin at the
Dubyak described a GTP and ATP effect on PLD in barbed end, and because this activity mimics that of actin-
electropermeabilized HL-60 cells (Xie & Dubyak, 1991). binding proteins like gelsolin, cytochalasin B has been used
Therefore, our data further showed that this regulatory to study the mechanisms of actin filamentation [for a review,
interaction survives the extraction of PLD from membranes see Cooper (1987)]. Thus, the priming effect of cytochalasin
using Triton X-100. B is indicative of a dependence of PLD signaling on the
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level of actin polymerization and may be a result of altering Brown, A. H., Gutowski, S., Kahn, R. A., & Sternweis, P. C. (1995)
the interactions between PLD and gelsolin. o J'kBicf)tl' ghi”39227914h935‘814913- Acta 111995160
While PLD aCtMty_ IS depend_ent upon the sta_te of the ngkigft,’ S.., (Thomgg,)%.lrp/l.. F;?ngr?s.orr?tea,A.,Jéeny, B., bunning-
cytoskeleton, there is also evidence for a reciprocating ~ ham, E., Gout, I., Hiles, I., Totty, N. F., Troung, O., & Hsuan,
regulatory effect of PLD activity on microfilament assembly. J. J. (1994)Science 263523-526.
By using exogenously added PA and PLD, Ha and Exton Cooper, J. A. (1987). Cell Biol. 105 1473-1478.
(1994) showed that PC-derived PA stimulates actin polym- Cunningham, C. C. (1992}ancer Metastasis Re11, 69-77.
erization in 1IC9 fibroblasts. Clearly, PLD is intimately Dassso, L.L.T., & Taylor, C. W. (1991iochem. J. 280791~
involved in the cytoskeletal rearrangements required for Deatoh, J. D., Guerrero, T., & Howard, T. H. (1992pl. Biol.
many responses to extracellular stimuli. Further, PA has cell 3, 1427-1435.
been shown to indirectly affect gelsolin function. PHas Ditsch, A., & Wegner, A. (1994Fur. J. Biochem. 244023-227.
been shown to cause gelsolin to dissociate from actin, therebyDUé))’ai;; G. %-, %%hl%f?isfgés- J., Kusner, D. J., & Xie, M. (1993)
H i H i H H lochem. J. — .
e et oL e oS, o, 5.1 (1904mocin, Biphys. At 1212642
g . . Fukami, K., & Takenawa, T. (1992). Biol. Chem. 26,/10988-
activation of phagocytes (Pike et al., 1991). During cellular = 10993,
activation, PIR is produced by the action of phosphatidyl- Geny, B., Paris, S., Dubois, T., Franco, M., Lukowski, S., Chardin,
inositol-4-phosphate (PIP) kinase (Pike et al., 1991, 1992; P., & Russo, M. F. (1995Fur. J. Biochem. 23131-39.
Yu et al., 1992) and PA directly stimulates PIP kinase Gomez-Cambronero, J. (199k)Interferon Cytokine Res. 1877—
(Jenkins et al., 1994; Moritz et al., 1992). Since we fou_nd Gomei-Munoz, A., Martin, A., O'Brien, L., & Brindley, D. N.
that PIR also stimulates PLD in the presence of gelsolin, ~ (1994)J. Biol. Chem. 2698937-8943.
this positive feedback involving these signaling interactions Ha, K.-S., & Exton, J. H. (1993). Biol. Chem. 26810534-10539.
may represent an amplification step in the activation of the Ha, K.-S., & Exton, J. H. (1994). Cell Biol. 123 1789-1796.
PLD pathway and the control of cytoskeletal rearrangements. Hammond, S. M., Altshuller, Y. M., Sung, T.-C., Rudge, S. A,,
Our data suggest the presence of a regulatory element in Eﬂgﬁ?rg%t’zgédf'\g’;g%é' J., & Frohman, M. A. (199b)Biol.
addition to the PLD/gelsolin interaction. The GTP-specific janmey, P. A, Ida, K., Yin, H. L., & Stossel, T. P. (1987)Biol.
regulation of PLD activity following loss of the NTP-binding Chem. 26212228-12233.
protein may indicate the presence of a GTP binding regula- Jenkins, G. H., Fisette, P. L., & Anderson, R. A. (1994)Biol.
tory protein. There have been several reports of PLD _ Chem. 26911547-11554.

regulation by members of theas superfamily of small Jogggsg' A., & Carpenter, G. (1938)Biol. Chem. 26820845

molecular mass GTP binding proteins (Bowman et al., 1993; Kanfer, J. N., & McCartney, D. (L994JEBS Lett. 337251254
Brown et al., 1993; Cockroft et al., 1994; Lambeth et al., Kanoh, H., Kanaho, Y., & Nozawa, Y. (1991)pids 26 426—
1995). Similarly, there have been a number of studies 430.

indicating that PLD activity is regulated by receptor-coupled Kanoh, H., Imai, S., Yamada, K., & Sakane, F. (1992)Biol.
trimeric GTP binding proteins in various tissues (Cockroft, ,_Chem. 26725309-25314.

. . . K T. C., Jaffer, F. E., & Abboud, H. E. (1990Biol. Chem.
1992; Qian et al., 1990). Heparimgarose may disrupt some a;ggsi4457_’124gg. ' oue, ( Bio em

of the protein/protein interactions present in the partially Kuribara, H., Tago, K., Yokozeki, T., Sasaki, T., Takai, Y., Morii,
purified PLD preparation because it has been found to disrupt N., Narumiya, S., Katada, T., & Kanaho, Y. (1996)Biol. Chem.
GTP binding protein-mediated interactions (Dasso & Taylor, 270 25667-25671. _
1991), and heparinagarose is commonly used to purify Lambeth, J. D., Kwak, J.-Y., Bowman, E. P., Perry, D., Uhlinger,

. . D. J., & Lopez, I. (1995)). Biol. Chem. 2702431-2434.
these proteins (Brown et al., 1993; Lambeth et al., 1995). Leffers, H.. Nielsen. M. S.. Andersen. A. H.. Homore, B.. Madsen,

The GTP effect on our partially purified enzyme will be  p_ vendekerckhove, J., & Celin, J. E. (19%)p. Cell. Res.
studied in greater detail to determine whether a GTP binding 209, 165-174. . )
regulatory protein copurifies with PLD. With a greater Limatola, C., Schapp, D., Moolenaar, W. H., & van Blitterswijk,

; W. J. (1994)Biochem. J. 3041001-1008.
understanding of the components of the macromolecular, ;o5 v “chaia, ., Pertile, P., Chen, C.-S., & Cantley, L.
complex that includes PLD, it should be possible to elucidate ~ (1994)J. Biol. Chem. 26921403-21406.
all of the functions of this complex in intracellular signaling.  massenburg, D., Han, J.-S., Liyanage, M., Patton, W. A., Rhee, S.
G., Moss, J., & Vaughan, M. (1998roc. Natl. Acad. Sci. U.S.A.
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