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We document a biphasic effect of Rac2 on the activation and inhibition of PLD2. Cells overexpressing Rac2
and PLD2 simultaneously show a robust initial (<10 min) response toward a chemoattractant that is later
(>30 min) greatly diminished over PLD2-only controls. The first phase is due to the presence of a Rac2-PLD2
positive-feedback loop. To explain the mechanism for the Rac2-led PLD2 inhibition (the second phase), we
used leukocytes from wild-type (WT) and Rac2�/� knockout mice. Rac2�/� cells displayed an enhanced PLD2
(but not PLD1) enzymatic activity, confirming the inhibitory role of Rac2. Late inhibitory responses on PLD2
due to Rac2 were reversed in the presence of phosphatidylinositol 4,5-bisphosphate (PIP2) both in vitro
(purified GST-PH-PLD2, where GST is glutathione S-transferase and PH is pleckstrin homology) and in vivo.
Coimmunoprecipitation and immunofluorescence microscopy indicated that PLD2 and Rac2 remain together.
The presence of an “arc” of Rac2 at the leading edge of leukocyte pseudopodia and PLD2 physically posterior
to this wave of Rac2 was observed in late chemotaxis. We propose Rac-led inhibition of PLD2 function is due
to sterical interference of Rac with PLD2’s PH binding site to the membrane and deprivation of the PIP2. This
work supports the importance of functional interactions between PLD and Rac in the biological response of cell
migration.

Cell migration is vital to wound healing, angiogenesis, em-
bryonic development, and immune function (17). Local acti-
vation and amplification of signaling events on the side of the
cells directly facing chemoattractants facilitates localized actin
polymerization. It also leads to morphological polarity and the
establishment of a dominant-leading pseudopodium and rear
cell body compartment (17, 30). The actin-dependent pro-
cesses driving neutrophil chemotaxis are downstream of the
Rac members of the Rho family of small GTPases (5, 6, 9, 15,
20, 37, 45). Moreover, regulation of the actin cytoskeleton that
is required for normal cell polarization and chemotaxis is
tightly regulated by Rac GTPases in discrete cytoplasmic do-
mains both within the leading edge lamella and within the tail
of chemotaxing neutrophils (40, 47). Rac1 is required for the
detection of a chemoattractant gradient and generation of a
single dominant lamella, while Rac2 is the isoform responsible
for regulating the actin cytoskeletal machinery required for
efficient neutrophil translocation (41).

The leukocyte activation cascade is a sequence of adhesion
and activation events that end with extravasation of the leuko-
cyte to the inflamed site. Rac1 is recruited to cell-cell contact
sites together with E-cadherin, and the beginning of adhesion
induces activation of Rac1. Rac1 is also responsible for con-
trolling membrane ruffling and the formation of lamellipodia,

and in migrating cells, Rac1 is generally required at the leading
edge for lamellipodium extension and formation of new adhe-
sions (35). Much less is known about the role of the other Rac
isoform, Rac2, in leukocyte (macrophage) function.

Phospholipase D (PLD), an enzyme which is located in the
plasma membrane and catalyzes the hydrolysis of phosphati-
dylcholine to form phosphatidic acid (PA), is also involved in
the regulation of cytoskeleton dynamics (28). A role for PLD
and its product PA has been presumed in the regulation of
actin (4, 16, 31, 32). The formation of lamellipodium structures
and membrane ruffles is blocked by PLD inhibition (26, 38);
thus, PLD activity is critical for leukocyte cell migration (19).

It has been reported previously that Rac1 activates PLD1
(11, 24, 34, 43, 44). When the single residue Ser-124, which is
solvent exposed on the insert helix of Cdc42 and other similar
small GTPases, is mutated to alanine, it does not interfere with
Arf- or protein kinase C (PKC)-mediated PLD activity (43).
This information suggests an essential contact with human
PLD, which activates the lipase. However, insert helices of
other small GTPases like RhoA and Rac1 do not have the
same specificity/affinity for PLD as does Cdc42.

It has been hypothesized that positive regulation of PLD by
small GTPases occurs via specific upstream signaling pathways
in addition to crucial charge-charge interactions between the
large charged residues on the surface of a specific small
GTPase insert helix and PLD that are requisite for proper
positioning of key activation residues. With all these facts in
hand, it could be possible that Rac1 and Rac2 during the
course of cell migration sequentially activate PLD1 (but prob-
ably not PLD2, the subject of the present study).

However, little is known about whether the other mamma-
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lian lipase, PLD2, is affected by a similar GTPase-mediated
mechanism, nor it is known if the Rac2 isoform (more preva-
lent in blood cells than Rac1) will be involved in PLD2-medi-
ated functionalities (such as PLD2-induced chemotaxis) (19).
This study elucidates the effect of Rac on PLD2, with the
surprising discovery of a dual effect of the GTPase on the
lipase, whereby Rac affects PLD2 enzymatic activity both pos-
itively and negatively, and this explains the progression
through chemotaxis in leukocytes. Further, we provide the
detailed molecular mechanism underlying this effect.

MATERIALS AND METHODS

Animals. The Rac2�/� mice used in this study were previously generated by
targeted disruption of the rac2 gene (37), which had been backcrossed into
C57BL/6 mice for more than 11 generations. Wild-type (WT) C57BL/6 control
mice were from the Jackson Laboratory. Animals were housed under specific
pathogen-free conditions and fed autoclaved food and water as needed. Mice
used in this study were between 8 and 20 weeks of age.

Harvesting of murine BM cells. Bone marrow (BM) was flushed from mouse
bones (femurs, tibiae, and hips) from WT and Rac2�/� mice in harvesting
medium (RPMI medium with L-glutamine, 1% penicillin-streptomycin [Pen-
Strep] and 1% Glutamax) using a 22-gauge needle (Becton Dickinson, San Jose,
CA) under sterile conditions. The initial yield was approximately 7 � 107 total
BM cells per mouse. These BM cells were plated in 10-cm tissue culture dishes
for 2 h to eliminate adherent stromal cells. Nonadherent BM cells (at a usual
yield of 5.5 � 107 cells per mouse) were resuspended in harvesting medium
supplemented with 10% fetal calf serum (FCS) at a cell density of 5 � 107

cells/ml. Some cells were resuspended in freezing medium (50% alpha-minimal
essential medium [�-MEM], 40% FCS, 10% dimethyl sulfoxide [DMSO] and 1%
Pen-Strep), frozen slowly (1°C/min) until ready for liquid N2, and kept for later
use. BM cells were used to generate macrophages or neutrophils (BM-derived
macrophages [BMDM] or BM-derived neutrophils [BMDN], respectively) after
induction of differentiation in vitro.

BMDM cells. Bone marrow cells were plated for differentiation into macro-
phages in a 5-day protocol as previously described (45). Briefly, cells (2 ml of cells
at 5 � 106 cells/ml per 10 cm-dish) were diluted in BMDM medium (RPMI
medium with L-glutamine, 10% FCS, 1% Pen-Strep, and 1% Glutamax) supple-
mented with the cytokines interleukin-3 ([IL-3] 10 ng/ml final concentration) and
macrophage colony-stimulating factor ([M-CSF] 20 ng/ml final concentration).
Cells were cultured at 37°C in 5% CO2 for 3 days in nontreated tissue culture
plasticware or in 10-cm petri dishes. On day 3, the medium was replaced with
fresh BMDM supplemented with M-CSF only, and cells were cultured for two
additional days. On day 5, nonadherent cells were removed with vigorous wash-
ing in phosphate-buffered saline (PBS). The adherent macrophage monolayer
was incubated in culture medium for 2 more hours. Differentiation of cells into
macrophages was verified by cytospinning (Thermo Electron Corp., Waltham,
MA), followed by staining (Diff-Quik; Fisher Scientific) and observation under
the microscope, which showed expected macrophage anatomy.

In vitro differentiation of granulocytes from murine bone marrow. Bone mar-
row cells were induced to differentiate into neutrophils with IL-3 and granulo-
cyte-CSF (G-CSF), as described previously (45). Briefly, 2 ml of bone marrow
cells at 2 � 106 cells/ml per experimental condition was diluted in bone marrow-
derived neutrophil medium (�-MEM, 20% FCS, 1% Pen-Strep, and 1% Glu-
tamax) supplemented with the differentiating cytokines IL-3 (10 ng/ml final
concentration) and G-CSF (20 ng/ml final concentration). Cells were cultured at
37°C in 5% CO2 for 3 days in T-75 flasks. On day 3, the medium was replaced
with fresh BMDM medium (with 10% FCS instead of 20%) and supplemented
with G-CSF only, and cells were cultured for three additional days. On day 6,

differentiation of cells into neutrophils was verified by cytospinning (Thermo
Electron Corp., Waltham, MA), followed by staining (Diff-Quik) and observa-
tion under the microscope; samples showed the expected neutrophil anatomy,
with 80 to 90% mature neutrophils. Neutrophils were resuspended in PBG buffer
(1� PBS, 0.1% bovine serum albumin [BSA], 1% glucose, pH 7.35; sterile
filtered) at 4 � 106 cells/ml.

Nucleofection of macrophages and predifferentiated neutrophils. An Amaxa-
derived nucleofection protocol was used to transfect plasmid DNAs into mac-
rophages (BMDM). When transfection was completed, cells were immediately
plated in six-well plates (non-tissue culture-treated plastic) in prewarmed RPMI
medium-based medium supplemented with 20% FCS. Cells were cultured at
37°C in 5% CO2 for 36 h to allow for maximum protein expression. At the end
of this period, transfection efficiencies for a control enhanced green fluorescent
protein (eGFP) plasmid was at least 65% for BMDM with �85% viability at 36 h
posttransfection and 70% at 48 h, but viability dropped down to �60%, so we
often used them at 36 h only; for BMDN efficiency was �50%. Cells were used
for the experiments at a density of 1 � 106 cells/experimental condition. Optimal
protein expression was observed for 36 to 48 h posttransfection, as verified using
Western blot analyses of stimulated lysates.

Morphology of chemotaxing BMDM. BMDM that were used for chemotaxis as
described above were fixed onto coverslips using 4% paraformaldehyde for 10
min at room temperature, permeabilized with 0.5% Triton X-100 in PBS for 10
min at room temperature, and then incubated in 10% fetal calf serum (FCS)–
0.1% Triton X-100 in PBS for up to 4 h at room temperature. Endogenous PLD2
was detected in these cells using a goat anti-PLD2 (N-20 antibody) IgG primary
antibody overnight at 4°C, followed by incubation with a donkey anti-goat fluo-
rescein isothiocyanate (FITC)-conjugated IgG secondary antibody for 1 h at
room temperature. Nuclei were stained using at a 1:2,000 dilution of 4�,6�-
diamidino-2-phenylindole (DAPI) in PBS for 5 min at room temperature. Cov-
erslips were mounted onto glass microscope slides using VectaShield mounting
medium, and cells were visualized using a Nikon 50 Eclipse epifluorescence
microscope.

Cell culture. Murine RAW264.7 macrophage or COS-7 cells were maintained
in either low- or high-bicarbonate Dulbecco’s modified Eagle’s medium
(DMEM) in a humidified, 5% CO2 incubator, respectively. Viability assays were
routinely conducted with 0.4% trypan blue stain in cell preparations prior to all
analyses, and �95% were viable. Cells were ultimately resuspended in DMEM–
0.1% BSA at a concentration 1.5 � 106 cells/ml for use in chemotaxis assays.

Cell migration assay. BMDN, BMDM, or RAW264.7 cells were resuspended
at a density of 5 � 105 cells/ml in chemotaxis buffer (Hanks balanced salt solution
supplemented with 0.5% BSA for BMDN or BMDM cells or DMEM with 0.5%
BSA for RAW264.7 cells). A total of 200 �l was placed in the upper chambers
(or inserts) of transwell inserts that were separated from the lower wells by a
6.5-mm diameter, 5- (BMDN cells) or 8-�m-pore-size (BMDM or RAW264.7
cells) polycarbonate membrane. For the study of chemotaxis, IL-8 (BMD neu-
trophils) or M-CSF (BMD macrophages and RAW264.7 cells) was prepared
fresh the day of the experiment in 1� PBS–0.5% BSA, pH, 7.2, at a stock
concentration of 1 mM. When ready for chemotaxis, IL-8 or M-CSF was diluted
to a 3 nM working concentration in 500 �l of chemotaxis buffer and placed into
the lower wells of 24-well plates. Cell migration inserts were incubated for 1 h at
37°C under a 5% CO2 atmosphere. The number of cells that migrated to the
lower wells was calculated by placing 10-�l aliquots on a hemocytometer and
counting four fields in duplicate.

PLD activity assay. Immunocomplex samples were processed for PLD2 activ-
ity in PC8 liposomes and n-[3H]butanol beginning with the addition of the
following reagents, as previously described (21): 3.5 mM PC8 phospholipid, 45
mM HEPES (pH 7.8), and 1.0 mCi n-[3H]butanol in a liposome form (final
concentrations are given). Samples were incubated for 20 min at 30°C with
continuous shaking. Addition of 0.3 ml of ice-cold chloroform-methanol (1:2)
stopped the reactions. Lipids were then isolated and resolved by thin-layer

FIG. 1. (A) Morphological analysis of chemotaxing BMDM in response to 3 nM M-CSF using immunofluorescence microscopy. Visualization
of recombinant PLD2 was detected following incubation of previously stimulated, fixed cells with goat anti-myc FITC-conjugated IgG antibodies.
(B and C) Primary cells (BMD macrophages or neutrophils) were transfected with the indicated construct for 2 days, after which chemotaxis was
analyzed in transwell assays using the indicated chemoattractants for 10 or 60 minutes. (D) Western blot (WB) analyses of lysates from BMDM
were performed for the same samples as in panel B to establish the importance of the ratio of PLD2 to Rac2 compared to the absolute protein
expression level of each enzyme. HA-tagged PLD2 was detected using rabbit polyclonal anti-HA IgG antibodies (upper panel). Myc-tagged Rac2
was detected using rabbit polyclonal anti-myc IgG antibodies (middle panel). An actin loading control was detected using rabbit polyclonal
anti-actin IgG antibodies (lower panel). �, anti.
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chromatography. The amount of [3H]phosphatidyl butanol (PBut) that comi-
grated with PBut standards was measured by scintillation spectrometry.

Statistical analysis. Data are presented as the means � standard errors of the
means (SEM). The difference between means was assessed by a single-factor
analysis of variance (ANOVA) test. A P value of 	0.05 was considered to
indicate a significant difference.

RESULTS

Rac2 has a dual (enhancing and inhibitory) effect on PLD2-
induced chemotaxis. Primary cells, i.e., neutrophils and mac-
rophages (derived from normal, WT mice), respond strongly to
chemoattractants IL-8 and monocyte chemoattractant protein
(MCP), respectively. We have included immunofluorescence
microscopy of chemotaxing cells to verify the morphology of
the migrating BMD macrophages. As shown in Fig. 1A, exam-
ination of one macrophage representative of the chemotaxing
morphology indicated that recombinant PLD2 localizes to
both the cytoplasm and the leading edge of the extending
pseudopodia following chemoattractant stimulation.

It has previously been demonstrated that PLD and its enzy-
matic activity toward chemokines are physiologically relevant
to the process of leukocyte migration (19). This chemotactic
response is enhanced in bone-marrow derived macrophages
transfected with a PLD2 construct at early (10 min) and late
(60 min) (Fig. 1B) times of chemotaxis. Transfection of cells
with WT Rac2 WT had no effect on PLD-mediated che-
motaxis. However, when both WT Rac2 WT and PLD2 con-
structs were cotransfected into cells, the resulting chemotactic
capability of these cells was enhanced at 10 min compared to
the mock negative controls, in which chemotaxis slightly less
robust at 60 min (Fig. 1B). Chemotaxis of cells at 60 min that
were doubly transfected was still significantly higher than that
of mock-transfected cells at this time point. Similar results
were found when BMD neutrophils were used instead of BMD
macrophages (Fig. 1C).

As shown in Fig. 1D, Western blot analyses of the absolute
protein expression levels of both Rac2 and PLD2 did not
deviate following double transfection of both proteins in the
cells regardless of time (either 10 min or 60 min) compared to
the singly transfected control samples, which indicates that
relative protein expression levels of either protein did not
change during coexpression. Having demonstrated that the
absolute expression levels of the proteins are the same, we
believe that it is the ratio of PLD2 to Rac2 that is the most
important piece of information.

The ratio of PLD2 to Rac2 affects the duality of Rac2 on
PLD2-mediated chemotaxis. The first scenario in which Rac2
has a positive effect on a PLD2-mediated process is when cells
are simultaneously transfected with a constant amount of Rac2
and increasing concentrations of PLD2 (Fig. 2A) (PLD2 is in
excess in the reaction mixture/cell), which results in cell migra-
tion being concomitantly stimulated. Figure 2B is a Western
blot of the cotransfected lysates that was probed with anti-
hemagglutinin (HA) antibodies specific for the HA-tagged
PLD2 to indicate increasing PLD2 protein expression. These
data indicated that Rac2 had a positive effect on PLD2 when
there was an overwhelming amount of PLD2 in the reaction
mixture/cell. The second scenario whereby Rac2 has a negative
effect on a PLD2-mediated process occurred when cells were
transfected with a constant amount of PLD2 and increasing

concentrations of Rac2 in vivo (Fig. 2C) (Rac2 is in excess in
the reaction mixture or cell), which resulted in concomitantly
reduced cell migration. Figure 2D is a Western blot of these
cotransfected lysates that was probed with anti-myc antibodies
specific for the myc-tagged Rac2 to indicate increasing Rac2
protein expression. These data indicated that Rac2 had a neg-
ative effect on PLD2 when there was an overwhelming amount
of Rac2 in the cell.

FIG. 2. The PLD2-to-Rac2 ratio determines the outcome of che-
motaxis. (A) Cells were transfected with a constant amount of Rac2
DNA (0.5 �g) and variable amounts of a PLD2 construct. PLD2 is in
excess in the reaction mixtures, compared to Rac2. Cells were used for
chemotaxis analysis in transwell assays with M-CSF. (B) A Western
blot of the cotransfected lysates was probed with anti-HA (a-HA)
antibodies specific for the HA-tagged PLD2 to indicate increasing
PLD2 protein expression. (C) Cells were transfected with a constant
amount of PLD2 DNA (2 �g) and variable amounts of an Rac2
construct. Rac2 is in excess in the reaction mixtures compared to
PLD2. (D) A Western blot of the cotransfected lysates was probed
with anti-myc (a-myc) antibodies specific for the myc-tagged Rac2 to
indicate increasing Rac2 protein expression. Data are means � SEM
from at least three independent experiments performed in duplicate.
Differences between means, as determined by ANOVA, are indicated
as above (�) or below (#) the negative-control levels.
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Rac2 has a dual effect on PLD2 activity. We also present
scenarios under which Rac has dual effects on PLD2 activity.
Following agonist stimulation, the first scenario occurred when
cells were incubated for short periods of time with the che-
moattractant, which resulted in enhanced PLD enzymatic ac-

tivity (Fig. 3A) and could be correlated to enhanced che-
motaxis (Fig. 1B and C). These two sets of data indicate that
Rac2 has a positive effect on PLD2 at initial (early) times of
stimulation and when there is an overwhelming amount of
PLD2 in the reaction mixture/cell. The second scenario oc-

FIG. 3. A dual effect of Rac2 on PLD2 lipase activity. Primary cells (BMDM) were transfected with the indicated construct for 2 days, at which
time lysates were prepared for in vitro enzymatic assays. (A) BMDM overexpressing Rac2, PLD2, or both were stimulated for 10 min with 3 nM
M-CSF, and lysates were prepared from which PLD activity was measured. (B) BMDM overexpressing Rac2, PLD2, or both were stimulated for
60 min with M-CSF, and lysates were prepared from which PLD activity was measured. (C) Same experiment as described for panels A and B
except that the lysates of BMDM were immunoprecipitated with antibodies specific for PLD prior to measurement of the PLD activity in liposomes
with [3H]butanol. PLD activity values for controls were 761 � 93 dpm/mg of protein. Data are means � SEM from at least three independent
experiments performed in duplicate. Differences between means, as determined by ANOVA, above the negative-control levels are indicated (�).
(D) Effect of PLD2 on Rac2 GTP loading activity. Increasing concentrations of PLD2 plasmid DNA (0, 0.5, 1, 1.5, 2, and 2.5 �g) and a constant
amount of Rac2 plasmid DNA were transfected into macrophages; 48 h posttransfection, cells were stimulated with 3 nM M-CSF for 10 min, and
lysates were prepared and used for binding to PAK-1 PBD-agarose to measure the effect of WT PLD2 or a lipase-dead mutant on GTP loading
of Rac2 in vivo. Samples were electrophoresed onto 4 to 20% gradient gels using SDS-PAGE and transferred onto polyvinylidene difluoride
membrane. Rac2 GTP loading was measured by probing polyvinylidene difluoride membranes with rabbit polyclonal anti-myc antibodies specific
for the myc-tagged Rac2 protein; enhanced chemiluminescence was performed according to the manufacturer’s instructions. The lower x axis shows
the measurement of the effect of increasing PA concentrations (0, 3, 10, 30, 100, and 300 nM) on GTP loading of Rac2 in vivo. Data are means �
SEM from at least three independent experiments performed in duplicate. Differences between means, as determined by ANOVA, above (�) or
below (#) the negative-control levels are indicated.
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curred when BMDM cells were incubated for long periods of
time with the chemoattractant (60 min), which resulted in not
only reduced PLD enzymatic activity (Fig. 3B) but also re-
duced chemotaxis (Fig. 1B and C). These two sets of data
indicate that Rac2 has a negative effect on PLD2 at late times
of stimulation and when there is an overwhelming amount of
Rac2 in the cell.

The dual effect of Rac2 on PLD2 chemotaxis was also cor-
related to a similar effect on PLD2 activity (Fig. 3C). BMD
macrophages were transfected with both Rac2 and PLD2, and
lysates were utilized for a range of time to measure lipase
activity in response to chemoattractant. In controls (cells trans-
fected with PLD2 alone), the activity remained elevated even
60 min after addition of M-CSF to the cell suspension. In
cotransfected samples, PLD activity followed a biphasic pat-
tern, with an initial (10 to 15 min) increase followed by a later
(�30 min) decrease in activity that returned the lipase activity
to near basal levels. Thus, as first reported here, Rac2 has a
dual (enhancing and inhibitory) effect on PLD2-mediated che-
motaxis.

PLD2 positively affects Rac2 GTP loading activity. PLD2
positively affects Rac2 GTP loading activity of macrophages
transfected with constant WT Rac2 and increasing amounts of
PLD2 plasmid DNA (Fig. 3D, filled circles), which is depen-
dent on an intact lipase activity as transfection with the PLD2
lipase-dead mutant PLD2 K758R (Fig. 3D, open circles) had a
significantly smaller effect on Rac2 GTP loading (Fig. 3D).
Alternatively, a similar positive effect of PLD2 on GTP loading
of Rac2 occurred in the presence of increasing PA (filled
triangles). Both of these pieces of data strongly indicate the
existence of a positive interaction between PLD2 and Rac2
that is dependent on both an intact Rac2 GTP loading activity
and an intact PLD2 lipase activity during this first phase of the

PLD2 and Rac2 interaction at early stages of stimulation, as
indicated in the cartoon model (Fig. 3E).

It has been shown in another study that Rac2 localizes pre-
dominantly to endomembranes through the use of Rho-gua-
nine nucleotide dissociation inhibitor (RhoGDI), which pre-
vents the release of GDP from Rho proteins and specifically
targets many small GTPases to certain compartments within
the cell (23). It was reported that overexpression of Rho
proteins in general was able to overwhelm the capacity of
endogenous RhoGDI to confer and properly modulate proper
targeting of the small GTPase. Taking this report into consid-
eration when we performed our chemotaxis experiments, we
have also included data from additional transfections using
Rac2 and RhoGDI (Fig. 4).

As shown in Fig. 4A, the effect of RhoGDI in combination
with Rac2 and PLD2 at early times of chemotaxis is similar to
that of PLD2 alone, which is definitely increased over that of
RhoGDI alone. At later times of chemotaxis (Fig. 4B), the
effects of both RhoGDI alone and RhoGDI in combination
with Rac2 and PLD2 are decreased compared to the effect of
PLD2 alone. This indicates that the effect originally seen with
Rac2 was not simply due to overexpression of Rac2 only. We
believe that GDI targets Rac2 to the membrane, where it
inhibits both PLD2 and chemotaxis.

As we documented a similar effect of Rac2 and PLD2 co-
expression on late chemotaxis (60 min) compared with coex-
pression of Rac2, PLD2, and RhoGDI (Fig. 1B and C and 4B),
we believe that RhoGDI is targeting Rac2 to the plasma mem-
brane in our cells. Additionally, we also found that Rac2 T17N
abrogates all previous effects seen with WT Rac2 WT, indicat-
ing that the GTP loading activity of Rac2 must be important to
exert its action on PLD2 (Fig. 4).

Endogenous PLD activity from bone marrow neutrophils

FIG. 4. Effect of dominant negative Rac2 or RhoGDI on PLD2 lipase activity. Primary cells (BMDM) were transfected with the indicated
construct for 2 days, after which chemotaxis was analyzed in transwell assays using the indicated chemoattractants for 10 (A) or 60 (B) minutes.
Data are means � SEM from at least three independent experiments performed in duplicate.
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and bone marrow-derived macrophages is high in Rac2�/� KO
mice. The negative effect of Rac2 on PLD2 activity was also
confirmed in primary cells from Rac2�/� KO mice (Fig. 5).
Both bone marrow neutrophils and bone marrow-derived mac-
rophages were deficient in Rac2. Rac2�/� cells had more PLD
activity than their WT counterparts (90% increase) (Fig. 5A),
suggesting that the absence of Rac2 has an activator effect on
PLD activity.

The converse of this effect whereby Rac2 inhibits PLD2
lipase activity and PLD2-mediated chemotaxis has already
been shown in Fig. 1B and C, 2C, and 3B. To further establish
the validity of Rac2 acting negatively on PLD2, we next trans-
fected primary cells from Rac2�/� KO mice (Fig. 5B) with
either PLD1 or PLD2 for use in lipase measurements following
immunoprecipitation of cell lysates with either anti-PLD1 or
anti-PLD2 antibodies. Here, we further implicate a robust
dependence of PLD1 on Rac as overexpression of PLD1 in
primary cells from Rac2�/� knockout (KO) mice resulted in

decreased lipase activity (also observed by other authors at
least for Rac1). As a technical note, we should point out that
we had immunoprecipitated either PLD1 or PLD2 to separate
the two isoforms and then normalized for total protein, which
resulted in an obvious and significant positive effect with PLD2
but not for PLD1. Additionally, our PLD2 activity assays are
not supplemented with Arf6 and RhoA, which are requisite for
detection of the low basal level of PLD1 in the cell. We are
utilizing cofactors in our PLD2 activity assays that are more
specific for PLD2 and not PLD1.

Conversely, transfection of PLD2 into primary cells from
these Rac2 knockout mice resulted in increased lipase activity
and further recapitulates the fact that Rac2 negatively regu-
lates PLD2-mediated processes (Fig. 5E). Figure 5C is a con-
trol of cell functionality as BMDN from WT mice show an
increase in superoxide release, whereas BMDN from Rac2�/�

KO mice show lack of response. Similar to PLD activity, su-
peroxide release increases in WT cells in response to stimulat-

FIG. 5. Endogenous PLD activity from BMDN and BMDM is high in Rac2�/� KO mice. (A) BMDN and BMDM were isolated under sterile
conditions, and lysates were prepared from which total PLD activity was measured. The figure also shows results of lysates from neutrophils from
heterozygous mice (Rac2�/� Het). (B) The experiment is the same as that described for the previous panel except that the lysates were
immunoprecipitated with antibodies specific for either PLD1 or PLD2 prior to the measurement of PLD activity. (C) Control of cell functionality
as BMDN from WT mice show an increase in superoxide release, whereas BMDN from Rac2�/� KO mice show lack of response. (D) Chemotaxis
of BMDM comparing cells from WT and Rac2�/� KO mice in the absence or presence of 20 nM fMLP. (E) Model representing the negative effect
of Rac2 on PLD2 processes. Data are means � SEM from at least three independent experiments performed in duplicate. Differences between
means, as determined by ANOVA, above (�) or below (#) the negative-control levels are indicated. RLU, relative light units.
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ing neutrophil agonists, whereas superoxide release in
Rac2�/� cells is not elevated in response to the same agonist.
Second, looking at chemotactic ability of these same cells, Fig.
5D shows that WT macrophages underwent chemotaxis more
in response to formyl-methionyl-leucyl-phenylalanine (fMLP)
than the Rac2�/� counterparts, suggesting that the absence of
Rac2 has an inhibitory effect on chemotaxis.

On the mechanism of Rac2 inhibition of PLD2: rescuing
effect of PIP2. Next, we decided to explore further the mech-
anism that Rac2 at late stages of cell migration could inhibit
PLD2. We reasoned that this could be reversed somehow and
found that a key cofactor for the enzymatic reaction (phospha-
tidylinositol 4,5-bisphosphate [PIP2]) would just do that when
used in large enough concentrations. Using PIP2 in the enzy-
matic reactions or in vitro with cells, Fig. 6 shows the rescuing
effect of additional PIP2 on Rac2-inhibited PLD activity (Fig.
6A) and PLD2-mediated chemotaxis (Fig. 6B). We believe one
explanation for this effect is that the potential exits for excess

PIP2 to translocate PLD2 and Rac2 from vesicles to the plasma
membrane, which would result in increased PLD2 activity and
chemotaxis of affected cells, while decreased PIP2 would re-
verse this process and sequester PLD2 and Rac2 in the cyto-
plasmic vesicles. The exact mechanism for this to occur will
become evident in subsequent experiments in this study, as the
interaction of PLD2-Rac2 and PIP2 is further dissected.

PIP2 competes with Rac2 in its binding to GST-PLD2. The
results throughout this study on the modulation of PLD2 by
Rac2 suggested a close, agonist-dependent interaction in the
cell. Given the results of the experiments shown in Fig. 6A and
B, we suspected that a certain PLD2 domain involved in lipid
binding was at play. We hypothesized that Rac2 binds to PLD2
at the pleckstrin homology (PH) domain or possibly even the
phox homology (PX) domain. Therefore, we separately sub-
cloned the PH or PH domain of PLD2 into the pGEX-4T-1
vector, which would allow us to express two different glutathi-
one S-transferase (GST)-tagged proteins. Figure 6C is an im-

FIG. 6. Rescuing effect of PIP2 on Rac2-inhibited PLD2 activity. (A) Macrophages were transfected with the indicated constructs, and prior
to the assay of PLD2 activity, the mixtures were supplemented with increasing concentrations of PIP2 in the reaction mixture following 60 min of
agonist stimulation. (B) Macrophages were transfected with the indicated constructs, and prior to chemotaxis, the mixtures were supplemented
with increasing concentrations of PIP2 (beyond what is normally used for in vitro enzymatic assays) in the cell culture well and then underwent
chemotaxis for 60 min in response to agonist stimulation. (C) Pulldown assay. GST-tagged PX and PH proteins purified from pGEX-4T-1-PX- or
pGEX-4T-1-PH-overexpressing cells were bound to GST-Sepharose beads. In parallel experiments, cells were transfected with myc-Rac2
constructs, and lysates were obtained. These lysates were mixed with the beads, and bound fractions of GST-PX and GST-PX were eluted. Bound
fractions were analyzed by Western blotting for the presence of proteins. The blot was first developed using anti-GST antibody to ensure that the
PX and PH proteins were present. The same blot was stripped and probed with anti-myc antibody to check for the presence of associated Rac2.
(D) Rac2-PLD2 disruption by PIP2. The pulled down complex Sepharose-GST-PX(or PH)-Rac2 was incubated with increasing amounts of PIP2
(beyond what is normally used for in vitro enzymatic assays) or PC and analyzed for the presence of myc-Rac2 bound to PLD2. Data are means �
SEM from at least three independent experiments performed in duplicate. Differences between means, as determined by ANOVA, above the
negative-control levels are indicated (�).
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munoprecipitation assay with the purified, GST-tagged PH and
PX proteins, which are both able to be bound by myc-tagged
Rac2 from RAW264.7 macrophages and can be pulled down
with �-myc antibodies specific for Rac2. The PH domain of
PLD2 is preferentially bound by Rac2 by an approximate fac-
tor of 2-fold more than the PX domain. This result demon-
strates that the protein-protein interaction of Rac2-PLD2 in-
volves at least the PH domain of PLD2 and, to a much lesser
extent, possibly the PX domain.

The Rac2-PLD2 interaction was further analyzed by incu-
bation of Sepharose-GST-PH or -PX-Rac2 complexes with
increasing amounts of PIP2. As indicated in Fig. 6D, PIP2

caused an �60% reduction in GST-PH-PLD2 (filled circles)
bound to myc-Rac2 and an �30% reduction in GST-PX-PLD2
(filled triangles) bound to myc-Rac2, whereas incubation of
either truncated PLD2 with the negative-control lipid, phos-
phatidylcholine (PC), had no effect on Rac2 binding to PLD2
(open circles and triangles). In conclusion, Rac2 specifically
interacts with greater preference to the PH domain of PLD2
than with the PX domain, and both of these interactions can be
disrupted by excess amounts of PIP2 in vitro. We posit that as
Rac2 binds to PLD2, this interaction deprives the availability
of PLD for its key factor and function.

Rac2 and PLD2 form a protein-protein complex in the cell.
The results throughout this study of biochemical data on the
modulation of PLD2 by Rac2 suggested that these two proteins
may be in close spatial proximity in the cell. We generated a
eukaryotic PLD2 construct tagged with HA and a Rac2 con-
struct tagged with myc to be used in RAW264.7 macrophages
to measure the protein-protein interaction of Rac2-PLD2 (Fig.
7A). Figure 7B to D show the binding interaction of these two
proteins via coimmunoprecipitation as a function of time. Rac2
could be immunoprecipitated with antibodies directed against

PLD2’s HA tag (middle sections). Further, we observed that
this immunoprecipitation was enhanced if the cells had been
allowed to be stimulated with 3 nM M-CSF for a full 10 min
(Fig. 7C) compared to 60 min (Fig. 7D) or unstimulated cells
(Fig. 7B). These data strongly support the existence of a pro-
tein-protein interaction between Rac2 and PLD2 in the cell
that is dependent upon the stimulant at relatively short periods
of time.

During early cell chemotaxis, PLD2 translocates to the cell
membrane and facilitates lamellipodium extension, whereas in
late chemotaxis/immobilization, Rac2 facilitates. We wanted
to ascertain if Rac2 and PLD2 would colocalize simultaneously
along the plasma membrane. Using macrophages that were
transfected with fluorescently tagged PLD2-yellow fluorescent
protein (YFP) and Rac2-cyan fluorescent protein (CFP), cells
were directionally stimulated with chemoattractant that was
applied to a particular location on the microscope slide (Fig. 8,
red spot) to begin the chemotactic process. Figure 8A to C
show that PLD2 and Rac2 colocalize to the advancing lamel-
lipodia and specifically to vesicle-like formations close to the
button end of the advancing pseudopodia at early stages (10
min) of chemotaxis (Fig. 8D). This colocalization of PLD2 and
Rac2 in vesicles in the cytoplasm appears to be very robust.

Additionally, there is also a distinct pool of PLD2 that lo-
calizes only to the leading edge of the moving macrophage,
whereas Rac2 does not, indicating that PLD2 drives che-
motaxis at these early stages of agonist stimulation. Indeed, the
leading edge appears to be completely devoid of Rac2, consis-
tent with its preferred targeting to endomembranes (42). In
contrast, there may be trace colocalization of both PLD2 via its
PH domain and Rac2 via a positive charge-independent mech-
anism to cellular lateral membranes via signaling of phospho-
inositide-3,4,5-triphosphate (PIP3), which accumulates at the

FIG. 7. Demonstration of protein-protein interaction between PLD2 and Rac2. Macrophages were transfected with tagged expression plas-
mids, with myc for Rac2 and HA for PLD2 alone or in combination (A). After 2 days, cells were harvested and incubated with 0 nM M-CSF (B),
3 nM M-CSF for 10 min (C), or 3 nM M-CSF for 60 min (D). Cells were then lysed, immunoprecipitated with anti-HA antibodies to pull down
PLD2, and electrophoresed in SDS gels, and resulting blots were probed with anti-HA antibodies to detect PLD2 or anti-myc antibodies to detect
Rac2. The region of the gel where PLD2 is expected (molecular mass of �110 kDa) is shown (top panels). The region of the gel where Rac2 is
expected following interaction with PLD2 (molecular mass of �26 kDa) is also shown. The third panel is a control that shows equal loading in all
lanes as ascertained with anti-actin antibodies.
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FIG. 8. PLD2 is located in the cell membrane of advancing pseudopodia in early chemotaxis and behind Rac2 in late chemotaxis. YFP-PLD2
and CFP-Rac2 were transfected into cells for 24 h (the last 2 h of which the cells were serum starved). When ready for microscopy, cells were
treated with M-CSF for 10 min (A to D) that was added to a localized region on the coverslip (red dot) with a micropipette, which forms a
temporary chemoattractant gradient. To increase the contrast between the YFP- and CFP-tagged proteins, YFP-PLD2 is depicted as green
fluorescence, while CFP-Rac2 is depicted as red fluorescence. (D) Enlargement of a section of panel C, with fluorescence imaging showing that
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leading edge of chemotactic leukocytes and Dictyostelium (22,
39, 42).

Next, we concentrated on macrophages that had been ex-
posed to the chemoattractant for a much longer period of time
(60 min). At this length of time, cells normally cease to emit
pseudopodia and become immobilized to the substrate, thus
being an ideal system that emulates the late conditions of
chemotaxis that would be equivalent to cell immobilization at
the site of infection. Figure 8E to I represent serial cross-
sections of a cell that indicate different planes between the
adhesion points on the z-axis. Figure 8F and G represent five-
step sweeps of the z-stack corresponding to the sections indi-
cated in the cartoon model (Fig. 8E) and show the relevant
optical sections that correspond to Fig. 8F and G.

Most of the colocalization between Rac2 and PLD2 takes
place at the Golgi region around the nucleus. However, there
is a fraction of the fluorescence signals that localized in the
plasma membrane for both CFP-Rac2 (red) and YFP-PLD2
(green) (Fig. 8F and G). Most interestingly, these two signals
do not overlap, but, rather, they are extremely adjacent to each
other (at about 0.5 mm apart), such that Rac2 is closer to the
plasma membrane than PLD2. Figure 8H and I are further
magnifications of these two areas of colocalization. The white
arrows mark the position of Rac2 and PLD2 within the mem-
brane or their close association with it. To our knowledge, this
is the first time subcellular localization of PLD2 is documented
in particular reference to another signaling molecule and with
Rac2 geographically in front of it.

A movie that expands the data of Fig. 8E to I and shows the
colocalization of PLD2 and Rac2 in two “waves” in the cell’s
plasma membrane can be found at http://www.med.wright.edu
/video/jgc/. This movie shows the composite of all images ac-
quired through the z-axis of a cell, presenting consistent local-
ization of YFP-PLD2 and CFP-Rac2 at the plasma membrane
throughout the z-stack.

We have included additional static microscopic images of
our cells to show that PLD2 and Rac2 migrate from intracel-
lular vesicles to the leading edge as a function of time (during
exposure to chemoattractant) (Fig. 9). As shown, both Rac2
and PLD2 are localized to vesicles at early times, while both
proteins are localized to the leading edge following 30 to 60
min of incubation with epidermal growth factor (EGF).

A model that explains the dual function of Rac2 on PLD2.
This study has shown the functional consequences of an inter-
action between Rac2 and PLD2 as it relates the time line of
chemotaxis to the ability of Rac2 to function as a dual regula-
tor of the lipase. We propose that PLD2 is needed for early
chemotaxis (�10 min), which is enhanced by the presence of
Rac2 (Fig. 10A). We further propose that Rac2 provides a
strong negative signal to inactivate PLD2 during late che-

motaxis (�60 min) (Fig. 10B). The mechanism for the former
could be related to what is already known for the other PLD
isoform, PLD1, whereby PLD2 via the PH domain binds to
PIP2 and is a necessary cofactor for PLD function (Fig. 10C).
On the other hand, Rac2 exerts a negative effect on PLD2, and
this is accomplished when Rac2 occupies the PH domain, pull-
ing PLD2 apart from the normal environment and out of the
reach of PIP2 and other essential cofactors (Fig. 10D), which
serves to terminate chemotaxis. Additionally, PLD2 activity
can be rescued and restored in cells by the presence of excess
PIP2, which simultaneously excludes Rac2 from the membrane
(Fig. 10E). As all this was observed in primary cells (neutro-
phils and macrophages) as well as in cell lines (macrophages),
we believe this mechanism could be extended to a large array
of migratory cells. Further, this represents an example of sim-
plicity and economy of cell resources as just two molecules can
be sufficient for accomplishing a well-defined biological func-
tion.

DISCUSSION

This study presents evidence for the first time that a mono-
meric GTPase can both promote and inhibit a phospholipase
activity, which serves to explain the timeline of chemotactic
response. Further, the geographical location of fluorescently
tagged PLD2 and Rac2 in cells is the key to defining the
mechanism that Rac2 at the molecular level is sterically im-
peding the access of PLD2 to the membrane and its subse-
quent activation. We have shown the functional consequences
of an interaction between Rac2 and PLD2, whereby Rac2
functions as a master switch that dually affects PLD2 activity,
both positively and negatively, given the proper circumstances.
It was important to define how PLD2 is regulated since its
mechanism of regulation is less well characterized than that of
PLD1. PLD is involved in the regulation of fundamental cel-
lular functions, such as calcium mobilization, secretion, super-
oxide production, endocytosis, exocytosis, vesicle trafficking,
glucose transport, rearrangement of the actin cytoskeleton,
mitogenesis, and survival (27, 28). Regulation of PIP2 synthesis
takes a central role in signaling by Rho GTPases and, as this
study shows, a connection between Rac2-PIP2-PLD is evident.

PLD1 was originally generated by PLD hydrolyzing mem-
branous phosphatidylcholine (PC) (3) and regulated through
direct binding of PLD1 to Rac1 and/or Rho with its C terminus
(7, 33). We found that leukocytes from Rac2�/� mice had a
lower basal PLD1 activity than their wild-type counterparts,
which was consistent with the report of Powner and Wakelam
(34). We should note that previous studies (3, 7, 33) have
implicated small GTPases (Arf-1, RhoA, Rac1, and Cdc42) on
the PLD1 isoform, but the other isoform, PLD2 (subject of this

some PLD2 localizes in the leading edge of the plasma membrane (white triangle), whereas some PLD2 and Rac2 colocalize in vesicles inside the
lamellipodia (red triangles). (E to I) Cells were transfected with YFP-PLD2 and CFP-Rac2 for 2 days. After this period of time, cells were exposed
to the chemoattractant for 60 min. Cells were then taken for fluorescence microscopy. Panels F and G represent two-step sweeps of the z-stack
corresponding to sections, as indicated in the cartoon in panel E, and show finger-like projections with Rac2 and PLD2 juxtaposed. Panel H is a
close-up of the image in panel F; panel I is a close-up of the image in panel G. A fraction of the fluorescence signals localizes in the plasma
membrane for both CFP-Rac2 (shown in red here for better clarity to distinguish it from the green of the other fluorophore) and YFP-PLD2
(shown in green).
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study) has remained understudied as it was thought that PLD2
was regulated more directly through phosphatidylinositol-4,5-
kinase (PI4,5K) and the concomitant generation of PIP2 than
by GTPases. Our study shows direct evidence that PLD2 is

regulated by the monomeric GTPase Rac2, which is in agree-
ment with Powner and Wakelam (34) in that PLD2 is also
regulated by PIP2 (we, in fact, show a new role for PIP2 as the
rescuing molecule for a negative Rac2-PLD2 interaction).

It has been reported previously that Rac1 activates PLD1
(11, 24, 34, 43, 44). Concerted effects of Rac1 and Rac2 on
PLD2 are not known. Other biological phenomena have as-
signed a role for each isoform of Rac in cell signaling. Such is
the case of phagocytosis; it has been shown that Rac1 and Rac2
are activated sequentially and regulate phagocytosis (14). In
this case, activation of Rac1 is biphasic; initially Rac1 is acti-
vated, and then this activation is shortly followed by a stronger
phase of activation. The second stronger phase of Rac1 over-
laps with the activation of Rac2. At any rate, both Rac1 and
Rac2 are involved in cell migration. Knockout mouse studies
with Rac1 and Rac2 have revealed that both Rac1 and Rac2
isoforms have a role in cell spreading and migration. Zhang et
al. showed that neutrophils depend on Rac1 for initial cell
spreading and, later, that Rac2-regulates Arp2/3- and cofilin-
mediated actin polymerization for continuous expansion of the
leading lamellipodium (46). Given all of these facts, it could be
possible that Rac1 and Rac2 during the course of cell migra-
tion sequentially activate PLD1 (but not likely PLD2, the sub-
ject of the present study).

Spatial and temporal control of Rac GTPase activation is
required for accurate directional cell movement. We have
shown here using macrophages at early times of chemotaxis
that both Rac2 and PLD2 were robustly colocalized to cyto-
plasmic vesicles. Rac2 has been shown to interact with and
bind to PA-containing vesicles in the neutrophil cytosol, im-
plicating a role for PLD2 in this process (8). Rac2 preferen-
tially localizes in a positive-charge-independent mechanism at
early stages of chemotaxis to endomembranes, which then fuse
to the phagosomes later during cell migration (42). Overex-
pression of PLD2 in ionomycin-stimulated RBL-2H3 cells trig-
gered translocation of PLD2 from the plasma membrane to
intracellular compartments and concomitantly increased PLD
activity of exosomes, which correlated directly with the amount
of exosome released (18).

All this information implies a dual role for vesicles in both
the delivery and retrieval steps of PLD2 to the plasma mem-
brane during agonist stimulation following the subsequent de-
livery of small GTPases to the plasma membrane. We believe
that excess PIP2 could result in both translocation of PLD2 and
Rac2 from vesicles to the plasma membrane and in increased
PLD2 activity and chemotaxis of affected cells, while decreased
PIP2 could reverse this process and sequester PLD2 and Rac2
in the cytoplasmic vesicles. This conclusion is supported by the
fact that PIP2 acts as a second messenger in Ras/Rac-induced
disruption of the actin cytoskeleton (10), which implies a role
for PIP2 in the regulation of Rac2 movement to the cell sur-
face.

Increases in PIP2 are required for actin filament uncapping
prior to membrane ruffling, which is mediated by Rac GTPases
and results in lamellipodium formation (12). Also, as PLD-
derived PA stimulates PIP2 production during clathrin coat
assembly on lysosomes in vitro and is responsible for increased
PA synthesis (1), overexpression of PLD2 coincides with in-
creased PIP2 concentrations at membrane ruffles (13).

Rac’s intracellular location cycles between the cytosol and

FIG. 9. PLD2 and Rac2 migrate from intracellular vesicles to the
leading edge as a function of time. YFP-PLD2 and CFP-Rac2 were
transfected into cells for 24 hours (for the last 2 h of which the cells were
serum starved). When ready for microscopy, cells were treated for 10 min
with M-CSF that was added to a localized region on the cover slip with a
micropipette, which forms a temporary chemoattractant gradient. Fluo-
rescence imaging showing that PLD2 and Rac2 migrate from intracellular
vesicles to the leading edge as a factor of time of incubation with EGF.
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the cell membrane, and its translocation to the membrane
allows it to interact with its downstream effectors. We have also
shown that at late times of chemotaxis, both Rac2 and PLD2
translocated to the cell membrane of macrophages after ago-
nist activation, with Rac2 localized closer to the membrane and
PLD2 directly behind Rac2. With Rac-GTP loading (Rac ac-
tivity) being an exception, membrane localization is also re-
quired for the initiation of downstream effector signaling (2, 3).
Chemoattractants cause the localization of PH domain-con-
taining proteins to the stimulated face of chemotactic cells (29,
30). Dictyostelium cells overexpressing a GFP-tagged PH do-
main (also found in PLD enzymes) translocated toward the
membrane and colocalized with phosphatidylinositol-(3,4,5)-
trisphosphate (PIP3) following agonist stimulation (22). Addi-
tionally, both PLD2 and PA have been implicated in the insu-
lin-induced translocation of the small GTPase Raf-1 from the
cytoplasm to the plasma membrane (36).

Although PLD2 aids in lamellipodium formation during
chemotaxis, Rac2 provides a strong negative signal during the
process, which terminates chemotaxis or pseudopodium retrac-
tion. In migrating cells, Rac is generally required at the leading
edge for lamellipodium extension and formation of new adhe-
sions (35). We propose the existence of a termination mecha-
nism that signals to disassemble the lamellipodia when the
physiological need arises following a change in localization of
chemoattractant. This process is mediated by Rac2, which neg-
atively feeds back on PLD2 and terminates the originating
chemotactic signal.

We think the lipase activity is a necessary upstream signal
during the initial steps of lamellipodium formation. Nishikimi
et al. (25) have shown that the interaction of PLD2 and PA
signals to DOCK2, which mediates Rac activation and actin
remodeling. PA secured DOCK2 at the leading edge of a
migrating neutrophil, and PA and PIP3 were coparticipants in
the process. One can argue that PA was produced by PLD
elsewhere in the cell, but we believe PLD has to be localized to
the membrane throughout this entire process. Nishikimi et al.
(25) make an excellent case for the sequential need of the two
lipids for translocation and stabilization.

We also show that Rac2 drives the physiological process of
late chemotaxis, while PLD2 drives early chemotaxis. We have
shown here that a dual effect of Rac2 on PLD2 exists, which
regulates the phagocyte function of chemotaxis (during full
chemotaxis Rac2 synergizes with PLD2 allowing full cell move-
ment; when the cell stops at the site of infection, then Rac2
starts driving the process and provides negative-feedback sig-
nals). Rac2 exerts a previously unknown negative effect on
PLD2 and signals the cell to stop at the infection site, which is
beneficial to the host in mounting an inflammatory response
against an invading pathogen.

FIG. 10. Model that explains the mechanism of the duality of Rac2
on PLD2. (A) During early chemotaxis, Rac2 has a positive (enhanc-
ing) effect on PLD2 activity. Both Rac2 and PLD2 cooperate to ensure
that the cell starts moving toward the inflammation site. (B) At later
times, and particularly when the leukocyte confronts the invading
pathogen at the infection site, Rac2 inactivates PLD2, and the cell
becomes immobilized. (C) At the molecular level, the explanation of a
negative feedback of Rac2 on PLD2 could be explained by the esteric
effect of key molecules around the membrane of the advancing leuko-
cyte lamellipodia. During early chemotaxis, PLD2 is anchored to the
membrane via its PX and PH domains, where it finds the enzyme
cofactor PIP2 and its substrate, PC. At later times (D), Rac2 interferes
with the binding of PLD to the membrane and positions itself in front
of PLD2. As this study has shown, Rac is able to bind to PLD2 at PH

domain (on the other hand, Rac2 is able to bind to PIP2 [35]). This
sterical positioning of Rac2 deprives PLD2 of its natural environment,
contributing to its inactivation. (E) The negative effect of Rac2 on
PLD2 can be negated by overwhelming concentrations of PIP2 that
displace Rac2 from its binding to the membrane, thus restoring full
PLD activity. HKD, histidine kinase domain.
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