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An electrostatic switch displaces
phosphatidylinositol phosphate kinases from the
membrane during phagocytosis
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lasmalemmal phosphatidylinositol (Pl) 4,5-bisphos-

phate (Pl4,5P;) synthesized by Pl 4-phosphate

(PI4P) 5-kinase (PIP5K) is key to the polymerization
of actin that drives chemotaxis and phagocytosis. We in-
vestigated the means whereby PIP5K is targeted to the
membrane and its fate during phagosome formation.
Homology modeling revealed that all PIP5K isoforms fea-
ture a positively charged face. Together with the substrate-
binding loop, this polycationic surface is proposed to
constitute a coincidence detector that targets PIP5Ks fo the
plasmalemma. Accordingly, manipulation of the surface

Introduction

Phagocytosis, a central event in the elimination of for-
eign and apoptotic bodies, is initiated by the interaction of
ligands on target particles with receptors on the surface of
phagocytic cells. Through a series of intricate events that
are incompletely understood, the activated receptors trigger
the localized assembly of actin, which propels the exten-
sion of pseudopods that surround and ultimately engulf the
particle. Completion of the process and detachment of the
phagosomal vacuole from the surface membrane require the
subsequent depolymerization of actin (O’Reilly et al., 2003;
Scott et al., 2005).
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charge displaced PIP5Ks from the plasma membrane.
During particle engulfment, PIP5Ks detached from form-
ing phagosomes as the surface charge at these sites de-
creased. Precluding the change in surface charge caused
the PIP5Ks to remain associated with the phagosomal
cup. Chemically induced retention of PIP5K-y prevented
the disappearance of Pl4,5P, and aborted phagosome
formation. We conclude that a bistable electrostatic switch
mechanism regulates the association/dissociation of
PIP5Ks from the membrane during phagocytosis and likely
other processes.

The dynamic rearrangement of actin during phagocyto-
sis is tightly linked to the metabolism of phosphatidylinositol
(PI) 4,5-bisphosphate (PI4,5P,). As in other cells (Stauffer
et al., 1998; Varnai and Balla, 1998), this phosphoinositide is
abundant in the inner leaflet of the plasma membrane of un-
stimulated phagocytes (Botelho et al., 2000). However, at the
onset of phagocytosis, the phosphoinositide accumulates fur-
ther at sites where pseudopods are formed. This localized in-
crease in PI4,5P, likely serves as a platform for the robust
actin polymerization required for pseudopod extension. Two
types of interactions underlie the effects of PI4,5P,: stereo-
specific binding of proteins with domains that selectively recog-
nize its headgroup and electrostatic interactions of polycationic
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proteins with the negative surface charge that PI4,5P, confers
to the membrane.

During later stages of particle engulfment, PI4,5P, dis-
appears from the base of the phagocytic cup, a process that has
been attributed to hydrolysis by PLC and to phosphorylation by
PI 3-kinases (Araki et al., 1996). The elimination of the phos-
phoinositide is accompanied by actin depolymerization and is
felt to be essential for phagosome closure and scission (Scott
et al., 2005). Indeed, excessive and/or untimely production of
PI4,5P, was reported to preclude actin depolymerization and in-
hibit particle engulfment (Scott et al., 2005). Clearly, coordina-
tion of the processes that generate and eliminate PI4,5P; is key
to successful completion of phagocytosis. Yet it is not clear
whether PI4,5P, synthesis is arrested during the secondary phase
of phagocytosis or proceeds concomitantly but is outstripped by
the degradative processes. The main objective of this study was
to assess the fate of the PI4,5P,-generating enzymes during the
course of phagosome formation.

Metazoans produce PI4,5P, by two distinct pathways.
The type I PI 4-phosphate (PI4P) 5-kinase (PIP5K) is responsi-
ble for the primordial or classical pathway, which is used by all
eukaryotes. The o, 3, and y isoforms of this enzyme catalyze
the phosphorylation of PI4P to PI4,5P,. The second or alterna-
tive pathway synthesizes P14,5P, from PI 5-phosphate using the
type II kinase (PI 5-phosphate 4-kinase [PIP4K]; Rameh et al.,
1997). These enzymes are related, as they display 30% se-
quence identity; however, they use different substrates and
localize to different subcellular compartments. Through the
generation of chimeric constructs, previous work established
that an ~25-amino acid segment called the activation loop in-
fluences the differential substrate specificity and subcellular
localization of the type I and II enzymes (Kunz et al., 2000).
A single mutation (E362A) in the activation loop of the type I-3
kinase altered its substrate selectivity and caused it to be dis-
placed from the plasma membrane (Kunz et al., 2002). These
results suggest that recognition of PI4P is necessary, although
not necessarily sufficient, for the proper plasmalemmal local-
ization of the type I PIP5K.

It is becoming increasingly apparent that most proteins are
guided to their biological destination not by one, but by multiple
targeting determinants. The coexistence of multiple determi-
nants provides the basis of a concerted detection process that en-
sures the specificity of protein targeting within the cell. In this
study, we demonstrate that, in addition to the activation loop,
PIP5K isoforms rely on at least one other determinant for their
targeting to the plasma membrane. Specifically, we found that
PIP5K-a, -B, and -y feature a positively charged region on the
protein surface that is essential for their association with the
inner leaflet of the plasmalemma. Moreover, we report that acute
and localized changes in the surface charge of the plasma mem-
brane release the kinases from the base of forming phagosomes,
terminating the synthesis of PI4,5P, and accentuating its dis-
appearance at the site where its degradation is most active. Finally,
we demonstrate that when the electrostatic switch that releases
PIPSK from phagosomes is disabled, the kinase remains associ-
ated with nascent phagosomes that therefore fail to seal, abort-
ing the engulfment process.
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Results

Expression and localization of PIP5K
isoforms in RAW macrophages

The purpose of our experiments was to investigate the fate of
PIP5K during phagosome formation and maturation. This re-
quired identifying the isoforms of PIP5K that are expressed
in macrophages. Immunoblot analysis using isoform-specific
antibodies revealed that RAW murine macrophages express the
PIP5K-a, -, and -y isoforms (Fig. 1 a). It is not clear whether
the presence of multiple bands in the immunoblots of PIP5K-f3
and - reflects the existence of splice variants or the occurrence
of posttranslational modifications. Next, we used spinning-disc
confocal microscopy to visualize the localization of the differ-
ent isoforms. Because available antibodies are not adequate for
immunolocalization of all of the endogenous PIP5K isoforms,
the RAW cells were transfected with GFP- or YFP-tagged
versions of the individual isoforms. We deliberately chose to
analyze only cells displaying low to medium levels of fluores-
cence, to minimize complications caused by overexpression.
As illustrated in Fig. 1 c, the a and 3 isoforms, as well as the
90- and 87-kD splice variants of the vy isoform, were found
predominantly at the plasma membrane, which was identified
by coexpression of a palmitoylated/myristoylated-tagged RFP
(PM-RFP) that has been used extensively as a plasmalemmal
marker (Teruel et al., 1999). As expected, the distribution of
the PIP5K isoforms was found to coincide with that of their
product, PI4,5P,, which was detected using the pleckstrin
homology (PH) domain of PLC-8 (Fig. 1 b). In some instances,
afraction of the fluorescence was found in intracellular punctate
structures (Fig. 1, b and c¢), which are identified as endosomes
(not depicted). The fraction of PIP5K reported to exist in the
nucleus of other cell types (Payrastre et al., 1992; Boronenkov
et al., 1998) was not detectable in RAW macrophages by the
methods used.

Homology modeling the structure of PIP5K
The activation loop of the PIP5Ks is important in targeting the
isoforms to the plasma membrane (Kunz et al., 2000). However,
it is becoming increasingly clear that most proteins are recruited
to their specific sites of action in the cell by multiple targeting
determinants. Indeed, the crystal structure of the related en-
zyme, PIP4K, revealed the presence of a positively charged re-
gion on the protein surface that is thought to contribute to its
recruitment to membranes by electrostatic means (Burden et al.,
1999). Therefore, we analyzed the structure of the o, 3, and
v-90 isoforms of PIP5K in search for additional targeting deter-
minants. Although the x-ray structure of the PIP5Ks has not been
determined, the functional and sequence similarity between these
enzymes and PIP4K warranted approximation of their structure
by homology-modeling techniques using the PIP4K structure as
a template (see Materials and methods). Atomic models for the
three PIPSK variants were thus built on the basis of the known
3-A resolution crystal structure of PIP4K (Protein Data Bank
[PDB] accession no. 1bol; Rao et al., 1998).

The validity of the models was checked by using Rama-
chandran plots and Procheck software (as described in Materials
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and methods; Laskowski et al., 1993). The Ramachandran plots
(Fig. S1) for the PIP4K structure and PIP5K models show simi-
lar distribution of dihedral angles of the amino acids with few
outliers. Alignment of the protein sequences of PIP4K and the
three PIP5SKs demonstrates a conservation of the catalytic triad
composed of a lysine and two aspartic acid residues (Fig. S2).
The three-dimensional model of the catalytic region of PIPSK-a
shows the same geometry for the catalytic triad as in the PIP4K
structure (Fig. S3). Together, these results suggest that the mod-
els generated are of good quality.

Fig. 2 compares the surface electrostatic properties of
the three homology-built models of PIP5SK with those of the
crystal structure of PIP4K. In Fig. 2 a, the PIP4K homodimer
is shown with the flat face, which is thought to interact with
the membrane, facing the observer. This face displays a prom-
inent patch of positive electrostatic potential near the PIP4K
dimer interface (Rao et al., 1998). The positive potential is be-
lieved to play a role in orienting this face of the protein toward

Brain RAW

. B s7kD

Figure 1. Expression and localization of
PIP5Ks in RAW cells. (a) Immunoblots of RAW
cell and brain extracts probed with PIP5K
isoform-specific antibodies. (b and ¢) Colocal-
ization of PIP5K isoforms with their product,
Pl4,5P,, at the plasma membrane. RAW cells
were fransiently cotransfected with GFP or YFP
chimeras of the PIP5K isoforms and with either
RFP-PH-PLC-§ (b) or PM-RFP used as a plas-
malemmal marker (c). The distribution of the
fluorescent proteins was analyzed by spinning-
disc confocal microscopy, and representative
images acquired near the middle of the cell
are illustrated. Bars, 3 pm.

the negatively charged phospholipid membrane (Rao et al.,
1998; Burden et al., 1999). In Fig. 2 (b-d), the PIP5K iso-
forms are shown in an equivalent orientation. All three mod-
eled PIP5K structures display a predominantly positive surface
electrostatic potential on the equivalent face of the protein.
Unlike PIP4K, the patch of positive surface charge is not con-
centrated near the dimer interface but appears more widely
spread across the face of the PIP5K proteins. The predomi-
nantly positive potential of this face is better appreciated when
the structures of the four proteins are rotated 90° (Fig. 2, e-h).
This orientation contrasts the preferential distribution of nega-
tive surface electrostatic potential on the dorsal (upward point-
ing) face of the proteins with that of the positive potential on
the ventral face. This visual impression is confirmed by com-
putation of the dipole moments of the proteins, represented
graphically in Fig. 2 (e-h) by yellow arrows. The magnitude
of the dipole moment calculated for PIP5SK-a, -3, and -y90
(2,478, 2,238, and 2,944 Debye, respectively) is very similar
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) PIP5SK 1o (model)

Figure 2. Structure of type II-B PIPAK and models of type | PIP5K-«, -B,
and -vy isoforms. (a—d) The reported structure of type II-8 PIP4K (a) and the
predicted structures of the PIP5K-a, -8, and -y90 isoforms deduced by
homology modeling are shown in an equivalent orientation with their putative
membrane-interacting face pointing toward the observer. The surfaces are
colored according to the range of electrostatic potential (red, <—10.0 kT/e;
blue, >10.0 kT/e [where k = Boltzmann constant, T = absolute tempera-
ture, and e = electron]). The electrostatic surface potentials were computed
using the continuum solvation model embodied in the Poisson-Boltzmann
method, and the adaptive Poisson-Boltzmann solver was implemented in
the APBS software. (e-h) The proteins are shown in an orientation cor-
responding to a 90° rotation from the orientations in a-d such that the
presumed membrane-associated face of the proteins points downward.
The ATP-binding site and a reported phosphorylation site are highlighted
by yellow and green circles, respectively. The dipole moments (yellow
arrows) were calculated directly from the atomic models and the atom
partial charges using Protein Dipole Moments Server. The magnitude of the
arrows is directly proportional to the strength on the dipole (Debye).

to that calculated for the PIP4K template (2,643 Debye). The
tendency of the ventral face of PIPSK-«, -3, and -y90 to inter-
act with negatively charged membranes suggests that electro-
static attraction contributes to the targeting of these isoforms
to the plasma membrane, which is the most negatively charged
surface exposed to cytosolic proteins.

The structures predicted by molecular modeling suggest that
PIP5K isoforms might bind preferentially to anionic membranes.
We initially tested this prediction in vitro, measuring the abil-
ity of two recombinant kinases to bind to immobilized lipids.
Bacterially expressed and purified GST fusions of full-length
PIPSK-a and -y87 were overlaid on dot blots of multiple lipids
of varying charge. As shown in Fig. 3 a, both isoforms tested
bound exclusively to anionic lipids, including phosphoinosi-
tides, phosphatidylserine (PS), phosphatidic acid, and cardiolipin
but not to zwitterionic or neutral lipids such as phosphatidyl-
ethanolamine or cholesterol, respectively. When expressed by
itself, GST failed to associate with any of the lipids on the dot
blot (Fig. 3 a), implying that binding of the GST kinase fusions
to anionic lipids was specific. It is noteworthy that, among the
phosphoinositides, both kinases bound preferentially to their
substrate, PI4P. However, the preference was not absolute, and
binding of both kinases to PI4,5P, and PI3,4,5P; was readily ap-
parent. Because it was of the same magnitude as that seen for other
anionic lipids, such binding is likely to be electrostatic. These
findings are consistent with previous results that demonstrated
that murine PIP5SK-[3 binds to PI4,5P, and PI3,4,5P; in addition
to phosphatidic acid (Jarquin-Pardo et al., 2007).

The binding properties of PIPSK-a and the relative contri-
bution of the substrate and of anionic lipids were also analyzed
using hydrophobic (C18 derivatized) beads coated with individual
phospholipids or with combinations thereof (Fig. 3 b). As found
for the dot blots, PIPSK-a bound preferentially to anionic lipids;
a mixture of 80% phosphatidylcholine (PC) with 20% PS (ap-
proximating the mole ratio thought to exist in the inner leaflet of
the membrane) was severalfold more effective than PC alone. The
effect was even more pronounced when 2% PI4,5P, and phospha-
tidic acid were also added to mimic the composition of the inner
monolayer of the plasma membrane. PI4P also promoted PIPSK-o
binding in a concentration-dependent manner. Of note, a syner-
gistic effect was noted when physiological concentrations of PI4P
and anionic lipids were presented together (Fig. 3 B).

Previous work suggested that substrate recognition is important
for proper subcellular targeting of the type I and II PIPK kinases.
The substrate for type I kinases, PI4P, is found predominantly in
the plasma membrane and Golgi complex (Roy and Levine, 2004;
D’ Angelo et al., 2008; Hammond et al., 2009). In the Golgi, PI14P
serves as a targeting determinant for proteins involved in lipid
metabolism, including the ceramide transfer protein, CERT, the
oxysterol-binding protein, OSBP, and the glucosylceramide trans-
fer protein, FAPP2, via their PH domains (Godi et al., 2004; Toth
et al., 2006). However, despite the presence of PI4P in the Golgi,
the PIP5K isoforms are not detectable in this organelle in RAW
macrophages and in other cells and instead localize predomi-
nantly to the plasma membrane. This suggests that substrate rec-
ognition is not the sole determinant of the subcellular localization
of PIP5K. The strong dipole moment revealed by homology mod-
eling, together with the in vitro binding data, suggests that the
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surface charge of the membrane may contribute to the partition-
ing of the PIP5K isoforms. Accordingly, we found that all of the
PIP5K isoforms colocalized with a recently described probe that
identifies the most negatively charged membranes in the cell.
As shown in Fig. 4 a, PIP5K-a, -3, and both the -y87 and -y90
isoforms overlap extensively with arginine and prenylated—tagged
RFP (R-Pre), which is a polycationic prenylated biosensor of sur-
face charge (Yeung et al., 2006).

These results led us to investigate the possibility that the
PIP5Ks function as coincidence detectors recognizing both
PI4P and negatively charged membrane surfaces. To differen-
tiate the contributions of PI4P and of electrostatic interactions
to PIP5K targeting, we used the 5-phosphatase synaptojanin2.
This enzyme converts PI4,5P,, a primary contributor to the
electronegativity of the inner leaflet of the plasma membrane,
to PI4P (McPherson et al., 1996). Cells were cotransfected
with a membrane-targeted form of the 5-phosphatase domain
of synaptojanin2 (Sj2-CaaX; Malecz et al., 2000) and the PH
domain of PLC-8 (PH-PLC-9). As illustrated in Fig. 4 b, the
phosphatase reduced the PI4,5P, content of the membrane, re-
leasing PH-PLC-9 to the cytosol. Under the same conditions,
the PH domain of the yeast oxysterol-binding protein homo-
logue 2, Osh2, shown previously to bind primarily to PI4P and
to a lesser extent to PI4,5P, (Roy and Levine, 2004), remained
associated with the membrane (Yeung et al., 2006). These findings
imply that PI4P persisted in the inner face of the membrane
and, in fact, that its concentration is likely to have increased as
PI4,5P, was dephosphorylated in the 5 position.

We then proceeded to test the effects of Sj2-CaaX on the
localization of the PIP5K isoforms. The phosphatase produced
only a modest reduction in the association of PIPSK-f3 to the
membrane (Fig. 4 c). We reasoned that this small effect was at-
tributable to the ability of catalytically active PIPSK-{ to counter-
act the disappearance of PI4,5P,, antagonizing the effect
of the phosphatase by resynthesizing the phosphoinositide.
Indeed, we found that when cotransfected with Sj2-CaaX, cata-
Iytically active PIPSK-3 minimized the release of PH-PLC-9 to
the cytosol (unpublished data). To circumvent this problem, a
catalytically inactive form of PIP5K-$3 (PIPSK-B-K179M) was
cotransfected with Sj2-CaaX. In this instance, PH-PLC-3 was
effectively released from the plasmalemma. More importantly,
the loss of PI4,5P, and concomitant reduction in the surface
charge were accompanied by release of PIPSK-B-K179M from
the membrane (Fig. 4, b and c). Thus, the presence of PI4P is
not sufficient to maintain the kinase at the plasma membrane,
and PI4,5P,, or more likely, the charge it confers to the mem-
brane, is required for optimal targeting.

Additional experiments were performed to ensure that the
wild-type kinases, and not just the catalytically inactive forms
of PIP5K, also require the charge associated with PI4,5P, for
targeting to the plasmalemma. To this end, production of poly-
phosphoinositides was terminated by depleting the cells of ATP.
As shown in Fig. 5 a (insets), simultaneous inhibition of glycoly-
sis and mitochondrial respiration induced depletion of PI4,5P,,
which was validated by the displacement of PH-PLC-8 from
the membrane. In parallel, PIP5SK-«, -, and both -y87 and

Lipid kinase redistribution during phagocytosis ¢ Fairn et al.
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Figure 4. PIP5Ks interact with anionic phos-
pholipids. (a) Colocalization of PIP5K isoforms
with the negative surface charge marker,
R-Pre. (b) RAW cells were cotransfected with
a kinase-deficient GFP-PIP5K-3 and RFP-PH-
PLC-3 without or with a construct encoding the
5-phosphatase domain of synaptojanin2 targeted
to the membrane by attachment of a C-terminal
CaaX box (Sj2-CaaX). (c) Quantification of the
membrane association of GFP-PIP5K-B, kinase-
deficient GFP-PIP5K-B, and RFP-PH-PLC-3 in
the presence or absence of Sj2-CaaX. Data
are means + SEM (n > 25); *, P < 0.001.
(d) The amino acid sequence of wild-type (WT)
PIP5K-ow from residues 410-464. The residues
replaced in mutants A and B are highlighted
in bold type with asterisks. (e) RAW cells were
transiently cotransfected with GFP chimeras of
with either wild-type PIP5K-« (left), mutant A
(middle), or mutant B and PMRFP (right). The
distribution of the fluorescent proteins was an-
alyzed by spinning-disc confocal microscopy,
and representative images acquired near the
middle of the cell are illustrated. Bars, 3 pm.
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-vy90 isoforms were largely released from the plasma membrane
(Fig. 5, a and c).

An alternative way of reducing the negative charge of the
inner leaflet of the plasma membrane is through an increase in cyto-
solic free calcium. The increase in calcium effectively decreases
the surface charge by at least three synergistic mechanisms:
(1) the cation directly shields the negative charges, (2) it activates
the phosphoinositide-specific PLC, and (3) it promotes the scram-
bling of PS from the inner to the outer monolayer. When calcium
was elevated in RAW cells by addition of the ionophore iono-
mycin, activation of PLC was evident by the release of PH-PLC-3
from the membrane (Fig. 5 b, insets). The appearance of PS on
the outer surface and the concomitant decrease in the charge of
the inner surface of the plasma membrane were also validated
using annexin V and R-Pre, respectively (unpublished data). As
in the case of ATP depletion, reduction of the surface charge by
elevating calcium induced a marked redistribution of all of the
PIP5K isoforms (Fig. 5, b and c).

While lowering the membrane surface charge, all of the pre-
ceding manipulations also deplete intracellular PI4,5P,. Thus,
it is difficult to ascertain whether the effects on the kinases are

caused by elimination of this phosphoinositide. We therefore
sought means of altering the charge that do not entail hydro-
lysis of PI4,5P,. It was previously documented that treating cells
with dibucaine induces scrambling of PS from the inner to the
outer leaflet of the plasma membrane (Yeung et al., 2006).
Because PS constitutes >20 mol% of the lipids of the inner leaf-
let, such scrambling is anticipated to depress the membrane
internal surface charge. Moreover, as a membrane-permeant
cationic amphiphile, dibucaine inserts in the membrane and
alters its net charge (Yeung et al., 2006). These combined effects
rapidly reduce the surface charge of the plasma membrane, as
indicated by the displacement of the R-Pre probe (Fig. S4 a).
Of note, although the plasmalemmal charge was reduced, the
PH-PLC-3 reporter remained associated with the plasma mem-
brane, demonstrating that PI4,5P, was still present (Fig. S4,
a and c). In parallel, all of the PIP5K isoforms were released
from the plasma membrane (Fig. S4 c). Similar results were
obtained by treating cells with squalamine, an aminosterol that,
like dibucaine, can insert into membranes, contributing two
positive charges per molecule that depress the anionic surface
charge of the membrane (Yeung et al., 2006). Within minutes
of adding squalamine, the PIP5Ks relocalized from the mem-
brane to the cytoplasm (Fig. S4 b), whereas the PH-PLC-d re-
porter remained associated with the plasma membrane (Fig. S4 a).
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brane association of GFP-PIP5K isoforms and
of PH-PLC3 before and after the treatments
described in a and b. Data are means + SEM
(n = 30). Bars, 3 pm.
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These results imply that changing the surface charge suffices to
release PIPSK from the membranes, regardless of the phos-
phoinositide content.

The positive electrostatic

potential of PIP5K is required for
membrane association

The preceding observations suggested that an electrostatic
interaction contributes to PIP5K recruitment to the membrane.
If this is the case, the association should be impaired not only by
altering the charge of the membrane but also when the surface
electrostatic potential of the protein is reduced. To assess this
experimentally, we generated two mutant versions of PIPSK-o
in which cationic residues were replaced to alter the charge of
the region of protein predicted to associate with the membrane
(Fig. 4 d). The distribution of GFP-tagged forms of these mutants
was compared with that of the plasmalemmal probe PM-RFP,
and representative results are illustrated in Fig. 4 e. Mutant A
(PIP5K-a [R410D, K413D, K414D, K420D]) failed to associ-
ate with the membrane and instead was found in the cytosol and
concentrated in the nucleus. Although mutant B (PIPSK-o
[K451D, K452D, K456D, K461D, K462D, K464R]) was still
detectable at the membrane, the association was much weaker.
Image integration experiments showed that although 51.7 + 6%
of the wild-type enzyme is membrane bound, only 8.4 + 2.8%
(mean + SD) of mutant B associates.

PIP5Ks are released from
forming phagosomes
It was shown previously that the lipid composition of the mem-
brane changes during the course of phagosome formation and
maturation (Araki et al., 1996; Botelho et al., 2000). These
changes are accompanied by a considerable diminution in the
surface charge of sealed phagosomes compared with the un-
engaged (bulk) plasma membrane (Yeung et al., 2006). Based on
our preceding results, we anticipated that the association of PIPSK
with the phagosomal membrane would be similarly altered. This
prediction was tested experimentally using time-lapse micros-
copy to follow the localization of GFP-tagged forms of the
kinases during the course of phagocytosis. As a reference, we used
the PM-RFP probe to estimate the dilution of plasmalemmal
components caused by exocytic insertion of endomembranes
during and immediately after phagosome formation. As seen in
Fig. 6 (aand b) and Video 1, the kinases were almost undetectable
on the phagosomal membrane 180 s after initiation of phagocytosis.
This depletion, which was observed for all of the isoforms tested,
was not caused by wholesale membrane remodeling as a result of
maturation because the PM-RFP probe was present in the sealed
phagosomes at a density that was only slightly lower than that of
the bulk plasmalemma (Fig. 6 b). These results indicate that the
PIP5Ks dissociate from the membrane as the surface charge
drops. Indeed, cotransfection experiments showed that the time
course of dissociation of the kinases and of the R-Pre surface
charge probe are virtually identical (Videos 1 and 2).

Earlier studies attributed the change in surface charge ob-
served during phagocytosis primarily to the hydrolysis of P14,5P,
by PLC. Because PLC-y activation during phagocytosis requires

JCB « VOLUME 187 « NUMBER 5 « 2009

PI3,4,5P;, we anticipated that inhibition of PI 3-kinase would
affect the behavior of PIP5K. This prediction was tested in the
experiments illustrated in Fig. 6 c. As described previously (Araki
et al., 1996), in cells treated with wortmannin, pseudopods ex-
tend around the opsonized particle, but phagocytosis is arrested
at an intermediate stage. Under these conditions, PI4,5P, is no
longer hydrolyzed from the base of the phagocytic cup (Fig. 6 c,
top), and the surface charge remains unaltered (Fig. 6 ¢, mid-
dle). Importantly, PIPSK remains associated with the forming
phagosome. This observation furthers the correlation between
the surface charge and the association of PIPSK with the
plasma membrane.

Prevention of PIP5K detachment

inhibits phagocytosis

Previous studies have suggested that disappearance of PI4,5P, from
forming phagosomes is required for termination of actin poly-
merization, which was in turn proposed to be essential for phago-
somal sealing and scission (Scott et al., 2005). Our aforementioned
results suggest that an electrostatically induced detachment of
PIP5K may contribute to the disappearance of PI4,5P, by locally
terminating its synthesis. To test this notion, we used a form of
PIP5K that could be recruited to the membrane in a manner that did
not depend on charge interactions. Specifically, we expressed a chi-
meric construct consisting of the cDNA encoding the full-length
87-kD splice variant of PIPSK-y fused to the FK506-binding pro-
tein (FKBP) and tagged with YFP (YFP-FKBP-5K). Unlike the
unmodified PIP5SK-y90 and PIP5K-y87, this chimeric construct is
partly cytosolic (Fig. 7 b). Attachment of the FKBP moiety to the
N terminus of PIP5K-y87 seemingly impairs normal recruitment
of the kinase to the membrane, possibly by preventing formation of
homodimers or other protein interactions. However, as illustrated
diagrammatically in Fig. 7 a, YFP-FKBP-5K can be effectively
tethered to the membrane by coexpression of a membrane-targeted
form of the rapamycin-binding domain of mTOR (FK506
rapamycin-binding domain [FRB]) followed by addition of
rapamycin to induce heterodimerization of the two constructs
(Inoue et al., 2005). In the absence of rapamycin, the membrane-
associated fraction of YFP-FKBP-5K is displaced from the phago-
somal cup in the course of particle ingestion (Fig. 7 b). Under these
conditions, the macrophages can eliminate P14,5P, from nascent
phagosomes and effectively complete particle engulfment
(Fig. 7 b). As shown in Fig. 7 ¢, in the absence of the cross-linker,
the phagocytic efficiency of cells expressing YFP-FKBP-5K is only
marginally lower than that of cells expressing FRB and YFP only.
Upon addition of rapamycin, most of the YFP-FKBP-5K is re-
tained on the plasma membrane by association with FRB and is not
released when particles interact with the macrophages (Fig. 7 b).
Importantly, the retention of excess PIPSK antagonizes the dis-
appearance of PI4,5P,, which remains at the base of the phago-
some, as shown by the persistent association of PH-PLC-3
(Fig. 7 b). As a consequence, actin fails to dissociate from the base
of the phagocytic cup, and phagosome closure is impaired. The
phagocytic index is markedly reduced when YFP-FKBP-5K is
recruited to the plasma membrane by rapamycin (Fig. 7 c). This
effect was not caused by rapamycin itself because the cross-
linker produced no inhibition when added to cells expressing
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only YFP and FRB (Fig. 7 c). Together with our previous results,
these observations suggest that the timely removal of PI4,5P,
and depolymerization of actin from the base of the cup are
required for the completion of phagocytosis.

PIP5K isoforms have been detected in the nucleus (Payrastre
et al., 1992; Boronenkov et al., 1998), focal adhesions (Ling et al.,
2002), adherens junctions, and endosomes (Ling et al., 2007).
Interaction with other proteins, such as Star-PAP, talin, and
E-cadherin and clathrin adaptor (AP) complexes, are thought
to target the kinases to these locations. In addition, recognition
of its lipid substrate, PI4P, was proposed to direct PIP5K to the
plasma membrane where the bulk of its activity occurs, as sug-
gested by the subcellular distribution of its product, PI4,5P,. The
activation/substrate recognition loop is thought to target the class I

Figure 6. Redistribution of PIP5Ks during
phagocytosis. (a) Macrophages were cotrans-
fected with the specified GFP-PIP5K isoform
and PM-RFP. Phagocytosis was initiated by ex-
posure to IgG-opsonized beads, and the cells
were imaged by spinning-disc microscopy.
Arrowheads indicate sealed and internalized
phagosomes, and arrows indicate forming
phagosomes. The representative images shown
were acquired 180 s after initiation of phago-
cytosis. (b) Quantification of the fluorescence
intensity of the phagosomal membrane relative
to the plasmalemma for each of the PIP5K iso-
forms and for PM-RFP. Data are means + SEM
(n > 30). (c) Cells were cotransfected with
the indicated constructs and treated with 100 nM
wortmannin for 10 min before initiation of
phagocytosis. The representative images shown
were acquired 180 s affer initiation of phago-
cytosis. Bars, 3 pm.
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PIP5K to the membrane where it can interact with PI4P, which
is a view supported by the generation of chimeric enzymes be-
tween class I and II kinases (Kunz et al., 2000). However, other
proteins bearing PI4P-binding motifs are found predominantly in
the Golgi complex where this phosphoinositide is thought to be
abundant (Godi et al., 2004; Téth et al., 2006). This paradoxical
behavior suggests that, although necessary, PI4P may not be suf-
ficient to direct and retain PIP5K at the plasma membrane. This
prompted us to search for additional targeting determinants.
Analysis of the three-dimensional structure of the PIPSK
isoforms provided useful insights. We took advantage of the re-
ported three-dimensional structure of the type II-f PIP4K to
model the homologous type I enzymes. The type II-8 enzyme is
known to form a dimer, and our homology modeling suggests
that the type I enzymes may also exist as homodimers, exposing
both catalytic sites on the same face of the protein. This relatively
planar face of the protein also displays a notable accumulation
of cationic residues, whereas anionic residues are preferen-
tially displayed on the opposite side of the kinases. The resulting
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Figure 7. Sustained production of PI4,5P, [@
inhibits phagocytosis. (a) Schematic of the
experimental protocol. The addition of ra-
pamycin induces the heterodimerization
of the YFP-FKBP-5K construct with a plasma
membrane-targeted form of FRB. (b) Distri-
bution of YFP-FKBP-5K and RFP-PH-PLC-3
before (—Rap) and 5 min after the addition of
10 yM rapamycin (+Rap). Arrowhead iden-
tifies sealed and internalized phagosomes,
and the arrow highlights forming phago-

somes. (c) Internalization and adherence of
beads to macrophages was quantified in cells ‘
expressing YFP or YFP-FKBP-5K and plasma
membrane-targeted FRB with or without the /

addition of rapamycin. Data are means + SEM
of at least 500 beads per condition.

electrostatic dipole moment orients the protein, bringing the sub-
strate recognition loop in close apposition with the anionic surface
of the bilayer. Therefore, we believe that PIP5K functions as a co-
incidence detector, recognizing the plasma membrane by sensing
PI4P in the context of a highly negative surface charge. Despite
being endowed with PI4P, the Golgi complex may not be able to
recruit significant amounts of PIP5K because its surface charge is
considerably lower than that of the plasma membrane (Yeung
et al., 2006; unpublished data). In support of this coincidence de-
tection model, we found that PIPSKs were displaced from the
membrane by several procedures that decrease the surface charge
without altering, or even despite increasing, its PI4P content.

Role of electrostatic interactions in the
regulation of PIP5Ks

The contribution of an electrostatic component to the recruit-
ment of PIP5K to anionic membranes helps explain several pub-
lished observations. First, in mixed micelle systems where the
activity of the kinases was measured using a constant concen-
tration of PI4P, the incorporation of negatively charged phos-
pholipids was found to increase the rate of product formation
~50-fold (Jenkins et al., 1994). Furthermore, in vivo studies
demonstrated that PLD-catalyzed production of phosphatidic
acid can stimulate PIP5K activity (Divecha et al., 2000; Powner
et al., 2005). Although phosphatidic acid could conceivably acti-
vate the enzyme directly by allosteric means, it is also possible
that the additional anionic charge contributed by the phospha-
tidic acid increases the affinity of PIP5Ks for the membrane. It
should be noted that phosphatidic acid has no effect on the cata-
lytic activity of the type II kinases. Whether this is attributable to
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distinct allosteric effects or to differences in the electrostatic
interactions dictated by differential distribution of charges on
the surfaces of the type I and II enzymes remains to be defined.

In addition to anticipating the consequences of altering the
surface charge of the membrane, the electrostatic model also pre-
dicts that changing the charge of the protein will affect its associa-
tion with the bilayer. We validated this prediction by generating
PIP5Ka mutants with reduced cationic charge, which bound poorly
or not at all to the plasma membrane (Fig. 4). These results are
consistent with the observations of Suh et al. (2006), which demon-
strated that a y87 mutant (RK445, 446EE) is also displaced from
the plasma membrane. The charge of the protein can also be altered
by physiological means. Phosphorylation of PIP5Ks could con-
ceivably lower its affinity for the membrane, thereby reducing their
catalytic effectiveness. In this regard, PIPSKs have been shown to
undergo autophosphorylation in vitro when in the presence of sub-
strates (Itoh et al., 2000). Moreover, Src kinase activation can lead
to phosphorylation of PIP5Ka, and this in turn displaces the kinase
from the plasma membrane, leading to a depletion of PI4,5P,
(Halstead et al., 2001). Conversely, dephosphorylation of PIPSK
was reported to increase PI4,5P, synthesis. In HeLa cells, a pool of
phosphorylated and ostensibly inactive PIPSK{ exists in the cyto-
sol. Osmotic stress induces dephosphorylation of this pool fol-
lowed by relocation of the kinases to the membrane, where they
encounter their substrate and catalyze the formation of PI4,5P,
(Yamamoto et al., 20006).

These observations suggest that PIPSK location may be
controlled by an electrostatic switch. The concept of an electro-
static switch was introduced by McLaughlin and Aderem (1995)
to explain the redistribution of myristoylated alanine-rich



C kinase substrate that accompanies its phosphorylation and was
later expanded to members of the Ras superfamily of GTPases
(Bivona et al., 2006). Interestingly, Rho GTPases physically
interact with PIP5Ks and stimulate their activity (Tolias et al.,
1995; Weernink et al., 2004). Thus, the proposed electrostatic
switch controlling the localization and activity of PIP5SKs may
be toggled by altering the charge of the membrane, that of the
kinase or its associated proteins.

The reciprocal relationship between the electrostatic dipole
of the kinase and the charge of its product, PI4,5P,, generates a
positive feedback loop that confers unique, magnifying proper-
ties to their interaction. During phospholipase- or phosphatase-
initiated PI4,5P, hydrolysis, the loss of charge will promote
detachment of the kinase, accentuating the loss of PI4,5P,. Con-
versely, during resynthesis of PI4,5P; (e.g., during recovery from
ATP depletion), more kinase will be recruited to the membrane
progressively, as PI4,5P, is generated, accelerating the process
(clearly, a minimum amount of the kinase must be present to ini-
tiate synthesis whether by interacting with proteins or attracted
by PI4P or PI4,5P, delivered to the membrane by the secretory
pathway). By accelerating the rates of PI4,5P, biosynthesis or
disappearance, the reciprocal relationship between the kinase
and the charge of its product generates a bistable electrostatic
switch that magnifies PI4,5P, signaling at the membrane.

PIP5K in phagocytosis

PIP5K isoforms appear to play multiple roles in the phagocytic
process. A recent study found that PIPSK-v influences the ability
of phagocytic receptors to cluster after ligand engagement (Mao
et al., 2009). This step precedes and is essential for the subsequent
rearrangement of actin via WASP and Arp2/3, a complex event that
requires PIPSK-a. Actin undergoes an acute biphasic change dur-
ing phagocytosis: it is initially polymerized at sites of particle con-
tact and pseudopod protrusion and is then disassembled from the
base of the phagocytic cup (Botelho et al., 2000). Disassembly is
required for proper sealing and internalization of the target particles
and also likely for fusion with endomembranes (O’Reilly et al.,
2003; Scott et al., 2005). P14,5P, appears to play a key role in both
phases of actin remodelling: polymerization is accompanied by an
increase in the local concentration of PI4,5P,, whereas the phos-
phoinositide virtually disappears from the base of the phagosome
as actin disassembles (Araki et al., 1996; Scott et al., 2005). These
events are related in a causal manner because impairment of PI4,5P,
hydrolysis by directly (Scott et al., 2005) or indirectly inhibiting
PLC-y (Araki et al., 1996) prevented the dissociation of actin from
the phagocytic cup. Clearly, defining the means whereby P14,5P, is
eliminated from the forming phagosomes is key to understanding
the phagocytic process.

Our results revealed that during the later stages of particle
engulfment, PIP5KSs are acutely depleted from sites of phagocyto-
sis. The depletion closely parallels the loss of PI4,5P,, suggesting
that the detachment of the kinase contributes to the disappearance
of the phosphoinositide. This notion is supported by the observa-
tion that PI4,5P, persisted at the base of the phagosome when the
kinase was forcibly retained by means of rapamycin-induced cross-
linking. Moreover, we have repeatedly noted that overexpression of
catalytically active PIP5K impairs phagocytosis, arresting the

process at a stage where both actin and PI4,5P, are present at the
base of the cup (unpublished data). Indeed, experiments like
those in Fig. 6 were only feasible when modest amounts of the
kinases were expressed, accounting for the comparatively dim
fluorescence illustrated.

The detachment of PIP5K from nascent phagosomes co-
incides and is likely caused by the sharp drop in the surface charge
of the membrane lining the cup. Direct measurements using
R-Pre and related probes revealed a localized loss in negativity
that was attributed to the hydrolysis of PI4,5P, (Yeung et al.,
2006). As previously mentioned, the disappearance of PI4,5P; is
caused primarily by activation of PLC-y, and to a lesser extent,
by conversion to PI3,4,5P;. Formation of PI3,4,5P;, which is re-
quired for optimal activation of PLC-y, would be expected to
make the surface charge more negative. However, the mole frac-
tion of PI4,5P, that is converted to PI3,4,5P; is minute and greatly
exceeded by the fraction converted to diacylglycerol. Moreover,
the latter conversion entails a loss from the membrane of approx-
imately four negative charges per molecule of PI14,5P, hydrolyzed
compared with the gain of one negative charge when PI13.4,5P;
is generated from PI4,5P,. To date, the possible role of
5-phosphatases such as synaptojanin2 in the loss of P14,5P,
during phagocytosis has not been investigated. However, because
synaptojanin2 is known to be a Rac1 effector and loss of synapto-
janin2 causes a decrease in clathrin-coated pits (Malecz et al.,
2000), the contribution of synaptojanin2 or other phosphatases in
PI4,5P, loss during phagocytosis cannot be discounted.

In view of the preceding considerations, we envisage the
following sequence of events: (a) upon engagement of phagocytic
receptors, PIP5K is initially activated, possibly by the localized
accumulation of phosphatidic acid (Corrotte et al., 2006) and/or
by the stimulation of Rho family GTPases (Chong et al., 1994),
resulting in elevated PI4,5P,. Phosphatidylinositol 3-kinase is
also activated by the receptors at an early stage. (b) PI3,4,5P;-
mediated recruitment and tyrosine phosphorylation of PLC-y ac-
tivate the hydrolysis of P14,5P,, which in turn reduces the surface
charge of the phagosomal membrane; and (c) PIP5KSs dissociate
from the membrane in response to the drop in surface charge,
thereby terminating PI4,5P, synthesis and contributing to cata-
strophic depletion of this phosphoinositide. The resulting positive
feedback loop accelerates the depolymerization of actin, favoring
completion of phagocytosis. The results demonstrate that a feed-
back loop can accelerate the displacement of PIP5SKs from the
membrane and can also reduce the membrane surface charge de-
spite the presence of PI4P. These changes are diagrammatically
illustrated in Fig. 8.

In summary, we described the regulation of PIP5K local-
ization and, thus, activity by means of an electrostatic inter-
action with the membrane. The uniquely negative charge of the
inner leaflet of the plasma membrane, in combination with the
PI4P-binding ability of the activation loop, targets the kinases to
the membrane. Changes in the charge of the kinase, such as by
phosphorylation or in the surface charge of the membrane, po-
tentially caused by lipid hydrolysis or divalent cation-mediated
shielding, can modulate the affinity of the interaction. This electro-
static switch mechanism adds a new dimension to the regulation
of PIP5K.
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Materials and methods

Reagents

Goat polyclonal antibodies to PIP5K-a (N-20) were purchased from
Santa Cruz Biotechnology, Inc. Cy5-conjugated goat anti-human 1gG
was obtained from Jackson ImmunoResearch Laboratories. Phalloidin
conjugates were acquired from Invitrogen. Anti-GST antibody was obtained
from GE Healthcare, and goat anti-mouse HRP-conjugated antibodies
were purchased from Cedarlane Labs. Latex beads were obtained from
Bangs Laboratories, Inc. Tissue culture supplies were obtained from
Wisent, Inc. All other reagents were obtained from Sigma-Aldrich unless
otherwise stated.

Cell culture and transfection

RAW264.7 macrophage cells obtained from the American Type Culture
Collection were grown in Dulbecco’s minimum essential medium plus 5%
fetal bovine serum at 37°C in a 5% CO, incubator. For live cell imaging,
cells were incubated in Hepes-buffered RMPI (HPMI) at 37°C or in synthetic
medium as specified.

Transient transfection was performed using FuGene HD (Roche) ac-
cording to the manufacturer’s protocols. Each well of a 12-well plate was
treated with 2 pg plasmid cDNA and 6 pl FuGene HD. Typically, trans-
fected cells were used 18-24 h after transfection.

Plasmid construction and site-directed mutagenesis
To reduce the overall positive charge of PIP5K-at, pEGFP-C1-PIP5K-au
was subjected fo site-directed mutagenesis using a site-directed muta-
genesis kit (QuikChange XL; Agilent Technologies). The primer pair used
to generate mutant A (R410D, K413D, K414D, K420D) was 5'-ATTGG-
CATCATTGACATTCTACAGTCTTACGAGTTTGTTGACGACTTIGGAGCACTC-
TTGGGACGCCCTGGTACATGACGGAGACACTGTCTC-3” and 5'-GAG-
ACAGTGTCTCCGTCATGTACCAGGGCGTCCCAAGAGTGCTCCAAG-
TCGTCAACAAACTCGTAAGACTGTAGAATGTCAATGATGCCAAT-3".
The primer pair used to generate mutant B (K451D, K452D, K456D,
K461D, K462D, R464D) was 5'-GCGCTTCATGTGCAACACAGTATTT-
GACGACATTCCCTTGGACCCTTCTCCTTCCGACGACTTITGACTCTGGC-
TCATCTTTCTCTCGGCGAGC-3’ and 5'-GCTCGCCGAGAGAAAGATGA-
GCCAGAGTCAAAGTCGTCGGAAGGAGAAGGGTCCAAGGGAATG-
TCGTCAAATACTGTGTTGCACATGAAGCGC-3'. Mutations were verified
by sequencing using the internal primer 5'-AGATCATGCACAACGAGA-
GCCC-3'.

To construct the YFP-FKBP-5K plasmid used in the rapamycin experi-
ments, the entire PIP5K-y87 open reading frame was cloned into the multiple
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cloning site of the YFP-FKBP construct (Inoue et al., 2005) using EcoRI and
BamHI (New England Biolabs, Inc.).

Pharmacological treatments

Imaging experiments were performed in a synthetic medium consisting of
150 mM NaCl, 5 mM KCI, 1T mM MgCl,, 100 yM EGTA, 2 mM CaCl,,
and 20 mM Hepes, pH 7.4, with noted exceptions. ATP depletion experi-
ments were performed by incubating cells for 30 min at 37°C in a similar
medium lacking CaCl, and glucose, additionally containing 200 nM anti-
mycin (Sigma-Aldrich) and 10 mM 2-deoxy-D-glucose (Sigma-Aldrich). T mM
dibucaine (Sigma-Aldrich) was added to cells for 30 min in calcium-free
medium. Cells were treated with 5 pg/ml squalamine in HPMI and moni-
tored by time-lapse confocal microscopy.

Fluorescence microscopy and image quantification

Fluorescence images were acquired using spinning-disc confocal micros-
copy. The systems in use in our laboratory (Quorum) are based on a micro-
scope (Axiovert 200M; Carl Zeiss, Inc.) with 63 or 100x objectives. The
units are equipped with diode-pumped solid-state laser lines (440, 491,
561, 638, and 655 nm; Spectral Applied Research), motorized XY stage
(Applied Scientific Instrumentation), and piezo focus drive. Images were
acquired using back-thinned, electron-multiplied, or conventional cooled
charge-coupled device cameras (Hamamatsu Photonics) driven by the
Volocity software (version 4.1.1; PerkinElmer). Where indicated, the fluor-
escence intensity of defined regions of the cell was quantified using either
Image) (National Institutes of Health) or Volocity. Regions of the cytosol or
membrane were delineated in highly magnified images using the free-hand
tool, and the mean fluorescence per pixel was determined. After back-
ground subtraction, the fluorescence of the cytosol was subtracted from that
of the membrane, and the resulting value was divided by the mean total fluor-
escence to allow comparison between cells with varying levels of expres-
sion. Data from a minimum of 30 individual cells (or phagosomes) from at
least three different experiments were analyzed for each condition.

Protein purification and lipid binding

Fulllength open reading frames of PIP5K-« and -y87 in pGEX-4T3 vector
were provided by H. Yin (University of Texas Southwestern Medical Center,
Dallas, TX). Plasmids were transformed into Eschericia coli BL21 (DES;
EMD), and protein expression was induced by addition of 0.5 mM IPTG to
exponential-phase bacteria. After 3 h at 30°C, the bacteria were harvested
and lysed with B-PER reagent (Thermo Fisher Scientific), and proteins were
affinity purified using glutathione-Sepharose (GE Healthcare) and eluted
with glutathione-containing buffers.



Phospholipid-binding assays using lipid strips supplied by Echelon
Biosciences, Inc. were performed essentially as described previously
(Dowler et al., 2002). Blots were blocked with Tris-buffered saline contain-
ing 3% (wt/vol) fatty acid-free bovine albumin. Purified GST fusion pro-
teins were incubated at 4°C for 12 h with the immobilized phospholipids
in Tris-buffered saline containing 3% albumin. Blots were washed and incu-
bated for 1 h at room temperature with anti-GST primary antibody
(1:5,000) followed by an anti-mouse secondary antibody (1:5,000) cou-
pled to HRP. After washing unbound antibodies, phospholipid binding was
determined by ECL (Thermo Fisher Scientific).

The lipid selectivity of PIP5K-a was also tested using lipid-coated
beads. For these experiments, 2 mg Nucleosil 120-3 C18 beads (3 pm;
Richard Scientific) were resuspended in chloroform, and the specified lipid
mixtures were added before drying under a stream of nitrogen. The bead
lipid mixtures were resuspended in 75 mM NaCl, 2.5 mM KCl, and 25 mM
Tris and sonicated until dispersed. Hela cells were cultured in 10-cm dishes
and transfected using FuGene6 with 12 pg cDNA encoding YFP—PIP5K-
a. Before cell lysis, cells were incubated for 30 min in ATP depletion me-
dium (150 mM NaCl, 5 mM KCl, T mM MgCl,, 2 mM CaCl,, and 20 mM
Hepes, pH 7.4, containing 200 nM antimycin and 10 mM deoxyglucose)
to deplete polyphosphoinositides and release PIP5K-« from the membrane.
Cells were scraped and collected in 300 pl ATP depletion buffer. The volume
of the suspension was brought up to 600 pl with water, the cells were lysed
by 20 strokes of a Dounce homogenizer, particulate material was sedi-
mented using a tabletop Airfuge (Beckman Coulter), and the supernatant
was collected and used for lipid-binding experiments. Cell supernatants con-
taining YFP-PIP5K-« were incubated with the lipid-coated beads for 5 min
at 37°C. Images were acquired using spinning-disc microscopy, and the
mean fluorescence intensity of the beads was determined using Volocity.

Phagocytosis

RAW macrophages were grown on glass coverslips placed in 12-well plates
with Dulbecco’s minimum essential medium containing 5% fetal bovine
serum. Before the experiments, the coverslips were transferred to Leiden
chambers and bathed with HPMI. The chamber was placed in a thermostat-
ted incubation holder mounted on the microscope stage. To initiate phago-
cytosis, 3.87-pm latex beads (Bang Beads) that had been freshly opsonized
by incubation for 60 min with 2 mg/ml human IgG (Sigma-Aldrich) were
added to the cells. When synchronization of phagocytosis was desired, the
glass coverslips remained in their 12-well plate, and opsonized beads were
added and rapidly sedimented onto the cells by centrifugation at 1,000
rpm for 1 min in a tabletop centrifuge. Excess particles were removed by
washing three times with PBS. Any remaining externally adherent beads
were identified by immunostaining with a Cy5-conjugated anti-human IgG
(Jackson ImmunoResearch Laboratories, Inc.) at 4°C for 1 min. To determine
the phagocytic index, phagocytosis was terminated at the specified times by
placing the cells in the cold and fixing them with 4% paraformaldehyde.

Homology modeling and analysis of the derived model

Homology-modeling techniques were used to generate atomic models for
the three dimensional structures of PIP5K-«, PIP5K-B, and the -y87 and y90
splice variants of PIP5K-y. The amino acid sequences of these proteins
were retrieved from Swiss-Prot (Boeckmann et al., 2003) entries (NCBI Pro-
tein database accession nos. Q99755, 014986, and O60331, respec-
tively). A suitable structural template was identified by using Blast (Altschul
et al., 1997) to search PDB (Berman et al., 2000) for entries exhibiting
above-background sequence similarity with the three query sequences. The
identified template, PIP4K type I3 (PIP4KB; chain A; PDB accession no.
1bo1), exhibits sequence identities of 32%, 33%, and 32% with the partial
sequences (~90% for whole sequence) of PIP5K-, PIP5K-8, and PIP5K-y90,
respectively. Next, the three query sequences were aligned onto the tem-
plate sequence using the Needleman-Wunsch global alignment algorithm
(Needleman and Wunsch, 1970). Gaps in the query protein positioned in-
side a helices and B strands in the template structure were manually dis-
placed toward residues in loop regions. Main chain atoms of the query
proteins were assigned the spatial coordinates of backbone atoms corre-
sponding to equivalent residues in the PIP4K-B template. Side chain confor-
mations were built onto the modeled backbones using the Metropolis
Monte Carlo procedure implemented in the Modzinger software. Insertions
and deletions in loop regions were modeled by searching a database of
fragments from known protein structures in PDB for those that are compati-
ble both with the target sequences and the template scaffold. Retrieved
fragments were annealed with the template and subjected to energy mini-
mization using classical molecular mechanics force fields from the AMBER
package (Weiner et al., 1986). The loop-modeling procedure typically

generates thousands of loop structures from which the structure with the
lowest energy is selected for further analysis. The homodimer structures
formed by the PIP5K isoforms were derived by superimposing the back-
bones of their modeled structures onto those of chains A and B in the PDB
entry (accession no. Tbol). The superimpositions were followed by short
energy minimizations to relieve close contacts.

The resulting models were validated using the Procheck software
(Laskowski et al., 1993), which evaluates how the geometry and stereo-
chemistry of a given atomic model compares with the corresponding pa-
rameters measured for known x-ray structure determined and deposited
in PDB. As a measure of model quality, Procheck computes statistics on
the backbone (¢ and &) angles of the models, compares them to those
expected for models of different accuracy ranges, and maps the values
and expected ranges info the Ramachandran map.

The electrostatic potential on the protein surface and the dipole
moment of the protein structures were computed for the modeled PIP5K
isoforms as well as for the structure of PIPAK- template using the continuum
solvation model embodied in the Poisson-Boltzmann method and the
adaptive Poisson-Boltzmann solver implemented in the APBS software (using
default parameters; Baker et al., 2001). Before running these calculations,
hydrogen atoms were added to the protein structures, and partial charges
were assigned using the pdb2qpr software (Dolinsky et al., 2007). Dipole
moments of the PIP5K isoforms were calculated directly from the atomic
models and the atom partial charges using Protein Dipole Moments Server
(Felder et al., 2007). The electrostatic potentials on the protein surfaces and
the dipole moments were illustrated using the VMD software (Humphrey
etal., 1996).

Online supplemental material

Fig. S1 shows the Ramachandran plot of the four PI phosphate kinases.
Fig. S2 shows sequence alignment of the PIP4K and PIP5K proteins and
relevant sequence patterns. Fig. S3 shows position of catalytic and posi-
tively charged residues of the PIP4K and PIP5K proteins. Fig. S4 shows that
localization of PIP5Ks is altered by a reduction in membrane surface charge.
Video 1 shows distribution of PIP5K-y87 during phagocytosis. Video 2 shows
distribution of R-Pre during phagocytosis. Online supplemental material is

available at http://www.icb.org/cgi/content/full /jcb.200909025/DCT1.
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