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ABSTRACT. Type I phosphatidylinositol phosphate kinase is a representative phosphatidylinositol
phosphate kinase that is active against membrane-bound substrates. The structure of the enzyme contains
a flattened basic face that spans the crystallographic dimer interface and is adjacent to the active site.
Analytical ultracentrifugation shows that phosphatidylinositol phosphate kinase is a dimer in solution.
Modeling suggested that the flattened face binds to acidic phospholipids by electrostatic interactions. The
enzyme binds to acidic vesicles containing phosphatidylserine, phosphatidic acid, or phosphoinositides
mixed with phosphatidylcholine, but not to neutral phosphatidylcholine vesicles. Binding to acidic vesicles
is abolished in the presence of 1.0 M NaCl, consistent with an essential electrostatic contribution to the
free energy of binding. Theé-14 charge on the flattened face of the dimer was reducetm the triple

mutant Lys72Glu/Lys76Glu/Lys78Glu. The mutation has no effect on dimerization, but reduces the apparent
Ka for 25% phosphatidylserine/75% phosphatidylcholine mixed vesicles by 16-fold. The reduction in the
level of binding can be ascribed to a loss of electrostatic interactions based on the finite difference solution
to the PoissonBoltzmann equation. The mutant reduces catalytic activity toward phosphatidylinositol
5-phosphate by~50-fold. The wild-type enzyme binds half-maximally to phosphatidylinositol 4,5-
bisphosphate-containing vesicles at a mole fraction of 0.3% in a phosphatidylcholine background, as
compared to a 22% mole fraction in phosphatidylserine. The binding to phosphatidylinositol 4,5-
bisphosphate-containing membranes is less sensitive to salt and to the triple mutation than binding to
phosphatidylserine-containing membranes, suggesting that at least part of phosphatidylinositol 4,5-
bisphosphate’s interaction with the enzyme is independent of the flattened face. It is concluded that the
flattened face of type H phosphatidylinositol phosphate kinase binds to membranes through nonspecific
interactions, and that this interaction is essential for efficient catalysis.

The phosphatidylinositol phosphate kinases (PIPIgs2 (7—9). Type 1l PIPKs phosphorylate PI3P and PI5P on the
a family of lipid kinases that have a strong preference for 4-hydroxyl (7, 8). The yeast PIPK homologue Fablp
membrane-bound phosphorylated phosphoinositide substratephosphorylates PI3P on the 5-hydroxgby.

(1-6). The PIPKs, also known as the PIPkins),(are The structure of type Al PIPK (PIPKI|3; 11) revealed a
classified into types | and Il, and each type is represented remarkably flat 33 Ax 48 A basic patch. We refer to this
by three known isoformsa, 5, and y. Type | PIPKs  yagion as’the “flattened face” because it appears to be
preferentially phosphorylate PI4P on the 5-hydroxyl, but are gqyashed flat when compared to the structures of its distant
also capable of catalyzing several other phosphorylanonscousins, the eukaryotic protein kinasé4,(12). The structure
suggested that PIPKidlcarries out interfacial catalysis by
presenting its flattened face flush with the bilayer surface.
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enzymes of lipid-mediated signal transductiatB)( The lysine mutant was expressed and purified under the same
protein kinase C homology C1 and C2 domains penetrate conditions as the wild-type enzyme.

the membrane surface and make use of hydrophobic inter- PIPKIIZ Membrane Binding Assayl.he sucrose-loaded
actions to different degreed4—17). Phospholipases A  vesicle method was adopted, with minor modifications, from
(sPLAg; 18) and C (PLC;19) both insert into membranes the procedure of Rebecchi, McLaughlin, and co-worka6s (

by means of a hydrophobic rim about the active site. 27). Sucrose-loaded large unilamellar vesicles composed of
Annexins bind superficially to membrane surfaces as pro- various molar ratios (90:10, 85:15, 80:20, 75:25, 70:30, and
posed for the PIPKs, but unlike the PIPKs, they do so via a 60:40) of phosphatidylcholine (PC) and phosphatidylserine
C&"-dependent bridge2(). These membrane binding mech- (PS) and 75:25 PC/phosphatidylglycerol (PG), 87.5:12.5 PC/
anisms were inferred originally from crystal structures, but phosphatidic acid (PA), 75:25 PC/phosphatidylinositol (PI),
established by subsequent mutational analysis. Because th83.75:6.25 PC/Piand 91.7:8.3 PC/PIP were prepared. All
model for the PIPK-membrane interaction is so unusual, mixtures contained a trace dH]DPPC. These mixtures of
and because of its potentially wide implications for other lipids in chloroform were dried under a stream of nitrogen
phosphoinositide kinases, we set out to test this model byand suspended in a solution of 170 mM sucrose, 100 mM
mutational analysis. NaCl, and 20 mM Tris-HCI (pH 7.4). Aliquots of the 5 mM

To validate the membrane interaction model and to study lipid suspension were subjected to five freetleaw cycles
the determinants of the membrane binding, we used ultra-in liquid nitrogen. Lipids were extruded through a membrane
centrifugation to assess the binding of PIRKtb sucrose- ~ With @ 100 nm diameter pore size in a microextruder
loaded phospholipid vesicles, in conjunction with site- Liposofast (Avestin Inc., Ottawa, ON). The extruded lipids
directed mutagenesis of the flattened face. We usedWere diluted at least 2-fold with a solution containing 20
sedimentation equilibrium centrifugation to determine whether MM Tris-HCI (pH 7.4) and 100 mM NaCl and centrifuged
changes in apparent binding caused by mutations wereat 4500@ for 30 min at 22°C (Beckman TL-100 centrifuge,
actually caused by changes in oligomeric structure. TheseTL100.1 rotor). The concentration of the lipid pellet was
data establish that both wild-type and mutant PIPKdre ~ Mmeasured by counting théH]DPPC using a liquid scintil-
dimers. PIPKIB has a net charge of14 on its flattened  lation counter. The binding reaction was carried out by
face. In the study presented here, we have mutated three ofncubating 1 mM lipid with 500 nM PIPKf and 200 nM
the surface lysines to glutamates, to reduce the charge orBSA. The total bulk lipid concentration was 1 mM for all
the dimer by 12 units. Charge reversal mutagenesis has beeXperiments. BSA was added to reduce the extent of
used to study electrostatic interactions between membraneg'onspecific binding of the PIPKSI to tubes. The total
and several other peripheral binding proteid$-{24). The reaction volume was 100L. The mixture was centrifuged
binding of wild-type and mutant PIPK3ito various phos- ~ at 4500@ for 30 min at 22°C. The top fraction of 7L
pholipids was evaluated so the role of electrostatics in Was removed, and the volumes of the top and bottom
binding of the basic patch to membrane vesicles containing fractions were adjusted to 10 by addition of assay buffer.

acidic phospholipids could be addressed. All fractions were analyzed for theiPfi]DPPC counts and
by SDS-polyacrylamide gel electrophoresis (4 to 20% Tris-
EXPERIMENTAL PROCEDURES glycine). Gels were silver stained. The densities of the bands

were measured using a densitometer (Eagleeye-Stratagene).
Materials. 1-Palmitoyl-2-oleoylphosphatidylserine, 1-palm-  The vesicle-associated fraction of PIPKWas calculated
itoyl-2-oleoylphosphatidyliglycerol, 1-palmitoyl-2-oleoylphos-  using the following formula:
phatidic acid, brain phosphatidylcholine, and plant phos-
phatidylinositol were purchased from Avanti Polar Lipids A=A+ (B - DANB +a—1)
(Alabaster, AL). Phosphatidylinositol 4,5-bisphosphate £PIP
and phosphatidylinositol 4-phosphate (P14P) both from whereA, is the amount of PIPKH in the bottom fraction
bovine brain were pUrChaSEd from CalbiOChem, Inc. Phos- andA( is the amount in the top fraction of the Suspensmn_
phatidylinositol 5-phosphate (PISP) was from Echelon, Inc. s the fraction of sedimented vesicles, ghis the fraction
[*H]Dipalmitoylphosphatidylcholine (DPPC; 80 Ci mmd) of total volume removed as supernatant. Assays with wild-
was purchased from Amersham-Pharmacia. Membranes (10Qype and mutant enzymes were carried out concurrently on
nm) were from Avestin. Thrombin, bovine serum albumin the same vesicle preparations. Experiments for studying the
(BSA), Expand DNA polymerase, and deoxynucleotides electrostatic interaction of PIPKlIwith membranes were
were from Boehringer Mannheim. All other chemicals were ¢arried out in the presence of 100 mM, 200 mM, 500 mM,
at least analytical grade. Primers were synthesized on an ABland 1 M NaCl. The assay buffer used in the binding reactions
DNA synthesizer. The pET28b vector was from Novagen, was 20 mM Tris-HCI (pH 7.4), 10 mM DTT, 150g/mL
Inc. All restriction endonucleases and ligase were purchasedpp|sF, 5ug/mL leupeptin, and the indicated amounts of
from New England Biolabs. QIAquick gel extraction kits NaClI.
and DNA purification kits were from Qiagen, Inc. Resins Mutagenesis_The temp|ate for mutagenesis was the
chelating Sepharose and Affi-gel blue were from Pharmacia. PIPKII3 cDNA fragment encoding human PIPKlIsub-
Protein gels were from Novex, Inc. cloned into theNdd andBanH| sites of pET28b (Novagen,
Expression and Purification of Wild-Type and Mutant Inc.). Primers were synthesized using a 394 DNA/RNA
Enzymes.Wild-type human PIPK|} was expressed in  synthesizer (ABI Applied Biosystems). To generate the triple
Escherichia coliBL21 as an active hexahistidine fusion lysine mutant, the coding region of PIPKlivas amplified
kinase 5) and purified on chelating Sepharose and Affi- in two PCRs using first the sense primer GGGAATTC-
gel blue columns as described previousiy)( The triple CATATGTCGTCCAACTGCACCAGCACCACG and the
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antisense primer CACTCGATCTCGCTGGAGGCTC-
GAAGTC and, separately, the sense primer GACGRG-
GCCTCCAGGSAGATCGAGGTG and the antisense primer
CGCGGATCCCTACGTCAGGATGTTGGACATAAACT-
CGTT (mutated codons for Glu shown in bold). Amplifica-
tion products were gel purified and included in a second
reaction with the sense primer GGGAATTCCATAT-
GTCGTCCAACTGCACCAGCACCACG and the antisense
primer CGCGGATCCCTACGTCAGGATGTTGGACA-
TAAACTCGTT. PCR was carried out using a GeneAmp
PCR system (PE Applied Biosystems). The final amplifica-
tion product was gel purified, digested witldd andBanHil,
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the activation loop. Hydrogens were added to the wild-type
structure using the program CHARMNMY). The model for

the triple charge mutant was constructed by manually
removing the side chains of the mutated Lys residues and
using CHARMM to build Glu side chains in their place. The
activation loop, disordered in the structure determination, was
modeled as an amphipathiz-helix based on the strong
helical propensity of this region predicted by the program
PHD (36). The helical model was built and energy minimized
using the Insight Biopolymer and Discover molecular model-
ing packages (INSIGHT-II, Biosym Technologies). The N-
to C-terminal length of the activation loop model is 36 A,

and then ligated to a similarly digested and phosphatase-significantly longer than the 22 A distance it would have to

treated pET28b vector containing the PIPKigene. The
entire sequence of the amplified product was verified by
DNA sequencing.

Sedimentation Equilibrium StudieSedimentation equi-
librium studies were conducted at £0 and three different
rotor speeds, ranging from 8000 to 14 000 rpm, on a
Beckman Optima XL-A analytical ultracentrifuge. Data were

span in the PIPKJ} structure; hence, some adjustments to
the ends of the helix would be required to fit into the intact
enzyme.

No attempt was made to model the activation loop as part
of the enzyme structure. Instead, the electrostatic interaction
free energy of the full enzyme with membrane was ap-
proximated by considering separately the experimentally

acquired as an average of 25 absorbance measurements atdetermined portion of the structure and the activation loop
nominal wavelength of 280 nm and a radial spacing of 0.001 model, and then summing their individual contributions.

cm. Equilibrium was achieved within 24 h. Samples of
PIPKIIZ were dialyzed exhaustively against 0.5 M NaCl,
20 mM Tris (pH 8.0), 10 mMp-mercaptoethanol, and 1 mM
EDTA at 4 °C prior to ultracentrifugation. Samples of the
wild-type PIPKIIS were loaded into the ultracentrifuge cells
at nominal loading concentrations of 0.8, 0.5, and A:&.
Samples of the lysine mutant PIPRKIlwere studied at
nominal loading concentrations of 1.0, 0.7, and B3

Data were analyzed in terms of a single ideal solute to
obtain the buoyant molecular mad€(1—7vp), using the
Optima XL-A data analysis software (Beckman) running
under Microcal Origin 3.78, by fitting data from each scan
to Ar = Ag expHM(1—7p)(r? — r?)] + E, whereAy is the
absorbance at a reference paigtA, is the absorbance at a
given radial positiom, H represent&?/2RT, w is the angular
speed in radians per secorRljs the gas constant, is the
absolute temperature, aiitlis a small baseline correction
determined experimentally by collecting data at 42 000 rpm.
Residuals were calculated. Values\dfivere obtained from
the buoyant molecular mag€(1—vp), and using densities,
p, at 4 °C obtained from standard tables. A value of the
partial specific volume of 0.7358 mL/g was calculated for
PIPKIIA3 on the basis of the amino acid composition using

Previous work showed the relative level of binding can be
determined by considering a single orientation of the protein
with respect to the membrane, specifically, the orientation
of a minimum free energy in which the protein’s potential
interacts maximally with the membrane potentia0,(31,

33). In each calculation, the enzyme or the activation loop
helix was placed in its most attractive orientatiorg A from

the membrane surface; the enzyme was positioned with its
basic flattened face parallel to the membrane surface, and
the activation loop helix was positioned so that most of its
basic residues point toward the membrane surface.

Finite Difference PoissonBoltzmann Calculation€gach
atom of the protein and membrane is assigned a radius and
partial charge that is centered at its nucleus; the protein and
membrane model is then mapped onto a three-dimensional
lattice of I° points, each of which represents a small region
of the protein, membrane, or solvent. Regions representing
the molecules are assigned a dielectric constant of 2, and
regions representing the surrounding aqueous phase are
assigned a dielectric constant of 80. The charges and radii
used for the amino acids were taken from a CHARMM22
parameter set36); those used for the lipids are the ones
described in reB4 and used in previous studie3(( 31, 33).

the consensus data for the partial specific molar volumes of The electrostatic potential and the mean distribution of the

amino acids published by Perkin2gj.
Protein and Membrane Models for Electrostatic Calcula-
tions. The PIPKIB dimer and the lipid bilayer were

monovalent salt ions at each lattice point are calculated by
solving numerically the nonlinear PoisseBoltzmann equa-
tion as described previousIg1). The electrostatic potential

represented in atomic detail, and the solvent was modeleddue to the protein and the membrane when they are far apart
as a homogeneous medium with a constant dielectric. Viaand when they are close together are used to calculate the

determination of the nonlinear PoisselRoltzmann equation
in the finite difference approximation (FDPBRY), the
electrostatic interaction between PIPKiknd PC/PS mem-

change in electrostatic free energy as the protein approaches
the membraned7). Calculations were performed on lattices
with anl of 145 (for the activation loop model) and aof

branes was calculated as a function of the mole fraction of 241 (for the PIPKIB structure) with focusing boundary
PS in the membrane, the ionic strength of the solution, and conditions to final spatial resolutions of 2.0 and 1.6 grid

the net charge of the protein. The model is similar to the

spacings/A, respectively. The electrostatic free energies of

one used in the past in successfully analyzing the membrandnteraction from these calculations are estimated to be

binding of basic peptides and proteir&{-33).
Six different lipid bilayers (1:0, 8:1, 5:1, 3:1, 2:1, and 1:1
PC/PS) were created as described ir3#fThe structure of

accurate to within 0.25 kcal/mol.
PIPK Activity Assay.Wild-type and mutant recombinant
PIPKIIS (2 ug in 50uL reaction mixtures) were assayed in

the PIPKI3 dimer was used to represent the enzyme minus the presence of 50 mM Tris (pH 7.6), 10 mM MgCand
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<
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02 - corresponds to a molecular mass of 109 80@500 g/mol
r (n=2.31+ 0.1). The calculated value for the partial specific
0.0 volume, v, leads to dimer molecular masses that are- 10

15% larger than the calculated values. When the fact that
Radius r (cm) the value of the buoyant molecular mass does not depend

Ficure 1: Triple lysine mutant PIPKf exists as single, mono- N the rotor speed and loading concentration is considered,

disperse dimers. Sedimentation equilibrium profile at 280 nm shown reversible higher-order equilibria witky values correspond-

as a distribution oA at equilibrium. Data points were from a  ing to the loading concentrations are ruled out. Contamination

12 OIOO rpm run a“\tAaC._T)hi_treSerllts were anell_lyze?hfor ”;le t?leSt with an irreversible PIPKS aggregate or a smaller than

single-componen —vp) fit, shown as a line throug e . ;

experimental points. The corresponding distribution of the residuals calculated experlmente_ll value fermay contribute to the

larger than expected dimer molecular mass.

is shown above the plot. Lt ! '
Membrane Binding Properties of the Wild-Type Enzyme.
0.5 mM EGTA with 5-50 uM PI5P substrate prepared in The in vitro binding of wild-type PIPK}$ to phospholipid
isotonic KCI solution, and 5@M ATP spiked with 10uCi vesicles was characterized. In the absence of lipids, 20% of
of [y-32P]ATP (3000 Ci/mmol). The reactions were per- the wild-type enzyme consistently sedimented in the pellet
formed in duplicate at 37C for 5 min and then stopped by  fraction, regardless of the freshness of the enzyme preparation
addition of 100uL of 1 N HCI. The lipid products were  Or other experimental parameters that were tested. In the
extracted using 20@L of chloroform/methanol (1:1). The  Presence of the neutral lipid, phosphatidylcholine, the wild-
organic phase was washed once in 100of methanol/1 N type enzyme exhibited no significant binding to the vesicles
HCI (1:1), and then spotted on TLC plates and run as (Figure 2). The 20% binding to PC vesicles is equal to the
described previously3g). After analysis by phosphoimaging baseline sedimentation in the absence of lipids. An increase

(Molecular Dynamics; exposure time of 2 h), the PI(45)P in concentration of PS led to an increased level of binding
spots on the TLC p|ates were quantitated against theto the PC/PS vesicles. At 20 mol % PS, 50% of the enzyme

radioactivity used in the assays. is bound to the vesicles and the binding reaches a saturation
at 30 mol % PS.
RESULTS To test the effect of other negatively charged lipids, we
studied the binding to vesicles containing PA, PG, PI, PI4P,
Sedimentation Equilibriunifo determine the oligomeric  and PIR. At pH 7.4, these lipids have negative charges of
state of the wild-type and mutant PIPK]|Isedimentation  approximately—2, —1, —1, —3, and—4, respectively 39).
equilibrium experiments were performed at various rotor To keep the total negative charge of the vesicles equal to
speeds and different protein loading concentrations. Studiesthat of 25 mol % PS, experiments were carried out at
on the wild-type enzyme at rotor speeds of 10 000, 12 000, concentrations of 12.5 mol % phosphatidic acid, 25 mol %
and 14 000 rpm led to identical values M{1—vp), within phosphatidylglycerol, 25 mol % phosphatidylinositol, 8.3 mol
the experimental precision of the method. The values of o5 P|4P, and 6.25 mol % P3RFigure 3a). Fifty percent of
M(1-vp), averaged at 25 508 1500 g/mol, showed no  the enzyme was bound to PC/PI, and 75% bound in the case
dependence on the loading concentration, confirming the of PC/PA. In comparison, 85% of the protein was bound to
observation that the samples were monodisperse. Thepc/PS. For vesicles containing PI4P and2HPKII3 was
experimentally obtained value ®(1—vp) corresponds to  completely bound. Binding to these phosphoinositides is

a measured molecular mass of 102 3806000 g/mol,  stronger than binding to other acidic lipids. For example,
indicating that under these conditions the protein is dimeric saturated binding occurs at a mole fraction of less than 1%
(n=216=+ 0.13). PIP, (Figures 3b and 4). At a constant charge, replacement

The mutant enzyme was also found to be monodisperseof phosphoinositides with PS leads to a marked reduction
and dimeric under similar conditions (Figure 1). The average in the level of binding (Figures 3b and 4).
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lipid composition. Each bar represents the meathe standard FIGURE 5: Effect of NaCl on the |nteract|or_1 of PIPKdIwith the
error of the mean of five independent measurements, except themembrane. An increase in the concentration of NaCl screens the
PI4P experiment which was carried out once and the, PIP binding of the enzyme to mixed vesicles: P@)(25% PS Q),
experiment which was carried out twice. (b) Effect of doping PS- 1% PI4P [0), and 1% PIR (2), all in a background of PC.
containing vesicles with 1% phosphoinositide while maintaining a

constant negative surface charge. For comparison, measurements _ . .
of PIPKIIS binding to 0.3% and 196 phosphoinositide [PI4P orpiP  Tiavior of the mutant protein. The amount of mutant enzyme
are included. Binding to 0.3% phosphoinositide is reported as the that pelleted in the absence of vesicles and that bound to

average of two measurements, while others are from single PC vesicles was equal to the baseline observed for the wild-
measurements. type enzyme. However, the mutant has a much lower affinity
for PC/PS vesicles than does the wild-type enzyme. At 40
Binding to acidic phospholipids is screened by increasing mol % phosphatidylserine, while the wild-type enzyme
ionic strength. At a concentration of 25 mol % PS, an exhibited saturated binding, less than 50% of the mutant was
increase in the concentration of NaCl from 0.1 to 1.0 M hound to the vesicles (Figure 2). The mutant also exhibited
reduces the level of binding of the enzyme to PS/PC vesiclesa reduced level of binding to vesicles containing low mole
from 80% to baseline (Figure 5). Binding to PI4P andPIP fractions of phosphoinositides, although the reduction was
decreases to near baseline at 1.0 M NacCl, but the level ofnot as sharp as that seen for PS (Figure 4).
binding at intermediate NaCl concentrations is greater than  Theoretical CalculationsFollowing previous theoretical
that for PS (Figure 5). work on the membrane partitioning of basic peptides and
Design and Binding Properties of the Triple Lysine proteins onto phospholipid bilayer8q, 31, 33), we calcu-
Glutamate MutantThe basic patch of PIPKfiwas altered  lated the electrostatic free energy of interaction of PIBKII
by mutating three of the lysines (K72, K76, and K78) to with phospholipid membranes as a function of the mole
glutamates. This mutant was designed to eliminate the netfraction of acidic lipid, the net charge of the protein, and
positive charge on the surface of the molecule. The netthe ionic strength of the solution. In our calculations, the
change in charge of-6 per monomer drastically alters the enzyme was positioned with its basic flattened face oriented
basic nature of the flat face of the molecule (Figure 6). There toward the membrane surface. Figure 7a shows the minimal
is a single flattened face per dimer that spans the dimer electrostatic free energy of interaction between wild-type or
interface. We have now verified that the enzyme is a dimer mutant PIPKIB and PC/PS membranes as a function of the
in solution as well as in the crystal. The mutation therefore mole fraction of PS in 100 mM KCI. The model predicts
changes the charge on a single flattened face-bg. the level of membrane partitioning of the wild-type enzyme
The mutation led to a disruption in acidic phospholipid increases strongly as the mole fraction of acidic lipid
binding without otherwise affecting the sedimentation be- increases. In contrast, the overall electrostatic interaction is
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7b shows the minimal electrostatic free energy of interaction
between wild-type PIPKH and a 3:1 PC/PS membrane as
a function of ionic strength. The model predicts that
increasing the ionic strength of the solution greatly attenuates
the electrostatic attraction between the enzyme and mem-
brane and weakens the membrane partitioning. Overall, our
calculations are consistent with the experimental observations
which indicate PIPKIf interacts electrostatically with acidic
phospholipids through its flattened face.

FIGURE 6: (&) Molecular surface of the PIPKdIdimer colored Enzyme Actity. Catalysis of PIPformation from PI5P

according to electrostatic potential using GraSg)( (b) Surface ~ was assessed for wild-type and mutant enzymes (Figure 8).
of the triple lysine mutant. Saturating red indicates @f less than Both wild-type and mutant enzymes exhibit PISP concentra-

—10kT/e, and saturating blue indicategaf more than 1kT/e, tion-dependent activity, but the activity of the mutant is
whereT = 293 K. sharply reduced as compared to that of the wild type. The
a activity curve of the wild-type, but not the mutant, enzyme
° o exhibits an inflection point at~15 uM PI5P. The activity
0.0 | ° ) o o of the mutant was so low that no effort was made to carry
é | out a detailed analysis of substrate specificity.
= [ ]
g€ -sort . DISCUSSION
>
4 Dimerization of PIPKIJ. The major goal of this study
G -100 | ° was to determine whether the flattened face of PIBKdla
° membrane attachment site, as the crystal structure suggests.
o ° To answer this question, we compared_the binding qf Wi|d-
o 10 20 30 40 50 type and K72E/K76E/K78E PIPKpIto acidic phospholipid
[PS], mol % vesicles. This mutation was designed to reduce the total
charge on PIPK by 12 units, assuming that the crystal-
b _ioF lographic dimer was preserved in solution. The first step in
I o validating the model was to confirm that wild-type and
o -30F o mutant PIPKs are dimers in solution.
E i Wild-type and mutant PIPK# are both dimers in solutions
T 50 as determined by sedimentation equilibration in the analytical
= - o ultracentrifuge. These observations are consistent with the
© 701 observed crystallographic dimer and with the structural
@ ~ integrity of the mutant protein. They are also consistent with
-9.0 - previous gel filtration chromatography results that demon-
r° strated oligomerization of erythrocyte PIPKAQ; 41). This
0 o0 400 600 800 1000 confirms that the triple mutation did not perturb the oligo-
[NaCl], mM meric structure of PIPKH.

FIGURE 7: (a) Calculated interaction energies between wild-type ~ Membrane Attachment by the Flattened Faéée char-
(®) and mutant®) PIPKIIB and model membranes of various PC/  acterized the binding of wild-type PIPKilto zwitterionic
PS compositions, as a function of PS mole fraction. (b) Interaction and anionic lipid vesicles to establish a basis for comparison
between wild-type PIPKJ and model membrane (25% PS) as @ tg the mutant. No in vitro lipid binding studies of PIPKs
function of NaCl concentration. : .

have been reported until now. Wild-type PIPKIloes not
predicted to be insignificant or even repulsive for the bind to neutral PC vesicles. Wild-type PIPKlivas com-
membrane partitioning of the charge reversal mutant. Figure pletely bound to PC/PS vesicles at a PS mole fraction of
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>30%, a bulk lipid concentration of 1 mM, and an ionic reducing the mole fraction of PS, the Riébntaining vesicles
strength of<100 mM. bound with markedly higher affinity (Figure 3b). The high
Like wild-type PIPKII3, the mutant does not bind to PC  affinity for PIP,, and to a lesser degree, PI4P, suggests a
vesicles. In contrast to the wild type, the mutant PIPKIl  specific binding site for phosphoinositides. Further binding
bound with sharply reduced affinity to PC/PS vesicles under analysis of the full range of phosphoinositides using well-
otherwise identical conditions. The mutant was less than half defined synthetic short- and long-chain lipids will be
bound to PC/PS vesicles at a PS mole fraction of 40%, theimportant for a more precise understanding of this binding
highest tested. The overall structural integrity and dimeriza- site.
tion of the PIPKIB were not altered by the mutation as The modest reduction in PiRaffinity by the mutation
judged by its similar elution pattern on Affi-gel blue affinity = suggests that binding involves a combination of structurally
chromatography and identical sedimentation in the analytical specific and nonspecific electrostatic interactions. We hy-
ultracentrifuge. Pending the structure determination of the pothesize the triple mutation affects the nonspecific com-
mutant, we cannot rule out minor structural changes, but it ponent but not the specific component of the interaction. It
seems unlikely that they could have a large enough effect tois possible that the specific effect of BIBn PIPKIIS
alter membrane binding at a remote site. The Debye lengthmembrane binding could be explained by local aggregation
under the conditions used is roughly 8 A, 1 order of of PIP, molecules, but the strength of the effect does not
magnitude smaller than the length of the PIRKHimer. support this. PIRis the product of the enzyme reaction, and
Therefore, the charge reversal mutant could not have such amight therefore interact at the active site. PI4P is neither a
large effect on electrostatic interactions with the membrane substrate nor a product of the reaction, but it is similar enough
if the mutation sites were distant from a membrane binding that nonproductive binding at the active site might occur.
site. The only reasonable explanation remaining for the loss The specific PIRand PI14P binding could occur at the active
of binding is that the introduced negative charges come closesite or some other site distinct from the flattened face.
enough to the membrane to directly repel it. Implications of the Membrane Binding Mechanisraken
Electrostatic Interactions in Binding.o determine to what  together with the crystal structure, the mutational and binding
extent the binding was mediated by electrostatic interactions,analysis clarifies the role of the flattened face of PIFKdk
the effect of ionic strength was tested. Increasing the ionic an attachment site for the surface of acidic membrane
strength completely blocks binding of PIPKIto PC/PS bilayers. The PIPKJ} membrane binding model is the
vesicles (Figure 5), consistent with a primarily electrostatic starting point for a structural understanding of catalysis,
interaction. To determine whether binding to PS was specificity, and regulation of the larger class of homologous
mediated by specific interactions with the PS headgroup, asPIPKs. Unfortunately, direct determination of the membrane-
opposed to nonspecific electrostatic interactions, binding to bound structure of PIPKs by high-resolution structural
a variety of other anionic lipids was tested. PIRKHound techniques is not feasible as yet. The dynamics of the
to most other acidic phospholipids, arguing against a specific membrane preclude crystal structure determination, and the
binding site for PS. Curiously, PIPK1Idid not bind to the size of PIPKs precludes solution analysis by NMR. We are
anionic lipid PG. The binding experiment was repeated with left with model-based mutational analysis as the most
two different lots of PG, and the chemical integrity of the appropriate probe of these interactions. By confirming that
PG was verified by thin-layer chromatography (data not the flattened face is directly involved in phospholipid binding,
shown). We have no explanation at present for the absencewve have strongly validated a model that is one of the
of binding to PG. As a function of charge density, PIRKIl  cornerstones of future research into the PIPK mechanism.
binds with approximately equal affinity to PS and PA, more  Having confirmed an in vitro function for the flattened
weakly to PI, and more tightly to PI4P and RIFhese face, we might ask what its physiological function is. The
findings confirm that the principal mode of interaction charge composition of the PC/PS vesicles used in the study
between the enzyme and the PC/PS membrane is throughs similar to that of the inner leaflet of the mammalian cell

electrostatic interactions. plasma membrane. It is tempting to make inferences for the
Phosphoinositide Bindindpuring the course of analyzing  targeting of PIPKs in vivo. Indeed, electrostatic interactions
nonspecific interactions between PIPKnd acidic mem- mediate proteifrmembrane interactions in vivo for MARCKS

branes, we discovered an apparently specific interaction with (42), AKAP79 (43), and phospholipase 8t (44), among
phosphoinositides. The interaction with PI4P and,F&> other examples. In these systems, electrostatic interactions
~10-fold stronger than with the other acidic phospholipids with the acidic phospholipids of the plasma membrane were
as a function of surface charge density. Binding of wild- shown to be required for cell membrane association and for
type PIPKI3 to PC/PIR vesicles is saturated at less than functional signaling.

1% mol % PIR. The K72E/K76E/K78E protein has a The accumulated data suggest that the basic residues on
reduced affinity for PC/PIPvesicles (Figure 4), but the effect  the PIPK flattened face are not a major determinant for
is not as pronounced as the loss of binding to PC/PS vesiclessubcellular localization. The possibility that PIPKllis

By the same token, binding to P14P and PiEless sensitive  localized at the plasma membrane at least transiently under
to screening by salt than binding to PS (Figure 5). Binding some conditions is expected on the basis of the report that
comparisons made at a constant charge density (Figure 3aPIPKIIS associates with and is activated by the plasma
rather than at a constant mole fraction indicate that the high membrane-localized p55 TNF recept@b). However, direct
affinity for PI14P and PIR cannot be entirely explained by observation of plasma membrane-localized PIBKias not

the greater negative charge on the phosphoinositides. Furbeen reported. PIPK#l has been reported instead to colo-
thermore, when PC/PS mixtures are doped with a small calize with nuclear speckles in fibroblastd5). These
amount of PIR while maintaining constant charge by speckles are involved in RNA processing and do not contain
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membrane. The basic residues of PIFKdIflattened face conserved in the type Il PIPKs may be partially offset by
are well conserved in other PIPKIls. PIPKlllocalizes the presence of other type I-specific basic residues elsewhere
predominantly to the endoplasmic reticulum in fibroblasts on the membrane-binding face of the type | PIPKs.
(46). The yeast homologue of type | PIPK, Mss4p, has been  Summaryln summary, our results indicate that PIPKII
directly observed at the plasma membrane, where it plays ainteracts electrostatically with acidic phospholipid vesicles
critical role in regulating actin organizatiod®, 48). Some through its flattened face. The flattened face is probably more
of the positive charges on the flattened face of PIpKlte important for substrate affinity than for subcellular targeting.
conserved in Mss4p, but they are largely absent in the PIPKI We have also confirmed that PIPIIls a dimer in solution,
isozymes. PIPKd and PIPKP localize predominantly atthe  and discovered a phosphoinositide interaction with a site
plasma membrandg). The kinase core of PIPkKlis capable distinct from the flattened face. The flattened face, and
of reorganizing actin in transfected cells, suggesting that its presumably its orientation relative to the membrane, are
kinase core alone can localize at least in part to the plasmaconserved in all PIPKs. The electrostatic component of the
membrane without the aid of other regulatory PIPK domains flattened face’s interaction is particular to a subset of PIPKs,
(50). including the PIPKIIs. By validating a central aspect of the
Other regions of the kinase core are likely to be more structural model for PIPkmembrane interactions, we hope
important in subcellular targeting. The activation loop to have laid the groundwork for a more complete under-
emerged as a prime candidate because it is membranestanding of some of the key issues for future research:
proximal and its sequence is conserved among PIPK typesmechanism of interfacial catalysis, substrate specificity, and
with similar subcellular localization. Indeed, studies with regulation of subcellular localization.
activation loop chimeras strongly support a key role for the
activation loop in targeting and substrate specificity (J. Kunz, ACKNOWLEDGMENT
M. P. Wilson, M. Kisseleva, J. H. Hurley, P. W. Majerus,
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