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ABSTRACT: Type II inositol polyphosphate 5-phosphatases (IPPs) act on both soluble inositol phosphate
and phosphoinositide substrates. In many cases, these enzymes occur as multidomain proteins in which
the IPP domain is linked to lipid-binding or additional catalytic domains.Rhodnius prolixusIPPRp exists
as an isolated IPP domain which is secreted into the saliva of this blood-feeding insect. It shows selectivity
for soluble and lipid substrates having a 1,4,5-trisphosphate substitution pattern while only poorly
hydrolyzing substrates containing a D3 phosphate. With solublediC8 PI(4,5)P2 as a substrate, sigmoidal
kinetics were observed, suggesting the presence of allosteric activation sites. Surprisingly, IPPRp-mediated
hydrolysis of PI(4,5)P2 and PI(3,4,5)P3 was also stimulated up to 100-fold bydiC8 PI(4)P anddiC8
phosphatidylserine (PS). The activation kinetics were again sigmoidal, demonstrating that the allosteric
sites recognize nonsubstrate phospholipids. Activation was positively cooperative, and analysis by the
Hill equation suggests that at least three to four allosteric sites are present. In a vesicular system, hydrolysis
of PI(4,5)P2 followed a surface dilution kinetic model, and as expected, PS was found to be strongly
stimulatory. If allosteric activation of type II IPPs by PI(4)P and PS is a widespread feature of the group,
it may represent a novel regulatory mechanism for these important enzymes.

Inositol phosphates and phosphoinositides are in involved
in many cellular processes related to signal transduction,
secretion, and cytoskeletal structure (1-4). PI(4,5)P2,1 as a
component of membranes, is involved in cytoskeletal at-
tachment, vesicle secretion, endocytosis, and membrane
trafficking, apparently by serving as an anchor for proteins
containing phosphoinositide-binding domains, including the
pleckstrin homology (PH) domain (5). A second phosphoi-
nositide, PI(3,4,5)P3, is also important as a product of the
phosphoinositide 3-kinase pathway, which is involved in
many cellular functions (6). Like PI(4,5)P2, it acts by
recruiting proteins containing specific binding domains such
as PX and FYVE (5, 7). The soluble inositol phosphate Ins-
(1,4,5)P3 occurs in the cytoplasm and is a product of
hydrolysis of PI(4,5)P2 by phospholipase C. It is an essential
signal transduction mediator regulating calcium mobilization
(8).

Numerous enzymes are involved in the metabolism of
inositol phosphates and phosphoinositides, including kinases,
phosphatases, and phospholipases. Inositol polyphosphate
5-phosphatases (IPPs) regulate the pool of 5-phosphorylated

inositol phosphates and phosphoinositides, thereby influenc-
ing cellular processes that require PI(4,5)P2, PI(3,4,5)P3, and
Ins(1,4,5)P3. This enzyme group is divided into four classes
known as types I-IV IPPs (9). Type I phosphatases are
specific for soluble inositol phosphates and are thought to
function as terminators of calcium signaling. Type II enzymes
attack both soluble inositol phosphate and phosphoinositide
substrates and hydrolyze substrates either with or without a
phosphate group at the D3 position. The type III group also
hydrolyzes both soluble and phospholipid substrates, includ-
ing PI(4,5)P2 and PI(3,4,5)P3 (10). Type IV enzymes were
originally thought to hydrolyze only PI(3,4,5)P3 but will
accept PI(4,5)P2 if certain detergents are added to the reaction
mixture (10).

The crystal structure of a yeast type II IPP domain from
SPsynaptojanin, a protein that is similar to vertebrate
synaptojanin, has been determined (11). The active site of
the enzyme binds inositol phosphates or the headgroup of
phosphoinositides, placing them in the proximity of a bound
metal ion which assists in catalysis. Additional surfaces
surrounding the binding site appear to be involved in
interaction with membrane interfaces, an idea supported by
site-directed mutagenesis studies (11). Type II and type III
phosphatases often occur as domains in larger proteins
containing protein-binding or additional enzymatic domains
(9, 11). For example, synaptojanin and SPsynaptojanin
contain a Sac1-like domain that also has inositol phosphatase
activity, particularly toward monophosphorylated phosphoi-
nositides (4).

In this report, we describe a new member of this family,
IPPRp, which is secreted into the saliva of the blood-feeding

* To whom correspondence should be addressed: Laboratory of
Malaria and Vector Research, NIAID, NIH, Twinbrook 3 Building,
12735 Twinbrook Parkway, Bethesda, MD 20892. Telephone: (301)
435-2967. Fax: (301) 402-2201. E-mail: jandersen@niaid.nih.gov.

1 Abbreviations: PC,L-phosphatidylcholine; PS,L-phosphati-
dylserine; Ins(1,4,5)P3, D-myo-inositol 1,4,5-trisphosphate; Ins(1,3,4,5)-
P4, D-myo-inositol 1,3,4,5-tetrakisphosphate; Ins(1,4)P2, D-myo-inositol
1,4-bisphosphate; Ins(1,2,3,4,5,6)P6, D-myo-inositol 1,2,3,4,5,6-hexa-
kisphosphate; PI(4,5)P2, D-myo-phosphatidylinositol 4,5-bisphosphate;
PI(3,4,5)P3, D-myo-phosphatidylinositol 3,4,5-trisphosphate; PI(4)P,
D-myo-phosphatidylinositol 4-phosphate; PI(5)P,D-myo-phosphatidyli-
nositol 5-phosphate; IPP, inositol polyphosphate 5-phosphatase.

5450 Biochemistry2006,45, 5450-5457

10.1021/bi052444j CCC: $33.50 © 2006 American Chemical Society
Published on Web 04/06/2006



insectRhodnius prolixus, a vector of the medically important
trypanosomatid parasiteTrypanosoma cruzi, where it ap-
parently acts to facilitate the ingestion of blood. It is unique
in being extracellular and does not contain additional protein
domains outside of the 5-phosphatase domain. We find that
the enzymatic activity is activated in an allosteric manner
by the substrate PI(4,5)P2, the product PI(4)P, and the
membrane phospholipid phosphatidylserine.

MATERIALS AND METHODS

Materials.Ins(1,4,5)P3, Ins(1,4)P2, Ins(1,2,3,4,5,6)P6, and
purine nucleoside phosphorylase were obtained from Sigma.
Ins(1,3,4,5)P4, diC8 PI(4)P,diC8 PI(5)P,diC8 PI(4,5)P2,
diC8 PI(3,4)P2, and diC8 PI(3,4,5)P3 were obtained from
Echelon Biosciences Inc. Brain PI(4,5)P2, brain L-R-phos-
phatidylserine,diC8 L-R-phosphatidylserine, and eggL-R-
phosphatidylcholine were obtained from Avanti Polar Lipids
Inc. 7-Methyl-6-thioguanosine (MESG) was obtained from
Berry & Associates.

Expression and Purification of IPPRp.The gene for
IPPRp2 was located in a salivary gland cDNA library during
the course of an EST sequencing project (12). The sequence
included the coding region for a signal peptide. Using the
N-terminal sequence (AKERDFTIHVATXNVNGRKPT-
TITNLIGQN) from a sample isolated from salivary gland
homogenate (J. M. C. Ribeiro, unpublished data) as a guide,
the cDNA was modified to remove the signal sequence and
to insert an NdeI restriction site and an ATG initiation codon
at the 5′-end of the modified gene. This sequence was cloned
into the pET17b expression vector and moved intoEscheri-
chia coli strain BL21(DE3)pLys S for protein production.
Cells were grown in LB medium at 37°C, and the protein
was produced as inclusion bodies using methods described
previously (13). Inclusion bodies were dissolved in 6 M
guanidine hydrochloride (pH 8.0) and reduced by adding
DTT to a concentration of 10 mM. The protein was refolded
by dilution into a large excess of 20 mM Tris-HCl (pH 8.0),
0.6 M NaCl, and 2.5 mM DTT. After stirring had been
carried out overnight, the solution was centrifuged to remove
precipitation. The folded material was concentrated in a
tangential flow filtration device and purified by gel filtration
chromatography on Sephacryl S-100 followed by cation
exchange chromatography on SP-Sepharose.

Preparation of Phospholipid Vesicles.Long-chain phos-
pholipids were dissolved in chloroform. After the appropriate
mixture of stock solutions, the solvent was evaporated under
a stream of nitrogen and the dried phospholipids were
suspended in 20 mM Tris-HCl (pH 7.4), 1 mM MgCl2, and
150 mM NaCl. Large unilamellar vesicles were formed by
extrusion of this suspension through 100 nm pore diameter
polycarbonate filters using a LiposoFast (Avestin) extrusion
device.

Enzymatic Assays.Assays were performed using the
continuous coupled inorganic phosphate detection system
originally described by Webb (14) and used to assay IPP by
Chi et al. (15) or with an end point ammonium molybdate-
based assay described by Ribeiro et al. (16) and similar to
that used by Chi et al. (15). In the coupled system, phosphate

generated by the enzymatic reaction is used by purine
nucleoside phosphorylase to cleave 7-methyl-6-thioguanosine
(MESG) producing the purine base and ribose 1-phospate.
The reaction was followed as an increase in absorbance at
360 nm. A molar extinction coefficient of 11 200 M-1 cm-1

has been determined for the change in absorbance due to
phosphorolysis (14). Assays were performed in 0.8 mL
volumes using 1 mL cuvettes maintained at 30°C in a Varian
Cary 100 spectrophotometer. The reaction buffer was 20 mM
Tris-HCl (pH 7.4), 1 mM MgCl2, and 150 mM NaCl. MESG
was added to the reaction buffer to a concentration of 400
µM and purine nucleoside phosphorylase to a concentration
of 0.175 mg/mL. Substrate was then added to concentrations
of 5-500 µM, and after the equilibration of temperature,
IPPRp was added at 2-18 nM depending on the experiment.
Initial velocities were calculated from changes in absorbance
during the first 0.1-2 min of the reaction. The first-order
rate constantkobs was calculated by fitting the reaction
progress curves to the equation for a single-exponential
increase to maximum.

The ammonium molybdate assay was run in 150µL
volumes using 20 mM Tris-HCl (pH 7.4), 150 mM NaCl,
and 1 mM MgCl2 as the reaction buffer. The reaction
mixtures were incubated at 30°C, and the reactions were
stopped by adding the acid molybdate reagent; after develop-
ment, the absorbance of each well was recorded at 650 nm.
Phosphate production was assessed by comparison with a
standard curve.

RESULTS

Cloning and Expression of IPPRp.The cDNA for IPPRp
was identified in a database of expressed sequence tags
obtained from a salivary gland cDNA library. The sequence
encoded a 36.5 kDa protein similar to type II IPPs from a
variety of organisms (Figure 1). Comparison with an
experimentally determined N-terminal amino acid sequence
from a sample of the protein isolated from salivary gland
homogenates (J. M. C. Ribeiro, unpublished data) revealed

2 The complete cDNA sequence of IPPRp has been deposited in
GenBank with the accession number U70037.

FIGURE 1: IPPRp amino acid sequence and comparison with
members of the IPP family. Sequence alignment of the mature
polypeptide of IPPRp with the salivary nitric oxide transport protein
from C. lectularis(CNP) and the IPP5C domain from SPsynapto-
janin. The conserved residues corresponding to those found to
interact with the bound metal ion and bound Ins(1,4)P2 in the
SPsynaptojanin crystal structure are highlighted in yellow.
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the presence of a 20-amino acid signal peptide, leaving a
34.4 kDa protein after cleavage and suggesting secretion of
the protein into the saliva. The protein is most similar to the
IPP5C catalytic domain of SPsynaptojanin (11) and the nitric
oxide transport protein from the saliva of the bed bugCimex
lectularis (17, 18; Figure 1). The latter is a member of the
IPP family which has no enzymatic activity but binds a single
heme molecule. There was no indication of heme or nitric
oxide binding by the isolated IPPRp, suggesting that its
function differed from that of theC. lectularisprotein. Amino
acid sequence alignments show that the IPPRp sequence
corresponds quite precisely to the globular SPsynaptojanin
catalytic domain whose structure has been determined (11;
Figure 1). Unlike theCimexprotein, the structure of which
has also been determined (17), IPPRp exhibited conservation
of all amino acid residues implicated in metal and substrate
binding in the SPsynaptojanin-Ins(1,4)P2 complex, indicat-
ing that IPPRp was probably enzymatically active (Figure
1).

Reaction of IPPRp with Soluble Inositol Phosphates and
Phosphoinositides.Recombinant IPPRp was tested against
a variety of soluble inositol phosphates and phosphoinositides
in reaction mixtures supplemented with divalent cations. Of
the soluble inositols, only Ins(1,4,5)P3 exhibited detectable
product formation, while Ins(1,3,4,5)P4, Ins(1,3,5)P3, and Ins-
(1,2,3,4,5,6)P6 (phytic acid) did not (Figure 2A). Apparently,
phosphorylation at the D3 position of the inositol ring
strongly inhibits either binding or catalysis.

The enzyme exhibited selectivity for certain divalent
cations (Figure 2B). Both magnesium and manganese sup-
ported the reaction, but the enzyme was inactive in the
presence of 1 mM calcium. Steady state kinetic parameters
were calculated for Ins(1,4,5)P3 hydrolysis by nonlinear
fitting to the Michaelis-Menten equation, yielding aKm

value of 421µM and aVmax of 468 nmol of product formed
(nmol of IPPRp)-1 min-1 (Figure 2C).

Phosphoinositides were also hydrolyzed by IPPRp. PI(4,5)-
P2 was a far better substrate than PI(3,4,5)P3, which supported
little product formation (Figure 2A). PI(3,5)P2, PI(4)P, and
PI(5)P gave no detectable product, indicating that the
phosphate at position D4 is necessary for removal of the D5
phosphate but is not itself hydrolyzed in the absence of a
D5 phosphate. Thin-layer chromatography of the reaction
product of brain PI(4,5)P2 hydrolysis migrated with a

standard of brain PI(4)P, a fact consistent with the specificity
of IPPRp for 5-dephosphorylation (data not shown).

Allosteric ActiVation of PI(4,5)P2 Hydrolysis by the
Substrate.The kinetics of PI(4,5)P2 hydrolysis were evaluated
using substrate having C8 fatty acid chains. This short-chain
substrate is monodisperse in aqueous buffers, thereby
eliminating the effect of bulk surface binding to micelles or
vesicles, and allowing analysis of reaction kinetics under
solution conditions. Plots of initial velocity versusdiC8 PI-
(4,5)P2 concentration were clearly sigmoidal (Figure 3A),
suggesting allosteric activation of IPPRp by the substrate.
The reaction velocity data were subjected to a simple kinetic
analysis by fitting to the Hill equation (eq 1):

whereV is the initial velocity,h is the Hill coefficient, and
K0.5 is the substrate concentration at whichV is half-maximal.
Substrate binding was positively cooperative, with a Hill
coefficient of 4.7, suggesting an activation mechanism
involving binding at a minimum of four sites in addition to
the catalytic site.

Allosteric ActiVation of Hydrolysis of PI(4,5)P2 and PI-
(3,4,5)P3 by PI(4)P. In the absence of activators,diC8 PI-
(3,4,5)P3 was hydrolyzed much more slowly thandiC8
PI(4,5)P2. However, addition ofdiC8 PI(4)P, the product of
hydrolysis of PI(4,5)P2, to reaction mixtures containingdiC8
PI(3,4,5)P3 greatly increased the rate of phosphate production
(Figure 4A). As expected, PI(4)P was not a substrate for
IPPRp, as indicated by a lack of phosphate production when
provided to the enzyme by itself (Figure 4B). Nevertheless,
addition of PI(3,4,5)P3 to a reaction mixture containing PI-
(4)P alone resulted in an increase in reaction rate comparable
to that seen when PI(4)P was added to a reaction mixture
containing only PI(3,4,5)P3 (Figure 4A). These results
indicated that the product, PI(4)P, can also activate IPPRp
by an allosteric mechanism.

PI(4)P also stimulated the dephosphorylation of PI(4,5)-
P2 by IPPRp. WhendiC8 PI(4)P was added to reaction
mixtures at a fixed concentration of 70µM, the plots of initial
velocity versusdiC8 PI(4,5)P2 concentration changed from
sigmoidal in the absence of activator to hyperbolic, with
higher reaction rates at low substrate concentrations in the
presence of PI(4)P than in its absence (Figure 3B). This result

FIGURE 2: Enzymatic activities of IPPRp. (A) Screening of inositol phosphates and phosphoinositides as substrates for IPPRp using the
continuous assay (mean( standard error). Substrate concentrations were as follows: 50µM Ins(1,4,5)P3, 50 µM Ins(1,3,4,5)P4, 50 µM
Ins(1,3,5)P3, 50µM Ins(1,2,3,4,5,6)P6, 7.5µM PI(4,5)P2 (C8), 7.5µM PI(3,4,5)P3 (C8), 7.5µM PI(4)P (C8), and 100µM PI(5)P (C8). The
enzyme concentration was 18.75 nM. (B) Effect of divalent cations on catalytic rate. Assays were performed in the presence of 100µM
Ins(1,4,5)P3 and either MgCl2, MnCl2, or CaCl2 (each at 1 mM). The enzyme concentration was 18.75 nM. (C) Steady state kinetic analysis
of hydrolysis of Ins(1,4,5)P3 by IPPRp using the ammonium molybdate assay. Initial velocity data were fit to the Michaelis-Menten
equation using nonlinear regression.

V ) Vmax[S]h/([S]h + K0.5
h) (1)
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is consistent with an activation mechanism involving non-
catalytic allosteric sites which bind PI(4)P.

Kinetics of PI(4)P ActiVation. When the concentrations
of diC8 PI(4,5)P2 or diC8 PI(3,4,5)P3 were held constant
and the concentration of the nonsubstrate activator PI(4)P
was varied, PI(4)P concentration-dependent rate increases
were seen (Figure 5). Values forkobs, the observed first-order
rate constant for hydrolysis, were calculated, and the
dependence ofkobson PI(4)P concentration was determined.
The relationship was sigmoidal for both substrates, and the
data were analyzed with a variation of eq 1 (eq 2):

in whichkobs-max is the maximal value forkobs in the activated
state, A is the activator, h is the Hill coefficient,K0.5 is the
activator concentration at one-halfkobs-max, andkobs-0 is the
minimum kobs value fit as a separate parameter. The fits
produced values for the Hill coefficient of 2.6 for PI(4,5)P2

and 3.1 for PI(3,4,5)P3, indicating cooperative binding of at
least three to four molecules of the allosteric inducer PI(4)P
per molecule of IPPRp (Table 1). Full activation resulted in
large increases in catalytic efficiency of 87- and 58-fold for

hydrolysis of PI(4,5)P2 and PI(3,4,5)P3, respectively (Table
1).

Effect of PI(3,4)P2 and Ins(1,4)P2 on PI(4,5)P2 Hydrolysis.
To examine the specificity of the allosteric sites for specific
headgroup structures and the importance of fatty acid chains
in activation, PI(3,4)P2 and Ins(1,4)P2 were tested as activa-
tors of IPPRp. PI(3,4)P2 was a weaker activator of hydrolysis
of PI(4,5)P2 by IPPRp than PI(4)P (Figure 5A). Ins(1,4)P2,
at a concentration of 100µM, did not cause a detectable
increase in the rate of PI(4,5)P2 hydrolysis (data not shown).

Allosteric ActiVation of Hydrolysis of PI(4,5)P2 and PI-
(3,4,5)P3 by Soluble PS.The anionic phospholipid PS was
tested for its effect on the activity of IPPRp. Again, short-
chain (C8) derivatives of both PS and the substrates were
used to create a monodisperse reaction mixture. LikediC8
PI(4)P, solublediC8 PS stimulated hydrolysis of both
substrates by IPPRp, producing a sigmoidal concentration
dependence ofkobs at a fixed concentration of the substrates
(Figure 6). The Hill coefficients again indicated positive
cooperativity and binding of at least three to four molecules
of inducer. The apparent affinity of IPPRp for soluble PS,
as estimated by theK0.5 values, is approximately 4-fold lower
than for PI(4)P (Table 1). Like PI(4)P, PS stimulation
resulted in large increases in catalytic efficiency of 113- and
33-fold for PI(4,5)P2 and PI(3,4,5)P3, respectively (Table 1).

ActiVation of PI(4,5)P2 Hydrolysis by PS in a Vesicular
System.The activity of IPPRp against vesicular substrates
was evaluated using phospholipids with long-chain fatty
acids. Both PS and PC were used as diluents to detect any
specific stimulatory effects of PS. When PI(4,5)P2 was

FIGURE 3: Hydrolysis ofdiC8 PI(4,5)P2 by IPPRp. (A) Concentra-
tion dependence of PI(4,5)P2 hydrolysis. Reactions were performed
in a total volume of 400µL and started by addition of 0.002 nmol
of IPPRp. Initial velocities (b) were determined from progress
curves, and the data were fitted to eq 1 (s). Vmax ) 8516 nmol of
product (nmol of IPPRp)-1 min-1; K0.5 ) 156 µM, and h ) 4.7.
(B) Concentration dependence of PI(4,5)P2 hydrolysis in the
presence of 70µM diC8 PI(4)P. Reactions were performed as
described for panel A. Initial velocities (b) were determined from
progress curves, and the data were fitted to the Michaelis-Menten
equation (s). Vmax ) 13 037 nmol of product (nmol of IPPRP)-1

min-1, and the apparentKm ) 108 µM.

kobs) kobs-max[A] h/([A] h + K0.5
h) + kobs-0 (2)

FIGURE 4: Reaction progress curves showing allosteric activation
of hydrolysis of PI(3,4,5)P3 by PI(4)P. Arrows are labeled to
indicate the point at which components were added. (A) Progress
curve showing addition of PI(4)P (20µM) followed by IPPRp (Enz)
and then PI(3,4,5)P3 (12 µM). (B) Addition of PI(3,4,5)P3 (12 µM)
followed by IPPRp and then PI(4)P (20µM). (C) PI(3,4,5)P3 (12
µM) and PI(4)P (20µM) added together, followed by IPPRp. The
enzyme concentration in all cases was 18.75 nM.
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incorporated into PS vesicles, product formation was dra-
matically stimulated in comparison to that in identically
prepared PC-containing vesicles (Figure 7). Unlike the
reaction rates withdiC8 phospholipids, the reaction rates at
fixed concentrations of PI(4,5)P2 in PS vesicles decreased
with a decrease in the mole fraction of substrate, indicating
that an interfacial model for catalysis could be applied (19,
20; Figure 7A,B). In this model, bound enzyme diffuses in
two dimensions over the lipid surface, hydrolyzing substrate
molecules it encounters in its path. The reaction is described

by eq 3

where A is the bulk phospholipid vesicle surface, B is the
phospholipid substrate incorporated into the bulk surface,
and Q is the reaction product.

Surface-dilution kinetic methods (20) were used to analyze
the dependence of enzyme activity on bulk substrate
concentration and mole fraction of substrate in phospholipid
vesicles (Figure 7A). Kinetic parameters were determined
using eq 4 (20)

where (A) is the total concentration of phospholipid including
diluent and substrate, (B) is the mole fraction of substrate
phospholipid contained in the bulk phase,Ks

A is equal to
k-1/k1, andKm

B is equal to (k-2 + k3)/k2. The data showed
IPPRp to be a highly efficient interfacial enzyme for PI-
(4,5)P2 hydrolysis in the context of PS vesicles (Table 2).

Product formation rates with PC vesicles containing PI-
(4,5)P2 were far lower than those with PS vesicles (Figure
7C). Unlike PS, PC exhibited no stimulating effect and
appeared to act simply as a diluent. At 0.05 mole fraction
of PI(4,5)P2 and a concentration of 40µM, the reaction rate

FIGURE 5: Concentration dependence of activation of IPPRp by
diC8 PI(4)P anddiC8 PI(3,4)P2. (A) Concentration dependence of
activation of hydrolysis of PI(4,5)P2 by PI(4)P and PI(3,4)P2.
Observed first-order rate constants were calculated from reaction
progress curves (b) at a fixed concentration of 20µM PI(4,5)P2.
The data were fitted to eq 2 (s), and the resulting parameters are
given in Table 1. The enzyme concentration was 6.25 nM. The
ability of PI(3,4)P2 to activate IPPRp was also tested (O). The assays
were run in a manner identical to the manner of those with PI-
(4,5)P2 except with a maximal concentration of 160µM PI(3,4)P2.
(B) Concentration dependence of activation of hydrolysis of PI-
(3,4,5)P3 by PI(4)P. Reactions were run as described for panel A
[20 µM PI(3,4,5)P3], except with an enzyme concentration of 18.75
nM. The data (b) were fitted to eq 2 (s), and the resulting
parameters are given in Table 1.

Table 1: Kinetic Parameters for Activation ofDiC8 PI(4,5)P2 and
DiC8 PI(3,4,5)P3 Hydrolysis by IPPRp in the Presence of Activators
DiC8 PI(4)P andDiC8 PS Obtained by Fitting to eq 2

substrate activatorkobs-max
a h K0.5

b (kcat/Km)min
c (kcat/Km)max

d

PI(4,5)P2 PI(4)P 8.3 2.6 76 1.5× 105 1.3× 107

PI(3,4,5)P3 PI(4)P 1.2 3.1 112 1.1× 104 6.4× 105

PI(4,5)P2 PS 10.9 2.7 423 1.5× 105 1.7× 107

PI(3,4,5)P3 PS 0.8 3.1 429 1.3× 104 4.3× 105

a In inverted seconds (×102). b In micromolar.c Observed value for
kcat/Km in the absence of activator (M-1 s-1). d Calculated value for the
maximum value ofkcat/Km from fitting to eq 2 (M-1 s-1).

FIGURE 6: Concentration dependence of activation of IPPRp by
diC8 PS. (A) Concentration dependence of activation of hydrolysis
of PI(4,5)P2 by PS. Observed first-order rate constants were
calculated from reaction progress curves (b) at a fixed concentration
of 20 µM PI(4,5)P2. The data were fitted to eq 2 (s), and the
resulting parameters are given in Table 1. The enzyme concentration
was 6.25 nM. (B) Concentration dependence of activation of
hydrolysis of PI(3,4,5)P3 by PS. Reactions were run as described
for panel A [20µM PI(3,4,5)P3], except with an enzyme concentra-
tion of 18.75 nM. The data (b) were fitted to eq 2 (s), and the
resulting parameters are given in Table 1.

E + A y\z
k1

k-1
EA EA + B y\z

k2

k-2
EAB y\z

k3

k-3
EA + Q (3)

V ) Vmax(A)(B)/[Ks
AKm

B + Km
B(A) + (A)(B)] (4)
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for PC vesicles was approximately 80-fold lower than for
PS vesicles under the same conditions (Figure 7C). In mixed
vesicles containing a 3:1 PC:PS ratio and 0.05 mole fraction
PI(4,5)P2, reaction rates were intermediate between those
obtained with homogeneous PS and PC, indicating a
quantitative relationship between simulation and the fraction
of PS contained in vesicles (Figure 7C).

DISCUSSION

The secreted enzyme IPPRp is a typical type II IPP that
hydrolyzes phosphoinositides at higher rates than soluble
inositol phosphates. IPPRp is selective for PI(4,5)P2, the
phospholipid precursor of the signaling molecule Ins(1,4,5)-
P3, and itself an important regulator of membrane trafficking
and cytoskeletal reorganization. Substrates having a D3
phosphate are hydrolyzed at lower rates than those lacking
phosphate at this position, while substrates lacking a
phosphate at the D4 position yield no detectable product.
IPPRp is activated at membrane interfaces, specifically those
containing anionic phospholipids. These facts suggest that
IPPRp acts physiologically to regulate the bulk level of
membrane phosphoinositide available for signaling pathways
and other cellular processes.

Unexpectedly, we found strong stimulation of phosphoi-
nositide hydrolysis by the solublediC8 forms of PI(4,5)P2,
PI(4)P, and PS, suggesting allosteric activation by anionic
phospholipids. Since the nonsubstrate molecules PI(4)P and
PS also activate IPPRp in a manner similar to that of the
substrate PI(4,5)P2, the allosteric sites are apparently non-
catalytic. This behavior is similar to that reported for the
PI-specific phospholipase C in its reaction with fluorescent
substrate analogues, where a second molecule of substrate

binds to a noncatalytic site and stimulates activity of the
monomeric enzyme (21).

Binding of diC8 PI(4,5)P2, PI(4)P, and PS with IPPRp is
cooperative, and analyses of kinetic data by the Hill equation
indicated the presence of three to four allosteric sites. The
involvement of multiple sites suggests a mechanism whereby
phospholipid molecules are ordered on the membrane
interaction surface of the protein, perhaps causing a confor-
mational change in the enzyme, or otherwise facilitating
substrate binding. In the natural system, where IPPRp binds
to the surfaces of cells (or platelets), anionic phospholipids
would activate the enzyme, and the degree of activation
would depend on the mole fraction of activators contained
in the membrane. If anionic phospholipids were present at
sufficient density to occupy all allosteric sites, an increase
in the catalytic efficiency of 30-100-fold for PI(4,5)P2 and
PI(3,4,5)P3 over that of the unactivated enzyme would be
expected, on the basis of the in vitro results.

The sigmoidal kinetics of activation of IPPRp bydiC8
phospholipids are apparently not due to the formation of
micelles or aggregates prior to binding. The concentrations
of diC8 phospholipids used here are far below their reported
CMC values.DiC8 PS has a reported CMC of 2.28 mM
(22), and thediC8 phosphoinositides are considered to be
completely soluble at concentrations of<5 mM (Echelon
Research Laboratories, technical note). If substrate and
activator were forming mixed micelles during the reaction,
a surface dilution effect would be expected. We found here
that mixtures of solublediC8 PI(4,5)P2 and solublediC8 PS
produced the opposite effect. The reaction rates with short-
chain soluble phospholipids increased as the mole fraction
of substrate was reduced. Conversely, when long-chain PI-
(4,5)P2/PS mixed vesicles were used as a substrate, surface
dilution kinetics were observed in which reaction rates
decreased with a decrease in the mole fraction of substrate.
This behavior is characteristic of an interfacial system and
strongly supports the idea that short-chain substrates and
activators are bound directly from solution.

The allosteric sites of IPPRp show some selectivity for
particular anionic headgroup structures, and the presence of
a diacylglycerol moiety in an activator molecule is essential.
PI(3,4)P2 is a less potent activator than PI(4)P, suggesting
that a phosphate group at the D3 position acts to reduce the

FIGURE 7: Hydrolysis of PI(4,5)P2 by IPPRp in mixed phospholipid vesicles. (A) Initial velocities measured using the coupled assay as a
function of PI(4,5)P2 concentration measured at different mole fractions in PS vesicles: (O) 0.05, (2) 0.01, (b) 0.005, and (0) 0.002 mole
fraction. The experiments were performed under the conditions described in Materials and Methods using an enzyme concentration of 2
nM. (B) Initial velocities for hydrolysis of PI(4,5)P2 (40 µM) as a function of mole fraction in PS vesicles under standard conditions with
an enzyme concentration of 2 nM. The data were fitted to a rectangular hyperbola from which a value forVmax could be determined. (C)
Comparison of enzymatic activity of IPPRp toward PI(4,5)P2 in different phospholipid environments: (O) 0.05 mole fraction in PS, (b)
0.05 mole fraction in 3:1 PC/PS vesicles, and (2) 0.05 mole fraction in PC vesicles. The enzyme concentration was 2 nM.

Table 2: Surface Dilution Kinetic Parameters ((standard error) for
the Reaction of IPPRp Hydrolysis of PI(4,5)P2 in PS Large
Unilamellar Vesicles

Vmax
a 7185( 353

Ks
A b 7.9( 1.14

Km
B c 0.0035( 0.0002

kcat/Km
B d 2 × 106

a Nanomoles of product per nanomole of enzyme per minute.
b Millimolar, surface binding model.c Mole fraction.d Mole fraction-1

min-1.
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binding affinity. The diacylglycerol requirement is indicated
by the complete lack of activity of Ins(1,4)P2, the product
of Ins(1,4,5)P3 hydrolysis. Nevertheless, the similarities
between PS activation and activation by PI(4,5)P2 and PI-
(4)P suggest that these compounds may bind at the same
sites and that the allosteric sites recognize a relatively diverse
array of anionic headgroups.

Activation by products of phosphate hydrolysis has also
been seen with PTEN, a structurally unrelated phosphoi-
nositide phosphatase which removes phosphate from the D3
position (23, 24). In that system, PI(4,5)P2 is the activating
molecule, while the substrate itself does not appear to
activate. In the absence of activator, PTEN hydrolyzes PI-
(3,4,5)P3 at a considerably higher rate than PI(3,4)P2.
Addition of PI(4,5)P2 dramatically increases the hydrolysis
rate of PI(3,4)P2 but only modestly increases the rate of PI-
(3,4,5)P3 cleavage (23, 24). Site-directed mutagenesis experi-
ments with PTEN indicated that a putative phosphoinositide
recognition motif near the N-terminus of the catalytic domain
serves as the allosteric binding site (24, 25). The locations
of the allosteric sites in IPPRp are not presently known but
are likely to lie on the face of the enzyme that contacts the
membrane surface, since PS, PI(4)P, and substrate would
normally be found as components of the same membrane
surface. We also do not know if allosteric activation of this
type is a general feature of type II IPPs. If so, this mechanism
of regulation could play a role in many cellular processes
and may provide clues about how the phosphoinositide
composition in membranes is regulated.

IPPRp occurs in the saliva ofR. prolixus where it is
injected into the host during blood feeding (26). On the basis
of its enzymatic function, it apparently acts to reduce the
bulk concentration of PI(4,5)P2 and PI(3,4,5)P3 in the plasma
membrane of cells or platelets. Changes in the concentration
of these phospholipids would have many potential effects,
including the elimination of substrates for phospholipase C
and PI3-kinase, changes in cytoskeletal architecture, and
changes in membrane trafficking and vesicle secretion.

The phospholipid composition of the plasma membrane
is normally asymmetrical with anionic phospholipids being
sequestered in the inner leaflet (27, 28). Also, the known
activities of IPPs are all intracellular processes. How would
an extracellular enzyme interact with phospholipid forms
occurring only in the inner leaflet? Perhaps the rapid and
dramatic loss of asymmetry [phospholipid scrambling (27)]
that occurs on activation of platelets (and other cell types
such as mast cells following degranulation) would allow
access of IPPRp to its substrate and activators. Phospholipid
scrambling results in the exposure of phosphatidylserine and
presumably phosphoinositides, on the surface of platelets,
and this exposure would act to stimulate IPPRp. The
relatively rapid and nonspecific equilibration of phospholipid
composition between the inner and outer leaflets (29) may
allow IPPRp to reduce the overall levels of 5-phosphorylated
phosphoinositides in the membrane by hydrolyzing them in
the outer leaflet.
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