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Specificity Determinants in Phosphoinositide
Dephosphorylation: Crystal Structure of an
Archetypal Inositol Polyphosphate 5-Phosphatase

(Figure 1) that play a central role in signaling through
both soluble and lipid inositol phosphates by catalyzing
the specific hydrolysis of the 5-phosphoryl group (Mitch-
ell et al., 1996; Drayer et al., 1996; Woscholski and Par-
ker, 1997; Majerus et al., 1999). These enzymes share
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fold and mechanism to DNase I and related metal-2 Howard Hughes Medical Institute
dependent phosphohydrolases (Dlakic, 2000; Whis-Department of Pharmacology and Cancer Biology
stock et al., 2000). Over ten mammalian and four yeastDuke University Medical Center, DUMC 3813
genes have been shown to encode 5-phosphatase activ-Durham, North Carolina 27710
ity that may be grouped according to their substrate
selectivity (Majerus et al., 1999). For example, type I
5-phosphatases only hydrolyze soluble inositol phos-
phates, whereas type II enzymes are active against bothSummary
soluble and lipid inositol phosphates. Within the frame-
work of a common enzyme mechanism, these enzymesInositol polyphosphate 5-phosphatases are central to
have a wide range of substrate specificities and subcel-intracellular processes ranging from membrane traf-
lular distribution, and an equally wide range of biologicalficking to Ca21 signaling, and defects in this activity
roles.result in the human disease Lowe syndrome. The 1.8 Å

Recent studies emphasize the critical roles of inositolresolution structure of the inositol polyphosphate
5-phosphatases in diverse normal and pathophysiologi-5-phosphatase domain of SPsynaptojanin bound to
cal processes. For example, inositol phosphatase-cata-Ca21 and inositol (1,4)-bisphosphate reveals a fold and
lyzed turnover of lipid inositol phosphates, possiblyan active site His and Asp pair resembling those of
phosphatidylinositol 4,5-bisphosphate, is required forseveral Mg21-dependent nucleases. Additional loops
membrane trafficking as shown by studies using synap-mediate specific inositol polyphosphate contacts. The
tojanin-1 deficient mice and C. elegans (Cremona et4-phosphate of inositol (1,4)-bisphosphate is misori-
al., 1999; Harris et al., 2000). Inhibition of the type Iented by 4.6 Å compared to the reactive geometry
5-phosphatase, which is responsible for the hydrolysisobserved in the apurinic/apyrimidinic endonuclease 1,
of the second messenger inositol (1,4,5)-trisphosphateexplaining the dephosphorylation site selectivity of the
(IP3), has been proposed to regulate store-operated cal-5-phosphatases. Based on the structure, a series of
cium influx (Hermosura et al., 2000). Certain diseasesmutants are described that exhibit altered substrate
are associated with genetic deficiences affecting 5-phos-specificity providing general determinants for sub-
phatases. The Lowe oculocerebrorenal syndrome (OCRL)strate recognition.
is an X-linked disorder characterized by congenital cata-
racts, mental retardation, and renal Fanconi syndrome.
The OCRL1 gene encodes a 5-phosphatase that is defi-Introduction
cient in ORCL patients (Attree et al., 1992; Suchy et al.,
1995; Zhang et al., 1995). Among the mutations reportedInositol phosphates are among the most widespread
in OCRL patients are many missense mutations within

second messenger molecules in eukaryotic cell signal-
the 5-phosphatase catalytic domain.

ing (Berridge and Irvine, 1989; Majerus, 1992; Liscovitch
Production of phosphatidylinositol (3,4,5)-trisphos-

and Cantley, 1994). Inositol-derived messengers can be phate (PIP3) by phosphoinositide 3-kinase (PI3K) is cen-
divided into two general classes, which are either water- tral to signaling through the insulin receptor. Mice lack-
soluble or lipids. Lipid-derived molecules phosphory- ing the SHIP2 gene, a 5-phosphatase that preferentially
lated at the D-3, 4, and 5 positions, singly and in all dephosphorylates 3-phosphoinositides, are hypoglyce-
possible combinations, are present in eukaryotic cells mic and sensitized to insulin (Clement et al., 2001). Since
and each has a distinct regulatory role (De Camilli et al., insulin resistance is a central aspect of adult onset (type
1996; Rameh and Cantley, 1999; Odorizzi et al., 2000). II) diabetes, the sensitization of SHIP2 2/2 and 1/2
The levels of these signaling molecules are regulated mice to insulin suggests that SHIP2 may be a potential
by their phosphorylation by lipid kinases and dephos- therapeutic target for the treatment of type II diabetes
phorylation by lipid phosphatases. Hydrolysis of certain (Clement et al. 2001).
inositol phospholipids by phospholipase C results in In order to obtain three-dimensional structural infor-
water soluble inositol phosphates that are further me- mation on the inositol 5-phosphatase catalytic (IPP5C)
tabolized by a number of kinases and phosphatases domain at high resolution, we subcloned and screened
(Majerus, 1992; Shears, 1998; Odom et al., 2000). a variety of 5-phosphatases for high-level expression

The inositol 5-phosphatases are a family of enzymes of recombinant protein and subsequent crystallization.
Success was obtained with a previously uncharacter-
ized putative 5-phosphatase deduced from the se-
quence of Schizosaccharomyces pombe chromosome3Correspondence: jh8e@nih.gov
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Figure 1. Domain Structures of Representa-
tive 5-Phosphatases

The catalytic IPP5C domain is indicated by a
blue ellipse. Domain structure information
and IPP5C domain boundaries were obtained
from SMART (Schultz et al., 1998) and Pfam
(Bateman et al., 1999).

II. The protein is one of three predicted inositol poly- Overall Structure
The overall architecture of the IPP5C domain consistsphosphate 5-phosphatases found to date in the S.
of two lobes of the a1b type (Figure 3). The structurepombe genome. BLAST searches (Altschul et al., 1997)
contains two mostly antiparallel sheets on the interior,revealed that the coding sequence of the S. pombe
flanked by two a-helical layers on the outside. The IPP5Cprotein shares the tripartite domain structure found in
core contains a total of 7 a helices and 11 b strands.the dual-functional class of inositol lipid phosphatase
The strands are arranged in the two sheets in the orderproteins, mammalian synaptojanin and the Saccharo-
3, 4, 2, 1, 11, and 10, and 5, 6, 7, 8, and 9, respectively.myces cerevisiae counterparts Inp52 and Inp53, also
All of the strands are antiparallel except for the centralreferred to as Sjl2 and Sjl3 for their structural similarity
pair in each sheet, 1 and 2 in the first, and 7 and 8 into synaptojanin (McPherson et al., 1996; Srinivasan et
the second. Residues 784–785 of the a7-b9 loop formal., 1997; Stolz et al., 1998). This class of proteins has
a two-residue antiparallel sheet interaction with b9, ap-an amino-terminal Sac1-like domain that encodes a
proximating a sixth strand in sheet II. In addition to thepolyphosphoinositide phosphatase activity (PPIPase),
IPP5C domain itself, the crystal structure containsa central 5-phosphatase domain that typically prefers
N- and C-terminal extensions that are outside of thePI(4,5)P2 substrates, and a carboxy-terminal proline rich
conserved core. Together, the N and C termini form anregion (Guo et al., 1999). We therefore refer to it as
extended stalk consisting of two long helices that weSPsynaptojanin for S. pombe synaptojanin. Here, we
designate aN and aC.report the enzymatic characterization of the IPP5C do-

main of SPsynaptojanin (comprising residues 534–880),
its crystal structure alone at 2.0 Å resolution and in a Ins(1,4)P2 and Ca21 Binding Sites
product complex with inositol (1,4)-bisphosphate and The active site of SPsynaptojanin-IPP5C is located in a
Ca21 at 1.8 Å resolution, and a structure/function analy- funnel-shaped depression formed at one end of the two
sis of substrate specificity and membrane binding deter-

b sheets. The active site was located by soaking crystals
minants. for 20 hr in 2 mM Ins(1,4,5)P3 and 1 mM CaCl2 and

determining the structure by the Fourier difference tech-
nique (Figure 4). Although the crystals were soaked in

Results Ins(1,4,5)P3, the difference density indicated beyond
doubt that Ins(1,4)P2, and not Ins(1,4,5)P3, was bound.

Enzyme Activity and Complementation of inp51 We believe that the bound Ins(1,4)P2 represents the en-
inp52 inp53 Triple Mutant zymatic hydrolysis product and not a contaminant in
The inositol polyphosphate phosphatase catalytic the Ins(1,4,5)P3 for two reasons. First, Ins(1,4,5)P3 binds
(IPP5C) domain of SPsynaptojanin (SPsynaptojanin- to SPsynaptojanin-IPP5C with high affinity (Km 5 32 mM),
IPP5C) is highly active against a range of soluble and so there is no reason to expect that Ins(1,4)P2, which is
lipid inositol phosphates (Figure 2). The enzyme is active not a substrate at all, would bind preferentially in the
in dephosphorylating the 5-position of Ins(1,4,5)P3 and presence of both compounds. Second, a data set was
Ins(1,3,4,5)P4 and to a lesser extent Ins(1,4,5,6)P4. The obtained from a shorter soak (10 min) that yielded a
enzyme is also active against PI(4,5)P2 presented in soni- complicated electron density map in the active site re-
cated vesicles and Triton mixed micelles, and somewhat gion (not shown) consistent with a mixture of bound
less active against PI(3,5)P2 in unilamellar vesicles. Ac- Ins(1,4,5)P3 and Ins(1,4)P2. All available evidence sug-
tivity against PI(3,5)P2 drops sharply when this substrate gests that SPsynaptojanin-IPP5C as crystallized is cata-
is presented in mixed micelles. Furthermore, the enzyme lytically active and that the complex described is that
hydrolyzes PIP3 to produce PI(3,4)P2. Thus, this activity of the reaction product.
profile most resembles the type II inositol 5-phospha- Ins(1,4)P2 has approximate 2-fold symmetry, but the
tases. The lipid 5-phosphatase activity of SPsynapto- predominant binding mode was determined unambigu-
janin-IPP5C is functional in vivo as transformation of ously from the high quality of the 1.8 Å electron density
inp51 inp52 inp53 triple-mutant strains of S. cerevisiae map (Figure 4) for the complex structure. The 1-phos-
with a plasmid expressing the SPsynaptojanin-IPP5C phoryl moiety interacts with the main chain NH groups

of residues 704 and 705 from the b7-a4 loop (Figure 4).domain results in rescue of cell viability (Figure 2D).



Inositol Polyphosphate 5-Phosphatase Structure
381

Figure 2. Enzymatic and In Vivo Character-
ization of IPP5C Domain of SPsynaptojanin

(A) SPsynaptojanin-IPP5C activity against
[3H]-myo-inositol-labeled yeast substrate.
SPsynaptojanin-IPP5C was incubated with
mixed-vesicle substrate (without detergent)
or detergent-micelle substrate (0.2% Triton
X-100). The assay product was deacylated
and analyzed by HPLC. The panels on the left
are assay product with mixed-vesicle sub-
strate and the panels on the right are assay
product with detergent-micelle substrate.
Top panels are control reactions and bottom
panels are SPsynaptojanin-IPP5C reactions.
(B) SPsynaptojanin-IPP5C activity against
32P-phosphate-labeled 3-phosphorylated phos-
phoinositides. The assay was carried out and
analyzed as above, and the HPLC trace of
reactions with detergent-micelle substrate is
shown. The top panel is the control reaction
and the bottom panel is with SPsynaptojanin-
IPP5C.
(C) Biochemical parameters of SPsynapto-
janin-IPP5C toward soluble inositol poly-
phosphates. The assays were carried out as
described in Experimental Procedures.
(D) In vivo function of the SPsynaptojanin-
IPP5C domain. Wild-type and mutant SPsyn-
aptojanin-IPP5C copper-inducible yeast ex-
pression vectors were transformed into S.
cerevisiae inp51 inp52 inp53 GAL::INP53 tri-
ple mutants. Transformants were grown to
saturation in media containing galactose,
then serially diluted and spotted onto plates
containing dextrose and 50 mM CuSO4. Pic-
tures were taken after four days at 308C. The
strains were diluted so that the spots con-
tained approximately 250, 50, and 10 cells,
from left to right.

The interaction with 704 is direct, while the interaction al., 1996). Very extensive structural similarities were
found with the nucleases deoxyribonuclease I (DNasewith 705 is water mediated. The 4-phosphoryl moiety

interacts directly with three side chains, those of Tyr- I; pdb entry 3dni; Suck and Oefner, 1986) and exo-
nuclease III (exoIII, pdb entry 1ako; Mol et al., 1995).794, Lys-795, and Arg-810, from the a7-b9 loop, and b9

itself, respectively. The 4-phosphoryl also has a water- The structure of SPsynaptojanin-IPP5C can be superim-
posed on that of DNaseI with an rmsd of 3.5 Å over 165mediated interaction with the Ne of the catalytic His-

839 and two water-mediated interactions with the bound Ca atoms, and on that of exoIII with an rmsd of 3.7 Å
over 169 Ca atoms. The structures of a third member,Ca21 ion. Arg-744 of the b8-a5 loop forms a hydrogen

bond with the 5-hydroxyl, the only direct protein interac- the human DNA repair endonuclease APE1, have been
characterized at several steps in the enzymatic reactiontion with one of the inositol hydroxyl groups.

The bound Ca21 ion is directly coordinated by three cycle (Gorman et al., 1997, Mol et al., 2000; Figure 5).
Despite the lack of significant pairwise sequence iden-protein ligands and four water molecules. The amide

oxygen of Asn-568 (b1-a1 loop) and both carboxylate tity, structural similarity was recently predicted on the
basis of sensitive multiple sequence alignments (Dlakic,oxygens of Glu-597 (b2-a2 loop) coordinate the Ca21

ion. Of the four water molecules, two form bridging inter- 2000; Whisstock et al., 2000), an extension of an earlier
discovery of homology between the nucleases and bac-actions with the 4-phosphoryl group of Ins(1,4)P2, one

with the side chain oxygens of Asp-566 and Asp-838, terial sphingomyelinase (Matsuo et al., 1996).
and one with the main chain carbonyl of Leu-601.

Mutagenesis
In order to gain insight into the determinants of substrateStructural Similarities to Nucleases

We searched the Protein Data Bank for structural simi- binding and selectivity, the structure was used to predict
substitution mutants that would alter catalysis and spec-larities to SPsynaptojanin-IPP5C using VAST (Gibrat et



Cell
382

Figure 3. Structure of the IPP5C Domain of
SPsynaptojanin

(A) Electron density from density-modified
SIRAS map, contoured at 1.2 s.
(B) 2Fo2Fc electron density from the same re-
gion of the structure, contoured at 1.2 s.
(C) Ribbon diagram of the overall structure of
SPsynaptojanin-IPP5C, together with the
N- and C-terminal helical extensions, and the
bound Ca21 ion and Ins(1,4)P2 molecule from
the complex structure.
(D) Diagram in (C) rotated about the y axis.
Structural images were generated using Mol-
script (Kraulis, 1991) and Raster3D (Merritt
and Bacon, 1997).

ificity. The first was a catalytically inactive mutant D838G Discussion
designed as a negative control since this residue was
already known to be essential in sphingomyelinase and Catalytic Mechanism and Dephosphorylation

Site Selectivitytype II 5-phosphatase (Matsuo et al., 1996, Whisstock
et al., 2000). The second mutant K795R/R810N was de- The structure of the SPsynaptojanin IPP5C domain con-

firms earlier predictions of a conserved catalytic mecha-signed to favor D-3 phosphorylated inositol phosphates,
analogous to the SHIP class of 5-phosphatases. Third, nism with DNase I, APE1, and related endonucleases

(Dlakic, 2000; Whisstock et al., 2000). APE1 is the best-a pair of mutants were designed to test whether electro-
static interactions between the enzyme membrane- studied member of this enzyme family, as its structure

is known in the apo form (Gorman et al., 1997) andproximal face and lipid bilayers are responsible for lipid
versus soluble inositol phosphate specificity (K669E/ in both pseudo-Michaelis and product complexes with

intact and nicked DNA, respectively (Mol et al., 2000).K808E and K669E/K808N). The relative enzymatic activi-
ties of the mutants are shown in Table 1 and discussed A detailed comparison of the Ins(1,4)P2 complex with the

APE1 DNA complexes shows that the three-dimensionalin detail below. Each mutant was also tested for the
ability to complement the lethal phenotype of the inp51 arrangement as well as the identities of the key catalytic

residues and metal ligands are very similar in SPsynap-inp52 inp53 triple mutant yeast strain. Although mutants
were all expressed at similar levels in yeast, none of tojanin-IPP5C and APE1 (Figure 5).

There are significant differences between the productthem were able to restore growth of these strains, indi-
cating that the 5-phosphatase activity had been com- binding geometries observed in the SPsynaptojanin-

IPP5C/Ins(1,4)P2 complex and the APE1 nicked DNApromised. It is noteworthy that SPsynaptojanin-IPP5C
was a relatively weak suppressor of lethality as com- complex. In the ternary complex of APE1 with Mn21 and

nicked DNA, the hydrolysis products can be visualized inpared to its S. cervisiae Inp52-IPP5C counterpart (data
not shown). the crystal, since presumably the presence of extensive
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Figure 5. Comparison to APE1

(A) SPsynaptojanin-IPP5C, with regions that superimpose on APE1
colored red.
(B) APE1 complex with nicked DNA shown in green (pdb entry 1DE9,
Mol et al., 2000). The proteins are colored red where the structure
superimposes on SPsynaptojanin-IPP5C.Figure 4. Inositol Phosphate Binding in the Active Site of the SPsyn-
(C) Ins(1,4)P2 binding to the catalytic site of SPsynaptojanin-IPP5C.aptojanin-IPP5C Domain
Note the displacement of the 4-phosphate as compared to the scis-

(A) Electron density from an (Fobs(soak)-Fobs(apo))acalc Fourier synthe- sile phosphate in the APE1/Mn21/scissile phosphate complex in (D).
sis, contoured at 3 s.
(B) Schematic of interactions in the product complex.
(C) Stereoview of interactions in the product complex, shown in the

bound, but in contrast to APE1, where flanking DNAsame orientation as (B).
sequences tightly constrain the binding mode of the
nicked product, the binding of the Ins(1,4)P2 product
appears to be less constrained.flanking sequences on the DNA places strong con-

straints on the binding mode of the products. In APE1, The greatest puzzle of inositol kinase and phospha-
tase enzymology concerns the origin of phosphorylationthe position of the scissile phosphate differs by only 0.7 Å

between the pseudo-Michaelis and the product complex. and dephosphorylation site selectivity. 5-phosphatases
are competent to bind soluble and lipid inositol deriva-The 5-phosphatase reaction products of Ins(1,4,5)P3 are

inorganic phosphate and Ins(1,4)P2. There is no electron tives phosphorylated at combinations of the 3, 4, and 5
positions, yet they dephosphorylate only the 5-position.density evident for inorganic phosphate, suggesting that

inorganic phosphate dissociates from SPsynaptojanin- In the absence of a structural comparison between reac-
tive and unreactive complexes, the mechanism of siteIPP5C under the conditions used. Ins(1,4)P2 remains

Table 1. Enzyme Activity of SPsynaptojanin IPP5C Mutants

No Detergent 0.2% Triton X-100

PI(3,5)P2 PI(4,5)P2 PIP3 PI(3,5)P2 PI(4,5)P2 PIP3 IP3 IP4

IPP5C 100 100 100 ND 100 100 100 100
IPP5CD838G ND 1 ND ND ND ND ND ND
IPP5CK795R,R810N 50 5 10 ND 0.1 1 ND ND
IPP5CK669E,K808E ND 10 1 ND 10 1 1 ND
IPP5CK669E,K808N ND 10 1 ND 20 10 10 ND

The mutant activity values are expressed for each substrate as percent maximal activity relative to SPsynaptojanin IPP5C (assigned a maximal
value of 100%). ND: not detected.
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Figure 6. Sequence Alignment of SPsynaptojanin-IPP5C, Other Representative 5-Phosphatases, and Structure-Based Alignment of APE1

Disordered regions in the SPsynaptojanin-IPP5C structure are marked by dashed lines. Catalytic and divalent metal binding residues are
highlighted in orange. Conserved charged residues highlighted in magenta (acidic) and purple (basic), and conserved hydrophobic residues
are highlighted in green. Other conserved residues are highlighted in blue. The unique insertion implicated in 3-phosphoinositide specificity
of SHIP1 and SHIP2 is highlighted in yellow. Residues coordinating to the active site metal ion either directly or through water molecules are
marked with orange ellipses. Residues involved in direct phosphoinositide binding are marked by magenta symbols, arrows for those mutated
in this study, diamonds for others. Residues on the putative membrane binding face are marked by purple symbols, arrows for those mutated
in this study, diamonds for others. The active site Asp-838 mutated in the study is marked with an orange arrow. Loci of OCRL disease
mutants are marked by purple triangles underneath the corresponding residues.

selectivity has been obscure. The active sites of SPsyn- est oxygen atom of the 4-phosphoryl, while its counter-
part His-309 is directly hydrogen bonded to the scissileaptojanin-IPP5C and APE1 are so similar that it is rea-

sonable to assume that the 5-phosphoryl of SPsynapto- phosphate in the APE1 complex with a distance of 2.7 Å.
The 4.6 Å displacement of the 4-phosphoryl group fromjanin-IPP5C’s substrates binds in the same geometry

as the scissile phosphate of APE1, providing a model optimal dephosphorylation geometry satisfactorily ex-
plains why 5-phosphatases are not 4-phosphatases.for the reactive complex. The Ins(1,4)P2 complex reveals

for the first time the structure of an unreactive inositol
phosphate complex. The 4-phosphoryl is 4.6 Å away Substrate Specificity Determinants

The SH2-domain-containing 5-phosphatases SHIP1from the scissile phosphate in the APE1 pseudo-
Michaelis complex. His-839 is 5.2 Å away from the clos- and SHIP2 are distinguished from all others by their
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Figure 7. Membrane Docking of SPsynapto-
janin-IPP5C

(A) Molecular surface of SPsynaptojanin-
IPP5C, colored blue (basic), red (acidic),
green (hydrophobic), and white (uncharged
polar). Atoms are colored blue (nitrogen), red
(oxygen), gray (carbon), lavender (phospho-
rous), and black (calcium). The surface is
viewed looking directly upward from the pu-
tative plane of the membrane.
(B) Surface of SPsynaptojanin-IPP5C docked
to a membrane, with the polar interface and
hydrophobic core regions of the membrane
shown to scale. The two membrane-interface
side chains mutated in this study are high-
lighted in an all atom space-filling representa-
tion, and a dimyristoyl tail has been modeled
onto the Ins(1,4)P2 headgroup to provide a
model for membrane-associated PI(4)P bound
to the enzyme.

strong preference for D-3 inositol phosphate substrates. interaction: residues 603–607 of the b2-a2 segment and
residues 673–676 of the b5-b6 segment. The N-terminalThese enzymes are the focus of intensive study because
portions of the a helices 4 and 5 also participate in thisof their role in signaling in the immune system and in
part of the molecular surface. It is possible that thedownregulating insulin response. The latter function has
partial positive charges at the helix N termini participatemade SHIP2 a potentially attractive target for drug de-
in interactions with anionic lipid headgroups. The molec-sign directed at type II diabetes, and adds urgency to
ular surface surrounding the active site is relatively flatidentifying the determinants of D-3 specificity.
(Figure 7), resembling that of another key enzyme inTo identify potential substrate specificity determi-
inositol lipid turnover, phosphatidylinositol phosphatenants, the sequence conservation of inositol phosphate
kinase (PIPK; Rao et al., 1998; Hurley et al., 2000). Inbinding residues was examined to determine which resi-
contrast to PIPK, there is relatively little concentrationdues were conserved in the SHIP subgroup but diverged
of positive charge in the flat surface, except in the activein other sequences (Figure 6). Only two residues of SPsyn-
site itself. This argues that the activity of SPsynapto-aptojanin fit this criterion, Lys-795 (Arg in SHIP2) and
janin-IPP5C against membrane substrates might de-Arg-810 (Asn in SHIP2). Therefore, the mutant K795R/
pend more on the absence of steric interference withR810N was constructed and characterized. This mutant
membrane binding than on electrostatic attraction be-had 2-fold reduced activity toward PI(3,5)P2, as com-
tween the enzyme and the membrane.pared to 20-fold reduced activity vs. PI(4,5)P2. The mu-

Type I 5-phosphatase is distinguished by its inabilitytant has 10-fold reduced activity toward PIP3 as com-
to dephosphorylate membrane bound inositol phos-pared to wild-type; however, the interpretation of this
phates. We pinpointed two basic residues on the puta-result is complicated by the presentation of PIP3 to the
tive membrane binding face of SPsynaptojanin-IPP5Cenzyme in pure synthetic vesicles as compared to pre-
that are conserved in most 5-phosphatases but not insentation in yeast membranes in the case of PI(3,5)P2 type I. These residues are Lys-669 and Lys-808 in SPsy-and PI(4,5)P2. The precise mechanism of selectivity
naptojanin-IPP5C, and in the type I enzyme they arecould be based on modulation of either affinity or cata-
replaced by Glu and Asn, respectively. Lys-669 is remotelytic geometry by these two amino acids, and its clarifi-
from the active site, while Lys-808 is in the active site

cation awaits further study. Nevertheless, we have been
region, although not in direct contact with Ins(1,4)P2 in

able to pinpoint key determinants for substrate specific-
the complex structure. The type I-like mutant K669E/

ity and engineer a 5-phosphatase with altered specificity K808N and a mutant designed to more drastically inter-
based on structural analysis. Such engineered 5-phos- fere with electrostatic membrane binding, K669E/
phatases may prove to be valuable reagents for under- K808E, were constructed. These mutants exhibited
standing the relative roles of the various 5-phosphatase sharply decreased activity against lipid substrates, as
dephosphorylation reactions in vivo. Pending the struc- well as decreased activity toward soluble substrates
ture determination of SHIP2, engineered 5-phosphatase (Table 1). These results suggest that one or both of these
mutants may also provide a useful starting point for residues, most likely Lys-808, make contact with the
structure-based inhibitor design. substrate in the reactive complex, even though they do

not make contact in the product complex. The results
Model for Membrane and Inositol also suggest that other regions of the protein must be
Phosphate Binding involved in selectivity for lipid vs. soluble substrates. In
The identification of the active site provides a powerful addition to the absence of two basic residues noted
constraint on the possible modes of membrane interac- above, the type I sequence is distinguished from the
tion. The surface surrounding the active site is formed other 5-phosphatases by several large insertions in their
primarily by loops associated with sheet II, including IPP5C domain. Three of these insertions are in the puta-
b7-a4, b8-a5, and a7-b9. Parts of two other loops in this tive membrane binding loops b5-b6, b8-a5, and a7-
region are invisible in the electron density and therefore b9 (Figure 6). The steric bulk of these insertions could

interfere with binding to the membrane surface.presumed to be disordered in the absence of membrane
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Table 2. Crystallographic Analysis

Data collection statistics
Crystals Native I Ca 1IP3

Maximum resolution (Å) 2.0 1.9 1.8
Number of observed reflections 117,178 281,277 148,755
Number of unique reflections 32,930 38,646 44,082
Completeness (%)a 99.3 (96.5) 97.9 (89.2) 95.6 (82.4)
Rsym

b (%) 3.9 (16.1) 5.4 (16.1) 3.8 (14.5)
Mean I/s(I) 17.0 16.7 17.8

SIRAS phasing statistics
Number of sites 5
Resolution limits (Å) 30–2.0
dmin (Å) Total 8.0 5.0 4.6 4.0 3.6 3.3 3.0 2.8
Phasing power (acentric) 1.03 2.16 1.90 1.21 0.95 0.86 0.82 0.91 0.90
Rcullis (centric) 0.61 0.55 0.55 0.67 0.56 0.65 0.71 0.66 0.58
Figure of merit 0.37 0.38 0.43 0.39 0.34 0.24 0.36 0.39 0.41

Refinement statistics
Resolution limits (Å) 30–2.0 32–1.8
Number of reflections 31,846 43,044
R factor c (%) 19.5 19.1
Rfree

c (%) 22.5 21.8
No. of protein/solvent/ligand atoms 2,766/186/0 2,766/224/21
Rmsd from ideal bond length (Å) 0.018 0.022
Rmsd from ideal bond angle (8) 1.94 2.14

a Numbers in parentheses refer to the respective highest resolution data shell in each dataset.
b Rsym 5 ShSi|Ii(h) 2 ,I(h).|/ShSiIi(h); Ii(h) is the ith measurement of reflection h and ,I(h). is the weighted mean of all measurements of I(h).
c R factor 5 Sh||Fobs(h)| 2 |Fcalc(h)||/Sh|Fobs(h)|; Rfree is calculated with 10% of the data.

Conserved Motifs in 5-Phosphatases Asp-768, Glu-785, and Tyr-829. The aromatic residues
of both motifs and the Ile and Leu of the second motifand Missense Mutations in Lowe’s

Oculocerebrorenal Dystrophy are involved in the structure of the hydrophobic core,
but not directly part of the active site. The lack of aTwo consensus sequence motifs are a defining feature

of the 5-phosphatase family (Jefferson and Majerus, direct binding role is consistent with the normal Km of the
corresponding 5-phosphatase II mutants W551A and1996). These are WXGDXN(Y/F)R and P(A/S)W(C/

T)DRIL, corresponding to SPsynaptojanin residues 737– I555A (Jefferson and Majerus, 1996). These two residues
are part of the hydrophobic core, and the reduced Vm744 and 812–819, respectively. The conservation of

these residues is explainable based on the SPsyn- of these mutant enzymes could be due to loss of activity
of a portion of the enzyme due to protein unfolding inaptojanin-IPP5C structure. The Gly of the first motif

(SPsynaptojanin 739) has the conformation (φ 5 141,c 5 the course of the enzyme assay.
A large number of mutations have been characterized2157), which is disallowed for non-Gly residues. The

Gly is presumably in this conformation in order to posi- in Lowe’s patients (http://www.nhgri.nih.gov/DIR/GDRB/
Lowe/ocrl1_mutations.html), including missense muta-tion the immediately C-terminal Asp. Asp-740 is adja-

cent to the catalytic His-839 but does not form a hydro- tions in the codons for 14 different amino acid residues
within the IPP5C domain of the OCRL1 protein. Nearly allgen bond with the His. Rather, it is positioned to act as

a catalytic base in the dephosphorylation reaction. A of the affected residues are identical in SPsynaptojanin,
and all but one of the remainder are conservative substi-key role in catalysis is consistent with the total loss of

catalytic activity observed for the corresponding D476A tutions. Thus, the SPsynaptojanin-IPP5C structure can
be used to understand the structural basis for this ge-mutant of platelet 75 kDa inositol polyphosphatase II

(5-phosphatase II). The Asn in consensus position 6 of netic disease. Only one mutation is difficult to map onto
the SPsynaptojanin-IPP5C structure, a Val that corre-the first motif (SPsynaptojanin 742) stabilizes Arg-744.

This Arg, consensus position 8, directly interacts with sponds to an insertion between residues 824 and 825
of SPsynaptojanin. The remainder of the mutations canIns(1,4)P2. Roles of the Asn and Arg in the active site

are consistent with the complete or near complete loss be divided among those that directly impair binding and
catalysis, and those that alter stability by disrupting theof activity in the corresponding N478A and R480A mu-

tants of 5-phosphatase II (Jefferson and Majerus, 1996). hydrophobic core or the polar Asp/Asp/Arg/Tyr core.
In the second motif, consensus position 4 can be a

Cys or Thr. In SPsynaptojanin, this corresponds to Thr- Conclusions
815. Thr-815 directly interacts with His-839 from the
side opposite to Asp-740 in motif 1. Asp-816 forms a The structure of the SPsynaptojanin-IPP5C domain re-

veals how a conserved DNase-like catalytic core hashydrogen bond with the catalytic His-839, implicating
the Asp directly in catalysis. Arg-817 in consensus posi- been expanded to yield a diverse family of inositol poly-

phosphate signaling enzymes. Variations in the surfacetion 6 is not part of the active site, but rather participates
in a buried charge and hydrogen bonding network with surrounding the active site contribute to specificity for
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in SHARP (de la Fortelle and Bricogne, 1997). Phases were improvedlipid versus soluble inositol polyphosphates. Differ-
with density modification in SOLOMON (Abrahams and Leslie, 1996).ences in the a7-b9 loop appear to be primarily responsi-
The model was built into a 2.8 Å electron density map with O (Jonesble for differences in preferences for 3-phosphorylated
et al., 1991). Model refinement was carried out with CNS (Brünger

versus other substrates. This information provides new et al., 1998) using torsional dynamics and the maximum likelihood
avenues to manipulate the signaling specificity of target function and all measured data from the native set to 2.0 Å

resolution and Ca-Ins(1,4)P2-complex set to 1.8 Å resolution. The5-phosphatases as probes for their cellular function. The
refinement was monitored using the free R factor calculated withstructure also allows an understanding of the molecular
10% of observed reflections. The refined crystal structure includesmechanisms whereby missense mutations in genes
residues 534–878 of SPsynaptojanin and 186 water molecules for thecoding for 5-phosphatases can lead to disease. Finally,
native model, and residues 534–878 of SPsynaptojanin, 1 Ins(1,4)P2the first structure of an IPP5C domain provides a starting molecule, 1 calcium ion, and 224 water molecules for the Ca21-

point for structure-based inhibitor design against such Ins(1,4)P2-complex model. The structures were analyzed using PRO-
CHECK (Laskowski et al., 1993). 89.2% and 90.2% of the residuespotential therapeutic targets as SHIP2.
in native model and in the Ca-Ins(1,4)P2-complex model, respec-
tively, fall in most favored regions. Only one residue, Val-644, fallsExperimental Procedures
in the disallowed regions of the Ramachandran plot. Val-644 is on
the border of the disallowed region, and as this residue is in a regionProtein Expression and Purification
of excellent electron density, we are confident its conformation isDNA coding for S. pombe SPsynaptojanin residues 534–880 was
modeled correctly.amplified by PCR using S. pombe cosmid c2G2 as a template and

subcloned into the BamHI and EcoRI sites of a modified pET22b
Acknowledgmentsvector (Sheffield et al., 1999) containing a TEV protease cleavage

site. Site-directed mutations were introduced by PCR using the
We thank Z. Dauter and B. Canagarajah for assistance with dataQuikChange method (Stratagene). The His6-tagged protein was ex-
collection at beamline X9B, National Synchrotron Light Source,pressed in Escherichia coli BL21 (DE3) cells (Novagen); SPsynapto-
Brookhaven National Laboratories; M. Pearson, B. Miller, and C.janin-IPP5C domain was purified from the lysate using Ni-NTA resin
Heaton at beamline F2, CHESS; L. Cantley (Harvard Medical School,(Qiagen), and cleaved by incubation with TEV protease (Life Technol-
Boston, MA) for kindly providing recombinant PI3Kinase; R. Gwilliamogies). The cleaved His6 tag and His6-tagged TEV protease were
(The Sanger Centre,UK) for providing the S. pombe cosmid; and A.removed by Ni-NTA resin. The protein yield was 80 mg L21 bacterial
Hickman for comments on the manuscript.culture.
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