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Abstract

Phosphoinositides (PIs) are a group of key signaling and structural lipid molecules involved in a 

myriad of cellular processes. PI phosphatases, together with PI kinases, are responsible for the 

conversion of PIs between distinctive phosphorylation states. PI phosphatases are a large 

collection of enzymes that are evolved from at least two disparate ancestors. One group is 

distantly related to endonucleases, which applies divalent metal ions for phosphoryl transfer. The 

other group is related to protein tyrosine phosphatases, which contains a highly conserved active 

site motif Cys-X5-Arg (CX5R). In this review, we focus on structural insights to illustrate current 

understandings of the molecular mechanisms of each PI phosphatase family, with emphasis on 

their structural basis for substrate specificity determinants and catalytic mechanisms.
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1. Introduction

Phosphoinositides (PIs) are pivotal cellular regulators and play essential roles in a broad 

spectrum of cellular processes including defining intracellular organelle identity, cell 

signaling, proliferation, cytoskeleton organization, and membrane trafficking [1–4]. PIs are 

a collection of seven lipid derivatives that differ with regard to the presence or absence of 

phosphate groups at the 3′, 4′, and 5′ positions. The reversible phosphorylation of PIs is 

under tight spatial temporal control by a large number of PI kinases and phosphatases that 

are present throughout eukaryotic species.

In the past thirty years, significant advances have been made in the PI phosphatase field. 

With the completion of human genome and whole genome sequencing of many other 

species, genes that encode PI phosphatases have been well documented. Based on catalytic 

mechanisms, PI phosphatases can be categorized into two major classes.
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One class is the inositol polyphosphate 5-phosphatases, which are Mg2+-dependent 

phosphatases comprising 10 mammalian [5] and 4 yeast members [6]. 5-phosphatases have a 

characteristic central catalytic domain that exhibits sequence homology to the apurinic/

apyrimidic family of endonucleases [7]. Members of this class hydrolyze the D5 phosphate 

of the inositol ring of both soluble inositol polyphosphates and membrane-bound PIs [8].

The other class is characteristic of a highly conserved CX5R active site motif, of which the 

cysteine residue functions as the nucleophile while the arginine residue positions the scissile 

phosphate group. Based on their primary sequences, enzymes in this class can be further 

divided into four sub-families that include the Sac1 domain containing phosphatase, PTEN, 

myotubularin, and 4-phosphatase. In addition to the eukaryotic PI phosphatases, several 

bacterial pathogens also encode CX5R-based PI phosphatases. The SopB/SigD of 

Salmonella typhimurium [9] and its ortholog IpgD from Shigella flexneri [10] are PI 

phosphatases that play multiple roles in bacterial entry and/or intracellular survival [10, 11]. 

Recently, we identified two novel CX5R-based PI phosphatases, SidF and SidP from 

Legionella pneumophila that may play a role in the active controlling of the lipid 

composition of Legionella-containing vacuoles [12, 13]. Studies of these PI phosphatases 

are providing new insights into the mechanism of CX5R-dependent PI phosphatases.

Over the last decade, a wealth of structural information of PI phosphatases has accumulated. 

This review highlights structural insights into each family of PI phosphatases to illustrate the 

mechanism of substrate specificity, membrane targeting, and catalysis.

2. 5-phosphatases

2.1 The 5-phosphatase family

The inositol polyphosphate 5-phosphatases are a group of Mg2+-dependent phosphatases 

first characterized in studies on the metabolism of the inositol phosphate second messenger 

Ins(1,4,5)P3 [14, 15]. The first 5-phosphatase gene cloned in the early 90’s [16, 17] is named 

INPP5A or 5-phosphatase type I. It has a molecular weight of 43-kD and hydrolyses only 

the soluble inositol polyphosphates Ins(1,4,5)P3 and Ins(1,3,4,5)P4. Following these earlier 

studies, other 5-phosphatases were discovered. For example, the 75-kD INPP5B purified 

from human platelet was shown to have activity against PI(4,5)P2, and PI(3,4,5)P3 besides 

Ins(1,4,5)P3 and Ins(1,3,4,5)P4 [18, 19]. Subsequently, the human cDNA encoding INPP5B 

was cloned [20, 21]. At approximately the same time, the gene responsible for the human X-

linked disease Oculocerebrorenal Syndrome of Lowe (OCRL) was mapped and shown to be 

highly homologous to INPP5B [22]. Like INPP5B, OCRL is a multidomain-containing 

phosphatase with a PH domain at the N-terminus [23] followed by a central 5-phosphatase 

catalytic domain, an ASH domain [24], and a C-terminal RhoGAP-like domain. Unlike 

INPP5B, which has a CAAX motif at its C-terminus [21], OCRL has two clathrin-binding 

motifs within its N-terminal PH domain and C-terminal RhoGAP-like domain, respectively 

(Fig. 1) [23, 25]. OCRL hydrolyzes PI(4,5)P2, PI(3,4,5)P3, and inositol polyphosphates 

Ins(1,4,5)P3 and Ins(1,3,4,5)P4, with a preference for PI(4,5)P2 [26, 27].

The repertoire of 5-phosphatases continued to grow when synaptojanin 1 (SYNJ1) was 

discovered to be responsible for the hydrolysis of PI(4,5)P2 on synaptic vesicles at the nerve 
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terminal [28]. SYNJ1 deletion mice develop neurological defects with accumulated clathrin-

coated vesicles in nerve endings [29]. These findings provided strong evidence for the 

critical role of PIs in membrane trafficking in addition to their classical roles as second 

messengers in signal transduction [30]. Along this line, a ubiquitously expressed SYNJ1 

homologue, SYNJ2 was identified [31]. Besides the 5-phosphatase domain, SYNJ1 and 

SYNJ2 share an N-terminal Sac1 domain, which was later found to be a member of a new 

family of PI phosphatases [32]. Human SYNJ1 and SYNJ2, but not yeast synaptojanin 

homologues, also contain an RNA binding domain (protein data bank ID: 2DNR; 1UFW) 

after their central 5-phosphatase domain (Fig. 1). The large C-terminal portion in both 

SYNJs is a divergent proline-rich region (PRD), which contains a string of peptide motifs 

that mediate bindings with a variety of endocytic proteins such as amphiphysin [28] and 

endophilin [33, 34]. Biochemical characterization showed that the N-terminal Sac1 domain 

of synaptojanins predominantly dephosphorylates PI(3)P and PI(4)P, whereas the 5-

phosphatase domain dephosphorylates PI(4,5)P2 and PI(3,4,5)P3 at the 5′ position of the 

inositol ring [28, 29, 32, 35]. Abnormalities of these two phosphatases have been linked to 

several neuronal diseases. For example, overexpression of SYNJ1 resulting from trisomic 

duplication may contribute to brain dysfunction in mouse models of Down’s syndrome [36, 

37] and bipolar disorder [38, 39]. In addition, a mutation in the Sac1 domain is linked with 

early-onset progressive Parkinsonism [40]. In a mouse mutant strain called Mozart, a 

mutation in SYNJ2 is implicated in progressive hearing loss [41].

The fact that synaptojanins possess both the Sac1 and the 5-phosphatase domains leads to a 

fascinating speculation that the two catalytic domains may function in a concerted way. In 

the concerted model, the 5-phosphatase domain converts PI(4,5)P2 to PI(4)P, which is 

efficiently diffused to the Sac1 domain for further dephosphorylation to phosphatidylinositol 

(PtdIns) without accumulation of the intermediate en route. This processive mode of 

hydrolysis may permit the rapid inactivation of PI(4,5)P2 following endocytosis, thereby 

avoiding mis-targeting of endocytic transport factors to intracellular membranes.

The other 5-phosphatase family member SHIP1 plays an important role in immune response. 

It was first identified as a 145-kD tyrosine phosphorylated protein from haematopoietic cells 

upon cytokine stimulation [42]. SHIP1 was then cloned and shown to hydrolyze PI(3,4,5)P3 

and Ins(1,3,4,5)P4 in vitro [43–45]. The close homologue of SHIP1, SHIP2, plays a role in 

the negative regulation of insulin signaling [46] and serves as a potential drug target for 

obesity. Interestingly, SHIP2 hydrolyses Ins(1,3,4,5)P4, PI(3,5)P2, and PI(3,4,5)P3, but not 

PI(4,5)P2 [47, 48]. Both SHIP1 and SHIP2 have an SH2 domain at their N-terminus, a 

central 5-phosphatase catalytic domain, and a C-terminal PRD. SHIP2, but not SHIP1, also 

has a SAM (sterile alpha motif) domain at its C-terminus (Fig. 1).

Other 5-phosphatases, including PIPP (INPP5J), SKIP (INPP5K), and Pharbin (INPP5E), 

are less well studied. INPP5E has an N-terminal PRD, a central 5-phosphatase catalytic 

domain, and a C-terminal CAAX motif. INPP5E preferentially hydrolyses PI(3,4,5)P3 and 

PI(4,5)P2 [49, 50]and is linked to PI signaling in the primary cilium and mutations in 

INPP5E cause cilium signaling defects, which lead to a human genetic disease, called 

Joubert syndrome [51–53]. SKIP (INPP5K) is a skeletal muscle and kidney enriched 5-

phosphatase, which contains an N-terminal 5-phosphatase domain and a unique SKICH 
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domain at the C-terminus [54, 55]. SKIP decreases PI(3,4,5)P3 levels upon insulin 

stimulation and SKIP knockout mice show increased insulin sensitivity [56]. The last human 

5-phosphatase is PIPP, which has two PRD domains at its N-and C-terminus and a central 

catalytic domain followed by a SKICH domain [57]. PIPP can hydrolyze Ins(1,4,5)P3, 

Ins(1,3,4,5)P4, PI(4,5)P2, and PI(3,4,5)P3 in vitro [57]. However, it is shown to be a novel 

negative regulator of PI 3-kinase pathway by hydrolyzing PI(3,4,5)P3 in vivo [58].

With the completion of genome projects of human and other organisms, ten 5-phosphatases 

have been identified in mammals and five in yeast [8]. In addition to their catalytic domain 

of approximately 300 amino acids, all 5-phosphatases contain a variety of domains or motifs 

that determine their cellular localization and/or regulate their activity (Fig. 1). Crystal 

structures of 5-phosphatase catalytic domains from several members have been determined 

[59–61]. These structures provide insights into the molecular basis for catalysis, substrate 

recognition, membrane interaction, as well as human genetic diseases.

2.2 Crystal structure of the PI-5-phosphatase catalytic domain

The first crystal structure of the 5-phosphatase domain was determined from 

Schizosaccharomyces pombe synaptojanin [59]. The structure reveals that the core of the 5-

phosphatase domain consists of two layered β-sheets with one containing 5 β-strands and 6 

for the other. These two sheets stack on each other in a parallel way forming a stable core by 

burying a large number of hydrophobic residues in between. The α-helices form two α-

helical layers on each side of the central β-sheet core. The catalytic site created by loops and 

several α-helices lies at the top edge of the two layered β-sheets (Fig 2A). Although it has no 

detectable sequence homology, the 5-phosphatase shows an extensive structural similarity to 

endonucleases, such as the well-studied apurinic/apyrimidic (AP) endonuclease APE1 [62]. 

Structural comparison with APE1, together with recent crystal structures of 5-phosphatase/

lipid complexes [60], has shed light on the molecular basis for the catalytic function of 5-

phosphatases.

2.3 Membrane binding

Most of the 5-phosphatases prefer to act on membrane-embedded PI substrates. Therefore, 

hydrophobic membrane interacting motifs (MIM) on the catalytic domain are often required 

to mediate the interaction between the protein and membrane bilayer. The 5-phosphatase 

domain of INPP5B in complex with diC8 PI(4)P reveals exemplary structural features for 

membrane docking (Fig. 2B) [60]. In the complex structure, the aliphatic chains of diC8 

PI(4)P pack against two α-helices enriched with hydrophobic residues (colored gold in Fig. 

2B). These hydrophobic residues are likely to penetrate into the hydrophobic lipid bilayer to 

access the substrate. In addition to hydrophobic residues, several cationic residues, including 

His314, Lys308, Arg376, and Arg410, may contribute to the electrostatic interactions with 

negatively charged lipid head groups. Therefore, both hydrophobic and electrostatic 

interactions may facilitate the anchoring of the 5-phosphatase domain on membrane 

interface and may enhance the processivity of PI hydrolysis. It is interesting to note that 

although the primary sequence of these two α-helices is variable in other 5-phosphatases, 

the hydrophobic nature of these residues is conserved. The differences in the membrane 

binding region imply a differential preference for membrane with unique physical 
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properties. This may explain the observed enzyme sensitivities to fatty acid composition and 

membrane curvature [26, 63].

2.4 Substrate specificity

Most of the 5-phosphatases selectively hydrolyze the D5 phosphate from either PI(4,5)P2 or 

PI(3,4,5)P3. This preference suggests that the D4 phosphate is the key group for enzyme 

recognition. The complex structure of the diC8 PI(4)P bound INPP5B catalytic domain 

reveals four highly conserved residues within a long loop, forming a so-called P4IM (P4-

interacting-motif) to accommodate the D4 phosphate [60]. Within the P4IM, three cationic 

residues, K503, K516, and R518 interact with the D4 phosphate through intensive 

electrostatic and hydrogen bonding interactions. The hydroxyl group of Y502 also makes a 

hydrogen bond with the D4 phosphate (Fig. 2C). Thus, these four residues function as the 

key specificity determinants for D4-phosphate binding. As a deviation from this basic 

structural feature for substrate selectivity, the P4IM loop in SHIP2 and SHIP1 is seven 

residues longer than in INPP5B. Upon binding of a competitive inhibitor, the P4IM loop 

folds over the inhibitor and an arginine residue shifts to a position allowing direct binding 

with the D3 phosphate on the inositol ring [61]. This new structural feature in SHIP2 and 

SHIP1 may explain the preferred specificity of these two enzymes towards PI(3,4,5)P3 vs. 

PI(4,5)P2. The complex structure of INPP5B with diC8 PI(4)P also highlights the binding 

site for the D1 phosphate group, which is recognized by Asn379 and Lys380 through direct 

hydrogen bonding. The specific recognition by the P4IM and the D1 phosphate binding site 

aligns the substrate in a way that allows the D5 phosphate to be positioned in the catalytic 

site (Fig. 2C).

2.5 Catalytic mechanism

Structural similarity between 5-phosphatases and endonucleases and the similar chemical 

nature of the scissile bond suggest a conserved catalytic mechanism between these two 

families of enzymes [7, 59]. Recent comprehensive studies combining structural, 

biochemical, and computational analyses have led to a unified mechanism for AP nucleases 

[64]. A similar mechanism can be applied to PI-5-phosphatases. Serveral key residues, as 

well as a magnesium ion, required for phosphoryl cleavage have been identified based on 

the diC8 PI(4)P bound INPP5B catalytic domain structure [60] (Fig. 2D). Invariable 

residues N449 and D447 coordinate and activate a water molecule with D447 acting as a 

general base. The activated water molecule attacks the D5 phosphate to form a pentavalent 

phosphate intermediate. The highly negatively charged intermediate is stabilized by the 

Mg2+, which is coordinated by invariable residues E303 and N275, as well as several first 

hydration shell water molecules. The protonation of the departing PI product is not well 

understood, however, one possible mechanism is that the cleaved phosphate group may 

relay the proton from the protonated D524 (Fig. 2D).

2.6 Human disease mutations associated with the 5-phosphatase domain

Structural studies on these enzymes have shed light on many missense mutations in 5-

phosphatases that are associated with several human hereditary diseases [59, 65]. Human 

genetic studies have documented a large number of missense mutations within the 5-

phosphatase domain of OCRL. These are responsible for the Lowe syndrome, as well as the 
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Dent 2 disease, which has a less severe symptom compared to the Lowe syndrome [66]. 

Most of the missense mutations found in Lowe syndrome patients are clustered either in the 

hydrophobic core of the catalytic domain or at the catalytic site. These mutations may cause 

the instability of the protein or directly impair the enzymatic activity. Mutations found in the 

Dent 2 patients tend to be on the surface around the catalytic site, which may have less 

impact on the enzymatic activity [65].

3. The Sac1 family of phosphatases

3.1 The Sac1 family

The founding member of this family Sac1 was originally identified in yeast by two 

independent genetic screens searching for modifiers of actin cytoskeleton defects and of 

trans-Golgi network exocytic failure caused by inactivation of Sec14p, respectively [67–69]. 

Subsequently, the Sac1 domain was found to share considerable homology with mammalian 

synaptojanin [28]. The Sac1 domain comprises approximately 500 amino acids with a highly 

conserved CX5R motif [70] and was demonstrated to possess a PI phosphatase activity [32]. 

With the completed genomes of several species, all genes that contain the Sac1 domain have 

been identified. There are five Sac1 domain-containing proteins in both human and yeast 

(Fig. 3).

Sac1 is a 67kD type II membrane protein that localizes to both ER and Golgi apparatus [71, 

72]. In yeast, loss of function of Sac1 causes a broad range of cellular defects [6] such as 

disorganization of the actin cytoskeleton [67], inositol auxotrophy [71], cold sensitivity for 

growth [67], multiple drug sensitivities [73], vacuolar function [74, 75], cell wall 

maintenance [76], and ATP uptake into the ER [77]. Sac1 mutants in Drosophila die as 

embryos with defects in dorsal closure [78]. Mouse strains deficient in Sac1 are embryonic 

lethal [79, 80]. Knockdown of Sac1 expression in mammalian cells results in 

disorganization of Golgi membranes and mitotic spindles [79, 80]. These findings suggest 

an essential role of Sac1 in multicellular organisms. In vitro studies have demonstrated that 

Sac1 dephosphorylates a number of PIs, including PI(3)P, PI(4)P, and PI(3,5)P2 [32]. In 

vivo, genetic ablation of Sac1 activity in yeast results in a nearly 10-fold increase in the 

steady state levels of PI(4)P with little effect on PI(4,5)P2 [32, 72, 81], suggesting that yeast 

Sac1p is a major enzyme for PI(4)P degradation in vivo.

Sac2 is also named INPP5F. Besides its N-terminal Sac1 domain, Sac2 has a unique domain 

named hSac2 (homology of Sac2) with unknown function and a C-terminal proline-rich 

domain (Fig. 3). Initial cloning and characterization show that this enzyme exhibits 5-

phosphatase activity specific for PI(4,5)P2 and PI(3,4,5)P3 [82]. Along this line, Sac2 is 

shown to hydrolyze PI(3,4,5)P3 and thereby inactivates Akt signaling, which eventually 

leads to the attenuation of heart hypotrophy [83]. Moreover, Sac2 deficient mice display 

abnormal fetal gene reactivation and increased susceptibility to stress induced heart 

hypertrophy. On the other hand, Sac2 transgenic mice prevent the animal from developing 

these symptoms [84].

Sac3, also known as Fig4p, was originally identified in a screen for genes induced by mating 

pheromone in Saccharomyces. cerevisiae [85]. Sac3 is a PI-5-phosphatase that specifically 
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hydrolyzes PI(3,5)P2 to generate PI(3)P both in vitro and in vivo [86–88]. Interestingly, 

Sac3/Fig4p forms a complex with a PI(3)P-5-kinase Fab1p and a scaffold protein Vac14p. 

This complex is also conserved in mammals and is responsible for the acute regulation of 

subcellular levels of PI(3,5)P2 [89–92]. Genetic mutations affecting the function of this 

complex lead to a number of diseases, including Charcot-Marie-Tooth (CMT) type 4J, a 

subset of amyotrophic lateral sclerosis (ALS) in human, and neurodegeneration in the pale 

tremor mouse [93–95].

3.2 Crystal structure of Sac1

The Sac1 domain of yeast Sac1 is the only crystal structure solved in this family to this day 

[96]. The structure reveals that the Sac1 domain is composed of two closely packed 

subdomains: a novel N-terminal sub-domain and the catalytic sub-domain. The N-domain 

has a unique fold comprised of three layers of β-sheets, and one long and three short α-

helices. The function of the N-domain is still unclear, but it may mediate protein-protein 

interactions that may direct Sac1-mediated dephosphorylation of PI(4)P on a specific 

membrane compartment [97]. Indeed, a recent report showed that the N-domain of Sac1 

interacts with Vps74 for the localized phosphatase activity within the Golgi apparatus [98].

The catalytic domain consists of a nine-stranded β-sheet flanked by five α-helices with two 

and three on each side of the β-sheet (Fig. 4A). Conserved among all CX5R motif-based 

phosphatases, Sac1 has a central structural core formed by four parallel β-strands and one α-

helix. The loop (P-loop) connecting this α-helix and one of the β-strands harbors the 

catalytic CX5R motif (Fig. 4B). The other conserved structural feature among all CX5R 

motif-based phosphatases is the overall surface charge distribution. The surface hosting the 

catalytic CX5R motif is largely positively charged (Fig. 4C). On this surface, several flexible 

loops enriched with hydrophobic residues surround the catalytic site and likely facilitate the 

association of the enzyme with the anionic membrane bilayer.

Compared with the structure of PTEN [99] or myotubularins [100, 101], one difference is 

evident. The catalytic P-loop of Sac1 assumes a unique conformation in that the catalytic 

cysteine (C392) is oriented away from the conserved R398 in the CX5R motif. This 

difference suggests that a conformational change of the catalytic P-loop may be required to 

achieve full enzymatic activity (Figs. 4B and E). Sac1 is found to be an allosteric enzyme 

and its activity can be stimulated by anionic phospholipids [102]. However, comprehensive 

understanding of the catalytic mechanism requires co-crystal structures of Sac1 with bound 

substrate or activator.

Sac1 is localized on the endoplasmic reticulum (ER) and Golgi apparatus via its two C-

terminal transmembrane motifs. An intriguing question remains in the field as to whether 

Sac1 hydrolyzes PI(4)P on the same membrane that it anchors (cis model) or on a different 

membrane compartment (trans model). Genetic data have shown that inactivation of Sac1p 

leads to a specific increase in the cellular level of PI(4)P and the bulk of accumulated PI(4)P 

is generated by the phosphoinositol-4 kinase Stt4 at the plasma membrane [74, 75]. Sac1 has 

been proposed to control the PI(4)P levels at the plasma membrane (PM) at the ER-PM 

contact sites in a trans mode [103]. The presence of a long linker between the catalytic 

domain and the first transmembrane motif allows the enzyme to overcome the gap between 
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ER and PM at the contact sites and hydrolyze substrates in trans. Recent studies also suggest 

that Sac1 can hydrolyze PI(4)P in cis on the ER membrane to facilitate the sterol/PI(4)P 

exchange between ER and Golgi apparatus [104]. The exact mode of how Sac1 functions is 

still under debate. More delicate experiments are needed to dissect the mechanism. 

However, it is possible that Sac1 can hydrolyze its substrates both in cis and in trans 

depending on the presence of its associated regulatory proteins.

4. PTEN

4.1 The PTEN phosphatase family

PTEN (phosphatase and tensin homolog located on chromosome TEN) was first identified 

as a tumor suppressor gene located on chromosome 10q23 [105, 106]. PTEN is one of the 

most frequently mutated genes found in diverse human cancers [105–109] and in hereditary 

cancer predisposition syndromes, such as Cowden [110, 111]. PTEN contains the CX5R 

phosphatase catalytic signature motif and is initially reported to function as a protein 

tyrosine phosphatase [107]. It was later demonstrated that the principal catalytic function of 

PTEN is to dephosphorylate the D3 phosphate of PI(3,4,5)P3 [112], thereby antagonizing 

the PI 3-kinase signaling pathway [113]. Following its initial identification and 

characterization, extensive research on its physiological roles has been done in various cell 

cultures and animal models [114]. Results from these studies have implicated PTEN in a 

variety of cellular processes such as cell polarity, adhesion, migration, survival, metabolism, 

immune response, cell cycle progression, and DNA repair [115].

PTEN is composed of an N-terminal phosphatase domain, followed by a C2 domain, which 

contributes to membrane binding and phosphatase activation [116]. PTEN also has a C-

terminal tail region that contains multiple phosphorylation sites and a PDZ domain-binding 

sequence (Fig. 5). Bioinformatic analysis revealed several distinct PTEN-related genes. The 

testis specific TPTE (transmembrane phosphatase with tensin homology) is localized to the 

PM but lacks PI phosphatase activity [117, 118]. TPIP (TPTE and PTEN homologous 

inositol lipid phosphatase), which comprises several splice isoforms and displays similar 3-

phosphatase activity compared with PTEN [118]. Interestingly, another TPIP ortholog in the 

marine invertebrate, Ciona intestinales, is a voltage-sensitive phosphatase (VSP) [119]. VSP 

consists of a transmembrane voltage sensing domain (VSD) and a cytoplasmic PTEN-

related phosphatase domain (Fig. 5), which couples the phosphatase action directly to 

membrane potential changes. However, unlike PTEN, VSP hydrolyzes the D5 phosphate 

from PI(4,5)P2 and PI(3,4,5)P3 [120, 121]. Structural studies of PTEN [99] and several 

VSPs [122, 123] have provided significant insights into their substrate specificity and 

mutations in the context of various human diseases.

4.2 Crystal structure of PTEN

The crystal structure of PTEN was solved with the phosphatase domain and the C2 domain 

in tandem [99]. The phosphatase assembles in an overall fold similar to protein tyrosine 

phosphatases with a central five-stranded β-sheet sandwiched by 6 α-helices (Fig. 4D). 

Compared with other proteins or PI phosphatases, the core of the phosphatase domain, 

which contains four parallel β-strands and one α-helix with the catalytic P-loop connecting 
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one of the β-strands and the α-helix, is conserved (Fig. 4E). The catalytic P-loop containing 

the CX5R motif resides in a deep and wide pocket at the center of the phosphatase domain. 

This pocket is surrounded by several functional loops including a so-called “TI” loop 

(named after the conserved threonine and isoleucine residues) and a “WPD” loop, where the 

Asp residue functions as both a general acid and base during catalysis. The catalytic pocket 

is highly positively charged (Fig. 4F), which is a critical determinant for the binding of 

heavily negatively charged substrates. The structure also reveals the presence of a C2 

domain. The C2 domain consists of a core β-sandwich made up of two antiparallel β-sheets, 

and two short α-helices near the interface. The phosphatase and the C2 domains are tightly 

packed against each other sharing an extensive interface enriched with hydrophobic and 

aromatic residues, and an interdomain hydrogen-bonding network. Mutations affecting this 

interface are frequently observed in cancer [124].

4.3 Substrate specificity and membrane binding

The structure of PTEN, as well as recently determined VSP structures, unraveled several 

structural determinants for the remarkable substrate specificity of PTEN family 

phosphatases. PTEN prefers to hydrolyze the D3 phosphate of PI(3,4,5)P3. To accommodate 

the bulky headgroup of PI(3,4,5)P3, PTEN has evolved to possess a wide and deep catalytic 

pocket. This enlarged pocket is created by a conserved 4-residue insertion within the “TI” 

loop. Moreover, the catalytic site of PTEN is more positively charged than that of Sac1 or 

MTM as demonstrated by the calculated electrostatic potentials (Fig. 4F), which is in 

agreement with its preference for PI(3,4,5)P3, the most negatively charged PIs species. 

Contrary to PTEN, the other family member, VSP prefers to hydrolyze the D5 phosphate on 

PI(4,5)P2 and PI(3,4,5)P3 [120, 121]. This discrepancy is at least partially explained by a 

residue substitution within the catalytic CX5R motif (a G365 in VSP, while A126 in PTEN) 

since the G365A mutation abolishes the activity of VSP against PI(4,5)P2 [120]. Structures 

of the PTEN family enzymes also revealed the role of the C2 domain in membrane 

association. The C2 domain of PTEN has two protruding solvent exposed loops clustered 

with 9 basic and two hydrophobic residues on the same face as and in close proximity to the 

active site. These two loops are likely inserted into the lipid bilayer, thereby contributing to 

the activation of the phosphatase domain [99].

In spite of the intense biochemical and structural studies of PTEN family phosphatases, the 

exact molecular mechanisms for substrate determination, particularly the distinct preference 

for the scissile phosphate group by PTEN and VSP, remain to be established. Future work 

with complex structures of enzymes with their cognate lipid substrates or products is 

necessary to answer these intriguing questions.

5. Myotubularins

5.1 The myotubularin family of phosphatases

The myotubularin family consists of 15 members that are named MTM1 and MTMRs 1–14. 

Myotubularins are only found in eukaryotes and are highly conserved from yeast to human. 

The first member of this family, MTM1, was identified as gene mutated in patients with a 

congenital muscle disorder called X-linked myotubular myopathy [125]. The protein 
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sequence of MTM1 shares similarity with protein tyrosine phosphatases (PTPs), but exhibits 

poor activity towards phosphoprotein substrates [126]. The enzymatic activity of MTM1 

was further characterized by two independent studies which demonstrated that MTM1 is a 

PI-3-phosphatase that hydrolyzes PI(3)P and PI(3,5)P2 [127, 128]. With complete genome 

sequencing, 14 myotubularin-related (MTMR) genes are identified to date. MTM1 and 

MTMRs constitute the largest family of CX5R dependent PI phosphatases.

Members of the myotubularin family share a common functional core, which encompasses 

the PI-binding PH-GRAM (Pleckstrin homology-glucosyltransferases, rab-like GTPase 

activators and myotubularin) domain [129–131] and the catalytic PTP (Protein tyrosine 

phosphatase) domain (Fig. 6). Most myotubularins contain a CC (coiled-coil) region, which 

is important for homodimerization and/or heterodimerization [132]. In addition, MTM1 and 

MTMR1/2 have a PDZ-binding domain at the C-terminal end to mediate protein-protein 

interactions. Other individual family members, MTMR3/4 have a C-terminal FYVE domain 

[133], while MTMR5/13 contain a DENN [134] and a PH domain at the N-and C-terminus, 

respectively (Fig. 6). Interestingly, the PTP phosphatase domains of some members are 

catalytically inactive. Hence, the MTM family of phosphatases can be divided into both 

catalytically active and inactive members. Similar to MTM1, the catalytically active 

members (MTMR2-4, MTMR7-8, and MTMR14) contain the intact canonic CX5R motif 

and preferentially hydrolyze PI(3)P and PI(3,5)P2. However, the rest of members in the 

family (MTMR5 and MTMR9-13) contain inherent missense substitutions at the conserved 

Cys and Arg residues within the CX5R motif and thus are catalytically inactive [135, 136]. 

Despite lacking enzymatic activity, these catalytically-dead phosphatases can heterodimerize 

with the active homologs thus may act in conjunction with active MTMRs to regulate, 

perhaps, the localization and activity of the active MTMR [132, 137, 138].

Crystal structures of human MTMR2 in its apo form and in complex with its substrates have 

been determined. The structural information has significantly advanced our understanding of 

the catalytic mechanism as well as the pathological mutations associated with human 

diseases for this family of phosphatases.

5.2 Crystal structure of myotubularin phosphatases

The crystal structure of human MTMR2 [100] reveals that the PH-GRAM domain adopts 

the PH domain architectural fold of 7 β-strands sealed on one side by a C-terminal α-helix. It 

is connected to the phosphatase domain via a 20-residue linker and is directly apposed to the 

phosphatase domain to form a compact globular structure (Fig. 4G). However, a recent 

structure of MTMR6 (PDB ID: 2YF0; Moche et al., unpublished) reveals that the PH-

GRAM domain is completely displaced from the phosphatase domain. This difference 

suggests that at least in some myotubularins, the PH-GRAM domain has an independent role 

to the phosphatase domain. The function of the PH-GRAM is likely to facilitate the 

membrane association via binding with PIs by flexible solvent accessible loops (loops 

connecting β1/β2, β3/β4, and β6/β7). The phosphatase domain (~375 residues) is composed 

of a flat 7-stranded β-sheet surrounded by 13 α-helices. Similar to other CX5R motif-based 

phosphatases, the catalytic core consists of 4 parallel β-strands, one α-helix, and a loop 

containing the catalytic CX5R motif connecting between one of the β-strands and the α-helix 
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(Fig. 4H). Conserved in all phosphatases acting at the membrane interface, the structure also 

reveals a highly positively charged surface encompassing the active site pocket (Fig. 4I).

5.3 Substrate specificity and catalytic mechanism

The complex structures of MTMR2 with its substrates PI(3)P and PI(3,5)P2 revealed the 

structural component for membrane interaction [101, 139] (Fig. 7A). The aliphatic lipid acyl 

chains of the substrate are packed against helix α6, which contains a number of surface 

exposed hydrophobic residues and two lysine residues (Fig. 7B). This α-helix is highly 

solvent exposed and projects above the substrate binding pocket. The structure and chemical 

nature of α6 may allow it to partially insert into the membrane bilayer while membrane-

embedded substrates are being hydrolyzed.

The complex structures also highlighted structural features for substrate selectivity [101, 

139]. MTMR2 has a unique D5 phosphate recognition site, where R459 and R463 engage 

with the D5 phosphate of PI(3,5)P2 through extensive salt bridges as well as hydrogen 

bonding interactions (Fig. 7C). However, the D5 phosphate recognition site is not involved 

in the binding of PI(3)P. The recognition of PI(3)P is through two other key structural 

features. First, residues N330, N355, S418, and R423 form another site to accommodate the 

D1 phosphate of the substrate by making hydrogen bonds with the D1 phosphate. Second, 

the side chains of R463 and particularly the bulky W421 are close to and form hydrogen 

bonds with the 4′ hydroxyl group of the inositol ring. These two residues prohibit the 

binding of any PIs phosphorylated at the D4 position due to a potential steric clash with the 

D4 phosphate. Together, these structural features provide not only the selectivity but also the 

proper positioning of the D3 phosphate of the substrate. The D3 phosphate makes seven 

hydrogen bonds with the amides of the P-loop and the guanidinium side chain of R423 and 

is readily attacked by the catalytic cysteine. Due to the conservation of the catalytic motif, it 

is plausible to propose a similar catalytic mechanism for all CX5R-based phosphatases 

including myotubularins. The detailed mechanism is illustrated in Fig. 8D.

6. 4-phosphatases

The first member of this unique CX5R motif-based phosphatase family was demonstrated to 

hydrolyze specifically the D4 phosphate of PI(3,4)P2 with proteins purified from rat brain 

[140]. Subsequently, two mammalian genes encoding PI(3,4)P2 4-phosphatases, INPP4A 

and INPP4B were cloned [141, 142]. INPP4A and INPP4B share an overall 37% sequence 

identity and a similar domain structure of an N-terminal C2 domain, a large unknown central 

domain, and a C-terminal catalytic domain [143]. INPP4A is shown to be a negative 

regulator of Akt signaling [144]. Mutations in this gene in two different mouse models lead 

to neurodegeneration, suggesting a critical role of INPP4A in neuronal function [145, 146]. 

INPP4B is also shown to reduce Akt activation and accumulating evidence suggests 

INPP4B is a tumor suppressor in human cancers [143]. The 4-phosphatase catalytic domain 

is found to share sequence homology with two other enzymes, P-Rex1 and P-Rex2 [147]. 

Both P-Rex1 and P-Rex2 have a RacGEF activity mediated by their N-terminal DH-PH 

domain. However, neither of the 4-phosphatase homology domains exhibits 4-phosphatase 

activity [143, 147].
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Unfortunately, crystal structures of any members in this family are still unavailable. It is 

intriguing to address how this group of enzymes achieve their unique substrate specificity by 

hydrolyzing the D4 phosphate only from PI(3,4)P2. Due to their essential role in mammals 

and links to human diseases, elucidation of the protein structure of this family is warranted.

7. Bacterial PI-phosphatases

7.1 PI-phosphatases encoded by bacterial pathogens

It has been increasingly recognized that modulation of host PI signaling and metabolism is 

critical for the pathogenicity of many human pathogens [148, 149]. One strategy to exploit 

host PI pathways by several bacterial pathogens is to inject PI metabolizing enzymes into 

the host. Many of these enzymes, particularly PI phosphatases have been documented. The 

enterobacteria Salmonella enterica, which causes food-borne gastroenteritis and typhoid 

fever in human, delivers a PI phosphatase SigD/SopB into the host and is essential for 

enteropathogenicity [9]. SopB is shown to have sequence homology with mammalian 

inositol polyphosphate 4-phosphatases and has a broad spectrum of substrate specificity 

[150, 151]. Shigella flexneri, the causative agent of human dysentery injects a SopB 

ortholog, IpgD into the host cells. IpgD prefers to hydrolyze PI(4,5)P2 to generate PI(5)P 

[10] leading to membrane blebbing and actin filament remodeling and promotes the entry of 

the bacterium. Mycobaterium tuberculosis, the causative agent for tuberculosis, secretes two 

PI phosphatases SapM and MptpB. SapM hydrolyzes PI(3)P and inhibits phagosome-late 

endosome fusion in vitro, and inhibits phagosomal maturation [152]. MptpB was first 

reported as a protein tyrosine phosphatase [153] and was later demonstrated to preferentially 

hydrolyze PI(3)P and PI(3,5)P2 [154]. The marine bacterium, Vibrio parahaemolyticus, 

which causes gastroenteritis in humans, encodes a PI-5-phosphatase-like effector VPA0450 

[155]. VPA0450 hydrolyzes the D5 phosphate from the plasma membrane PI(4,5)P2 causing 

plasma membrane blebbing and cell lysis [155].

Two novel CX5R-based PI phosphatases, named SidF and SidP were recently reported in 

Legionella pneumophila, the causative agent of Legionnaires’ disease [12, 13]. Both SidF 

and SidP are PI-3-phosphatases with different substrate specificity. SidF specifically 

hydrolyzes the D3 phosphate of PI(3,4)P2 and PI(3,4,5)P3 [12], while SidP hydrolyzes 

PI(3)P and PI(3,5)P2 [13]. Through the concerted action of these two PI phosphatases, 

Legionella may be able to change the lipid identity of the Legionella-containing vacuoles 

(LCV), thus establishing an amenable niche for bacterial intracellular propagation. 

Structural studies of SidF and SidP provided a structural paradigm for bacterial CX5R-based 

PI phosphatases and shed light on the molecular mechanisms of this new family of 

phosphatases.

7.2 Crystal structures of SidF and SidP

SidF and SidP have unique primary sequences. Except for the sequence near the catalytic 

core, SidF and SidP lack detectable sequence homology with other known PI phosphatases. 

However, the 3D structures of the phosphatase catalytic domains of SidF and SidP are 

highly similar with each other. Both SidF and SidP consist of a central 10–11 pleated β-sheet 

sandwiched within 18–19 α-helices (Fig. 4J). The catalytic core of these two enzymes, 
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which contains four parallel β strands and one α-helix with the catalytic P-loop connecting 

between one of β strands and the α-helix, are conserved among all CX5R motif-based 

phosphatases (Fig. 4K). In SidF, the catalytic site falls in a groove, which nearly bisects the 

catalytic domain. This grove is highly positively charged and may facilitate the loading of 

lipid substrate to the catalytic site (Fig. 4L). The determination of SidF with a lipid substrate 

molecule diC4 PI(3,4)P2 highlighted the structural basis for membrane interaction, substrate 

recognition, and catalytic mechanism [12] (Fig 8A).

7.3 Membrane binding

The complex structure of SidF with diC4 PI(3,4)P2 immediately reveals that the acyl chains 

of the substrate interface with two hydrophobic loops (colored in gold in Fig. 8B). These 

two hydrophobic loops are likely to penetrate into the hydrophobic lipid bilayer while the 

substrate is loaded to the catalytic site. In addition to hydrophobic residues, two cationic 

residues (R366, R422) may contribute to the electrostatic interactions with negatively 

charged lipid head groups. Thus, similar to 5-phosphatases, both hydrophobic and 

electrostatic interactions facilitate the stable association of the enzyme with membrane 

bilayers to enhance the processivity of catalysis.

7.4 Substrate specificity

The complex structure of SidF with diC4 PI(3,4)P2 delineates a cationic pocket mainly 

formed by residues H233, K646, S647, K717, and K740 for the recognition of the D4 

phosphate of PI(3,4)P2 [12] (Fig. 8C). These residues distribute rather dispersedly in 

primary sequence, but cluster together to form a pocket critical for substrate selectivity. 

Similar to the P4IM described in 5-phosphatase, extensive hydrogen bonds and electrostatic 

interactions are involved to accommodate the D4 phosphate. On the other hand, the binding 

of D1 phosphate group is mediated by R651 through salt bridge and N419 through hydrogen 

bond interactions. Besides the two phosphate groups, a hydrogen bond between the 2′ 

hydroxyl group of the inositol ring with the side chain of D650 also plays a key role in 

orienting the substrate at the catalytic site. These specific interactions allow the positioning 

of the scissile D3 phosphate to be close to the catalytic residue C645.

7.5 Catalytic mechanism

The catalytic mechanism is conserved among all CX5R-based phosphatases, including the 

well-studied protein tyrosine phosphatases [156, 157]. In the case of SidF, the D3 scissile 

phosphate is held in a position close to the Sγ-atom of C645 for nucleophilic attack through 

intensive polar interactions with five main-chain amide groups of the catalytic P-loop and 

with the guanidinium group of the CX5R arginine. The reaction can be divided into two 

steps (Fig. 8D). The first step is the formation of a phospho-cysteine intermediate. The 

cleavage starts with a nucleophilic attack by the deprotonated Sγ-atom of C645. The 

breakage of the scissile P-O bond between the D3 phosphate and the inositol ring is likely 

facilitated by D650, which protonates the 3′ hydroxyl as a general acid. As a result, the 

transient intermediate, phospho-cysteine is formed. The second step is the hydrolysis of the 

cysteinyl-phosphate intermediate. The hydrolysis requires a water molecule, which is likely 

activated by the same D650. This aspartic acid residue acts as a general base to accept a 

proton from the attacking water molecule (Fig. 8D).
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8. Conclusion remarks

Over the past years, our understanding of the structural basis for the function of each family 

of PI phosphatases has expanded considerably. Although the fundamental structural fold and 

the catalytic mechanism are apparently different between the two major classes of PI 

phosphatases, some structural features are common among them. First, PI phosphatases 

usually have a membrane interaction motif near the catalytic site, which not only plays a 

role in anchoring the enzyme to the membrane interface but also in discriminating specific 

membrane bilayers in terms of membrane curvature or lipid composition. Second, for 

phosphatases that hydrolyze PIs with di-or tri-phosphate groups, a cationic pocket is usually 

present adjacent to the catalytic site to provide substrate selectivity by the recognition with 

the non-scissile phosphate group on the inositol ring. Despite the substantial progress, 

paramount questions still remain unaddressed. The 4-phosphatase family still lacks a 

representative structure to explain their unique D4 phosphatase activity against PI(3,4)P2. 

How the substrate specificity is achieved by members in the Sac1 and PTEN families is still 

uncertain due to the lack of complex structures of the enzymes with their cognate substrates. 

Moreover, many PI phosphatases contain regulatory domains besides the catalytic domain. 

How these regulatory domains function in cellular targeting or direct control of the enzyme 

activity requires more investigation. Further structural work pursuing these questions will 

certainly enhance our knowledge about the molecular basis of PI phosphatases and provide a 

framework for the understanding of human genetic diseases and the development of 

potential therapeutics.
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Highlights

• Phosphoinositide phosphatases can be divided into two classes.

• The two classes of enzymes have distinct structural fold and catalytic 

mechanism.

• PI phosphatases use a hydrophobic motif for membrane insertion.

• A cationic pocket adjacent to the catalytic site determines substrate specificity.

Hsu and Mao Page 24

Biochim Biophys Acta. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. 
Schematic domain organization of 5-phosphatases. Abbreviations: 5-ptase, 5-phosphatase 

catalytic domain; PH, pleckstrin homology; ASH, ASPM-SPD2-Hydin; CB, clathrin 

binding; RBD, RNA binding domain; SH2, Src homology 2; SKICH, SKIP carboxyl 

homology.
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Fig. 2. 
5-phosphatase structure and catalytic mechanism. (A) Ribbon diagram of the catalytic 

domain of INPP5B with bound diC8 PI(4)P (in sticks) and a Mg2+ ion (in green sphere) 

(PDB ID: 3MTC). (B) Zoom-in view of the membrane insertion motif (MIM) of INPP5B. 

MIM is colored in gold and enriched with hydrophobic and cationic residues. (C) Zoom-in 

view of the interactions between INPP5B with the head-group of PI(4)P. Residues Y502, 

K503, K516, and R518 form a cationic pocket P4 interacting motif (P4IM) for the 

recognition of the D4 phosphate group. The D1 phosphate group is bonded by N379 and 

K380. The Mg2+ ion is coordinated by N275 and E303. Residues directly involved in 

hydrolysis (D447, N449, D524, and H549) are labeled and shown in sticks. (D) Schematic 

model of 5-phosphatase catalytic mechanism. The reaction starts with the activation of a 

water molecule by the general base D447. The nucleophilic attack by this water molecule 

results in a pentavalent transition state of the scissile phosphate. The negative charge on the 

scissile phosphate is stabilized by H549 and the Mg2+ ion. Finally, the 5′ hydroxyl group of 

the lipid is protonated by a proton relayed from D447.
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Fig. 3. 
Schematic domain organization of the phosphatases in the Sac1 family. Abbreviations: TM, 

transmembrane motif; hSac2, homology of Sac2.
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Fig. 4. 
Representative structures of CX5R motif-containing PI phosphatases. (A) Ribbon diagram 

of the crystal structure of Sac1 (PDB ID: 3LWT). Sac1 has two tightly packed domains, the 

SacN (cyan) and the catalytic domain (labeled as Ptase in grey). The conserved structural 

core is colored in pink and the catalytic P-loop in red. (B) Zoom-in view of the structural 

core (in pink), which is conserved in all CX5R-based PI phosphatases. (C) Molecular surface 

of the catalytic site of Sac1. The surface is colored based on electrostatic potential with 

positively charged region in blue (+4 kcal/electron) and negatively charged surface in red 

(−4 kcal/electron). Sac1 is in the same orientation in (A) and (C). (D)–(F) Crystal structure 

of PTEN (PDB ID: 1D5R). The C2 domain is shown in yellow. (G)–(I) Crystal structure of 

MTMR2 (PDB ID: 1ZVR). The PH-GRAM domain is shown in green. (J)–(L) Crystal 

structure of SidF (PDB ID: 4FYG).
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Fig. 5. 
Schematic domain organization of the phosphatases in the PTEN family. Abbreviations: 

PDZ-B, PDZ domain binding sequence; VSD, Voltage sensing domain.
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Fig. 6. 
Schematic domain organization of the phosphatases in the myotubularin family. 

Abbreviations: PH-GRAM, Pleckstrin homology-glucosyltransferases, rab-like GTPase 

activators and myotubularin; CC, coiled-coil; FYVE: Fab1, YOTB, Vac1, and EEA1; Dead 

Ptase, catalytically-inactive phosphatase; DENN, Differentially expressed in neoplastic 

versus normal cells.
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Fig. 7. 
Crystal structure of MTMR2, a representative member of the myotubularin family. (A) 

Ribbon diagram of the structure of MTMR2 with bound diC4 PI(3,5)P2 (in sticks) (PDB ID: 

1ZVR). (B) Zoom-in view of the MTMR2 MIM, which is colored in gold and enriched with 

hydrophobic residues. (C) Zoom-in view of the interactions between MTMR2 with the head-

group of PI(3,5)P2. R459 and R463 form the recognition site for the D5 phosphate. The 

bulky residues W421 and R463 form hydrogen bond with the D4 hydroxyl group and 

prohibit the binding of D4 hydroxyl phosphorylated substrates due to steric clash. Residues 

N330, N355, S418, and R423 interact with the D1 phosphate.
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Fig. 8. 
Crystal structure of the bacterial CX5R motif-based PI phosphatase SidF. (A) Ribbon 

diagram of the structure of SidF with bound diC4 PI(3,4)P2 (in sticks) (PDB ID: 4FYG). (B) 

Zoom-in view of the SidF MIM (in gold). (C) Zoom-in view of the interactions between 

SidF with the head-group of PI(3,4)P2. Residues H233, K740, K646, S647, and K717 form a 

strong cationic pocket for the specific docking to the D4 phosphate of the substrate. Residue 

N419 forms a hydrogen bond with D1 phosphate. Like other CX5R phosphatases, the 

scissile phosphate is positioned close to the catalytic cysteine by interactions with the P-loop 

main-chain amide groups and R651. (D) Schematic model of the general catalytic 

mechanism for all CX5R containing PI phosphatases, using SidF as an example. The 

reaction has two steps. In the first step, the catalytic cysteine attacks the scissile phosphate to 

break the bond between the phosphate and hydroxyl group of the lipid. D650 functions as 

the general acid to donate a proton to the leaving hydroxyl, resulting in a phospho-cysteine 

intermediate. In the second step, D650 now functions as the general base to activate a water 

molecule. The activated water molecule hydrolyzes the phospho-cysteine intermediate to 

restore the enzyme.
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