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Abstract
The precise regulation of phosphoinositide lipids in cellular membranes is critical for cellular
survival and function. Inositol 5-phosphatases have been implicated in a variety of disorders,
including various cancers, obesity, Type II diabetes, neurodegenerative diseases and rare genetic
conditions. Despite the obvious impact on human health, relatively little structural and
biochemical information is available for this family. Here we review recent structural and
mechanistic work on the 5-phosphatases with a focus on OCRL, whose loss of function results in
OculoCerebroRenal syndrome of Lowe and Dent 2 disease. Studies of OCRL emphasize how the
actions of 5-phosphatases rely on both intrinsic and extrinsic membrane recognition properties for
full catalytic function. Additionally, structural analysis of missense mutations in the catalytic
domain of OCRL provides insight into the phenotypic heterogeneity observed in Lowe Syndrome
and Dent Disease.

Introduction
Phosphorylation of phosphatidylinositol at the 3, 4 or 5 position of the inositol ring
generates seven phosphoinositides (PIs) that play key regulatory functions in cell
physiology[1]. The related soluble inositol polyphosphates and pyrophosphates, generated
from IP3 (a product of PI(4,5)P2 cleavage by phospholipases), are also important signaling
molecules [2]. PIs function in diverse processes such as signal transduction, transport of ions
and metabolites across membranes, exo-and endocytosis, regulation of the actin
cytoskeleton, transcriptional regulation, and membrane trafficking. Their phosphorylated
headgroups, which are localized on the cytosolic leaflets of membranes and help define
membrane identity, interact with a variety of amino acid motifs or protein domains, and thus
regulate protein-bilayer interactions. Key to their signaling function is their heterogeneous
subcellular localization, which is achieved by differential localization of the enzymes that
synthesize and metabolize them and by mechanisms to couple transport of a membrane from
one compartment to another with a change of its phosphoinositide composition.

Inositol 5-phosphatases (originally defined as Types I-IV based on their biochemical
properties) selectively dephosphorylate the 5 position of the inositol ring (Figure 1).
Sequencing of the mammalian genome has identified ten of these enzymes. One of them,
INPP5A (or type I inositol phosphatase), acts selectively on soluble inositol polyphosphates.
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The other nine enzymes (Types II-IV) act also, or preferentially, on the lipid bound
phosphoinositides, primarily on PI(4,5)P2 and PI(3,4,5)P3 in an Mg2+-dependent manner.
Each of the 5-phosphatases has specialized functions, due to unique cellular and subcellular
distributions. They target distinct intracellular pools of PIs with differing global impacts on
PI levels. This impact on overall cellular function depends on cell type. For example,
Synaptojanin 1 is a major neuronal 5-phosphatase [3–5], whereas OCRL is a major 5-
phosphatase in fibroblasts[6,7].

5-phosphatases have been implicated in a broad spectrum of diseases and disorders (for
review see[8]). Loss of function of OCRL results in the X-linked OculoCerebroRenal
syndrome of Lowe and Type 2 Dent disease[9,10]. Mutations in INPP5E are found in a
subset of patients with Joubert and MORM syndromes, two ciliopathies involving multiple
organ dysfunction, commonly displaying mental impairment and physical
deformations[11,12]. SHIP1 has restricted expression in cells of the hematopoietic lineage
and mice lacking SHIP1 have myeloproliferative syndrome[13–15]. These facts have
prompted exploration of SHIP1 function in relation to inflammation, immunity, and
leukemias [16]. The close homologue SHIP2 is implicated in metabolic syndrome due to a
link to obesity, insulin resistance, and hypertension[17–19]. Lastly, synaptojanin 1 activity
(via its effects on brain PI(4,5)P2 levels) may contribute to the pathological manifestations
of Down syndrome, in particular the early onset of Alzheimer’s Disease which affects those
with Down syndrome[4,5].

Lowe Syndrome and Dent disease
Patients with Lowe Syndrome suffer primarily from congenital cataracts, neonatal
hypotonia, intellectual disability (with distinct behaviors) and renal proximal tubule
dysfunction (Fanconi syndrome). Mutations in OCRL are also found in a subset of patients
with Dent disease (type 2) who selectively suffer from renal proximal tubular dysfunction.
The majority of genetic abnormalities described to date for Lowe syndrome and Dent
disease occur as deletions, frameshifts, and stop mutations, with a smaller fraction occurring
as splicing and missense mutations[20]. Since a complete deletion of the OCRL gene results
in Lowe syndrome, it is clear that lack of activity of this enzyme, and not a dominant effect
due to truncated protein product, underlies disease.

5-phosphatase activity in soluble extracts of cultured skin fibroblasts derived from patients
with both Lowe syndrome and Dent 2 disease is drastically reduced (less than 10% activity
is found in affected individuals)[6,10]. Concurrently, PI(4,5)P2 levels are increased in
patient fibroblasts relative to controls[7,21].

One of the important unsolved questions in the field regards penetrance, as OCRL loss of
function results in a large phenotypic spectrum, even for mutations which completely
abolish OCRL protein levels. One explanation may lie with INPP5B (also known as Type II
5-phosphatase), an OCRL homologue with ~45% sequence identity [22] and close structural
similarity. INPP5B shares most interacting partners with OCRL, except for clathrin and the
endocytic clathrin adaptor AP-2. Variations in the level of expression of INPP5B in the
relevant tissues may affect the severity of the OCRL loss of function phenotype. INPP5B is
not clearly linked to any human diseases.

Genetic studies in mice clearly demonstrate partial functional redundancy for OCRL and
INPP5B[23]. Mice lacking OCRL are asymptomatic, whereas mice lacking INPP5B have
testicular degeneration and male sterility. However, the double knockout animals are
embryonic lethal. Splice site variation between species may explain why this compensation
does not occur in humans [24,25]. Additional modifying elements contributing to this
species variation could include alternative start sites[20], or variations in the activity or
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expression levels of interaction partners, PI(4,5)P2 effectors, or other phosphoinositide
metabolizing enzymes.

Localization of OCRL
OCRL resides on vesicular structures throughout the endosomal system and the Golgi
complex, and is also present at the plasma membrane in membrane ruffles and at late-stage
endocytic clathrin-coated pits. This broad distribution is mediated by its numerous
interactions (Figure 1). OCRL binds clathrin, clathrin adaptors, several GTPases, and the
endocytic proteins APPL1 and Ses1/2. At least some of these interactions are not mutually
exclusive, but APPL1 and Ses1/2 compete for binding to OCRL as vesicles progress along
the endocytic pathway, suggesting interesting regulatory mechanisms through which
membrane transport is coupled to the modification of binding partners.

The broad intracellular distribution of OCRL contrasts with the preferential distribution of
its preferred substrates, PI(4,5)P2 and PI(3,4,5)P3, in the plasma membrane or in the earliest
endocytic stations [26,27], as revealed by well-established fluorescent reporters for these
PIs. This has three possible explanations. OCRL may i) counteract ectopic accumulation of
spuriously produced PIs within intracellular membranes, ii) control pools of PI(4,5)P2 which
are not detectable by currently available reporters or iii) act on small, yet physiologically
important pools of PIs that undergo rapid turnover. Clearly, lack of OCRL results in an
accumulation of intracellular PI(4,5)P2[7], and pathological phenotypes are thought to be
the consequence of these changes. Studies of human cells deficient in OCRL function
(patient cells or cells subjected to OCRL knock down) have revealed defects in endocytic
trafficking[28–31], actin polymerization[32], establishment of cell polarity[33] and
cytokinesis[28,34].

Domain organization of OCRL
The domain organization of OCRL and the structures of its folded domains are shown in
Figure 1. INPP5B has the same domain organization, and, in fact, the structure of the
catalytic domain shown in Figure 1b is of INPP5B (62% identical to the catalytic domain of
OCRL which does not have a crystal structure available) (PDB code: 3MTC, Tresaugues et.
al, unpublished).

The N-terminus of OCRL and INPP5B contain structurally similar PH (pleckstrin
homology) domains despite poor sequence similarity in this region[35]. Both PH domains
lack the basic patch needed for PI recognition and, accordingly, do not bind
phosphoinositide-containing liposomes[35]. A loop within the PH domain of OCRL
contains an unconventional clathrin box (an acidic residue in the 5th position of the motif is
missing) which is absent from INPP5B as well as from homologs in invertebrates[35–37].

The PH domain connects to the 5-phosphatase domain, which has a Dnase I-like fold, by a
region of approximately 100 amino acids, which in OCRL contains an AP-2 binding site.
The 5-phosphatase domain of a Schizosaccharomyces pombe synaptojanin homolog
(SPsynaptojanin) was the first structurally characterized member of this family[38]. This has
recently been supplemented by structures (which have been solved and deposited into the
protein data bank) of the catalytic domains of human INPP5B (PDB code: 3MTC, 3N9V),
SHIP2 (PDB code: 3NR8), and INPP5E (PDB code: 2XSW), which have been solved and
deposited into the Protein Data Bank (Tresaugues et. al, unpublished).

The 5-phosphatase domain of OCRL is followed by a short helix that connects it to the
ASH(ASPM-SPD2-Hydin) and RhoGAP (Rho GTPase Activating) domains, which form a
single folding module. The ASH domain has an immunoglobulin-like fold similar to
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Vesicle-Associated membrane Protein-Associated protein (VAP) and Major Sperm Protein
(MSP) and is a domain often found in proteins resident in cilia or in the centrosomal area of
the cell[39]. The RhoGAP domain lacks the catalytic arginine and is catalytically inactive
(although slight GAP activity against Rac has been reported [40]). A loop in the Rho GAP
domain contains a second clathrin box which is also not present in INPP5B[22,30,31]. The
ASH-RhoGAP module regulates the majority of the protein-protein interactions currently
described for OCRL and has a key role in membrane recruitment. Accordingly, patient
missense mutations in this module that affect its interactions with binding partners
(discussed below) (but do not affect inherent enzyme activity in-vitro) impair cellular
localization and the stability of OCRL and are sufficient to cause disease[30,41].

The Inositol 5-phosphatase domain
The structure of the INPP5B catalytic domain was solved in complex with Mg2+ and diC8
PI(4)P (PBD code: 3mtc.pdb, Tresaugues et. al, unpublished), the product of the hydrolysis
of a water-soluble short fatty acid chain PI(4,5)P2. The inositol ring differs in position as
compared to that seen in the previously described structure of SPsynaptojanin with bound
Ca2+ (instead of Mg2+) and IP2 (the product of IP3 hydrolysis) [38]. This may be due to the
presence of a binding site in INPP5B for the acyl chain of PI(4)P, which may help to
position the inositol ring. Alternatively, these differences may reflect different product
release complexes, or the influence of the bound Ca2+ (which is inhibitory [42]) as apposed
to the physiological Mg2+ ion.

Comparison of the crystal structures of INPP5B with the catalytic domains of
SPsynaptojanin[38], SHIP2 (PDB code: 3NR8, Tresaugues et. al, unpublished), and INPP5E
(PDB code: 2XSW, Tresaugues et. al, unpublished) show striking differences in the active
site, most notably in the region corresponding to the acyl chain interacting site of INPP5B,
highlighted in black boxes in Figure 2. These differences may explain the lipid specificities
of these enzymes, such as the reported sensitivities to fatty acid composition and membrane
curvature [38,43,44]. Further structural work on enzyme/lipid substrates will be most
interesting in delineating how these enzymes “taste” specific membrane compartments,
possibly even favoring recognition of substrates on membranes with positive curvature due
to greater spacing of phospholipid head groups and partial exposure of their acyl chains. An
impact of the bilayer on the catalytic activity of OCRL is consistent with reports that OCRL
loss of function affects activity towards phosphoinositides more severely than the soluble
inositols[6,7].

OCRL interactions
Clathrin

Clathrin coats mediate vesicular budding both from the plasma membrane (clathrin mediated
endocytosis) as well as from intracellular membranes, namely endosomes and the trans-
Golgi network. An important feature of OCRL, not shared by INPP5B and homologues in
invertebrates, is the presence of multiple binding sites for clathrin coat components. OCRL
is directed to late-stage endocytic clathrin-coated pits, and to endosomal/Golgi coats via two
clathrin binding motifs, located in the PH and RhoGAP domains, and the binding motif for
clathrin adaptors (Figure 1)[30,31,35,36]. The clathrin box containing loop on the RhoGAP
domain undergoes alternative splicing to generate a long (A isoform, predominantly
expressed in the nervous system[45]) and a short (B isoform) protein which differ in the
presence of 8 amino acids adjacent to the clathrin box. This sequence enhances clathrin
binding, likely by steric mechanisms[36].
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Rab GTPases
Although additional interactions help define its precise localization, targeting of OCRL to
intracellular membranes is critically dependent upon its interactions with GTP-bound Rab
proteins[46]. Rabs are small GTPases whose reversible association with membranes help to
spatiotemporally regulate intracellular membrane trafficking [47]. Rab GTPases also were
reported to have a stimulatory effect on the activity of OCRL[46,48].

OCRL consistently displays a remarkably broad specificity for Rab GTPases in-
vitro[34,46,49,50], capable of interacting with at least 16 different Rabs[49]. Some of the
more prominent of these interactions, namely those with Rab5 (endosomes), 6 (Golgi and
endosomes) and 35 (fast recycling route) were confirmed by functional and co-localization
studies[34,46]. Interestingly, the interaction with Rab35 (not shared with INPP5B) targets
OCRL to intercellular bridges in cultured cells, and lack of either OCRL or Rab35 impairs
abscission through abnormal F-actin polymerization[34].

The Rab interaction surface on the ASH domain of OCRL was characterized in a recent
structure of the co-complex of a fragment of OCRL with Rab8a [51]. In this structure,
shown in Figure 3, Rab8 bridges the ASH domain and C-terminal catalytic domain helix.
Rab effectors typically recognize a hydrophobic triad in the GTP bound Rab protein, which
incorporates residues from its switch and interswitch regions. This triad, which was
suggested to provide specificity for Rab/effector interactions, is not fully engaged in the
OCRL/Rab8a complex (Figure 3). This unusual binding mode of OCRL for a Rab, which is
likely to be shared by INPP5B, may explain the broad specificity of this enzyme for Rab
proteins. [51]

RhoGAP interactions with other GTPases
The RhoGAP domains of OCRL and INPP5B interact with Rac and Cdc42, but only the
Cdc42 interaction is GTP-dependent[30,40]. The interaction with Rac may be related to the
localization of OCRL at membrane ruffles[52]. Binding to Cdc42 may at first seem
surprising because PI(4,5)P2 and PI(3,4,5)P3 cooperate with Cdc42 in triggering actin
nucleation. In fact, GTP-bound Cdc42 also binds PI4P 5-kinases (type I PIP kinases).
Effective action of PI(4,5)P2 in actin regulation may require its turnover, thus explaining
why both 5-kinases and 5-phosphatases are effectors of this GTPase. Additionally, OCRL
also interacts with Arf1 and Arf6, which are also regulators of 5-kinases[53], and this
interaction is disrupted by a patient mutation in the RhoGAP domain[54]. In INPP5B, but
not in OCRL, the RhoGAP domain terminates with a CAAX motif that may cooperate with
Rho family GTPases in its localization to the plasma membrane.

RhoGAP interactions with F&H Motif containing proteins
The RhoGAP domain of OCRL (and INPP5B) also interacts with three endocytic proteins
containing the F&H motif: APPL1, Ses1 and Ses2. This motif is an approximately 12–13
amino acid sequence centered around phenylalanine and histidine residues essential for
binding[30,55]. The crystal structure of the ASH-RhoGAP domain in complex with the
F&H peptide of Ses2 shows that the peptide forms an amphipathic helix that recognizes an
evolutionarily conserved surface on the RhoGAP domain present in OCRL and INPP5B but
not in other RhoGAPs[56] Figure 3). Analysis of the evolutionary conservation of the F&H
binding surface in OCRL suggests the existence of other F&H motif containing proteins, as
this surface is conserved in organisms that do not have identifiable Ses or APPL
homologs[56]. The identification of additional F&H motif-containing OCRL interactors
may help shed new light onto the basic functions of this enzyme.
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APPL1 is an endosomal Rab5 effector containing a BAR domain arranged in tandem with a
PH domain, and binds receptors (for example growth factor receptors) through its PTB
domain[57–59]. It also binds the endocytic adaptor GIPC through a C-terminal PDZ binding
sequence[30,59–61]. APPL1, along with the closely homologous protein APPL2 (which
does not contain an F&H motif but heterodimerizes with APPL1) is present on a
subpopulation of peripheral early endosomes that function upstream of classical PI3P
positive endosomes[26,57]. The APPL heterodimer, which also binds AKT (a PI(3,4,5)P3
effector), may coordinate endocytosis of receptors with modulation of their signaling. OCRL
and INPP5B may contribute to this function via their property to dephosphorylate
PI(3,4,5)P3, as demonstrated by a recent study on phagocytosis [27].

The highly similar Ses1 and Ses2 proteins contain a PH domain, a predicted coiled-coil
responsible for oligomerization, and a C-terminal, predominantly unfolded, proline-rich
region that contains the F&H motif [55,62]. Ses1 and Ses2 are localized on PI(3)P-positive
classical early endosomes and the Golgi complex[55,62].

As endosomes mature and acquire PI(3)P, Ses proteins displace APPL1 from the F&H
binding surface[55], while OCRL remains associated with endocytic vesicles at both the
APPL1 and Ses stage, possibly via its Rab-dependent interactions. Adding further
complexity, phosphorylation of APPL1 on two serine residues in the F&H motif abolish its
interaction with OCRL[30,56]. Thus, the F&H proteins may help to fine tune the
localization of OCRL on subdomains of the endosomal membrane possibly helping couple
lipid turnover with sorting events.

Analysis of Lowe and Dent patient mutations
There are many ways in which patient mutations can affect function: complete or partial
deletion leading to unstable fragments, abnormal levels due to defects in splicing, nonsense,
frameshift, and missense mutations which cause loss of interactions, misfolding, or catalytic
inactivity. What emerges from recent studies is that OCRL interactions are as important as
catalytic activity for its action in cell physiology.

While some of these interactions may have regulatory functions, their main role is to
precisely localize OCRL. This may represent a general strategy for 5-phosphatase function.
For example, INPP5E contains a membrane anchoring CAAX motif. A premature stop
codon in INPP5E just before the CAAX box was found in a patient with MORM syndrome
(a ciliopathy)[11]. The cilliary localization of INPP5E was significantly affected by this
mutation, although the enzyme retained its intrinsic catalytic activity[11]. As a second
example, mutations in SHIP2 linked with either Type II diabetes [63], or found in a
spontaneously hypertensive rat strain [64], have been mapped to the proline-rich region of
the protein and could potentially affect protein-protein interactions, which are critical for
SHIP2 localization [65].

Mutations in the PH domain
To date there exist no identified patient missense mutations in the PH domain, which is the
least conserved region of the protein. Although it remains possible that these mutations
could lead to embryonic lethality, this may reflect a non-critical role for the PH domain in
OCRL function, possibly speaking to the redundancy of clathrin interaction sites.
Furthermore, the occurrence of nonsense, frameshift, and in-frame deletions in this region
are skewed, with nonsense and frameshift mutations occurring much more frequently in
exons 1–7 (the PH domain is encoded in exons 2–5) in patients with Dent disease as
compared to Lowe syndrome[20].
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Missense mutations in the 5-phosphatase domain
The majority of missense mutations map to the 5-phosphatase domain, and were first
analyzed using the SPsynaptojanin crystal structure as a model. This study showed that most
of the missense mutations (14 at that time) found in Lowe syndrome patients affected
conserved residues in 5-phosphatases, directly affecting either folding, substrate binding or
catalytic activity[38].

Figure 3 depicts a ribbon representation of the INPP5B structure (closest homolog of
OCRL), highlighting the residues identified to date as missense patient mutations in OCRL,
which are all identical in INPP5B. The majority of mutations found in Lowe syndrome
patients cluster in the hydrophobic core of the protein, suggesting that these mutant proteins
would be destabilized. There are also a number of missense mutations clustered around the
active site (Figure 3b), with either direct or structural impacts on catalytic activity.
Interestingly, Dent disease mutations primarily localize to surface residues at or near the
catalytic site, and do not typically occur in the core of the protein, whereas Lowe syndrome
mutations predominantly affect the folding core Figure 3).

Disease-associated missense mutations found in the catalytic domains of other 5-
phosphatases are shown in Figure 2a and Box 1. Interestingly, a somatic mutation found in
SHIP1 and associated with Acute Myeloid Leukemia drastically decreased the catalytic
efficiency of this enzyme in-vitro [66] and the same position in OCRL corresponds to a
residue mutated in a Lowe syndrome patient.

Missense mutations in the ASH-RhoGAP domain
The majority of missense mutations found in the ASH-RhoGAP module destabilize the
protein, consistent with studies showing that patient cell lines harboring these mutations
contain less OCRL protein[20], and produce a cytosolically localized enzyme when
overexpressed[41]. Since formation of the F&H binding surface on the RhoGAP domain of
OCRL is critically dependent on folding, these mutations also disrupt F&H motif
binding[56] with varying affects on interactions with the Rho and Rab GTPases[41,54], and
no effects on clathrin interactions (which relies on an unfolded clathrin box) [30,41,55]. One
patient mutation in the ASH domain, however, does not destabilize the protein but directly
impacts Rab binding [51,56]. These facts, coupled to the identification of deletions and
insertions (including deletion of the majority of the RhoGAP domain) in Lowe syndrome
patients[20], underscores the importance of OCRL interactions in its physiological function.

Conclusions and Future Perspectives
OCRL, the best structurally characterized inositol 5-phosphatase, is a major downregulator
of intracellular PI(4,5)P2 and PI(3,4,5)P3 levels. As shown by the analysis of disease
causing mutations, the function of its catalytic module is as important for its action as the
function of the flanking regions that target the enzyme to specific intracellular sites. Such
targeting occurs via interactions with a multiplicity of partner proteins in the endocytic
pathway and in the Golgi complex that include clathrin, clathrin adaptors, Rabs, Rho family
GTPases and F&H motif-containing endocytic proteins. At least some of these interactions
are not energetically coupled [51], and structural modeling suggests that this enzyme can
engage many of its binding partners simultaneously without steric constraint, as summarized
in Figure 4. Given the structural variation observed in the active sites of the 5-phosphatases,
it will be interesting to determine whether their active sites are optimally tuned to cooperate
with these binding partners to direct specificity.

The interaction of OCRL with clathrin coats (two binding sites for the heavy chain of
clathrin and a binding site for clathrin adaptors) is particularly striking. Interestingly, other
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5-phosphatases, such as SHIP2 and synaptojanin, interact with clathrin and its adaptors and
are implicated in clathrin coat dynamics [65,67–69]. Furthermore PI4P 5-kinases interact
with clathrin adaptors[70,71], thus emphasizing the importance of PI turnover for clathrin
coat function.

Further emphasizing the link between membrane budding and PI metabolism is the
partnership between OCRL and a BAR domain containing protein, APPL1. BAR domains,
which are optimally suited to bind curved membranes[72], help coordinate membrane
budding with other modifications that must occur in the bilayer. Another 5-phosphatase,
synaptojanin, is highly dependent upon BAR domain containing proteins, primarily
endophilin. Studies in multiple genetic models have shown that a lack of endophilin largely
mimics the phenotype produced by the lack of synaptojanin [67,73,74]. Interestingly, the
structural basis for the interaction between OCRL and APPL1 is completely different from
that mediating the endophilin-synaptojanin interaction[56,75], revealing convergent
evolution rather than evolutionary conservation.

Control of PI levels may provide therapeutic avenues for many common afflictions, such as
obesity, cancer, Type II diabetes, inflammation, neurodegeneration, as well as the rare
genetic diseases discussed here. However, there exists to date little means for
pharmacological control of their levels, aside from the regulation of 3 phosphorylated PIs,
which have a central role in cancer.

New tools for identifying small molecule modulators of 5-phosphatases have recently been
developed and applied to SHIP1 and SHIP2 [76–79]. Indeed, according to the Aquinox
website (http://www.aqxpharma.com/), an activator of SHIP1 is approved for Phase IIa
clinical trials for treatment of a broad range of inflammation responses. Given success with
these two targets, and structural variation seen in this enzyme family, the development of
specific modulators is promising. Activators of INPP5B could potentially be useful for the
treatment of Lowe syndrome and Dent disease. Inhibitors of PI4P 5-kinases could also be of
benefit for conditions due to impaired 5-phosphatase activity.

The recent progress in producing an animal model to study OCRL loss of function [24]
could have important practical applications in the design of treatment strategies for OCRL
deficiency. Therapeutic approaches that target PI(4,5)P2 effectors may also be of benefit as
inhibitors of actin polymerization partially counteracted the in-vitro defects in cytokinesis
observed in OCRL deficient cells[34]. Along a related avenue, the recent report of a
PI(4,5)P2 sensor, which titrates intracellular PI(4,5)P2 levels, may be used as a therapeutic
tool for those affected with OCRL dysfunction[80]. Overall, it is clear that the further
development of therapeutics geared towards modulating the 5-phosphorylated PIs will
provide a multitude of benefits not restricted to basic research.

Box 1. Joubert syndrome associated missense mutations in INPP5E

Missense mutations found in the INPP5E 5-phosphatase domain of patients with Joubert
syndrome[12]. While some affected residues are in close proximity to the active site,
none play an obvious direct role in catalysis, yet the catalytic activity towards PI(3,4,5)P3
is reported to be impaired by all mutations[12]. Two residues found mutated in patients
(R378C and R563H) reside far from the active site and were reported to retain their
activity towards PI(4,5)P2[12]. [12]Many of the affected residues are basic surface
residues, suggesting a more complicated mechanism for disease than loss of catalytic
function (Box Figure). Further understanding of the molecular mechanism for this loss of
function awaits more thorough biochemical and structural analysis.
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Box 2. Open Questions

1. Molecular basis for phenotypic variations seen in patients with OCRL
deficiency, including the difference between the Dent disease and Lowe
syndrome phenotypes. This also includes the identification/characterization of
modifying genes or genes whose mutations produce similar phenotypic effects.

2. Does the 5-phosphatase activity of OCRL act primarily to prevent the ectopic
accumulation of inappropriate PIs (PI homeostasis) or to control rapidly turning
over PI pools?

3. Precise cellular function of OCRL: a single dominant function or a multiplicity
of functions (potential functions include vesicle coat dynamics and protein
sorting, signaling, actin dynamics)?

4. Basis for the tissue specific defects produced by OCRL loss of function
(endocytic defect in the kidney proximal tubules?) and mechanisms underlying
intellectual disabilities in a subset of patients (i.e. Lowe syndrome patients).

5. Therapeutic strategies to counteract phenotypic manifestations.
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Figure 1. OCRL domain organization and interactions
a). Domain organization of the inositol 5-phosphatases. The gene names are indicated in
italics, and alternate names are also given. The proline rich domains contain multiple protein
interaction sites, such as for SH3 domains, EH domains, and clathrin adaptors, which are not
shown for simplicity. b). Structural representation of OCRL, colored according to domains
(orange= PH domain, 2KIE.pdb; green= 5-phosphatase domain, 3MTC.pdb; red= ASH
domain, 3QIS.pdb; and blue= RhoGAP domain, 2QV2.pdb). Interaction partners are
indicated adjacent to their respective binding surface (black text). Motifs within OCRL that
bind clathrin and AP2 are indicated in gray. All molecular graphics were generated with
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Pymol, www.pymol.org [81]. c). Metabolic interconversions of phosphoinositide species.
Substrates of the 5-phosphatases are indicated in green.

Pirruccello and De Camilli Page 14

Trends Biochem Sci. Author manuscript; available in PMC 2013 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.pymol.org


Figure 2. Structural analysis of the 5-phosphatase catalytic module
a). Structure-based[82]sequence alignment of 5-phosphatases (PDB codes: 1I9ZA, 3MTCA,
3NR8B, 2XSWA). Active site residues are indicated by red symbols, red squares represent
metal coordinating residues (either direct or via a water molecule), and red circles represent
phosphoinositide interacting residues. The acyl chain binding site in INPP5B and
corresponding residues in other 5-phosphatases are indicated by a dashed black box. Patient
mutations are indicated underneath the residue: L= Lowe Syndrome, D= Dent 2, O = Both
Lowe and Dent[20], J = mutations found in INPP5E in patients with JBTS1[12],
T=mutations in SHIP2 associated with Type II Diabetes[63]. A = mutation in SHIP1 found
in a patient with AML[66]. S = mutation in SHIP1 found in mice to produce a more severe
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phenotype than the knockout animal[83], M = Mutation in Synaptojanin 2 found to cause
progressive hearing loss in the Mozart mouse[84]. b). Structural analysis of the 5-
phosphatases. The region of most variation, which interacts with the acyl chain of PI(4)P
when in complex with INPP5B, is indicated by a dashed black circle. The position of a
second metal binding site in INPP5B, here a crystallographically identified Ca2+ ion (PDB
code 3N9V.pdb, Tresaugues et. al, unpublished), which may have functional significance, is
labeled in italics.
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Figure 3. Structural analysis of missense mutations in OCRL
a). Patient missense mutations are highlighted in the crystal structures of isolated OCRL
domains in complex with binding partners, the PH domain and connecting region is not
shown. The affected residues are represented as spheres. The bound PI(4)P diC8 lipid is
represented as black/colored sticks on the INPP5B catalytic domain crystal structure (PDB
code: 3MTC.pdb). The Mg2+ active site metal is a yellow sphere. Lowe syndrome
associated mutations tend to cluster in the core folding modulus of the protein or in critical
catalytic residues or loops and clearly affect the stability, loop structure, or catalytic activity
of the enzyme. In contrast, the majority of mutations associated with a milder, Dent
phenotype are surface residues that may not have a completely deleterious affect on the
enzyme’s stability or activity. The structure of the ASH-RhoGAP module of OCRL in
complex with Rab8A (black, PDB ID: 3QBT) and the F&H motif-containing peptide from
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Ses1 (yellow, PDB ID: 3QIS) shows the positions of patient missense mutations not present
in the catalytic domain. The only clinical mutation known to affect protein-protein
interactions and not protein stability (F668V) is indicated. The hydrophobic triad implicated
in Rab specificity determination is shown as salmon-colored sticks. b). A closer view of
INPP5B in complex with PI(4)P (PDB code: 3MTC) in a different orientation relative to a.
Active site residues are shown as sticks, and waters in the active site are not shown for
simplicity. Residues implicated in Lowe syndrome or Dent 2 disease are colored as
indicated, numbering is for the corresponding residue in human OCRL.
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Figure 4. Model of OCRL at the membrane
OCRL and interaction partners are modeled, utilizing currently available structural
information. Based on this modeling, all known interaction surfaces can be engaged
simultaneously without obvious steric conflict. Coloring is as shown as in previous figures,
Cdc42 is teal. The membrane is depicted as a line, the legs and feet of the clathrin triskelion
(PDB ID: 3IYV.pdb) as a purple surface. The interactions of the clathrin boxes of OCRL
with the clathrin N-terminal domain were modeled after the structure of the clathrin N-
terminal domain in complex with β-adaptin 3 (PDB ID: 1C9L, not shown). OCRL (PDB ID:
2KIE, 3MTC, 3QBT, 3QIS, 2QV2) and interaction partners (PDB ID: 3QBT, 1GRN, 2EJ8)
are represented as ribbons. Based on structural homology, the interaction between OCRL
and RhoGTPases is assumed to be similar to those seen for other RhoGAPs. The clathrin
adaptor AP2 is not shown for simplicity.
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Patient mutations in INPP5E are highlighted on the structure of INPP5E (PDB ID:
2xsw.pdb, Tresaugues et. al, unpublished), represented as light orange/atom colored sticks.
PI(4)P is modeled to show the active site using the structure of INPP5B in complex with
PI(4)P as a model (PDB ID: 3MTC).
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