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The oculocerebrorenal syndrome of Lowe (OCRL), also
called Lowe syndrome, is characterized by defects of the
nervous system, the eye and the kidney. Lowe syndrome is
a monogenetic X-linked disease caused by mutations of
the inositol-5-phosphatase OCRL1. OCRLI1 is a membrane-
bound protein recruited to membranes via interaction
with a variety of Rab proteins. The structural and Kinetic
basis of OCRLI1 for the recognition of several Rab proteins
is unknown. In this study, we report the crystal structure
of the Rab-binding domain (RBD) of OCRL1 in complex
with Rab8a and the Kkinetic binding analysis of OCRL1
with several Rab GTPases (Rablb, Rab5a, Rab6a and
Rab8a). In contrast to other effectors that bind their
respective Rab predominantly via a-helical structure ele-
ments, the Rab-binding interface of OCRL1 consists mainly
of the IgG-like B-strand structure of the ASPM-SPD-2-
Hydin domain as well as one a-helix. Our results give a
deeper structural understanding of disease-causing muta-
tions of OCRLI1 affecting Rab binding.
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Introduction

Membrane trafficking is a fundamental biological process of
eukaryotic cells. Vectorial membrane trafficking is crucial for
the establishment and maintenance of cell polarity and is
strictly regulated by the concerted action of Rab GTPases and
phosphatidylinositols (Mellman and Nelson, 2008; Stenmark,
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2009). A hallmark of Rab proteins and phosphatidylinositols is
their distinct subcellular localization to membrane compart-
ments (Di Paolo and De Camilli, 2006; Stenmark, 2009). For
example, Rab5 is mainly localized at early endosomes, whereas
Rab6 is localized preferentially at the Golgi apparatus. Likewise,
phosphatidylinositol-4,5-bisphosphate is mainly present in the
plasma membrane, whereas phosphatidylinositol-4-phosphate
is largely confined to the Golgi apparatus. Rab proteins and
phosphatidylinositols are both integral parts of the molecular
recognition machinery of subcellular membrane compart-
ments, which regulate targeted membrane trafficking between
organelles. Rab proteins function as molecular switches by
changing from the active GTP-bound to the inactive GDP-
bound form and vice versa. Rab GTPases regulate membrane
trafficking through the recruitment of effector proteins, such as
sorting adaptors, tethering factors, kinases, phosphatases and
motors (Segev, 2001; Stenmark, 2009). The Rab-effector pro-
teins specifically interact with the active GTP-bound state of the
Rab GTPase. One of these effectors is oculocerebrorenal syn-
drome of Lowe protein (OCRL1). It shows a broad range of Rab-
binding activity and interacts with several Golgi-associated (e.g.
Rabl, Rab6 and Rab8) and endosomal (Rab5) Rab proteins
(Hyvola et al, 2006; Fukuda et al, 2008). OCRL1 is a member of
the type II family of inositol polyphosphate 5-phosphatases
and preferentially dephosphorylates phosphatidylinositol-4,5-
bisphosphate (PI(4,5)P,) and phosphatidylinositol-3,4,5-tri-
sphosphate (PI(3,4,5)P;) at the 5-position (Lowe, 2005; Ooms
et al, 2009). OCRLI1 is a peripheral membrane protein mainly
localized at the Golgi apparatus and early endosomes
(Faucherre et al, 2003; Ungewickell et al, 2004; Choudhury
et al, 2005). In addition, growth factor stimulation leads to
translocation of OCRL1 to plasma membrane ruffles (Faucherre
et al, 2003). Mutations of OCRLI1 are responsible for the
oculocerebrorenal syndrome of Lowe (Lowe syndrome)
(Attree et al, 1992). Additionally, OCRL1 mutations were
recently also identified in a subset of Dent disease patients,
which is like Lowe syndrome an X-linked disorder (Hoopes
et al, 2005). Lowe syndrome is characterized by congenital
cataracts, mental retardation and kidney readsorption defects
caused by proximal tubule dysfunction (Delleman et al, 1977;
Kenworthy and Charnas, 1995; Kleta, 2008), whereas Dent
disease (type 2) shows a phenotype largely confined to the
kidney (Hoopes et al, 2005; Utsch et al, 2006; Shrimpton et al,
2009). OCRL1 has been implicated in several membrane traf-
ficking steps, such as the transport between the early endosome
and the Golgi apparatus or endocytosis (Choudhury et al, 2005;
Erdmann et al, 2007). Moreover, recently it was reported that
OCRL1 regulates migration and spreading of human dermal
fibroblasts (Coon et al, 2009). However, the precise function of
OCRLI1 and its role in disease is not clear.

OCRLI is a multi-domain protein comprising an N-terminal
pleckstrin homology (PH) domain followed by a central inositol-
S5-phosphatase domain, an ASPM-SPD-2-Hydin (ASH) domain,
and a C-terminal, catalytically inactive RhoGAP-like domain
(Figure 1) (Erdmann et al, 2007; Mao et al, 2009). In addition

The EMBO Journal VOL 30 | NO 8| 2011

1659


http://dx.doi.org/10.1038/emboj.2011.60
http://dx.doi.org/10.1038/emboj.2011.60
mailto:kai.erdmann@rub.de
mailto:aymelt.itzen@mpi-dortmund.mpg.de
http://www.embojournal.org
http://www.embojournal.org

Structure of OCRL1 in complex with Rah8a
X Hou et al

l PH | l 5-Phosphatase I
\ \ \

1 119 237 564 678 901

Figure 1 Schematic representation of the domain architecture of
OCRLI.

to binding to multiple Rab proteins, OCRL1 also interacts with
clathrin heavy chain, the clathrin adaptor AP2, Rac, Cdc42, the
Rab5 effector APPL1 (adaptor protein containing PH domain,
PTB domain and leucine zipper motif 1), and the endocytic
proteins Ses1/2 (Faucherre et al, 2003; Ungewickell et al, 2004;
Choudhury et al, 2005, 2009; Erdmann et al, 2007; Swan et al,
2010). Interestingly, Lowe syndrome cannot be reproduced in
OCRLI1-knockout mice, probably because of the existence of the
close OCRLI relative INPPSB. INPPSB has similar domain
architecture and substrate specificity, but no clathrin- or AP2-
binding sites (Jefferson and Majerus, 1995). In line with at least
partially redundant functions of OCRL1 and INPP5B is the fact
that OCRL1/INPP5B double-knockout mice are not viable and
appear to die early in embryogenesis, whereas OCRL1-knockout
mice show no obvious and INPP5B-knockout mice only a minor
phenotype (male sterility) (Janne et al, 1998).

Recent work by the De Camilli group has given first insights
into the detailed molecular structure of OCRL1. The X-ray
structure of the ASH-RhoGAP-like tandem domain revealed
the localization of the clathrin-binding site within an extended
loop in the RhoGAP-like domain. Subsequent NMR-structural
analysis of the N-terminus revealed the presence of a PH
domain and the presence of a second clathrin-binding site.
Together with the previously solved X-ray structure of an
inositol-5-phosphatase domain of Schizosaccharomyces
pombe, a first model for membrane-bound OCRL1 was pro-
posed taking into account recruitment of OCRL1 to the Golgi
apparatus and to endosomal membranes via Rab proteins
(Erdmann et al, 2007; Mao et al, 2009). Rab proteins (e.g.
Rabl, Rab6, Rab8 and Rab14) may also mediate the localiza-
tion of OCRL1 to chlamydial inclusions and OCRL1 depletion
from host cells impairs chlamydial infection (Moorhead et al,
2010). Moreover, active Rab5 and active Rab6 stimulate the 5-
phosphatase activity of OCRL1 in hydrolyzing PI(4,5)P,
(Hyvola et al, 2006) and several Lowe syndrome causing
amino-acid substitutions are localized in the Rab-binding
region of OCRL1 (Hichri et al, 2010). Thus, investigation of
the structural and Kinetic basis of the OCRL1-Rab interaction
is pivotal for the understanding of the molecular details of
OCRLI1 function. Here, we present the crystal structure of the
Rab-binding domain (RBD) of OCRLI in complex with active
Rab8a (Fukuda et al, 2008; Rodriguez-Gabin et al, 2010). We
have also analysed the kinetics and affinities of OCRL1
binding to the Golgi-associated and endosomal Rab proteins
Rab1b, Rab5a, Rab6a and Rab8a. Our results reveal a novel
Rab-effector binding mode for OCRL1. In addition, our data
contribute valuable information for a structural model of
membrane-bound OCRL1. Finally, our results explain the
structural effects of disease-causing mutations in OCRLI
leading to a better understanding of Lowe syndrome.

Results and Discussion

Interactions of OCRL1 with Rab proteins
Many Lowe syndrome causing amino-acid substitutions are
localized in the 5-phosphatase domain of OCRLI, suggesting
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that impairment of catalytic activity is part of the OCRL1
disease mechanism (Hichri et al, 2010). Major substrates for
OCRL1 are the membrane localized phosphatidylinositols
(PI(4,5)P,) and (PI(3,4,5)P5). Thus, understanding the pre-
cise mechanism of membrane recruitment of OCRLI is crucial
for the understanding of OCRL1 function. Two mechanisms
of membrane recruitment have been described for OCRLI.
Recruitment to plasma membrane localized membrane ruf-
fles after growth factor stimulation has been attributed to
interaction with activated Cdc42, while localization of OCRL1
to the Golgi apparatus and endosomal membranes has been
shown to be mediated via Rab proteins (Faucherre et al, 2003;
Hyvola et al, 2006).

The Rab-binding site of OCRL1 was mapped to a region
from amino acids 540-725 in a previous report (Hyvola et al,
2006) (for a schematic depiction of the domain architecture of
OCRLI1 see Figure 1). Various data indicate binding of OCRL1
to a number of different Rab proteins in vitro (Hyvola et al,
2006; Fukuda et al, 2008). The interactions were also further
supported by co-localization in cells for some OCRL1/Rab
pairs; however, the affinities for their interactions have not
been determined. Using a fluorescence-based approach, we
were able to monitor the binding of OCRL1s39_9o; (OCRL1
amino acids 539-901) to mantGppNHp (a non-hydrolyzable
and fluorescent GTP analogue)-loaded Rabs (Rablb, Rab3a,
Rab5a, Rab6a, Rab7, Rab8a, Rab13, Rabl4 and Rab3l) by
exploiting the change in fluorescence polarization
(Supplementary Figure S1). The fluorescence polarization
increased upon Rab binding to OCRL1s39 9g;, indicating
complex formation. The reaction was fully reversed by dis-
placement of the mantGppNHp-loaded Rab from OCRL1s39_
901 With an excess of non-fluorescent Rab8a:GppNHp
(Supplementary Figure S1). In agreement with previous re-
ports, no complex formation was observed with Rab7 protein
(Fukuda et al, 2008).

Since the binding specificity of OCRL1 for Rab proteins is
rather broad, we were interested whether a certain Rab is
preferably bound in vitro. Hence, we determined the affinity
of various Rab:OCRL1s39_99; complexes (Rablb, Rab5a,
Rab6a, Rab8a) wusing equilibrium titrations combined
with fluorescence polarization as an indicator of complex
formation (Figure 2A). Among the tested Rab proteins,
Rab8a:mantGppNHp revealed the highest affinity towards
OCRLI1539_901, With a dissociation equilibrium constant (Kp)
of 0.9 uM. Rab1b, Rab5a and Rab6a were bound less strongly
with Kp values of about 4uM (Figure 2A). Thus, Rab8a
appears to be the preferred in vitro binding partner of
OCRL1 among the Rabs tested. Strong interaction of OCRL1
with Rab8a is also supported by significant co-localization of
both proteins in Hela cells (Supplementary Figure S2).
Previously, the relative affinities to OCRL1 had been reported
for Rab8a, Rab6a, Rab5a and Rabla with Rab8a showing the
lowest relative affinity to OCRL1 and Rab6a having the
highest (Hyvola et al, 2006). Our findings differ from this
report, possibly due to the different techniques applied. Thus,
we measured binding affinities in solution, while the pre-
vious report used surface-immobilized OCRL1 for its binding
study. In addition, we used wild-type Rab:mantGppNHp
proteins for our interaction studies, whereas the other report
applied GST-fusion proteins of constitutively active Rab mu-
tants. Also, an indirect influence of the mant-group at the
ribose moiety of mantGppNHp cannot be excluded and might
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Figure 2 OCRLI1 binds different exocytic and endocytic Rab proteins with moderate affinities. (A) Fluorescence polarization based equilibrium

titration of 1 pM Rablb:mantGppNHp, Rab5a:mantGppNHp, Rab6a:ma

ntGppNHp or Rab8a:mantGppNHp with OCRL1s39_9¢;, respectively.

(B) Association and dissociation kinetics of Rablb:mantGppNHP, Rab5a:mantGppNHp and Rab8a:mantGppNHp with OCRL1s39_9¢;, T€spec-
tively, monitored by the change in fluorescence polarization using stopped-flow apparatus (c(RabX:mantGppNHp) =1 uM). The individual
observed association rate constants are linearly dependent on the OCRL1s39_99; concentration and were fitted to a straight line, yielding the
association rate constant. (Insets) The dissociation of fluorescent RabX:mantGppNHp (2 uM) from its complex with OCRL1s39_90; Was
monitored by displacement with a 10-fold molar excess of non-fluorescent Rab using the stopped-flow apparatus. The time-dependent decrease
in fluorescence polarization, indicative of complex dissociation, was fitted to a single exponential function (white line) to determine the
dissociation rate constants. FP, fluorescence polarization; mP, milli-polarization units.

have a minor effect on the binding of the derivatized Rab
protein to OCRLI1. The Kp values obtained in the described
equilibrium titrations in the present study were confirmed by
the kinetic investigations described in the next section.

©2011 European Molecular Biology Organization

Using these Rab:mantGppNHp complexes, we also inves-
tigated the dynamics of Rab:OCRLls39 9o complexes by
determining their association and dissociation rate constants
(kon and kg, respectively). The association process was
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Table I Summary of equilibrium constants (Kp) of Rab proteins®

Kp (equilibrium titration) /uM Kp (from kinetics)/uM

Rablb 3.7 3.7
Rab5a 3.6 3.8
Rab6a 3.7 N/A
Rab8a 0.9 1.1

N/A, not assessed.
0CRL1s39_90; Was used to determine the kinetics.

monitored by the time-dependent change in fluorescence
polarization in a stopped-flow apparatus. Single exponential
fitting of individual traces yielded the observed pseudo
first-order rate constant of the association reaction at a
specific OCRL1s39_907 concentration. Plotting the observed
rate constants (kops) against the OCRL1s39_9g; concentration
gave a straight line, with the slope equal to the association
rate constant (ko,,) for each Rab protein (Rablb:
kon=7.0x10°M's™'; Rab5a: kon=1.05x10°M 's™%;
Rab8a: ko, =1.5 x10° M~ 's™!) (Figure 2B). The dissociation
rate constants (ko) were determined by displacing the fluor-
escent Rabs from their complex with OCRL1539_90; With a 10-
fold molar excess of non-fluorescent Rab:GppNHp (Rablb:
kosr=25s"1 Rab5a: ko=40.1s"" ; Rab8a: kos=16.25"1)
(Figure 2B). From the association and dissociation rate con-
stants, Kp values for the affinity of the Rab:mantGppNHp-
OCRL1s39_90; interaction (Rablb: Kp=3.7uM; Rab5a:
Kp=3.8uM; Rab8a: Kp=1.1uM) could be calculated. As
shown in Table I and Figure 2, Rab8a:mantGppNHp displays
the highest affinity toward OCRL1s39_90;, While the other
evaluated Rabs are bound about four-fold more weakly.

Previous reports suggested that Rab proteins bind to
OCRL1 within the linker region between the 5-phosphatase
and RhoGAP-like domains (Figure 1). To further localize the
Rab-binding site, we produced various N-terminal and
C-terminal truncations of OCRL1 and analysed the binding
to Rab8a:GppNHp by analytical gel filtration (Supplementary
Figure S3). The constructs OCRL1s4 678 and OCRLI1sss 678
were able to bind Rab8a:GppNHp, but the OCRLI1s69-678
fragment failed to interact with active Rab8a. The construct
OCRL1555_663 could not bind to Rab8a:GppNHp since the
protein was prone to aggregation, indicating an unfolded
ASH domain. Hence, OCRL1ss55_675 represents the minimal
Rab-binding construct.

Crystal structure of the Rab8ags_1,6:GppNHp:

OCRL 1540-678 complex

In order to understand the molecular basis of the interaction
between Rab proteins and OCRLI1, we determined the crystal
structure of a complex between active, GppNHp-loaded
Rab8a (amino acids 6-176, Rab8a4_;75) and OCRL1 (amino
acids 540-678, OCRL1s40-¢75) at 2.0 A resolution. The crystal
structure contains four individual complexes per asymmetric
unit (for data collection and refinement statistics, see
Table II). Some residues in the N-terminal regions of two
OCRLI1540-678 molecules (residues 540-548 of chain B and D)
were not visible in electron density, and thus were omitted
from the final model. Since the mode of interaction among
the four complexes in the asymmetric unit is highly similar
(excluding small differences due to crystal packing)

The EMBO Journal VOL 30 | NO 8] 2011

Table II Data collection and refinement statistics for Rab8ag_176:
OCRL1540-678

Data collection®

Space group Cc2

Cell dimensions
A, B, C(A) 157.15, 55.34, 173.84
o, B, v (deg) 90.00, 91.93, 90.00

Resolutions (A) 20-2.0 (2.1-2.0)

Runerge (%)° 5.5 (33.4)
I/o(D) 15.4 (4.2)
Completeness (%) 98.3 (97.0)
Redundancy 3.2 (3.0
Refinement
No. of reflections 320388 (39313)
Rwork/Rfree 209/241
No. of atoms
Protein 9954
Ligand/ion 142
Water 324
B-factors
Protein 38
Ligand/ion 28
Water 39
R.m.s. deviation
Bond lengths (A) 0.014
Bond angles (deg) 1.412

Values in parentheses refer to the highest resolution shell.

“The data set was collected from one single crystal on beamline
X10SA of the Swiss Light Source (Paul Scherrer Institute, Villigen,
Switzerland).

bCalculated as defined by Diederichs and Karplus.

(Supplementary Figure S4), we discuss only one representa-
tive complex structure here.

A cartoon representation of the Rab8ag_;76:0CRL1540-678
complex is shown in Figure 3A. In the complex, Rab8as_176
adopts the common GTPase fold, which consists of six central
B-strands (B1g—P6gr) surrounded by five a-helices (a1g-05g)
(subscripts ‘R’ and ‘O’ denote elements of Rab8a and OCRLI,
respectively). OCRL1s49_675 consists of the ASH domain and
an elongated helix (alp in green) belonging to the 5-phos-
phatase domain. The ASH domain of OCRL1549_g7¢ forms two
layers of B-sheets fold and is closely related to the members of
the family of immunoglobulin-like B-sandwiches (Erdmann
et al, 2007).

The Rab8a:OCRL1 complex interface

Complex formation leads to the burying of 1733 A2 of solvent-
accessible surface area. The majority of contacts in the
complex are mediated by the alg-helix and the B-strand 9
(B90) of OCRLI, and Switch I, Switch II and the Interswitch
region of Rab8a (Figure 3A).

The complex crystal structure reveals a Rab-binding site in
OCRL15s40-678 that consists of two separate elements: The first
site of protein-protein contact (binding site I) in OCRLI is
located in the linker region between the ASH domain and
S-phosphatase domain. The interactions between Rab8a and
OCRL1 in binding site I are mostly of polar nature
(Figure 3B). The amino acids D555, to N5595 in the
N-terminal region of OCRL1 are essential for binding Rab
proteins (Supplementary Figure S3). D5555 and R5564 form
side chain interactions with T49 in the Interswitch region
and E30g in Switch I, respectively. In addition, the adjacent
residue N559¢ binds strongly with the main chain of 147y in
the Interswitch region via a hydrogen bond. Hence, the

©2011 European Molecular Biology Organization
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Figure 3 Crystal structure of the Rab8as_176:0CRL1549 478 complex (A) Cartoon representation of the Rab8as_;76:0CRL1s40 678 cOomplex.
Rab8ag_;76 is shown in grey, with Switch I in blue and Switch II in magenta. OCRL1s49_670 is in green (helix a1¢ of the 5-phosphatase domain)
and red (ASH domain). The position of S564 (S564Pg causes Lowe syndrome) is indicated with a red sphere. (N, N-termini; C, C-termini;
sticks, non-hydrolyzable GTP-analogue GppNHp; green sphere, Mg* ", colouring is kept consistent throughout all panels). (B, C) Detailed view
of interactions between Rab8as_17¢ with alo-helix (binding site I, (B)) and the ASH domain (binding site II, (C)) of OCRL1s40_¢7s. The Switch I
region of Rab8a and the 9o-strand of OCRL1 are in stick representation to show the main-chain interactions (black dashes: polar interactions).
(D) Schematic view of Rab8a-OCRLI interactions (black lines: hydrogen bonds, brown dashes: hydrophobic contacts).
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significance of the amino acids 555-559 of OCRL1 for Rab
binding (Supplementary Figure S3) is apparent from the
structure of the complex interface.

All known structurally characterized Rab-effector proteins
bind to their respective Rab proteins mainly via 1-2 a-helices
(Zhu et al, 2004; Eathiraj et al, 2005, 2006; Kawasaki et al,
2005; Wu et al, 2005; Jagoe et al, 2006; Chavas et al, 2008;
Kukimoto-Niino et al, 2008). In contrast to these established
binding modes, OCRL1 Rab8a interacts with the Rab-binding
motif of OCRL1 via a B-strand (B9o), which forms the Rab-
binding site II. The interaction between Rab8a and OCRL1 in
binding site II is mediated by both hydrophobic and polar
contacts. The side chain of F668¢ in OCRLI1 penetrates into a
hydrophobic core of Rab8a, which is formed by I41x and
G42g in the Switch I region and F70g in the Switch II region.
Moreover, G664o of OCRLI Interacts with F45g in the Rab8a
Interswitch region. Besides these hydrophobic interaction,
D666o forms hydrogen bonds with the main chain of 143z
of Switch I and the hydroxyl oxygen of Y77y of Switch II. An
additional polar interaction is seen between T670 and R69x
of the Rab8a Switch II region. Furthermore, R5705 and E571¢
from the N-terminal region of the ASH domain interact with
the main chain of [42 and side chain of R69g, respectively
(Figure 3C and D).

The molecular interactions seen in the Rab8a:OCRL1 com-
plex also provide a structural understanding of previous Rab-
binding studies (DS555E, S568G, S564P, G664D, NG60GK;
Supplementary Figure S5) (Hyvola et al, 2006). According
to the complex structure, D555 and G664 are responsible for
the interaction with the Interswitch region by forming polar
and hydrophobic interactions, respectively. Consequently, the
D555E and G664D substitutions generated by Hyvola et al
(2006) reduced the Rab-binding activity of OCRL1 in vitro and
impaired OCRL1 membrane localization in vivo, hence sup-
porting their implication in Rab8a-OCRL1 complex forma-
tion. The amino acids S568 and N606 are not involved in
establishing the complex interface and their substitutions
(S568G and N606K) do not influence Rab binding or OCRL1
membrane recruitment (Hyvola et al, 2006). Variant S564P
had the strongest effect on Rab binding, abolishing it com-
pletely (Hyvola et al, 2006). Based on our complex structure,
the substitution S564P is expected to destabilize the confor-
mation of binding site II, since this residue appears to be an
integral part of the beginning of the ASH domain, leading to
complete loss of Rab-binding activity. Additionally, the S564P
mutation could impair the correct relative arrangement of the
al-helix and the ASH domain, since proline has reduced
conformational freedom compared with serine. Since S564
is at the C-terminal end of the «1-ASH linker region, its
mutation to proline possibly affects Rab binding by impairing
the orientation of helix o1 (Rab-binding site I) and the ASH
domain (Rab-binding site II). Thus, the in vivo and in vitro
effects of OCRL1 point mutations reported previously per-
fectly correlate with their relevance for Rab8a:OCRL1 com-
plex formation as suggested by the complex crystal structure.

The Rab8a:OCRL1 interaction mode in comparison

to other Rab effectors

In the active state, Rab proteins recruit diverse effectors to
specific subcellular compartments. A number of Rab-effector
crystal structures have been reported. These are (1)
Rab3:Rabphilin, Rab27a:Slp2a and Rab27b:Slac2-a, which

1664 The EMBO Journal VOL 30 | NO 812011

are associated with secretory vesicles (Ostermeier and
Brunger, 1999; Chavas et al, 2008; Kukimoto-Niino et al,
2008); (2) Rab7:RILP (Rab7-interacting lysosomal protein),
which is involved in regulating fusion between lysosomes
and endosomes (Wu et al, 2005); (3) Rab4:Rabenosyn-5,
Rab22:Rabenosyn-5 and Rab5:EEA1 (early endosomal auto-
antigen 1), which coordinate endosomal traffic (Eathiraj et al,
2005; Mishra et al, 2010); (4) Rab5:Rabaptin5, which is
implicated in early endosome fusion (Zhu et al, 2004);
(5) Rabll:FIP2 (Rabll-family interacting protein 2) and
Rabl11:FIP3, which are involved in regulating endocytic
recycling (Eathiraj et al, 2006; Jagoe et al, 2006);
(6) Rab6:Rab6IP1 (Rab6-interacting protein 1); and
(7) Rab6:GCC185, which regulate endosome to Golgi trans-
port (Burguete et al, 2008; Recacha et al, 2009). In all of the
previously reported structures of Rab-effector complexes, the
RBD is exclusively formed by an a-helical region in the
effector (Lee et al, 2009). In contrast to these helix-dominated
RBDs, OCRLI interacts with Rab8a not only via an a-helix
(a1p) but also via B-strand 9o from the all- ASH domain in
binding site II. The general binding interfaces of Rabs include
the Switch and Interswitch regions and are either centred on
or overlap with an invariant hydrophobic triad (F45g and
W62g in the Interswitch and Y77y in Switch II according to
the sequence of Rab8a) (Merithew et al, 2001; Lee et al,
2009). However, in the Rab8ag_176:0CRL1540_675 cOmplex, not
all of the three aromatic residues of the hydrophobic core
participate in the binding interface. W62y in the Interswitch
region is not involved in OCRL1 binding, while Y77 in the
Switch II region associates with D666o only via a hydrogen
bond interaction, but not a hydrophobic interaction as in
other Rab-effector complexes. Only F45; in the Interswitch
region interacts with G664o in OCRLI.

When comparing the OCRL1/Rab-binding mode with that
of other Rab effectors, it seems that the invariant hydropho-
bic triad may not be such a critical requirement for the Rab
binding of OCRL1 as for other Rab-effector interactions
(reviewed in Lee et al, 2009; Itzen and Goody, 2011).
Although there are numerous effectors that can bind to
several different Rab proteins, an effector binding as broad
as observed for OCRL1, which includes Rab proteins from
completely different subfamilies, is unusual. Based on pre-
vious interaction studies, different Rab proteins bind to the
same site in OCRL1, although with subtle differences (Hyvola
et al, 2006). It is therefore appropriate to consider why
OCRLI1 binds to such a broad variety of different Rab pro-
teins. It has been suggested that the hydrophobic triad of Rab
proteins represents a main determinant for Rab subfamily
specific effector binding (Merithew et al, 2001). The side
chain conformations of this conserved hydrophobic triad
(F45g, W62 and Y77g) in the active state are similar for
members of a Rab subfamily but different among subfamilies,
and this structural plasticity is suggested to be an important
determinant for Rab-effector specificity (Merithew et al, 2001;
Grosshans et al, 2006). In the case of the Rab-OCRL1 inter-
action, the hydrophobic triad appears to have only a minor
role in OCRL1 binding, since the central W62y residue in
Rab8a is not involved in any interactions with residues of
OCRL1. Thus, the minor involvement of the hydrophobic
triad of Rabs in OCRL1 binding might serve as an explanation
for the low Rab-binding specificity of OCRLI. It will be
interesting to see whether effectors with a wide Rab-binding
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range comparable to OCRL1 (Fukuda et al, 2008) employ a
similar structural mechanism, that is by omitting the hydro-
phobic triad of Rabs as a main binding determinant to
achieve interaction with multiple Rabs.

The broad Rab-binding specificity of OCRL1 contributes to
its diverse subcellular localization. siRNA experiments
have demonstrated that knockdown of Rabl together with
Rab6 leads to a significantly reduced binding of OCRLI to
the Golgi apparatus. It was also demonstrated that constitu-
tively expressed Rab5 can translocate OCRL1 from the
cytosol to enlarged endosomes. Point mutations abolishing
binding to Rab proteins lead to complete delocalization of
OCRLI to the cytosol (Hyvola et al, 2006). However, other
targeting mechanisms might exist, for example transient
localization of OCRL1 to late clathrin-coated pits has
been demonstrated to rely on its two clathrin-binding motifs
(Mao et al, 2009).

APPL1/Ses1 peptides do not influence the Rab8a:OCRL1
interaction

The ASH domain is not only required for binding to Rab
proteins but also for binding to the Rab5-effector protein
APPL1 (Erdmann et al, 2007), as well as to the two novel
endocytic proteins Sesl/2 (Swan et al, 2010). APPL1/Ses
interactions with OCRL1 are both mediated by a conserved
short amino-acid motif (Phe and His [F&H] motif) in APPL1/
Sesl. We asked whether binding of APPL1 and Sesl mod-
ulates the affinity of OCRL1 for Rab proteins. To do this, we
determined the affinity of Rab8a:mantGppNHp to OCRL1s39_
901 Dy equilibrium titration as described above in the presence
of the APPL1 and Sesl OCRL1 binding peptides
(SFQQRHESLRP and PFARLHECYGQEI, respectively) (Swan
et al, 2010) (Figure 4). The concentrations used are orders of
magnitude higher than the known Kp, values for the peptides
for OCRLI1, ensuring binding under these conditions. The
binding activity of the synthesized peptides to OCRL1539_90;
has been independently confirmed by isothermal titration
calorimetry, yielding results that are comparable to the
ones reported by Swan et al (2010). The Kp of the complex
between Rab8a:mantGppNHp and OCRLls39.99; Was un-

o OCRLs39-901
o OCRL5397901+SQS1
A OCRL5397901+APPL1

FP/mP

0 5 10 15 20 25
¢ (OCRLsgg-go1)/HM

Figure 4 The binding of APPL1 and Ses1 peptides does not alter the
dissociation equilibrium constant of the Rab8:mantGppNHp-
OCRL1s39_99; interaction. The experimental setup described in
Figure 2A was repeated in the presence of 200 uM APPL1 peptide
or 100 uM Sesl1 peptide with 1 pM Rab8a:mantGppNHp and varying
concentrations of OCRL1s39_90; (FP, fluorescence polarization; mP,
milli-polarization units).
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changed by the presence of APPL1 or Sesl peptides, suggest-
ing they have no modulatory effect on the stability of the
Rab8a:0OCRL1 complex (Figure 4). Apparently, the interaction
of Rab with OCRL1 is independent of the simultaneous
binding of the APPL1 or Sesl peptides to OCRL1, indicating
no communication of the APPL1/Ses1-binding site with the
Rab-binding site.

A structural basis for Lowe syndrome

Two missense mutations causing Lowe syndrome are respon-
sible for amino-acid substitutions in the minimal Rab-binding
region of OCRL1 (L634P and F668V). Substitution L634P is
likely to destabilize the ASH domain fold, which is in line
with complete loss of binding to APPL1 and Ses proteins.
However, F668V retained the binding to APPL1 and Sesl/2,
making an APPL1/Sesl interaction deficiency unlikely to
account for disease development. Thus, the molecular basis
for this disease-causing mutation remained unclear (Swan
et al, 2010). In the Rab8ag_;76:0CRL1s49_¢7g structure, F668
participates in the complex interface by establishing a multi-
tude of contacts within a hydrophobic groove of Rab8a
(Figure SA and B). We speculated that the F668V substitution
impairs the interaction with Rab8a due to the lower hydro-
phobicity of valine compared with phenylalanine.
Furthermore, this effect should be even more pronounced
with an F668A substitution in OCRL1. This hypothesis was
confirmed by determining the dissociation constants between
active Rab8a:mantGppNHp and the OCRLI1s39_909; Variants
(F668V or F668A) by equilibrium titration (Figure 5C). The
affinity of OCRL1s39_99; F668V was decreased 5.8-fold com-
pared with the wild-type protein (Kprabs:ocrL1 =0.9 UM,
KD,RabS:OCRLl F668V = 5.2 MM) The afﬁnlty of the F668A var-
iant was decreased by a factor of 6.7 compared with the wild-
type protein (Kp rabs:ocrr1 Fessa = 6.0 tM). Thus, the variants
F668V and F668A of OCRL1 weaken the binding towards
active Rab8a. In addition, the amino-acid substitutions F668V
and F668A also significantly impair the binding to Rablb,
Rab5a and Rab6a (Supplementary Figure S6). To confirm
weakened binding of OCRL1 (F668V) to Rab8a by an inde-
pendent assay, we performed pull-down experiments using
GST-fusion proteins of OCRL1539_99; and OCRL1539_9g; F668V.
Using this assay, binding of Rab8a to OCRLIls39_99; Was
detected; however, no binding could be detected between
Rab8a and OCRLIls39_99; F668V. In contrast, both OCRLI1
constructs bound APPL1 efficiently, indicating selective im-
pairment of binding to Rab8a for OCRLIls39_99; F668V
(Figure 5D). It has been previously shown that interaction
with Rab proteins is crucial for OCRL1 membrane recruit-
ment. Thus, we tested whether the Lowe syndrome mutation
F668V changes the subcellular localization of OCRLI.
Transfection of GFP-OCRL1 F668V into Hela cells revealed
that the mutation leads to a large increase in cytosolic
localization of OCRL1 and to a significant reduction at the
Golgi apparatus and vesicular structures (Figure 5E). Co-
transfection experiments of Myc-tagged wild-type OCRL1
together with GFP-OCRL1 F668V also demonstrated signifi-
cant localization differences between mutant and wild-type
OCRLI1 for example reduced localization at subcellular mem-
branes and a higher cytosolic pool for mutant OCRL1
(Figure SF). The observed differences in binding affinity
and subcellular localization are completely in line with our
predictions based on the Rab8a:OCRL1 complex structure.
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In summary, the point mutation F668V is so far the only
Lowe syndrome causing variant, which selectively affects the
Rab-binding properties of OCRLI1, giving direct in vivo evi-
dence for the importance of Rab interaction for OCRLI1
function(s).

A
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EGFP-OCRL,,
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Structural model of the interaction of OCRL1 and Rab8a
at the membrane interface

The Rab8ag_176:0CRL1540_678 complex structure allows us to
expand the previous structural model of OCRL1 at the
membrane interface (Erdmann et al,

2007) (Figure 6):
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Superimposition of the C-terminal o-helix of the inositol
polyphosphate 5-phosphatase domain of the yeast homolog
of synaptojanin (Tsujishita et al, 2001) with the helix alg of
OCRL1 from our complex structure together with a super-
imposition of the ASH domain of the ASH-RhoGAP (Erdmann
et al, 2007) structure yields an approximate model of OCRLI.
The possible relative orientation of this virtual construct
towards a membrane is obtained from the position of inosi-
tol-1,4-bisphosphate bound to the inositol polyphosphate
5-phosphatase domain in the X-ray structure of the synapto-
janin yeast homolog (Tsujishita et al, 2001). In this model,
Rab8a is centrally located between the inositol polyphosphate
5-phosphatase and the RhoGAP domain. The nucleotide-
binding pocket of Rab8a is pointing away from the membrane
and faces the cytosol, whereas the structurally flexible
C-terminus of the GTPase is oriented towards the lipid bilayer,
thereby leading to undisturbed interaction of the single
C-terminal geranylgeranyl moiety of Rab8a (Joberty et al,
1993) with the membrane. Since Switch I and Switch II are
oriented towards the cytosol in our model, an interaction
with additional Rab regulators and/or effectors is in principle
possible, which could further modulate the Rab-OCRLI1
interaction.

In this study, we have presented the first structure of
the RBD of OCRLI in complex with a Rab protein (Rab8a).
Based on our results we have rationalized the structural
consequences of known Lowe syndrome causing mutations
leading to substitutions in the RBD. However, the identifica-
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tion of Lowe syndrome mutations is still ongoing, and
recently 51 novel mutations were reported (Hichri et al,
2010). Our results will help to understand the functional
consequences of newly identified mutations in the future.
Finally, our data extend the current structural understanding
of OCRL1 and support the idea that impairment of Rab
binding contributes to the complex disease mechanism in
Lowe syndrome.

Materials and methods

Protein expression and purification

Human Rab8a and OCRL1 genes were synthesized as codon-
optimized DNA for expression in Escherichia coli (MR GENE,
Regensburg, Germany). The truncated Rab8as-;7¢ was subcloned
into a modified pET19 vector that contained an N-terminal hexa-
histidine (Hiss) tag and a Tobacco Etch Virus (TEV) protease
cleavage sequence. The expression and purification of Rab8as_;7¢
were performed as described for full-length Rab8a (Bleimling et al,
2009). OCRL1s39_99; Was cloned into a modified pMAL vector
containing an N-terminal Hiss-maltose binding protein (MBP)-tag
and TEV protease cleavage sequence. OCRL1s49_578, OCRL1s55_67s,
OCRL1569_678 and OCRL1sss_¢6s Were cloned by the Dortmund
Protein Facility (http://www.mpi-dortmund.mpg.de/misc/dpf/)
into a pOPINM-vector (N-terminal Hiss-MBP tag followed by a
PreScission protease cleavage sequence) by the in-fusion cloning
method (Berrow et al, 2007). OCRLI1 constructs were expressed in
Escherichia coli BL21 (DE3) overnight at 20°C after induction with
0.2 mM isopropyl-B-dithiogalactopyranoside (IPTG). Proteins were
purified from bacterial lysate using nickel-nitrilotriacetic acid
(Ni-NTA) column pre-equilibrated with buffer A (50 mM HEPES,

Membrane

5-Phosphatase
catalytic domain

Rab? §

S RhoGAP-like
domain

Putative APPL1-
binding site

Figure 6 Structural model of the interaction of OCRL1 and Rab8a at the membrane interface. The inositol-5-phosphatase domain (Tsujishita
et al, 2001) together with the ASH and RhoGAP-like domains (Erdmann et al, 2007) are docked at the membrane interface as reported
previously. The N-terminal region of OCRL1 is not included. The Rab protein binds centrally between the 5-phosphatase and RhoGAP domains,
with the nucleotide-binding pocket (sticks, GppNHp; green sphere, Mg? ") facing towards the cytosol. In this model, binding of Rac/Cdc42 to
the RhoGAP domain and APPL1 to OCRLI1 (dashed circle) simultaneously with Rab8a is conceivable.

Figure 5 Structural and thermodynamic basis for the Lowe syndrome causing mutation F668V. (A) The residue F668, (red spheres) of the f9o-
strand of OCRLI (red cartoon) is binding within a hydrophobic pocket of Rab8a (surface representation) located between Switch I and Switch II
(the nucleotide is shown as ball and stick representation). (B) F668 is penetrating into a hydrophobic pocket of seven hydrophobic residues
(I41g, G42g, 143R, A65g, F70g, 173 and Y77g). (C) Fluorescence polarization based equilibrium titrations of Rab8a:mantGppNHp with different
OCRL1s39_90; variants (wild type, F668Vy and F668Ap), demonstrating the significance of the Lowe disease related mutant F668, for Rab
binding. The mutations F668V, and F668A of OCRL1 decrease the affinity to Rab8a (Kp rabs:ocrr1 wt = 0.9 IM, Kp rabs:0crRL1 Fessv = 5.2 KM,
Kp Rabs:0crL1 Feesa = 6.0puM). (D) Pull-down experiment of Rab8a with GST-OCRL1 fusion proteins. Indicated GST-fusion proteins were
incubated with Hela cell lysate, bound proteins were separated by SDS-polyacrylamide gel electrophoresis transferred to nitrocellulose and
detected using anti-Rab8a or anti-APPL1 antibody, equal loading of GST-fusion proteins is indicated by ponceau staining. (E) Subcellular
localization of OCRL1 F668V. Hela cells expressing GFP-tagged full-length OCRL1 or OCRL1 point mutant F668V were analysed by
immunofluorescence microscopy with antibodies to the Golgi 58K protein. Insets show an enlargement of the Golgi area. (F) Comparison
of subcellular localizations of OCRL1 wt with OCRL1 F668V. Hela cells were co-transfected with constructs for EGFP-OCRL1 F668V and Myc-
tagged wild-type OCRL1 and analysed using immunofluorescence microscopy with antibodies against the Myc epitope (Bar, 10 pm).
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pH 8.0, 500 mM NaCl, 2 mM B-mercaptoethanol) and eluted with a
linear imidazole gradient (0-500 mM imidazole). Fractions contain-
ing the desired proteins were pooled, and the Hissc-MBP-tag of
OCRL1 was cleaved off overnight at 4°C with TEV protease or
PreScission protease, respectively. Uncleaved protein, Hiss-MBP and
protease were removed via a Ni-NTA column, and the sample
further purified by gel filtration over Superdex 75 column
(GE Healthcare) pre-equilibrated with buffer containing 20 mM
HEPES, pH 7.5, 100mM NaCl and 2 mM dithioerythritol (DTE).
Fractions containing OCRL1 fragments were pooled and concen-
trated. The Rab8ag_176:GppNHpP:OCRL1549_678 complex was formed
with 1.5-fold molar excess of Rab8a4_,76, purified via a Superdex
75 16/60 column (GE Healthcare), and concentrated Rab8ag_;7¢:
GppNHp:OCRL1549_678 to 17 mg/ml.

Crystallization and structure determination

The crystallization screening of the Rab8ags_176:GppNHp:
OCRLI1540-678 complex was carried out with the JCSG Core I-IV
(Qiagen), using the sitting-drop vapour diffusion method at 20°C.
Diffraction-quality crystals of the complex were grown against a
reservoir solution containing 20% (w/v) polyethylene glycol 4000,
20% (v/v) glycerol, 0.16 M ammonium sulphate and 0.1 M sodium
acetate at pH 4.6 by the hanging-drop vapour diffusion method.
Diffraction data were collected at beamline X10SA of the Swiss Light
Source and processed with XDS for indexing and data reduction
(Kabsch, 1993). The structure of the complex was solved by
molecular replacement in Phaser (McCoy et al, 2007) with poly-
alanine derived from the coordinates of the Rab5:GppNHp (PDB
entry code 1R2Q (Terzyan et al, 2004)) and the partial structure of
OCRL1 (PDB entry code 2QV2 (Erdmann et al, 2007)) as search
models. The initial crystallographic model was improved with
iterative cycles of manual building in Coot (Emsley et al, 2010) and
refinement in Refmac5 (Murshudov et al, 1997). Data collection and
refinement statistics are shown in Table II. Structural figures were
prepared with the program PyMol (Delano, 2002).

Preparative nucleotide exchange

Rab GTPases were incubated with a 20-fold molar excess of
guanine nucleotides (mantGppNHp or GppNHp) and five-fold
molar excess of EDTA over MgCl, for 2h at 4°C. Unbound
nucleotides were removed by NAPS column (GE Healthcare) with
the elution buffer consisting of 20mM HEPES (pH 7.5), 50 mM
NaCl, 1 mM MgCl,, 2mM DTE, 10 uM nucleotide. The efficiency of
nucleotide exchange was determined by the reversed phase HPLC
using a C-18 column under isocratic conditions (running buffer
50 mM potassium phosphate (pH 6.6), 10 mM tributylammonium
bromide, and 8 or 25% (V/V) acetonitrile for GppNHp or
mantGppNHp, respectively).

Fluorescence measurements

All fluorescence measurements were carried out at 25°C in buffer
containing 50 mM HEPES (pH 7.5), 50mM NacCl, 5mM MgCl, and
SmM DTE. Fluorescence equilibrium titrations were performed
with a Fluoromax-3 fluorescence spectrometer (Horiba Jobin Yvon).
The binding of OCRL1 to mantGppNHp-loaded Rabs was monitored
by the change in fluorescence polarization (excitation 365nm,
emission 440 nm). The association and dissociation kinetics of Rab
loaded with mantGppNHp were measured with a stopped-flow
apparatus (Applied Photophysics) using the fluorescence polariza-
tion change (excitation at 365nm, emission with a 420-nm cutoff
filter). To monitor the influence of the APPL1/Sesl peptides on
Rab8a:mantGppNHp:OCRLI affinity, the Kp of Rab8a:mantGppNHp
with OCRL1 was determined as described above in the presence of
200 uM APPL1 peptide (sequence: SFQQRHESLRP) or 100 uM Ses1
peptide (sequence: PFARLHECYGQEI), respectively.

Analysis of fluorescence titrations

The concentration-dependent change in fluorescence polarization
upon interaction of OCRL1 with Rab:mantGppNHp was fitted to a
quadratic equation describing the binding isotherm of a reaction
R+O=RO (R: Rab, O: OCRL1, RO: Rab:OCRL1 complex). The
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titration can be described by the following equation

P, — P,
P=P+—3 4 % [(Kp + Or + Ry)
T

2.

— /() + Or + Ry)~4- Or - Ry,

Kp is the equilibrium dissociation constant, Oy is the total (free and
bound) concentration of OCRLI at each titration step, Ry is the total
(free and bound) concentration of Rab:mantGppNHp in the cuvette,
P is the fluorescence polarization. Py and P, are the fluorescence
polarization values at Or =0 and Oy = oo, respectively.

Immunofluorescence microscopy

Hela cells were plated on glass coverslips and transfected with the
indicated expression constructs using Fugene 6 transfection
reagent. At 48h after transfection, cells were fixed with 4%
paraformaldehyde, permeabilized with 0.5% Triton X-100 for
15min at RT and blocked with 2% BSA for 30 min at RT. Cells
were incubated with the following antibodies for 1h at RT: mouse
anti-Golgi 58K protein (Sigma-Aldrich, 1:100) or rabbit anti-c-myc
(Santa Cruz, 1:40). After three washes with PBS, secondary Alexa
Fluor 555-conjugated antibody (Molecular Probes, 1:400) was used
for 1h at RT. Cells were mounted on glass slides with Vectashield
Mounting Medium (Axxora) and fluorescence was visualized with
an Olympus inverted microscope.

Pull-down experiments and immunoblotting

Hela cells were lysed in lysis buffer (1 x PBS, 0.5% Triton X-100,
protease inhibitors) and the cleared lysate was incubated with equal
amounts of GST-fusion proteins bound to Glutathione Sepharose 4B
(GE Healthcare) for 3h at 4°C. After three washing steps with lysis
buffer, bound proteins were eluted in 2 x Laemmli buffer for 10 min
at 95°C and separated by SDS-polyacrylamide gel electrophoresis
(SDS-PAGE). Proteins were transferred to nitrocellulose and incu-
bated with mouse anti-Rab8a antibody (BD Biosciences, 1:1000) or
goat anti-APPL1 antibody (Abcam, 1:2000) overnight at 4°C,
followed by incubation with appropriate secondary HRP-conjugated
antibodies. The blot was developed using the chemiluminescent
Super Signal West Pico Chemilumiscent Substrate (Pierce).

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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