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The Molecular Mechanism of Cholesterol
Control of Late Endosomal Transport by
Dynein Motors

Nuno Rocha, Coenraad Kuijl*, Rik van der Kant', Lennert Janssen, Wilbert
Zwart and Jacques Neefjes'.

Division of Tumor Biology, The Netherlands Cancer Institute, Amsterdam, The Netherlands

*Equal contribution

Late endosomes and lysosomes exhibit bidirectional motility along microtubules by the
alternating actions of kinesin and dynein motor proteins. The Rab7 effector RILP recruits
the dynein motor to late endosomes for microtubular minus-end transport but how this
complex is disassembled and what regulates the process to allow for the observed changes
in direction is unclear. The Rab7-RILP complex interacts with the oxysterol-binding
protein ORP1L. Here we show that the late endosomal cholesterol content determines
the conformational state of ORP1L, acting as a switch to control dynein-dynactin motor
complex binding to its Rab7-RILP receptor, thereby regulating the direction of transport.
The cytosolic state of the cholesterol-sensing OSBP-related domain (ORD) of ORPI1L
exposes a FFAT motif to recruit the integral membrane protein VAP. VAP then binds to and
removes the dynein-dynactin motor subunit p150°"* from Rab7-RILP. The FFAT motif is
not exposed when the ORD is membrane-associated allowing dynein motor binding and
transport. This regulatory mechanism is disrupted in Niemann-Pick type C disease causing
the characteristic clustering of cholesterol-laden late endosomes. Thus, cholesterol acts
as a molecular switch, controlling the transport of late endosomes and lysosome-related
organelles.

the alternate action of at least two microtubule-

INTRODUCTION

Late endosomes, lysosomes and lysosome-
related organelles, such as the MHC class II-
containing compartment (MIIC), cytolytic
granules and early melanosomes move along
microtubules in a so-called bidirectional
manner and in a stop-and-go fashion (Jordens
et al, 2006; Wubbolts et al., 1996). This
bidirectional nature of movement results from

based motor proteins with opposite polarities.
The dynein-dynactin motor is essential for
minus-end (inward-directed) transport and at
least two motor proteins have been implicated
in plus-end transport; kinesin-1 (conventional
kinesin or KIF5) and kinesin-2 (heterotrimeric
kinesin or KIF3) (Brown et al., 2005; Hollenbeck
and Swanson, 1990; Wubbolts et al., 1999).
Although this explains bidirectional motility
of late endosomes and lysosomes, it does not

Corresponding authors. Division of Tumor Biology, The Netherlands Cancer Institute, Plesmanlaan 121, Amsterdam 1066 CX, The
Netherlands. Tel.: + 31 20 5122012; Fax: + 31 20 5122029; E-mail: JNEEFJES@NKINL; W.ZWART@NKI.NL

45



explain control of motor activities.

Rab GTPases specify organelle identity
(Pfeffer, 2001; Zerial and McBride, 2001),
making them ideal central regulators of
selective motor activity. Increasing evidence
implicates Rab GTPases and their effectors in
the selective recruitment of motor proteins
to particular vesicles (Echard et al., 1998;
Hoepfner et al., 2005; Jordens et al., 2001;
Jordens et al., 2005). The small GTPase Rab7
associates with late endosomal and lysosomal
structures as well as to most lysosomal-related
organelles (Zerial and McBride, 2001). Rab7
has multiple reported functions. The yeast
Rab7 ortholog, Ypt7p, can recruit the class C
VPS/HOPS complex that mediates homotypic
fusion (Peterson and Emr, 2001; Seals et al.,
2000; Wurmser et al., 2000). This complex
probably contains a Rab7 guanine nucleotide
exchange factor, which is also an effector of
the early endosomal GTPase Rab5 acting in
the process of Rab5-to-Rab7 conversion and
thus endosomal maturation (Rink et al., 2005).
Rab?7 also supports dynein motor recruitment
to late endosomes by sequentially recruiting
its effector RILP and then the p150°*! subunit
of the dynein-dynactin motor protein complex
(Johansson et al., 2007; Jordens et al., 2001).
Active transport of late endosomes by the
dynein-dynactin motor towards the minus-end
of microtubules involves an additional Rab7
effector—oxysterol-binding protein (OSBP)-
related protein 1L (ORP1L) (Johansson et al.,
2007). ORP1L is a member of a family of OSBP-
related proteins (ORPs) and interacts with GTP-
bound Rab7 via its N-terminal ankyrin repeats
region (Johansson et al., 2005). ORP1L also
contains a pleckstrin homology (PH) domain
which binds phosphoinositides (Johansson
et al., 2005), a protein-interacting FFAT (Two
Phenylalanines (FF) in an Acidic Tract) motif
(Loewen and Levine, 2005; Loewen et al.,
2003) and a C-terminal OSBP-related domain
(ORD) able to bind 25-hydroxycholesterol
and possibly other cholesterol derivatives

within membranes (Im et al., 2005; Suchanek
et al., 2007). The FFAT motif can interact with
cytosolic proteins that are embedded in the
ER by a C-terminal transmembrane region,
called vesicle-associated membrane protein
(VAMP)-associated protein (VAP)-A and VAP-B
(Loewen and Levine, 2005). VAP-A and -B can
form homo- and hetero-dimers (Hamamoto et
al., 2005; Nishimura et al., 1999) and interact
with OSBP, an ER protein related to ORP1L,
which drives ER export of proteins and lipids
(Wyles et al., 2002).

The RILP-controlled recruitment of
dynein motors is not only operational in late
endosomes and lysosomes but in all Rab7-
containing compartments tested, including
specialized lysosomes like early melanosomes
(Jordens et al., 2006), MHC class II-containing
compartments (MIIC) (Jordens et al., 2001),
cytolytic granules (Stinchcombe et al., 2006)
and phagosomes (Harrison et al, 2003;
Marsman et al., 2004). This mechanism is
responsible for the characteristic steady-
state perinuclear distribution pattern of late
endosomal compartments (Burkhardt et al.,
1997; Harada et al., 1998; King et al., 2003;
Vaughan et al., 2001).

How direction of transport is controlled
remains unclear, although three models have
been proposed. Motors of opposite polarity are
reciprocally coordinated thereby preventing
their simultaneous activity on a given vesicle.
In this model, dynein and kinesin motors may
use the dynactin stalk p150°¢as a common
adaptor to the Rab7-RILP receptor. The nature
of the p150°“d-associated motor then dictates
the directionality of transport (Brown et al.,
2005; Deacon et al., 2003). Alternatively, motors
of opposite polarities may coexist on a given
vesicle and directionality is decided in a “tug-of-
war” on the cargoes (Gross et al., 2002; Muller et
al., 2008). Finally, bidirectional movement can
occur as a result of dynein motors being able
to move in both directions on microtubules,
as suggested from in vitro studies (Gennerich

46 Chapter 3 | Cholesterol controls late endosomal transport



Chapter 3

et al., 2007; Ma and Chisholm, 2002; Ross et
al., 2006), In all cases, the p150°"d interaction
with the Rab7-RILP complex seems critical to
determine motility and thus retention of late
endosomal compartments in close proximity
to the nucleus.
CellsoverexpressingRab7and/or RILP show
dense clustering of late endosomal vesicles
around the minus-end of microtubules in the
perinuclear area (Bucci et al., 2000; Jordens
et al., 2001). This is the result of continuous
dynein motor activity on late endosomal
vesicles and possible exclusion ofkinesin motor
activities (Lebrand et al., 2002). Conversely,
overexpression of the dominant-negative RILP
variant AN-RILP prevents p150%““d recruitment
causing dispersal of late endosomal vesicles
throughout the cytosol (Jordens et al., 2001).
The Rab7-RILP interaction with the
p150°d subunit may be controlled by factors
altering the activity of Rab7, such as a GTPase
activating protein (GAP) specific for Rab7 that
would release RILP from Rab7 by stimulating
GTP hydrolysis. Other factors might also be
involved in the positioning and motility of
late endosomes/lysosomes. Some have been
hinted at in human diseases like the Niemann-
Pick type C disease, which is phenotypically
defined by cholesterol-laden late endosomes/
lysosomes clustered around the microtubule-
organizing centre at the minus-end of
microtubules (Mukherjee and Maxfield, 2004).
This phenotype is shared with a series of other
lysosomal storage diseases including Tangier,
Fabryand Gaucher disease (Maxfield and Tabas,
2005). Increasing intracellular cholesterol
levels with the chemical compound U18666A
mimics this phenotype (Koh and Cheung, 2006;
Roff et al., 1991; Sobo et al., 2007) in a process
involving Rab7 and Rab9 GTPases as well as
RabGDI (Chen et al., 2008; Holtta-Vuori et al.,
2000; Lebrand et al., 2002; Narita et al., 2005).
Rab GTPases, cholesterol and motor protein
activities may somehow be connected resulting
in late endosomal/lysosomal clustering as

observed in these lysosomal storage diseases.

Here, we identify cholesterol as a messenger
sensed by ORPI1L, a late endosomal Rab7-
RILP receptor complex subunit. Cholesterol
determines the conformation of ORPIL to
expose a FFAT domain that recruits VAP. VAP
then controls p150°""*d-dynein motor binding to
RILP and microtubule minus-end transport of
late endosomes. The characteristic clustering
of late endosomes observed in Niemann-Pick
type C and other lysosomal storage diseases are
the result of this process.

RESULTS

Late endosomes exhibit variable timing
of bidirectional stop-and-go motions

Late endosomes, like MIIC, move along
microtubulules in a so-called bidirectional
manner and in a stop-and-go fashion by the
action of dynein and kinesin motor proteins
(Wubbolts et al., 1996). We have visualized
these motions in the human melanoma cell
line MelJuSo expressing Green Fluorescent
Protein (GFP) tagged MHC class II using
time-lapse confocal microscopy (Figure 1A).
The MIIC regularly stops before continuing or
switching direction of movement. The motility
was subsequently plotted in a rose diagram
where the speed and direction relative to the
previous movement are plotted (Figure 1B).
About 40% of peripheral MIIC structures were
immotile during the time of analysis. The
motile MIIC structures moved at 0.4 + 0.3 um/s
in all directions. A vesicle tends to move along
a single microtubule in time, since directions
are primarily forward or reverse (Figure 1B).
The time a vesicle stops before moving again
is plotted in Figure 1C. There appears to be
no correlation between the direction before
standstill and the direction after standstill
(data not shown). This suggests that motor-
driven vesicle transport occurs with variations
in standstill, direction of movement and
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Figure 1. Analyses of MIIC stop-and-go
bidirectional motility.

(A) Tracking of MHC class II vesicle
(MIIC) movement. The stably transfected GFP-
HLA-DR1 MelJuSo cell line was imaged by
time-lapse confocal microscopy with images
taken every 5 s over a period of 195 s (see also
Supplemental Movie MI). The positions of five

speed (Hm/s) vesicles moving in the confocal section were

E;OGB_ 08 projected and illustrate the variability in
[Jo4-06 MIIC movement. The velocity of the vesicles,
reverse =S‘02:§; the stop-time and the angle of movement

following the stop-time were derived from
similar images.
(B) Thevelocity of vesicles was determined

in the stable GFP-HLA-DR1 MelJuSo cell line. Vesicle velocity and direction relative to the previous direction from 36 tracks
(820 data points) were quantified and plotted in a rose diagram. Each segment of 36 degrees (total 360 degrees) shows
the direction of movement. Each segment is subdivided into 5 discrete compartments indicating the speed of vesicle

movement in that direction.

(C) Vesicles stop before continuing or switching direction. The stop time (standstill) was determined from 36 tracks
analyzed and binned over 5 s intervals. Total stop times were set at 100%.

progression after the standstill.

Rab7is notasubstrate forthe TBC1D15
when in complex with RILP

Activated GTP-loaded Rab7 recruits its
effector RILP that acts as a selective dynein
motor receptor on late endosomal membranes
by binding the p150“"** subunit of the dynactin
complex (Johansson et al., 2007). Inactivation
of Rab7 by a Rab7-specific GTPase-activating
protein could control dynein motorrecruitment
to late endosomes. We selected nine GAPs to
generate shRNA constructs (Figure S1) which

were introduced in MelJuSo cells expressing
GFP-Rab7. Since GFP-Rab7 cycles between a
membrane-associated GTP-bound active and
a cytosolic inactive GDP-bound state, the Rab7
cycle can be monitored by photobleaching
experiments (Jordens et al., 2001) (Figure 2A).
Only downregulation of the RabGAP TBC1D15
by shRNA quenched the Rab7 cycle in living
cells (Figures 2B and 2C). The TBC (Tre-2/
Bub2/Cdcl6) domain, a conserved catalytic
domain that specifies most RabGAPs (Albert
et al., 1999; Bernards, 2003), of TBC1D15 was
subsequently expressed, isolated and tested
in an in vitro GTPase assay with [y—**P]GTP-
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Figure 2. RILP prevents Rab7 GTPase activation by Rab7GAP. (A) The GFP-Rab7 cycle in living MelJuSo cells
as determined by FRAP. GFP-Rab7-positive vesicles in living MelJuSo cells were photobleached and the recovery of
fluorescence was followed in time. Single frames corresponding to a typical sequence with a GFP-Rab7-positive vesicle
(inside white-box) prior to bleaching (pre), immediately after bleaching (bleach), and post-bleaching after different time
intervals (30s, 70s, and 195s) are shown. (B) Quantification of fluorescence recovery of GFP-Rab7 on vesicles in living
MelJuSo cells expressing a control shRNA or a shRNA for TBC1D15, as indicated. Nine potential RabGAPs (Figure S1)
were tested with only one affecting the GFP-Rab7 cycle. shRNA-mediated silencing of TBC1D15 quenched the GFP-
Rab7 cycle and the bleached membrane-bound Rab7 was less efficiently exchanged for fluorescent GFP-Rab7. (C) The
recovery of fluorescence of GFP-Rab7 on vesicles in living MelJuSo cells expressing control or shRNA for the TBC1D15
was determined after 200 s. The cycle time of GFP-Rab7 was not significantly affected by intracellular localization but was
strongly decreased by silencing Rab7GAP. The means and SD from five independent experiments are plotted. (D) RILP
inhibits stimulation of the Rab7 GTPase activity by TBC1D15. [y—**P]GTP hydrolysis by purified GST-Rab7 was monitored
in an in vitro reaction in the presence or absence of purified RILP, ORP1L and Rab7GAP, as indicated. The means and SD
of duplicates in two independent experiments are shown. (E) Zoom-in on the effects of RILP and ORP1L on the intrinsic
GTPase activity of Rab7 illustrating that RILP slows the intrinsic Rab7 GTPase activity. The means and SD of duplicates in
two independent experiments are shown.
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loaded Rab7 (Figure 2D). Consistent with
recent data, we found that the TBC domain of
TBC1D15 stimulated the low intrinsic GTPase
activity of Rab7 (Zhang et al., 2005). To test
whether this was also the case when Rab7 was
complexed to RILP and ORP1L (Johansson et
al., 2005; Johansson et al., 2007) we isolated
RILP and ORPI1L. Complexes of [y—**P]GTP-
loaded Rab7 with RILP and/or ORP1L were
assembled prior to adding the TBC domain of
TBCIDI15 to the reactions (Figure 2D). RILP
but not ORP1L decreased the GTPase activity
of Rab7 and TBC1D15. Simultaneous binding
of RILP and ORPIL to [y—**P]GTP-loaded Rab7
did not further decrease GTPase activation of
Rab?7. This suggests that RILP limits access of
TBC1D15 to Rab7 further slowing down the
already slow Rab7 GTPase cycle (Figures 2B
and 2S). The rapid mechanism of directional
switching observed inlate endosomal transport
(Figures 1A and 1C) is therefore unlikely
controlled by TBC1D15 since RILP delays the
already slow intrinsic GTPase activity of Rab7
in vitro and in living cells (Jordens et al., 2001).

ORP1L controls p1506iued
to Rab7-RILP and

positioning.

binding
late endosomal

ORPIL binds to Rab7-RILP via its N-
terminal ankyrin repeats and is required for
regulation of late endosomal transport by the
dynein motor (Johansson et al., 2005; Johansson
et al.,, 2007). To test which ORP1L domains
are involved in late endosomal transport
control, we constructed a series of C-terminal
truncations of ORP1L fused to the monomeric
Red Fluorescent Protein mRFP (Shaner et
al., 2004) (Figure 3A) and co-expressed these
with GFP-RILP in MelJuSo cells. Cells were
fixed and stained for p150°¢, Removal of the
C-terminal ORD (AORD) prevented p150¢«
recruitment by RILP resulting in relocation
of RILP-containing compartments to the cell
periphery, further C-terminal truncations
allowed p150%“! binding to RILP and clustering

at the minus-end of microtubules (Figure 3B).
To test whether the ORD is directly involved
in excluding p150°" binding to RILP, this
domain was exchanged for two ORPIL PH
domains in tandem (AORDPHDPHD). Tandem
PH domains increase the avidity of binding
to phosphoinositides considerably (Lemmon
and Ferguson, 2000) and were used to mimic
the ORD in a membrane-associated state.
The AORDPHDPHD chimera allowed p150¢
recruitment by RILP resulting in the clustering
of RILP-positive compartments at the minus-
end of microtubules (Figure 3B).

Thus, ORPIL allowed pl50°"*¢ binding
to RILP, unlike the mutant only lacking the
cholesterol-interacting domain ORD. Further
C-terminal truncations restored p150%«d
recruitment by RILP. This would fit a model
where the ORD exists in two conformational
states: a membrane-associated ‘down’
state when the ORD binds cholesterol, and
a cytosolic-exposed ‘up’ state when not
interacting with such sterols on late endosomal
membranes. In the ‘up’ state, exposure of a
region between the PH domain and the ORD
would then affect binding of p150%*! to Rab7-
RILP. This region is exposed in AORD and
prevents p150°“d-RILP interactions whereas
further C-terminal truncations eliminates
this and restore the p150°““!-RILP interaction
(Figure 3B). Substitution of the ORD by tandem
PH domains would impose a ‘down’ state
conformation thereby preventing the exposure
of the region between the PH domain and the
ORD. Binding of p150"“d to Rab7-RILP is then
restored and RILP-containing compartments
clustered as the result of prolonged p150%:<!-
dynein motor binding to Rab7-RILP complexes
(Figure 3B).

The ORPIL region between the PH domain
and ORD (aa 408-514) then controls access
of p150°d to RILP. This region contains a
predicted coiled-coil region (aa 430-463)
(Johansson et al., 2007) followed by a FFAT
motif (aa 472-482; SEDEFYDALSD) (Loewen
et al., 2003) (Figure 3A). This FFAT motif is
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Figure 3. ORP1L controls recruitment of p150°"* to the Rab7-RILP receptor. (A) ORP1L domain structure and
constructs. Five domains can be distinguished in ORP1L. A series of C-terminal truncation mutants were generated.
Numbers indicate amino acid residue positions. All constructs were N-terminally tagged with mRFP. The AORDPHDPHD
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chimera had the ORD exchanged for a tandem PH domain derived from ORP1L. The AORDFFAT(D478A) mutant was
obtained by inserting a point mutation (D478A) in the FFAT motif of AORD (marked by an asterisk). (B) Effect of ORP1L
deletion or chimeric constructs on RILP-mediated p150"! recruitment. Left panel: MelJuSo cells were transfected with
GFP-RILP and mRFP-ORP1L constructs prior to immunofluorescence confocal microscopy with anti-p150°*¢ antibodies.
n>200 for each condition. Scale bars, 10pm. Right panels: MelJuSo cells were transfected with the indicated mRFP-ORP1L,
-ANK, -ANKPHD, -AORD, and -AORDPHDPHD constructs and whole-cell lysates were analyzed by SDS-PAGE and Western
blotting with anti-mRFP antibodies (WB: a-mRFP). (C) Effect of mutating the FFAT motif in AORD on RILP-mediated
p150%“d recruitment. Left panel: MelJuSo cells transfected with GFP-RILP and mRFP-AORD carrying an inactivating point
mutation in its FFAT motif, AORDFFAT(D478A), show clustering of RILP-positive compartments by immunofluorescence
confocal microscopy with anti-p150"“! antibodies. n>200. Scale bar, 10pm. Right panel: MelJuSo cells were transfected
with the indicated mRFP-AORD or mRFP-AORDFFAT(D478A) constructs and whole-cell lysates were subjected to

immunoblot analysis using anti-mRFP antibodies (WB: a.-mRFP).

present in other ORP1L family members where
it mediates interactions with Vesicle associated
membrane (VAMP)-Associated Proteins (VAP)
(Lehto et al., 2005; Wyles et al., 2002). To assess
whether the FFAT motifis involved in excluding
p150° et from RILP, an inactivating point
mutation (D478A) in the FFAT motif (Loewen
et al., 2003) was introduced in mRFP-AORD.
This mutant was co-expressed with GFP-RILP
in cells before fixation and staining for p150¢«
(Figure 3C). Whereas AORD excluded RILP-
mediated recruitment of p150%"* resulting in
vesicle scattering, the single point mutation in
the FFAT motif, AORDFFAT(D478A), rescued
p150% binding to RILP and clustering of
RILP-positive compartments.

Cholesterol affects ORP1L
conformation and positioning of late
endosomes

The FFAT motif preceding the cholesterol-
sensing domain ORD is apparently involved
in excluding p150%““-dynein motor binding
to the Rab7-RILP receptor. This motif could
be exposed when the ORD adopts a cytosolic
position as reflected by AORD and shielded
when the ORD is membrane-bound as
reflected by AORDPHDPHD. Recent studies
suggest that OSBP/ORPs are involved in non-
vesicular transport of sterols between specific
donor and acceptor membranes through a
functional cycle that involves ORD-dependent
extraction of sterols from membranes and

reciprocal conformational changes (Im et al.,
2005; Lehto et al., 2008; Yang, 2006). The ORD
is a cholesterol-interacting and extracting
domain and it may adopt a membrane-bound
conformation when extracting cholesterol
from donor membranes, and a cytosol-exposed
conformation following cholesterol extraction.
If so, cholesterol would determine the
orientation of the ORD relative to membranes
and the exposure of the preceding FFAT motif.
Late endosomal cholesterol content would then
determine ORP1L conformation and vesicle
positioning by regulating binding of p150%<-
dynein motors to Rab7-RILP receptors

The intracellular cholesterol content of
MelJuSo cells was manipulated to assess therole
of cholesterol in ORP1L-mediated regulation of
Rab7-RILP-p150%*d-dynein motor transport of
late endosomes. Cells were cultured in normal
serum (FCS)-containing medium (F-medium),
in delipidated serum-containing medium
supplemented with a statin (Lovastatin) which
inhibits 3-hydroxy-3-methylglutaryl coenzyme
A (HMG-CoA) reductase and thus blocks
endogenous cholesterol synthesis (S-medium),
or in FCS-containing medium supplemented
with U18666A (U-medium), a drug causing
cholesterol accumulation in late endosomal
compartments (Sobo et al., 2007; Sugii et al.,
2006). Cells were fixed and cholesterol detected
by filipin staining (Bornig and Geyer, 1974)
(Figure 4A).

Filipin labelled the plasma membrane
and intracellular vesicles. Labelling was
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Figure 4. Different ORPIL conformations control cholesterol-dependent late endosomal minus-end transport
and positioning. (A) Modulation of intracellular cholesterol. MelJuSo cells were cultured in normal (F-medium),
cholesterol-depleted medium supplemented with Lovastatin to block synthesis of endogenous cholesterol (S-medium)
or in normal medium supplemented with U18666A (U-medium) which elicits cholesterol accumulation in late endosomal
compartments. Cells were fixed and stained with filipin to detect cholesterol. Images were obtained using identical
settings on the microscope. A colour LUT is applied to illustrate the differences in filipin staining and cholesterol in
cells. n>100 for each condition. Scale bars, 10pm. (B) ORPIL controls cholesterol-dependent vesicle positioning. MelJuSo
cells expressing mRFP-ORP1L, -AORDPHDPHD or -AORD were cultured in normal (F-medium), medium decreasing (S-
medium) or enhancing (U-medium) intracellular content of cholesterol. ORP1L-bearing vesicles disperse in S-medium
treated cells unless the cholesterol-insensitive ORP1L variant AORDPHDPHD is expressed. Scale bars, 10pm. Bar chart

53



shows the percentage of cells showing dispersed late endosomes/lysosomes (LE/Ly) under the different cholesterol-
manipulating treatments, as indicated. The means and SD from 150 cells analyzed in three independent experiments for
each condition are shown. (C) Concept of intramolecular FRET for mRFP-ORP1L-GFP. Top: The intramolecular ORP1L
FRET probe was created by tagging of ORP1L with mRFP and GFP at the N- and C-terminus, respectively. The lifetime of
GFP is determined by excitation with 488 nm light. The GFP lifetime decreases when energy is transferred from GFP to
mRFP which is dependent on the distance and orientation between the two fluorophores. From this lifetime the donor
FRET efficiency E  is calculated. Bottom: Immunoblotting analyses of whole-cell lysates of MelJuSo cells stably expressing
mRFP-ORP1L-GFP or transiently expressing GFP-ORPIL or mRFP-ORP1L, as indicated, using anti-GFP (WB: a-GFP)
and anti-mRFP (WB: o-mRFP) antisera. (D) Cholesterol affects the conformation of ORP1L. MelJuSo cells expressing the
intramolecular mRFP-ORP1L-GFP FRET probe were treated with control (F-medium), cholesterol-enhancing (U-medium)
or -depleting (S-medium) conditions prior to imaging with a wide-field FLIM microscope. Left panel: GFP fluorescence
as detected by wide-field microscopy and lifetime as detected by FLIM. The colour LUT depicts the different lifetimes
detected. Scale bars, 10 pm. Right panel: Donor FRET efficiency (E,) as calculated from images as shown in the Left panel.

The mean and SD from three independent experiments (70 cells analyzed for each condition) are shown.

respectively decreased or markedly increased
under cholesterol-depleting (S-medium) or
-enhancing (U-medium) treatments. Cells
transiently expressing mRFP-ORP1L, -AORD or
- AORDPHDPHD were cultured in F-, S-, or U-
medium (Figure 4B). Late endosomal structures
labelled by ORP1L, unlike those labelled by
AORDPHDPHD, scattered in the cytosol under
cholesterol-depleting conditions (S-medium).
Under cholesterol-enhancing  conditions
(imposed by UI18666A in the U-medium),
ORP1L-labelled vesicles, unlike AORD labelled
vesicles, clustered in a perinuclear region
(Figure 4B; quantification data in bar chart).
To determine whether late endosomal
cholesterol content indeed affected the
conformation of ORP1L, a mRFP-ORPIL-
GFP fusion protein was expressed in MelJuSo
cells to monitor intramolecular Fluorescence
Resonance Energy Transfer (FRET). FRET
is the radiationless energy transfer from a
donor fluorophore to a suitable acceptor
(Forster, 1948). This is affected by alterations
in distance or orientation between GFP and
mRFP (Calleja et al., 2003; Forster, 1948) and
thus reveals conformational changes within
ORPI1L. FRET was determined by fluorescence
lifetime imaging microscopy (FLIM) on living
cells cultured at 37°C, where the fluorescence
lifetime of the donor fluorophore, GFP, is
measured. The lifetime of GFP is typically 2,7
ns (Pepperkok et al., 1999), but decreases in
the case of FRET, when energy is transferred

to the acceptor fluorophore, mRFP (Figure 4C).
As internal control, the cells were co-cultured
with MelJuSo cells expressing Histone2B-GFP
only. FLIM was determined in cells stably
expressingmRFP-ORP1L-GFP under control (F-
medium), cholesterol-depleting (S-medium),
or -enhancing (U-medium) conditions. The
donor FRET efficiencies (E,) (calculated from
the GFP lifetimes) were affected by the different
cholesterol-manipulating treatments (Figure
4D), suggesting that cholesterol content
variations in late endosomal compartments
elicit different ORP1L conformations.

These results demonstrate that the Rab7-
RILP interacting protein ORP1L uses its ORD
to sense variations in cholesterol content.
Cholesterol  concentrations affect ORD
conformation and exposure of the FFAT motif
that is critical for preventing the interaction
of the dynein motor subunit p150°"¢ with its
receptor Rab7-RILP, and thereby determine
late endosomal vesicle positioning.

ORP1L and Niemann-Pick type C disease

Various lysosomal storage diseases
characteristically accumulate cholesterol in
late endosomal compartments clustered at
the microtubular minus-end in a perinuclear
area. Best characterized is Niemann-Pick type
C (NPC) where usually the multispanning
membrane late endosomal protein NPC protein
1 (NPC1) is mutated or deleted (Carstea et al.,
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1997). NPC1 binds 25-hydroxycholesterol and
other sterols (Infante et al., 2008a) but it is
unclear whether it actually transports these
over the late endosomal limiting membrane
like another multispanning membrane protein
ATP-binding cassette transporter A1 (ABCAI)
(Chen et al., 2001). ABCA1 may expose the
high cholesterol content in the lumen of late
endosomes in Niemann-Pick C cells to the
cytosolic leaflet of these compartments. ORP1L
would then sense this cholesterol resulting in
effects on Rab7-RILP-p150°*d-dynein motor
mediated transport and clustering of late
endosomes.

siRNA-mediated downregulation of NPC1
in MelJuSo cells induced clustering of CD63-
positive vesicles in the perinuclear area (Figure
5A) that accumulate cholesterol (Figure 5B),
as characteristic for Niemann-Pick C disease.
To test whether late endosomal cholesterol
increase—as aresult of NPC1 downregulation—
was sensed by ORPIL, intramolecular FRET
between the two extremities of mRFP-ORP1L-
GFP was measured by FLIM in control or NPC1
siRNA-transfected MelJuSo cells (Figure 5C). The
GFP-lifetime of mRFP-ORP1L-GFP decreased
(donor FRET efficiency E  increased) when
NPC1 was downregulated by siRNA, suggesting
that ORP1L adopts a different conformation
in the absence of NPCI. The calculated donor
FRET efficiencies (E,) for mRFP-ORP1L-GFP
in NPC1-downregulated cells are similar to
those observed with U-medium treatment,
which phenomimics NPC1 deficiency (Koh and
Cheung, 2006; Sobo et al., 2007) (Figure 4D).

The increase in cholesterol caused by
siRNA-mediated downregulation of NPC1
may be sensed by ORPIL and translated into
Rab7-RILP-controlled dynein motor transport
thus initiating late endosomal clustering.
If so, the deletion mutant of ORP1L lacking
the cholesterol-interacting domain (AORD)
should prevent late endosomal clustering
following downregulation of NPC1. To test
this, MelJuSo cells were transfected with siRNA

for NPC1 along with various mRFP-labelled
ORPIL constructs, as indicated (Figure 5D).
Cells were fixed and stained for NPC1 and the
late endosomal marker CD63 (Infante et al.,
2008b; Patel et al., 1999). NPC1 was efficiently
downregulated since only nuclear background
staining with the NPC1 antibody was observed.
Whereas ORP1L and AORDPHDPHD efficiently
clustered the CD63-positive late endosomes,
these compartments left the microtubule
minus-end when AORD was expressed. This
was also observed in MelJuSo cells treated
with U18666A, a compound that phenomimics
Niemann-Pick type C (Figure 5E).

Despite their redistribution to the cell
periphery, AORD-bearing vesicles still showed
accumulation of cholesterol following siRNA-
mediated silencing of NPC1 (Figure 5F). This
suggests that the accumulation of cholesterol
observed in NPC1-deficient cells is not a result
but a cause of late endosomal clustering.

The characteristic clustering of cholesterol-
laden late endosomal compartments at the
microtubule minus-end, as typical in Niemann-
Pick type C and other lysosomal storage
diseases, is the result of cholesterol sensing
by ORP1L. ORP1L transmits this signal to the
Rab7-RILP-p150%“d-dynein motor complex
for microtubule minus-end driven vesicle
transport and clustering.

To examine if ORPIL significantly
contributes to the control of cholesterol levels
in late endosomes or is it primarily using
cholesterol to control Rab7-RILP-mediated
p150°ted-dynein motor transport without
influencing its cholesterol levels, MelJuSo cells
were transfected with mRFP-ORP1L or mRFP-
AORDPHDPHD, fixed and labelled with filipin to
detect cholesterol (Figure 5G). Overexpressing
AORDPHDPHD did not significantly alter
cholesterol levels in late endosomal structures.
This suggests that ORP1L uses cholesterol as a
messenger rather than contributing directly to
the intracellular distribution of cholesterol.
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Figure 5. ORP1L conformations control
late endosomal clustering in Niemann-Pick
type C cells. (A) siRNA-mediated knockdown
of NPCI. Left panel: whole-cell lysates of
MelJuSo cells treated with transfection
reagent only (mock) or with a control siRNA
(siCTRL) or siRNA for NPC1 (siNPC1) were
subjected to immunoblotting with anti-NPC1
and asreference anti-tubulin antibodies. Right
panel: MelJuSo cells transfected with control
siRNA (siCTRL) or siRNA for NPC1 (siNPC1),
as indicated, prior to immunofluorescence
confocal microscopy with anti-CD63 and
anti-NPC1 antibodies. For siNPCl-treated
cells, only background levels of anti-NPC1
antibody were detected with nuclear levels
higher than vesicular levels. n>100 for each
condition. Scale bars, 10pm. (B) siRNA-
mediated silencing of NPC1 and intracellular
cholesterol. MelJuSo cells were transfected
with control (siCTRL) or NPCl siRNA
(siNPC1) prior to fixation and staining with
filipin. Images were made under identical
settings and a colour LUT is applied to
illustrate differences in intensities. n>200 for
each condition. Scale bars, 10 pm. (C) siRNA-
mediated silencing of NPC1 elicits different
ORP1L conformations. Intramolecular FRET
for mRFP-ORP1L-GFP was determined by
FLIM in MelJuSo cells pre-treated with control
(siCTRL) or NPC1 (siNPC1) siRNAs. Left panel:
GFP fluorescence detected the distribution of
the ORP1L-containing vesicles by wide-field
microscopy. GFP lifetime was detected by

FLIM. The lifetime was determined (in ns) and plotted in false colours. Colour relates to the lifetime (in ns) as indicated
in the colour LUT. Scale bars, 10 pm. Right panel: The donor FRET efficiencies (ED) as calculated from the FLIM data. The
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mean and SD from 75 cells analyzed in three
independent experiments are shown. (D) The
ORD of ORPI1L is critical for late endosomal
clustering following NPC1 silencing. MelJuSo
cells pre-treated (for 48 hr) with siRNA for
NPCI (siNCP1) were transfected with mRFP-
tagged ORPIL, ORPIL lacking the ORD
(AORD) or with this domain replaced for a
tandem PH domain (AORDPHDPHD), prior
to immunofluorescence confocal microscopy
with anti-CD63 and anti-NPC1 antibodies,
as indicated. n>200 for each condition. Scale
bars, 10 pm. (E) The ORD of ORPIL is critical for the late
endosomal characteristic clustering caused by U18666A
treatment. MelJuSo cells were transfected with mRFP-
tagged ORP1L, ORP1L lacking the ORD (AORD) or with this
domain replaced for a tandem PH domain (AORDPHDPHD)
and cultured in U-medium (contains U18666A) prior to
immunofluorescence confocal microscopy with anti-CD63
and anti-NPC1 antibodies, as indicated. n>200 for each
condition. Scale bars, 10 pm. (F) Cholesterol accumulation
in NPCl-deficient cells is not a result of late endosomal
clustering. MelJuSo cells pre-treated (for 48 hr) with a
control siRNA (siCTRL) or siRNA for NPC1 (siNPC1) were
transfected with mRFP-AORD. At 24 hr post-transfection,
cells were fixed and stained with anti-NPC1 antibodies
and filipin to detect cholesterol. Except for the mRFP
signal in the siNPC1 series (enhanced to detect the nuclear

siCTRL

siNPC1

F sorD

NPC1 merge filipin

filipin
. 1,}/ &

ORP1L

AORDPHDPHD

background anti-NPC1 staining), identical settings were used to produce the images. Merge shows only mRFP-AORD
and anti-NPC1 antibody fluorescence signals. A colour LUT is applied to illustrate differences in filipin staining. n>50
for each condition. Scale bars, 10 pm. (G) Intracellular cholesterol levels are not affected by the ORD of ORP1L. MelJuSo
cells were transfected with mRFP-ORP1L or mRFP-AORDPHDPHD and cultured under normal conditions (F-medium)
prior to fixation and staining with filipin, as indicated. A colour LUT is applied to visualize intensities in filipin staining.
Arrowheads indicate some of the transfected cells. n>100 for each condition. Scale bars, 10 pm.

ORP1L conformation, recruitment of VAP
and removal of the p150¢%¢-dynein motor

The FFAT motif in ORPIL is critical for
p150° ! binding to RILP (Figure 3C). This
FFAT motif in the ORP1L homologue OSBP
interacts with ER proteins VAP-A and VAP-B,
which regulates protein and lipid export from
the ER (Loewen and Levine, 2005; Wyles et al.,
2002). VAP-A and -B can form heterodimers
(Hamamoto et al., 2005). To test whether
VAP is involved in controlling recruitment of
p150°“dto RILP, MelJuSo cells were transfected
with AORD and RILP. In these cells, VAP-A was
silenced by siRNA. Subsequently, cells were fixed
and stained for p150“"* (Figure 6A). Impaired
recruitment of p150“" to RILP by AORD co-

expression could be restored by silencing the
expression of VAP-A. Identical results were
obtained when VAP-B was silenced (data not
shown), which was expected since VAP-A and
-B can form heterodimers (Hamamoto et al.,
2005). This suggests that VAP-A and -B are
critical for translating the inhibitory effect of
AORD to p150%* recruitment of RILP.

VAP-A and -B are cytosolic proteins with a
hydrophobic C-terminus embedded in the ER
membrane and thus not obvious candidates
for regulating transport processes in late
endosomes. We tested whether VAP-A and
-B could appear on late endosomes dependent
on OPRIL. MelJuSo cells were transfected
with YFP-tagged VAP-A or -B in the presence
of CFP-RILP and mRFP-AORD or mRFP-
AORDPHDPHD. Cells were fixed and stained
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for VAP and p150°¢ before analyses by CLSM
(Figure 6B). VAP-A (and -B, data not shown)
accumulated on late endosomes only when the
FFAT motif was exposed as with mRFP-AORD.
This suggests that the cholesterol content of
vesicles determines the exposure of the FFAT
motif of ORP1L and thereby the recruitment of
VAP.

To follow how VAP is recruited to late
endosomes, photoactivatable (PA)-GFP tagged
VAP-A was expressed with various mRFP-
tagged ORPIL constructs in MelJuSo cells.
VAP-A/PA-GFP was photoactivated in the ER
with 405 nm light, at the position of the nucleus
with ER structures underneath and on top,
preventing activation of any VAP-A/PA-GFP
already present on the vesicles. This was verified
by a Z-stack projection of the cell analyzed
(Figure 6C). The transfer of VAP-A to the mRFP-
AORD-, -ORP1L- or -AORDPHDPHD-labelled
late endosomes was followed by time-lapse
microscopy (Figure 6C, Supplemental movie
M2-4). VAP-A photoactivated at the ER swiftly
accessed late endosomes labelled by mRFP-
AORD or -ORP1L but not -AORDPHDPHD.
This suggests that the conformation of
ORPIL determines VAP-A recruitment to late
endosomes. The exact mechanism is unclear
but transfer could be inhibited when cells were
cultured at 4°C (data not shown).

VAP is recruited to late endosomes by
ORPIL and is involved in p150% exclusion. To
test how VAP affects p150°"“ binding to RILP,
the reaction was reconstituted with purified
proteins. The (GTP-loaded)Rab7-RILP complex
was generated to which either ORP1L or the C-
terminus of p150%«! (C25) were added before
VAP-A was titrated into the reaction (Figure
6D, top panel). VAP-A removed C25 from the
Rab7-RILP complex. ORPI1L is not required for
direct removal of C25 under in vitro conditions.
However, ORP1L is essential in vivo to recruit
VAP-A to the RILP-p150°“d complex for
subsequent motor removal (Figure 6CD). To
test whether VAP-A directly interacted with

the C25-fragment of p150%*, GST/VAP-A or
GST (as a control) was bound to GST-beads
and purified C25 added. A direct interaction
between VAP-A and the C-terminal p150%ted
fragment was detected (Figure 6D, bottom
panel). This in vitro reconstitution experiment
reveals that we have defined a minimal unit
controlling dynein motor binding to late
endosomes with Rab7, RILP, ORP1L, p150¢tud
and VAP. ORPIL is required to recruit VAP in
a cholesterol-dependent manner to the Rab7-
RILP complex and VAP then binds to and
removes the dynein motor subunit p150¢te
from the Rab7-RILP receptor.

DISCUSSION

Cholesterol is a hydrophobic molecule
essential for fluidity and microdomain
formation in biomembranes. Although cells
produce cholesterol in the ER, most cholesterol
is acquired by uptake of HDL or LDL particles
by the LDL receptor for transport to late
endosomes and lysosomes (Ikonen, 2008). Most
cholesterol is stored in the internal vesicles of
multivesicular bodies for later transport to
other cellular compartments (Mobius et al.,
2003). Transfer of cholesterol over membranes
requires transporters like ABCA1 and, possibly,
NPC1 (Ikonen, 2008), and for further transfer,
specific chaperones. A series of proteins with
cholesterol-binding domains, like StAR-related
lipid transfer (StART) domain and ORD, have
been identified in various compartments to
ensure correct cholesterol distribution in
cells (Holthuis and Levine, 2005). Two such
proteins, MLN64 and ORPIL, are located in
late endosomes. MLN64 is a tetraspanin with
a cytosolic StART domain and ORP1L a Rab7-
interacting protein with an ORD (Ikonen,
2008).

High cholesterol content in late endosomes
is typical for a series of lysosomal storage
diseases with characteristic late endosomal
clustering at the minus-end of microtubules.
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to immunobloting with o-VAP-A and o-tubulin (as
reference) antibodies. (B) AORD recruits VAP-A and
excludes p150%*¢ from RILP-Rab7 complexes. MelJuSo
cells expressing GFP-RILP and mRFP-AORD, -ORPIL or
-AORDPHDPHD (as indicated) were fixed and stained for
p150°d and VAP-A respectively. The different antigens
areindicated. Zoom: overlay in three colours of CFP-RILP
(blue), mRFP-ORP1L constructs (red) and YFP-VAP-A (in
green). n>100 for each condition. Scale bars, 10 pm. (C)
ORPI1Lrecruits VAP-A from the ER. PA-GFP tagged VAP-A
inlivingMelJuSo cells also expressing either mRFP-tagged
AORDPHDPHD, AORD or ORP1IL was photoactivated
with a 405nm light to follow transport of ER located PA-
GFP/VAP-A to late endosomes by time-lapse microscopy.
Firstly, a z-stack of cells was made to identify a location
for selective photoactivation of the ER pool of VAP-A.
Left panel shows an x-y, x-z and y-z projection through
the location of photoactivation (the 405nm laser spot
position shown as a circle). Subsequently, the cells were
followed by time-lapse confocal microscopy and various

snapshots of the mRFP and GFP channels, prior and post-photoactivation of PA-GFP/VAP-A, are shown. Right panel is a
zoom-in on late endosomes (indicated by the box) and merge of the mRFP and GFP channel. n>10 for each condition. Scale
bars, 10pm. Movies are shown in Supplemental M2-4. (D) In vitro protein reconstitution experiment. Top: GTP-locked
His-Rab7(Q67L) was coupled to TALON-beads and loaded with GTP before any of the isolated proteins indicated below
were added to form another complex. After washing, these complexes were exposed to isolated VAP-A or the 150%¢(C25)
fragment, as indicated, and the effects on the pre-formed complex assessed by SDS-PAGE and Western blot analyses with
specific antibodies, as indicated. A representative example of duplicate independent experiments is shown. Bottom: GST
or GST-VAP-A were coupled to GST beads before exposure to the p150%"*/(C25) fragment. After washing, the complexes

were analyzed by SDS-PAGE and Western blotting.

This suggests that cholesterol influences late
endosomal transport in a process involving Rab
GTPases, for which the precise mechanisms
remain unknown (Holtta-Vuori et al., 2000).
Vesicles are transported to the microtubule
minus-end by the dynein-dynactin motor
which is recruited to late endosomes by first
binding the late endosomal specific Rab7-
RILP receptor and then—supported by
ORP1L—binding to a more general receptor
spectrin BII (Johansson et al., 2007). Both
receptors are required for active dynein
motor driven transport to the microtubule
minus-end. Motor activities switch rapidly as
visualized by the bidirectional motion of late
endosomes. This switching is usually preceded
by a ‘stop” or immobile phase. Since the stop-
time is rather variable, this is probably not a
timely controlled process. The majority of the
vesicles move in one line (supposedly the same
microtubule) but another fraction continues
under a different angle apparently switching
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microtubules. This suggests that vesicles do
not switch direction by the same motor. We
tested whether the mechanism of directional
switching could be controlled by inactivating
the Rab7 GTPase by TBC1D15. The Rab7 GAP
TBC1D15 was identified using shRNA silencing
of potential candidates in combination with
photobleaching experiments to visualize
the GFP-Rab7 GTPase cycle in living cells.
However, RILP inhibited stimulation of the
already low intrinsic Rab7 GTPase activity by
TBC1D15, possibly by sharing overlapping
binding sites with TBC1D15 in activated Rab7
(Figure S2). Consequently, Rab7GAP cannot
be responsible for the swift mechanism of
the directional switching in late endosomal
transport. Rab7-RILP has been identified as
the late endosomal/lysosomal receptor for the
p150d-dynein motor. Since ORP1L also binds
Rab7-RILP (Johansson et al., 2007), we tested
whether this protein could control dynein
motor binding to RILP. Using intramolecular
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Figure 7. How cholesterol controls ORP1L conformations, VAP recruitment and p150%“*!-dynein motor binding to
late endosomal Rab7-RILP receptors. Rab7 recruits the homodimeric effector RILP to late endosomes and lysosomes.
The p150"*! subunit of the dynein-dynactin motor directly interacts with RILP. ORP1L binds to the Rab7-RILP complex.
Reciprocal ORP1L conformations reflect the C-terminal cholesterol-sensing domain of ORP1L (ORD) associated to
cholesterol on the cytosolic leaflet of late endosomal membranes (left) or otherwise cytosolic (right). In the latter case,
the FFAT motif preceding the ORD is exposed and recruits VAP. VAP binds to and removes p150%** from the Rab7-RILP
receptor thus preventing minus-end transport and resulting in centrifugal translocation of late endosomal compartments.
Cholesterol levels in late endosomes thus determine the conformation of ORP1L and VAP recruitment resulting in
scattering under cholesterol-poor conditions and clustering of cholesterol-laden late endosomes/lysosomes, as in

Niemann-Pick type C disease.

FRET, we showed that the C-terminal ORD of
ORPIL senses cholesterol in late endosomes
resulting in a conformational change. Removal
of the ORD prevents p150°**! binding to RILP
whereas a further 11 kDa C-terminal truncation
(aa 408-514 in ORP1L) restored binding. These
data suggest that variations in late endosomal
cholesterol levels elicit conformational
changes in ORP1L which orchestrate motor
protein binding. When the ORD is membrane-
associated to bind cholesterol, the FFAT
motif-containing ORP1L region preceding the
ORD (aa 408-514 in ORPIL) allows binding of
p150%"d to RILP. Conversely, when the ORD is
in its cytosolic orientated state or absent (as
in the truncation mutant AORD), the 11 kDa
region preceding the ORD (aa 408-514) prevents
access of p1509d-dynein motor complexes to
Rab7-RILP. Thereby, vesicles disperse by moving

to the microtubule plus-end. This 11 kDa
region is comprised of a predicted coiled-coil
and a FFAT motif that is critical in preventing
p150%*d interactions in the AORD mutant. The
FFAT motif in the ORP1L homologue OSBP
interacts with VAPs in the ER (Loewen and
Levine, 2005; Loewen et al., 2003) and modifies
protein and lipid export from the ER (Wyles et
al.,2002) and mutations in VAP-B cause familial
amyotrophic lateral sclerosis (ALS) type 8
(Nishimura et al., 2004). Given the location in
the ER, VAP would not be an obvious candidate
for regulation of late endosomal transport, but
we show VAP-A and -B accumulation on late
endosomes driven by AORD (that exposes the
FFAT motif) but not AORDPHDPHD (where
FFAT is inaccessible). In addition, we showed
using photoactivation, that ER-located VAP-
A travels to late endosomes but the exact
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transport pathway has not been resolved yet.
Given the rapid transport and Brefeldin A-
insensitivity (not shown), this unlikely is the
result of classical transport through the Golgi.
ORP1L may then interact in transit with VAP or
actively recruit VAP from the ER membrane to
control the dynein motor on late endosomes.
Silencing VAP restores pl509*! binding to
AORD-Rab7-RILP vesicles, suggesting that VAP
is directly involved in removal of this dynein-
dynactin motor subunit from the Rab7-RILP
complex. This was confirmed using isolated
proteins where purified VAP-A removed
p150°td from the RILP-Rab7-ORP1L complex
(which also indicated that we have identified
the minimal unit of proteins in this process).
These experiments furthermore showed that
ORP1L is not required for executing removal
of p150°d from the Rab7-RILP complex by
VAP (in in vitro conditions), and that VAP
directly interacts with the C-terminal segment
of p150°td, However, cholesterol-dependent
distinct ORPIL conformations determine
VAP recruitment to the Rab7-RILP-p150°ted
complex and subsequent removal of p150¢«
from the Rab7-RILP receptor. This mechanism
may be more general then described here, since
the ORP1L homologue OSBP also uses VAP to
modify ER export (Wyles et al., 2002), which
is also driven by the dynein-dynactin motor
complex. The motor receptor is unknown in
this case. Whether other vesicles use sensors
for cholesterol and VAP to control the dynein-
dynactin motor, remains to be established.
When NPCI1 is depleted, as in Niemann-
Pick type C disease (Carstea et al., 1997), or
when chemical drugs raise late endosomal
cholesterol levels (Roff et al., 1991; Sobo et
al., 2007), the ORD of ORPI1L is membrane-
associated excluding VAP. This allows
enduring binding of p150%*-dynein motors
complexes to Rab7-RILP and transport to the
microtubule minus-end. Cholesterol depletion
results in microtubule plus-end transport
of late endosomes unless the cholesterol-

insensitive ORP1L variant AORDPHDPHD is
expressed. The positioning of vesicles bearing
this chimera is independent of cholesterol
levels as these remain densely clustered even
when cholesterol-levels are lowered in late
endosomes.

This mechanism explains how late
endosomalcholesterollevelsareassociatedwith
late endosomal positioning through cholesterol
orchestrated recruitment of VAP by ORP1L that
controls the Rab7-RILP-p150°“*d-dynein motor
interaction (Figure 7). Since overexpression
of ORP1L or AORDPHDPHD did not affect
late endosomal cholesterol levels, ORPIL
apparently uses local cholesterol levels (at the
cytosolic leaflet of late endosomal membranes)
asamessenger rather thanactively contributing
to cholesterol distribution in cells. Why
cholesterol is selected for this purpose rather
than lysobisphosphatidic acid (LBPA) or other
lipids or molecules specific for late endosomes
(Gruenberg and Stenmark, 2004), is unclear. It
may be that cholesterol represents one of the
few molecules present in the interior as well as
the cytosolic leaflet of late endosomes allowing
cytosolic exposure of intraluminal conditions.
If cholesterol levels increase with maturation
oflate endosomes and lysosomes, the resulting
ORPIL controlled Rab7-RILP-p150%t<d-dynein
motor interactions would position the most
mature compartments at the extreme minus-
end of microtubules with ‘shells of less mature
vesicles surrounding these at more plus-end
locations. Newly arriving late endosomes
would then first encounter the ‘youngest’ late
endosomes automatically resulting in spatial
maturation before encountering lysosomes.
Cholesterol would thus control the positioning
of these organelles.

We have visualized how the Rab7-RILP
complex controls transport of late endosomes.
This process is controlled by cholesterol levels
that direct ORP1L. The cholesterol-interacting
protein ORPIL has two conformational states
dependent on late endosomal cholesterol
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content and determines the dynein motor
interaction with Rab7-RILP by selectively
exposing its FFAT motif. The cytosolic
exposed FFAT motif recruits VAP from the
ER membrane. VAP then interacts with and
removes the p150°! dynein motor subunit
from the Rab7-RILP receptor of late endosomal
and lysosomal membranes (Figure 7). This
explains why cholesterol depletion causes late
endosomal scattering and why high cholesterol
levels induce lysosomal clustering, as observed
in Niemann-Pick type C disease. Cholesterol
in late endosomes is a messenger sensed
by ORPI1L to recruit VAP that binds to and
removes dynein-dynactin motor complexes
from late endosomal Rab7-RILP receptors and
thus controls transport.

EXPERIMENTAL PROCEDURES

DNA constructs, Reagents, and Antibodies
Rab7, RILP, VAP-A, VAP-B, p150°(C25)
and ORPIL cDNA constructs have been
described previously (Johansson et al., 2007;
Jordens et al., 2001; Marsman et al., 2004;
Wyles et al., 2002) GFP, mRFP, GST, MBP and
His-tagged constructs were constructed by
PCR modification and cloning and described
in Supplemental Experimental Procedures.
All constructs were sequenced verified and
controlled by Western blot analyses. Reagents
for manipulation of cellular cholesterol levels,
cholesterol staining with filipin and antibodies
for protein isolation, Western blotting and
fluorescence microscopy are described in
Supplemental Experimental Procedures.

Protein isolation and reconstitution studies
All proteins were expressed in E. coli
with the exception of His-TBC1D15 that was
isolated from 293T cells. Details on production
and isolation are in Supplemental Experimental
Procedures. Removal of GST from GST-VAP-A
was by thrombin-cleavage followed by PMSF-
precipitation of thrombin. The proteins were

further purified by a GST-column and the flow-
through contained GST-free VAP-A. Purity and
correct molecular weight of the fusion proteins
was controlled by SDS-PAGE and Coomassie
staining. Proteins were stored in 8.7% glycerol
at -80°C until use in protein reconstitution
experiments. For Rab7GAP experiments,
His-Rab7 was loaded with [y-**P]GTP before
addition of His-RILP and GST-ORPIL in
different combinations. His-TBC1D15 was
added before the reaction was transferred from
4°C to 25°C. [y-**P]GTP-labelled His-Rab7 and
[y-**P]GTP was precipitated by active charcoal
unlike released **P-label which was quantified
by scintillation counting. For in vitro effects of
VAP-A on the ORP1L-Rab7-RILP-C25 protein
complex, the GTPase-deficient His-Rab7(Q67L)
was loaded onto TALON-beads and loaded with
GTP (Sigma). Subsequently, the complex was
formed by adding one or more of the following
purified proteins: GST-OPR1L, His-RILP, MBP-
p150°¢4(C25) and/or VAP-A. The complex was
washed before addition of purified VAP-A or
MBP-p150¢4(C25) for 30 min at 20°C. Beads
were washed before analysis by SDS-PAGE and
Western Blotting. Alternatively, GST-VAP-A
or purified GST were loaded onto GST-beads
before addition of p150°4(C25) for 30 min at
20°C. After washing the beads were analyzed
by SDS-PAGE and Western Blotting. Details
are described in Supplemental Experimental
Procedures.

Microscopy

Threeand four-colourimages on fluorescent
fixed-samples were made using rabbit and
mouse primary antibodies and mRFP- and
GFP-labelled proteins. Images are made using
Leica confocal laser scanning microscopes.
Time-lapseimaging and Fluorescence Recovery
After Photobleaching (FRAP) experiments were
performed on a Leica TCS SP2 microscope
equipped with a 37°C culture chamber. Vesicle
motility analysis was performed using images
analyzed by recovery curves of the time-
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lapse images which were generated using
the MATLAB plug-in curve fitting toolbox.
Photoactivation experiments were performed
using a 405 nm laser on a Leica AOBS system
equipped with a 37°C culture chamber. Movies
were made using IMAGE ] programming. Life-
time imaging were taken on a Leica inverted
DM-IRE2 microscope equipped with a Lambert
Instruments (LI) frequency domain lifetime
attachment (Leutingewolde, The Netherlands),
controlled by the manufacturers’ LI FLIM
software. This microscope was also equipped
with a 37°C culture chamber. Filipin signal
was recorded using a 365 nm excitation filter
with 397 nm long pass emission using a Zeiss
Axiovert 200 microscope equipped with an
AxioCam CCD camera and a 20x Achroplan Ph2
drylens. For further details on microscopy and
data analyses, see Supplemental Experimental
Procedures.
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SUPPLEMENTAL EXPERIMENTAL PROCEDURES

Reagents

Rabbit anti-GFP and rabbit anti-mRFP antibodies were generated using purified His-mRFP
or His-GFP recombinant proteins as immunogens, respectively. Cross-reactivity was excluded by
Western blot analyses with various mRFP- or GFP-labelled fusion proteins. Rabbit polyclonal anti-
NPC1 was from Novus Biologicals, Inc. (Littleton, CO, USA), rat monoclonal anti-tubulin antibody
was from Abcam plc (Cambridge, UK), rabbit anti-human VAP antiserum was a kind gift of Dr. N.
Ridgway (Dalhousie University, Canada). Rabbit- anti HA tag was from Santa Cruz. Fluorescent
secondary antibodies were from Molecular Probes.

Lovastatin (or Mevinolin) was purchased from Calbiochem (Darmstadt, Germany) and
converted from its inactive prodrug form to its open acid form prior to use, by first dissolving
the prodrug in ethanol and heating to 50°C for 2 hr in NaOH. Sodium-phosphate buffer was then
added and this solution was heated to 40°C for 30 min. Finally, the pH was adjusted to 7.3 with
concentrated HCl. Mevalonate was prepared by dissolving Mevalonolactone (Sigma-Aldrich,
Schnelldorf, Germany) in a 0.05 M NaOH solution. The pH was adjusted to 7.0 with 0.1 M HCL.

U18666A (Calbiochem) was dissolved in ethanol to a final concentration of 10 mg/ml.

The lipoprotein-deficient serum (LPDS) was prepared as described (Goldstein et al., 1983) and
was a kind gift from Dr. M. Jauhiainen at the National Public Health Institute (Helsinki, Finland).

cDNA constructs and vectors

Rab7, RILP and ORP1L cDNA constructs have been described previously (Johansson et al.,
2007; Jordens et al., 2001; Marsman et al., 2004). GST-VAP-A was a kind gift from Dr. M. Hardy and
K. Ettayebi (Montana State University, USA) and HA-VAP-A and HA-VAP-B from Dr. C. Hoogenraad
(Teuling et al., 2007). VAP-A was cut with BamHI and Xhol and cloned into both a pAGFP-C1
vector and an YFP-C1 vector (using the BglII and Sall sites). GFP-ANKPHD and mRFP-ANKPHD
were generated by subcloning the ANKPHD fragment from pCDNA4-ANKPHD (Johansson et al.,
2007) into a pEGFP-C1 (BD Biosciences Clonetech, USA) or into a custom made pmRFP-C1 vector
(Johansson et al., 2007), respectively, using the BamHI and Xbal sites.

AORD was generated by PCR using primers 5-
ACTCGGATCCATGAACACAGAAGCGGAGCAACA-3 and 5-
AAAGGATCCCTATCTGTGTTTTCTACTGCCCAAATGC-3’ and inserted into the BamHI site of
pcDNA4HisMax-C (Invitrogen) and the BglII site of pmRFP-C1 (Johansson et al., 2007) vectors.

To generate mRFP-AORDPHDPHD, mRFP-AORD was digested with Xbal and EcoRI. The
remainder of AORD was amplified by PCR using primers 5-CTCAAAATGATTAAGGAGTGTGA-
CATGGCTA-3' and 5-CCGGAATTCCATTCTGTGTTTTCTACTGCCCAAATGCTC-3". The ampli-
fied fragment was inserted into the Xbal and EcoRI sites of the previously digested mRFP-AORD
vector. The first PH domain was generated by PCR using primers 5-CCGGAATTCCGATAT-
GAGGGCCCTCTCTGGAAGA-3' and 5-CGGGGTACCGCTGTAAGCAGAATGTTCTTCTATTGC-3'
and ligated into the EcoRI and Kpnl sites. Subsequently, the second PH domain was also gen-
erated by PCR using primers 5-CGGGGTACCCGATATGAGGGCCCTCTCTGGAAGA-3" and 5-
CGGGATCCATTCTAGCTGTAAGCAGAATGTTCTTCTATTGC-3’ and inserted using the Kpnl and
BamHI sites.

mRFP-AORDFFAT(D478A) was  generated by PCR using mRFP-AORD as
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template  and  5-CCCAGAATTCTATGCGGCGCTGTCAGATTCCGAGTC-3* and  5-
AAGCAAGTAAAACCTCTACAAATG-3 as primers, followed by swapping of the wild-type FFAT
motif in mRFP-AORD for the mutated FFAT using the EcoRI and BamHI restriction sites.

The ORP1L-FRET construct (mRFP-ORP1L-GFP) was generated in two steps. Firstly, mRFP-
ORPIL was digested with Nhel and Sacl (internal site in ORP1L) which was subsequently
cloned into pEGFP-N1 (Clontech) to obtain an N-terminal region of ORP1L which was N-
terminally tagged to mRFP and C-terminally tagged to GFP. In the second step, the C-terminal
part of ORP1L was produced by PCR using primers 5-GGAGTGTGACATGGCTAA-3" and 5'™-
CGGGATTCCATAAATGTCAGGCAAATTGAAG-3, mutating the ORPIL stop codon. The PCR
product was digested using Sacl and BamHI, and cloned into the intermediate construct
described.

TBC1D15was akind gift from Xiang-Ming Zhang (Zhanget al.,2005). shRNA targeting TBC1D15
were made using the pSUPER vector system (Brummelkamp et al., 2002) and the sequences 5™
AATGGGACATGGTTAATACAGTT-3' and 5-AAGGCATGAAGACCCAGCTAATT-3. siRNA for
human NPC1 was obtained from Dharmacon (ON-TARGETplus SMARTpool for accession no.
NM_000271) and transfected using DharmaFECT 1 transfection reagent (Dharmacon).

All constructs were sequence verified. Expressed proteins had the expected molecular weight
as confirmed by SDS-PAGE and Western blotting analyses.

Cell culture and drug treatment

Monolayers of MelJuSo cells were maintained in Iscoves Modified Dulbeccos Medium (IMDM)
medium (Gibco) supplemented with 5% FCS, in 5% CO, at 37°C.

For S-medium treatment, MelJuSo cells were washed with PBS and then cultured in IMDM
supplemented with 5% LPDS, 50 pM lovastatin to inhibit HMG-CoA reductase, and 230 pM
mevalonate to supply essential non-sterol isoprenoids for cell growth and survival (Liscum et al.,
1989; Sugii et al., 2006), for 4 hr before analyses. For U-medium treatment, cells were washed with
PBS and cultured in IMDM supplemented with 5% FCS and 3 pg/ml of U18666A for 15 hr before
analyses.

Microscopy

Transfected cells were fixed at 48 hr (DNA), 48 hr (RNAi) or 72 hr (RNAi and DNA) post-
transfection with 4% formaldehyde in PBS for 30 min and permeabilized for 5 min with 0.05%
Triton X-100 in PBS, at room temperature. Nonspecific binding of antibodies was blocked by 0.5%
BSA/PBS for 40 min, after which cells were incubated with a primary antibody in 0.5% BSA/PBS for
1 hr at room temperature. Bound primary antibodies were visualized with Alexa Fluor secondary
antibody conjugates (Invitrogen). Cells were mounted in Vectashield mounting medium (Vector
Laboratories, USA). The specimens were analyzed with confocal laser scanning microscopes
(TCS-SP1, -SP2 or AOBS) equipped with HCX PL APO 63x/NA 1.32 and HCX PL APO lbd.bl 63x/NA
1.4 oil-corrected objective lenses (all from Leica, Mannheim, Germany). The acquisition software
used was Leica LCS.

Live imaging of MelJuSo cells stably expressing GFP-MHC class II (Wubbolts et al., 1999) was
performed on a Leica TCS SP2 System (Leica, Mannheim, Germany) at 37°C in a 5% CO, culture
hood surrounding the objective stage of the microscope. Vesicle movement was analyzed with
the Image] plugin “Manual Tracking”. Obtained tracking data was further processed in Microsoft
Excel.
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FRAP experiments were performed as described previously (Jordens et al., 2001; Reits et al.,
2000). Briefly, MelJuso cells expressing GFP-Rab7 were microinjected with constructs expressing
an shRNAI targeting a GAP protein. Approximately 24 hr after microinjection GFP-Rab7 vesicles
were bleached with a high-intensity laser beam. Subsequently, the recovery of fluorescence in
the bleached spot was quantified. Lysosomes and late endosomes with little lateral movement
were selected. Because the vesicles were not completely stationary, their position was tracked and
intensity measured by a program written in Matlab (Mathworks, Natick, MA) and the percentage
of fluorescence recovery after 200 s was determined. Independent experiments were analyzed.

Photo-activation experiments were performed in MelJuSo cells transfected with photo-
activatable GFP tagged to VAP-A, cotransfected with mRFP-tagged-ORP1L, -ORP1LAORD or
-ORP1LAORDPDHPDH. Cells were mounted in phenol-red-free DMEM (Invitrogen), limiting
medium autofluorescence. All measurements were performed on a Leica AOBS system equipped
with a37°C culture chamber and HCXPL APO Ibd.bl 63x/NA 1.4 oil-corrected objective lenses. Cells
were imaged using a 488 nm and 561 nm laser, to visualize the activated PA-GFP and mRFP tagged
proteins, respectively. Point-activation with full power from the 405 nm laser was performed for
3 seconds at the nuclear region, where ER could be activated outside of the confocal plain. To
prevent PA-GFP/VAP-A activation already present on late endosomal/lysosomal structures, a Z-
stack was performed before activation.

Fluorescence Lifetime Imaging Microscopy (FLIM)

FLIM experiments were performed with MelJuSo cells stably expressing GFP-ORP1L-
mRFP cultured on Delta T dishes (Bioptechs). Prior to measurements, cells were mounted in
bicarbonate-buffered saline medium (140 mM NaCl, 5 mM KCI, 2 mM MgCl,, 1 mM CaCl,, 23 mM
NaHCO,, 10 mM [D-]glucose, and 10 mM Hepes, pH 7.3) and analyzed at 37°C in a 5% CO, culture
hood surrounding the objective stage of the microscope. Images were taken on a Leica inverted
DM-IRE2 microscope with a HCX PL APO 63x/NA 1.35 glycerol corrected objective lens equipped
with a Lambert Instruments (LI) frequency domain lifetime attachment (Leutingewolde, The
Netherlands), controlled by the manufacturer’s LI FLIM software. GFP was excited with ~4 mW of
488 nm light from a LED modulated at 40 MHz, and emission was collected at 490-550 nm using
an intensified charge-coupled device camera (CoolSNAP HQ; Roper Scientific). To calculate the
GFP lifetime, the intensities from 12 phase-shifted images (modulation depth ~70%) were fitted
with a sinus function, and lifetimes were derived from the phase shift between excitation and
emission. For internal controls, cells were co-cultured with MelJuSo cells expressing H2B-GFP
only. Lifetimes were referenced to a 1 pM solution of rhodamine-G6 in saline that was set at a
4.11 ns lifetime. The donor FRET efficiency E was calculated as E_ = 1 - (measured lifetime/GFP
lifetime in control cells) (Zwart et al., 2005).

Filipin stainings

Filipin staining was performed on formaldehyde fixed cells for 2 hr at room temperature with
0.05 mg/ml freshly dissolved filipin (Sigma) in PBS supplemented with 0.5 % BSA, and imaged
using a Zeiss Axiovert 200 microscope equipped with an AxioCam CCD camera and a 20 x
Achroplan Ph2 dry lens. Filipin signal was recorded using a 365 nm excitation filter with 397 nm
long pass emission. mRFP signal was recorded with a 546 nm excitation filter with 590 nm long
pass emission (Zeiss). For data acquisition, the manufacturers’ software was used.
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Protein purification

His-Rab7, His-RILP, and GST-ORP1L were produced as previously described (Johansson et al.,
2007). His-tagged mTBC1D15 was purified from human HEK293T cells. Cells were lysed in 0.5%
Triton X-100, 20 mM Hepes (pH 7.5), 200 mM NaCl, 8 mM -mercaptoethanol and Complete EDTA-
free Protease Inhibitors Cocktail (Roche Diagnostics). The lysates was cleared by centrifugation and
the supernatant was incubated with preequilibrated Talon Co* resin (Clontech Laboratories, Inc.)
for 30 min. The resin was then washed extensively with 20 mM Hepes (pH 7.5), 200 mM NaCl and
8 mM P-mercaptoethanol. His-tagged mTBC1D15 was eluted with washing buffer supplemented
with 500 mM imidazole. The purity and concentration of the eluted protein was determined by
SDS-PAGE and Coomassie staining. GST-VAP-A construct in pGEX was a kind gift of Dr. N. Ridgway
(Wyles et al., 2002). GST was removed by cleavage with thrombin by incubation at 30°C for 2 hr
before inactivation and precipitation by 0.1 mM PMSEF. GST was removed by glutathione beads
and purity of the free VAP-A was checked by SDS-PAGE and Coomassie staining.

In vitro GTPase assay

The GTPase assay was performed as described previously (Askjaer et al., 1999). Briefly, His-
Rab7 was loaded with [y-*P]GTP (10 mCi/ml, >5000 Ci/mmol, Amersham) in the presence of 10
mM EDTA. Loading was stopped by adding MgCl, to a concentration of 20 mM followed by gel
filtration on a Bio-Spin 6 column (BioRad) equilibrated with buffer (0.1 M Tris-HCI pH 7.5, 10 mM
MgCl,, 2 mM dithiothreitol, 0.5 M NaCl). Reaction mixtures containing [y-**P]GTP Rab7 were pre-
incubated with GST-ORPIL (3 pM) and/ or His-RILP (3 pM) in reaction buffer (40 mM Tris-HCI
[pH 8.0], 50 mM NaCl, 8 mM MgCl,, 1 mM DTT, 0.5 mM GTP, 0.1 mg/ml BSA, 1 mM phosphate,
1% glycerol) on ice for 10 min. To test the accessibility of TBC1D15 towards Rab7 in complex with
ORP1L and/or RILP, His-tagged TBC1D15 (0.9 pM) was added to the reaction mixture. Reactions
were incubated at 25°C and stopped after 15 min by addition of 1 ml of charcoal suspension (7%
w/v charcoal, 10% v/v ethanol, 0.1 M HCI, 10 mM KH,PO,) (Bischoff and Ponstingl, 1995). The
mixture was centrifuged for 2 min in a tabletop centrifuge. Release of free [**P]orthophosphate
was determined by scintillation counting in the supernatant.

The reconstitution assay was performed in a detergent/salt buffer (20 mM Hepes, pH 7.5,
200 mM NaCl, 4 mM [-mercaptoethanol, 5 mM MgCl,, 0.05% [vol/vol] Triton X-100, and 50 pM
GTP). 15 pg His-Rab7(Q67L) was coupled to 3 pl TALON beads and preloaded with GTP. Beads
were washed to remove unbound His-Rab7(Q67L) and recombinant purified His-RILP (3 pg),
GST-ORPIL (8.7 pg), VAP-A (2.2 pg) and MBP-p1509¢9(C25) (4.5 pg) were added to the beads as
indicated and incubated in a total volume of 0.4 ml for 2 h at 4°C. Beads were washed extensively
and MBP-p150%*4(C25) (4.5 pg) or VAP-A (2.2 pg) was added to the beads as indicated. Proteins
were subsequently incubated in a total volume of 0.4 ml of detergent/salt buffer for 30 min at
22°C. Beads were washed extensively and proteins bound to His-Rab7(Q67L) were analyzed by
SDS-PAGE and Western blotting. Proteins were detected with the following antibodies: o.-His
(Amersham Biosciences), o.-MBP (New England Biolabs), a-GST (kind gift of W. Moolenaar, NKI,
Amsterdam). Direct binding of p150**¢ to VAP-A was assayed as follows. 30 pg GST-VAP-A or 15 pg
GST was coupled to 15 pl glutathione-Sepharose 4B beads. Beads were washed to remove unbound
proteins, and MBP-p150"*4(C25) (4.5 pg) was added to the beads in a total volume of 0.4 ml for
30 min at 22°C. Beads were washed extensively and proteins bound to the glutathione-Sepharose
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4B beads were analyzed by SDS-PAGE and
Western blotting.
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Supplemental Figure S1

Supplemental Table a

Symbol Domain(s)
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Supplemental Table b

Symbol shRNAIi sequences
USP6NL AAGTCACAGATAGATTTGGCTTT
(RNTRE) AAAGCTTAAAGATGAGGCAGATT
TBC1D17 AATTCCCCTTCCCGGATGTCCTT
TBC1D15 AATGGGACATGGTTAATACAGTT
AAGGCATGAAGACCCAGCTAATT
TBC1D5 AAGGTTGTTGGCCAACAAGATTT
AACTGTTAGCACCTATAGTCTTT
TBC1D2 AAGCCTTCTCTGACCATCAGTTT
AAGGTGGTGTTTCGCTATGCCTT
TBC1D2B AAATTCCATTAATTTTTACTCTT
AAGTACAAGGAAGAGGAGATTTT
RABGAP1L | AAAAACCTCAACTGAAGATAGTT
AAAGGCCAAGCAGTCTTCTTGTT
TBC1D4 AACAGCCACGACCTCACCTACTT
(AS160) AATGTGAGAGCTTTGAAAATATT
SGSM3 AACCCCCTTGGTGGGCCTGTGTT
AAGTGGTACCAGCCCTGGTCCTT

Supplemental Figure S1. Table a: Domain structure of the nine potential Rab GTPase GAPs tested by shRNA-
mediated silencing. Name (Symbol), domain structure (Domain(s)) and size (numbers indicate amino acid
residues) are indicated. The TBC domain is typical for GAPs for Rab GTPases. Table b: Sequences of primers
cloned into pSUPER used for silencing of potential GAP proteins.
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Supplemental Figure S2

L182 D82 L8

Q67 S17 A39 Y37
G18

Rab?7 interacting with RILP or TBC1D15.

Supplemental Figure S2. Overlapping interaction surfaces in GTP-Rab7 for TBC1D15 and RILP. Residues interacting
with RILP are coloured red. The interaction with RILP is based on the crystal structure of the RILP-Rab7 complex (Wu
etal.,, 2005). Residues predicted to interact with TBC1D15 are coloured green. The prediction is based on the structure
of GYP1 and Rab33 (Pan et al., 2006). Given that both TBC1D15 and GYP1 contain a conserved TBC domain which
interacts with the cognate GTPase, the interaction of TBC1D15 with Rab?7 is likely similar to that of GYP1 with Rab33.
Residues shared by RILP and TBC1D15 are coloured yellow.

The large surface area predicted to be shared between RILP and TBC1D15 suggests that binding of RILP to Rab7 will
prevent binding of TBC1D15. In this way, RILP not only locks Rab7 in the GTP-bound active state (Marsman et al.,
2006), but also prevents access of the GTPase-activating protein TBC1D15.
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