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Oxysterol-binding protein (OSBP) and OSBP-related (ORP) or OSBP-like (OSBPL) proteins constitute a
family of lipid-binding/transfer proteins (LTPs) present in eukaryotes from yeast to man. The mechanisms
of ORP function have remained incompletely understood. However, several ORPs are present at mem-
brane contact sites and act as either lipid transporters or sensors that control lipid metabolism, cell sig-
naling, and vesicle transport. Zebrafish, Danio rerio, has gained increasing popularity as a model organism
in developmental biology, human disease, toxicology, and drug discovery. However, LTPs in the fish are
thus far unexplored. In this article we report a series of bioinformatic analyses showing that the OSBPL
gene family is highly conserved between the fish and human. The OSBPL subfamily structure is markedly
similar between the two organisms, and all 12 human genes have orthologs, designated osbpl and located
on 11 chromosomes in D. rerio. Interestingly, osbpl2 and osbpl3 are present as two closely related homo-
logs (a and b), due to gene duplication events in the teleost lineage. Moreover, the domain structures of
the distinct ORP proteins are almost identical between zebrafish and man, and molecular modeling in the
present study suggests that ORD liganding by phosphatidylinositol-4-phosphate (PI4P) is a feature con-
served between yeast Osh3p, human ORP3, and zebrafish Osbpl3. The present analysis identifies D. rerio
as an attractive model to study the functions of ORPs in vertebrate development and metabolism.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction contact (10–30 nm distance) with other organelle limiting mem-
Lipid synthetic processes in eukaryotic cells are compartmen-
talized and the different organelles have distinct lipid composi-
tions [1]. Moreover, the roles of lipids and products of their
metabolism as signaling compounds are increasingly appreciated
in cell biology and biomedicine [2,3]. These features of the lipi-
dome necessitate efficient and well controlled inter-organelle lipid
fluxes. While lipid trafficking is in part mediated by carriers of the
vesicle transport routes [4,5], non-vesicular mechanisms play an
increasingly appreciated role in lipid trafficking. The hydrophobic-
ity of membrane lipids makes their diffusion through the cytosol
energetically unfavorable. Therefore, non-vesicular lipid transfer
is facilitated by close proximity of the two membranes and/or
the involvement of LTPs carrying bound lipid across the cytosolic
phase [6]. Endoplasmic reticulum (ER) membranes, at which many
major lipid biosynthetic processes take place, form zones of
branes. Such zones are designated membrane contact sites
(MCS), and have established roles in lipid syntheses, non-vesicular
lipid transport, Ca2+ signaling, and ER function [7–10].

Oxysterol-binding protein homologs, designated OSBP-related
(ORP) or OSBP-like (OSBPL) proteins, are LTPs characterized by a
carboxy-terminal OSBP-related ligand-binding domain (ORD).
Most of them have in their N-terminal part a pleckstrin homology
(PH) domain that binds phosphoinositides, and either a short ami-
no acid motif (FFAT, two phenylalanines in an acidic tract) that
binds to ER VAMP-associated proteins (VAPs) or a C-terminal
trans-membrane segment mediating association of the proteins
with ER membranes [11,12]. The protein family is in mammals en-
coded by 12 genes [13–15], while in yeast Saccharomyces cerevisiae
there are 7 OSBP homologs (OSH) [16]. The ORDs of a number of
ORPs accommodate a variety of sterols [17,18]. The hallmark study
on yeast Osh4p revealed a b-barrel like fold with a lipid-binding
pocket, in which the bound sterol is oriented with its 3b-hydroxyl
group facing the bottom of the pocket. The bound sterol stabilizes a
closed conformation of a lid which makes contacts with the sterol
iso-octyl side chain [17]. Studies in yeast have provided evidence
for a function of Osh proteins in sterol transport from the plasma
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membrane (PM) to the ER [19,20]. However, there are contradict-
ing observations that rather suggest function of the Osh proteins
as regulators of the lateral sterol organization at the PM [21], secre-
tory vesicle transport [22], or nutrient signaling [22,23]. Although a
number of studies on mammalian ORPs have indicated functional
roles of ORPs as sterols sensors with signaling functions [18], the
latest report suggests that OSBP acts as a lipid transporter that
moves cholesterol from the ER to trans-Golgi and PI4P in the oppo-
site direction [24].

2. Methods

2.1. Bioinformatic analyses

Sequence alignment, clustering, and dendrogram generation
were carried out with ClustalW2 (http://www.ebi.ac.uk/Tools/
msa/clustalw2/) by using the ligand-binding (ORD) domain se-
quences of the proteins. Functional domains/motifs of the proteins
were predicted at http://smart.embl-heidelberg.de and http://
www.ebi.ac.uk/interpro/. The amino acid sequence identity be-
tween human and zebrafish ORPs was determined by the BLAST
algorithm at NCBI (http://blast.ncbi.nlm.nih.gov/Blast.cgi).

2.2. Homology modeling of human ORP3 and zebrafish Osbpl3

The structure of yeast Osh3p [25] was used as a template for
modeling the C-terminal OSBP-related domain (ORD) of human
ORP3. Prime, version 3.3, (Schrödinger, LLC, New York, NY, 2013)
was used to align the human ORP3 sequence with Osh3p (PDB code
4inq) obtained from the wwPDB [26]. The final structural model of
ORP3 consists of amino acids A508 to W887. Prime 3.3 was used to
build surface loops for 1 insertion and 4 deletions in the alignment,
and after this, new side chains were placed and their conforma-
tions optimized. PI4P was taken from the template (4inq) and its
position was adjusted in the final energy minimization of the com-
plete model. The model of zebrafish Osbpl3 built in the same way
consists of amino acids F503 to W882.

3. Localization and function of ORPs at membrane contact sites

The yeast ORP Osh1p was found to localize at a MCS, the nu-
cleus-vacuole junction [27,28], and four other our yeast ORPs,
Osh2p, Osh3p, Osh6p and Osh7p, were reported to be enriched at
the cortical ER or ER-PM contacts [20,29]. Insight into ORP function
at a MCS was provided by Stefan et al. [30], who showed evidence
that Osh3p acts to recruit the PI4P phosphatase Sac1p anchored at
ER membranes, at PM sites where it has access to its substrate,
PI4P. Related observations were reported by Tavassoli et al. [31].
Fig. 1. A model for OSBP function. (1) OSBP mediates the tethering of ER and trans-Golgi a
and phosphatidylinositol-4-phosphate (PI4P) and the small GTPase Arf1 in the Golgi. C, c
tract. (2) OSBP transfers cholesterol from the ER to Golgi membranes. (3) OSBP transfers P
thus providing the energy for the transport process (based on [24]).
These findings suggested Osh3p acts as an organizer of protein
complexes at ER-PM MCSs, with potential impacts on PM signal
transduction and vesicle transport.

In mammalian cells, evidence for a MCS-associated function has
been reported for OSBP and ORP1L. OSBP was recently shown to
bridge ER and trans-Golgi membranes or artificial membranes by
binding to VAPs in the ER and either PI4P or the small GTPase
Arf1 in trans-Golgi [24]. Substantial evidence was presented for a
4-step functional cycle in which OSBP transfers cholesterol for-
ward from the ER to the Golgi and PI4P in the backward direction
(Fig. 1). ORP1L resembles OSBP in that it interacts with ER VAP pro-
teins through its FFAT motif and with a small GTPase at a non-ER
membrane location: In this case the GTPase is the late endosomal
(LE) Rab7 [32]. ORP1L acts as a sterol-controlled switch that con-
trols LE association with ER membranes and the interactions of
the Rab7 effector RILP with dynactin and the homotypic vacuole
fusion and protein sorting (HOPS) complex mediating tethering
of late endocytic compartments [33,34]. Why the LE-ER contacts
and LE positioning/motility need to be regulated according to ste-
rol cues, as well as the possible function of ORP1L as a lipid trans-
porter at these contacts, have remained poorly understood.
However, ORP1L binds sterols [35], and we observed in
Raw264.7 macrophage subjected to ORP1L knock-down a defect
in the efflux of endocytosed cholesterol to extracellular apolipo-
protein A-I as well as cellular accumulation of cholesterol esters
[35,36], suggesting a function associated with LE sterol transport.
4. Liganding by glycerophospholipids opens new insight into
ORP function

De Saint-Jean et al. [37] determined the high-resolution struc-
ture of yeast Osh4p with PI4P inserted in the ORD, and demon-
strated that a bound sterol is readily exchanged for PI4P. They
suggested that Osh4p could transport the two lipids in opposite
directions, i.e. sterol from the ER to the trans-Golgi/PM and PI4P
backwards. The data by Mousley et al. [23], on the other hand, sug-
gested that a sterol-binding deficient mutant osh4/kes1Y97F disturbs
cell proliferation due to its enhanced PI4P-dependent association
with trans-Golgi network (TGN) and endosomes. They suggested
that binding of sterol by Osh4p has a negative regulatory role,
detaching the protein from TGN/endosome membranes [23],
rather than a sterol transport function.

Tong et al. [25] recently solved the structure of the Osh3p ORD
with bound PI4P, strongly suggesting that the ligand cavity of
Osh3p is too narrow to accommodate bulky sterol molecules.
Importantly, the authors identified, consistent with the study of
De Saint-Jean et al. [37], a cleft at the entrance of the ligand cavity
that accommodates the phosphoinositol moiety of PI4P, and
t a membrane contact site via binding the VAMP-associated proteins (VAP) at the ER,
holesterol; PH, pleckstrin homology domain; FFAT, two phenylalanines in an acidic
I4P from the Golgi to the ER. (4) The phosphatase Sac1hydrolyzes the PI4P in the ER,
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Table 1
The zebrafish osbpl gene family.

Gene chr Refseq Protein ID*

osbp 1 XM_005160138 B8A443
osbp2 10 XM_001334348 E9QE50
osbpl1a 22 XM_005161723 F1QS47
osbpl2a 23 XM_005162340.1 E7F4S3
osbpl2b 23 NM_199872 Q7ZVL1
osbpl3a 19 XM_005170028 E7F4U6
osbpl3b 16 NM_001256189 F1R2E5
osbpl5 25 XM_005170705 E7FGK0
osbpl6 9 XM_005172507 E7F2M8
osbpl7 12 XM_005156241 Q5XIY7
osbpl8 4 XM_005164481 XP_005164538
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indicated that amino acid residues lining this cleft are conserved
among all ORPs. We have modeled the structures of the closest
homologs of yeast Osh3p in human and zebrafish, ORP3 and
Osbpl3, respectively, to assess the putative conservation of the
ORD glycerophospholipid binding specificity (see 5.3.).

The report by Maeda et al. [38] suggested that yeast Osh6p and
Osh7p bind phosphatidylserine (PS), and that disruption of osh6/
osh7 impairs PS transport from the ER to the PM. Together with
the study by Mesmin et al. [24], these reports on yeast Osh proteins
bring up the idea that ORPs could mediate the non-vesicular inter-
organelle transport of either sterols or glycerophospholipids/
sphingolipids in exchange for phosphoinositides [24,25,37,38].
osbpl9 8 XM_005166900 A0JMN8
osbpl10 16 XM_005158241 E7FE64
osbpl11 9 XM_683921 F1QCI1

* The protein identifiers are from UniProt except for Osbpl8, which is from NCBI.
5. The ORP/Osbpl family is highly conserved between human
and zebrafish

5.1. Zebrafish – a model organism for the study of development,
metabolism, and disease

Thus far only two Osbpl gene knock-out mouse models have been
reported [39,40] and the phenotypic characterization of mammalian
knock-out or knock-down models is likely hampered by the pres-
ence of several closely related Osbpl genes with overlapping func-
tions [13–16]. Therefore, it is desirable to devise for the study of
ORP function an alternative vertebrate model that offers an ease of
genetic manipulation and is more rapid and less expensive to devel-
op, maintain, and characterize than mammals. The past two decades
have seen a dramatic increase in the use of zebrafish, Danio rerio, as a
model organism in biomedical research. This booming popularity is
due to the numerous advantages zebrafish can offer to study devel-
opmental biology, human disease, toxicology, and drug discovery.
Female zebrafish can lay hundreds of eggs weekly. The externally
fertilized embryos develop remarkably rapidly and hatch from their
chorions two days post fertilization. Their internal yolk reserves are
depleted in approximately a week, after which the fish depend on
external food sources. Zebrafish reach adulthood at three months.
For research purposes adults aged 6–18 months are typically used.
Great numbers of fish that are easily obtained and develop rapidly
allow research to progress at a faster pace than with other vertebrate
model organisms. Along with the small size of zebrafish, these fac-
tors account for the relative affordability of husbandry and mainte-
nance compared to mammals. However, the main strengths of
zebrafish lie in their small size, external development, and genetic
tractability. The optical transparency of larval zebrafish enables
high-resolution in vivo imaging. Furthermore, many chemical inter-
ventions are possible by simply adding the desired compounds into
the bath water. Importantly, the zebrafish genome is sequenced
(http://www.sanger.ac.uk/Projects/D_rerio/). Numerous transgenic
zebrafish lines, many with fluorescent markers, as well as an
increasing amount of knock-out zebrafish lines [41] are available
from the Zebrafish International Resource Center (http://zebra-
fish.org). Recently, techniques for producing targeted gene knock-
out have been introduced [42,43]. Additionally, gene knock-down
with morpholino oligonucleotides is a well-established method to
silence genes of interest for 3–5 days in embryonic fish [44]. These
numerous advantages of zebrafish contribute to its increasing
attractiveness as a model to study lipid metabolism and lipid-
related diseases including atherosclerosis, obesity, diabetes and
hepatic steatosis [45,46].
5.2. Conservation of the ORP/Osbpl family between human and
zebrafish

The 12 human OSBPL genes have 14 orthologs in D. rerio,
designed osbpl, located in 11 different chromosomes (Table 1).
Among them, osbpl2 and osbpl3 are present as two closely related
homologs (a and b), which apparently reflect gene duplication
events in the teleost lineage. Of osbpl8, only partial sequence
(encoding 561 amino acids) is available in the NCBI database.

The individual Osbpl/ORP proteins in D. rerio and Homo sapiens,
respectively, display a markedly high similarity of amino acid
sequence. Clustering analysis using the most conserved part of
the protein sequences, the ORD, and the ClustalW algorithm
reveals three major phylogenetic branches and remarkable conser-
vation of the Osbpl/ORP phylogenetic tree between the two species
(Fig. 2), evidencing for an origin of the various Osbpl/ORP subfam-
ilies early in vertebrate evolution (>400 My ago). The branch con-
taining Osbp/OSBP, Osbp2/ORP4, Osbpl1a/ORP1, and Osbpl2/ORP2
contains the family members demonstrated to display high affinity
for sterol ligands [18]. Of note, zebrafish has two osbpl2 genes
located on chromosome 23 (Table 1, Fig. 2), reflecting a gene dupli-
cation in the teleost lineage. The next branch represents the clade
(Osbpl/ORP5, 8, 9, 10 and 11) suggested by Maeda et al. [38] to
bind PS. The 3rd branch consists of Osbpl/ORP3, 6 and 7. Unlike
human, zebrafish has here two osbpl3 genes, of which osbpl3a is
located on chromosome 19 and osbpl3b in chromosome 16 (Table 1)
– the b isoform is clearly more closely related with human ORP3
(Fig. 2) and was therefore chosen for further analysis by homology
modeling in the present study (see 5.3.). The amino acid sequence
identity between human and zebrafish varies from 60% for ORP5/
Osbpl5 to 83% for ORP9/Osbpl9.

The organization of functional domains in the Osbpl/ORP pro-
teins is highly conserved between zebrafish and human, the loca-
tions of the ligand-binding ORDs, PH domains, the ER-targeting
FFAT motifs, and ankyrin repeats in the human and fish orthologs
being almost identical (Fig. 3). Like most human ORPs, all Osbpl
proteins of zebrafish except for Osbpl2a and 2b have PH domains
in their N-terminal region. These two closely related proteins lack-
ing the N-terminal PH-domain region are classified in the ‘short’ (S)
ORP subtype that in humans also includes ORP1S, ORP4S, and
ORP9S arising via alternate promoter usage or splice variation
(Fig. 3). Whether other short Osbpls besides Osbpl2 exist in zebra-
fish is as yet unclear. A minor species difference in domain organi-
zation is that zebrafish Osbpl1a has 4 predicted ankyrin repeats
while the human ortholog ORP1L has only 3; In human ORP1L
the ankyrin repeat segment mediates interaction with the small
GTPase Rab7 [32]. Similar to human ORP5, the fish Osbpl5 carries
a predicted C-terminal trans-membrane segment which in the case
of the human ortholog targets the protein to the ER [47]. Whether
such segment also exists in zebrafish Osbpl8 remains open, since
the available mRNA sequence (RefSeq accession number:
XP_005164538) is truncated at the 30 end.
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Fig. 2. A dendrogram displaying the relatedness of Homo sapiens ORP and Danio rerio Osbpl amino acid sequences. The data was generated by using the ligand-binding (ORD)
domain sequences of the proteins. Human sequences are indicated with h and zebrafish ones with z.

Fig. 3. A schematic diagram of zebrafish and human Osbpl/ORP protein structures. Predicted functional domains/motifs are indicated: PH, pleckstrin homology domain; FFAT,
two phenylalanines in an acidic tract; OF, OSBP fingerprint motif; ORD, OSBP-related ligand-binding domain; ANK, ankyrin repeats; TM, trans-membrane segment. The dotted
line indicates missing C-terminal sequence of zebrafish Osbpl8. The Osbpl/ORP subfamilies are identified by Roman numerals on the right and the amino acid scale in the
bottom left-hand corner.
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5.3. Homology modeling supports conserved liganding by PI4P from
yeast Osh3p to zebrafish Osbpl3 and human ORP3

Prompted by the report by Tong et al. demonstrating specific
liganding of yeast Osh3p by PI4P [25], we undertook homology
modeling of the human and zebrafish orthologs of this protein to
investigate whether the observed glycerophospholipid specificity
might be conserved in evolution. The overall sequence identity be-
tween human ORP3 and the structural template, S. cerevisiae
Osh3p, is 34% with larger differences present in surface loops
(Fig. 4A), while the putative lipid-binding pocket exhibits a higher
degree of conservation (�70%) than the rest of the protein (Fig. 4B).
A difference that could be of functional importance is substitution
of yeast Osh3p S657 by K542 in ORP3 close to the inositol-4-phos-
phate head group of the PI4P ligand (Fig. 4C), which may affect the
tolerated phosphate substitution pattern of the inositol. Three of
the amino acids in Osh3p, which were speculated by Tong et al.
[25] to prevent ergosterol binding, are conserved in human ORP3
and zebrafish Osbpl3 (L523, Y588, R693). Additional differences
are found around one of the acyl chains, where especially substitu-
tion of Osh3p L673by R553 in Osbpl3, while not sterically blocking
the pocket but being more polar, might have an influence on the



Fig. 4. Homology modeling of human ORP3 and zebrafish Osbpl3 ORD structures. (A) The overall structure of the homology model of human ORP3. Regions conserved with
respect to the modeling template Osh3p are shown in dark blue (34%), non-conserved side chains in light blue (62%) and gaps in the sequence alignment (4%), which were
modeled as new loops, are indicated in red. The phospholipid ligand PI4P is shown in green. (B) Ligand interaction diagram of human ORP3 with PI4P. Differences compared to
Osh3p are indicated in black print, the 1st amino acid residue referring to Osh3p and the 2nd to human sequence. (C) Conserved interactions of human ORP3 with the PI4P
head group. (D) Comparison of the zebrafish Osbpl3b ligand pocket with the oxysterol binding mode from Osh4p (thin, turquoise). Residues with short contacts to the
modeled oxysterol are labelled and strong overlaps are marked in red.
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tolerated lipid profile (Fig. 4D). The lipid pocket size and shape of
human ORP3 and zebrafish Osbpl3 are similar, or even smaller as
compared to Osh3p (Fig. 4D; [25]). This suggests that, similar to
Osh3p, the human and zebrafish orthologs may not be able to
accommodate sterol ligands. The sequence identity of the human
and fish proteins is 71%, but all potential phospholipid contacting
residues are conserved between the two species, suggesting that
zebrafish would indeed be a useful model system to study the
physiologic function of ORP3/Osbpl3.
6. Concluding remarks

Intracellular LTPs are key players in cellular lipid metabolism,
signaling and vesicle transport. Several ORPs are present at mem-
brane contact sites and act there as either lipid transporters or sen-
sors that control the activity of enzymatic effectors or assembly of
protein complexes, with impacts on lipid metabolism, cell signal-
ing, and vesicle transport. The zebrafish and human Osbpl/ORP
proteins share the same functional domains and are markedly con-
served between the two species, consistent with fundamental
functions of the distinct ORP subfamilies in vertebrate physiology.
Furthermore, our homology modeling suggests that the binding of
PI4P within the ORD ligand pocket is an evolutionarily conserved
property shared by yeast, zebrafish, and human Osh3/Osbpl3/
ORP3 proteins. Despite the marked gene conservation, Osbpl func-
tion in zebrafish has remained totally unexplored. As a conclusion,
we propose D. rerio as an attractive model for the study of ORP
function in vertebrate development and lipid metabolism.

Conflict of interest

The authors have no conflicts of interest to disclose.

Acknowledgments

This study was supported by the Finnish Medical Foundation/
The Finnish Medical Society Duodecim (J.P.), the Emil Aaltonen
Foundation (J.P.), the Finnish Foundation for Cardiovascular Re-
search (J.P., V.M.O.), the Sigrid Juselius Foundation, the Novo Nor-
disk Foundation, the Liv och Hälsa Foundation, the Magnus
Ehrnrooth Foundation, and the Biomedicum Helsinki Foundation
Tatu Miettinen Memorial Fund (V.M.O.).

References

[1] G. van Meer, D.R. Voelker, G.W. Feigenson, Membrane lipids: where they are
and how they behave, Nat. Rev. Mol. Cell Biol. 9 (2008) 112–124.

[2] M.P. Wymann, R. Schneiter, Lipid signalling in disease, Nat. Rev. Mol. Cell Biol.
9 (2008) 162–176.

[3] V.M. Olkkonen, O. Béaslas, E. Nissilä, Oxysterols and their cellular effectors,
Biomolecules 2 (2012) 76–103.

[4] A.D. Gillon, C.F. Latham, E.A. Miller, Vesicle-mediated ER export of proteins and
lipids, Biochim. Biophys. Acta 2012 (1821) 1040–1049.

http://refhub.elsevier.com/S0006-291X(13)02058-5/h0005
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0005
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0010
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0010
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0015
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0015
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0020
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0020


680 Y. Zhou et al. / Biochemical and Biophysical Research Communications 446 (2014) 675–680
[5] G. van Meer, H. Sprong, Membrane lipids and vesicular traffic, Curr. Opin. Cell
Biol. 16 (2004) 373–378.

[6] S. Lev, Non-vesicular lipid transport by lipid-transfer proteins and beyond, Nat.
Rev. Mol. Cell Biol. 11 (2010) 739–750.

[7] Y. Elbaz, M. Schuldiner, Staying in touch: the molecular era of organelle contact
sites, Trends Biochem. Sci. 36 (2011) 616–623.

[8] T. Levine, C. Loewen, Inter-organelle membrane contact sites: through a glass,
darkly, Curr. Opin. Cell Biol. 18 (2006) 371–378.

[9] C.J. Stefan, A.G. Manford, S.D. Emr, ER-PM connections: sites of information
transfer and inter-organelle communication, Curr. Opin. Cell Biol. 25 (2013)
434–442.

[10] A. Toulmay, W.A. Prinz, Lipid transfer and signaling at organelle contact sites:
the tip of the iceberg, Curr. Opin. Cell Biol. 23 (2011) 458–463.

[11] C.J. Loewen, A. Roy, T.P. Levine, A conserved ER targeting motif in three
families of lipid binding proteins and in Opi1p binds VAP, EMBO J. 22 (2003)
2025–2035.

[12] V.M. Olkkonen, T.P. Levine, Oxysterol binding proteins: in more than one place
at one time?, Biochem Cell Biol. 82 (2004) 87–98.

[13] A.M. Anniss, J. Apostolopoulos, S. Dworkin, L.E. Purton, R.L. Sparrow, An
oxysterol-binding protein family identified in the mouse, DNA Cell Biol. 21
(2002) 571–580.

[14] C.J. Jaworski, E. Moreira, A. Li, R. Lee, I.R. Rodriguez, A family of 12 human
genes containing oxysterol-binding domains, Genomics 78 (2001) 185–196.

[15] M. Lehto, S. Laitinen, G. Chinetti, M. Johansson, C. Ehnholm, B. Staels, E. Ikonen,
V.M. Olkkonen, The OSBP-related protein family in humans, J. Lipid Res. 42
(2001) 1203–1213.

[16] C.T. Beh, L. Cool, J. Phillips, J. Rine, Overlapping functions of the yeast
oxysterol-binding protein homologues, Genetics 157 (2001) 1117–1140.

[17] Y.J. Im, S. Raychaudhuri, W.A. Prinz, J.H. Hurley, Structural mechanism for
sterol sensing and transport by OSBP-related proteins, Nature 437 (2005) 154–
158.

[18] V.M. Olkkonen, S. Li, Oxysterol-binding proteins: sterol and phosphoinositide
sensors coordinating transport, signaling and metabolism, Prog. Lipid Res. 52
(2013) 529–538.

[19] S. Raychaudhuri, Y.J. Im, J.H. Hurley, W.A. Prinz, Nonvesicular sterol movement
from plasma membrane to ER requires oxysterol-binding protein-related
proteins and phosphoinositides, J. Cell Biol. 173 (2006) 107–119.

[20] T.A. Schulz, M.G. Choi, S. Raychaudhuri, J.A. Mears, R. Ghirlando, J.E. Hinshaw,
W.A. Prinz, Lipid-regulated sterol transfer between closely apposed
membranes by oxysterol-binding protein homologues, J. Cell Biol. 187
(2009) 889–903.

[21] A.G. Georgiev, D.P. Sullivan, M.C. Kersting, J.S. Dittman, C.T. Beh, A.K. Menon,
Osh proteins regulate membrane sterol organization but are not required for
sterol movement between the ER and PM, Traffic 12 (2011) 1341–1355.

[22] G. Alfaro, J. Johansen, S.A. Dighe, G. Duamel, K.G. Kozminski, C.T. Beh, The
sterol-binding protein Kes1/Osh4p is a regulator of polarized exocytosis,
Traffic 12 (2011) 1521–1536.

[23] C.J. Mousley, P. Yuan, N.A. Gaur, K.D. Trettin, A.H. Nile, S.J. Deminoff, B.J. Dewar,
M. Wolpert, J.M. Macdonald, P.K. Herman, A.G. Hinnebusch, V.A. Bankaitis, A
sterol-binding protein integrates endosomal lipid metabolism with TOR
signaling and nitrogen sensing, Cell 148 (2012) 702–715.

[24] B. Mesmin, J. Bigay, J. Moser von Filseck, S. Lacas-Gervais, G. Drin, B. Antonny,
A four-step cycle driven by PI(4)P hydrolysis directs sterol/PI(4)P exchange by
the ER-Golgi tether OSBP, Cell 155 (2013) 830–843.

[25] J. Tong, H. Yang, H. Yang, S.H. Eom, Y.J. Im, Structure of Osh3 reveals a
conserved mode of phosphoinositide binding in oxysterol-binding proteins,
Structure 21 (2013) 1203–1213.

[26] H. Berman, K. Henrick, H. Nakamura, Announcing the worldwide Protein Data
Bank, Nat. Struct. Biol. 10 (2003) 980.

[27] E. Kvam, D.S. Goldfarb, Nvj1p is the outer-nuclear-membrane receptor for
oxysterol-binding protein homolog Osh1p in Saccharomyces cerevisiae, J. Cell
Sci. 117 (2004) 4959–4968.

[28] T.P. Levine, S. Munro, Dual targeting of Osh1p, a yeast homologue of oxysterol-
binding protein, to both the Golgi and the nucleus-vacuole junction, Mol. Biol.
Cell 12 (2001) 1633–1644.
[29] P. Wang, W. Duan, A.L. Munn, H. Yang, Molecular characterization of Osh6p, an
oxysterol binding protein homolog in the yeast Saccharomyces cerevisiae, FEBS
J. 272 (2005) 4703–4715.

[30] C.J. Stefan, A.G. Manford, D. Baird, J. Yamada-Hanff, Y. Mao, S.D. Emr, Osh
proteins regulate phosphoinositide metabolism at ER-plasma membrane
contact sites, Cell 144 (2011) 389–401.

[31] S. Tavassoli, J.T. Chao, B.P. Young, R.C. Cox, W.A. Prinz, A.I.P.M. de Kroon, C.J.R.
Loewen, Plasma membrane-endoplasmic reticulum contact sites regulate
phosphatidylcholine synthesis, EMBO Rep. 14 (2013) 434–440.

[32] M. Johansson, M. Lehto, K. Tanhuanpää, T.L. Cover, V.M. Olkkonen, The
oxysterol-binding protein homologue ORP1L interacts with Rab7 and alters
functional properties of late endocytic compartments, Mol. Biol. Cell 16 (2005)
5480–5492.

[33] R. van der Kant, A. Fish, L. Janssen, H. Janssen, S. Krom, N. Ho, T. Brummelkamp,
J. Carette, N. Rocha, J. Neefjes, Late endosomal transport and tethering are
coupled processes controlled by RILP and the cholesterol sensor ORP1L, J. Cell
Sci. 126 (2013) 3462–3474.

[34] M. Johansson, N. Rocha, W. Zwart, I. Jordens, L. Janssen, C. Kuijl, V.M. Olkkonen,
J. Neefjes, Activation of endosomal dynein motors by stepwise assembly of
Rab7-RILP-p150Glued, ORP1L, and the receptor betalll spectrin, J. Cell Biol. 176
(2007) 459–471.

[35] T. Vihervaara, R.L. Uronen, G. Wohlfahrt, I. Björkhem, E. Ikonen, V.M. Olkkonen,
Sterol binding by OSBP-related protein 1L regulates late endosome motility
and function, Cell Mol. Life Sci. 68 (2011) 537–551.

[36] T. Vihervaara, R. Käkelä, G. Liebisch, K. Tarasov, G. Schmitz, V.M. Olkkonen,
Modification of the lipidome in RAW264.7 macrophage subjected to stable
silencing of oxysterol-binding proteins, Biochimie 95 (2013) 538–547.

[37] M. de Saint-Jean, V. Delfosse, D. Douguet, G. Chicanne, B. Payrastre, W. Bourguet,
B. Antonny, G. Drin, Osh4p exchanges sterols for phosphatidylinositol 4-
phosphate between lipid bilayers, J. Cell Biol. 195 (2011) 965–978.

[38] K. Maeda, K. Anand, A. Chiapparino, A. Kumar, M. Poletto, M. Kaksonen, A.C.
Gavin, Interactome map uncovers phosphatidylserine transport by oxysterol-
binding proteins, Nature 501 (2013) 257–261.

[39] O. Béaslas, J. Metso, E. Nissilä, P.P. Laurila, E. Kaiharju, K.C. Batchu, L.
Kaipiainen, M.I. Mäyränpää, D. Yan, H. Gylling, M. Jauhiainen, V.M.
Olkkonen, Osbpl8 deficiency in mouse causes an elevation of high-density
lipoproteins and gender-specific alterations of lipid metabolism, PLoS One 8
(2013) e58856.

[40] O. Udagawa, C. Ito, N. Ogonuki, H. Sato, S. Lee, P. Tripvanuntakul, I. Ichi, Y.
Uchida, T. Nishimura, M. Murakami, A. Ogura, T. Inoue, K. Toshimori, H. Arai,
Oligo-astheno-teratozoospermia in mice lacking ORP4, a sterol-binding
protein in the OSBP-related protein family, Genes Cells (2013), http://
dx.doi.org/10.1111/gtc.12105 [Epub ahead of print].

[41] G.K. Varshney, J. Lu, D.E. Gildea, H. Huang, W. Pei, Z. Yang, S.C. Huang, D.
Schoenfeld, N.H. Pho, D. Casero, T. Hirase, D. Mosbrook-Davis, S. Zhang, L.E. Jao,
B. Zhang, I.G. Woods, S. Zimmerman, A.F. Schier, T.G. Wolfsberg, M. Pellegrini,
S.M. Burgess, S. Lin, A large-scale zebrafish gene knockout resource for the
genome-wide study of gene function, Genome Res. 23 (2013) 727–735.

[42] X. Meng, M.B. Noyes, L.J. Zhu, N.D. Lawson, S.A. Wolfe, Targeted gene
inactivation in zebrafish using engineered zinc-finger nucleases, Nat.
Biotechnol. 26 (2008) 695–701.

[43] Y. Doyon, J.M. McCammon, J.C. Miller, F. Faraji, C. Ngo, G.E. Katibah, R. Amora,
T.D. Hocking, L. Zhang, E.J. Rebar, P.D. Gregory, F.D. Urnov, S.L. Amacher,
Heritable targeted gene disruption in zebrafish using designed zinc-finger
nucleases, Nat. Biotechnol. 26 (2008) 702–708.

[44] A. Nasevicius, S.C. Ekker, Effective targeted gene ‘knockdown’ in zebrafish, Nat.
Genet. 26 (2000) 216–220.

[45] M. Hölttä-Vuori, V.T. Salo, L. Nyberg, C. Brackmann, A. Enejder, P. Panula, E.
Ikonen, Zebrafish: gaining popularity in lipid research, Biochem. J. 429 (2010)
235–242.

[46] L. Fang, Y.I. Miller, Emerging applications for zebrafish as a model organism to
study oxidative mechanisms and their roles in inflammation and vascular
accumulation of oxidized lipids, Free Radic. Biol. Med. 53 (2012) 1411–1420.

[47] X. Du, J. Kumar, C. Ferguson, T.A. Schulz, Y.S. Ong, W. Hong, W.A. Prinz, R.G.
Parton, A.J. Brown, H. Yang, A role for oxysterol-binding protein-related
protein 5 in endosomal cholesterol trafficking, J. Cell Biol. 192 (2011) 121–135.

http://refhub.elsevier.com/S0006-291X(13)02058-5/h0025
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0025
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0030
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0030
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0035
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0035
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0040
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0040
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0045
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0045
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0045
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0050
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0050
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0055
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0055
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0055
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0060
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0060
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0065
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0065
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0065
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0070
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0070
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0075
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0075
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0075
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0080
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0080
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0085
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0085
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0085
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0090
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0090
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0090
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0095
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0095
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0095
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0100
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0100
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0100
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0100
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0105
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0105
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0105
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0110
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0110
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0110
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0115
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0115
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0115
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0115
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0120
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0120
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0120
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0125
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0125
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0125
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0130
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0130
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0135
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0135
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0135
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0140
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0140
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0140
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0145
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0145
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0145
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0150
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0150
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0150
http://refhub.elsevier.com/S0006-291X(13)02058-5/h1000
http://refhub.elsevier.com/S0006-291X(13)02058-5/h1000
http://refhub.elsevier.com/S0006-291X(13)02058-5/h1000
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0155
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0155
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0155
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0155
http://refhub.elsevier.com/S0006-291X(13)02058-5/h9999
http://refhub.elsevier.com/S0006-291X(13)02058-5/h9999
http://refhub.elsevier.com/S0006-291X(13)02058-5/h9999
http://refhub.elsevier.com/S0006-291X(13)02058-5/h9999
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0165
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0165
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0165
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0165
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0170
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0170
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0170
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0175
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0175
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0175
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0180
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0180
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0180
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0185
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0185
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0185
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0190
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0190
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0190
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0190
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0190
http://dx.doi.org/10.1111/gtc.12105
http://dx.doi.org/10.1111/gtc.12105
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0195
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0195
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0195
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0195
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0195
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0200
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0200
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0200
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0205
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0205
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0205
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0205
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0210
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0210
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0215
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0215
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0215
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0220
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0220
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0220
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0225
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0225
http://refhub.elsevier.com/S0006-291X(13)02058-5/h0225

	A vertebrate model for the study of lipid binding/transfer protein  function: Conservation of OSBP-related proteins between  zebrafish and human
	1 Introduction
	2 Methods
	2.1 Bioinformatic analyses
	2.2 Homology modeling of human ORP3 and zebrafish Osbpl3

	3 Localization and function of ORPs at membrane contact sites
	4 Liganding by glycerophospholipids opens new insight into ORP function
	5 The ORP/Osbpl family is highly conserved between human and zebrafish
	5.1 Zebrafish – a model organism for the study of development, metabolism, and disease
	5.2 Conservation of the ORP/Osbpl family between human and zebrafish
	5.3 Homology modeling supports conserved liganding by PI4P from yeast Osh3p to zebrafish Osbpl3 and human ORP3

	6 Concluding remarks
	Conflict of interest
	Acknowledgments
	References


