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Intracellular lipid traffic is mediated both by mem-
brane vesicles and by a number of non-vesicular path-
ways facilitated by cytoplasmic lipid binding proteins.
For these proteins to act effectively they must be tar-
geted accurately to specific membranes. Here we iden-
tify a novel short conserved determinant called the
FFAT motif that is shared by several seemingly un-
related lipid binding proteins and is also found in
Opilp, a transcriptional regulator of phospholipid
synthesis in yeast. FFAT motifs act as membrane-
targeting determinants by their direct interaction with
homologues of VAMP-associated protein (VAP), a
conserved endoplasmic reticulum (ER) protein. In
budding yeast, all four proteins with FFAT motifs
interact with Scs2p, a homologue of VAP, to target the
ER to some extent. The precise intracellular distribu-
tion of each of these proteins depends on the integra-
tion of the FFAT-Scs2p interaction with other
targeting determinants, and the interaction is func-
tionally significant. We conclude that binding to a
VAP homologue is a common mechanism by which
proteins with FFAT motifs, most of which are
involved in lipid metabolism, target ER membranes.
Keywords: FFAT motif/lipid traffic/membrane contact
sites/oxysterol binding protein (OSBP)/peripheral
membrane proteins

Introduction

A major role of intracellular lipid binding proteins is to
move hydrophobic lipids across the aqueous environment
of the cytoplasm independent of vesicular membrane
traffic (Wirtz, 1991, 1997). The need to interact with more
than one membrane compartment may explain why most
lipid binding proteins are cytoplasmic, with peripherally
associated membrane pools (Ridgway et al., 1992; Aikawa
et al., 1999), often at multiple intracellular sites (Aikawa
et al., 1999; Gallegos et al., 2001; Wyles et al., 2002). The
endoplasmic reticulum (ER) is a pivotal organelle in lipid
traffic since it is the site of synthesis of most lipids
(Baumann and Walz, 2001). In addition, the ER is one
organelle for which non-vesicular lipid traffic has been
demonstrated biochemically (Vance, 1990; Voelker,
2000). However, only a small number of lipid binding
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proteins have been shown to target the ER, including a
family of phosphatidylinositol transfer proteins (PITPs)
related to retinal degeneration type B protein in
Drosophila (rdgB) (Vihtelic et al., 1993; Aikawa et al.,
1999; Litvak et al., 2002), and also oxysterol binding
protein (OSBP) (Wyles et al., 2002).

OSBP was identified by its ability to bind with high
affinity to 25-hydroxycholesterol (25-HC) (Levanon et al.,
1990). This oxysterol, a hydrophilic derivative of
cholesterol produced by a specific sterol hydroxylase in
the ER (Lund et al., 1998), is a highly potent inhibitor of
sterol regulatory element binding protein (SREBP), a
transcription factor anchored to the ER (Taylor et al.,
1984; Wang et al., 1994). However, 25-HC does not
interact with either SREBP or its binding partner (Hua
et al., 1996; Brown et al., 2002). While the effects of
25-HC on SREBP might be mediated by OSBP, or any of
the other 11 members of the family of OSBP-related
proteins (ORPs) (Jaworski et al., 2001; Lehto et al., 2001),
no molecular mechanism linking OSBP or the ORPs to
SREBP has yet been elucidated.

OSBP predominantly targets the trans-Golgi network
(TGN), mediated by its pleckstrin homology (PH) domain
(Ridgway et al., 1992; Levine and Munro, 2002).
However, it has recently been shown that OSBP can also
target the ER by binding the integral membrane protein
VAP (Skehel et al., 2000; Wyles et al., 2002). In addition,
Oshlp and Osh2p, two yeast homologues of OSBP, are
among eight proteins found to coprecipitate with Scs2p, a
homologue of VAP in Saccharomyces cerevisiae also on
the ER (Kagiwada et al., 1998; Gavin et al., 2002). VAP
was originally cloned by its ability to bind vesicle
associated membrane protein (VAMP; VAP stands for
VAMP-associated protein), and VAP has been reported to
interact with other proteins involved in vesicular fusion
(Skehel et al., 1995; Weir et al., 2001). Despite many
suggested roles for VAP and Scs2p, mainly in relation to
vesicle trafficking, their functions remain unknown
(Nikawa et al., 1995; Kagiwada et al., 1998; Soussan
et al., 1999; Pennetta et al., 2002).

Here we describe a short conserved peptide motif
consisting of two phenylalanines (FF) in an acidic tract
(the FFAT motif) that targets proteins to the ER by binding
directly to VAP and its homologues. The motif is found in
a diverse range of lipid binding proteins in humans: OSBP
and seven other ORPs, all three human homologues of
rdgB and Goodpasture’s antigen binding protein (GPBP).
We studied the in vivo role of FFAT motifs in protein
targeting for the four yeast proteins with the motif: Opilp,
a transcriptional regulator specific to phospholipid syn-
thesis, and three homologues of OSBP. In this physio-
logical context, all four proteins showed a degree of
Scs2p-dependent targeting which was integrated with
other targeting signals to produce an overall distribution
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specific for each protein. Lipid binding proteins with
FFAT motifs may use their common interaction with VAP
to gain access to the ER membrane, either for lipid traffic
or for lipid sensing.

Results

Yeast OSBP homologues contain ER targeting
determinants

We have previously identified a region at the C-terminus
of Oshlp, consisting of its ORP domain together with 110
amino acids upstream, that is able to complement the
phenotype of the whole protein in a Aoshl strain (Levine
and Munro, 2001). Since intracellular targeting determines
OSBP homologue function (Levine and Munro, 2001), we
examined the targeting of this region of Oshlp using a
GFP fusion in live yeast (constructs summarized in
Figure 1A). This fusion protein localized both to the
nuclear envelope and in peripheral patches, characteristic
of the yeast ER (Figure 1B) (Pichler et al., 2001; Voeltz
et al., 2002). This pattern is significant because a region of
OSBP was recently shown to bind the human ER protein
VAP (Wyles et al., 2002).

Analysis of the requirements for ER localization
showed that the upstream region of the Oshl construct
(residues 687-796) was necessary and sufficient for
ER targeting (Figure 1C), while the ORP domain alone
(residues  797-1188) was diffusely cytoplasmic
(Figure 1D). Further dissection indicated that just 39
residues (687-725) targeted a reporter construct to the ER
(Figure 1E), while their omission led to a diffuse pattern
(Figure 1F). To investigate whether this targeting was
conserved in other OSBP homologues, we expressed
fusion proteins containing homologous regions of either
Osh2p or OSBP, and both these constructs targeted the ER
(Figure 1G and H). These results imply that there is a
highly conserved ER targeting determinant in this segment
of OSBP homologues.

Osh1 and OSBP share a motif found in other lipid
binding proteins

The finding of ER targeting by both OSBP and Oshlp led
us to look for a shared targeting determinant. Alignment of
the relevant segments of primary sequence revealed a
single area of similarity, EFFDAXE, immediately up-
stream of which is an acidic tract (Figure 2A). A search of
protein sequence databases identified the sequence
EFFDAXE in a total of 17 distinct eukaryotic proteins
(Figure 2B), of which 14 are directly implicated in lipid
binding or lipid sensing. Apart from OSBP and Oshlp,
there are five other OSBP homologues from different
species including three ORPs and Osh3p. EFFDAXE is
also found in GPBP and its homologues, and in both
human homologues of rdgB (NIR2 and NIR3) as well as in
NIR1, a homologue of rdgB that lacks the PITP domain
(Lev et al., 1999). Interestingly, the same motif occurs in
one other S.cerevisiae protein, the phospholipid regulator
Opilp (Figure 2B).

A conserved feature in all 16 cytoplasmic occurrences
of EFFDAXE is the predominance of acids and serines/
threonines in adjacent residues, with a depletion of basic
residues (Figure 2B). These effects extend 10 residues
upstream and four residues downstream. The domain

2026

A Osh1p
1 Ank. PH

B Oshi (,?7-1188)

ORP 1188
Targets ER .- |
+ oo
4+ B87_]7es
— T —
+

D Osh1 (797-1188)

-

&

E-Osh1 (687-725)
- & - i

F Osh1 (742-1188)

i i
8.
- "_

G Osh2 (711-756) iH 0539&33‘1-4’1‘5}
2RO

A

A g | ‘

Fig. 1. Dissection of an ER targeting determinant in OSBP homo-
logues. (A) Diagram of the domain structure of Oshlp and summary of
the five segments expressed in (B)-(F) and their ER targeting.
Previously identified domains in Oshlp are three ankyrin repeats
(Ank.), a PH domain and an ORP domain. (B-F) Confocal micrographs
of live wild-type yeast (RS453B) expressing the indicated residues of
Oshlp fused to GFP from plasmids pTL376-380, respectively. As
shown in (B), the ER in yeast consists of the nuclear envelope (aster-
isk) and discontinuous patches in the cell periphery. In addition, these
constructs show some diffuse cytoplasmic fluorescence which is ex-
cluded from the vacuole (v). ER targeting is seen in (B), (C) and (E),
and correlates with the inclusion of residues 687-725 of Oshlp
[hatched area in (A)]. (G and H) Homologous regions from Osh2p and
OSBP, respectively, were expressed as indicated from plasmids
pTL381 and pTL382. Both constructs targeted the ER. At higher levels
of expression (H), membrane targeting (arrowheads) was accompanied
by increasing diffuse fluorescence, indicating saturation of a membrane
binding site. The region of OSBP in (H) is homologous to the portion
of Oshlp identified by the open bar in (A). For comparison, the solid
bar in (A) marks the boundaries of the VAP binding site in OSBP de-
fined by Ridgway and co-workers (Wyles et al., 2002). Scale bar: 5 um.

structures of proteins with EFFDAXE shows that, while
OSBP and GPBP are similar in form, OSBP, NIR2 and
Opilp are structurally unrelated (Figure 2C). None of the
EFFDAXE sequences occur in motifs previously recog-
nized in the PROSITE database. The finding of a novel
short motif in a wide variety of unrelated lipid binding
proteins, as well as in the lipid regulator Opilp, is highly
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Fig. 2. Alignment of a conserved motif identified in OSBP homologues. (A) Alignment of 39 residues from Oshlp and 85 residues from OSBP that
target the ER (single-letter code). Identities and homologies are indicated by bars and dots, respectively. Six identical residues in a run of seven
(EFFDAXE) are shaded black. (B) Seventeen eukaryotic proteins contain EFFDAXE as identified by a PROSITE search (http://ca.expasy.org/tools/
scanprosite/). Non-conserved residues are coloured to highlight glutamic acid/aspartic acid (red), serine/threonine (orange) and basic residues (blue).
The proteins are homologues of OSBP (X 7), GPBP homologues (X 3), three human homologues of rdgB (NIR1-3), Opilp, rabl1 binding protein, a
worm homologue of a protein of unknown function (KIAA0066) and a cathepsin B protease from Leishmania. While the latter is luminal, all the other
proteins are cytoplasmic and these EFFDAXE sequences all have acidic flanking regions. (C) Position of EFFDAXE in four representative proteins:
OSBP, GPBP, NIR2 and Opilp. Domains are either indicated in the key or as in Figure 1A. Lipid binding domains of three different types are present:
OSBP, ORP domain; GPBP, StART domain; NIR2, PITP domain (Ridgway et al., 1992; Vihtelic et al., 1993; Ponting and Aravind, 1999). N-terminal
PH domains are seen in 11 out of 12 ORPs (Jaworski et al., 2001; Lehto et al., 2001), and also in GPBP. While NIR3 is highly similar to NIR2, the
PITP domain is missing in NIR1. The EFFDAXE of NIR proteins occurs in a region previously shown to bind calcium (see Discussion). NIR proteins
also contain a domain that interacts with the tyrosine kinase PYK2 (Lev et al., 1999). A region near the N-terminus of Opilp binds to Sin3p, which is
part of a histone acetylase complex (Wagner et al., 2001). (D) Sequences closely related to EFFDAXE found in 13 homologues of proteins in (B). Ten
OSBP homologues, two rdgB homologues (including rdgB itself) and a homologue of KIAA0066 all contain sequences closely related to EFFDAXE,
with conservative and non-conservative changes indicated by grey and white shading, respectively. The flanks are all highly acidic [coloured as in (B)].
Abbreviations for species of origin are as follows: H.s., Homo sapiens; D.m., Drosophila melanogaster; C.e., Caenorhabditis elegans; S.c.,
S.cerevisiae; S.p., S.pombe; A.t., Arabidopsis thalania; D.r., Danio rerio; L.c., Leishmania chagasi. Where there are multiple entries of near-identical
homologues in different mammals, only the human protein has been included.

suggestive of involvement of the motif in a conserved peripheral patches (Figure 3A), characteristic of the yeast
aspect of lipid metabolism. ER.
We next tested whether ER localization of Oshlp

EFFDAXE targets the ER by interacting with VAP constructs is mediated by Scs2p by replacing the SCS2

homologues

A recent study of 230 multiprotein complexes in
S.cerevisiae found that Scs2p, a yeast homologue of
VAP, coprecipitates with eight other proteins: Fkslp,
Numlp, Opilp, Oshlp, Osh2p, RpnlOp, Stt4p and
YGRO86Cp (Gavin et al., 2002). Therefore, in addition
to the interaction of OSBP with VAP, two out of the three
yeast proteins containing EFFDAXE are potential inter-
actors with Scs2p, a yeast homologue of VAP. This led us
to investigate whether the motif binds to Scs2p, initially in
live cells. First, we confirmed that Scs2p localizes to the
ER (Kagiwada et al., 1998), using a GFP-tagged Scs2p
construct, which targeted the nuclear envelope, and large

promoter with the inducible GALI promoter. With high
levels of Scs2p, the ORP domain and flanking sequence of
Oshlp localized to the ER with less diffuse cytoplasmic
staining than in a wild-type strain (Figure 3B, cf.
Figure 1B). In the same strain grown to inhibit Scs2p
production, the construct was entirely delocalized
(Figure 3C), as was the 85 residue segment of OSBP
(data not shown). This indicates that Scs2p can mediate
ER targeting of OSBP homologues in vivo.

To test whether the same motif is functional in proteins
beyond the OSBP family, we then examined localization
by the sequence identified in Opilp. A GFP fusion to 47
amino acids including the motif was tightly localized to
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Fig. 3. The effects of Scs2p on targeting by Oshl and Opil constructs.
(A) GFP-tagged Scs2p expressed from pTL201 in strain TLY252.
Unlike constructs containing FFAT motifs, GFP-Scs2p targets
the ER without cytoplasmic background fluorescence. (B and C) The
C-terminus of Oshl, including the ER targeting determinant and the
ORP domain, was expressed as a GFP fusion (plasmid pTL375) in
strain TLY251, in which Scs2p levels are regulatable by carbon source
(see Materials and methods). (B) High levels of Scs2p mediated tight
localization of the Oshl construct to ER membranes (cf. Figure 1).
(C) In contrast, repression of Scs2p production made the same construct
diffuse. (D and E) Forty-seven and 10 amino acid segments from
Opilp tagged with GFP were expressed from plasmids pTL383 and
pTL384, respectively, in strain TLY251 expressing high levels of
Scs2p. Both constructs targeted ER membranes, with the longer
construct showing stronger membrane targeting. (F) Plasmid
pTL385, which expresses the same 10 residues from Opilp as
pTL384 [see (E)], but in a scrambled order, was expressed in TLY251.
Loss of native order abolished ER targeting. (G and H) Plasmids
pCL384 and pCL385, expressing the same fusion proteins as (E) and
(F) under the CMV promoter, were transfected into COS-7 cells
and visualized after 48 h. In both cases there was diffuse cytoplasmic
and intranuclear fluorescence. In addition the short Opil-derived
sequence, but not its scrambled counterpart, targeted the nuclear
envelope. (I-K) Plasmid pCL386 expressing GFP-tagged OSBP
(188-425) was expressed in COS-7 cells. A prominent reticular pattern
was seen in the cytoplasm of live cells (I), which was partly preserved
after fixation (J), colocalizing with the luminal ER protein calnexin
[(K), arrowheads].
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the ER in cells overexpressing Scs2p (Figure 3D). To test
the minimal requirements for targeting in vivo, we then
expressed a GFP fusion protein containing 10 amino acids
(DDEEFFDASE) from Opilp. This sequence targeted a
reporter fusion protein to the ER in cells with high Scs2p
(Figure 3E), but did not localize either in cells with
repressed Scs2p production (data not shown) or when the
order of the Opil-derived residues was scrambled
(Figure 3F), excluding the possibility that a strong
negative charge is responsible for targeting of this region.
Therefore the motif common to OSBP homologues and
Opilp is an Scs2p-dependent ER-targeting domain.

Since most of the proteins identified with this motif are
mammalian, we determined whether targeting occurs in
mammalian fibroblasts. The minimal 10 amino acid motif
from Opilp showed weak targeting predominantly to the
nuclear envelope (Figure 3G). As a control, scrambling the
order of these residues abrogated targeting (Figure 3H).
Although the short Opilp construct did show weak
reticular localization in the cytoplasm, this was faint and
entirely lost during fixation. In order to visualize such
targeting more clearly, we expressed segments of OSBP
containing EFFDAXE in the same cells. Short segments of
OSBP (e.g. 41 amino acids) gave similar results to the 10
residues of Opilp (data not shown). In contrast, much
longer constructs showed a very prominent reticular
pattern in vivo (Figure 3I) which colocalized with an ER
marker after fixation (Figure 3J and K). The stronger
membrane targeting of this construct was completely
ablated by mutation of the FFAT motif (EFFDA—
EAFDA) and may result from the inclusion of a putative
dimerization domain of OSBP (residues 260-280)
(Ridgway et al., 1992), as constructs missing this segment
only showed weak nuclear envelope targeting (data not
shown).

Since the most striking features of the motif we have
identified are its occurrence in a diverse range of
proteins involved in lipid metabolism and the presence
of two phenylalanines (FF) in an acidic tract, we propose
the name FFAT motif for the sequence EFFDAXE, and
closely related sequences, occurring in a locally acidic
environment.

The FFAT motif directly binds VAP homologues

in vitro

To determine whether the interaction of proteins with
FFAT motifs and VAP homologues is direct, we carried
out in vitro binding studies. A fusion protein containing
GFP and the 10 residue minimal FFAT motif from Opilp
was purified from bacteria, as was a GST-Scs2 fusion
protein with the transmembrane domain missing. The
FFAT motif of Opilp bound saturably to GST-Scs2 with a
dissociation constant of 5 = 1 uM (n = 3) (Figure 4A), and
also to GST-VAP with similar affinity (data not shown).
As a control, protein in which the Opil residues were
scrambled showed no interaction. Therefore the
FFAT-VAP interaction is direct and has an affinity
comparable to other interactions that recruit peripheral
membrane proteins (Lemmon et al., 1995).

To generalize the finding that FFAT motifs bind VAP
homologues, we examined the interaction of the OSBP
FFAT with Scs2p. A GFP fusion protein containing 85
residues from OSBP bound with a dissociation constant of



9 = 1 uM (n = 4), while substitution of five residues of the
FFAT motif (EFFDA—ALLAG) completely inhibited
binding (Figure 4B). These results indicate that FFAT
motifs from divergent proteins bind similarly to VAP
homologues, implying that the FFAT-V AP interaction is
highly conserved.
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Fig. 4. Direct binding of the FFAT motif of Opilp to Scs2p.
(A) Increasing amounts of GST-Scs2, from which the transmembrane
domain is deleted, immobilized on glutathione—Sepharose were incu-
bated with constant amounts of GFP fusion protein that contained the
Opilp FFAT motif or its scrambled counterpart. Bound GFP fusion
protein was removed by centrifugation, and unbound GFP was assayed
by fluorimetry of the supernatant. The native Opil FFAT motif showed
saturable binding with an estimated Ky of 4.5 = 1.4 uM (n = 3), while
the scrambled sequence showed no interaction. (B) In vitro binding
assay, as in (A), of GST-Scs2 with GFP fusion proteins containing an
85 amino acid segment of OSBP (331-415) and a mutant version of
this construct in which the FFAT motif is mutated EFFDA—ALLAG.
The OSBP segment bound the yeast VAP homologue with an estimated
Ky of 89 = 1.1 uM (n = 4), similar to the interaction of Scs2 and
Opilp FFAT motif, but the mutated sequence did not bind.
Representative experiments are shown, with dissociation constants esti-
mated by Scatchard plots (inset) from three and four independent
experiments, respectively.

FFAT motifs in lipid binding proteins

FFAT motifs have a single invariant position
Sequences other than those fitting the strict definition of
the FFAT motif might also bind VAP and its homologues.
To determine the parameters for interaction with VAP
more accurately, we studied the differences in FFAT
motifs that are tolerated in vivo. First, we examined
homologues of proteins with EFFDAXE to see whether
they had related sequences. We identified 13 proteins with
motifs similar to EFFDAXE (Figure 2D), one of which we
had already found to target the ER (Figure 1G, Osh2p).
Within each protein family, the position of the motif in the
domain structure was very well conserved.

To define the requirements for binding by FFAT motifs
further, we examined the effect of substituting individual
residues (Table I). Alanine replacement of residues EFFD
showed that position 1 tolerated change, but substitutions
at positions 2, 3 or 4 disrupted localization. Replacement
of the alanine at position 5 with proline had a partial effect.
In addition, while substitution of either all the acidic
residues in the N-terminal flanking region, or both residues
at positions 6 and 7 did not affect targeting, removing both
these acidic flanks prevented localization (Table I).

Our experimental results agree with the indications
gained from natural variants of the FFAT motif
(Figure 2D). Conservative changes appear to be tolerated
at positions 1-3, although just one of the Fs may be
exchanged for a Y, and even non-conservative changes
may be acceptable at positions 5 and 7. However, the
aspartate (D) at position 4 appears invariant, as is the
presence of flanking acidic residues, implying that these
residues may be essential for FFAT motifs.

A role for Scs2p in the targeting of Osh proteins

A theme that emerges from previous studies of the
intracellular localizations of OSBP and its homologues is
that targeting is tightly regulated in the context of the
whole protein. For example, OSBP and Osh proteins do
not have obvious pools on the ER and are diffuse in the
cytoplasm under some conditions, i.e. apparently un-
targeted even though they contain multiple targeting
domains (Ridgway et al., 1992; Levine and Munro,
2001; Wyles et al., 2002). Therefore, we extended our
previous studies of the localizations of Osh proteins in
yeast to determine the role that Scs2p plays in the targeting
of full-length proteins.

Osh1p has been shown to have a dual localization: Golgi
membranes and the nucleus—vacuole junction (NVIJ)
(Levine and Munro, 2001). This small subcompartment
of the ER is formed by the binding of one vacuolar protein
to one nuclear envelope protein (Pan et al., 2000), and
Oshlp is the only cytoplasmic protein so far identified at

Table I. The effect of point mutations in FFAT motif on ER targeting

N-terminus Core C-terminus Both flanks
No. in FFAT -3to-1 1 2 3 4 5 6+7 -3to-land 6 +7
Plasmid pTL number 397 391 392 393 394 395 396 398
Wild-type residues D-D-E E F F D A E-E D-D-E ... and ... S-E
Mutated to A-A-A A A A A P K-Q A-A-A ... and ... R-N
Localized at ER + + - - - * + -

ER localization was scored in cells expressing plasmids pTL391-397 in cells with high levels of Scs2p (strain TLY251 grown in galactose).
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Fig. 5. Role of Scs2p in the localization of Osh proteins. GFP fusions to the N-terminus of full-length Osh proteins, either wild type (WT) or with the
specified mutations, were expressed from CEN plasmids which vary in copy number between cells. (A—C) Oshlp (pTL310 and pTL316) expressed in
TLY251. Localization to the nucleus—vacuole junction (NVJ), a single discoid structure between nucleus and vacuole, is indicated by arrowheads.
(A) In cells with low Scs2p, Oshlp predominantly targeted punctae, characteristic of the yeast Golgi. (B) In cells with high Scs2p, NVIJ targeting of
wild-type Oshlp was prominent. (C) NVJ targeting was almost completely lost as a result of a point mutation in the FFAT motif D719—A.
(D-F) Osh2p (pTL312 and pTL317) expressed in Ascs2 and inducible Scs2p yeast strains Y16119 and TLY251. The latter was grown to induce high
levels of Scs2p. (D) Without Scs2p, wild-type Osh2p was largely diffuse but also showed occasional weak linear peripheral localization, particularly
at incipient bud sites (arrowheads). (E) High levels of Scs2p restored the localization of wild-type Osh2p to its normal non-uniform pattern at the cell
periphery, and in a small minority of cells led to weak localization to the nuclear envelope (filled arrowhead in inset). (F) Deletion of 114 residues
including the FFAT motif led to weaker and more uniform peripheral targeting, similar to (D). (G-I) Osh3p (pTL313 and pTL318) expressed in
TLY251 as indicated. (G) With low Scs2p, targeting of wild-type Osh3p was diffuse with occasional cytoplasmic punctae in highly expressing cells
only. (H) High Scs2p levels led to strong non-uniform peripheral targeting of wild-type Osh3p. (I) In contrast, Osh3 with a mutated FFAT showed no
peripheral localization in cells expressing high levels of Scs2p.

this site, with the ankyrin repeats at the N-terminus of
Oshlp being necessary and sufficient for targeting to the
NVJ (Levine and Munro, 2001). Localization of
GFP-Oshlp was affected by reduction of Scs2p levels:
Golgi targeting was maintained, but NVJs were targeted
only in occasional cells (Figure 5A). Similar weak NVJ
targeting was also seen in Ascs2 cells, indicating that it
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does not depend on residual Scs2p (data not shown), but
rather implicating the ankyrin repeats in this targeting.
In contrast, cells with high levels of Scs2p showed far
more prominent targeting of GFP-Oshlp to the NVIJ
(Figure 5B). However, this was lost by introducing a point
mutation in the FFAT motif (D719—A) (Figure 5C).
Hence, targeting of Oshlp to the NVIJ by its ankyrin
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Fig. 6. Role of Scs2p in Opilp localization. Confocal images of cells expressing GFP-tagged Opilp, either wild type or with a mutated FFAT motif
(pTL211 and pTL219). (A) In wild-type cells (RS453B) under normal growth conditions, GFP-Opilp was present at the nuclear envelope and to a les-
ser extent in peripheral patches. At high levels only, some cells contained bright punctae on the nuclear envelope (data not shown). (B) In strain
TLY251, grown in dextrose to repress production of Scs2p, Opilp was only weakly targeted to membranes (arrowhead) and showed a prominent
diffuse intranuclear pool. (C) In the same strain grown in galactose, so that wild-type Opilp localized to membranes as in (A), Opil with multiple

mutations in its FFAT motif was almost entirely diffusely intranuclear.

repeats is enhanced by the interaction of its FFAT motif
with Scs2p.

We have found previously that Osh2p is non-uniformly
distributed around the cell periphery, enriched in small
buds and near the neck region of mother cells (Levine and
Munro, 2001). Here, we expressed GFP—-Osh2p in a Ascs2
strain and found that its peripheral localization was now
very faint indeed (Figure 5D). The same was seen in strain
TLY251 grown to repress Scs2p expression (data not
shown). By comparison, in cells with high levels of Scs2p,
GFP-Osh2p showed a non-uniform peripheral distribution
(Figure SE), similar in nature to wild-type cells (Levine
and Munro, 2001). In some cells, expression of high levels
of Scs2 induced additional weak targeting of GFP—Osh2p
to the nuclear envelope (Figure 5E inset). To investigate
the role of the FFAT in targeting by Osh2p, we expressed a
mutant version of Osh2p in which the entire region
including the FFAT motif was deleted. Even in cells with
high Scs2p levels, peripheral targeting was weaker and its
distribution was now far more uniform around the entire
cell periphery (Figure S5F). These results indicate that
normal targeting of full-length Osh2p depends on Scs2p.

Osh3p has been found to be diffuse in the cytoplasm
in wild-type cells (Levine and Munro, 2001), and this
was not affected by reduction of Scs2p (Figure 5QG).
Overexpression of Scs2p induced strong patchy peripheral
targeting of GFP-Osh3p, not seen in wild-type cells
(Figure 5H). However, mutation of the FFAT motif
prevented this targeting completely (Figure 5I). These
results indicate that Osh3p targets the periphery in an
Scs2p-dependent fashion similarly to Osh2p, although this
targeting is weaker since it is less obvious under normal
growth conditions.

By comparison, high levels of Scs2p had no effect either
on ER morphology, as assessed by a general ER marker
(Are2p), or on the prominence of the NVJ, as assessed by a
specific NVJ marker (Tsc13p) (data not shown), indicating
that the effect of Scs2p on Osh proteins is specific
(Zweytick et al., 2000; Kohlwein et al., 2001). Therefore
our results indicate that Scs2p plays a role in the targeting
of all three Osh proteins with FFAT motifs and hence that

this interaction is likely to be functionally important
in vivo.

Targeting of the transcriptional regulator Opiilp to
the ER

Although the function of OPII and its genetic interactions
have been studied in detail (Greenberg and Lopes, 1996;
Graves and Henry, 2000), and some of its interactions have
been studied biochemically (Wagner er al., 2001), the
protein has not been localized previously. Having estab-
lished that the FFAT motif of Opilp targets the ER, we
investigated the localization of full-length Opilp as a GFP
fusion protein. The GFP-Opilp construct rescued the
phenotype of Aopil cells in the same manner as untagged
Opilp (data not shown) (see Materials and methods).
Under normal growth conditions, GFP—Opilp targeted the
ER more on the nuclear envelope than in the periphery
(Figure 6A). To investigate the role of Scs2p in targeting
by GFP-Opilp, this was expressed in cells with low
Scs2p. Under these conditions, targeting was largely
diffuse in both the cytoplasm and the nucleoplasm
(Figure 6B), although some cells still showed slight
localization to the nuclear envelope (Figure 6B, arrow-
head). The weak membrane association of Opilp that
persists with low Scs2p was also seen in Ascs2 cells (data
not shown). Mutation of the FFAT motif of Opil
completely delocalized the protein from membranes,
with the vast majority of the mutant protein being
intranuclear (Figure 6C). These results confirm that
Scs2p plays a significant part in the localization of
Opilp, acting via its FFAT motif.

Functional role for the FFAT motif in Osh1p

It has been shown previously by ourselves and others that
deletion of OSH] reduces the uptake of tryptophan at low
temperatures (Jiang et al., 1994; Levine and Munro, 2001).
Although the mechanism of this phenotype is unknown,
it is also seen with a variety of defects in ergosterol
metabolism and may be related to a defect in sterol sensing
or traffic. We compared the ability of Oshlp, either wild
type or with a point mutant (EFFDAXE—EFFAAXE), to
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tryptophan (ug/mi)
Aosh1 cells <= 40 15

empty
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Oai mn
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Fig. 7. Role of FFAT motif in OSHI phenotype. Aoshl cells (TLY221)
were transformed with the indicated plasmids (pRS416, pTL314 and
pTL315) and ~100 cells were spotted onto plates containing either
40 pg/ml (normal levels) or 15 pg/ml (reduced levels) tryptophan and
incubated at 25°C for 2 days. While wild-type Oshlp rescued growth
on low tryptophan, Oshl with a point mutation in the most conserved
residue of its FFAT motif (D719—A) was unable to rescue growth.
Similar results were obtained for 10 colonies of each genotype.

rescue growth on low tryptophan. While wild-type Oshlp
restored growth, the mutated protein clearly failed to do so
(Figure 7). Since there are no growth phenotypes for
Aosh2 or Aosh3 strains, we were unable to test the effect of
similar mutations in the FFAT motifs of Osh2p and Osh3p.
These results with Osh1p indicate that the interaction of a
FFAT motif with a VAP homologue is functionally
significant.

Discussion

Correct targeting of lipid binding proteins to donor and
acceptor membranes allows specific lipid transfer while
maintaining the unique lipid profiles of individual
organelles (Schneiter ez al., 1999). Here we describe the
FFAT motif, a short conserved linear sequence that allows
a large number of cytoplasmic lipid binding proteins (12 in
human cells) to target the ER via VAP and its homologues.
This work both identifies the precise means by which
OSBP binds VAP (Wyles et al., 2002), and confirms
earlier results from a proteomic study that found com-
plexes between Scs2p and Opilp, Oshlp and Osh2p
(Gavin et al., 2002). None of the other five Scs2p
interactors identified in that study have FFAT motifs.
The FFAT-VAP interaction may be involved in the
traffic of a variety of different lipids from or to the ER. The
lipid specificities of the seven homologues of OSBP that
have FFAT motifs have not yet been established, but may
include other oxysterols or even phospholipids (Moreira
et al., 2001; Xu et al., 2001; Laitinen et al., 2002; Wang
et al., 2002). Two other families of lipid binding proteins
also have FFAT motifs. GPBP has a similar domain
architecture to OSBP, although by homology its lipid
binding domain is predicted to bind phospholipids
(Ponting and Aravind, 1999). RdgB and its human
homologues NIR2 and NIR3 have PITP domains and are
known to target the ER, but the means of targeting is
unknown (Vihtelic et al., 1993, Litvak et al., 2002). The
only proteins in which FFAT motifs overlap with a
previously described domain are rdgB/NIRs, since a
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calcium binding activity has been mapped to a 55 amino
acid region including the FFAT motif, and has been
proposed to be a function of the highly acidic 15 residues
around the FFAT motif (Lev et al., 1999). In our in vitro
binding assay, 100 UM calcium caused a 2-fold increase in
the affinity of the Opilp FFAT motif for Scs2p, indicating
either that calcium binding has only a minor effect on the
FFAT-V AP interaction or that it is not a general property
of FFAT motifs.

Opilp, a transcriptional repressor of phospholipid
metabolism, is the sole member of a fourth class of
proteins involved in lipid metabolism that has a FFAT
motif. A genetic interaction between SCS2 and OPI! has
long been established (Nikawa et al., 1995; Greenberg and
Lopes, 1996; Kagiwada et al., 1998), and a direct
interaction between Scs2p and Opilp was suggested by a
recent proteomic study (Gavin et al., 2002). Here, we find
that the Scs2p—Opilp interaction is important for the
intracellular targeting of Opilp in vivo, in that Opilp
accumulates inside the nucleus in the absence of an
interaction with Scs2p. This suggests that Scs2p may
function to reduce the intranuclear activity of Opilp,
which might explain why deletion of SCS2 causes a
phenotype associated with overactivity of Opilp
(Kagiwada et al., 1998). Our current work is to investigate
the functional relationship between Scs2p and Opilp. The
finding that Opilp targets Scs2p on the ER has interesting
parallels, since other transcription factors regulating lipid
metabolism are found in the ER, including SREBP in
humans (Wang et al., 1994; Hoppe et al., 2000).

ER targeting by OSBP and its homologues is normally
tightly regulated and occurs at such a low level as to be
undetectable (Ridgway et al., 1992; Levine and Munro,
2001). However, using yeast as a model system, we have
found a role for the FFAT motifs of OSBP homologues
in vivo. Targeting of all three Osh proteins with FFAT
motifs is affected by Scs2p. The effects of Scs2 are partial,
suggesting that Scs2p is no more than partly responsible
for normal targeting. The redistribution caused by high
levels of Scs2p is also selective, in that all three Osh
proteins are redistributed only to a subset of the sites where
Scs2p is found (Figures 3A and 5). This implies that the
interaction with Scs2p is integrated with other targeting
signals. For Oshlp, the other targeting determinant is the
ankyrin repeat region targeting the NVJ. For Osh2p and
Osh3p, a second site is distributed uniformly around the
entire cell periphery, possibly associated with the plasma
membrane (data not shown). Thus, the interaction with
Scs2p appears to restrict Osh proteins to regions of the ER
adjacent to the other sites they target (Figure 5). In
addition to the effect on targeting, we found that the FFAT
motif of Oshlp is required for its ability to rescue the
Aoshl phenotype (Figure 7). This is an important
confirmation of the functional significance of the inter-
action of FFAT motifs with a VAP homologue.

FFAT motifs allow proteins to target ER membranes.
But why should the vast majority of FFAT motifs occur in
lipid binding proteins? For Osh proteins, we found that
multiple targeting determinants combine to target the
protein to sites where the ER apposes other organelles.
Such contact sites between the ER and other organelles
have been described for the plasma membrane (Metuzals
et al., 1997; Staehelin, 1997; Takeshima et al., 2000;
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Table II. Plasmids used in this study

Sikorski and Hieter (1989)
Sikorski and Hieter (1989)

Levine and Munro (2001)
Levine and Munro (2001)

Levine and Munro (2001)

Zweytick et al. (2000)

pRS406 Integrates at URA3

pRS416 CEN URA3 (low copy)

pTL201 pRS406 PHOS5 promoter (168 bp), GFP, Scs2p(1-244)

pTL211 pRS406 PHOS promoter, GFP, Opilp (1-404)

pTL212 pRS416 OSHI promoter (944 bp), GFP, Opilp

pTL213 pRS416 OSHI promoter, Opilp

pTL219 pRS406 PHOS promoter, GFP, Opilp (EFFD—ALLA)

pTL310 pRS416 PHOS promoter, GFP, Oshlp (1-1188) + terminator

pTL312 pRS416 PHOS promoter, GFP, Osh2p (1-1283) + terminator

pTL313 pRS416 PHOS promoter, GFP, Osh3p (1-997) + terminator

pTL314 pRS416 OSH! promoter (370 bp), Oshlp + terminator

pTL315 pRS416 OSHI promoter, Oshlp (D719—A) + terminator

pTL316 pRS416 PHOS promoter, GFP, Oshlp (D719—A) + terminator

pTL317 pRS416 PHOS promoter, GFP, Osh2p (A724-838) + terminator

pTL318 pRS416 PHOS promoter, GFP, Osh3p (EFFDAeEe—EFAAPAAA) + terminator

pTL375 PRS406 PHOS promoter, GFP, Oshlp (615-1188) + terminator

pTL376 PRS406 PHOS promoter, GFP, Oshlp (687-1188) + terminator

pTL377 pRS406 PHOS promoter, GFP, Oshlp (687-796)

pTL378 pRS406 PHOS promoter, GFP, Oshlp (797-1188) + terminator

pTL379 pRS406 PHOS5 promoter, GFP, Oshlp (687-725)

pTL382 pRS406 PHOS promoter, GFP, OSBP (331-415)

pTL383 pRS406 PHOS5 promoter, GFP, Opilp (172-218)

pTL384 pRS406 PHOS5 promoter, GFP, MTSENLDDEEFFDASE, tZZ

pTL385 pRS406 PHOS promoter, GFP, MTSFEELDDEDNFASE, tZZ

pTL391-395 pTL379 with following changes: pTL391, E716—A; pTL392, F717—A;
pTL393, F718—A; pTL394, D719—A; pTL395, A720—P

pTL396 pTL379 721EEAAS-stop—»>KQLLARSSSFCSL-stop

pTL397 pRS406 PHOS promoter, GFP, MTSANLAAAEFFDASE, tZZ

pTL398 pRS406 PHOS promoter, GFP, MTSANLAAAEFFDARN, tZZ

pTL413 pRS414 (TRP1 CEN) PHOS promoter, Tsc13p (1-559), GFP

Are2-EGFP pRS416 MET25 promoter, Are2p (1-642), EGFP

pCL384 CMYV immediate early gene promoter, then as pTL384

pCL385 CMV immediate early gene promoter, then as pTL385

pCL386 CMYV immediate early gene promoter, GFP, OSBP (188—425)

pCL387 CMYV immediate early gene promoter, GFP, OSBP (188-425) EFFDA—ALLAG

pCL388 CMV immediate early gene promoter, GFP, OSBP (245-425)

pCL389 CMYV immediate early gene promoter, GFP, OSBP (289-425)

pCL390 pGEX-4T-3 (Amersham Pharmacia) GST, Scs2p (1-225)

pCL391 pTrcHisA(Invitrogen) His6, GFP, MTSENLDDEEFFDASE, tZZ

pCL392 pTrcHisA His6, GFP, MTSFEELDDEDNFASE, tZZ

pCL393 pTrcHisA His6, GFP, OSBP (331-415)

pCL39%4 pTrcHisA His6, GFP, OSBP (331-415) EFFDA—EAFDA

pFRILZ4 pRS414 (TRP CEN) INOI promoter (372 bp), lacZ

Pichler et al., 2001), the vacuole in yeast (Pan et al., 2000),
peroxisomes (Mullen et al., 1999), the TGN (Ladinsky
et al., 1999) and in particular for mitochondria, where
lipids traffic in both directions (Vance, 1990; Voelker,
2000). These membrane contact sites are ideal subdomains
for energy-efficient non-vesicular transfer of small mol-
ecules such as lipids and calcium ions (Voelker, 2000;
Voeltz et al., 2002). Since the ER is the site of synthesis of
most lipids, including those which bind OSBP, NIRs and
GPBP (Lund et al., 1998; Baumann and Walz, 2001; Rolls
et al., 2002), an important function of FFAT motifs may be
to facilitate non-vesicular traffic of newly synthesized
lipids from the ER.

In addition to using VAP as an ER anchor for lipid
transfer, there may be more specific roles for the
interactions between lipid binding proteins and VAP on
the ER. In particular, they may affect the regulation of
cholesterol synthesis by SREBP, since VAP has been
shown to interact with the binding partner of SREBP on
the ER (Yang et al., 2002). Thus, the FFAT-VAP
interaction provides a previously unappreciated route for
oxysterols and other lipids to signal to SREBP.

In summary, the FFAT motif mediates ER targeting of a
large number of proteins involved in the regulation of lipid
metabolism, and our results suggest a significant role for
VAP homologues in regulating lipid metabolism.

Materials and methods

Plasmid construction

Plasmids used in this study are described in Table II. Plasmids including
the natural ends of Osh proteins also include the gene’s own terminator,
as indicated by a + entry in Table II. Plasmids containing 10 amino acids
from Opilp (197-206, underlined in Table II) have these residues inserted
in either native or scrambled order between GFP and a cassette consisting
of the tobacco etch virus cleavage site and a tandem repeat of the Z
domain of protein A (tZZ) (Levine and Munro, 2001). Residue numbers
for Osh1p relate to the sequence of the gene obtained from the yeast strain
SEY6210 (DDBJ/EMBL/GenBank accession No. AY241177).

Yeast strains

Yeast strains used were as follows: RS453B (wild type) and TLY?221
(Aoshl) (Levine and Munro, 2001); TLY251 derived from RS453B by
PCR integration upstream of the first codon of SCS2: the heterologous
marker gene HIS5 from Schizosaccharomyces pombe, the GALI promoter
and a myc epitope (correct integration was checked by PCR and by
western blotting detecting a myc-tagged galactose-inducible protein
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migrating at 28 kDa); TLY252 derived by integration upstream of SCS2
in RS453B of HIS5, the PHOS promoter and GFP. Y16119 and Y 10943
are haploid strains YER120w::kanMX4 (Ascs2) and YHL020c::kanMX4
(Aopil), respectively, obtained from Euroscarf (Frankfurt, Germany).

Cell imaging

Yeast cells growing in log phase at 30°C were visualized as described
previously (Levine and Munro, 2002). GFP fusions other than those with
full-length Osh proteins (see Figure 5) were expressed from integrating
plasmids based on pRS406 to produce uniform expression within
individual colonies. In cells derived from strain TLY251 (see Figures 3
and 5), Scs2p levels were regulated by carbon source: low levels were
achieved by growth in dextrose and high levels were typically induced by
overnight growth in galactose, although similar results were obtained 4 h
after addition of galactose to cells grown in raffinose (data not shown).
Comparison of Scs2p levels by western blotting under these two
conditions indicated a >20-fold induction (data not shown). COS-7
cells were grown to confluence on glass coverslips, transfected with 5 pug
of plasmid DNA per 3 cm well using Lipofectamine 2000 (Invitrogen)
and visualized 48 h later. For immunofluorescent colocalization, COS-7
cells were fixed and permeabilized to preserve ER architecture with 2%
paraformaldehyde and 0.2% glutaraldehyde (Lewis and Pelham, 1992),
and calnexin was detected with rabbit primary antibodies (Stressgen
Technologies, Canada) and rhodamine-conjugated secondary antiserum.

In vitro binding assay

A fusion protein of GST and Scs2 (residues 1-225, pCL390) was purified
from bacterial lysates to >95% purity on glutathione—Sepharose using
standard protocols. Hise-tagged GFP-tagged proteins (pCL391-394) were
purified to >90% purity as described previously (Levine and Munro,
2002). Binding was carried out in a 100 pl reaction volume for 15 min at
room temperature in phosphate-buffered saline pH 7.4 with 0.5 mg/ml
soybean trypsin inhibitor. GST—Scs2p beads and bound GFP-tagged
fusion proteins were removed by centrifugation, and unbound GFP was
detected by fluorimetry of the supernatant using a LS50 spectro-
photometer (excitation 485 nm, emission 515 nm, slit widths 5 nm).

Assay for functionality of GFP-tagged Opilp

Rescue of Aopil phenotype (unrepressible overexpression of INOI) was
monitored according to previously published protocols (Sreenivas et al.,
2001). A Aopil strain (Y10943) was transformed with two CEN plasmids:
pFRILZA4, expressing lacZ under the /NOI promoter, and either pTL212
(GFP tagged Opilp) or pTL213 (untagged Opilp). Cells were grown to
mid-log phase with or without 200 UM inositol and 1 mM choline.
Five ODg( units of cells were collected by centrifugation, resuspended in
500 pl of 100 mM phosphate buffer pH 7.2 containing 10 mM potassium
chloride, 1 mM magnesium sulphate, 50 mM B-mercaptoethanol, 0.005%
w/w SDS and 3% w/w chloroform, mixed with glass beads (425-600 pm
diameter) and shaken vigorously for 30 s in a Ribolyser (Hybaid). Lysate
was mixed with O-nitrophenyl-B-D-galactopyranoside solution (final
concentration 0.67 mg/ml) and incubated for 6 h at 30°C before stopping
the reaction with sodium carbonate (final concentration 300 mM).
B-galactosidase activity was measured by the absorbance at 420 nm and
normalized to the number of cells added, as assessed by the absorbance at
600 nm.

Assay for rescue of Aosh1 phenotype
Cells were tested as described previously (Levine and Munro, 2001).
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