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Abstract

The field of interorganelle communication is now established as a major aspect of intracellular
organisation, with a profusion of material and signals exchanged between organelles. One way to
address interorganelle communication is to study the interactions of the proteins involved, particularly
targeting interactions, which are a key way to regulate activity. While most peripheral membrane
proteins have single determinants for membrane targeting, proteins involved in interorganelle
communication have more than one such determinant, sometimes as many as four, as in Vps13. Here
we review the targeting determinants, showing how they can be relatively hard to find, how they are
regulated, and how proteins integrate information from multiple targeting determinants.
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Highlights

e proteins target two organelles at the same time to form bridges between them
e targeting is often by short regions such as motifs and amphipathic helices

¢ the only widespread way to target the ER is via a FFAT motif that binds VAP

e FFAT motifs can be both created and destroyed by phosphorylation

e amphipathic helices, often highly specific for one organelle, are hard to find



Introduction

Organelles compartmentalise biochemical reactions, but they do not function in isolation. Interorganelle
communication takes place by direct pair-wise contact, which is mediated by protein bridges that
communicate many activities, including signal transduction [1], trafficking second messengers such as
calcium ions (Ca?*) [2], cyclic AMP [3], reactive oxygen species [4], and other small molecules including
iron [5], lipids [6] and citrate [7ee]. Early studies of interorganelle communication identified membrane
contact sites where different membranes come close together indicating communication. Most of these
organelles are separated by gaps of 10-30 nm, compatible with being bridged by a single protein, though
there are notable exceptions [8,9]. Now the field has matured, so the question is not which organelle
pairs interact, but identifying a pair that does not [7ee].

Proteins that bridge between organelles must include two targeting determinants to bind two receptors,
so they can be in two places at the same time [10]. This pattern is exemplified by oxysterol binding
protein (OSBP)-related proteins (ORPs) such as ORP5, with an N-terminal pleckstrin homology (PH)
domain binding PI(4,5)P, on the plasma membrane, and a C-terminal transmembrane helix (TMH)
anchored in the endoplasmic reticulum (ER) [11]. A bridging protein’s action derives from the non-
targeting domain(s), which here is a lipid transfer domain (Figure 1A).

This review addresses targeting determinants involved in interorganelle communication (Figure 1B-D),
their regulation by post-translational modification and intramolecular inhibition, and how they integrate
together, especially in proteins with more than two determinants, such as VPS13.

FFAT motifs link the ER to most organelles

The protein element most widely involved in communication between organelles is the “two
phenylalanines in an acidic tract” (FFAT) motif. Its core is seven residues in a loop that binds to the
globular domain of Vesicle-associated membrane protein-Associated Proteins (VAPs) on the cytoplasmic
face of the ER (Figure 1D). There are three VAPs: VAP-A and VAP-B, which are highly similar, and the less
related MOSPD2 (details below). High-throughput studies in human cells have identified a large number
(>300) of VAP interactors, many with functions in, and targeting domains/motifs for, organelles other
than the ER [12,13]. If the high-throughput VAP interactome could be verified, many new pathways
would be implicated in interorganelle communication. For example, several proteins that scaffold and
regulate protein kinase A are included in the VAP interactome; verifying this would fits with other
findings that show involvement of the ER in cAMP signaling [3].

To bind VAP, FFAT motifs combine several residues in the core to create specific “key in lock”
recognition, while the acidic tract upstream provides charge-based, non-specific affinity [14,15].
Identical FFAT motifs were originally found in three families of lipid transfer proteins (Figure 2A) [16],
but FFAT motifs have since turned out to be quite variable, in particular at position 3 (Figure 2B) [17,18].
Among the various pathways that access the ER via VAP, lipid traffic has a special relationship, as
indicated by the domain composition MOSPD2. The C-terminus of this third VAP homologue present



throughout the animal kingdom binds FFAT motifs just like VAP-A/B. However, its N-terminus is
extended to include a lipid transfer domain, suggesting an intimate association between VAP and lipid
traffic [19e].

Similar motifs indicate dozens more interorganelle pathways

Within FFAT motifs positions 2/4/5 vary the least, and a bioinformatic search in all human VAP
interactors identified motifs significantly similar to FFAT in 24 VAP interactors [20], but experimental
validation is needed. So far, 3 out of these potential FFAT-VAP interactions have been validated: SNX2
on endosomes [21], ACBD5/4 on peroxisomes [22-24], and VPS13A/C. VPS13 is a family of large (>3000
aa) conserved proteins with one homologue in yeast, four in mammals (A/B/C/D), and three in flies
(A/B/D) [25ee]. A ground-breaking study has identified the N-terminus as a lipid transfer protein [26ee].
Together with single particle analysis showing that VPS13 is a long rod [27e], this suggests that it forms
static bridges across which lipid flows, as are found in bacteria (Figure 2C) [28]. VPS13A and VPS13C
both have FFAT-like motifs [26ee], and multiple other membrane targeting determinants (see below).

The importance of the FFAT-VAP interaction is indicated by it being parasitised by intracellular
pathogens [29,30]. In one case, a bacterially-encoded protein named IncV for inclusion protein
interacting with VAP, has two FFAT-like motifs in its cytoplasmic domain to recruit ER [31ee]. While the
motifs described in all these proteins do not meet the original definition of FFAT, they do bind VAP,
which indicates that the definition of the motif should be enlarged to include any sequence with
sufficient features, especially at positions 2, 4 and 5, even with only 1 phenylalanine (or tyrosine) or
without an acidic tract.

Modifying FFAT motifs to regulate interorganelle communication

Intracellular communication can be regulated by phosphorylation in VAP interactors that have serines or
threonines at the positions otherwise assumed by acids: core #1/4/7 and the whole upstream tract
(Figure 2B) [16]. For example, in AKAP3 phosphomimetic substitution of T4 with D4 enhances binding in
vivo, while A4 inhibits [20], and the same likely applies to StARD3 on endosomes [32] and norovirus non-
structural-1/2 (NS1/2) protein [33e]. Ceramide transferase (CERT), a FFAT+ve lipid transfer protein with
similar domain structure to OSBP (Figure 2A), is phosphorylated in its acidic tract, which strongly
enhances VAP binding (Figure 2B, and section below) [34]. FFAT motifs can be phosphorylated multiple
times, as shown by Kv2.1 and Kv2.2 (collectively Kv2), potassium voltage-gated channels that regulate
neuronal excitability. Kv2 forms inactive plasma membrane clusters during repetitive stimulation
[35,36]. Clustering takes just a few minutes, requiring multiple serine phosphorylation in Kv2’s
cytoplasmic tail [37,38], and is reversed by dephosphorylation [35,39]. After Kv2 clusters were found
recruit cisternae of cortical ER [38], the next step was to identify an essential phenylalanine among the
phosphoserines, and this led to finding that Kv2 contains an inducible FFAT motif that underlies the
whole clustering phenomenon, with a regulated Kv2-VAP interaction (Figure 2D). [40ee,41e¢]. Inducible



FFAT motifs are conserved in Kv2 across evolution indicating a fundamental link between excitability and
the ER [36].

In contrast to activating phosphorylation at position 4, phosphorylation at position 5 completely blocks
VAP binding [20]. VAP interactors with S5/T5 that might be inactivated by phosphorylation include JMY,
which nucleates actin at the TGN [42] and ACBD5/ACBD4 in peroxisomal lipid traffic [23,24]. Reversible
sulphenylation by reactive oxidising species such as peroxide interacting with cysteine at position 5 in
would be expected to negatively regulate many FFAT motifs [43,44]. Although not yet untested, this
would allow intracellular redox signaling to inhibit VAP binding, for example during the reactive oxygen
species burst during calcium signaling [4]. The significance of C5 can be gauged by its widespread
conservation in both Kv2 (Figure 2D) and Rab3GAP1 (not shown), indicating functional selection.

In addition to regulation via FFAT motifs, VAP is modified. In yeast, VAP’s linker is reversibly sumoylated,
though the functional consequences are unknown (Figure 1D) [45]. In humans, lysine acetylation on the
FFAT-binding surface of VAP-A (but not VAP-B) occurs in response to viral infection [46]. Such post-
translational modifications would alter intracellular communication globally [44].

Charged based regulation by phosphorylation

Targeting of peripheral membrane proteins can be based on simple physical properties such as charge.
For example inherently disordered polybasic regions have non-specific affinity for the polyanionic
plasma membrane (Figure 1B) [47]. The integral ER lipid transfer protein TMEM24 has a long
cytoplasmic tail (~400aa) that contains three disordered polybasic stretches (~80 aa). The key here is
that this region is also enriched for serines and threonines. Phosphorylation by protein kinase C and
dephosphorylation by protein phosphatase 2B respectively inactivate/activate TMEM24 in pancreatic
B cells by reducing/increasing the overall positive charge of the bridging region, leading to rapid cycling
that facilitates episodic insulin secretion [48ee].

Other polybasic regions can reversibly fold into amphipathic helices, where one face is hydrophilic
(positively charged), and the opposite face is hydrophobic, penetrating the hydrophobic portion of a
bilayer (Figure 1C). Amphipathic helices have specificity for a unique organelle, including the ER, by
detecting combinations of charge and packing (curvature and acyl chain composition) [49-51]. Ice2p, an
integral yeast ER membrane protein of unknown function, bridges to lipid droplets via lipid droplet-
specific amphipathic helices (highly hydrophobic, without net charge) [52]. In contrast, another yeast
integral ER protein, Ist2p, bridges to the plasma membrane via an amphipathic helix with properties
suited to that membrane (minimally hydrophobic, highly basic) [53]. Many of nine serines/threonines
adjacent to Ist2p’s helix can be phosphorylated [54], indicating a possible (though untested) means of
regulating bridging.



Co-ordinated regulation by other domains in cis

Membrane targeting can be regulated by intramolecular interactions, which dominate because of the
extremely high local concentration of domains linked in cis. For integral ER membrane proteins, such as
STIM1[55,56] and extended-synaptotagmin-1 (E-Syt1) [57ee], activation is associated with translocation
from the whole organelle to interorganelle bridges only. In contrast, lipid transfer proteins such as CERT
and ORPs have inactive forms that are diffuse in the cytoplasm, indicating that both targeting
determinants are masked (Figure 2B). Co-ordinated switching of both determinants has been
demonstrated for CERT. CERT is maximally active when the acidic tract of the FFAT is phosphorylated
[33], and a serine rich motif (SRM) adjacent to the PH domain is fully dephosphorylated (Figure 3B left,
and Figure 2B) [58]. In this state, all the domains are active. Multiple phosphorylation of the SRM leads
to two intramolecular interactions: SRM<->PH [59ee], and lipid transfer<->PH [60ee]. Respectively these
inhibit TGN targeting and occlude lipid transfer. Affinity for VAP drops further with dephosphorylation of
the FFAT (Figure 3B, right). The SRM is part of a homeostatic loop: lipid transfer by CERT leads to
production of diacylglycerol in the TGN, which activates protein kinase D. This initiates phosphorylation
of the SRM, which initiates repeated action of Casein Kinase I. The multiply phosphorylated SRM inhibits
CERT, thus reducing diacylglycerol production. Subsequently the SRM is reactivated by the integral ER
protein phosphatase 2Cs [61]. Since protein phosphatase 2Ce binds to VAP (their TMH regions interact),
CERT appears to bind VAP before it is activated, suggesting that its FFAT motif is partly active even in the
inactive/closed form (Figure 3, right).

The domain structure of ORPs is similar to CERT (Figure 2A), and like CERT, lipid transfer by OSBP is
regulated by other domains in cis [62]. OSBP’s lipid transfer domain is inhibited by the other domains,
and VAP binding to OSBP’s FFAT relieves the inhibition, irrespective of membrane targeting by VAP [62].
This implies that VAP could be considered as an accessory subunit of an extended lipid transfer device,
not merely an anchor. One proposed mode of action for VAP is through oligomerisation, as it (like CERT
and OSBP) has a short coiled-coil and other elements that mediate oligomerisation [15]. Another
possibility is that VAP dimers bring together two unrelated FFAT-positive proteins. This may explain how
SNX2 recruits OSBP to endocytic tubules rather than its usual TGN localisation [21].

Integrating three or more targeting motifs in one protein

In addition to bridging proteins with two targeting determinants, there are proteins with three or more
targeting determinants. Consideration of these requires expansion of the simple model of bridging
proteins targeting each organelle once only.

One interaction repeated twice:

There are several proteins with two functional FFAT motifs. IncV has two adjacent motifs, with the
double mutation required to ablate VAP recruitment [31]. SNX2 has two FFAT motifs, but here one motif
has a dominant effect on VAP interaction [21]. Maybe the second motif allows increased avidity for VAP.
However, this may be an over-simplification, since ORP3 has a motif almost identical to that of OSBP
(Figure 2A), but surprisingly a highly variant motif adjacent to the PH domain has to be mutated too
completely disrupt VAP binding [63].



Same organelle twice:

Some proteins combine two different determinants to target the ER. For example, Protrudin has TMHs
for permanent ER targeting, a PX domain to bridge to endosomes, and a FFAT motif which functions to
regulate its distribution throughout the ER [18,64]. This suggests that bridging complexes alter their
distribution (and function) by incorporation of additional subunits.

Targeting motifs for 3 organelles by VPS13:

We described above how VPS13A bridges from ER to lipid droplets (Figure 2D, right). It also contains
other targeting determinants that have recently been mapped (Figure 4A). The overall domain structure
of VPS13A/C in animals is similar to Vps13p in yeast, but their targeting is divergent.

In yeast, Vps13p acts at multiple locations: (i) mitochondria, (ii) prospore membranes - specific to
meiosis, (iii) endosome/vacuole (equivalent of lysosome) - varying from endosomal puncta in log phase
to nucleus-vacuole junction in stationary phase (Figure 4B, left) [65]. All of these share a single mode of
targeting. A highly conserved region in the C-terminal half of Vps13p (so-called DUF1162, also predicted
to be a WD40-like beta propeller) binds an unstructured “PxP” motif shared by three receptors, one per
target organelle: Mcp1p on mitochondria, Spo71p on prospore membranes, and Ypt35p (a PX domain-
only protein homologous to sorting nexins) on endosome/lysosomes. The three receptors competing for
a common binding site on Vps13p [66ee]. The targeting of Vps13p to the nucleus-vacuole junction
requires vacuolar Ypt35p and an as yet unidentified ER receptor (Figure 4B, left) [66]. The same receptor
may allow Vps13p to bridge from the ER to mitochondria and prospore membranes.

In mammals two duplications have created parologous pairs VPS13A/C and VPS13B/D. VPS13A/C have
FFAT motifs and PH domains (Figure 4A). Not much is known about VPS13B/D targeting, although
VPS13D has a short ubiquitin-associated (UBA) domain involved in mitophagy [25]. VPS13A and VPS13C
both have targeting determinants for a third organelle: VPS13A for mitochondria; VPS13C for late
endosomes/lysosomes (Figure 4B) [26ee]. It is not known if VPS13C’s endosomal receptor binds similarly
to Ypt35p binding Vps13p. The FFAT motifs work simultaneously with either of the other determinants
to target VPS13A/C to interorganelle junctions (Figure 4B, right).

How do the multiple targeting determinants work together? Given the position of all the non-ER
targeting determinants in the C-terminus of VPS13A/C and Vps13p, it may not bridge between non-ER
organelles. Therefore, suggestions that Vps13p bridges directly from vacuole to mitochondria at vacuole
and mitochondrial patches (VCLAMPs) [67e¢] may have to be revised in favour of an indirect mechanism
that combines both vacuole-ER and mitochondria-ER bridges. This is supported by finding Vps13p
adjacent to, but not coincident with, vVCLAMPs [68ee].

Conclusions and future directions

The quality of intracellular targeting by proteins involved in interorganelle communication is like other
proteins, but the quantity is greater: often twice as much, and in some cases more, in particular VPS13.
Future questions include how to identify all motifs and regions responsible for targeting, with shorter
sequences being harder to find than whole domains. This may explain the missing targeting



determinants in key proteins such as Vps13p: how does it target the ER? It may be that Vps13p,
VPS13B/D and other players in intracellular communication have amphipathic helices, so we will need
proteome-wide maps of amphipathic helices.
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Legends
Figure 1: Short motifs involved in interorganelle bridging.

A. Proteins involved in interorganelle communication typically have targeting determinants for two
different organelles. Oxysterol binding protein (OSBP)-Related Protein-5 (ORP5) has an N-terminal
pleckstrin homology (PH) domain that binds PI(4,5)P, to target the plasma membrane (yellow), and a C-
terminal transmembrane helix (TMH) anchored in the ER (ochre). Between these two domains is a lipid
transfer domain that can shuttle (yellow arrow) from the PI4P from the plasma membrane, where it is
made, to the ER, where it is destroyed. ORP5 moves a second lipid, phosphatidylserine, from ER to
plasma membrane, which is omitted for clarity. B-D. Different ways short peptide stretches reversibly
target proteins involved in interorganelle communication. B. Non-specific charge attraction between
unstructured regions rich in basic residues (blue circles) and anionic phospholipids, mainly
phosphatidylserine (red circles). This is found in TMEM24. Switching is achieved by multiple
phosphorylations particularly of multiple serines and threonines (circles with orange border < filled
with red) within the polybasic regions. C. Unstructured regions containing many hydrophilic residues
(here basic - blue) and hydrophobic residues (yellow, <30%), as in Ist2p, are induced to fold into an
amphipathic helix and partially insert into plasma membrane . Alternate choice of hydrophilic residues
(more uncharged, purple) and increased hydrophobic residues changes targeting (see Figure 2C).



Amphipathic helices can be switched by phosphorylation of residues within the helix or adjacent to it. D.
Short linear motifs recognise integral membrane proteins. Here a FFAT motif (red) is shown engaging
with VAP. Switching is achieved by phosphorylation or intramolecular masking of the FFAT motif. VAP is
also subject to post-translational modification, for example sumoylation of a conserved site (asterisk),
the effect of which is unknown. For clarity, the coiled coil in the linker for VAP has been omitted.

Figure 2: Multiple pathways access the ER by FFAT motifs and variants that bind VAP.

A. Canonical FFAT motifs occur mainly in three families of lipid transfer proteins: oxysterol binding
protein (OSBP), retinal degeneration type B (RdgB, homologous to the human proteins Nir2/3), and
ceramide transferase (CERT). Globular domains are as in Figure 1A, plus those indicated in RdgB. One
dimensional domain maps, with FFAT motifs (red). B. FFAT motifs, one canonical (EFFDAXE) in CERT and
two non-canonical in FAF1, and protrudin. 6 residues in the core of 7 are subject to selection (black
background), as is the N-terminal acidic tract (6 residues). Colouring of residues: F/Y at positions 2/3 of
the core - yellow; acids - red; bases - blue; small side-chain for positon 5 (ACGSP) - green; S/T in
positions that prefer acids - orange; unselected core position 6 - black; all others - grey. Red box and
asterisk (CERT $315) indicates where phosphorylation has been demonstrated in vivo. C. A predicted
non-canonical FFAT motif has been verified experimentally in VPS13A, which forms a rod-like lipid
transfer protein ~20 nm long with a semi-circular side-arm [26,27]. Its C-terminus includes an
amphipathic helix that targets lipid droplets, as it is enriched in hydrophobic residues and not highly
basic, unlike helices that select for plasma membrane (Figure 1C). FFAT motif below coloured as in B.
VPS13C is highly similar, with a longer predicted rod domain. D. Non-canonical FFAT motifs are induced
by multiple phosphorylation in Kv2.1 (and Kv2.2, not shown), which bridges from the plasma membrane
to VAP in the ER. Red boxes indicate residues that are phosphorylated, and asterisks indicate residues
essential for reversible clustering. The sequence from Kv2 in a mollusc, pacific oyster (Crassostrea gigas),
shows conservation of this pattern across animal evolution. Drawing is approximately to scale in (C),
with a 20 nm gap between membranes and unstructured loops at 0.38 nm per peptide bond. Parts of
the cytoplasmic tail of Kv2.1 before and after the FFAT motif (170 and 260 residues respectively) are
omitted in (D). For clarity, coiled coils, for example in the linker for VAP, are omitted.

Figure 3: Intramolecular interactions that regulate ceramide traffic by CERT

Inducible intramolecular inhibitory interactions regulate CERT, which contains a pleckstrin homology
(PH) domain, serine rich motif (SRM), FFAT motif, and steroidogenic acute regulatory lipid transfer
(StART) domain, asterisks indicating phosphorylation sites. TOP: one dimensional domain maps
indicating intramolecular inhibitory interactions; BOTTOM: two dimensional representations of the
domains and loops in interorganelle gaps, showing inter-domain binding. When active, CERT adopts an
open conformation, with the PH domain targeting the TGN by coincidence detection of Arf1 (not shown)
and PI4P, and the FFAT motif (especially when phosphorylated on S315, FFAT*, see Figure 2B) targeting
VAP on the ER. The StART domain can shuttle lipid across the gap (ceramide forward from the ER,



possibly also carrying diacylglycerol in the opposite direction). The SRM with zero phosphorylations
(SRMDO) has no discernible effect. Fully phosphorylated SRM (SRM19) induces an inhibitory interaction
between the PH and StART domains, and it directly binds and inhibits the PH domain. Under these
circumstances, the FFAT motif is dephosphorylated (FFAT?), and affinity for VAP decreases, though not
to zero. The ER-TGN gap is drawn at 20 nm, but may be narrower [69].

Figure 4: VPS13 integrates multiple targeting determinants with specificity for four different organelles

A. Domain map of VPS13A, showing all unstructured loops 240 aa, including those within the rod
domain, and three C-terminal domains: DUF1162/WD40, of <8 WD40-like repeats; Dbl Homology
domain-like (DH,) that includes an amphipathic helix; PH. VPS13C has an N-terminal internal duplication,
so likely forms a longer rod-like lipid transfer domain. Vps13p is similar in form, but has no FFAT motif.
ATG2 is likely to be similar, as it is homologous to VPS13 at both ends and also forms rods [70]. B. VPS13
forms a 20 nm rod-like lipid transfer protein with an incomplete loop side-arm, which is here presumed
to contain the C-terminal targeting determinants, coloured as in (A). Black arrows indicate organelle
targeting, and yellow arrows indicate interorganelle communication. LEFT. Yeast Vps13p.
DUF1162/WD40, binds receptors on mitochondria, prospore membrane and endosome/vacuole
(Mcp1p, Spo71p, Ypt35p respectively, each containing related “PxP” motifs). Vps13p targets the
nucleus-vacuole junction (NVJ), indicating that it has an ER receptor, which has yet to be mapped. In
prospore membrane biogenesis, it is not clear if Vps13p bridges to a second membrane, as the protein
surrounds the entire prospore uniformly [65]. Vps13 interacting with mitochondria is adjacent to
vacuole and mitochondrial patches (VCLAMPs), so rather than directly bridging between these
organelles, it might form bridges from both to the ER [68ee]. RIGHT: Human VPS13A/C. FFAT motifs are
found in middle of the rod-like portion. The C-termini target to two other organelles: DUF1162/WD40,
of VPS13C targets late endosomes; both DH, and PH of VPS13A target mitochondria. An amphipathic
helix in both proteins targets lipid droplets. Targeting by the C-terminus occurs simultaneously with ER
targeting: in VPS13C at late endosomal-ER junctions (LE-ERJ), in VPS13A at mitochondrial-ER junctions
(M-ERJ), and in both at lipid droplet-ER junctions (LD-ERJ).
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The ability of Vps13p in presumed lipid transfer to/from mitochondria is separated from its function in
endosomes. The bindings sites of both Vps13p and its mitochondrial receptor Mcp1p for each other are
mapped approximately, and Mcp1 is shown to be more than just an anchor - it has two haem binding
sites that might either be enzymes or form lipid binding cavities.

68 ee Gonzalez Montoro

The vacuolar protein Vps39p is shown to bridge to mitochondria at vCLAMPs by binding Tom40p.
Surprisingly, it is Vps39p's separate role in late endosome/vacuole formation that is required for genetic
suppression of ER<->mitochondria lipid transfer defects by the Vps13p/Mcp1p pathway. Vps13p
localises adjacent to, not within, extended vCLAMPs, suggesting that previous assumptions it bridges
directly between vacuole and mitochondria are wrong.
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