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SNARE proteins: zip codes in vesicle targeting?
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Membrane traffic in eukaryotic cells is mediated by transport vesicles that bud from a pre-
cursor compartment and are transported to their destination compartment where they
dock and fuse. To reach their intracellular destination, transport vesicles contain targeting
signals such as Rab GTPases and polyphosphoinositides that are recognized by tether-
ing factors in the cytoplasm and that connect the vesicles with their respective destin-
ation compartment. The final step, membrane fusion, is mediated by SNARE proteins.
SNAREs are connected to targeting signals and tethering factors by multiple interactions.
However, it is still debated whether SNAREs only function downstream of targeting and
tethering or whether they also participate in regulating targeting specificity. Here, we
review the evidence and discuss recent data supporting a role of SNARE proteins as
targeting signals in vesicle traffic.

Introduction

Eukaryotic cells are compartmentalized into membrane-enclosed organelles. Since lipid bilayers form
a hydrophobic barrier for all hydrophilic metabolites and macromolecules, compartments allow for
the segregation of specific materials and biochemical reactions. Membrane vesicles are stable in the
aqueous environment. They rarely fuse or split spontaneously [1], which is very useful for maintaining
the identity of individual organelles. On the other hand, the compartments need to communicate with
each other in order to exchange molecules for their homeostasis and to allow for stepwise processing
and delivery of newly synthesized macromolecules or of material destined for remodeling or degrad-
ation. Therefore, a hallmark of all eukaryotic cells is the ability to generate vesicles from donor mem-
branes and transport them to a specific acceptor membrane where they dock and fuse [2]. In fact,
with the exception of mitochondria and, to some extent, also peroxisomes, all organelles are con-
nected with each other by vesicular traffic, allowing for the directed transfer of soluble cargoes, mem-
brane proteins, and lipids [2-4]. Importantly, vesicular traffic is highly organized in a network of
central organelles serving as hubs such as the endoplasmic reticulum, the Golgi complex, the endoso-
mal system, and, of course, the plasma membrane, which all generate and receive transport vesicles in
a directed fashion.

Owing to recent progress in super-resolution microscopy and high-speed imaging it is now appre-
ciated that vesicular traffic is stunningly complex. At any given time, organellar hubs are surrounded
by thousands of vesicles that are constantly coming and going. In fact, despite its overall directionality
transport is seemingly chaotic. Vesicles may undergo spurts of movement, pause, sometimes even
move backwards a bit, and in addition to directed movement vesicle trafficking also seems to include
diffusive components [5,6]. Thus, it is essential for cells to ‘know’ from where a given vesicle is origin-
ating (e.g. from the TGN or from the plasma membrane), and where it is to be delivered (e.g. to the
late endosome or to the plasma membrane). Accordingly, vesicles must be equipped with molecular
‘zip codes’ that govern the subsequent trafficking step. Indeed, a robustly functioning zip code system
is critical not only for cellular homeostasis but also for mitosis, differentiation and migration, with
perturbations of vesicle targeting being associated with various diseases [7].
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In the past decades, major progress was made in deciphering not only the basic molecular mechanisms of vesicle
budding and fusion but also in the molecular foundation of organellar identity and targeting specificity [2,8]. In this
review, we will attempt to discuss some of the mechanisms that explain how in this ‘chaotic’ environment vesicles
released from a specific donor compartment find their target, focusing on the role of SNARE proteins.

Specific targeting of trafficking vesicles: Rab GTPases and
polyphosphoinositides as central regulators

Vesicle trafficking generally proceeds in three consecutive steps: the generation of a vesicle from a precursor
membrane which involves the selection of specific macromolecules (sorting), the motor protein-dependent
transport of the vesicle to its destination followed by recognition/tethering (targeting), docking, and the fusion
of the vesicle with the target membrane [2,9]. Here we define tethering as initial interaction at a distance,
whereas docking is a closer interaction, probably involving trans-pairing of SNAREs between the membranes.
In general, these processes are regulated by different proteins (see below). Formation of a new vesicle frequently
requires the participation of protein coats. When a vesicle is set free from its donor compartment it needs to
contain a built-in ‘navigation plan’ in order to reach the correct intracellular destination. In other words,
molecular zip-codes are attached on the surface when the vesicles are generated (Figure 1). These
membrane-anchored tags orchestrate the next step, which includes the ordered recruitment of multiple effector
proteins from the cytoplasm. It is the specific combination of these effectors decorating the vesicle that in turn
are been read by other molecules, thus allowing the vesicle to proceed to the next step. Such steps include the
removal of coat proteins, the recruitment of motor proteins for directed transport, tethering factors, the
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Figure 1. Schematic overview over the steps involved in the the targeting of a trafficking vesicle.

The figure shows a typical sequence of molecular steps governing the delivery and fusion of a trafficking vesicle to the correct
target compartment. Formation of a trafficking vesicle by budding (not depicted here) frequently involves protein coats. Once
these coats are disassembled, the molecular zip codes become “visible” to cytoplasmic proteins and are activated, for
instance by GDP-GTP exchange or by phosphorylation/dephosphorylation of Ptdins variants. Active zip codes recruit tethering
factors from the cytoplasm which, after transport along cytoskeletal tracks (not shown here), bind to a docking receptor on the
target compartment. SNARE proteins are then activated by members of the conserved SM- and CATCHR protein families,
followed by SNARE assembly and membrane fusion. After fusion, zip codes are switched off, tethering and activation factors
dissociate, and the assembled SNARE complexes are disassembled (not shown). See text for details.
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attachment to the target membrane, or the activation of the fusion machine (Figure 1). While these steps are
consecutive, their order may vary. For instance, coats may disassemble before arriving at the target membrane
(i.e. COPII and clathrin coats), but in at least one other case the coat (COPI) is only disassembled upon
contact with the preassembled fusion machine [10].

It is well established that Rab GTPases and phosphorylated variants of the membrane lipid phosphatidylinosi-
tol (PtdIns) serve as master organizers of vesicle traffic that confer vesicle identity and serve as zip codes for tar-
geting [8]. Rab proteins belong to the Ras superfamily of small GTPases. The human genome contains ~60
different Rab genes [11]. Apparently, each intracellular compartment contains a specific set of Rab GTPases
that, sometimes in cooperation with small GTPases of other subfamilies (e.g. Arf GTPases), define the identity
of the organelle, orchestrate membrane traffic, demarcate specific domains on the surface of organelles for tubu-
lation or budding or directed transport, and undergo dynamic remodeling during progression to the next traf-
ficking step [8]. Rabs are activated by guanine exchange factors (GEFs) and inactivated by GTPase activating
proteins (GAPs). In the active (GTP-bound) form, Rab GTPases are anchored to the membrane by geranylgera-
nyl moieties and recruit specific sets of effector proteins including tethering factors onto membranes. After GTP
is cleaved into GDP, the effector proteins bound to the active Rab protein disassemble, and most Rabs are then
extracted from the membrane by forming a complex with GDP dissociation inhibitor (GDI), thus being returned
to the cytoplasmic pool [11]. Progression along a specific trafficking route may involve the consecutive action of
different Rab proteins that are regulated by both positive and negative feedback loops [12,13]. One of the best-
studied examples involves the maturation of an early into a late endosome. While early endosomes are mainly
governed by Rab5, one of its effectors (the Mon1-Cczl complex) recruits and activates Rab7 [14], thus changing
the identity of the vesicle from a Rab5-containing early endosomes to a Rab7-containing late endosome.

Phosphorylated variants of PtdIns constitute a minor class of comparably short-lived membrane phospholipids.
Seven different PtdInsP,-species are known that are phosphorylated at either one or several of the 3-, 4- and
5-OH groups of the inositol ring of phosphatidylinositol [15]. Switching between individual PtdInsP variants is
mediated by an array of specific PtdIns-kinases and phosphatases. In mammalian cells, there are 19 kinases and
28 phosphatases that coordinately work together in regulatory networks to control PtdInsPy levels [16]. Some
kinases and phosphatases form a complex such as the 5-kinase PIKfyve and 5-phosphatase Fig4, which control
PtdIns(3,5)P, levels. Interestingly, deletion of the phosphatase Fig4 reduces rather than increases the overall level
of PtdIns(3,5)P, [17], suggesting that complex formation with the phosphatase is necessary for the kinase-
function of PIKfyve.

Different PtdInsP, species are selectively localized on distinct subcellular compartments, thus contributing to
defining the identity of the vesicles as molecular zip codes [8]. Similar to Rab proteins, different PtdInsPy
recruit specific sets of effector proteins. In many cases, PtdInsP, function in a combinatorial fashion with Rab
GTPases or with other signals (e.g. sorting signals in proteins) to recruit effector proteins and thus ‘sharpen’
the specific identity of a vesicle or a membrane domain [8,13]. Indeed, many effector proteins are only stably
recruited to the membrane when two signals are present simultaneously such as a specific Rab GTPase and a
specific  PtdInsP,-species, termed coincidence detection [13,18]. Coincidence detection involving
PtdInsPy-species also regulates the activity of sorting signals in integral membrane proteins. For instance, endo-
cytotic signals such as tyrosine-based or dileucine-based motifs are only recognized by the clathrin adaptor
complex AP2 when PtdIns(4,5)P2 is present in the membrane [19]. Furthermore, recent data suggest that the
nature of the acyl-chains of PtdInsP; regulate clustering and spacing of lipids, thus creating hotspot microdo-
mains to which effector proteins are recruited on the membrane [20].

In summary, both Rab GTPases and PtdInsP, exhibit common properties that are essential hallmarks of
their zip code function. They serve as signals that are switched ‘on’ at a predefined step in membrane traffic,
orchestrate the next step, and are then switched ‘off. While the signals are generated on the membrane, all
necessary components are recruited from the cytoplasm including not only the precursors and enzymes needed
for generating the signal but also the effectors required to execute the trafficking step. When the signal is
switched in the ‘off’ position, the entire machinery dissociates from the membrane, allowing the vesicle with its
membrane constituents and cargo to proceed to the next trafficking step without being burdened with rem-
nants of the regulators governing the preceding steps. While such a system is robust and versatile, it requires a
tightly controlled ‘hand-over’ mechanisms, i.e. the initial components of the next step need to be firmly in
place before the machinery of the past step is completely dismantled. As discussed above, several examples of
such hand-over mechanisms have been identified (Rab cascades, ‘maturation’ of PtdInsPy signals [12,13]).
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Vesicle targeting by controlling the specificity of SNARE
pairing?

With the partial exception of homotypic fusion of ER membranes [21], SNARE (soluble
N-ethylmaleimide-sensitive factor attachment protein receptor) proteins are responsible for catalyzing mem-
brane fusion in the secretory pathway. SNARE proteins form a small and conserved protein family with 25
members in yeast and 36 members in humans. SNAREs contain characteristic heptad repeats of 60-70 amino
acids, called SNARE motifs, which belong to four evolutionarily conserved subfamilies termed Qa, Qb, Qc, and
R-SNAREs, respectively (Figure 2A). In most SNAREs, the SNARE motif is connected by a short linker to a
C-terminal membrane anchor domain. Catalysis of membrane fusion by SNARE proteins is mediated by the
progressive, zipper-like assembly of four SNARE motifs, one of each subfamily, residing in the two opposing
membranes. Zippering is exergonic and results in the formation of a four-helix bundle with the transmembrane
domains adjacent to each other, thus pulling the membranes together and overcoming the energy barrier for
fusion (Figure 2B). Indeed, numerous in vitro experiments have shown that fusion is always associated with the
formation of SNARE-complexes with a QabcR composition, confirming that complex formation constitutes the
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Figure 2. Domain structure of SNARE proteins.

(A) Overview over the main subfamilies of SNARE proteins Note that there is some variability within the subfamilies: Hatched
areas signify domains that are absent from some of the family members. Moreover, transmembrane domains may be
substituted by domains binding to PtdIinxPx variants. The structures of the N-terminal domains of syntaxin 1A and Nyv1p are
based on the Protein Data Bank entries 1S94 and 2FZ0, respectively (wwPDB.org). (B) Crystal structure of the neuronal SNARE
complex, modeled between the two membranes destined to fuse. Note that the N-terminal region of syntaxin 1 was removed.
Reproduced with permission from [24].
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core engine responsible for every SNARE-mediated fusion reaction. After fusion, the ATPase NSF
(N-ethylmaleimide sensitive factor), together with SNAPs (soluble NSF attachment protein), disassembles the
SNARE complex with energy released in ATP hydrolysis, making individual SNAREs available for next rounds
of fusion [22,23].

SNAREs are differentially distributed among intracellular membranes, thus requiring specific sorting signals.
Moreover, specific sets of SNAREs are responsible for individual fusion events in the secretory pathway [23].
Indeed, there are hundreds of theoretically possible combinations of SNAREs in QabcR-complexes, many more
than there are distinct fusion steps in the secretory pathway. Accordingly, it was originally suggested that each
individual fusion step is defined by a unique combinatorial code of SNARE pairing that ultimately controls
docking and fusion of a trafficking vesicle with the correct target, with the intrinsic specificity of SNARE
pairing serving as the final checkpoint for ensuring correct targeting and fusion [25,26]. Therefore, SNAREs
were considered to serve as targeting signals that operate alongside with Rabs and PtdInsPx in defining the des-
tination of trafficking vesicles. However, it is still debated to which extent SNAREs confer targeting specificity,
thus functioning as a third class of zip-code molecules. SNAREs mediate fusion, which is the last step in traf-
ficking and only occurs when correct targeting is already completed [8]. Moreover, in contrast with the tempor-
ally and spatially regulated Rabs and PtdInsPx most SNAREs are membrane-anchored and thus need to be
recycled by vesicular membrane traffic to the point of origin as a passenger. Since as discussed above on-off
switching is a mandatory feature for targeting molecules, this would require regulation of the protein’s ability
to interact with effectors while remaining anchored in the membrane, being ‘on’ when the SNARE is approach-
ing its target and being ‘off’ while it is returned as passenger to its origin.

There are two possible mechanisms by which SNAREs may confer targeting specificity, which are not mutu-
ally exclusive. First, the topological specificity of SNARE function may be encoded in the combinatorial specifi-
city of SNARE pairing. Second, individual SNAREs may contain targeting signals that function independent of
SNARE pairing and involve the recruitment of targeting/tethering factors and/or factors regulating the activity
of the SNARE motifs. These two mechanisms are encoded in different domains of the SNARE proteins (with
some overlap) and are discussed in the following sections.

Specificity of SNARE pairing as observed in vitro and in artificial membranes
For many years, it was debated to which extent SNARE pairing is specific for individual SNAREs and thus
functioning as one of the decisive and final steps in defining targeting specificity or at least, final proof-reading
of correct targeting, thus preventing a wrongly targeted vesicle from fusion. Originally, it was assumed that
each intracellular fusion event is mediated by a unique SNARE complex and that pairing specificity is encoded
in the SNAREs themselves, without the need of additional regulatory proteins [27]. However, in some of the
early in vitro experiments it was overlooked that only SNARE complexes with a ‘QabcR’ composition can func-
tion in fusion. Moreover, in vitro studies on mammalian exocytotic and endosomal SNAREs showed a high
degree of promiscuity, with individual SNAREs of the same subfamily being able to substitute for each other in
complex formation and fusion, particularly R-SNAREs. Indeed, the X-ray structures of diverse SNARE com-
plexes revealed a striking structural conservation, despite considerable sequence divergence (see [23,26], for a
more thorough discussion). More recently, a systematic analysis of SNARE complex formation and
SNARE-mediated fusion in vitro was carried out using a panel of 14 different yeast SNARE proteins [28].
While the authors observed specificity in the formation of SNARE complexes operating in fusion events
between the ER and the Golgi apparatus, they confirmed that SNAREs alone, in the absence of other regulatory
factors, are not sufficient to determine targeting/fusion specificity in vacuolar, endosomal, and plasma mem-
brane fusion reactions. Apparently, the mechanistic functioning of the SNARE engine requires a highly con-
served core structure, which prevented diversification of an ancient SNARE machine into a multitude of
specialized engines, even though there is considerable evolutionary sequence divergence within the four
SNARE subfamilies.

Specificity of SNARE pairing in their native membrane environment

Considering the promiscuity of SNARE pairing in vitro, the question arises whether a similar flexibility also
exists inside cells, with appropriate SNAREs being able to substitute for each other in individual fusion steps.
Perhaps it is not surprising that there is no simple answer to this question. On one hand, genetic ablations of
many SNAREs result in surprisingly mild phenotypes (only a minority of SNAREs in yeast are encoded by
essential genes), revealing at least partial redundancy and confirming that different SNAREs of the same
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subfamily can substitute for each other in intact cells [23]. On the other hand, a large body of evidence shows
that the specificity of SNARE-pairing mediating fusion in a native environment is higher than suggested by the
promiscuity of SNARE assembly in vitro. For example, chemical neurotransmission involves exocytosis of syn-
aptic vesicles which is mediated by a SNARE complex consisting of syntaxin 1 (Qa), SNAP-25 (Qbc), and
synaptobrevin/VAMP-2 (R). Detailed electrophysiological experiments have revealed, however, that synaptic
vesicles exist in separate pools exhibiting characteristic differences in their exocytotic behavior [29]. While sig-
naling is dominated by a burst of rapid exocytosis in response to calcium influx, slower and scattered fusion
activity is also observed, either as a tail of ‘asynchronous’ release following the exocytotic burst or occurring
spontaneously, i.e. independent of action potential-mediated calcium influx. Apparently these differences are
reflected by different sets of SNAREs. While synaptobrevin 2 (VAMP2) is governing rapid, Ca**-dependent
fusion, deletion of synaptobrevin 2 did not affect spontaneous release as dramatically as evoked release [30].
Similar observations were made when exocytotic SNAREs were inactivated by clostridial neurotoxins [31].
Indeed it appears that these fusion events involve other SNAREs such as the endosomal SNAREs VAMP4,
VAMP7, and vtila [32-34], although VAMP2 and VAMP4 can substitute for each other in vitro[35].

In vitro studies provide additional insights into the specificity of SNARE pairing in native membranes. As
discussed in more detail below, it is becoming evident that the activity of many (but perhaps not all) SNAREs
is tightly regulated. For instance, we showed earlier that the homotypic fusion of ‘native’ early endosomes iso-
lated from cell extracts in vitro is mediated by a unique SNARE-complex involving the R-SNARE VAMP-4
[35]. This is remarkable when considering that endosomes contain a large diversity of R-SNAREs as ‘passen-
gers’ en route to different destinations. Neuronal endosomes contain the exocytotic R-SNARE VAMP-2/synap-
tobrevin at a concentration that is 100-fold higher than that of VAMP4 [36]. While synaptobrevin is recycled
via early endosomes, it does not participate in homotypic fusion of endosomes [37]. In contrast, the same early
endosomal Q-SNAREs accept a much broader range of R-SNAREs as fusion partners, including VAMP-2/
synaptobrevin, when these SNAREs are reconstituted in liposomes rather than being in their native environ-
ment [35]. Moreover, there appears to be a difference in specificity depending on whether the SNAREs assem-
ble in ‘cis” or ‘trans’ While specificity is high in the fusion reaction (‘trans’ assembly), it appears to be much
lower when SNAREs residing in the same membrane form ‘cis’ QabcR-complexes, which appears to happen
rather promiscuously [36].

Specificity of SNARE pairing by regulating SNARE activity

As discussed above, the SNARE motifs do not convey sufficient specificity to SNARE assembly to explain
pairing specificity in intact cells and membranes. Rather, it is evident that the activity of SNAREs for entering
trans-SNARE complexes is tightly regulated by a multitude of other factors that decide whether a SNARE is
switched ‘on’ or ‘off’ for fusion. As far as we know, however, there are several rather diverse mechanisms for
regulating SNARE activity, and they contribute to the specificity of SNARE pairing by different mechanisms.

After fusion SNAREs are in an inactive ‘cis’ conformation and need to be disassembled and thus re-activated
by NSF and SNAP-proteins. Indeed, the continuous activity of NSF appears to be required to maintain
SNAREs in an active form since they not only form complexes during fusion (trans-assembly) but also have a
tendency to form cis-complexes in the membrane [38]. For instance, studies on yeast homotypic vacuolar
fusion in vitro have revealed that Sec18 (the yeast homologue of mammalian NSF) and Secl7 (the yeast homo-
logue of mammalian a-SNAP) are necessary for subsequent tethering and fusion [39-41]. NSF and SNAPs not
only operate on fully assembled cis-complexes but also dissociate partial complexes. Moreover, recent evidence
suggests that binding of a-SNAP, and perhaps also NSF, may also occur to SNARE trans-complexes and facili-
tate fusion without requiring ATP hydrolysis [42]. However, NSF operates on all SNAREs and thus is unlikely
to contribute to pairing specificity.

SNARE-activity may also be regulated by the lateral organization of SNAREs in the plane of the membrane.
For instance, it appears that at least in the plasma membrane SNAREs are concentrated in nanodomains of
high density [43] that probably affect their ability to interact with partner SNAREs in fusion. Moreover, we
have shown earlier that during fusion of neuronal endosomes, VAMP2 and VAMP4 are laterally segregated at
endosomal contact sites, leading to a local enrichment of VAMP4, and a concomitant depletion of VAMP2, at
the contact site although VAMP2 overall is much more abundant (see above) [36], thus contributing to pairing
specificity. The mechanisms underlying such lateral segregation are not known, and it is not clear whether
lateral segregation into nanodomans is a general mechanism by which the specificity of SNARE pairing at the
membrane contact site is regulated.

278 © 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY-NC-ND).


https://creativecommons.org/licenses/by-nc-nd/4.0/

Biochemical Journal (2022) 479 273-288 ° PORTLAND
https://doi.org/10.1042/BCJ20210719 ... PRESS

Most importantly, SNARE activity is regulated by specific binding proteins that, while controlling assembly
of the SNARE motifs, require additional features of the SNAREs for recognition. In many cases, this involves
N-terminal domains present on many but not all SNAREs (Figure 2A) that are separated from the SNARE
motif by short and flexible linkers. The sequences of the N-terminal domains are more divergent than those of
the SNARE motifs and, as far as structurally characterized, are represented by at least two different folds. The
first is termed H,,. domain. It consists of three-helical bundles (H,, Hy, and H, helices) and is found on Qa,
Qb, and some Qc-SNAREs [23]. The second is termed longin domain and is observed in some R-SNAREs
including VAMP7, Sec22, and Ykt6 [44,45]. It is arranged in the form of o-B-o sandwich architecture and
differs substantially from the H,,. domain [45]. In some cases, N-terminal domains directly regulate the
SNARE by intramolecular switching between a ‘closed’ conformation in which the domain reversibly binds to
the SNARE motif and inhibits its ability to enter SNARE complexes, and an ‘open’ conformation in which
there is no contact to the SNARE motif [46,47].

The best-characterized class of SNARE regulators includes the SM (Sec1/Munc18) proteins. They represent a
small family of highly conserved proteins that appear to be essential for SNAREs to function. They are
recruited by SNARE N-terminal domains of the H,,. type, and in some cases binding stabilizes the closed
inactive conformation [46]. Generally, however, the main function of SM proteins is to greatly facilitate
trans-SNARE assembly, probably by providing a platform for the correct alignment of the SNARE motifs for
SNARE zippering and thus promote fusion [46,48]. While individual SM-proteins specifically operate on spe-
cific intracellular fusion reactions, there are only four different SM-proteins in yeast and at least seven in
mammals, i.e. fewer than fusion steps or SNAREs [49]. Indeed, several SM proteins are known to regulate mul-
tiple Qa-SNAREs. The yeast SM protein Vps45p binds to the SNAREs Pepl2p and Tlg2p that participate in
different SNARE complexes [50,51]. Similarly, human VPS45 interacts with multiple syntaxins present on early
endosomes (e.g. syntaxin 4, 6, 13, and 16) [52,53].

Do SM proteins contribute to the specificity of SNARE pairing? While obviously there are too few of them
to guarantee correct assembly of cognate complexes in all trafficking steps, they may restrict the range of theor-
etically possible complexes and define ‘domains’ of membrane traffic. Thus, in yeast Seclp regulates exocytosis,
Vps45p appears to operate in the endosomal system, Vp33p in the vacuole, and Slylp in fusion events between
the ER and the Golgi system [49].

SM proteins do not act alone but rather interact with various other proteins that affect their function. In
neurons, the SM protein Muncl8-1 is cooperating with the protein Munc-13, a conserved member of the
CATCHR (Complex Associated with Tethering Containing Helical Rod) protein family, and with the specia-
lized regulatory factors synaptotagmin and complexin to mediate docking and calcium-dependent fusion of
synaptic vesicles [46]. More relevant for targeting appear to be various other binding partners that integrate
SM-proteins into a network of Rab/PtdInsPx-effectors governing vesicle targeting, thus linking targeting to
SNARE-mediated fusion. One of the best-studied examples includes the multisubunit HOPS tethering complex
that regulates homotypic fusion of yeast vacuoles [54]. This complex contains two subunits (Vps39 and Vps41)
that are effectors of the GTPase Rab7, and Vps33, the SM protein required for SNARE assembly, thus placing
SNARE regulation downstream of Rab-dependent targeting. Detailed analysis of the function of the HOPS
complex have identified several subsequent steps, with the initial recognition of the SNARE N-terminal
domains being followed by catalysis of trans-assembly, associated with a weakening of the N-terminal interac-
tions [46]. A second example is provided by the mammalian SM protein VPS45 that binds to Rabenosyn5, a
protein recruited to the endosomal membrane by coincidence detection between two endosomal Rab GTPases
(Rab4 and Rab5) and PtdIns(3)P [53,55-57]. Thus, SM-proteins may not only increase SNARE pairing specifi-
city by restriction of the possible SNARE combinations but also by being selectively recruited to tethering
factors, thus ensuring that they only operate at a defined intracellular fusion step.

Vesicle targeting by recruitment of tethering factors to
SNARE proteins?

Tethering factors mediate vesicle targeting and define its specificity

Tethering factors are considered as the most important group of molecules defining targeting specificity. They
mediate the initial recognition and contact of transport vesicles with their target membrane, with tethering pre-
ceding SNARE-dependent fusion [54,58,59] (Figure 1). So far, ~20 different tethering factors are known that
fall into two major groups: homodimeric coiled-coil proteins and multisubunit tethering complexes. Coiled-coil
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tethers are represented by large and hydrophilic proteins containing elongated coiled-coil domains. Owing to
their large size (more than 200 nm), coiled-coil tethers can interact with vesicles over long distances [59]. After
vesicles are captured by tethering factors at the target site, the homodimeric coiled-coil tethering factors shift
from an extended to collapsed conformation [60,61]. As result, the captured vesicles are pulled closely toward
the target membrane, thus preparing them for SNARE trans-assembly that requires no more than 8 nm dis-
tance between the membranes [62]. Multisubunit tethering complexes (MTCs) comprise a diverse family of
large protein complexes ranging from 250 to 800 kDa overall mass [54,59,63]. MTCs also capture transport
vesicles but they operate at closer ranges (30 nm) [59]).

Both classes of tethering factors share certain characteristics, most importantly the presence of multiple dis-
tinct binding sites, a prerequisite for ‘cross-linking’ two different membranes. All of them are recruited to the
membrane by binding to specific Rab GTPases and to specific PtdInsPx, often in a combinatorial fashion, and
they thus represent the main effectors of these zip code molecules [58,59]. Tethering factors are not only neces-
sary for targeting but also appear to be sufficient as shown in elegant relocation assays. In these experiments,
tethering factors were artificially mis-localized to the surface of mitochondria by fusing them to mitochondria-
targeting signals, resulting in mis-targeting of the corresponding vesicles [64-67]. Therefore, capture of trans-
port vesicles by a target membrane, mediated by cross-linking both membranes with specific tethering factors,
appears to be the key step in ensuring targeting specificity in vesicle traffic.

Tethering factors bind to SNARE proteins

It is well established that most tethering factors bind to SNAREs [68-71], but the underlying mechanisms are
diverse, particularly for MTCs. For instance, the Tip20 and Sec39 subunits of the Dsll complex, an MTC oper-
ating in retrograde traffic from the cis-Golgi to the endoplasmic reticulum, specifically bind to the N-terminal
domains of Sec20 and Usel, respectively [72]. In contrast, subunits of COG complex interact with various
SNAREs functioning in Golgi- and endosomal trafficking, but they bind mainly to the SNARE motifs rather
than to the N-terminal domains [64,69]. In the GARP complex, an MTC governing the fusion of endosomal
vesicles with the trans Golgi network, both binding modes were described for individual subunits: Whereas
Vps51 interacts with the N-terminal H,,. domain of Syntaxin6, Vps53 and Vps54 interact with the SNARE
motifs of Syntaxin6, Syntaxinl6, and VAMP4 [73-75].

These findings support the view that the function of MTCs is not limited to membrane recognition and tether-
ing. Rather, evidence is increasing that they are directly involved in regulating SNAREs by facilitating
trans-SNARE assembly and fusion. The Dsl complex recruits and stabilizes a pre-assembled SNARE acceptor
complex, readying it for fusion with the incoming COPI-vesicle (see also below). Similarly, subunits of the COG
complex, in conjunction with the SM-protein Vps45, enhance assembly of cognate SNARE complexes while pre-
venting non-productive SNARE interactions [69,76]. As discussed above, a similar role in SNARE assembly was
also shown for the HOPS complex that chaperones the SNAREs from initial assembly all the way towards fusion
while protecting intermediate, pre-assembled SNARE complexes from the disassembly machinery before fusion is
completed [77,78]. Indeed, the HOPS complex has recently been suggested to also control fusion itself:
Apparently, it reduces the energy barrier for fusion by imposing steric constraints [79]. However, as mentioned,
the main function of tethering factors is to recognize and then connect the membranes destined to fuse.

Do SNAREs function as ‘zip codes’ in vesicle targeting by recruiting tethering

factors?

So far, we have discussed that some SNARE proteins are interacting with tethering factors in a highly specific
manner, thus linking vesicle capture and proofreading directly to the subsequent fusion step. This, however,
raises the question whether SNAREs are ‘effectors’ that in vesicle targeting and tethering operate downstream
of the Rab and PtdInsP zip codes or whether SNAREs, on their own, have the capability of directing vesicles to
specific subcellular localizations by recruiting tethering factors as a first step, with all other steps occurring
downstream of this initial capturing reaction.

To address this question, we have recently introduced a novel approach: microinjection of artificial proteoli-
posomes with precisely defined compositions [80]. By introducing ‘naive’ vesicles devoid of any intracellular
history or imprinting, this new approach can identify the minimum requirements (‘zip-codes’) a vesicle must
fulfil for specific targeting, which cannot be done by more conventional manipulations such as knock-outs of
individual molecules or mistargeting experiments as those mentioned above. To become functional in
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trafficking, injected vesicles need to orchestrate their decoration and modification by recruiting the appropriate
components from the surrounding cytoplasm such as tethering factors. Obviously, this implies that trafficking
vesicles, once separated from their parent membrane, are autonomous, i.e. they are capable of following the
correct trafficking route when introduced at a random site anywhere in the cytoplasm. Indeed, endosomes puri-
fied by cell fractionation from a donor cell, when injected into a different cell, were captured by cytoskeletal
transport and correctly docked and fused with their respective intracellular target membrane (see below, [80]),
thus providing proof of principle for the experimental approach.

Our results show that artificial liposomes prepared with a standard membrane lipid composition and con-
taining SNAREs as the only proteins were specifically targeted when microinjected into living cells. Indeed,
proteoliposomes reconstituted with SNAREs known to mediate fusion of early endosomes (syntaxin 13 (Qa),
vtila (Qb), syntaxin 6 (Qc), and VAMP4 (R)) were captured by endogenous early endosomes (Figure 3).
Conversely, liposomes reconstituted with late endosomal SNAREs (syntaxin 7 (Qa), vtilb (Qb), syntaxin 8
(Qc), and VAMP8 (R)) were specifically targeted to late endosomes [66] (Figure 3). In contrast, protein-free
liposomes did not show any specific targeting with the lipids and accumulated in the Golgi area only after a
very long delay period. These findings suggest that SNARE proteins alone, in the absence of Rab proteins or
PtdInsPx, can mediate specific targeting of vesicles. The liposomes were not only targeted to the correct
domain of the secretory pathway but also effectively fused with their respective target membrane [80].

When we asked which of the four SNAREs are responsible for targeting, an interesting combinatorial inter-
play was discovered. Omission of vtila and VAMP4 did not change the targeting specificity. Moreover, lipo-
somes containing either of these SNAREs as the only protein showed no targeting, similar to protein-free
liposomes. Liposomes containing only syntaxin 6 co-localized selectively with vesicles containing the
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Figure 3. Targeting of microinjected liposomes carrying early endosomal SNAREs to endosomal compartments.
Targeting of microinjected liposomes carrying early endosomal SNAREs to endosomal compartments. Liposomes containing
early endosomal SNAREs but no other molecular zip codes are differentially targeted to early endosomal compartments where
they dock and fuse, with the specificity being defined by a combinatorial interaction with tethering factors (GARP complex,
Vps13B, possibly also additional tethering factors). Note that liposomes containing late endosomal SNAREs are correctly
targeted to late endosomes, possibly via interaction with tethering complexes such as the HOPS complex. See text for details.
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mannose-6-phosphate receptor rather than with vesicles containing early endosomal markers whereas lipo-
somes containing syntaxin 13 showed only very weak targeting activity. That means that the combination of
syntaxin 6 and syntaxin 13 results in a targeting specificity that is clearly distinct from that of either SNARE
alone [66] (Figure 3). Finally, we investigated how SNAREs exert targeting effects. Liposomes reconstituted
with SNARE proteins did not show directed transport in cells after injection, similar to protein-free liposomes,
suggesting that SNAREs are not directly involved in the recruitment of motor proteins (unpublished data).
Surprisingly, we found that the N-terminal domain of SNAREs are recognized by tethering factors, thus allow-
ing SNARE:s to function as zip codes in a very similar manner as Rab GTPases and PtdInsPx [66].

We then identified the tethering factors responsible for the differential sorting of the two liposome popula-
tions. In our experiments, targeting of syntaxin 6 liposomes is mediated by the selective recruitment of Vps51,
a component of the GARP (Golgi-associated retrograde protein) complex. The GARP complex regulates traf-
ficking between endosomes and the trans Golgi network [59]. Our findings agree with earlier reports showing
that Vps51 forms a specific complex with the N-terminal domain of syntaxin 6 [74,81,82]. Interestingly, it was
also reported that the GARP complex interacts with the SNARE motifs of syntaxin 6, syntaxin 16, and VAMP4
[73,81], but it needs to be tested whether this interaction is also involved in targeting. We showed that the
interaction between Vps51 and syntaxin 6 is necessary and sufficient for the targeting of Syntaxin 6 liposomes
to M6PR-positive compartments [66] by mis-localization of Vps51 on mitochondrial membranes suggesting
that the GARP complex can capture syntaxin 6-containing vesicles (Figure 3).

When we investigated targeting mechanism of liposomes containing both syntaxiné and syntaxin 13, we
unexpectedly discovered the protein Vps13B as novel tethering factor. Vps13B selectively binds only to syntaxin
6 and syntaxin 13 in combination. It is localized to recycling endosomes and the TGN in HeLa cells. Deletion
of Vps13B delayed recycling of transferrin to plasma membrane [66], suggesting that Vps13B is required for
the targeting of transferrin receptor-containing vesicles from early to recycling endosomes (Figure 3). Vps13B
shares key properties with other tethering factors such as the ability to bind to Rab proteins, PtdIns phosphates,
and SNAREs. Furthermore, EM imaging showed that yeast Vps13p has an elongated seahorse-like structure
[83] that is similar to the HOPS tethering complex in shape and size [84], albeit HOPS has no significant
sequence homology with Vps13p. Thus, Vps13B does not belong to one of the established classes of tethering
proteins including long coiled-coil long proteins and multi-subunit complexes and may be the first representa-
tive of a novel and third class of tethering proteins.

Concluding remarks: multiple functions of SNAREs in
trafficking

In summary, it is evident that SNAREs are integral components of vesicle trafficking that are participating not
only in membrane fusion but also in sorting and targeting. First, SNAREs possess sorting signals that interact
with the intracellular sorting machineries to deliver or return them to the correct compartment. Second,
SNAREs interact with tethering factors that contribute to the targeting of the vesicle and then mediate docking
by binding to the correct target membrane. Third, after docking SNARE-mediated fusion is regulated by pro-
teins that activate SNAREs and guide them towards trans-assembly with the correct partners. Finally, after
fusion SNARE complexes are disassembled to allow recycling of individual SNAREs and subsequent activation
for the next fusion step. These steps are not only connected with each other and may involve overlapping sets
of regulatory proteins, but they are also embedded in a network of regulatory interactions with Rab and
PtdInsPx and their effector machineries.

Sorting

Specific sorting is a feature either of individual SNAREs independent of the pairing partners, or, in some cases,
of partially assembled SNARE complexes. Sorting implies that the protein is recruited to a specific site of the
precursor membrane where a trafficking vesicle is forming. Sorting is usually mediated by the interaction of a
sorting signal with an appropriate adaptor complex. However, except of VAMP4 that contains a dileucine motif
[85] most SNAREs do not appear to possess canonical sorting signals [86]. Rather, it appears that in many
cases adaptor proteins interact with the N-terminal domains of SNAREs. For instance, the longin domain of
VAMP7, also known as TI-VAMP (tetanus neurotoxin-insensitive SNARE) interacts with the ArfGAP Hrb and
the & subunit of the adaptor complex AP-3 [87-89]. Apparently, ArfGAP Hrb sorts VAMP7 into clathrin-
coated vesicles at the plasma membrane. After endocytosis VAMP7 reaches recycling endosomes where AP3
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mediates sorting of VAMP7 to late endosomes/lysosomes [88]. Similarly, the N-terminal domain of the
SNARE vtilb binds to the clathrin adaptor EpsinR [90-92]. More complex mechanisms involving multiple
factors have also emerged, which determine the intracellular localization of a given SNARE or mediate sorting
of two SNARESs together [93,94].

In many cases, however, the molecular mechanisms of SNARE sorting are not known. SNAREs have to
return to the donor compartment after fusion, thus utilizing vesicle trafficking routes as ‘passengers’, resulting
the overlap of many different SNAREs in a given trafficking vesicle (see e.g. [95]), while they are en route to
different destinations. Highly selective sorting mechanisms are thus required to distinguish individual SNAREs
in the plane of the membrane. Using time-lapse imaging we have recently observed that the SNAREs syntaxin
6 and syntaxin 13 are differentially sorted, into trafficking vesicles at the early endosome, with one set contain-
ing only syntaxin 6 and a second set containing both SNAREs [66]. The underlying molecular mechanisms still
need to be established.

Targeting and tethering

In contrast with sorting that recruits individual proteins or protein complexes to membrane subdomains and
regulates their packaging into trafficking vesicles, targeting regulates the delivery of an entire trafficking organ-
elle, with all of its components, to the correct intracellular destination. Targeting thus requires the recognition
of, and bridging between, two distinct signals that are specific for the trafficking vesicle and for the acceptor
membrane, respectively.

Our microinjection experiments have revealed that the SNARE-tethering factor axis is sufficient for the tar-
geting of vesicles and for the recruitment of all factors needed for subsequent docking and fusion. They also
have shown that the ability to direct vesicles to their target is restricted to subsets of SNAREs whereas others
such as VAMP4 and vtila, while clearly being specifically sorted, do not appear to participate in vesicle target-
ing [66]. Our findings confirm earlier observations showing that targeting is dependent on the N-terminal
domains of the respective SNAREs. For example, overexpression of the N-terminal deletion mutant of syntaxin
3 that is necessary for trafficking of axonal targeting vesicles resulted in mis-targeting of the axonal cargos [96].
Similarly, deletion of H,p,. domain of syntaxin 1 reduced the number of the readily releasable pool of synaptic
vesicles at a synapse [97]. Moreover, the fact that the tethering factor Vps13B only binds when both syntaxin 6
and syntaxin 13 are present shows that in this case coincidence detection is required, which may explain differ-
ential sorting of vesicle populations that both contain syntaxin 6 (Figure 4).
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Tethering factor

SM proteins
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Figure 4. Interactions of SNAREs with tethering factors via their N-terminal domains, showing various levels of regulation.
SNAREs may switch from an inactive closed conformation, with the N-terminal domain binding to the SNARE moitif, to an active
open conformation. This transition may be promoted by SM proteins, or in some cases also by posttranslational modifications. In
the open conformation, the N-terminal domains may bind to tethering factors or to other adaptors in a mutually exclusive fashion.
In some cases, association with another SNARE is required for the specific recruitment of a tethering factor. See text for details.
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Although these data firmly establish that SNAREs on their own can function as “zip codes’ directing trafficking
vesicles to the correct domain of the secretory pathway, they are not sufficient for achieving the required precision
in targeting. Injected early endosomes were targeted to a more restricted population of endosomes than liposomes
containing early endosomal SNAREs [80] that showed broader specificity. Most likely, the combination of Rab/
PtdIns/SNARE-mediated recruitment of tethering factors is responsible for the final refinement of targeting.

Fusion

Although targeting and tethering are preceding fusion, it appears that these processes are generally linked,
which may contribute to the targeting specificity in the secretory pathway. Above we have already discussed
that SM-proteins that are needed for SNARE-mediated fusion are interacting with tethering factors or are even
part of a tethering complex. Other examples include the Dsl tethering complex functioning in the docking and
fusion of retrogradely transported COPI-coated vesicles with the endoplasmic reticulum. Here, the tethering
proteins form a complex with the three Q-SNAREs required for fusion [10,98]. In this case, the tethering
complex is formed on the target membrane, thus flagging the docking site for the incoming vesicle and ensur-
ing that the SNAREs required for the subsequent fusion step are already in place. Such local recruitment of
SNAREs at the prospective fusion site may also be needed since — except for neuronal exocytosis, the concen-
tration of SNAREs in a given intracellular membrane is rather low; early endosomes, containing only few
copies of the SNAREs needed for homotypic fusion [37].

Another example includes the protein Varp (Vps9 domain and ankyrin repeats containing protein), which is a
Guanine Exchange Factor (GEF) for Rab21 [99]. Varp interacts with both the GDP-bound form of Rab21 and
the longin domain of VAMP7 [99,100], yet another example for a direct link between SNAREs and Rabs. Varp
binding to VAMP7 maintains VAMP7 in a closed and inactive conformation, preventing assembly with its
partner SNAREs [101]. Knock-down of Varp decreases the colocalization of VAMP7 and Rab21 in the peri-
nuclear area and also decreases neurite formation in PC12 cells [100]. Furthermore, in Rhodopsin transport car-
riers of Xenopus laevis photoreceptor cells, the longin domain of VAMP7 binds Rab11l and Rab8. Arf/Rabll
effector RAB11FIP3 did not directly bind to VAMP7, but completely inhibited Rablla-VAMP7 interactions
[102]. Apparently, Rab proteins regulate the conformation of VAMP7 and thus directly control its fusion activity.

Switching of SNARESs: by consecutive and/or competitive mechanisms?
Since SNARE:s participate in several consecutive trafficking steps, it is evident that they must be tightly controlled
by several layers of regulation in their various activities. But how are these different regulatory steps operating on
a given SNARE coordinated? Or more precisely: how are SNAREs switched on or off as required for targeting
signals? In contrast with the GTPases and PtdInsP,, there appears to be no common mechanism although the
N-terminal domains seem to play a central role. It is conceivable that, depending on the position of a given
SNARE in the trafficking pathway, different ‘effectors’ bind to a given SNARE. Interaction with a sorting adaptor
may be favored when a SNARE is to be concentrated in a budding trafficking vesicle (e.g. associated with coat for-
mation), which is followed by decoating and ‘freeing’ of the N-terminal domain for interaction with a targeting
effector. We do not know how competition between effectors is controlled. It is conceivable that one effector
blocks the accessibility of the N-terminal domains to other factors such as tethering proteins. Another possibility
is to integrate proteins required for SNARE activation (SM proteins) into the tethering complex, thus making
sure that the SNARE is only being able to become active once tethering has occurred between the correct mem-
branes. Therefore, regulation between exposure and covering of N-terminal domain, and the regulation of assem-
bly/disassembly of SNAREs on membrane would function as the switch of SNAREs during trafficking (Figure 4).
Finally, it needs to be considered that SNAREs are conformationally dynamic and highly reactive molecules, and
a high amount of energy is released upon SNARE assembly. Thus, capturing of SNAREs by effectors may also
serve to stabilize them in a high-energy state until they are released for constructive trans-SNARE pairing at the
correct time and the correct site to mediate fusion with the correct partners.

In conclusion, membrane targeting is controlled by multiple layers that are highly interconnected but exhibit
a certain degree of redundancy, making the system robust and allow it to perform even in the presence of
major disturbances. Indeed, a combination of consecutive and recursive steps, each of which being of moderate
specificity and tolerant to variations in stoichiometry, with complexes being assembled when needed and disas-
sembled when the task is completed may explain how complex functions such as vesicle trafficking in which
thousands of molecules are participating are achieved with high fidelity.
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