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Abstract

Proteins of the SNARE (soluble N-ethylmaleimide-sensitive factor-attachment protein receptor) family are
key factors in all vesicle-fusion steps in the endocytic and secretory pathways. SNAREs can assemble into
a tight four-helix bundle complex between opposing membranes, a process that is thought to pull the two
membranes into close proximity. The complex-forming domains are highly conserved, not only between
different species, but also between different vesicular trafficking steps. SNARE protein sequences can be
classified into four main types (Qa, Qb, Qc and R), each reflecting their position in the four-helix bundle.
Further refinement of these main types resulted in the identification of 20 distinct conserved groups,
which probably reflect the original repertoire of a proto-eukaryotic cell. We analysed the evolution of the
SNARE repertoires in metazoa and fungi and unveiled remarkable differences in both lineages. In metazoa,
the SNARE repertoire appears to have undergone a substantial expansion, particularly in the endosomal
pathways. This expansion probably occurred during the transition from a unicellular to a multicellular
lifestyle. We also observed another expansion that led to a major increase of the secretory SNAREs in
the vertebrate lineage. Interestingly, fungi developed multicellularity independently, but in contrast with
plants and metazoa, this change was not accompanied by an expansion of the SNARE set. Our findings
suggest that the rise of multicellularity is not generally linked to an expansion of the SNARE set. The
structural and functional diversity that exists between fungi and metazoa might offer a simple explanation
for the distinct evolutionary history of their SNARE repertoires.
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Introduction

The eukaryotic cell encompasses a large system of
intracellular membrane-delimited compartments. Itis widely
assumed that this extensive endomembrane system evolved
as a result of a phagotrophic lifestyle by invagination of the
plasma membrane. Vesicles, small intracellular membrane-
enclosed sacs, are utilized as carriers to mediate material
exchange between different compartments. During this
process, vesicles bud from a donor organelle, target and then
fuse with an acceptor organelle. Proteins of the SNARE
(soluble

protein receptor) family are established components of all

N-ethylmaleimide-sensitive  factor-attachment
vesicle-fusion steps (reviewed in [1,2]). They constitute a
large family of cytoplasmic oriented membrane proteins
anchored by a C-terminal TMR (transmembrane region).
SNAREs assemble into a tight four-helix bundle complex
between opposing membranes. This zipper-like assembly,
from the N-terminus towards the C-terminus, is thought
to pull the lipid bilayers into close proximity, thereby
overcoming the repulsive forces between the membranes.
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Remarkably, the complex-forming SNARE domains are
highly conserved, not only between different species, but
also between different vesicular trafficking steps, and allow
the classification of SNARE proteins into four main types
(Qa, Qb, Qc and R). Interestingly, these main types reflect
their different positions within the four-helix bundle [3-5].
In the past, classical approaches to define different sub-
types of the SNARE family utilized only a few basic models
(e.g. SMART or Pfam), with the primary goal of achieving
high sensitivity. However, the major limitation of these
approaches is that the specificity of the result is unknown.
Additionally, these methods often fail to identify the putative
SNARE motif itself. Early attempts to improve the basic clas-
sification of SNAREs employed either a crude clustering ap-
proach [6] or focused solely onafew organisms/sequences [5].
To shed more light on the conservation of the endomembrane
system, we have recently developed a highly sensitive and
specific universal classification of SNARE proteins [7]. Our
initial set comprised SNARE sequences from several model
organisms. These were used to define a set of clusters based on
their evolutionary history and sequence similarity. For each
of the clusters, we trained an HMM (hidden Markov model).
With the set of HMMs, we screened protein databases and
additional genome projects for candidate SNARE sequences.
An iterative refinement of the classification, including eye-
by-eye verifications to assure a high quality of the collected
sequences, yielded 20 distinct conserved functional groups.
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These different SNARE groups are involved in distinct
intracellular trafficking steps (Figure 1). It is conceivable that
this set represents the original SNARE repertoire of a proto-
eukaryotic cell.

Closer dissection of the SNARE collection from several
model organisms revealed that these species often possess
more than 20 different SNARE proteins (62 in Arabidopsis
thaliana; 44 in Homo sapiens; 30 in Caenorbabditis elegans; 26
in Drosophila melanogaster; 24 in Saccharomyces cerevisiae),
implying that their sets were modified during evolution.
Furthermore, it appears that many SNAREs have been
duplicated, followed by further diversification [7,8]. To
ensure accurate reconstruction of the evolutionary changes
of the SNARE family, a point of comparison is indispensable.
The eukaryotic ancestor would thus be the logical reference.
However, since it is not available, a basal organism that is
exposed to low evolutionary pressure would be an ideal
substitute. Fortunately, basal organisms, with available gen-
omes, that possess an almost unmodified SNARE repertoire
exist for most kingdoms. This observation, together with
our universal classification scheme, provides an excellent
starting point to reconstruct the evolutionary history of
the SNARE subfamilies in different eukaryotic lineages. To
accomplish this, it is fundamental to include SNARESs from
a wide variety of species. Thus we analysed the history
of SNARE proteins in fungi and metazoa by collecting
SNARE sequences from a large multiplicity of different
species, including basal organisms [9,10]. Interestingly, we
found remarkable differences in their respective SNARE sets.

SNAREs in fungi

Having inspected the SNARE repertoire of more than 70
fungal species with completely sequenced genomes, our
major finding indicates that the SNARE sets remain largely
unchanged in fungi compared with the assumed set of the
proto-eukaryotic ancestor. In most fungi, each SNARE
subgroup comprises only one member and thus we observed
only little over 20 different SNAREs in most fungi species.

In general, fungi possess two Qc.III.c SNARESs, Syx8 (syn-
taxin 8) and Vam7 [11-14], whereas most other eukaryotes
examined possessed only one Qc.III.c homologue. Vam7 is
the only SNARE with an N-terminal PX (Phox homology)
domain. The PX domain can interact with the phospholipid
PtdIns3P [15], which is specific for the membranes of
the endosomal and vacuolar pathways, suggesting a role
in endosomal trafficking. Furthermore, the acquisition of
this novel membrane-binding domain by Vam7 possibly
compensated for a loss of the C-terminal TMR. The Vam7
protein is a unique invention of the fungi kingdom and is
the only SNARE with this specific domain structure. Thus
Vam? is a defining feature (apomorphy) of the fungi lineage
and can therefore be used as a criterion for the recognition
of fungal species.

Remarkably, we also discovered that the basal fungi Batra-
chochytrium dendrobatidis and Blastocladiella emersonii both
contain a sequence, classified as Qb.IIL.d [Npsn (novel plant

©The Authors Journal compilation ©2009 Biochemical Society

SNARE)][16]. Initially, Npsn was thought to be only present
in plants [16] and protists [7]. Our analysis indicates that
Npsn is absent from metazoa and other more derived fungi.

Moreover, we observed few changes in the endosomal/
vacuolar and secretory SNARE set of the Saccharomycotina
lineage [10].

SNAREs in metazoa

In contrast with the moderate changes of the SNARE
set in fungi species, we detected marked changes in animals.
However, we found that the unicellular choanoflagellate
Monosiga brevicollis, which is closely related to metazoa,
still contains a rather simple set of SNARE proteins.

Compared with M. brevicollis, the SNARE set of lower
metazoa (e.g. placozoa, cnidaria and several bilaterians) is
already enlarged [9]. This suggests that a major expansion
of the SNARESs occurred during the rise of multicellularity.
It is possible that whole genome duplications at the base of
the metazoa evolution led to an enlargement of the SNARE
repertoire, with this event affecting mostly the endosomal
SNARESs. An expansion in the R.III SNAREs gave rise to
Vamp7-like and Vamp4 in addition to the ancestral Vamp?7.
Likewise, three different Qa.IIl.b SNAREs can be found,
Syx7, Syx17 and Syx20. Interestingly, and in contrast with
the common architecture of the SNARE proteins, Syx17
possesses two C-terminal TMRs. Another multiplication
occurred in the Qbc.IV group, which contains three different
homologues in basal metazoans: SNAP (synaptosome-
associated protein)-25 [17], SNAP-29 [18,19] and SNAP-47
[20]. Two additional factors, which do not possess the
SNARE motif, but are clearly derived from SNARE proteins,
emerged as well: Sec22-like (Sec22a) [21] is derived from
the R.I SNARE Sec22 (Sec22b) and Lgl, which belongs
to the R.Reg group, is a homologue of tomosyn [22,23].

We observed another expansion that led to a major increase
in the secretory SNARE set in the lineage of vertebrates,
described in detail in [9]. This expansion is probably due to
two well-established consecutive rounds of whole-genome
duplications in the vertebrate lineage [24,25].

Comparison and hypotheses

It has been proposed that the transition from unicellular to
multicellular organisms is concomitant with an expansion of
the SNARE repertoire, particularly of the ones involved in
secretion and endosomal trafficking. In fact, a marked expan-
sion has also been found in the SNARE sets of green plants
[26], although the exact chronology of this event still needs to
be determined. In addition, we have shown that the SNARE
sets in metazoa underwent a substantial expansion during
the transition to multicellularity. Most interestingly, fungi
developed multicellularity independently, but in contrast
with plants and metazoa, this change was not accompanied
by an expansion of the SNARE set. The fungal SNAREs
generally represent the types of the assumed proto-eukaryotic
SNARE repertoire. Furthermore, we noted that the SNARE
sets of a few single-cell eukaryotes are also markedly
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Figure 1| Four-helix bundle structure of the neuronal SNARE complex, distribution of the basic SNARE repertoire within the cell and their

allocation into functional units

The four-helix bundle structure of the neuronal SNARE complex is shown as a ribbon diagram in the middle (blue, red
and green for synaptobrevin 2, syntaxin 1a and SNAP-25a respectively). The layers (—7 to +8) in the core of the bundle
are indicated by virtual bonds between the corresponding Ca positions. We divided SNARE proteins into four main groups
and into 20 subgroups using an extensive classification analysis. Genuine complexes are composed of four different SNARE
motifs each belonging to one of the four main groups (‘QabcR" composition). Putative SNARE units have been assigned to
the basic transport steps. In addition to the fusogenic SNARE proteins, a requlatory R-SNARE without a membrane anchor,
tomosyn, exists. The most commonly used names for the different SNARE types are given. For historical reasons, the names
used for homologous SNAREs are often different in the different eukaryotic kingdoms. The different names used for metazoa
(m), fungi (f) and plants (p) are listed. The names syntaxin and synaptobrevin (the secretory R-SNARE of metazoa that is
also referred to as VAMP, vesicle-associated membrane protein) are abbreviated by Syx and Syb respectively. Several plant
Q-SNAREs have been named syntaxin of plants (Syp). Moreover, several more special names of the markedly increased
SNARE repertoire of vertebrates are not listed.
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expanded [7]. For example, the ciliate Paramecium tetranrelia
possesses approx. 70 SNAREs. P, tetraurelia has a complex
intracellular architecture containing multiple distinct organ-
elles and therefore probably requires additional membrane
trafficking pathways to sustain its functional homoeostasis.
Another example of a single-cell eukaryote with a markedly
enlarged SNARE repertoire is the kinetoplastid Trichomonas
vaginalis. We identified 46 SNAREs in this organism [7].
Taken together, these observations suggest that a SNARE
expansion is not generally linked to the rise of multicellularity.

At a molecular level, gene/genome duplications are an
important driving force for evolutionary changes. Initially,
duplicated gene products carry out the same function, but, in
the course of evolution, the two gene copies can specialize to
perform complementary functions (subfunctionalization) or
one of the copies can acquire a new function (neofunctionaliz-
ation). Inany case, as both factors specialize in their respective
processes their sequences diverge. The species of the Sacchar-
omycotina clade, for example, possess two Qa.IIl.b SNAREs:
Pep12 and Vam3. In §. cerevisiae, these proteins are believed
to be involved in trafficking to late endosomes and vacuoles
respectively. As most fungi typically carry only one Qa.IIL.b
SNARE, Pep12, itis possible that this ancestral protein medi-
ates both trafficking steps. Another possibility exists in Sac-
charomycotina in which the more derived copy, Vam3, could
have specialized in homotypic vacuolar fusion, a process that
might not occur in other fungi. A further example of gene
duplication was provided by a recent whole-genome duplic-
ation in yeast. Interestingly, only the four secretory SNAREs
were found to be maintained [10]. Although the two secretory
syntaxins (Ssol and Sso2) and the two secretory R-SNAREs
(Sncl and Snc2) remain highly similar, the two Qbc.IV
SNAREs Sec9 and Spo20 are remarkably diverse in their
sequence identity as well as in their functionality. Whereas
Sec9 is able to interact with both secretory syntaxins and
R-SNARE:s in secretion during vegetative growth, Spo20 is
known to be necessary for the process of sporulation [27-29].

We noted that, in most organisms inspected, SNAREs
of the endoplasmic reticulum/Golgi pathways are usually
present as singletons, suggesting that these basic secretory
routes are, in particular, highly preserved. It appears that
these fundamental pathways usually do not tolerate changes
easily and thus no duplication prevailed. Interestingly,
persistent SNARE duplications can be found largely in the
endosomal and secretory pathways. For example, the first
major expansion in the metazoa affected mostly endosomal
SNARES, whereas the majority that were affected by the se-
cond expansion were secretory SNAREs. Furthermore, the
changes we observed in fungi, mainly within the Saccharomy-
cotina lineage, largely had an impact on SNAREs involved in
endosomal trafficking. Given that endosomal compartments
function as a sorting hub for cargo of the exocytic and en-
docytic pathways, it is plausible that an extended endosomal
SNARE set might result in more flexible trafficking routes
between these compartments. As outlined above, the SNARE
repertoires of fungi and metazoa are remarkably distinct,
despite both lineages being multicellular. Thus the question
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arises as to why fungi persist with a relatively simple SNARE
set, whereas metazoa require an extended SNARE repertoire?
How can these differences be explained? An answer might be
simply gleaned from the marked differences in lifestyle, as
well as the diverse structural and functional conformations
that exists between fungi and metazoa.

Itis likely that the last common ancestor of fungi and meta-
704, the proto-opisthokont, was a motile unicellular organism
thatengulfed prey through phagocytosis [30]. In the lineage of
fungi, phagocytosis seems to have lost its general importance
during evolution, as most fungi species are detritivores. For
nutrient uptake, most fungi form long branching structures,
so-called hyphae. Hyphae are divided into cells that are
surrounded by a chitinous cell wall. Multiple interconnected
hyphae form a mycelium. Hyphae grow at their tips towards
the food supply. A fungal-specific subcellular structure, the
Spitzenkorper, contains secretory vesicles that fuse with the
membrane at the growing tip. The vesicles can secrete material
to extend the cell wall and lytic exoenzymes to degrade
larger organic compounds in the surrounding medium. The
degraded products can then be absorbed by the fungal cell.
Thus fungi appear not to have a defined structural conform-
ation. Metazoa, on the other hand, are motile heterotrophs
that generally digest their food in an internal chamber. They
have a defined body plan, and their cells, which lack a cell
wall, differentiate into separate tissues, each assigned with a
specialized function. Some cell types, for instance, specialize
in intercellular communication (e.g. neurons). In fact, a prim-
itive neuronal system has been identified in basal organisms
such as the sea anemone Nematostella vectensis [31]. It is
therefore highly plausible that the expansion of SNARE rep-
ertoires in basal metazoa confers an evolutionary advantage
by allowing for the provision of more versatile endosomal and
secretory trafficking pathways. These additional transport
routes might have better facilitated the sorting of molecules
to differentareas of the plasma membrane. For example, tissue
cells became capable of engulfing prey on one side of the cell
while secreting material on the opposing side to feed the
neighbouring cells. The expansion of the secretory set of
SNARE:S in vertebrates might have provided yet another level
of control and fine-tuning of the trafficking pathways and
hence allowed for the rise of specialized secretory cell types.

All in all, despite the recent classification of the SNARE
repertoires in fungi and metazoa, much remains unknown
about specific SNARE mediated processes in eukaryotic cells.
The future culmination of complementary biological, bio-
chemical and computational studies may help to pave the way
towards a better understanding of these enigmatic proteins.
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