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a b s t r a c t

Two hundred years after Darwin’s birth, our understanding of genetic mechanisms and cell biology has
advanced to a level unimaginable in the 19th century. We now know that eukaryotic cells contain a huge
variety of internal compartments, each with their own function, identity and history. For the compart-
ments that together form the membrane-trafficking system, one of the central questions is how that
identity is encoded and how it evolved. Here we review the key components involved in membrane-
trafficking events, including SNAREs, Rabs, vesicle coats, and tethers and what is known about their
evolutionary history. Our current understanding suggests a possible common mechanism by which the
ether
SCRT membrane-trafficking organelles might have evolved. This model of increased organellar complexity by

gene duplication and co-evolution of multiple, interacting, specificity-encoding proteins could well be
applicable to other non-endosymbiotic organelles as well. The application of basic evolutionary princi-
ples well beyond their original scope has been exceedingly powerful not only in reconstructing the history
of cellular compartments, but for medical and applied research as well, and underlines the contributions

of Darwin’s ideas in modern biology.

Crown Copyright © 2008 Published by Elsevier Ltd. All rights reserved.
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. Introduction

Charles Darwin’s ideas on evolution by natural selection have
rofoundly influenced every aspect of biology. While Darwin wrote

Abbreviations: LCEA, last Common Eukaryotic Ancestor; SM, Sec1/Munc18; GAP,
TPase-activating protein; GEF, guanine exchange factor; TGN, trans-Golgi network;
P, adaptin; NPC, nuclear pore complex; MVB, multivesicular body; ENTH, epsin
-terminal homology; REP, Rab escort protein.
∗ Corresponding author at: Department of Cell Biology, 6-30 Medical Sciences
uilding, University of Alberta, Edmonton, Alberta, Canada T6G 2H7.
el.: +1 780 248 1493; fax: +1 780 492 0450.

E-mail address: joel.dacks@ualberta.ca (J.B. Dacks).
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ostly on macroevolution in plants and animals, he was certainly
ware that evolutionary theory could be extended to single-celled
rganisms. Examples of infusoria and rhizopods (protists) were
ncluded in his 1861 edition of The Origin of the Species (Darwin,
861). The organism was still the focus, but cell theory had been for-
ulated and Virchow had already coined his famous dictum that

all cells come from cells’ (reviewed in Mazzarello, 1999). The stage
or study into the evolution of cellular compartments had been set.
ver 100 years later, Stanier (1974) made clear the profound divi-
ions between prokaryotic and eukaryotic cellular organisations.
ince then, the question of how eukaryotes arose, presumably from
impler cellular ancestors, has been a central issue in biology. The
asic question can be rephrased: how did eukaryotic organelles

hts reserved.
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Fig. 1. Eukaryotic cell and vesicle formation/fusion machinery. (A) Simplified depic-
tion of a generalised eukaryotic cell emphasising the main trafficking pathways
and the concept that a common set of proteins are involved in vesicle formation
and fusion events between the distinct intracellular compartments. The different
coloured sectored ‘identity’ circles indicate that many of the proteins involved have
specific paralogues associated with distinct organelles or transport steps and have
been proposed as encoding the ‘identity’ of the organelle. This figure is redrawn and
modified from Koumandou et al. (2007) with permission of the authors. (B) Proteins
included in an ‘identity circle’ are vesicle coats that select cargo and allow transport
carrier formation, as well as Rab proteins that initiate vesicle attachment at the tar-
get organelle and SNARE-associated machinery that drives membrane fusion. The
h
a
c

o
1
f
A
a
p

s
o
p
e
t
T
o
o
t
t
i

s
F
f
t
a
m
f
t
g
r
t
p
t
a
t
a
m
S
A
fi
p

e
m
k
t
o
t
o
o
i
C
s
o
o
t
c
h
e
r
s
i
p

p
c
T
b
p
T
i
a
2
A
v
b
D
h
l

and complex machinery is not immediately obvious at first inspec-
exagons in the center represent factors such as tethers that interact with the par-
logously derived machinery. The colours of the individual shapes in panel B are not
orrelated to the colours in panel A.

riginate and how did they subsequently evolve? Studies in the
970s and since of endosymbiotic processes have held answers
or mitochondria (van der Giezen, 2006) and plastids (Lane and
rchibald, 2008); but many eukaryotic organelles more likely have
utogenous origins, arising from components and structures that
reexisted within the proto-eukaryote itself.

The endomembrane system is one such case. This fundamental
et of cellular machinery consists of dynamic membrane-bound
rganelles, with each having a specific protein and lipid com-
osition and thus a discrete function (Fig. 1). For example, the
ndoplasmic reticulum (ER) is the site of polypeptide entry to
he secretory system and also important in lipid biosynthesis.
he Golgi apparatus performs post-translational modifications
n newly synthesised proteins, and sorts them for transport to

ther endomembrane organelles. This organelle underlies both
he endocytic and exocytic pathways and is particularly impor-
ant for extracellular matrix formation. The plasma membrane
s the interface between the cell and environment, a site of cell

t
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ignaling as well as the place where material is internalized.
inally, endosomes sort material, recycling back to the cell sur-
ace or targeting into terminal degradative organelles variously
ermed lysosomes, vacuoles, and reservosomes. Proteins and lipids
re transported between these compartments, in part, via small
embrane-bounded transport vesicles and tubules, which bud

rom one compartment and fuse with another, thereby delivering
heir contents and membrane (Bonifacino and Glick, 2004). The
eneration, targeting and fusion of these transport intermediates
equires four major classes of protein (coat proteins, Rab GTPases,
ethers and SNAREs). The coat proteins perform an early step in this
rocess where they select protein cargo for transport and deform
he underlying membrane into a vesicle. Rabs subsequently recruit
diverse range of effector molecules that play multiple roles in

he transport, targeting and tethering of the vesicle. The tethers
re a diverse class of protein complexes that promote attach-
ent between the transport vesicle and its target organelle. Finally

NAREs drive vesicle fusion (Fig. 1) (Bonifacino and Glick, 2004).
ll of these factors act in a collective manner to generate speci-
city in membrane transport, and it remains unclear if any one is
aramount in defining specificity (Cai et al., 2007a).

Both a tremendous growth in the volume of data and a new gen-
ration of informatics tools have vastly expanded the scope of viable
olecular-level evolutionary studies. With an increasingly detailed

nowledge of the molecular machinery underlying membrane-
rafficking events, it is now possible to consider the ubiquity, or
therwise, of individual components and assess when in evolu-
ion particular pieces of the endomembrane system could have
riginated. While it is possible to find occasional direct prokary-
tic homologues, by far the most tractable approach at present
s to reconstruct the endomembrane system present in the Last
ommon Eukaryotic Ancestor (LCEA). This is partly achieved by
earching for components of the protein machinery in genomes of
rganisms representing the broadest available sample of eukary-
tic diversity. If a factor is found in all, or most, of the genomes,
hen it was most likely anciently derived and hence present in their
ommon ancestor, a conceptual proxy for the LCEA. On the other
and if the distribution is restricted to a narrow range of organisms,
.g. yeast to mammals, then the factor most likely evolved more
ecently. While there are certainly caveats and limitations to such
tudies as discussed elsewhere (Dacks and Field, 2004, 2007), these
ssues can, and in many cases have been, redressed by additional
hylogenetic and experimental analyses.

These reconstructions suggest that the LCEA possessed a com-
lex repertoire of endomembrane organelles and a remarkably
omplete complement of protein factors for membrane-trafficking.
he endoplasmic reticulum, plasma membrane, multi-vesicular
ody (MVB) and a stacked Golgi apparatus were all most likely
resent (Roger, 1999; Dacks et al., 2003; Leung et al., 2008).
he degree of differentiation of the endocytic organelles remains
ncompletely defined, but even here some division into recycling,
nd degradation pathways was clearly established (Dacks et al.,
008). At the molecular level, there was also significant complexity.
ll of the major protein families involved in vesicle formation and
esicle fusion, as described for metazoa and fungi, appear to have
een on board by the time of the LCEA (Hartman and Fedorov, 2002;
acks and Field, 2004). The ancestral eukaryote may, therefore,
ave been ancient but it was not simple and exhibited a surprising

evel of complexity that is recognisable in modern cell systems.
The evolutionary connection between these diverse organelles
ion. More puzzling is the question of how such cellular features
riginated. It appears unlikely that the organelles of the endomem-
rane system are of direct endosymbiotic origin. Each of them

acks the major endosymbiotic hallmarks of closely adpressed
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ouble-membranes, associated genomes, or autonomous replica-
ion. While there are examples of prokaryotic homologues for a
ery few proteins associated with the membrane-trafficking sys-
em (Collins et al., 2005; Obita et al., 2007; Podar et al., 2008), there
re not the obvious numbers and homologies seen between mito-
hondria and alpha proteobacteria (van der Giezen, 2006), plastids
nd cyanobacteria (Lane and Archibald, 2008). Rather, this suggests
hat some of the factors associated with the endomembrane sys-
em simply have origins that predate eukaryogenesis, and hence
re shared with prokaryotes for that reason alone.

If the endomembrane organelles are indeed derived autoge-
ously, then what mechanisms could account for their origins?
imilarity between the mechanisms of trafficking and the protein
amilies involved in distinct transport steps hints at a common ori-
in. We, and others, have speculated that one key to unraveling
he evolution of membrane-trafficking organelles lies in the molec-
lar machinery that participates in encoding organellar identity,
egulating the specificity of sorting into distinct transport carriers
nd also delivery to a specific destination (Cavalier-Smith, 2002;
acks and Doolittle, 2002; Jekely, 2003; Arac et al., 2005; Dacks,
007). In the remainder of this article, we will examine the evo-

ution of protein factors associated with encoding specificity and
dentity. We will begin with the three most prominent families, the
NAREs, the Rabs and the vesicle coats, as well as some of their
ssociated machinery. Evolutionary analyses, primarily of these
hree sets of machinery have contributed to a theory on the pro-
ess of autogenous organelle evolution, driven by paralogous gene
amily expansion and co-evolution. This theory has even been bol-
tered by an example of the process caught mid-stream but is here
nhanced to incorporate the evolution of machinery such as the
ethering complexes that act to cement the differences between
he newly evolving organelles. This theory is best encapsulated in
he evolution of the ubiquitylation machinery which shows both
aralogy-driven expansion and accretion of non-homologous com-
onents. We will conclude with a few thoughts on the future of
volutionary studies of the membrane-trafficking system and the
pplication of this theory to other autogenous organelles.

. SNAREs and Sec1/Munc18 proteins

SNAREs (soluble N-ethylmaleimide sensitive factor attachment
rotein receptors) were first identified in the early 1980s and
ere shown to be required for vesicle fusion by a combination of

enetic and biochemical reconstitution experiments (Novick et al.,
980; Sollner et al., 1993). A model for SNARE function, termed
he SNARE hypothesis, initially proposed that a transport vesicle-
ocated SNARE (v-SNARE or VAMP) and a second SNARE on the
arget membrane (t-SNARE or syntaxin) would interact to form a
table complex. This trans-membrane complex would potentially
ring the two membranes in close enough proximity to drive lipid
ilayer fusion. In addition, it was proposed that for each trans-
ort step within the cell there would be a specific set of SNAREs.
ence these molecules and their selective interactions would pro-
ide specificity to membrane transport (Sollner et al., 1993). On the
hole, this model has proven to be remarkably insightful although

t is now apparent that SNAREs cannot be the sole determinants of
pecificity in vesicle transport (Fig. 1).

The majority of SNARE proteins are small (14–40 kDa) type-2
ransmembrane polypeptides that contain 60–70 highly conserved
mino acids, arranged into heptad repeats (the SNARE motif) that

re required for SNARE complex formation. Based on this shared
omologous motif, all SNAREs are presumed to be derived from
single ancestral protein by gene duplications giving rise to the

NARE families and then subfamilies. The timing and order of
hese gene duplications are obviously central to understanding
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he evolution of the SNARE proteins. The crystal structure of sev-
ral intracellular SNARE complexes revealed a parallel four-helical
oiled-coil bundle with each SNARE contributing one coil (Antonin
t al., 2002; Zwilling et al., 2007), confirming the results of ear-
ier studies on the neuronal SNARE complex required for the fusion
f synaptic vesicles at the plasma membrane (Sutton et al., 1998).
he majority of side-chain interactions between the coiled-coils
re hydrophobic, but at the centre of the coiled-coil is a hydrophilic
ayer termed the ‘0’ layer (ionic layer) containing three glutamines
Q) and one arginine (R). At present it is still unclear what role the ‘0’
ayer plays in SNARE function, but mutation of ‘0’ layer residues in
he yeast SNARE complex required for exocytosis, causes defects to
ecretion and cell viability (Ossig et al., 2000). However, a separate
tudy found that secretion still occurred if a mutant SNARE com-
lex containing four glutamines was created (Katz and Brennwald,
000). Regardless, the observation that nearly all SNAREs contain
ither a glutamine or arginine residue at the ‘0’ layer has allowed
eclassification of SNARE proteins, based on sequence rather than
ocation or inferred function, as R or Q (Fasshauer et al., 1998), with
urther sub-division of the Q-SNAREs as Qa (or syntaxins), Qb and
c-SNAREs. The four-helix bundle of the SNARE complex is almost
lways composed of one helix of each type (Fasshauer et al., 1998).

Comparative genomic studies have established the presence
f homologues from all four SNARE families in a broad diversity
f eukaryotes (Dacks and Doolittle, 2001; Dacks and Field, 2004;
oshizawa et al., 2006). Several molecular cell biological studies in
ukaryotes from the different supergroups also confirm the univer-
al involvement of SNAREs in cellular trafficking (Sanderfoot et al.,
001; Bogdanovic et al., 2002; Besteiro et al., 2006; Schilde et al.,
006; Ayong et al., 2007). So while not explicitly aimed at ancestral
econstruction, this all strongly points to the duplication giving rise
o the Qa, b, c and R-SNARE families having occurred prior to the
ncestor of existing eukaryotes (Fig. 2A).

The human genome encodes at least 38 SNARE genes, with each
NARE gene product being localised to a defined set of membranes
nd hence suggested to be involved in a specific set of fusion reac-
ions (Bock et al., 2001). For example, syntaxin 17 localises to the
R (Steegmaier et al., 2000) and functions in retrieval of escaped
R proteins, syntaxin 4 is localised to the plasma membrane and
nvolved in the fusion of GLUT4-containing vesicles with the plasma

embrane (Volchuk et al., 1996). Syntaxin 7 locates to late endo-
omes and is required for late endosome/lysosome fusion (Mullock
t al., 2000). Studies of Qa orthologues in diverse organisms reveal
argely similar intracellular localisation (Bogdanovic et al., 2000;
esteiro et al., 2006; Ayong et al., 2007; Kissmehl et al., 2007) and
uggest the existence of five major organelle, or transport path-
ay specific, syntaxin subfamilies (Dacks, 2007). The anterograde

ndocytic syntaxin subfamily (SynE) contains all of the homologues
elated to syntaxin 7 and 12, while the plasma membrane syntaxins
SynPM) are all related to syntaxin 4. The remaining subfamilies;
yn5, Syn18 and Syn16 are involved in transport at the cis-Golgi,
R and retrograde transport between endosomes and trans-Golgi
etwork respectively (Fig. 2A). Phylogenetic studies suggest that
he five major syntaxin families likely predate the LCEA (Dacks
nd Doolittle, 2002, 2004). Further, analyses robustly resolve the
R-associated Syn18 subfamily with the Golgi-associated Syn5
ubfamily in evolutionary reconstructions, suggesting that these
rganelles share an evolutionary connection to the exclusion of the
ther endomembrane compartments (Dacks, 2007). There is also
lear evidence for lineage specific expansion of several SNARE pro-

ein subfamilies. Most notably, expansion in metazoa and higher
lants of the SNARE proteins involved with late stages of exocyto-
is may suggest a correlation with the evolution of multicellularity,
nd hence potential tissue-specific functions (Dacks and Doolittle,
002; Yoshizawa et al., 2006; Sanderfoot, 2007).
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Fig. 2. Evolution of specificity-encoding families or complexes. Ovals denote pro-
tein families or complexes; dark grey for eukaryotes and light grey for prokaryotes.
Solid black lines denote relationships for which there is good evidence either from
homology searching, shared components or molecular phylogenetics. The dashed
line denotes a potential evolutionary connection but lacking robust evidence for sup-
port. (A) SNAREs. There are four SNARE families that each appears to have evolved
before the LCEA. The order in which they evolved is unclear. Inset: The five major sub-
families of the Qa SNAREs, or syntaxins, also appear to have evolved before the LCEA,
with evidence suggesting that the Golgi-associated Syn 5 and the ER-associated Syn
18 subfamilies share a closer relationship to one another than to other syntaxins. (B)
Small GTPases. The major eukaryotic small GTPases and two prokaryotic classes are
shown. Significantly, Sar1 and ARF are clearly close relatives of one another, as are
Ras, Ran, Rho and Rab. Surprisingly, the eukaryotic GTPases appear to have two dis-
tinct prokaryotic origins. (C) The membrane deformation complexes. Depicted is the
relationship between heterogenous protein complexes, and focuses on considering
only those subunits for which there is evidence for a common ancestor and structure.
The relationship between the three vesicle coats, COP I, COP II and clathrin–adaptin
is based on a variety of evidence and is well established. Structural considerations
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Rab protein structure. Interestingly, the central core region appears
lso suggest that some components of the nuclear pore complex scaffold are related
o this group. Finally, retromer may also be part of this lineage, although this last
ssociation is currently tenuous.

Many Q-SNAREs also possess a short N-terminal peptide (N-
eptide) which has a role in binding members of a family of
olecules known as Sec1/Munc18 (SM) proteins. First identified in
genetic screen for secretion (Novick et al., 1980), SM proteins are
ssential for vesicle fusion, but the precise function of the SM pro-
eins remains incompletely defined. SM proteins may inhibit SNARE
omplex assembly by binding a Qa-SNARE in the closed conforma-
ion as, for example, Munc18-1/syntaxin 1 (Misura et al., 2000). But
M proteins also stimulate SNARE complex assembly, for example
ly1/syntaxin 5 and Vps45/syntaxin16 (Toonen and Verhage, 2003).
inally, SM proteins may also proof-read SNARE assembly and pre-
ent formation of inappropriate complexes, such as 2Q:2R (Starai

t al., 2008).

Seven SM proteins are encoded in the human genome: Munc18-
, Munc18b (Munc18-2), Munc18c, Sly1, Vps45 and Vps33A and B
Toonen and Verhage, 2003). Homologues are present across the
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ukaryotes and form four major families Sly1, Vps45, Sec1 (which
ncludes Munc18) and Vps33. Phylogenetic analyses suggest that
he four major SM protein subfamilies had already evolved before
he LCEA (Arac et al., 2005; Koumandou et al., 2007).

SM proteins were initially thought to bind syntaxins in, at least,
wo distinct modes. Sly1 and Vps45 bound their cognate SNAREs
yntaxin 5 and syntaxin 16 in the open conformation (Bracher and

eissenhorn, 2002; Dulubova et al., 2002), while Sec1/Munc18
ound syntaxin 1 in a closed conformation (Misura et al., 2000). This

nsight provoked the question as to how homologous and struc-
urally related proteins could have evolved distinct binding and
egulation modes (Toonen and Verhage, 2003). Recent evidence
as resolved this issue. The SNARE N-peptide binds a conserved
ydrophobic pocket on the SM protein (N-pocket) (Arac et al.,
005). Munc18-1, Munc18b, Munc18c, Sly1 and Vps45 all retain
he N-pocket and their corresponding partners syntaxin 1, 4, 5
nd 16, respectively have an N-peptide that can bind this pocket
Hu et al., 2007; Burkhardt et al., 2008). This implies that, despite
arlier issues about SM proteins binding SNAREs in a closed ver-
us an open conformation, there may well be a shared common
inding mode. However, this binding mode may not be conserved
etween all SM proteins. For example, human Vps33a lacks an N-
ocket and yeast Sec1p/Sso1p and Vps33p/Vam3p lack both the
-pocket and N-peptide (Hu et al., 2007). Nevertheless, these SM
roteins still interact with SNAREs. Additional investigation, partic-
larly of homologous proteins from evolutionarily distant species
ay well help to unravel this issue. Interestingly, Vps33p comprises

art of the larger multiprotein HOPS complex (homotypic vacuole
usion and vacuole protein sorting) (Seals et al., 2000), which inter-
cts with the small GTPase Ypt7p and plays an important role in
ethering and regulating late endocytic fusion events. Thus, the
ndirect binding of the syntaxins is likely a derived feature of this
M protein following its co-option into the HOPS tethering complex
Koumandou et al., 2007).

The SNARE hypothesis originally postulated that the combina-
orial interaction of V and T SNAREs fully encoded the specificity
f a fusion reaction and implicitly also encoded the identity of the
arget organelle. By this view, the evolution of SNAREs recapitu-
ates the evolution of the trafficking system. Most certainly SNAREs
lay an important part, but increasing evidence indicates that other
olecular players are involved.

. Rab family small GTPases

The Rab family is the largest member of the Ras superfam-
ly of small GTPases. Their activities appear to be predominantly
estricted to control of vesicle transport, albeit with a rather great
ange of function at the molecular level (Zerial and McBride, 2001).
here is some evidence that a minority play roles in flagellum
iosynthesis (Oro, 2007). Since the description of the first mem-
er of the Rab subfamily, Sec4p in Saccharomyces cerevisiae, many
undreds of Rabs have been described from multiple genomes.
hey are a constant presence in eukaryotes, with all organisms pos-
essing at least some Rab proteins. Interest in the Rab family was
nitially spurred by their unique localisations, for example Rab1 at
he ER, Rab5 in early endosomes and Rab7 at the lysosome/vacuole
Zerial and McBride, 2001). In common with other small GTPases,
ab protein structure comprises a compact six-strand beta sheet,
ogether with five alpha helices. A flexible C-terminal hypervariable
omain, together with a terminal prenylation signal completes the
o be highly flexible, in that independent evolution of surface loops
etween conserved secondary structural elements is a common
eature of small GTPases, facilitating an extreme level of flexibility
hile retaining a conserved core (Blouin et al., 2004).
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An early study of Rab evolution suggested that the family
as ancient, and that the basic organisation of the Rabs was

ikely arrived at by the time of the LCEA (Iwabe et al., 1996). A
ore extensive and systematic analysis (Pereira-Leal and Seabra,

000) identified multiple sequence elements conserved between
ll members, but which discriminate Rabs from other Ras-like
TPases. Further, additional subfamily-specific sequences were

ecognised allowing eight Rab clades to be defined (Pereira-Leal and
eabra, 2001). For the most part, there is some function–phylogeny
orrelation, i.e. Rabs involved in post-Golgi processes tended to
ccupy the same clade. This analysis has provided an important
ramework from which to build and test new models. A more
etailed investigation of Rabs, encompassing more diverse eukary-
tic genomes and a large sampling of fungal genomes (Pereira-Leal,
008), suggests that the LCEA possessed at least Rabs 1, 2, 4, 5,
, 7, 8, 11 and 18, consistent with both syntaxin reconstructions
nd a suspected high level of complexity in the LCEA. The mod-
rn Rab complement in many fungi appears to have also resulted
rom secondary loss (Pereira-Leal, 2008). Remarkably, in spite of

great range in genome size, the Rab family is maintained at
–12 members in most fungi species. Over a broader range of
enomes, Rab4 is a frequent victim of secondary loss, representing
n example of a trafficking pathway that was probably essen-
ial to the LCEA, but became dispensable in many extant lineages
Field et al., 2007).

While the situation in fungi appears to be one of complement
aintenance or reduction, significant expansion and emergence of

ovel subfamilies of Rabs has been observed. Specifically in Enta-
oeba, over 90 members are known, and Trichomonas has nearly

00 (Lal et al., 2005; Saito-Nakano et al., 2005; Carlton et al., 2007).
n each organism, over half of the Rab sequences do not appear
o belong to a clade shared with other taxa. The level of sequence
ivergence within these lineage-specific clades is considerable, and
ertainly consistent with novel specificity and binding activity. The
river for such massive expansion is unknown, and will require
dditional genome sequencing to determine if these observations
re organism-specific, life-style dependent or due to other factors.
ore limited lineage-specific expansion of conserved Rab subfam-

lies is rather frequent and has clearly shaped Rab evolutionary
istory. In Arabidopsis thaliana, Rab sequences can be classified

nto eight distinct clades. Three of these contain orthologues of
ab11, Rab7, as well as Rabs associated with polarised secretion,
nd exhibit considerable expansion; the Rab11 clade is particularly
arge (Rutherford and Moore, 2002; Vernoud et al., 2003). These
lades are all associated with endosomal activity or specialised
xocytotic events, both of which are clear features of A. thaliana
iology, and hence there is some suggestion for functional conse-
uences. Further, sequence divergence between members of these
lades is considerable, consistent with functional differentiation
Rutherford and Moore, 2002).

Until recently, the Ras superfamily was considered to be essen-
ially a eukaryote-restricted gene family. A rather divergent GTPase
amily, MglA, is widely distributed amongst eubacteria, and has
ome similarities to Ras, but divergence is significant enough to
uggest distinct function and mechanism. However, recent anal-
sis has uncovered a rather more conserved Ras-like family in
oth eubacterial and archaeal genomes. These Ras-like proteins
etain the five defining G-motifs of the Ras superfamily and are
ence are more closely related to Ras than is MglA (Dong et al.,
007). It is not clear at this time how extensive this new Ras-
ike family is amongst prokaryotes, but the evidence so far is that
he representation is quite broad, and likely precludes lateral gene
ransfer as an origin. Further, phylogenetic reconstruction of the
rokaryote and eukaryote GTPases suggests distinct origins for the
as/Rho/Rab/Ran and ARF/Sar family GTPases (Fig. 2B). This new

o
o
l
h
r
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nsight augers well for efforts to extend reconstruction of traffick-
ng pathways and understanding the evolution of specificity beyond
he prokaryote–eukaryote boundary.

Rabs exist in two major states, GTP or GDP bound. Cycling
etween GTP and GDP states provides a molecular switch; the
verall protein fold is rather well conserved between the family
embers, but significantly there is a restricted and rather clear con-

ormational change accompanying hydrolysis of GTP to GDP. This is
ainly confined to the switch I and switch II regions. Importantly,

hese regions contribute the binding sites for multiple factors, and
uch interactions are therefore nucleotide-state dependent. The
low intrinsic rates of hydrolysis and nucleotide exchange are accel-
rated by GTPase-activating proteins (GAPs) and guanine exchange
actors (GEFs) respectively. Conformational changes and recogni-
ion of the Rab switch regions facilitates specific recruitment of
APs to the GTP-bound form and GEFs to the GDP form. However,
iven the very large number of factors that recognise specific Rabs,
or example Rab5 has ∼30 identified binding partners, the contri-
utions of additional sequences to binding sites must play some
ole in extending specificity (Pfeffer and Aivazian, 2004). Under-
tanding the co-evolution of binding sites for factors that constitute
omplexes is a major challenge.

While the cellular location of each Rab is highly specific
nd apparently conserved across large evolutionary distance,
he sequence determinants encoding this specificity are unclear.
tudies suggested that the Rab hypervariable C-terminal domain
rovided targeting information (Pfeffer and Aivazian, 2004), but
his has been challenged by more detailed work (Steele-Mortimer
t al., 1994; Ali et al., 2004). Following synthesis, Rabs are preny-
ated in the cytosol by the Rab geranylgeranyltransferase (GGTase),
nd delivered to membranes by Rab escort protein (REP). Interest-
ngly, Rab GGTase and REP are ancient, and likely LCEA components
Rasteiro and Pereira-Leal, 2007). REP, which only facilitates sol-
bilisation and membrane delivery of newly synthesised Rabs,
hares a common evolutionary origin with guanine dissociation
nhibitor (GDI), a third GTP cycle factor that is able to bind GDP-
ound Rabs and extract them from the membrane (Alory and Balch,
003; Hala et al., 2005). Hence there are some clear functional simi-

arities between REP and GDI; this extends to their broad specificity,
s there is only one REP in most genomes and a small number of
DI genes. REP and GDI therefore represent ancient and general
spects of Rab function, but likely contribute little to specificity or
he evolution of novel compartments or pathways.

Further, while the molecular identity of the membrane Rab
eceptor is unknown, the Yip family of membrane proteins from
east was offered recently as candidates. These proteins recruit
abs to the membrane by displacement of RabGDI, which normally
aintains them in soluble form. However Yip–Rab binding speci-

city appears rather low and the number of Yips represented in
he genome is substantially smaller than the Rab repertoire. For
xample, there are 14 Yip homologues in H. sapiens compared to
70 Rabs (reviewed in (Pfeffer and Aivazian, 2004)). Still, while

learly unable to provide complete discrimination, it is possible
hat the Yips broadly define membrane subpopulations, and that
ubsequent association with other factors targets Rabs to highly
pecific locations. Candidate Yip orthologues are present in many
enomes, and while functionally uncharacterised, may provide
route to understanding the evolution of targeting and locali-

ation. The concept of a membrane microdomain, originally put
orward to explain the localisation of Rab5 with Rab4 and Rab11

n contiguous endosomal membranes, is consistent with the idea
f a requirement for a self-assembling complex providing the final
evel of specificity (de Renzis et al., 2002; Rink et al., 2005). This,
owever, represents a significant challenge for in silico pathway
econstruction.
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. Vesicle forming machinery

While much of the focus on identifying molecules encoding
rganelle identity and specificity has been on components of vesi-
le fusion, the proteins involved in forming the vesicle coats also
learly play a role. Like the SNARE and Rab machinery, the coats
ach appear to conform to a broadly generalisable model of action
Gurkan et al., 2006) and yet each are specific and characteristic of
articular locations or transport pathways. COP II defines transport
rom the ER to the Golgi apparatus, while COP I occupies the retro-
rade route as well as intra-Golgi transport. The clathrin/adaptin
oats are involved in movement of material between the trans-
olgi network (TGN), endocytic organelles and the cell surface

Bonifacino and Glick, 2004).
An additional complex, retromer, is also responsible for move-

ent of material from the endosomes back to the TGN but is
ather more exclusive in its cargo, recycling vacuolar hydrolase
nd mannose-6-phosphate receptors (Seaman, 2005). Like most
oat complexes, retromer is composed of a cargo adaptor subcom-
lex (Vps26, Vps29, Vps35) and an outer membrane-deformation
omplex, in both mammals and yeast this subcomplex consists
f two proteins, sorting nexins 1 and 2 and Vps5, Vps17 respec-
ively (Hierro et al., 2007; Bonifacino and Hurley, 2008). While
est described experimentally in these latter two systems, retromer
enes have been characterised in eukaryotes from multiple super-
roups (Dacks et al., 2003; Nakada-Tsukui et al., 2005; Damen et al.,
006) and identified in many additional eukaryotic genomes indi-
ating a presence early in eukaryote evolution. Vps29 is also directly
omologous to prokaryotic metallophosphoesterases, providing a

ink beyond the LCEA (Collins et al., 2005; Wang et al., 2005).
The remaining vesicle coats have been examined in much

reater detail. COP II creates vesicles for transport from the ER to the
olgi body (Barlowe et al., 1994). The ER membrane-anchored pro-

ein Sec12 converts the GTPase Sar1 to its GTP-bound form, which
hen attaches to the site of vesicle assembly at the ER membrane.
he cytosolic Sec23–Sec24 complex is then recruited by Sar1. Sec24
cts as a cargo adaptor, while Sec23 acts as a Sar1-GAP. Interestingly,
ecent evidence suggests that the R-SNARE Sec22 may well be incor-
orated into ER vesicles via recruitment through Sec23 and Sec24,
he first example suggesting a dual role for the COP II GAP (Mancias
nd Goldberg, 2007). Membrane-deformation is performed by the
ec13/Sec31 complex that assembles into a novel geometry allow-
ng for considerable flexibility in the dimensions of the transport
esicles (Gurkan et al., 2006). COP II machinery has been identi-
ed in complete genome sequences from animals to excavates and
omparative genomic surveys have confirmed that this vesicle coat
ystem was present in the LCEA (Dacks and Doolittle, 2001; Dacks
nd Field, 2004).

The COP I, or coatomer, complex is clearly involved in transport
rom the Golgi body back to the ER and is controversially implicated
n anterograde intra-Golgi transport (Rabouille and Klumperman,
005). A small GTPase, ARF, is activated by Sec7-GEFs and recruited
o Golgi apparatus membranes via interaction with members of
he p24 protein family (Bethune et al., 2006). This assembly creates
‘priming complex’ to which the coatomer complex binds. COP I

s formally composed of seven proteins. Within the F-Cop subcom-
lex are two large subunits CopB (Beta) and CopG (Gamma), a CopD
edium subunit (Delta) and a small CopZ subunit (Zeta). Three

dditional factors, CopE (Epsilon), CopA (Alpha), and CopB′ (Beta
rime), complete the complex, with the latter two possessing WD

epeats with beta-propeller and alpha solenoid structures (Devos et
l., 2004). Cargo recognition likely involves several of the coatomer
ubunits (CopA, CopB′, CopG, CopD) that interact with conserved
KXX motifs in the cytoplasmic tails of the cargo proteins (Bethune
t al., 2006). As a small GTPase, ARF1 is a ubiquitous eukaryotic pro-
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ein (Fig. 2B). Comparative genomic surveys have identified COPI
omponents from all eukaryotic supergroups (Dacks and Doolittle,
001; Dacks and Field, 2004). The role of COP I has been exper-

mentally verified in many organisms and it is clear that COPI is
n ancient coat system (Faulstich et al., 1996; Maier et al., 2001;
onohoe et al., 2007; Smith et al., 2007).

Beyond the Golgi complex, cargo is transported to a variety of
ocations. ARF again performs a central role (Bonifacino and Glick,
004). Cargo proteins with the appropriate conserved amino acid
orting signals are bound by one of the adaptin (AP) complexes.
hese hetero-tetrameric complexes are composed of two large sub-
nits, a medium and a small subunit (Robinson, 2004). Proteins
rom the TGN are packaged into AP1 carriers for transport to the
ndosomes, or into vesicles with the AP4 cargo adaptor, destined
or the plasma membrane (Simmen et al., 2002; Robinson, 2004).
he AP3 adaptor complex (in mammalian cells) is localised pri-
arily to endosomes and plays a role in the delivery of lysosomal

roteins (Theos et al., 2005). Adaptins, specifically AP2, also act at
he cell surface, selecting cargo into clathrin-coated pits for entry
nto the endocytic system. While the vesicle coat for AP1, AP2 and
P3 vesicles is clathrin in mammalian cells, the coat for AP4 vesi-
les is not as clear (Robinson, 2004). Based on comparative genomic
Dacks and Field, 2004; Field et al., 2007), phylogenetic (Dacks et
l., 2008) and cell biological evidence (Morgan et al., 2001; Lefkir
t al., 2003; Happel et al., 2004; Elde et al., 2005), it is clear that
he various adaptins and clathrin were present in the last common
ncestor.

Although not a separate coat complex in its own right, an
et of important cargo adaptors are the GGAs (Golgi-localising,
amma-ear containing, ARF-binding proteins) (Robinson, 2004).
hese molecules have homology to the Gamma adaptin 1 subunit
nd act in transport between the TGN and endosomes. Unlike the
our major adaptin complexes, the taxonomic distribution of the
GAs is limited to the opisthokonts, implying that these molecules
re a recent, lineage-specific, innovation (Boehm and Bonifacino,
001; Field et al., 2007). While the history of the adaptins is dom-

nated by early complexity and some lineage-specific innovation,
econdary loss has also shaped this system. AP4 is the most com-
only lost complex, with evidence for independent loss in fungi,

ome animals, Leishmania and Giardia. Further examples of AP2 and
P3 loss are also present (Boehm and Bonifacino, 2001; Field et al.,
007).

The best evidence for homology between the vesicle coats
Fig. 2C) comes from higher-order structural analysis. Several com-
onents of COP I, COP II and the clathrin/AP coats share a common
ut characteristic set of protein folds restricted to beta propellers
nd alpha solenoids, suggesting that they may have a common ori-
in (Devos et al., 2004). A link with the retromer complex is unclear,
lthough Vps35 is predicted to be an alpha solenoid protein (Hierro
t al., 2007). Retromer also shares with the other three coat systems
basic underlying mechanism of distinct cargo adaptor and mem-
rane deformation complexes. Regardless of the relationship with
etromer, additional evidence for homology of the three major coats
s found in shared machinery and sequence relationships. While
OP II involves Sar1 as the GTPase responsible for nucleating vesi-
le formation, both COP II and the adaptins use ARF (Bonifacino and
lick, 2004). Inclusion of the same GTPase is evidence for shared
ncestry of the latter complexes, while Sar1 is the closest relative
o ARF amongst the Ras GTPase superfamily (Dong et al., 2007)
Fig. 2B). The F-COP subcomplex and the adaptins are also homol-

gous with both being composed of two large subunits, a medium
nd a small subunit (Duden et al., 1991). Homology searching and
hylogenetic analysis has demonstrated that each subunit is the
esult of a series of gene duplications giving rise first to the COPI
omponent and then to the four adaptin paralogues (Schledzewski
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Fig. 3. Organelle evolution driven by gene duplication of the identity-encoding
machinery. (A) An initial endomembraneous compartment is shown, with an as-yet
undifferentiated set of identity-encoding machinery shown. The segmented circle
indicates a group of subunits that are part of extensive paralagous families (Rabs,
SNAREs etcetera), while the central hexagon is a non-paralagous factor (e.g. tethering
complexes). (B) Gene duplication and sequence divergence of individual compo-
nents of the identity-encoding machinery would produce new members of these
protein families that could potentially associate with new organelles. (C) The var-
ious protein factors within the identity-encoding machinery would undergo gene
duplication and co-evolution, as part of a gradual process and with replacement of
different components not occurring in a synchronous manner. The process would
eventually create a novel identity-encoding machine that would control trafficking
for a novel transport step. This new identity would be reinforced by the inability
to interact with accessory factors (yellow hexagon) and acquisition of novel factors
(purple hexagon). (D) Gradual subunit replacement of an identity-encoding machine
would produce new endomembranous organelles, with several iterations giving rise
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t al., 1999; Boehm and Bonifacino, 2001). Further, the two large
ubunits are homologous, as are the medium and small subunit and
ith one exception, all of these adaptin subunit duplications likely
redate the LCEA. The one exception, however, provides potential

nsight into the processes that give rise to the organelles and the
pecificity-encoding machinery.

. Paralogy as a driving force in organelle complexity

The molecular machinery described above shares some com-
on features. There are organelle or transport pathway specific

ersions of each complex and/or protein family. These different
ersions are the products of gene duplications that in many cases
redate the LCEA. And, surprisingly, the LCEA itself appears to
ave possessed a very full complement of both molecular machin-
ry and membrane-trafficking organelles. Brought together, this
vidence suggests a process by which the membrane-trafficking
ystem has risen in complexity to the inferred state in the LCEA and
lso in modern eukaryotes (Fig. 3). The manner in which organelle
pecificity is encoded has been hotly debated and various authors
Cavalier-Smith, 2002; Dacks and Doolittle, 2002; Jekely, 2003;
rac et al., 2005; Yoshizawa et al., 2006; Dacks, 2007; Sanderfoot,
007) have suggested one protein family or another as the key
eterminants, whereby the evolution of these proteins by gene
uplication would have been concurrent with, or causal to, the evo-

ution of the endomembrane organelles (Fig. 3B). However, it has
ow become clear that there are multiple determinants of organelle

dentity rather than a single protein family using a mailing address
nd house number type of system (see Cai et al., 2007a). It fol-
ows that gene duplications in each of these protein families, and

ost significantly, co-evolution of their interacting factors would
ave enabled evolutionary differentiation from a single endomem-
raneous organelle into an initial basic functional division and
hen subsequent diversification into specialised endomembrane
rganelles (Fig. 3). This model may extend to organelles other than
ithin the membrane-trafficking system; specifically a topologi-

al and evolutionary connection between the ER and peroxisomes
as been proposed (Hoepfner et al., 2005; Schluter et al., 2006).
ven more convincingly, the only other occurrence of the unique
ombination of alpha solenoid and beta propeller observed in the
esicle coat proteins is within the nuclear pore complex (NPC), a
tructure that is also involved in membrane deformation (Devos et
l., 2004). Supporting this hypothesis is the dual function of Sec13,
hich forms part of both the NPC and COP II coat.

A recent study lends further credence to this model. Phyloge-
etic analyses of the syntaxins involved in anterograde endocytic
ransport suggest that the LCEA possessed only a single subfam-
ly member (Dacks et al., 2008) whereas animals, plants and fungi
ach retain multiple paralogues that differentially act at the recy-
ling and degradative organelles (Collins et al., 2002; Pelham, 2002;
ojo et al., 2003). Those same organelles are also serviced by dis-
inct Rab proteins (Rab5 and Rab7). These clearly evolved before the
CEA (Pereira-Leal and Seabra, 2001). However, in several eukary-
tic lineages, multiple paralogues of Rab5 exist in various systems
hat have subtly distinct functions. These Rab5 genes are them-
elves lineage-specific, i.e. the product of gene duplications that
ccurred after the LCEA (Dacks et al., 2008). Finally, the gene dupli-
ations that gave rise to the F-COP and adaptin subunits all appear
o pre-date the LCEA, with the exception of the Beta (B) subunit.
ere the duplications giving rise to COPB, AP3B and AP4B predate
he LCEA, but several lineages apparently possess only a single Beta
ubunit functioning in both the AP1 and AP2 complexes (Boehm
nd Bonifacino, 2001; Dacks et al., 2008). Phylogenetic analysis
ndicates this to be the ancestral state and organisms possessing
eparate AP1 and AP2 subunits have derived these via independent

6

t

o the observed complexity of organelles in the membrane-trafficking system, as
ell as possibly other non-endosymbiotically derived compartments. The concept

f the identity-encoding machinery is virtual—a single complex does not appear to
ncode specificity, as discussed in the text.

ene duplications after they diverged from the LCEA (Dacks et al.,
008). These data are all consistent with a model where the endo-
ytic compartment began differentiating into discrete recycling and
egradative organelles, with specific associated Rabs, by the time
f the LCEA, but the gene duplications giving rise to the remain-
ng components of the specificity-encoding machinery was not yet
omplete. These then occurred in parallel and in multiple lineages.
uch a scenario is precisely what would be expected for any system
n the midst of differentiation at the point of radiation following
volution of the LCEA, and assuming a model of paralogy-driven
rganellogenesis (Dacks et al., 2008).
. Tethers

While these data can explain the origin of a large proportion of
he specificity-encoding machinery, they cannot explain the origins
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f all components. The tethering complexes are a heterogeneous
ssembly of multi-subunit proteins mediating initial recognition
nd attachment of an incoming vesicle to a target membrane (Sztul
nd Lupashin, 2006). The tether complexes vary in composition and
tructure, and each complex mediates not only transport to spe-
ific organelles, but also in different orientations, i.e. anteriograde
ersus retrograde transport. DSL1 is involved in anteriograde ER
o Golgi body transport, while TRAPPI mediates transport between
he same organelles, but in the opposite direction. COG and TRAPPII

ediate retrograde Golgi traffic, with TRAPPII also being implicated
n endosome to TGN vesicle transport. GARP mediates a similar
tep as well, which may reflect additional differentiation of endo-
omal trafficking pathways and possible endosomal populations.
he CORVET complex mediates TGN to endosome transport. HOPS
s involved in endosome to lysosome and homotypic lysosomal
usion; while exocyst is involved in transport from the TGN to the
lasma membrane and secretion (Cai et al., 2007a). Comparative
enomics confirms that the majority of these complexes are repre-
ented in sufficiently diverse eukaryotes to suggest an origin prior
o the LCEA (Koumandou et al., 2007). Some subunits, and even
ntire complexes cannot be reliably identified in certain taxa; it is
nclear if this is due to extreme sequence divergence or secondary

oss in those organisms. The origins of the CORVET complex are not
nown at this time.

On the face of it, paralogy is at play in this system as well. Intra-
omplex homology was observed between members of several of
he tethering complexes (Koumandou et al., 2007). For example
OG1, 2, 4, 5, 7, and 8 all appear to be related, as do HOPS subunits
ps11/Vps18/Vps39 and Vps41. The most intriguing example is in

he TRAPPI complex where three of the seven members are all Bet3
amily members and three are Bet5 members, suggesting two sets
f gene duplications of two factors explaining the derivation of the
omplex (Koumandou et al., 2007). The origin may even be traced
ack to a prokaryotic Bet3 homologue (Podar et al., 2008).

However, unlike the other examples discussed so far, there is
nly equivocal evidence suggesting that the tethers are derived
rom a single ancestral complex. While homology searching algo-
ithms do find weak evidence for relationships between some
ubunits of the GARP, DSL1, COG and exocyst complexes, the values
re bordering on insignificance, and the regions of homology are
onfined to small coiled-coil forming stretches (Whyte and Munro,
001; Koumandou et al., 2007). No evidence for homology is found
or HOPS or the TRAPP complexes either with each other or with the
dditional tether complexes. The heterogeneous composition of the
ethers also points towards an independent origin for the various
omplexes. This could potentially act to reinforce the differenti-
tion of distinct organelles and solidify the burgeoning organelle
dentity (Fig. 3).

. The late endosomal system

Perhaps the set of membrane-trafficking machinery that
est exemplifies this balance of paralogy-driven complexity and
ementing of different organelle identity is the ESCRT system.
n yeast, metazoa, and most other eukaryotes, endocytosis is a
omplex process involving multiple pathways. Some of these, for
xample the caveolin pathway, are comparatively recent lineage-
estricted innovations, while others, like clathrin-dependent
echanisms, are shared across nearly all the eukaryota and are
ncient features (Field et al., 2007). However, in all cases endocytic
argo molecules must be recognised, sorted, and sent onto their
ext destination. Covalent attachment of ubiquitin chains to many
eceptor molecules has been extensively demonstrated in animals
nd fungi (Hurley and Emr, 2006), and this modification serves
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o direct host molecules into a pathway that ultimately delivers
he protein to the lysosome/vacuole for degradation. Attachment
f the ubiquitin chain to a substrate is performed by an E3 ligase at
he plasma membrane—these ligases are the Rsp5p and c-Cbl gene
roducts in opisthokonts.

These initial stages of the pathway serve to deliver ubiquitylated
argo to the multivesicular body (MVB), a late endosomal structure
haracterised by the presence of small vesicles located within a
eparate bounding membrane; creation of this structure requires
nward budding of the surface membrane. This budding process,
ecognition of ubiquitylated cargo and ultimately deubiquitylation
nd delivery of the cargo molecule to the lysosome is the responsi-
ility of the ESCRT proteins (endosomal sorting complex required
or transport) (Williams and Urbe, 2007). The ESCRT system is a
upercomplex of over twenty proteins, consisting of five subcom-
lexes, 0, I, II, III and III-associated. These assemble from a soluble
ytosolic form in a sequential manner to deliver ubiquitylated cargo
o the MVB membrane (primarily the action of ESCRT 0, I and II),
o deform the membrane (primarily ESCRT III and III-associated)
nd to ultimately disassemble and recycle the components (ESCRT
II-associated). The net result is delivery of ubiquitylated molecules
nto the membrane of the internal vesicles within the MVB. Knock-
ut of these factors in yeast and metazoan cells frequently results
n severe blockade to lysosomal sorting and function (Babst et al.,
000).

A role for ubiquitylation in endocytosis appears to be ancient.
irect demonstration of a requirement for ubiquitylation in inter-
alization of type I trans-membrane domain surface molecules has
ecently been obtained for T. brucei, an excavate (Chung et al., 2008),
nd comparative genomics indicates that the ESCRT complexes I,
I, III and III-associated are likewise widely distributed across the
ukaryotes, thus strongly implying an ancient origin predating the
CEA (Field et al., 2007; Leung et al., 2008). This, together with the
resence of structures morphologically resembling MVBs in diverse
axa argues for conservation of the basic ubiquitylation, MVB and
SCRT systems (Tse et al., 2004; Yang et al., 2004; Walker et al.,
006; Allen et al., 2007). It is not clear if a stimulus is required to

nitiate ubiquitylation in non-opisthokont taxa, or how numerous
he substrates may be in any given cell type. Our understanding
f the cell biology of the ESCRT system in most taxa is extremely
imited.

In contrast to the overall conservation of the ESCRT system, and
he presence of a functional ubiquitylation endocytic pathway, sev-
ral aspects appear to be rather less well-conserved across the
ukaryotes. Most significantly, the ESCRT 0 heterodimer appears
o be specific to the Opisthokonta. This is functionally important
s this complex is responsible for both recognition of ubiquitylated
argo at the MVB, and also recruitment of ESCRT I factors, suggest-
ng that the initial docking and recognition mechanisms are distinct
etween opisthokonts and all other eukaryotes (Field et al., 2007;
eung et al., 2008). It is possible that ESCRT I, in fact, acts as the cargo
eceptor in these systems, consistent with a partial defect to sort-
ng as observed for disruption of interactions between Vps27p and
ps23p in yeast (Bilodeau et al., 2003). However, the presence of
novel complex, or of extreme divergence precluding recognition

annot be excluded.
This likely mechanistic distinction is also echoed in the evolu-

ionary history of the epsin and E3 ubiquitin ligase family. Proteins
ith an epsin N-terminal homology domain (ENTH) occur in most

axa and are clearly an ancient feature. However, in opisthokonts

NTH proteins are found as both epsin and epsin-related, or epsinR,
orms. The latter differ from epsin in lacking a UIM and indeed
ppear to be the widely distributed and ancient form. This evo-
utionary distribution is reflected in a second epsin-like family,
ps15; again a UIM-containing form is found only in opisthokonts,
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hile the UIM-lacking eps15R is broadly distributed (Field et al.,
007). Even more extreme is the absence of clear orthologues of
he Rsp5 and c-Cbl E3 ligases from non-Opisthokonta, and there-
ore the ligases responsible for surface protein ubiquitylation in the

ajority of taxa remain unidentified (Chung et al., 2008). The com-
lexity of the ubiquitin ligase family makes the identification of the
on-opisthokont E3 ligases responsible for endocytic function a sig-
ificant challenge. Frequent secondary losses are also seen amongst
he ESCRTs, especially in complexes I and II (Field et al., 2007; Leung
t al., 2008).

Rather more robust retention of ESCRT III and III-associated
ubunits is observed, and hints that these factors may encode

minimal MVB trafficking system. Similar to the tethers, the
omponents of the ESCRT I and II complexes exhibit no obvious
omology to one another or to other ESCRT machinery. How-
ver, the ESCRT III and III-associated complexes are composed of
ubunits derived from paralogous protein family expansion. The
SCRT III proteins Vps20, 32 and the ESCRT III-associated protein
ps60 are all related and contain a SNF7 domain. Further, CHMP7

s a protein containing two tandem SNF7 domains, which pre-
umably are the result of a tandem duplication event, and which
nteracts with the ESCRT III complex. Similarly Vps2A, Vps2B, and
ps24 are homologous ESCRT III components, while their relative
ps46 acts in the ESCRT III-associated complex. All of these fac-

ors appear to be widely distributed in eukaryotes and derived
ia gene duplications that established the families prior to the
CEA (Leung et al., 2008). Importantly an archaeal homologue of
ps2 has been identified (Obita et al., 2007) and can be used to
oot the tree, as one would expect, between the ESCRT III and
SCRT III-associated complex subunits, and which also provides
link beyond the prokaryote–eukaryote divide. A final ESCRT III-

ssociated subunit, Vps4 also has an archael homologue (Obita et
l., 2007). Given that the Snf7 and Vps2 domain proteins appear
apable of assembling lattice-like structures on cell membranes
Hanson et al., 2008), and that Vps4, an ATPase, can introduce
nergy into the system likely facilitating conformational change,
uch a minimal configuration could represent an ancestral mecha-
ism for membrane deformation. In common with the Rab proteins,
he ESCRT system provides an example of potential prokaryotic ori-
ins for systems until recently considered to be solely the domain
f eukaryotic organisms. The ESCRT system therefore encapsulates
ithin a single system many of the forces that have likely shaped

he membrane-trafficking system in general: prokaryotic building
locks hinting at origins of the system; component amplification
riven by gene duplication; acquisition of additional factors to
nhance and solidify function; loss of features after the LCEA in
ome lineages and lineage-specific innovation in others.

. Conclusions—a model for autogenous organelle
volution

Vesicle formation and vesicle fusion were originally thought
o be quite separate cellular events, and competing theories were
eld about how specificity is encoded. Increasingly, however,

t has become apparent that the two processes are intimately
ied together; SNAREs interact with vesicle coats (Mancias and
oldberg, 2007), as do tethers (Cai et al., 2007b, ENTH domain
argo adaptors bind to SNAREs (Miller et al., 2007; Chidambaram
t al., 2008). SM proteins can be part of tethering complexes that
hen interact with Rab GTPases (Seals et al., 2000). These connec-

ions provide an additional, non-genetic, level of information on
he organisation of the cell. On the one hand they can be seen as an
bstacle to evolutionary reconstruction of cellular history. On the
ther hand, it is precisely the similarities in the modes of evolu-
ion of the various specificity-determining factors, i.e. coats, Rabs

B

B
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nd SNAREs and knowledge of their interactions that provided the
tep forward beyond focusing on the history of single factors to
he concept of co-evolution of trafficking machinery giving rise to
ndomembrane complexity.

The story of how specificity is encoded in trafficking pathways
nd how identity is encoded for compartments is still incomplete.
he story of how the trafficking system evolved is incomplete
s well, and not surprisingly. As our understanding of the for-
er is improved, we will have more and more targets to examine

y molecular evolutionary means and more information to feed
nto our evolutionary reconstructions. The connection of traffick-
ng organelles to other compartments such as peroxisomes and
he nucleus are equally promising for understanding both cellular
rganisation and evolution. And as evolutionary analysis becomes
ore sensitive and robust, we may be further able to unravel our

ellular history and the origins of the eukaryotic cell.
Charles Darwin almost certainly never contemplated that his

deas would extend to the molecular details of cellular function and
he membrane-trafficking system. The ER and the Golgi apparatus
ere first described some 15 years after his passing and he could
ot know that genes encoding protein factors underlying trafficking
etween endomembranous organelles or that mathematical theo-
ies derived decades after the publication of his work would be
sed to untangle the history of the eukaryotic cell. And so it is a
eminder that Darwin’s remarkable insights contributed a powerful
nd incredibly well-supported hypothesis, one that itself contin-
es to mature and evolve, that the concept of evolution by natural
election may be rigorously applied to organisms and structures
ell beyond its original scope. This is a remarkable testament to

he power of clear thinking and careful objective observation.
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