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Rab proteins are small GTP-binding proteins that form the largest family
within the Ras superfamily. Rab proteins regulate vesicular traf®cking
pathways, behaving as membrane-associated molecular switches. Here,
we have identi®ed the complete Rab families in the Caenorhabditis elegans
(29 members), Drosophila melanogaster (29), Homo sapiens (60) and Arabidopsis thaliana (57), and we de®ned criteria for annotation of this protein
family in each organism. We studied sequence conservation patterns and
observed that the RabF motifs and the RabSF regions previously
described in mammalian Rabs are conserved across species. This is consistent with conserved recognition mechanisms by general regulators and
speci®c effectors. We used phylogenetic analysis and other approaches to
reconstruct the multiplication of the Rab family and observed that this
family shows a strict phylogeny of function as opposed to a phylogeny
of species. Furthermore, we observed that Rabs co-segregating in phylogenetic trees show a pattern of similar cellular localisation and/or function. Therefore, animal and fungi Rab proteins can be grouped in ``Rab
functional groups'' according to their segregating patterns in phylogenetic trees. These functional groups re¯ect similarity of sequence, localisation and/or function, and may also represent shared ancestry. Rab
functional groups can help the understanding of the functional evolution
of the Rab family in particular and vesicular transport in general, and
may be used to predict general functions for novel Rab sequences.
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Introduction
The recent availability of substantially completed
genome sequences for several eukaryotic organisms creates new opportunities for the study of
protein evolution and function. At present, the
nematode (Caenorhabditis elegans), fruit ¯y (Drosophila melanogaster), the budding yeast (Saccharomyces
cerevisiae)
and
the
®ssion
yeast
(Schizosaccharomyces pombe) have had their genome
sequenced, and the ®rst drafts of the complete genome of Homo sapiens and Arabidopsis thaliana were
recently released. With six complete or nearly complete genomes of evolutionary distant organisms, it
is now possible to start addressing the evolution of
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primary structure and function in the Rab protein
family.
Rab proteins form the largest family of the Ras
superfamily of small GTP-binding proteins and
regulate intracellular traf®cking pathways. More
than 50 Rab proteins have been described in mammalian cells, each with a speci®c subcellular localisation and many with speci®c patterns of tissue
distribution.1 ± 3 Rabs behave as membrane-associated molecular switches to regulate budding, transport and fusion reactions in vesicular transport.
In a previous study, we analysed sequence conservation in the mammalian Rab family4 and
observed the existence of mammalian Rab-speci®c
motifs (RabF motifs) that clustered in and around
the switch regions. This allowed us to propose criteria for Rab family classi®cation, and to identify
novel Rab sequences from the databases. We also
suggested that Rab proteins use the switch
regions5,6 in addition to other regions to determine
speci®city of binding to protein partners, unlike
Ras proteins, where speci®city of binding is determined mainly by the switch regions.7 ± 9 These
# 2001 Academic Press
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speci®city-determining regions were named Rab
subfamily regions (RabSF).4,10,11
In the present study, we identify and annotate
the complete Rab family in H. sapiens, D. melanogaster, C. elegans and A. thaliana, and use this
dataset, complemented with the complete Rab
families in S. pombe and S. cerevisiae, to study
their evolution. We test the hypothesis that there
is a conserved mechanism of Rab interaction
with regulators and effectors across evolution,
and we attempt to reconstruct the multiplication
of Rab proteins. This analysis suggested the
existence of a higher-order hierarchy in the Rab
family with implications for the function and
evolution of these proteins.

Results and Discussion
Identification and annotation of complete
Rab families
Previous studies have identi®ed the Rab families
in the budding and ®ssion yeast12 ± 14 (shown in
Tables S1 and S2 of the Supplementary Material).
We ®rst attempted to identify the complete Rab
families in the human, nematode, ¯y, and Arabidopsis genomes. We searched the public databases
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with pHMM described in a previous study.4 This
criteria considers conservation of GTP-binding
motifs, presence of double-cysteine prenylation
motifs, and conservation of the RabF motifs. The
fact that all the budding yeast Rab (Ypt/Sec4)
proteins were correctly identi®ed validated our
method.
In the C. elegans genome, we identi®ed 29 independent open reading frames that conform to our
criteria (Tables 1, S3 and Figure 1).4 Comparison of
each sequence with pHMM describing other small
GTPase families indicated that they were clearly
not members of any other Ras-like small GTPase
family. Using the same criteria, we identi®ed 29
independent open reading frames in the D. melanogaster genome that we consider Rabs (Tables 1 and
S4, Figure 1). Our strategy led to identi®cation of
more Rab sequences than two previous
attempts,14,15 suggesting that our analysis was
more thorough and/or a recent improvement in
the databases.
In A. thaliana, we identi®ed 56 proteins that we
consider bona ®de Rabs (Tables 1 and S5, Figure 2).
One additional protein, named Ara6 (accession
BAB32953), exhibits some peculiar features. It possesses putative N-terminal myristoylation and pal-

Figure 1. Neighbour-Joining tree of the C. elegans and D. melanogaster Rab families, rooted with H-Ras (not shown),
scoring for amino acid difference. The numbers on the branches represent the percentage of 1000 bootstrap pseudosamples supporting that branch; only values >40 % are shown. For clarity, subfamilies are represented in blue or red.
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Table 1. Rab families in six different organisms
H. sapiens

D. melanogaster

C. elegans

S. cerevisiae

S. pombe

A. thaliana

Rab1a,b
Rab2a,b
Rab3a,b,c,d
Rab4a,b
Rab5a,b,c
Rab6a,b,c
Rab7
Rab8a,b
Rab9a,b
Rab10
Rab11a,b
Rab12
Rab13
Rab14
Rab15
Rab17
Rab18
Rab19
Rab20
Rab21
Rab22a,b,c
Rab23
Rab24
Rab25
Rab26
Rab27a,b
Rab28
Rab29
Rab30
Rab32
Rab33a,b
Rab34
Rab35
Rab36
Rab37
Rab38
Rab39a,b
Rab40a,b,c
Rab41
............................

DmRab1
DmRab2
DmRab3
DmRab4
DmRab5
DmRab6
DmRab7
DmRab8
DmRab9
DmRab10
DmRab11

CeRab1
CeRab2
CeRab3

Ypt1

Ypt1

AtRabD1-D2c
AtRabB1a-B1c

CeRab5
CeRab6a,b
CeRab7
CeRab8

Ypt5152,53
Ypt6
Ypt7

Ypt5
Ryh1
Ypt7
Ypt2

AtRabF1-F72b
AtRabH1a-H1e
AtRabG1a-G3f
AtRabE1a-E1e

Ypt31,32

Ypt3

AtRabA1a-A6b

DmRab14

CeRab14

DmRab18
DmRab19

CeRab18
CeRab19

DmRab21

CeRab21

CeRab10a,b
CeRab11a,b

AtRabC1-C2b

DmRab23
DmRab26
DmRab27

CeRab27
CeRab28

DmRab30
DmRab32

CeRab30

DmRab35

CeRab35

CeRab33

CeRab37
DmRab39
DmRab40

CeRab39

..........................................................................
Chrowded/
DmRabX1
CeRabY1
Sec4
Ypt4
DmRabX2
CeRabY2
Ypt10
DmRabX3
CeRabY3
Yp11
DmRabX4
CeRabY4
DmRabX5
CeRabY5
DmRabX6
CeRabY6

Presence on the same row indicates that proteins are putative orthologues or are the closest homologues. Below the dotted line
are represented Rabs for which no clear bomologues are found in the human Rab family, except for A. thaliana for which the family
members are represented according to their ``homology group''. Accession numbers for all these proteins can be found in the
Supplementary Material.

mitoylation motifs, but not a C-terminal prenylation motif. Although this type of lipid modi®cation
has not been described in the Rab family before,
the presence of consensus sequences in the RabF
motifs suggests that this is likely a Rab protein,
albeit an unusual one.
Finally, we identi®ed 60 independent open reading frames encoding Rab proteins in the H. sapiens
genome (Tables 1 and S6, Figure 3). We caution
that this analysis represents our best guess as of
May 2001 and it is likely that the present list will
need updating as the quality of the sequences in
the databases improves. Surprisingly, our analysis
differs considerably from a previous report published in early 2001.15 First, we identi®ed human

proteins not previously reported, namely Rab24
and Rab33b. Secondly, we chose to discard
sequences that differ from established Rab
sequences only by the presence of insertions (for
example, IGI_M1ctg4256_3 and Rab4a) or that are
virtually identical (for example, GI7705963 and
Rab9), as these are suggestive of putative splice
variants, misidenti®cation of splice sites or pseudogenes. Thirdly, we renamed a few Rabs to ®t our
nomenclature criteria.4 (A direct comparison
between the present study and the Bock et al.
study15 is shown in Table S6 of the Supplementary
Material.)
We detect inconsistencies not just between these
two studies on the human genome but also with
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Figure 2. Neighbour-Joining tree of the A. thaliana
Rab family, rooted with H-Ras (not shown), scoring for
amino acid difference. The numbers on the branches
represent the percentage of 1000 bootstrap pseudosamples supporting that branch; only values >40 % are
shown. For clarity, putative subfamilies are represented
in blue, green or red.

Figure 3. Neighbour-Joining tree of the H. sapiens Rab
family, rooted with H-Ras (not shown), scoring for
amino acid difference. The numbers on the branches
represent the percentage of 1000 bootstrap pseudosamples supporting that branch; only values >40 % are
shown. For clarity, subfamilies are represented in blue
or red.

annotation in Genbank. For example, the protein
NP_003920 is annotated in GenBank as Rab7 like
1, renamed Rab42 by Bock et al.,15 but we ®nd it to
be 93 % identical with rat Rab29 (BAA65444), indicating that it represents the human homologue of
Rab29. Another example is the protein AF322067,
which is clearly the human Rab34 protein but is
annotated in GenBank as Rab39 (direct submission). This is particularly problematic in the
Rab family, as the numbering of the different
family members is taken frequently as indicative of
function.
We observed that in phylogenetic trees of Rab
proteins of different species, known orthologues
always co-segregated, e.g. human Rab1 and yeast
Ypt1p. This observation suggests that the strict
phylogeny of function in the Ras superfamily previously observed by Valencia and co-workers16
also applies within the Rab family (Figure 4). We

thus propose that co-segregation in phylogenetic
trees together with speci®c conservation in the
RabSF regions be used as the criteria to assign
putative orthologues.4,10,11 The results of our analysis, including the proposed names for all members of the Rab families, are summarised in Table 1
(and can be found cross-referenced with the
respective accession numbers in Tables S.3 to S.6 of
the Supplementary Material).
Several proteins de®ed our annotation attempts.
The nematode protein AAB04568, for example, has
no clear homologue, presenting only vague homology to human Rab8. Protein AAB52431 is the
clear orthologue of mammalian Rab2. However,
two other proteins (CAB07356 and CAB07357) are
also most similar to mammalian Rab2, but all three
are not similar enough between them (i.e. <70 %
identity) to be considered isoforms. In these dif®cult cases we decided to assign letters, rather than
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Figure 4. Neighbour-Joining dendogram of the human, nematode, ¯y and ®ssion yeast Rab families. For clarity,
human Rabs are not preceded by the species initials. The roman numerals (I - VIII) and the coloured branches represent Rab functional groups (see the text for further details).

the usual numbering system, to avoid confusion.
For example, we propose AAB04568 to be named
CeRabY1.
The Rab family of A. thaliana contains large
putative subfamilies (up to nine isoforms in each
subfamily), and in several cases the similarities to
proteins of known function are not suf®ciently
high to allow us to ascribe putative orthologies.
Unfortunately, some of the proteins have already
been named, based on weak similarities, order of
discovery or other unde®ned criteria. We now propose different criteria for annotation of plant Rab

families. Inspection of the tree in Figure 2 reveals
that there are eight major groups of Rab proteins
in the A. thaliana genome that can be broadly
related to mammalian Rabs by homology (Ian
Moore, personal communication). Each of these
groups should be labelled with capital letters, from
A to H. Within these groups there are subfamilies,
which can be de®ned based on co-segregation and
conservation in the RabSF regions. Subfamilies
should be de®ned by a number after homology
group letter, which in turn is followed by a letter
when there is more than one isoform (Figure 2). As
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Rabs should be preceded by the species initials
(e.g. AtRab), protein BAB09078 for example should
be called AtRabA6a, which should be read as
Arabidopsis thaliana Rab, group A, subtype 6,
isoform a.
Rab families across evolution
Of all available Rab families, the ®ssion yeast
(S. pombe) presents the smallest number of Rab
proteins (Table 2). In this organism, all the Rabs
produce a detectable phenotype when the corresponding gene is disrupted, ranging from lethality
(Ypt1p, Ypt2p, Ypt3p), temperature-sensitive
growth (Rhy1p), fragmentation, size increase or
reduction in number of vacuoles (Ypt7p andYpt4p,
respectively) and vesicle accumulation (Ypt5p).13,17
Furthermore, all S. pombe Rabs, with the exception
of Ypt4p, are conserved in all other organisms.
The evolutionarily divergent budding yeast
(S. cerevisiae), on the other hand, displays an
increased number of Rab genes, many of which
produce no phenotype when disrupted (Ypt31,
Ypt32, Ypt51, Ypt52, Ypt53, Ypt10, Ypt11). This
increased number is in part due to the appearance
of subfamilies, i.e. functionally redundant isoforms
(Ypt51, Ypt52,Ypt53 and Ypt31, Ypt32), but also
due to the appearance of Rab proteins without
clear functional or sequence homology to known
Rab proteins in other organisms (Ypt10, Ypt11, and
Sec4). The genome of the budding yeast contains
several duplicated chromosomal regions that could
underlie the appearance of subfamilies, which is
consistent with the non-essentiality of the different
isoforms.18 ± 20
The human Rab family is the largest of all Rab
families studied here and re¯ects the increased
family size that accompanies multicellularity.
Many of the Rab proteins have close homologues
and form subfamilies. If we consider, in a simplistic view, that each subfamily corresponds to one
function, then 39 functions are required in mammals. A signi®cant number of these functions may
involve specialised, tissue-speci®c traf®cking pathways, as many Rabs are not expressed ubiquitously.
The nematode and the ¯y Rab families contain a
number of Rabs intermediate between those of
yeasts and mammals. Interestingly, we observe the
existence of subfamilies in the nematode, but not

in the ¯y Rab family, consistent with the recent
genomic duplications observed in the nematode.21
Analysis of these genomes suggests that there is
not a linear increase in the number of Rab proteins
with the number of cells, as the nematode is made
of less than a thousand cells and the fruit ¯y contains more than three billion, and both organism
have a similar number of Rab proteins. This is true
even if we discard putative redundant Rabs (isoforms, i.e. Rabs forming subfamilies), assuming
they represent a single function or sub-class10 (26
Rab functions in C. elegans compared with 29 in
D. melanogaster).
The Rab family of A. thaliana is quite different
from the other Rab families considered here. It
exhibits large subfamilies, which can be grouped
in terms of homology to a small set of animal
Rabs: Rab1, Rab2, Rab5, Rab6, Rab7, Rab8,
Rab11 and Rab18. Surprisingly, the Rab11-like
group in A. thaliana contains 26 proteins, but the
signi®cance of this fact is unclear. This Rab
family organisation seems to be found in other
plant Rab families (Ian Moore, personal communication). It seems obvious to suggest that
Rab proteins in plants followed an evolutionary
pathway different from that taken by animals or
fungi. The rationalisation of this observations,
however, will have to wait for more functional
information on the different plant Rab proteins,
as very little is known at present.
So what is the minimum number of Rab proteins
required in a eukaryotic cell? One possibility is
seven, as this is the number of Rabs found in the
®ssion yeast.13 Multicellularity and cellular specialisation may require more Rab proteins, possibly
those corresponding to the conserved Rab proteins
between the animal genomes considered here
(Table 1). Such candidate Rabs include Rab3 and
Rab27, two examples of tissue-restricted Rabs with
specialised functions. The future availability of
more sequenced genomes will allow a more accurate de®nition of the basic vesicular transport steps
required in a multicellular organism.
Conserved interactions with general regulators
and effectors
We recently proposed in mammalian Rabs that
the RabF motifs, clustering in and around the putative switch regions, determine the interaction with

Table 2. Structure of the Rab family in six organisms
Species
S. pombe
S. cerevisiae
C. elegans
D. melanogaster
H. sapiens
A. thaliana

Cell number

Rab number

Subfamilies

1
1
1  103
1  109
1  1013
-

7
11
29
29
560
557

0
2
3
0
11
12

The listing of the family members and their accession numbers can be found in the Supplementary Material.
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Rab-speci®c general regulators such as Rab escort
proteins (REP) and GDP dissociation inhibitors
(RabGDI). We sought to determine whether this
mode of interaction with general regulators is conserved across evolution. To do so, we asked if the
same regions are conserved in the different Rab
familes considered in this study. We calculated
pHMMs and generated model sequences for each
organism Rab family. Upon alignment, we
observed that the same regions are conserved in all
organisms and that there is no organism-speci®c
consensus (Figure 5). Thus, the RabF motifs seem
to be a feature conserved in evolution and may
indicate a conserved mode of interaction between
Rabs and general regulators. Recent work showing
that similar positions in yeast REP and RabGDI
mediate interactions with Rabs further supports
this possibility.22
We worried that this observation could have
been biased by the Rab identi®cation strategy followed, as the presence of RabF motifs was one of
the criteria used. However, this was by no means
the only criterion. We BLASTed each individual
``putative'' Rab sequence against the non-redundant and organism-speci®c databases to con®rm
the similarity with other Rabs, and to look for
further members of the Rab family. Also, we
checked every sequence against pHMM of other
small GTPase families (Ras, Rho, Arf, Ran, Gem).
We proposed previously the existence of Rab
subfamily (RabSF) regions in mammalian Rabs,
possibly involved in determining binding speci®city to effectors. These RabSF regions are conserved across species.10 Consistently, Rabs from
evolutionarily distant organisms exhibit functional
complementation. For example, yeast Ypt1 deletions or temperature sensitive mutations can be
complemented by small GTPases from Volvox carteri, Chlamydomonas reinhardtii,23 Brassica napus24
and Mus musculus,25 and ypt6 null mutants can be
complemented by a small GTPase from A. thaliana.26

Taken together, the absence of organism-speci®c
consensus, the conservation of RabF regions, the
cross-species functional complementation and the
conservation of RabSF regions make a strong argument for a highly conserved mechanism of effector
and general regulator recognition, likely to be present at the point of divergence from other small
GTPases. It also suggests that this family originated by a single divergence event and that these
interaction mechanisms represent a major constraint to the evolution of Rab proteins. Furthermore, the conservation of this effector recognition
mechanism is indicative of effector conservation,
an assumption that is supported by some recent
evidence. While exchange factors for the Rab
family form a very divergent class of proteins,
there is a striking conservation of these proteins
across evolution for known orthologues in the few
known cases. For example, the mammalian and
nematode exchange factors for Rab3 (Rab3GEP
and Aex3) are highly conserved,27,28 and so are the
exchange factors for Ypt51 and Rab5 (Vps9 and
Rabex-5).29,30
Prenylation and targeting motifs
Rab proteins contain one or two C-terminal
cysteine residues that undergo post-translational
prenyl modi®cation.31 These cysteine residues are
arranged in a variety of prenylation motifs. Some
Rabs (such as HsRab8 and HsRab23) have a single
cysteine residue, fourth from the C terminus, sometimes within a CAAX box (C, cys; A, aliphatic; X,
any), a motif commonly observed in the Ras and
Rho families.32 However, most Rabs have two
cysteine residues arranged in different doublecysteine prenylation motifs (e.g. XXCC, XCXC,
CCXX, CCXXX, XCCX), both of which are modi®ed by geranylgeranyl moieties. Unlike Ras and
Rho proteins, the prenylation motif in Rabs does
not determine which prenyl transferase (and consequently which type of prenyl moiety) will modify
the C-terminal cysteine residues. All Rabs appear
to be substrates for a unique enzyme, Rab Geranyl-

Figure 5. Partial alignment of
model sequences for each family,
calculated from pHMM describing
the multiple sequence alignment of
the complete Rab family in each
organism. Positions in uppercase
occur at p > 0.5. The PM/G motifs
are highlighted in green, the RabF
motifs in red boxes or red characters when the position is often
occupied by a conservative substitution, and the RabSF regions in
yellow boxes. Black bars above the
alignment represent the switch
regions.
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geranyl Transferase (RGGT), following the binding
to REP, a general regulator of Rabs.
It is conceivable that the diversity of Rab prenylation motifs arises from lack of functional constrains other than those imposed by the
geranylgeranylation reaction mechanism. When we
compared the prenylation motifs in Rabs from all
organisms, we observed that the number of
cysteine residues is frequently conserved, and
in many cases the topology of the prenylation
motif is retained (e.g. Ypt1(CC) ! Rab1(CC),
Ypt6(CXC) ! Rab6(CXC)). Conservation of these
topologies indicates constraints to evolution possibly due to the requirement for carboxyl-methylation, even though the functional signi®cance of
Rab carboxyl-methylation affecting Rabs ending in
CXC but not in CC is not understood.33,34 Furthermore, we observed conservation of the number of
cysteine residues available for prenylation. This
suggests that the number of prenyl groups (one or
two) may be functionally important, possibly
revealing the existence of two distinct membraneassociation mechanisms or perhaps different membrane targeting strategies.
We observed some unusual Rab proteins in this
regard. For example, protein BAB32953 in A. thaliana exhibits putative N-terminal myristoylation
and palmitoylation motifs, but no C-terminal prenylation motifs, and these motifs are also found in
similar plant proteins, indicating a conserved feature. This type of lipid modi®cation is novel within
the Rab family. Another peculiar Rab protein is
Rab24, which is thought to be cytosolic.35 These
unusual cases may represent recent evolutions of
the Rab family where motifs not normally present
in this family are recruited to provide for new
functions.
We caution that sequencing errors or artefacts
complicate annotation attempts. For example, several Rab proteins in D. melanogaster, C. elegans and
A. thaliana do not exhibit C-terminal prenylation
motifs. However, their putative orthologues in
other organisms do exhibit prenylation motifs,
suggesting either bad quality sequencing or
de®cient gene identi®cation algorithms.
Rab functional groups
Phylogenetic trees for all the sequences considered here, reconstructed using the NeighbourJoining method, revealed a clear phylogeny of
function, as opposed to a phylogeny of species
(Figures 1-4). In other words, Rab proteins of similar function in different organisms always co-segregate. As mentioned above, this represents an
extension of the strict phylogeny of function previously observed in the yeast Ras superfamily.16,36
Within the clades representing each putative Rab
``function'', we observed a phylogeny of species,
with proteins segregating according to organism
provenience (Figure 4).
Figures 1-3 show the trees calculated for each
organism Rab family. We noted that some proteins
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always co-segregate, even if they do not conform
to the criteria de®ning isoforms.4 For example,
members of the Rab1 sub-family always segregate
with Rab35. Based on the tree topology, we can
identify eight possible groups of co-segregating
proteins (Figure 4). The proteins in each of these
groups are more similar at the amino acid level
than any two random Rab proteins, suggesting a
higher-order organisation in the Rab family,
above the subfamily level. This higher-order organisation may represent a shared ancestry between
co-segregating proteins, functional relatedness or
both.
To test the hypothesis that this co-segregation of
``unrelated'' proteins represents co-segregation of
functional properties, we sought to identify patterns of function and/or cellular localisation in
each group indicated in Figure 4. In group V,
which includes the sub-families 5 and 22, we noted
a pattern of subcellular localisation and possibly of
function. Rab5a has been studied extensively, it
localises to early endosomes and clathrin-coated
vesicles, and regulates endosome budding and
fusion.2,37 ± 41 Rab22a localises to endosomes and
the plasma membrane. Over-expression of Rab22a
results in the formation of abnormal endosomal
structures, which is suggestive of a role in endocytosis.42 Rab21 also segregates with the subfamilies
5 and 22, albeit showing less sequence relatedness.
Rab21 seems to be speci®c for polarised cells,
where it localises to apical vesicles and shows partial localisation to an endosomal compartment,
suggesting that it may be functionally related to
Rab5.43 Interestingly, other Rab proteins that
broadly segregate with Rab5 isoforms also display
an endosomal localisation, namely Rab1744,45
and Rab20,46 but not Rab24, which is reportedly
cytosolic.35
In group III we observed a pattern of subcellular
localisation to secretory granules. Rab37 has
recently been identi®ed and localised to secretory
granules in mast cells,47 and Rab26 has been localised to secretory granules in pancreatic acinar
cells.48 Rab27a was the subject of recent work by
several groups and found to localise to secretory
granules (lytic granules) of cytotoxic T-lymphocytes (CTL). Defects in the RAB27A gene in Griscelli disease lead to haemophagocytic syndrome due
to loss of CTL activity.49,50 In melanocytes, Rab27
associates with melanosomes, lysosome-like pigment-containing
organelles
destined
for
secretion.51 ± 53 Rab27 appears to recruit myosinVa
to regulate the transport of melanosomes to the
cell periphery prior to secretion.51 ± 53 Rab3 isoforms
co-segregate with other members of this group in
the human and ¯y Rab tree, but not in the nematode Rab family tree, which is suggestive of a more
distant relationship. Members of the Rab3 subfamily have been implicated in regulated secretory
events such as neurotransmitter release and insulin
secretion, and associate with secretory granules
such as synaptic vesicles,54 ± 60 thus exhibiting a
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similar type of cellular localisation as the other
members of this group.
Group VII includes Rab7 and Rab9 isoforms.
Both proteins show overlapping localisation to late
endosomes.61 ± 63
In group II, there is no apparent pattern of
similar subcellular localisation. For example, Rab2
localises to the endoplasmic reticulum (ER) and
Golgi,64 and Rab4 to endosomes and plasma membrane.65 Nevertheless, there may be a pattern of
functional similarity in this group. Rab11 and 25
are proposed to be involved in recycling of proteins through the recycling endosome,66,67 and
Rab4 is proposed to be involved in endocytic recycling.68 No functional data are available for Rab14,
but Rab2 has recently been proposed to regulate a
recycling step in the retrograde Golgi-ER transport.69
In conclusion, we suggest that there is a recognisable pattern of subcellular localisation and possibly of function, which supports the hypothesis of
a phylogeny of function applying between the subfamily and the family level.
We next questioned the origin of the sequence
relatedness, and functional/localisation similarity
underlying the groups shown in Figure 4. The simplest explanation is that the phylogeny of function
also represents the evolutionary history of the Rab
family, and that members of one given branch
have a shared ancestry. For example, Rab5 and
Rab22 would share the same ancestor, and this
ancestral protein would also be the ancestor of the
budding yeast Ypt5.
This hypothesis is based on the phylogenetic
reconstruction methods. However, these methods
can be biased to functional similarities in highly
conserved protein families, therefore, different
lines of evidence need to be obtained to substantiate it. Supporting this hypothesis is the observation
that there is differential conservation in discrete
regions such as the PM/G and RabF motifs in
some cases. For example, human group II proteins
Rab25, Rab14, and the sub-families Rab11, Rab4
and Rab2, all share identical IGVEF sequence at
the RabF1 motif, while human group III proteins
Rab3 and Rab27 isoforms, Rab26 and Rab37 display the conserved sequence VGIDF.
In order to complement this analysis, we
searched all available genomic structures of human
Rab genes for an indication of shared ancestry. If
proteins from one branch indeed arose from a common ancestor, we expected to ®nd similarities in
exon organisation. We retrieved available intronexon boundaries in Rab genes from GenBank using
MapView. In many cases the sequencing data are
still of low quality, resulting in incomplete or no
useful information at all. Using a limited number
of genes, we observed many common features in
genomic structures within Rab functional groups.
The intron-exon boundaries are either absolutely
conserved, or are close within a maximum of ®ve
codons (Figure 6). Some Rabs within each group
share highly similar genomic structures. For

Figure 6. Representation of the coding exons (grey
boxes) of available ``functional group members'',
mapped to a cartoon representing a generalised Rab
protein sequence, aligned by the conserved PM and G
motifs (black boxes).

example, Rab11 and Rab25 are almost identical,
while Rab4 and Rab14 are distinguished by the
appearance of an intron in Rab14 splitting in two
the ®fth exon in Rab4. Within subfamilies, genomic
structures tend to be highly conserved if not identical (data not shown), a fact already noted by
others.70 ± 73
Based on these observations, we cannot discredit
the hypothesis that co-segregating Rab proteins
share a common ancestry. Consequently, the Rab
family trees not only represent a separation according to function and may re¯ect the evolutionary
history of this family of proteins. A more comprehensive analysis of gene structures of Rab genes in
different organisms is required to provide clearer
evidence for shared ancestry.

Conclusions
We have identi®ed and annotated complete Rab
families in all eukaryotic organisms that had their
genome substantially sequenced in May 2001. We
propose here objective criteria for annotation of
animal and plant Rab families on the basis of recognition of putative orthologies.
Our analysis suggests that interactions between
Rab proteins and their general regulators and
speci®c effectors is conserved across evolution, as
the sequence determinants of this interactions
(RabF motifs and RabSF regions) are conserved in
all Rab families studied here.
We addressed the evolution of the Rab family
and observed a higher-order organisation within
the Rab family corresponding to Rab proteins,
which co-segregate in phylogenetic trees. Rabs
within these groups exhibit similar function and/
or cellular localisation and related genomic structures. It is tempting to speculate that early in
eukaryotic evolution a minimum number of Rab
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proteins provided the ``ancestral'' Rab regulatory
activities. Organism specialisation and multicellularity drove the multiplication of Rab family members from the initial set of ``ancestral Rabs''. These
novel Rabs appear to have maintained one or more
properties that de®ned their ancestry, allowing us
to group Rab proteins according to their ancestry,
i.e. according to their putative ``ancestral Rab function''. Thus, we propose that these related functions/cellular localisations form an intermediate
level of classi®cation between family and subfamily, better described as ``Rab functional groups''.
One interesting and testable possibility is that this
organisation level could have predictive value to
suggest a function, localisation or interactions with
effectors of a given Rab protein. A possible Rab27
effector, melanophilin was identi®ed recently and
shown to be similar to Rabphilin-3a, a Rab3a effector.74 This raises the possibility that members of
one functional group will interact with a family of
conserved effectors and suggest parallel evolution
between Rabs and their effectors. We expect more
functional groups to be de®ned as more functional
information becomes available.
The minimal set of Rab proteins has been
equated with the essential yeast Rab proteins.13
These minimal Rab properties may represent
localisation to a given cellular compartment,
interaction with classes of related effectors/regulators, speci®c GTPase characteristics or a combination of these. A better understanding of this
issue is essential to fully understand the nature
of the ``ancestral Rab functions'', the way that
they evolved to provide regulators for increasingly complex organisms, and to ascribe general
functions to novel Rab sequences based solely
on their segregation pattern in phylogenetic
trees. Furthermore, the understanding of the
properties shared by groups of co-segregating
Rabs identi®ed here will allow informative correlations between group-speci®c sequence conservation and localisation/function of Rab proteins.

Materials and Methods
We retrieved protein sequences of known Rab families
from GenBank. To identify the complete Rab families in
H. sapiens, D. melanogaster, C. elegans and A. thaliana, we
downloaded the latest releases of the calculated open
reading frames of each organism from the public databases. We then used a pro®le hidden Markov model
(pHMM) calculated from the alignment of the mammalian Rab sequences presented previously4 to query each
database using the software HMMER 2.1.1 found at
hmmer.wustl.edu.75
All the positive hits were then inspected visually,
compared to pHMMs representing other small GTPase
families and individually BLASTed against the nonredundant database in GenBank to assert if they were
indeed Rab proteins, and to ensure that no sequence was
missed from our analysis due to a possible bias created
by the query sequences.
Protein sequences were aligned using the CLUSTAL
W 1.8076 multiple sequence alignment program with

Evolution of Rab GTPases
default parameters. Phylogenetic trees were reconstructed by the distance method of Neighbour-Joining,77
scoring for observed amino acid difference and were
always bootstrapped with 1000 replicates,78 using the
software Phylo_Win.79 Genomic structures were
obtained from GenBank, via the interface MapView.
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