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Introduction

The Ras-like GTPases perform central regulatory functions in a 
myriad of cellular processes, such as cell division, differentiation, 
cell-cell adhesion, growth, apoptosis. The well-studied oncogenes 
H-, N- and K-Ras belong to this family. The Ras-like GTPase 
family belong to the small GTPase superfamily of which all 
members share high sequence similarity and structural features.1 
Other well-known members of this superfamily are the Rab, 
Ran, Rho and Arf GTPases.

The expansion and evolution of the small GTPases have been 
related to the evolution of unique eukaryotic cellular features, 
such as phagocytosis2,3 and specific studies on the evolution of 
the Rab and Rho GTPases have been published in reference 4–6. 
However, to our knowledge no large scale and broad phylogenetic 
analysis has been reported for the Ras-like GTPases.

The small GTPases are inefficient GTPases that require 
GTPase Activating Proteins (GAPs) to enhance the intrinsic 
GTPase activity and Guanine Exchange Factors (GEFs) to effi-
ciently exchange bound GDP for GTP. Regulation of GAP and 
GEF activity allows for small GTPases to function as an efficient, 
highly regulated molecular switch that can quickly alternate 
between its active GTP bound state and its inactive GDP bound 
state. Although virtually all small GTPases share this common 
principle of regulation, each subfamily of GTPases has its own 
set of evolutionary unrelated GAPs and GEFs.7 Importantly, 
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whereas Ras-like small GTPase are almost uniquely regulated 
by CDC25 HD domain containing proteins as GEF, the GAP 
proteins belong to two unrelated families, the RasGAPs and the 
RapGAPs.7

Specific members of the Ras-like GTPase family regulate a 
multitude of diverse cellular processes. Therefore analyzing the 
phylogeny of the Ras-like GTPases and their GAPs and GEFs not 
only provides an in depth evolutionary history of one of the most 
enigmatic families belonging to the small GTPase superfamily, 
but also provides an evolutionary framework for researchers to 
clarify and explain the observed complexity.

We have previously shown a surprisingly tight evolu-
tionary relationship between Ras-like GTPases and their 
Guanine Exchange Factors.8 The CDC25 Homology Domain 
(CDC25HD) or RasGEF domain, was found in animal, fun-
gal, Chromalveolate and Excavate species. The CDC25HD 
co-occurs perfectly with the Ras, Rap and Ral GTPases (i.e., 
either both GTPase and CDC25HD are present or both are 
absent in all species). We observed that the significant differ-
ences in the RasGEF repertoire between fungi and animals has 
been the result of differential loss of RasGEFs in the animal 
and fungal ancestor (see Fig. 1). The tight evolutionary rela-
tionship between Ras-like GTPases and their RasGEFs raises 
the possibility that the evolution of the regulatory domains 
likely holds information on the evolution of the Ras-like 
GTPases as well.
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We now report on the evolutionary history both of 
Ras- and RapGAPs as well of Ras-like small GTPases. 
We found that the origin of the RapGAP and RasGAP 
domains can reliably be traced back to four ancestral 
RapGAPs and five ancestral RasGAPs in the Last 
Eukaryotic Common Ancestor (LECA). We identi-
fied a previously unrecognized RapGAP domain in 
RalGAPB, a subunit of the RalGAPA/B dimer and 
we are able to show that this RalGAPA/B dimer 
was already present in LECA. The domain archi-
tecture of the RasGAP protein family is extremely 
well conserved throughout the eukaryotic kingdom. 
Phylogenetic analysis of the Ras-like GTPase protein 
sequences reveal that multiple Ras-like GTPases were 
present in LECA. We reconstruct the early evolution 
of the Ras-like GTPases and its regulatory domains 
and show in which order the Ras, Rap, Ral and Rheb 
GTPases diverged from each other. Lastly we com-
bine the analyses of the phylogenies of the Ras-like 
GTPases, their GAPs and GEFs and examine the evo-
lutionary dynamics of the whole Ras regulatory sys-
tem (i.e., the GTPase and its GAPs and GEFs). We 
show that Rap and Ras display strikingly different 
behaviour in evolution with respect to the expansion 
of their respective GEFs and GAPs.

Results and Discussion

Evolution of the Rap GTPase activating protein 
domain; conservation of GTPase specificity. We col-
lected RapGAP domain sequences from our genome 
dataset containing 64 different eukaryotic genomes 
using a custom RapGAP hidden markov model 
based on the original Pfam Rap_GAP model (Pfam: 
PF02145). For a full overview of all species included 
in this set please see Table S1 and Figure S3. This 
genome set was also used for the phylogenetic analysis 
of RasGAP and Ras-like GTPases described below.

The sequences of only the RapGAP domain were 
considered for the phylogenetic analysis as the varia-
tion of additional non homologous protein domains 
in RapGAP domain containing proteins make it 
impossible to make reliable full length alignments. 
In addition it allows us to identify domain acquisi-
tions relative to the RapGAP domain. The gathered 
sequences were aligned using MAFFT9 and a phy-
logenetic tree was constructed using RAxML.10 The 
resulting phylogenetic tree clearly shows a trifurcation 
into Rap, Rheb and Ral specific monophyletic groups 
of RapGAP domain proteins (Fig. 2). For a detailed 
phylogenetic tree including domain architecture of 
each protein see Figure S1.

Rheb specific RapGAP domain containing pro-
teins. The cluster of Rheb specific RapGAP domain 
containing proteins encompasses the TSC2 gene and 
its orthologs as described in previous work (van Dam 

Figure 1. Graphical summary of the evolution of the CDC25 Homology Domain 
as described in van Dam et al. For each class of RasGEFs we have traced back their 
perceived and reconstructed time of origin. For the mammalian RasGEFs we recon-
structed the time of duplications to specific points in eukaryotic evolution. Note the 
differential loss of ancestral RasGEFs between animals and fungi. All gene names of 
fungal RasGEFs are from orthologs in S. cerevisiae unless specified otherwise. The 
evolutionary time scale is based on Douzery et al. but note that molecular dating is 
highly inaccurate51 and that these dates are therefore approximate at best.



6	 Small GTPases	 Volume 2 Issue 1

no protein domain or other obvious structural features, much 
like TSC1. However, we identified a putative RapGAP domain 
at the C-terminal part of RalGAPB by sequence analysis (custom 
HMM model, e-value 7.1e-08 for the human RalGAPB, see also 
Fig. S1). Although the RapGAP domain sequence is highly con-
served, RalGAPB has an insertion/deletion where normally the 
catalytic loop can be found (positions 282 to 290 in the Rap1GAP 
protein sequence, see Scrima et al.13). This raises questions about 
the specific function of RalGAPB in the protein complex as it has 
no sequence similarity to TSC1 but also apparently lacks the abil-
ity to provide GAP function towards Rap, Ral or Rheb.

Analysis of the phylogenetic tree as represented in Figure 
2 indicates that the RapGAP domain of RalGAPA1/2 and 
RalGAPB are closely related and distinct from the Rap spe-
cific and Rheb specific RapGAP domain containing proteins. 
The close relation between RalGAPA1/2 and RalGAPB sug-
gests that the RalGAP complex originated from a single gene, of 
which the gene product likely formed a homodimeric complex 
that after gene duplication became an heterodimeric complex. 
Interestingly, based on the species distribution in the gene tree 
we can reconstruct both RalGAPA1/2 (the result of a duplica-
tion in the vertebrate ancestor) and RalGAPB as ancestral genes 
in LECA. The species distribution of RalGAPA and RalGAPB 
are identical suggesting that the RalGAP complex is perfectly 

TJP, et al. unpublished). The TSC2 protein contains a DUF3384 
domain, a Tuberin domain and a RapGAP domain. This domain 
architecture is strongly conserved in animal and fungal TSC2-like 
proteins (see Fig. S1). Additionally, we find sequences contain-
ing the TSC2-like RapGAP domain in Dictyostelium discoideum 
(amoeba), Phytophthora species (oomycetes), Phaeodactylum tri-
cornutum (diatom), Tetrahymena thermophila (ciliate) and the red 
algae C. merolae. The species distribution for the TSC2 GAP 
domain strongly suggests that the TSC2-like RapGAP domain 
originated in or before LECA. Except for T. thermophila the 
TSC2-like RapGAP domain can be found exclusively in spe-
cies that also contain a Rheb ortholog (van Dam et al. unpub-
lished and this study), indicating that there is an exceptionally 
strong evolutionary link between Rheb and the TSC2-like GAP 
domain.

The Ral specific RapGAP domain containing proteins; evi-
dence for an ancient heterodimer complex. The GAP specific for 
the Ral GTPases was already discovered earlier in reference 11, 
but has only been recently shown to specifically regulate Ral.12 
The RalGAP is a protein complex that consists of RalGAPB with 
either RalGAPA1 or RalGAPA2. RalGAPA1 and 2 have been 
shown to harbor the RapGAP domain and perform the GAP 
function towards Ral. The RalGAP complex has been described 
as a TSC1/2-like complex as RalGAPB initially seemed to have 

Figure 2. Representation of the phylogenetic tree of RapGAP domain containing proteins. We observe four clades, each of whicht represent a single 
ancestral gene in LECA. RalGAPB and RalGAPA each represent a single ancestral gene in LECA but cluster together indicating a common ancestral 
gene preceding LECA. The species present in each clade is depicted as a colored barcode. The differences in sequence between the Rap specific GAP 
sequences and the Rheb/Ral specific GAP sequences is well defined (100% bootstrap support) and a possible root may therefore lie between these 
two groups. *In the Rap specific clade we also observe GARNL3, a putative RapGAP, but it cellular function has not yet been reported. #It is unknown if 
RalGAPB harbors any GAP activity.
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The phylogenetic tree of the Ras GTPase Activating Proteins 
or RasGAPs shows a similar behavior as the RapGAP tree. We 
observe five clusters which each represent an ancestral RasGAP 
gene in LECA (Fig. 3). For two of the five ancestral groups there 
is evidence to support a common origin predating LECA (GAP1 
and IQGAP-like RasGAPs). However in contrast to the RapGAP 
domain phylogeny, these five ancestral groups are not only sup-
ported by the gene tree, but also by their domain architectures 
(i.e., the composition and order of protein domains in a protein). 
The domain architectures of the RasGAP domain containing 
proteins are highly conserved and can, in part, be reconstructed 
to the ancestral RasGAPs in LECA. Below we discuss the phylo-
genetic reconstruction and ancestral domain architectures of the 
RasGAP domain containing proteins.

The GAPVD1-like RasGAPs; an ancestral link between 
Rab and Ras signaling. GAPVD1 (also known as RAP6, 
Gapex-5 or RME-6) represents a conserved type of RasGAP that 
can be found in animals, the amoeba D. discoideum, the oomy-
cete P. infestans and the ciliates T. tetrahymena and P. tetraurelia. 
Interestingly we identified the RasGAP domain followed by the 
VPS9 domain in both the animal sequences and in the ciliate 
sequences. Even though there are no sequences found in repre-
sentative species of the other phyla (e.g., plants and excavata), the 
identification of the GAPVD1 orthologs in the Chromalveolata 
(i.e., the ciliates and oomycetes) indicates that GAPVD1 is 
ancient and perhaps originated from LECA.

GAPVD1 has been characterized in C. elegans, mouse and 
human.15-17 The VSP9 domain exhibits Guanine Exchange Factor 
activity towards Rab5-like GTPases and the RasGAP domain has 
been shown to bind to H-Ras and stimulate its GTPase hydro-
lysis in human.17 GAPVD1 therefore forms a conserved bridge 
between Ras and Rab signaling.

The GAP1 and IQGAP-like RasGAPs; diversification 
between the animal and fungal RasGAP repertoire. The human 
IQGAPs and the S. pombe GAP1 [genedb: SPBC646.12c] each 
represent an ancestral RasGAP gene in LECA. Both families 
are characterized by a highly conserved RasGAP-RasGAP_C 
domain architecture, which does not occur in other GAP pro-
teins. We identified IQGAP-like genes in animals, fungi (e.g., 
IQG1 in S. cerevisiae) including Enchephalitozoon cuniculi, 
the amoeba D. discoideum and the excavate N. gruberi. The 
N-terminal CH domain of the IQGAPs is highly conserved in 
all species, eventhough the IQ repeats, characteristic for this 
RasGAP family, is only conserved in animals and fungi. The 
CH-RasGAP-RasGAP_C architecture therefore represents the 
ancestral domain architecture of the IQGAP ancestral gene in 
LECA.

Interestingly the IQGAPs have no reported GAP activity to 
any Ras-like GTPase. Instead IQGAP1 and IQGAP2 inhibit the 
intrisinc GTP hydrolysis of Rac and CDC42.18,19 In S. cerevisiae 
the interaction between the IQGAP ortholog IQG1 and CDC42 
is conserved.20 It would be interesting to speculate as to why the 
IQGAPs do not have any observed GAP activity towards Ras-
like GTPases while retaining the conserved RasGAP domain. 
However, we have not identified any obvious reason for the loss 
of GAP function from the sequences. Based on experimental 

conserved in evolution and was already present as a heterodimeric 
complex in LECA.

Intriguingly, the species distribution of the RalGAP complex 
matches the species distribution of the Ral subtype GTPases 
(animals + chytrid and zygomycota fungi), but can addition-
ally be found in the amoeba D. discoideum, the oomycetes 
Phytophthora sojae and Phytophthora infestans and the excavate 
N. gruberi. We have not identified Ral-like GTPases nor putative 
RalGEFs8 in these organisms. It could therefore be possible that 
the RalGAP complexes in these species perform GAP functions 
towards other small GTPases. Accordingly, this then raises the 
question if the RalGAP complex might also still perform GAP 
activity to other GTPases in human since RalGAP complex 
activity has been tested only on the Ras-like GTPases RalA and 
B, H-Ras, Rap1 and Rheb.12 This leaves many Ras-like GTPases 
still to be tested.

The Rap subtype specific RapGAP domain containing pro-
teins; the odd ones. As the Rap specific RapGAPs form a well 
defined cluster outside of the TSC2 and RalGAP clusters (100% 
bootstrap support), they too can be reconstructed into the LECA 
gene repertoire. The Rap specific RapGAPs are by far the most 
expanded RapGAP domain containing proteins in mammals. 
In this group we find SIPA and the SIPA-like RapGAPs as well 
as the Rap1GAPs. We also find an uncharacterized RapGAP 
domain containing protein called GARNL3 (bootstrap support 
of 100%). GARNL3 contains in addition to a RapGAP domain 
a CNH domain (InterPro IPR001180, Pfam PF00780) which 
is present in a number of proteins that interact with Rho, Rac 
and or CDC42.14 GARNL3 therefore could possibly link Rho 
GTPase activity to RapGAP activity as GARNL3 clearly clusters 
together with known RapGAPs.

The Rap1GAPs and SIPA-like RapGAPs each occur in all 
animals and likely originated from a duplication in the animal 
ancestor. The GARNL3 cluster also contains protein sequences 
from the chytrid fungus B. dendrobaditis and the amoeba D. 
discoideum. Sequences belonging to the fungi B. dendrobaditis, 
R. oryzae and P. blackleeanus cluster outside of the RapGAPs 
including GARNL3. These sequences potentially belong to the 
SIPA-like and Rap1GAP cluster. The species distribution sug-
gests that GARNL3 and the SIPA/Rap1GAP genes originated 
in the Unikont or Opisthokont ancestor from a gene duplica-
tion. Interestingly the Rap specific RapGAP group of proteins 
lack sequences from a large group of fungal species (i.e., basidio-
mycetes and ascomycetes) while these species do contain a Rap 
ortholog (e.g., BUD1 in S. cerevisiae). It is likely that the Rap spe-
cific RapGAP domain containing proteins have been replaced by 
the C2 domain containing RasGAPs (the RASA-like RasGAPs, 
BUD5 in S. cerevisiae, see below).

Evolution of the Ras GTPase activating protein domain; 
conservation of domain architecture. We collected RasGAP 
domain sequences from our genome dataset using the original 
Pfam Ras_GAP model (Pfam: PF00616). The sequences of only 
the RasGAP domain were considered similar to the RapGAP 
domain sequences described previously. The gathered sequences 
were aligned using MAFFT9 and a phylogenetic tree was con-
structed using RAxML.10
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architecture. This particular domain architecture is not shared 
with any of the other RasGAP types.

The NF1-like RasGAPs; an ancient link between Ras and 
Rheb signaling? Neurofibromin 1 (NF1) is RasGAP and a 
known tumor suppressor. NF1 mediates Ras dependent mTOR 
activation via TSC2.22 Dysfunction of NF1 in mammals results 
in a disorder called neurofibromatosis which is characterized by 
the development of neurofibromas, that are benign tumors found 
on and around the peripheral nerves. We find NF1 orthologs in 
all animals and in fungi where the gene has duplicated in the 
yeasts S. cerevisiae and C. glabrata (IRA1 and IRA2 in S. cerevi-
siae). We also find multiple NF1-like RasGAP sequences in N. 
gruberi, D. discoideum, P. sojae and P. infestans. The sequences 
of one gene in P. infestans [PITG_09962] and P. sojae [131833] 
and two genes in the excavate N. gruberi [80941, 73399] are con-
served over the full length of NF1. This strongly indicates that 
the ancestral gene in LECA likely coded for a NF1-like protein.

The RASA-like RasGAPs; origins of the C2-RasGAP 
domain architecture, linking Ras and Rap signaling in 

descriptions of the IQGAPs in fungi and animals, it appears that 
the RasGAP function within the IQGAP family has been lost 
early in evolution and likely occurred before the Opisthokont 
ancestor leading up to animals and fungi.

The GAP1-like RasGAP does not occur in higher animals 
but can be found in the excavate N. gruberi, the amoeba D. 
discoideum, the choanoflagellate Monosiga brevicollis, the primi-
tive animal Trichoplax adhearens and fungi. In contrast to the 
IQGAPs S. pombe GAP1 has been reported to regulate Ras1.21 
In fungi however the GAP1 gene appears to have been lost in the 
Saccharomyceae (S. cerevisiae, Candida glabrata, Kluyveromyces 
lactis, Eremothecium gossypii, Candida guilliermondii and 
Debaryomyces hansenii). The presence of a GAP1 ortholog in the 
placozoan T. adhearens and choanoflagellate M. brevicollis indi-
cates that GAP1 has been lost early in the animal lineage. The 
conserved RasGAP-RasGAP_C domain architecture and posi-
tion in the gene tree next to the IQGAP-like sequences indicates 
that both groups originated from a single ancestral gene that pre-
dates LECA and already had the RasGAP-RasGAP_C domain 

Figure 3. Simplified representation of the phylogenetic tree of RasGAP containing protein sequences. Gene names from human and S. cerevisiae 
are depicted as representative genes. Representative domain architectures for each clade are depicted in the tree and the five clades representing a 
single ancestral gene in or before LECA are numbered. The GAP1 and IQGAP clades from a combined clade in which a domain architecture is shared 
that predates LECA. The tree depicted has been modified to reflect proper grouping based on domain architecture: the clade containing RASA-like 
genes in D. discoideum, chromalveolates and N. gruberi is found between clusters 2 and (3,6) in the ML tree, see Figure S2.
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A high resolution phylogeny of the Ras-like subfamily 
of small GTPases. In order to classify the Ras-like GTPases, 
sequence comparison and phylogenetic analysis have often been 
employed.3,28-33 However most focused solely on (a subset of) 
human GTPase sequences or common model species (e.g., the 
yeasts S. cerevisiae and S. pombe and animal models such as C. 
elegans and D. melanogaster). The small species selection does not 
provide insights into how old the subtypes (e.g., Ras, Rap, Ral, 
etc.,) are and when duplications and losses actually occurred. 
Interestingly the relationships between the various subtypes seem 
to differ in the phylogenetic trees reported in these publications. 
This suggests that the phylogenetic relationships between the 
Ras-like GTPases is still unresolved. Below we report a detailed 
phylogenetic analysis of the Ras-like GTPase subfamily and a 
reconstruction of the early evolution of Ras-like GTPases.

We identified small GTPase protein sequences in the genomes 
of 64 divergent eukaryotic genomes using the Pfam34 Ras HMM 
model (Pfam PF00071.15). The small GTPase super family mem-
bers all share a high degree of sequence similarity and the Pfam 
Ras model therefore also matches significantly to hits belonging 
to the other small GTPase subfamilies, such as Rho, Rab and 
Ran. In order to identify Ras-like subfamily members we aligned 
all small GTPase sequences using MAFFT and constructed 
a phylogenetic tree using the Neighbor Joining algorithm. We 
identified a cluster that contained all currently classified mam-
malian and yeast Ras-like GTPase subfamily members but did 
not contain small GTPase members belonging to the other sub-
families. Therefore we can confidently classify all GTPases in 
this cluster, mostly belonging to species for which there is no gene 
function information available, as belonging to the Ras-like sub-
family of GTPases.

A phylogeny of the sequences belonging to the Ras-like sub-
family cluster was constructed by using RAxML10 and PhyML.35 
Bayesian methods did provide any results as the MCM chains 
would not converge. The evolutionary relationships between the 
Ras-like GTPases were determined as well as the timing of the 
duplications based on species distribution in each phylogenetic 
branch (see Fig. 4 and Sup. data).

The phylogenetic trees as produced by PhyML and RAxML 
are not in full agreement. This is likely due to the relatively short 
sequences of the Ras-like GTPases (average of 159 aa) and the 
high sequence similarity which limits the amount of information 
present to make a reliable distinction between related sequences. 
This is reflected in the low bootstrap support, specifically in the 
deep branches. We address the uncertainty in the phylogenetic 
trees case by case below.

We define Ras-like GTPase subtypes based on their related-
ness as observed in clustering in the phylogenetic trees. We can 
trace back the origin of four subtypes to in or before the LECA 
(i.e., Ras, Ral, Rheb and Rap), but for other subtypes we are 
unable to do so. These other subtypes do not affiliate specifically 
to any other subtypes and encompasses only metazoan species 
implicating a more recent origin. The many isoforms of each sub-
type observed in vertebrates, for instance Rap1A and Rap1B, are 
likely the results of multiple whole genome duplications (WGD) 
that occurred in the vertebrate ancestor. Below we will discuss 

evolution. The RASA-like RasGAPs contain by far the most 
human RasGAPs (10 of 17, excluding the Plexin genes, see below) 
and includes mammalian RASA1-4, SynGAP1 and yeast Bud2. 
While the other classes of RasGAPs contain only 1 group of ani-
mal genes, the RASA-like RasGAPs have undergone an animal 
specific expansion. Additionally, this class has undergone exten-
sive protein domain rearrangements and domain acquisitions. 
However, nearly all sequences contain at least the C2 domain 
followed by the RasGAP domain. This indicates that although 
the overall bootstrap values for this class is low, the clustering 
itself is correct.

Proteins belonging to the RASA-like RasGAPs have been 
reported to be dual specific towards Ras- and Rap GTPases.23-25 
Pena et al. has shown that the individual RasGAP domain of 
SynGAP1 specifically deactivates Ras, while the full length 
protein is a Rap specific GAP. They also showed that the C2 
domain is necessary for its Rap specificity. The phylogenetic dis-
tribution of the C2—RasGAP domain architecture matches the 
phylogenetic distribution of the Rap GTPase subtype suggesting 
that the C2—RasGAP architecture may represent conservation 
of specificity towards the Rap GTPases and therefore represents 
an evolutionary link between the RASA-like RasGAPs and Rap 
signaling.

We note above that Rap specific RapGAP domain containing 
proteins do not occur in fungal species belonging to the basid-
iomycetes and ascomycetes. A known GAP for the fungal Rap 
ortholog BUD1 in the yeast S. cerevisiae is the BUD2 gene.23 
BUD2 belongs to the RASA-like GTPases and contains the 
C2-RasGAP domain architecture. Therefore, BUD2 and its fun-
gal orthologs fill the gap left by the loss of the RapGAP domain 
containing proteins in fungal Rap signaling.

The plexin type RasGAPs; unclear origin. The Plexin type 
RasGAPs cluster in the RASA-like RasGAPs but do not share the 
C2 domain or any other domain except for the RasGAP domain. 
The Plexin type RasGAPs from an animal specific group of genes 
but show a particularly long branch indicating a period of fast 
sequence evolution of the RasGAP domain sequence early in 
or just before the emergence of animals in evolution. Therefore 
it is uncertain if the Plexin type RasGAPs indeed belongs to 
the RASA-like RasGAPs or if its placement is a Long Branch 
Attraction artifact (LBA) of the Maximum Likelihood inference.

Localized signaling and cross-signaling in Ras signaling 
network. An interesting observation is that although both the 
RasGAP and RapGAP domains had multiple copies in LECA 
we observe conservation of protein domain architecture only in 
the RasGAP family. Two of three protein domains that are con-
served in LECA together with the RasGAP domain are involved 
in localization (CH for binding to the actin skeleton, C2 for Ca2+ 
dependent membrane targeting). This strengthens the idea that 
sub-localization is an crucial factor in Ras-like GTPase signal-
ing.27 The conservation of the VPS9 domain (a GEF domain 
for Rab5-like GTPases) and the C2 domain with the RasGAP 
domain across the eukaryotic kingdom is indicative for the inter-
connectivity of Ras signaling pathways with other signaling 
pathways. This interconnectivity or cross-signaling, is one of the 
hallmarks of Ras signal transduction.
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the evolution of each Ras-like GTPase subtype in more 
detail.

The Ras subtype (canonical). The canonimal Ras-
like GTPases N-, H-, K-Ras and the closely related TC21, 
R- and M-Ras regulate diverse cellular functions such as 
cell differentiation, apoptosis, cell proliferation, cell divi-
sion and functions as input into many other signaling 
pathways. All canonical Ras GTPases require many of 
the same GEF and GAP proteins for regulation.7 Indeed 
we find that all six are closely related, but form a bi-par-
titioned group: one consisting out of N-, H-, K-Ras and 
the other consisting out of TC21, R- and M-Ras (Fig. 4). 
We find that E-Ras, generally not considered to be closely 
related to the Ras subtype29 is directly related to N-, H-, 
K-Ras (bootstrap support of 82%). We find that the fun-
gal orthologs of Ras (Ras1 and Ras2 in Saccharomyces cere-
visiae, Ras1 in Schizosaccaromyces pombe) are orthologous 
(i.e., sharing common ancestry) to TC21, R- and M-Ras 
but are paralogous to N-, H-, K- and E-Ras, whom appear 
to have diverged earlier. However, the phylogenetic signal 
is weak (0% and 1% bootstrap support for the PhyML 
and RAxML trees respectively) and therefore an alterna-
tive evolutionary scenario could be that the N-, H-, K-, 
E-Ras and TC21, M- and R-Ras have arisen from ani-
mal specific duplications and all are orthologous to the 
fungal Ras genes. Nonetheless, GTPase genes from the 
slime mould Dictyostelium discoideum are found in both 
the N-, H-, K-, E-Ras partition and the TC21, M- and 
R-Ras partition, supporting the first scenario. Because of 
the uncertainty concerning the placement of the fungal 
Ras orthologs, Ras1 & Ras2 are colored gray in Figure 4.

The Ral subtype; opisthokont origin or much older? 
The Ral GTPases (RalA and RalB) function in a num-
ber of different cellular processes, including the regula-
tion of exocytosis.36,37 Ral has its own complement of 
GEFs (RalGDS- and RalGPS-like proteins) and GAPs 
(RalGAPA/B complex12). Previously we observed that 
the RalGDS and RalGPS genes form a single evolution-
ary gene family with fungal orthologs in the Chytrid 
and Zygomycetae fungi.8 We also identified putative Ral 
orthologs in the same fungi indicating a strong evolution-
ary link between Ral and the RalGEFs.

It is unclear whether Ral clusters into the Ras subtype 
or forms a separate cluster, since different phylogenetic 
methods (e.g., maximum likelihood, neighbor joining) 
and programs (RAxML or PhyML) reached different 
conclusions (see Sup. material). This raises the question 
of how old the Ral subtype truly is. The species that con-
tain a clear Ral ortholog all belong to the Opisthokonta 
(animals and fungi), so clear evidence is lacking that 
Ral may be older than the Opisthokonta. However, the 
fact that Ral has a GAP which is distinct from Rap- and 
RhebGAPs (see section RalGAPs) may indicate that 
Ral form their own evolutionary subtype and that Ral 
emerged earlier in eukaryotic evolution and subsequently 
has been lost in all other phyla.

Figure 4. Evolutionary timeline of the Ras-like subfamily members. Many dupli-
cation events occurred in the common ancestor of the metazoa and vertebrates. 
The LECA likely contained multiple ancestral Ras-like GTPases although it is 
impossible to resolve how many there exactly were. Confident branches are 
depicted in black. Grey lines indicate possible alternative interpretations but are 
supported by circumstantial evidence. Gray dotted lines are based on a strict 
interpretation of the position of these GTPases in the phylogenetic tree but are 
otherwise unsupported and may originate from a more recent ancestral gene 
in the Unikont or Opisthokont ancestor. Fungal gene names are based on the 
orthologous genes in the yeast S. cerevisiae. The evolutionary time scale is based 
on Douzery et al. but note that molecular dating is highly inaccurate51 and that 
these dates are therefore approximate at best.
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part of the Rheb-TOR pathway is conserved in red algae but has 
subsequently been lost in green algae and plants. To our knowl-
edge the Rheb ortholog in C. merolae represents the only Ras-like 
GTPase family member that is conserved in a species belonging 
to plant lineage. This indicates that the Ras-like GTPases and 
their pathways have been selectively lost early in the plant lineage.

Other Ras-like GTPase subtypes. The Ras, Ral, Rap and 
Rheb subtypes represent the most well characterized and fre-
quently studied Ras-like GTPases. However, there are more Ras-
like GTPases (18 out of 34 Ras-like GTPases in human) including 
the RIT, RERG, GEM and DiRAS GTPases. To the best of our 
knowledge there has been no (confirmed) report on the charac-
terization of any GAP or GEF proteins specific for these Ras-like 
GTPases considerably hampering biochemical characterization 
of the pathways in which these GTPases are involved.

Interestingly for the Ras-like GTPases other than the Ras, 
Rap, Ral and Rheb subtypes we cannot identify any orthologs 
in S. cerevisiae, S. pombe or other fungi. In fact we only find well 
defined animal specific clusters, but very quickly the resolution 
in the trees is lost due to weak bootstrap support and/or absence 
of sequences from non-animal species (see Fig. 4). The subtypes 
rarely cluster together (except the RERG and REM subtypes in 
the NJ tree and RERG and RIT subtypes in the RAxML tree, 
but both with a bootstrap value of 0). In fact none of the Ras-like 
GTPase subtypes cluster together consistently, for which the low 
bootstrap support is indicative. It is therefore impossible to deter-
mine with any confidence the origin of groups we have termed 
the REM, RasD, RERG and the RIT subtypes.

The number of ancestral GTPases that gave rise to the REM, 
RasD, RERG and the RIT subtypes may vary between one and 
four. Either these subtypes are the result of multiple rounds of 
duplications from a single ancestral gene in the animal ancestor 
and were lost only once in the other major phyla (i.e., a single 
ancestral gene in LECA) or all four subtypes emerged in or before 
LECA and all subtypes were individually lost in the major phyla, 
except the Metazoa. The first possibility requires the least evolu-
tionary events to describe the observed tree and must therefore be 
considered as the most likely scenario.

The early emergence of the Ras, Rap, Ral and Rheb GTPases 
and their regulatory domains. Many of the Ras-like GTPase 
subtypes emerged before the final radiation of all extent eukary-
otic species, placing the duplication events and subsequent diver-
gence of Ras, Rap, Rheb and other Ras-like subtypes somewhere 
in the large time span between the First Eukaryotic Common 
Ancestor (FECA) and LECA. Because all extant eukaryotic spe-
cies radiated after LECA we initially have only the phylogenetic 
tree topology to describe the relationships between the Ras-like 
GTPase subtypes. However, the short sequence length of the 
small GTPases (average sequence length of 159 aa) is restrict-
ing the reliability and reconstruction of the phylogenetic rela-
tionships between the GTPase subtypes. Altogether our initial 
observation in literature that the phylogenetic relationships 
between Ras-like GTPases vary greatly between publications is 
confirmed by our own analysis. We may however be able to at 
least refine the phylogenetic relationships between the Ras, Rap, 
Ral and Rheb GTPase subtypes using additional information. 

The Rap subtype. Rap has a suppressing effect on the Ras 
oncogenes38 and have therefore attracted much attention in the 
GTPase field. Rap1 (Rap1A and Rap1B) is known to regulate 
many aspects of cell-cell adhesion, development of focal adhe-
sions and junction formation. Although similar functions for 
Rap2 (Rap2A/B/C) are observed it is currently still unclear what 
the distinct cellular function of Rap2 is relative to Rap1.27

We identify Rap orthologs in animals, fungi, the amoeba D. 
discoideum and the excavate N. gruberi. The Naegleria gruberi 
Rap ortholog (55569) indicates that Rap might be older than the 
Unikonta and might even have originated in or before LECA. 
This is supported by the presence of RapGEF orthologs and a 
RASA RasGAP ortholog in N. gruberi (van Dam et al.8 and 
this manuscript). Rap must have subsequently been lost in the 
Archaeplastida, Chromalveolates and specific lineages within the 
Excavata. It has been observed that Naegleria gruberi contains 
many genes belonging to orthologous groups of genes previously 
thought to be Unikont specific.39 Therefore our observation of 
the phylogenetic distribution of the Rap-like GTPases is not 
uncommon.

The Rap1 and Rap2 genes from two separate groups within 
the Rap subtype and have arisen from a duplication in the 
Unikont or Opisthokont ancestor, depending on the placement 
of orthologous genes from the amoeba D. discoideum (Fig. 4). 
Fungal Rap orthologs (e.g., BUD1 in S. cerevisiae) consistently 
cluster to Rap1 but not Rap2, indicating that fungi have lost the 
Rap2 gene. S. pombe appears to also have lost the Rap1 ortholog 
as well.

The Rheb subtype. Rheb is an integral part of the TOR 
pathway and plays a central role in the regulation of the TOR 
complex 1 (TORC1). Activation of Rheb results in the activation 
of TORC1 which leads to increased translation and growth.40 
Via its GAP, the TSC1/2 complex, Rheb integrates many signals 
including nutrient availability and growth factor signaling.41-43 
The TSC2 protein harbors a RapGAP domain that is needed for 
its catalytic activity towards Rheb.

Previously, the phylogeny of Rheb has been extensively dis-
cussed in light of the TOR pathway by us (van Dam TJP, et 
al. unpublished). We found that the Rheb subtype is well con-
served in all eukaryotic lineages and we have been able to iden-
tify clear orthologs in animals, fungi, amoebazoa, stramenophila 
(Chromalveolates), excavates and even Archaeplastida (specifi-
cally in the red algae Cyanidioschyzon merolae). The Rheb-like 
GTPases are generally found as a single copy in most eukaryotic 
species, except vertebrates in which Rheb has duplicated giving 
rise to the Rheb and RhebL1 genes. The Rheb subtype is well 
established and consistent in the phylogenetic trees. The Rheb 
subtype represents the least ambiguous orthologous group of 
Ras-like GTPases spanning all major eukaryotic phyla and very 
likely represents a single ancestral GTPase in LECA (see Fig. 4).

The identification of a Rheb ortholog in the red algae C. 
merolae is substantiated by the discovery of a TSC2 ortholog. 
The position of sequences of the putative Rheb and TSC2 ortho-
logs in the phylogenetics trees indicates that their presence in C. 
merolae is not the result of horizontal gene transfer. The presence 
of Rheb and TSC2-like proteins in the red algae suggests that 
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of subtype specific regulatory domains while trying to minimize 
the number of events (i.e., the number of inventions and losses, 
see Fig. 5B–O). Of the 14 possible scenario’s there is only one 
scenario (Fig. 5B) that requires the least amount of events (four) 
to describe the matrix in Figure 5A. Five scenarios require five 
events (Fig. 5C and D, H, M and N) and the remaining eight 
scenarios require 6 or 7 events. The scenario depicted in Figure 
5B therefore represents the most parsimonious scenario of how 
the Ras-like subtypes could have differentiated from each other 
before the LECA. It also depicts clearly when and in which order 
the regulatory domains emerged that regulate current day Ras-
like GTPases.

The parsimonious scenario in Figure 5B describes a chain of 
successive inventions of regulatory domains and the duplications 
of the Ras-like GTPases in the eukaryotic ancestors before the 

We previously observed a strong evolutionary relation between 
Ras-like GTPases Ras, Rap and Ral and the CDC25HD8 and 
also between Rheb and the TSC2 GAP domain (van Dam et 
al. unpublished and this manuscript) and Rap and RASA-like 
RasGAPs. The RasGEF domain (the CDC25HD) and the GAP 
domains (RasGAP and RapGAP) provide catalytic activity to 
two or more of the Ras, Ral, Rap and Rheb subtypes and there-
fore could possibly be used to infer the order of divergence into 
these four subtypes. Below we discuss our results on the GAPs 
and our previous study on the evolution of the CDC25HD (i.e., 
the RasGEF domain) in light of the Ras-like GTPase subtypes.

In Figure 5A we have condensed the specificity of the regula-
tory domains to their GTPase subtypes into a matrix. For each 
possible evolutionary scenario for the Ras-like GTPase sub-
types we have reconstructed the point of invention and or loss 

Figure 5. Evolutionary reconstruction of the Ras, Ral, Rap and Rheb GTPases based on co-evolution with their regulatory domains. (A) Matrix describ-
ing for each GTPase subtype which regulatory domain is active. (B–O) All scenarios possible for the order of duplications that gave rise to Ras, Rap, Ral 
and Rheb. For each scenario we reconstructed the order of invention and loss of regulation by the regulatory domains to fit the observed regulation 
of the GTPases as depicted in (A). Parts that exhibit the minimal number of events needed to fit the matrix in (A), (B) (4) and (C, D, H, M and N) (5 events) 
are marked.
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we will discuss the evolutionary dynamics (i.e., expansion of the 
protein families over time) that these protein families display. In 
Figure 6 we show the expansion of the GTPases and their specific 
GEF and GAP proteins for each of the Ras, Ral, Rap and Rheb 
subtypes.

The number of GTPases and regulatory proteins remained 
relatively equal for a long time in evolution (LECA leading up 
to the Metazoa) but have greatly expanded (doubled) in the ver-
tebrate ancestor (a period of roughly 500 million years44) see 
Figure 1–4. The Ras and Rap GTPase subtypes and their regula-
tors contributed the most to this expansion. The Rheb and Ral 
subtypes and regulators remained mostly constant in numbers 
with only a significant increase of the Ral specific GEFs in the 
vertebrate ancestor.

Interestingly the Ras and Rap subtype exhibit different 
dynamics compared to each other in regards to their regulatory 
domains. In the early expansion of the eukaryotic lineage the Ras 
subtype supported more GAP and GEF regulatory genes than 
there were Ras GTPases (four GEFs and four GAPs to one ances-
tral Ras GTPase). However, leading up to the vertebrate lineages 
the number of Ras specific GEFs remained equal as duplica-
tions were balanced by multiple loss events (Fig. 6 and Fig. 1). 

radiation in all the current eukaryotic phyla. According to this 
scenario the invention of the RapGAP domain preceded the emer-
gence of the Ras, Rap, Ral and Rheb GTPases in an early eukary-
otic ancestor predating LECA. Subsequently Rheb diverged from 
the Ras/Rap/Ral ancestral GTPase and the RasGEF domain 
was invented. The early divergence of Rheb explains the lack of 
observed Rheb specific RasGAP and RasGEFs. After the addi-
tion of the RasGEF domain the Ral subtype diverged from the 
Ras/Rap ancestral GTPase. At this point all regulatory domains 
for Ral already existed (i.e., the RasGEF and RapGAP domains). 
Finally the RasGAP protein domain was invented after which the 
Rap and Ras subtypes diverged from each other. The Ras subtype 
then lost regulation by RapGAP domain containing regulatory 
proteins. Only after the divergence of all four Ras-like GTPase 
subtypes did the radiative expansion of eukaryotes take place.

Expansion of the GTPases and their regulatory domains in 
animals. We have shown that the Ras-like GTPases and their 
regulatory domains (i.e., the RasGEF, RasGAP and RapGAP 
domain) are highly conserved in the eukaryotic lineages and that 
there is compelling evidence that all protein families occurred 
in multiple copies in the LECA. We have described in detail the 
phylogeny of all domains and protein families involved. Here 

Figure 6. Expansion of Ras-like GTPase subtypes and their respective GEFs and GAPs (Ras-like regulatory system) in time leading up to mammalian or-
ganisms. We incorporated upper and lower estimates for GEFs and GAPs based on how the phylogenetic trees can be interpreted. The difference be-
tween higher and lower estimates for RapGAPs and RasGAPs is mainly caused by the RASA1 RasGAP protein family as GTPase specificity shifts within 
this family (see main text). The Rap GTPase regulatory system display a many to one GEF regulation network. This schema is maintained throughout 
eukaryotic evolution leading up to vertebrates. However with the inclusion of the C2-RasGAPs, the GAP regulation of Rap shows a similar trend. In 
contrast, the Ras regulatory system displays a many to one GAP regulation, while maintaining a relatively equal amount of Ras GTPase specific GEFs. 
The difference in the rate of expansion of the regulatory proteins for the Ras and Rap GTPase subtype indicates that there is a fundamental difference 
between the regulatory networks of Ras and Rap. Where Rap relies on multiple GEF and GAP proteins for its signaling diversification, Ras seems to 
rely mostly on its GAPs. The Ral and Rheb GTPases display a relatively compact regulatory system although in the vertebrates the number of RalGEFs 
expands significantly.
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RasGAP, RapGAP and RasGEF domains co-evolved coherently 
with their respective GTPases indicating robustness in the way 
Ras-like GTPase activity are regulated throughout evolution. 
But on the other hand we observe flexibility in how the GAPs 
and GEFs themselves are regulated as observed in the variability 
of the domain architectures observed in the specific subtypes 
of GAPs and GEFs. We believe that this aspect, the regulation 
of the regulators, makes the Ras-like GTPase family a most 
versatile molecular switch in eukaryotic evolution. Altogether, 
our analysis provides a detailed evolutionary framework but 
also provides specific predictions for molecular biologists and 
biochemists working on Ras-like GTPases and their signaling 
pathways.

Methods

Genome selection. We acquired best model protein sequences of 
64 divergent eukaryotic species from EnsEMBL,46 JGI, the Broad 
institute or their respective genome project sites. We have selected 
a wide range of animal and fungal genomes as most research on 
Ras signaling is being done in either animal or fungal model 
organisms. We also included a wide range of genomes belonging 
to other major phyla, such as the archeaplastida, chromalveolates 
and excavates, to be able to accurately time the duplication and 
loss events of the Ras-like GTPases as well as for the RasGAP and 
RapGAP domains. For a full overview of genomes, source and 
version information see Table S1 and Figure S3.

Phylogenetic analyses. Identification of Ras-like GTPases and 
phylogenetic analysis. The sequences of the selected genomes were 
searched using the Pfam34 HMM profile for the Ras family (Pfam 
accession PF00071.12, Pfam version 23) and hmmsearch of the 
HMMER package version 2.3.2.47 All sequences with a bitscore 
larger than 0 were selected. Due to the high sequence similarity 
of Ras to other small GTPases many other small GTPases are 
included in this set. An alignment of all sequences was made using 
the MAFFT program9 with the ginsi option. A neighborjoining 
tree was constructed using the Quicktree program.48 A sub tree 
was selected which contained all Ras-like subfamily members 
but no other small GTPases. The sequences were gathered from 
the initial alignment as manual inspection of the alignment pro-
duced from the subset showed it was suboptimal to the initial 
alignment. Subsequently a phylogenetic tree was constructed 
over all Ras-like subfamily members using RAxML10 (-T 4 -x 
488761235 -f a -N 1000 -m PROTGAMMAIWAG), PhyML35 
(phyml <file> 1 i 1 0 WAG e 6 e BIONJ y y) and Quicktree. For 
the Quicktree and RAxML analyses a 1000 bootstrap runs were 
performed. However the bootstrapping method implemented by 
the PhyML program is very slow compared to the RAxML boot-
strap algorithm. We therefore used the bootstrap data from the 
RAxML run to calculate bootstrap values for the PhyML tree. 
All phylogenetic trees were visualized using Dendroscope.49

Identification of RapGAP domain containing proteins and 
phylogenetic analysis. We gathered RapGAP domain sequences 
from the sequence set by using a custom made HMM model 
and hmmsearch of the HMMER package version 2.3.2. The 
custom RapGAP HMM model is based on an edited alignment 

In contrast, the RasGAP domain greatly increased in numbers, 
hence indicating a relevant importance of regulation via GAP 
proteins over regulation by GEF proteins in the expansion of the 
Ras subtype.

In contrast to the Ras subtype, the Rap subtype shows a 
dependency on GEF regulation over GAP regulation in the early 
eukaryote as GTPase and GAP numbers are similar (one and 
two genes respectively), but already supported seven Rap specific 
GEFs. Interestingly, the number of GAPs increased consistently 
in time and matches the number of Ras specific GEFs in the ver-
tebrate ancestor (14 RapGEFs and 14 RapGAPs of which seven 
contain the RapGAP domain and another seven contain the 
C2—RasGAP domain architecture). The Rap subtype therefore 
displays an ancestral dependency on regulation by its GEFs in 
strong contrast to Ras. However, regulation by GAP activity at 
some point in the Opisthokont lineage acquired importance and 
the Rap specific GAPs started to expand. The slow expansion 
of the Ral and Rheb subtype regulatory systems is most likely 
linked to their specialized role in cellular signaling and regula-
tion. The Rheb GTPase has a singular role in the eukaryotic 
TOR pathway, namely to regulating TOR activity based on 
nutrient availability and growth signals.45 The Ral GTPase plays 
a critical role in exocytosis in animals.36,37 The Rap and Ras 
subtypes play important roles in multiple pathways and provide 
many cross-signaling routes between distinct signaling pathways. 
These multiple roles and a suspected need to separate the cellular 
role of activated Ras and Rap in the multitude of cross-signaling 
pathways might provide a reason for the expansion of the Ras and 
Rap regulatory systems compared to Ral and Rheb.

Evolution of Ras-like GTPase regulation. We have dis-
cussed in detail the evolution of the Ras-like GTPases and their 
GAPs and GEFs and focused mainly on the co-evolution of 
the GTPases and their regulatory domains (i.e., the RasGAP, 
RapGAP and RasGEF domains). However, protein domains 
other than the GAP and GEF domains may also play an impor-
tant role in the cellular functions of RasGEFs, RasGAPs and 
RapGAPs (for instants localization and regulation of catalytic 
activity by the GAP or GEF domains). We find that the domain 
architectures of these regulatory protein families are generally 
not conserved beyond the Metazoa (RasGEFs see van Dam et 
al.8 RapGAPs see Fig. S1), suggesting intrinsic adaptability of 
Ras-like GTPase regulation via acquisition and loss of regulatory 
domains in RasGEFs and RapGAPs. However RasGAPs clearly 
show strong conservation of ancestral domain architectures. This 
indicates that the adaptability of Ras regulation via GAPs is con-
strained. Additionally, the expansion of the Ras-like GTPases 
and their regulatory proteins in evolution show that Ras GTPases 
are preferably regulated by GAPs while Rap GTPases are prefer-
ably regulated by GEFs. Together, the conservation of RasGAP 
domain architecture and an evolutionary preference for regula-
tion via GAPs indicates a necessity for strict downregulation of 
canonical Ras GTPases.

By analyzing the evolution of not only the Ras-like GTPases 
but also the evolution of their regulatory domains we are able to 
paint a complete evolutionary scenario of the Ras-like GTPase 
protein family and it regulation. We have shown that the 
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tree was constructed using RAxML (-T 8 -x 57231793 -f a -N 
1000-m PROTGAMMAIWAG). The domain architectures of 
the RasGAP containing proteins were visualized using the iTOL 
webserver application.
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of RapGAP domain sequences from a previous hmmsearch run 
using the Pfam RapGAP model. We did not use HMMER ver-
sion 3 as the latest HMMER version does not allow full length 
domain detection (ls) and only returned segments. The domain 
sequences were aligned using MAFFT ginsi. A phylogenetic tree 
was constructed using RAxML (-T 6 -x 23421421 -f a -N 1000 
-m PROTGAMMAIWAG). The domain architectures of the 
RapGAP containing proteins were visualized using the iTOL 
webserver application.50 The domain architecture datasets as 
needed by the iTOL server were build using a custom perl script 
and data from hmmscan (HMMER package version 3.0b3) and 
Pfam version 24 hmm models.

Identification of RasGAP domain containing proteins and phy-
logenetic analysis. We gathered RasGAP domain containing 
proteins sequences from the sequence set by using the Pfam ver-
sion 24 HMM model with hmmsearch of the HMMER pack-
age version 3.0b3. A custom build RasGAP HMM model did 
not result in the discovery of novel RasGAP domain containing 
proteins. The full length sequences were aligned using MAFFT 
ginsi to include conserved sequence positions bordering the 
detected Pfam domain (positions 2,870–5,010). A phylogenetic 
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