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ARTICLE INFO ABSTRACT
6
7 Article history: Though the heterotrimeric G-proteins signaling system is one of the best studied in eukaryotes, its provenance 24
8 Accepted 6 December 2010 and its prevalence outside of model eukaryotes remains poorly understood. We utilized the wealth of sequence 25
9 Available online xxxx

data from recently sequenced eukaryotic genomes to uncover robust G-protein signaling systems in several 26

1 Received by LB. Rogozin poorly studied eukaryotic lineages such as the parabasalids, heteroloboseans and stramenopiles. This indicated 27

13 that the Gou subunit is likely to have separated from the ARF-like GTPases prior to the last eukaryotic common 28
15 Keywords: ancestor. We systematically identified the structure and sequence features associated with this divergence and 29
16 Protein sequence analysis found that most of the neomorphic positions in Go form a ring of residues centered on the nucleotide binding site, 30
17 CPCR several of which are likely to be critical for interactions with the RGS domain for its GAP function. We also present 31
18 RGS evidence that in some of the potentially early branching eukaryotic lineages, like Trichomonas, Ga is likely to 32
19 G-proteins function independently of the GB<y subunits. We were able to identify previously unknown Gy subunits in 33
20 START domain Naegleria, suggesting that the trimeric version was already present by the time of the divergence of the 34

21 PAS domain
22 CHASE domain
23 7™

heteroloboseans from the remaining eukaryotes. Evolution of Go subunits is dominated by several independent 35
lineage-specific expansions (LSEs). In most of these cases there are concomitant, independent LSEs of RGS 36
proteins along with an extraordinary diversification of their domain architectures. The diversity of RGS domains 37
from Naegleria in particular, which has the largest complement of Ga and RGS proteins for any eukaryote, 38
provides new insights into RGS function and evolution. We uncovered a new class of soluble ligand receptors of 39
bacterial origin with RGS domains and an extraordinary diversity of membrane-linked, redox-associated, 40
adhesion-dependent and small molecule-induced G-protein signaling networks that evolved in early-branching 41
eukaryotes, independently of parallel systems in animals. Furthermore, this newly characterized diversity of RGS 42
domains helps in defining their ancestral conserved interfaces with Go and also those interfaces that are prone to 43
extensive lineage-specific diversification and are thereby responsible for selectivity in Ga-RGS interactions. 44
Several mushrooms show LSEs of Gas but not of RGS proteins pointing to the probable differentiation of Gas in 45
conjunction with mating-type diversity. When combined with the characterization of the 7TM receptors 46
(GPCRs), it becomes apparent that, through much of eukaryotic evolution, cells contained both 7TM receptors 47
that acted as GEFs and those as GAPs (with C-terminal RGS domains) for Gaes. Only in some lineages like animals 48
and stramenopiles the 7TM receptors were restricted to GEF only roles, probably due to selection imposed by the 49
rate-constants of the Goes that underwent lineage-specific expansion in them. In the alveolate lineage the 7TM 5
receptors occur independently of heterotrimeric G-proteins, suggesting the prevalence of G-protein-independent 51
signaling in these organisms. 5
Published by Elsevier B.V. 5

58 1. Introduction 1971; Cassel and Selinger, 1976; Ross and Gilman, 1977; Abramowitz 62

et al, 1979; Freissmuth et al., 1989). In animals heterotrimeric 63

59 The regulatory role of heterotrimeric G-proteins was one of the first G-proteins are central to the mechanisms which transmit intracellular 64

60  signaling mechanisms to be studied in depth in eukaryotes and signals in response to key sensory signals such as light (vision), extrinsic 65

61  represents a classical paradigm in signal transduction (Rodbell et al., chemicals (taste and smell), internal physiological states (neurotrans- 66

mitters, hormones) and immunity-related cues (e.g. chemokines) 67

(Freissmuth et al., 1989; Neves et al, 2002; Bastiani and Mendel, 68
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which might receive the sensory input by means of a bound prosthetic
group (e.g. sensing of light by the retinaldehyde group in rhodopsin), or
by direct interaction with the sensed molecule (e.g. in odorant
receptors), or by means of a linked N-terminal extracellular domain
that binds ligands (e.g. the periplasmic-binding protein domain (PBP-I)
in the taste receptors) (Pierce et al.,, 2002; Yeagle and Albert, 2007;
Hanson and Stevens, 2009). 2) An intracellular heterotrimeric GTPase
with a catalytic subunit Go that contains a low-efficiency GTPase
domain of the extended Ras-like clade of translation factor class
(TRAFAC) of GTPases (Leipe et al., 2002). The G subunit is a WD40-
type B-propeller protein with 7 blades that interacts with the Gy
subunit, a small domain comprised of two core a-helices (Freissmuth
et al., 1989; Neves et al., 2002; Neuwald, 2007). 3) A GTPase-activating
protein (GAP) for the Ga subunit, which contains a conserved regulator
of G-protein signaling (RGS) domain that facilitates the high turnover of
GTP hydrolysis by physically interacting with Gov (Sethakorn et al.;
Berman et al., 1996; Siderovski et al, 1996; Popov et al, 1997;
Soundararajan et al., 2008; Cho and Kehrl, 2009; McCoy and Hepler,
2009; Porter and Koelle, 2009; Tesmer, 2009).

In animals, the typical signaling cycle by this protein network is
initiated by binding of the ligand to or conformational change in the
prosthetic group attached to the 7TM. This induces the receptor to act as
a GDP exchange factor (GEF) for Ga, exchanging GDP for GTP. The
GTP-bound Ga dissociates from the 3y dimer and becomes ready to
associate with diverse effectors such as adenylyl cyclases and
phospholipases to transmit the signal. Thus, the By dimer acts as a
GDP dissociation inhibitor for the GTPase (Siderovski and Willard,
2005). Additionally, the By dimer might also associate with certain
effectors and independently transmit a distinct signal. The signaling
switch is completed by the action of the RGS domain protein that
activates GTP hydrolysis, returning the G to the GDP-bound state in
which it reassociates with the 3y dimer (Freissmuth et al., 1989; Neves
et al,, 2002; Siderovski and Willard, 2005; Bastiani and Mendel, 2006;
Wensel, 2008). Structural studies over the past 15 years have revealed
the details of this process at an atomic level. Firstly, the structure of Got
confirmed the observation that it contains an in-built arginine finger,
which is provided by a unique helical insert just N-terminal to the region
of the G2 motif bearing the switch-I threonine (Bourne et al., 1991; Noel
et al., 1993; Lambright et al., 1996) (Fig. 1). In this sense the Gas differ
from most other members of the extended Ras-like clade of GTPases,
which have the arginine finger provided by an external GAP domain
protein (Scheffzek et al, 1998). The structure of the GaB<y trimer
showed that the 3 subunit fits tightly into a slot formed by the a-helix
N-terminal to the core GTPase domain and the GTPase -sheet in the
region of the G2 motif (Lambright et al.,, 1996). The (3 subunit has the
bi-helical N-terminal extension to the R-propeller, which forms a
helix-helix coil with the corresponding bi-helical unit in the ©y subunit.
Furtﬁ%r, the «y subunit has a conserved “squiggle” comprised of a single
helical turn and an extended region at the C-terminus, both of which are
inserted into pockets formed by the two terminal blades of the
3-subunit's propeller (Fig. 1) (Lambright et al., 1996). In most Gas the
N-terminal helix of the c-subunit is processed at the second glycine and
modified by a lipid chain that facilitates its association with the
membrane (Escriba et al., 2007; Wensel, 2008) (Fig. 2). Likewise, most <y
subunits are processed to reveal a C-terminal cysteine, whose side chain
is farnesylated or geranylgeranylated and carboxyl group is methylated
(Fig. 2) (Escriba et al., 2007; Wensel, 2008). This allows the By to
associate with the membrane. The structure of the Got—-RGS complex
revealed that, unlike GAPs of other Ras-like GTPases, the RGS domain
does not contribute an arginine finger, but appears to interact with all
the three switch regions and convert the Goe into a high activity GTPase
(Tesmer et al, 1997; Soundararajan et al, 2008; Tesmer, 2009).
However, certain other proteins such as axin and the G-protein-
receptor kinases contain RGS domains that have no GAP activity but
merely serve as an interface to interact with G proteins (Sethakorn et al.;
Spink et al., 2000; Dajani et al., 2003; Tesmer et al., 2005; Tesmer, 2009).

Yet other RGS proteins, such as those found in ARHGEF11, have lost the
conventional GTPase interaction interface but have independently
reacquired GAP capability via an N-terminal extension (Chen et al.,
2005; Chen et al., 2008).

Studies on fungal mating interactions and glucose-sensing in
plants revealed that 7TM receptors and heterotrimeric GTPase-RGS
comprise the central switch in sex-pheromone and chemoreception
signaling, thereby extending the phylogenetic generality of this
paradigm (De Vries et al., 1995; Druey et al., 1996; Koelle and
Horvitz, 1996; Siderovski et al., 1996; Versele et al., 2001; Yu, 2006).
Subsequently, studies in plants have shown that a 7TM-G-protein
network is required for the sensing and signaling the presence of
sugars such as glucose (Jones, 2002; Chen et al., 2003; Siderovski and
Willard, 2005; Johnston et al., 2007; Grigston et al., 2008; Johnston
et al., 2008). Interestingly, one of the plant 7TM receptors, RGS1, in
this sugar sensory network contains a C-terminal RGS domain in its
cytoplasmic tail. This RGS domain was found to be required for active
signaling by maintaining a high level of GTPase activity, which was
found to be the rate limiting step, as against the animal models where
the GDP-GTP exchange was found to be rate limiting (Johnston et al.,
2007; Grigston et al., 2008; Johnston et al., 2008). Plants were also
found to encode a class of divergent Gaes (the XLG proteins) that were
claimed to bind GTP, though there is no evidence for their association
with 7TM receptors (Pandey et al.,, 2008; Zhu et al., 2009). These
results in plants indicated for the first time that alternatives to the
mechanistic themes found in the animals might be mediated by the
same set of conserved domains in other eukaryotes. Likewise, studies
in another model system, Dictyostelium, have revealed a wide range of
RGS domains that might mediate unique signaling processes
downstream of the multiple Gas found in this organism (Natarajan
et al., 2000; Brzostowski and Kimmel, 2001; Janetopoulos et al., 2001;
Prabhu and Eichinger, 2006; Elzie et al., 2009). For example, the
protein RCK1 has been shown to be a negative regulator of chemotaxis
in Dictyostelium downstream of the cNMP-sensing 7TM receptor and
combines a RGS domain with a C-terminal kinase domain (Sun and
Firtel, 2003). In this case it has been shown that the disassociation of
the RGS protein from the receptor complex at the membrane requires
the activity of the kinase. Newly sequenced eukaryotic genomes (e.g.
the potentially early-branching eukaryote Trichomonas vaginalis)
were also found to encode proteins similar to plant 7TM receptors
with RGS domains (Fig. 3) (Fritz-Laylin et al.; Johnston et al., 2008).
These findings from comparative genomics suggest that heterotri-
meric G-protein signaling has a major presence outside of the well-
studied model organisms such as plants, fungi and animals. These
observations, together with the indications of mechanistic differences
in heterotrimeric G-protein signaling in plants, suggested that a
comprehensive comparative genomics study of this regulatory
network across eukaryotes might throw new light on its functions
and evolution.

In the current article we perform a comprehensive comparative
genomic survey and sequence-structure analysis of the heterotrimeric
G-protein signaling network, including the three subunits of the GTPase
complex, the RGS domain proteins and the receptors feeding into them.
Based on these analyses we attempt to address several problems that
include: 1) The provenance and evolution of the individual components
and their interactions. 2) Identification of sequence and structure
determinants that allow robust extension of the extensive understand-
ing of this pathway that has accrued in model systems (mainly animals
and fungi and to a lesser degree plants) to non-model eukaryotes.
3) Inference of novel paradigms of heterotrimeric G-protein signaling in
non-model eukaryotes and their possible implications for model
systems. 4) Understanding and measuring the overall diversity of this
signaling network in course of eukaryotic evolution. As a consequence of
the investigation of the above issues we made several novel observa-
tions that we synthesize to elucidate several aspects of the natural
history of the G-protein-7TM receptor-based signaling system.
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Fig. 1. (A) A cartoon representation of the heterotrimeric G-protein (PDB: 1got). Ga is colored in orange, whereas the a-helical insert is shown in grey color; Gf3 is colored in green
and Gy in purple. The substrate GDP is shown as spheres. Interacting residues are colored as follows: red: residues in G (N-term helix) interacting with GB; Blue: residues in Gp
interacting with Gow (N-term helix); magenta: residues in Go interacting with GP; green: residues iﬁGB interacting with Go; ‘Eurple: residues in G+ interacting with Gp; teal:
residues in GP interacting with Gvy. (E'T Go with RGS. A cartoon representation of the Gi-RGS4 complex (pdb: 1agr) is shown. Ga is colored in orange, with the insert shown in*grey
color and RGS is shown in blue color. Residues in RGS interacting with Go are shown in red color. Interacting residues in Go are shown in green and cyan colors. P-loop is marked by a
box. N-terminal helix of Ga is only shown partially. (C) A topological representation of Goe is shown. The active site motifs are labeled in yellow. The 45 conserved positions that
are unique to Goe when compared with the ARFs are labeled in blue ovals. The numberings correspond to the “idealized” G (hybrid of transducin and Gi) represented by pdb: 1got.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

2. Materials and inethods

Iterative profile searches with PSI-BLAST (Altschul et al., 1997)
were used to retrieve homologous sequences in the protein non-
redundant (NR) database at National Center for Biotechnology
Information (NCBI). A profile inclusion expectation (E) value
threshold of 0.01, the BLOSUMG62 substitution matrix and the gap
penalty (existence: 11 and extension: 1) were utilized in the searches.

Similarity-based clustering for both classification and culling of nearly
identical sequences was performed using the BLASTCLUST program
(ftp://ftp.ncbi.nih.gov/blast/documents/blastclust.txt). Hidden Markov
model searches were performed using the HMMSEARCH (for HMM built
from an alignment) and JACKHMMER (for single query sequence)
programs of the HMMer 3.0 package (http://hmmer.janelia.org/).
Multiple sequence alignments were built using Kalign (Lassmann and
Sonnhammer, 2005) and PCMA (Pei et al., 2003) followed by manual
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adjustments based on profile-profile alignment, secondary structure
information and structural alignment. Consensus secondary structures
were predicted using the JPred program (Cuff and Barton, 2000).
Multiple alignments of individual domains discussed here are provided
in the supplementary material. Profile-profile comparisons were
performed using the HHpred program (Soding et al., 2005). HHpred
utilizes a comparison between HMM constructed using the query via a
PSI-BLAST search and a preexisting library of HMM compiled from
domains found in the PDB database to detect remote relationships.
Structure similarity searches and structural alignments were performed
using the DaliLite program that searches the PDB database with
coordinates of a query structure and makes structural alignments
(Holm and Sander, 1998). For previously characterized domains the
PFAM database was used as a guide along with in-house PSI-BLAST
profiles for each of these domains. Clustering with BLASTCLUST followed
by multiple sequence alignment and further sequence profile searches
were used to identify other domains that were not present in the PFAM
database.

Entropy calculations were performed with a custom script using
the alignments generated by KALIGN (Lassmann and Sonnhammer,
2005). The entropy was calculated using the Shannon entropy
formula: =—Y M ,Pilog 2Pi, where Pi is the fraction of a given
amino acid i, and M the total number of different amino acids.
Structural manipulations were carried out using the Swiss-PDB
viewer and PYMOL programs (Guex and Peitsch, 1997; DeLano,
2002). Unrooted phylogenetic trees reconstructed using an approx-
imately-maximume-likelihood method implemented in the FastTree
2.1 program under default parameters (Price et al, 2010) and
alternatively using the MEGA program (Kumar et al, 2001). In
contrast to other phylogenetic analysis programs, FastTree stores
sequence profiles of internal nodes. This improves speed considerably
for large alignments like those used in this study and in our bench-
marking efforts it provides trees comparable to those generated with
the Protml program initiated with starting trees constructed with
neighbor-joining or minimal evolution methods. The domain archi-
tecture graphs were rendered using Cytoscape (Cline et al., 2007).
Signal peptides were predicted using the SIGNALP program (Nielsen
etal., 1997). Multiple alignments of the N-terminal regions of proteins
were used additionally to verify the presence of a conserved signal
peptide, and only those signal peptides that were conserved across
the aligned group of proteins were considered as true positives.
Transmembrane regions were predicted in individual proteins using
the TMHMM2.0 and Phobius programs with default parameters
(Krogh et al.,, 2001; Kall et al., 2004).

3. Results and iliscussion

3.1. Identification of heterotrimeric G-protein subunits, RGS domain
proteins and 7TM receptors and inference of the phyletic profiles

By combining sequence profile searches with domain architecture
and structural analysis (see Methods for details) we were able to
reliably identify representatives of all the three subunits of hetero-
trimeric G-proteins, RGS domains and 7TM receptors (Fig. 3,
supplementary material). Given that 7TM receptors can be extremely
divergent we also used a second strategy of identifying all TM proteins
in a given proteome using TMHMM and Phobius and extracting those

with 7 predicted TM segments (Anantharaman and Aravind, 2003).
These were then clustered using the BLASTCLUST program and used
as seeds for further searches using the PSI-BLAST and Jackhmmer
programs. We then prepared alignments for all positively identified
complete heterotrimeric G-protein subunits and the RGS domains and
used this alignment to infer column-wise Shannon entropy for each of
the alignments (Supplementary material). Along with the sequence
alignments we also prepared structural alignments of PDB coordi-
nates of each of the components with the DALIlite program and used
these as templates to further combine them with the sequence-based
alignments. We also used structures of various G-protein complexes
in conjunction with the above alignments to perform a systematic
structure-function analysis of each of the component domains of the
system and clarify their potential mode of action. Both similarity-
based clustering and phylogenetic analysis were used to classify them
further and infer the final phyletic profiles for each of the components
of the signaling system under consideration. We briefly outline below
specific features of each of the components that emerged as a result of
this analysis.

3.2. The origin and diversification of the Ga subunit

The Ga subunit belongs to the clade of extended Ras-like GTPases
within the great TRAFAC class of GTPases (Leipe et al., 2002). The
extended Ras-like clade was previously shown to be divided into two
major groups: 1) The MglA-Arf-Gow group and 2) The Ran-Ras-Rho.
Rab-like group (Leipe et al., 2002; Jekely, 2003; Neuwald, 2007). Given
that versions belonging to both the major groups are found in archaea
and bacteria, this fundamental split within the extended Ras-like clade
occurred within the prokaryotes, prior to the origin of eukaryotes (Leipe

et al, 2002; Dong et al,, 2007). The eukaryotes appear to have acquired :

an MglA-like protein from their archaeal precursor whereas the
precursor of the second major group could have come from either the

archaeal progenitor or the primary bacterial endosymbiont (Koonin and :

Aravind, 2000; Leipe et al., 2002; Dong et al., 2007). Founders of each of

the two major groups appear to have proliferated into several distinct :

families very early in eukaryotic evolution in relation to the diversifi-
cation of the internal membranes of the eukaryotic cell (Jekely, 2003).

The eukaryotic Arf-like (including the Sar subfamily) proteins arose :

from the MglA-like progenitor and acquired a primary function related
to protein trafficking both in the context of the endoplasmic reticulum

and the Golgi apparatus (Leipe et al., 2002; Jekely, 2003; Kahn, 2009). :
The Arf-like proteins retained most of the ancestral features of the :

extended Ras-like clade of GTPases, such as the small size without any
inserts in the core GTPase domain, but acquired a distinct N-terminal

helix with a conserved glycine which provided the site for the lipid :

anchor (Fig. 2) (Escriba et al., 2007; Kahn, 2009). In contrast, in the Ran-

Ras-Rho-Rab-like group the lipid anchor emerged in the form of a :

C-terminal extension with a single or a pair of conserved cysteines. In
addition to the earlier noted elements of similarity between G and the

Arf-like proteins, such as the shared signatures spanning the Walker B :

(G3) motif and switch-2 region (Neuwald, 2007) (Supplementary
material), we identified several additional features that support the
above conjecture (Fig. 2 and Supplementary material): 1) N-terminal

helical extension with a glycine for lipid modification; 2) A shared :

arginine immediately downstream of the switch-3 region; 3) a shared
deletion of 4-5 amino acids relative to the other Ras-like GTPases just

Fig. 2. The sequence logos were made using multiple sequence alignments of respective domains (Crooks et al., 2004). Consecutive gap-rich positions in the alignment are reduced to
a single gap marked by grey numbers in the logo. Secondary structures are represented at the bottom of the logos. Various conserved motifs are marked with boxes below the
alignment position numbers. (A) Go vs Arf: the red diamonds are conserved positions that are unique to Gat when compared with the ARFs. These are the same positions that are
marked in Fig. 1. The blue diamonds indicatéLpositions which are synapomorphies of Gas and ARFs. The black box marks the alpha-helical insert in Goe and the red boxes mark the
Switch Il insert and the bi-helical insert after S5 in Gow. T is the “sensor threonine” and the G2 motif is centered on this residue. (B) GP: conserved residues that interact with Go are
shown with a red star on top of the sequence logo. Blue stars on top of the logo mark the conserved residues that interact with G. The ﬁopellers are shown using discretely colored
strands, with the first strand colored same as the last propeller to show circular permutation. (C) G-y: conserved residues that interact with G are shown with a red star on top of the
sequence logo. (D) RGS: conserved residues that interact with Go are shown with a red circle on top‘ﬁf the sequence logo. (For interpretation of the references to color in this figure

legend, the reader is reférred to the web version of this article.)
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upstream of the Walker B motif. 4) Several members of the Arf-like clade
and the Ga share a cysteine which replaces the usual serine in the SA
signature seen in the G5 motif. These observations suggest that the G
subunit emerged in eukaryotes from an Arf-like precursor, after the
acquisition of the N-terminal helix with the lipid modified glycine,
through drastic divergence.

Analysis of the phyletic patterns of Ga suggests a sporadic but
widespread presence across eukaryotes (Fig. 3). All members of the
eukaryotic clade including the animals, fungi, amoebozoans, and plants,
encode 1-30 G paralogs (Aubry and Firtel, 1998; Janetopoulos et al.,
2001; Bastiani and Mendel, 2006; Johnston et al., 2008; Zhu et al., 2009).
Within this clade the lowest numbers are observed in plants, which
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typically encode only a single conventional Ga, though they might
encode multiple paralogs of divergent XLG type (Fig. 3) (Zhu et al.,
2009). Surprisingly, we could not detect any Gas in the available
chlorophyte genomes suggesting that it might have been lost early in
the evolution of chlorophytes. Outside of animals and slime molds,
which typically have large numbers of Ga paralogs (often >10), we
found atypically large complements of Gass in certain fungi such as
mushrooms (e.g. 30 paralogs in Laccaria), chythrids and mucors (Fig. 3).
They are entirely absent in alveolates but are present in at least a single
copy in stramenopiles and haptophytes. A number of phylogenetic
studies suggest that the kinetoplastids, heteroloboseans, diplomonads
and parabasalids represent eukaryotic lineages that were among the
first to branch of from the rest of the eukaryotes (Arisue et al., 2005;
Simpson et al., 2006; lyer et al., 2008). Among these, Goes are absent in
the kinetoplastids and diplomonads, but are highly expanded in
Naegleria (the largest set among currently sequenced eukaryotic
genomes; 44 paralogs) and to a lesser extent in Trichomonas (Fig. 3).
Phylogenetic analysis indicates that the common ancestor of metazoans
had six Gat paralogs that were cognates of the human Gi, Go, G12/13, Gq
and Gs type and of the zebrafish Gv type Gas (Simon et al, 1991;
Bastiani and Mendel, 2006; Oka and Korsching, 2009). In contrast the
sister-group of the metazoans, the choanoflagellate Monosiga, contains
only three Gas (Fig. 3), suggesting that a part of the expansion might
have occurred after the metazoans branched off from the former. Of
these the Gv type appears to have been repeatedly lost in several
metazoan lineages. In Caenorhabditis there were at least two distinct
lineage specific expansions (LSEs) derived from the Gi/Go clade which
appear to be related to the development of the elaborate nematode
chemosensory system (Bastiani and Mendel, 2006). The common
ancestor of fungi can be reconstructed as possessing three Go paralogs
which had duplicated independently of the five inferred in the
metazoan ancestor. Two of these corresponded to Gpal and Gpa2 of
Saccharomyces cerevisiae. The third version underwent independent
lineage-specific expansions in both mushrooms and chythrids but
appears to have been lost in other fungal lineages. Among the plant
versions it is clear that the conventional Ga and the XLG versions
emerged through a duplication that happened prior to the divergence
of modern land plants including the mosses (the clade embryophyta).
The radiations observed in the basal eukaryotes such as Naegleria
and Trichomonas are not specifically related to any of the versions seen
in the animals and represent independent LSEs in these organisms.
Given the potentially basal position of Naegleria and Trichomonas it
appears plausible that the last eukaryotic common ancestor (LECA)
possessed at least one Ga paralog suggesting that it had already
diverged from the Arf-like GTPases by that period. Within eukaryotes,
the tree suggests that only a single G can be inferred in the common
ancestor of the clade including the animals, fungi, plants and
haptophytes and stramenopiles (Fig. 3), which is consistent with the
idea that the evolution of the Gas was dominated primarily by LSEs or
complete loss.

3.3. Structural features that are correlated with function and
identification of deviant forms of Gaes

Given that previous studies on Gos had largely concentrated on
representatives from model organisms, we sought to use their diversity
from across the eukaryotes to identify novel aspects of their biochem-
istry and biology. Firstly, we used the more diverse set of Gas to better
infer the conserved features that define them and delineate those that
emerged in course of their rapid and drastic divergence from Arf-like
GTPases (Neuwald, 2007). The most obvious features that emerged in
the Gas relative to the ancestral Arf-like proteins are the two major
inserts (Figs.1, 2): 1) the large a-helical sub-domain inserted between
the G1 and G2 motifs, the C-terminal part of which supplies the arginine
finger and 2) the switch-3 region, which is a small 3-hairpin inserted
after the 4" strand of the GTPase domain. An earlier comparison of Gos
with the Arf-like GTPases had shown that the former possess a unique
lysine immediately downstream of the switch-2 region that undergoes a
conformational change between the GTP- and GDP- bound forms
(Neuwald, 2007). This residue was shown to be critical for the
differential interaction of these forms with the GP subunit. Our
comparison (Figs. 1, 2 and Supplementary material) identified several
additional positions that are conserved specifically in the Gas relative to
the Arf-like proteins. We plotted these positions (including switch-3,
totally 45 positions) on the structure of Go representatives, the human
transducin (Lambright et al.,, 1996) and Gi (Tesmer et al., 1997) (PDB:
1got and 1agr; Supplementary material). Strikingly, with the exception
of three residues downstream of the Switch-2 region that are part of the
primary interface with both Gp and RGS (including the earlier observed
lysine (Lambright et al., 1996; Neuwald, 2007)), almost all the
remaining positions form a ring around the nucleotide-binding site.
The probability that these 42 positions drawn from the total of 343
positions in Ga lie in this ring by chance alone is very low (p<.001, by
random sampling using the idealized G topology ), suggesting that they
relate to specific functional features that emerged in the Gas after
divergence from the Arf-like proteins. Examination of these residues
shows that a subset of them, primarily drawn from the G1 (P-loop) and
G2 regions, form a cage around the nucleotide (Figs. 1, 2). Those from
the switch-3 region overlap with the set of residues involved in forming
an interface with the RGS (Tesmer et al., 1997; Soundararajan et al.,
2008), while those from the helical insert downstream of the G4 motif
are placed externally forming one of the interfaces for effector
interaction (Berlot and Bourne, 1992). Residues in this ring show a
network of contacts with each other via hydrogen bonds, hydrophobic
and van der Waals interactions suggesting that they could physically
communicate conformational changes arising from the state of the
bound nucleotide. Comparison of this ring in the GDP-bound form (e.g.
PDB: 1got (Lambright et al., 1996)) with the form bound to the GTP or its
mimic (e.g. PDB: 1agr (Tesmer et al., 1997; Soundararajan et al., 2008))
shows that it is more open in the former state (Supplementary
material). In the later state the interaction of the RGS with the switch-

Fig. 3. The eukaryotic phylogenetic tree is shown with the absolute protein counts for each organism. The expansions are shown in pink and absences are shown in grey. The 7TM
counts are only the lower bounds because certain families could have eluded detection due to their great lineage specific diversity. The following organisms were analyzed for this
study: Afum: Aspergillus fumigatus; Anid: Aspergillus nidulans; Cgla: Candida glabrata; Calb: Candida albicans; Cglo: Chaetomium globosum; Dhan: Debaryomyces hansenii; Egos:
Ashbya gossypii; Gzea: Gibberella zeae; Klac: Kluyveromyces lactis; Mgri: Magnaporthe oryzae; Ncra: Neurospora crassa; Psti: Scheffersomyces stipitis; Pnod: Phaeosphaeria nodorum;
Scer: Saccharomyces cerevisiae; Spom: Schizosaccharomyces pombe; Ylip: Yarrowia lipolytica; Cneo: Cryptococcus neoformans; Ccin: Coprinopsis cinerea; Ppla: Postia placenta; Umay:
Ustilago maydis; Lbic: Laccaria bicolor; Bden: Batrachochytrium dendrobatidis; Ecun: Encephalitozoon cuniculi; Ebie: Enterocytozoon bieneusi; Pbla: Phycomyces blakesleeanus; Amel:
Apis mellifera; Dmel: Drosophila melanogaster; Apis: Acyrthosiphon pisum; Dpul: Daphnia pulex; Tcas: Tribolium castaneum; Nvit: Nasonia vitripennis; Agam: Anopheles gambiae;
Hmag: Hydra magnipapillata; Nvec: Nematostella vectensis; Cele: Caenorhabditis elegans; Caps: Capitella sp; Hrob: Helobdella robusta; Drer: Danio rerio; Tnig: Tetraodon nigroviridis;
Hsap: Homo sapiens; Mmus: Mus musculus; Lgig: Lottia gigantea; Bflo: Branchiostoma floridae; Cint: Ciona intestinalis; Spur: Strongylocentrotus purpuratus; Bmal: Brugia malayi; Tadh:
Trichoplax adhaerens; Sman: Schistosoma mansoni; Mbre: Monosiga brevicollis; Ehis: Entamoeba histolytica; Edis: Entamoeba dispar; Einv: Entamoeba invadens; Ddis: Dictyostelium
discoideum; Ppal: Polysphondylium pallidum; Dpur: Dictyostelium purpureum; Crei: Chlamydomonas reinhardtii; Mpus: Micromonas pusilla; Micsp: Micromonas sp; Chlor: Chlorella
NC64A; Vcar: Volvox carteri; Otau: Ostreococcus tauri; Atha: Arabidopsis thaliana; Ppat: Physcomitrella patens; Cmer: Cyanidioschyzon merolae; Smoe: Selaginella moellendorffii; Ptri:
Phaeodactylum tricornutum; Psoj: Phytophthora sojae; Pram: Phytophthora ramorum; Tpse: Thalassiosira pseudonana; Aano: Aureococcus anophagefferens; Tthe: Tetrahymena
thermophila; Ptet: Paramecium tetraurelia; Tgon: Toxoplasma gondii; Tpar: Theileria parva; Tann: Theileria annulata; Cpar: Cryptosporidium parvum; Cmur: Cryptosporidium muris;
Pfal: Plasmodium falciparum; Bbov: Babesia bovis; Pmar: Perkinsus marinus; Tcru: Trypanosoma cruzi; Tbru: Trypanosoma brucei; Lmaj: Leishmania major; Linf: Leishmania infantum;
Ngru: Naegleria gruberi; Glam: Giardia lamblia; Tvag: Trichomonas vaginalis; Gthe: Guillardia theta; Ehux: Emiliania huxleyi. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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3 region and the conformational changes arising from GTP sensing,
tightens the ring by creating links between the residues forming the
circum-nucleotide cage and those closer to the effector interaction
interface (Fig. 1, supplementary material). Hence, new features that
emerged in Gas relative to the Arf-like GTPases were primarily related
to: 1) interaction with their specific partners such as RGS and Gf> and 2)
formation of a structural network to transmit the conformational
changes pertaining to the state of the nucleotide (i.e. GTP or GDP) to
regions of effector contact. Identification of these residues in Got also
suggests that one of the functions of the RGS domain might be related to
increasing the proximity of the separate parts of the ring.

Recognition of these features allowed us to identify Gas from various
eukaryotic lineages that show deviations relative to the canonical
conservation pattern (Supplementary material). An example of such a
deviant Ga is the plant XLG. The XLG proteins lack the conserved lysine in
the Walker A (G1) motif, the arginine finger and the Walker B (G3)
aspartate indicating that they are incapable of catalyzing GTP hydrolysis.
However, they do possess an otherwise largely intact P-loop and G4 motif
indicating that they could still bind a guanine nucleotide, albeit with
reduced affinity. Further, they lack the N-terminal helix with the lipid
modified glycine, but are fused to a divergent FYVE Zn-finger domain at
the N-terminus, which could direct them to sub-cellular localization
distinct from the conventional Gas, such as the nucleus (Supplementary
material). We found comparable examples in Dictyostelium, where 4 of its
11 Ga paralogs (gpaK, gpa], spnA and gbqA) show notable deviations in
their conserved motifs. All of them appear to have lost their arginine
finger, whereas three of these (gpaJ, spnA and ghqA) have lost either the
conserved lysine in the Walker A motif, the aspartate in Walker B, or both.
Thus, they are likely to be catalytically inactive (gpaJ, spnA and gbgA) or
at best have low activity (gpaK). In spnA the inactive Goe domain is fused
to a C-terminal PP2C phosphatase domain and mutational analysis has
indicated the importance of this Goo domain for the function of the
protein (Aubry and Firtel, 1998). This suggests that in this case the G
might have been recruited to function as a potential GTP sensor. In ghgA
even the G4 motif, which recognizes the guanine of the nucleotide, is
considerably divergent, suggesting that it might not bind GTP. We
detected a previously unknown Gy domain N-terminal to the inactive Ga
domain in gbqA (Fig. 4B), which suggests that it might function as a
regulator of heterotrimeric G-protein signaling by potentially sequester-
ing Gf3 subunits (iee below). Further, gpaJ, spnA and gbqA have lost the
N-terminal helix with the lipid-modified glycine, suggesting that they are
unlikely to associate with the membrane. Within the LSE of Gas in
Naegleria at least 9 of the paralogs show deviations strongly suggestive of
loss of catalytic activity—they have either lost the Walker B aspartate or
the Walker A lysine (Supplementary material). At least four show
replacement of the arginine finger by a lysine, while four others appear to
have entirely lost the arginine finger suggesting that they might have
reduced catalytic capability. Thus, at least 38% of Gas in the Naegleria LSE
appear to be either catalytic inactive or compromised in activity. This
raises the possibility that in Naegleria G protein signaling is extensively
regulated through the dominant negative regulatory action of these
proteins. Unlike the versions in Dictyostelium, none of them appear to
show fusions to other domains, and most of them show an N-terminal
helix with the glycine or cysteines that could target them to the
membrane through lipid-modification. Like in certain animal Gos,
representatives from the LSEs observed in mucors, Naegleria and
Trichomonas have distinct N-terminal cysteines that could function as

potential sites for alternative S-linked palmitoylation (Escriba et al.,
2007). The Ga LSEs in Cgenorhabditis elegans, mushrooms and
Trichomonas also show 13 versions lacking arginine fingers, which
could have lowered activity. Mutational studies in C. elegans suggest at
least one of them, Gpa-13, might retain a low level of activity and function
downstream of the 7TM chemoreceptors (Bastiani and Mendel, 2006)
but the details of its biochemistry remain unknown. Our observations
suggest that a more careful biochemical analysis of these catalytically
compromised or inactive versions might reveal new features of G-protein
signaling that were not apparent in the classical models.

3.4. The provenance, structural features and phyletic patterns of the Gf3 5

and Gy subunits

The G subunit is distinguished from all other WD40-type seven-
bladed B-propellers in possessing a distinctive N-terminal bi-helical
extension (Lambright et al.,
shows a circular permutation such that the N-terminal-most strand
hydrogen bonds with the three C-terminal-most strands to constitute
the 7th blade of the B-propeller (Fig. 2). Gy has a simple structure,
comprised of two helices that interact with the two cognate helices in
the bi-helical N-terminus of the GP subunit. Interestingly, these bi-
helical modules from the GP and Gv subunit structurally align very

well with each other (Fig. 1, Supplementary material) suggesting that 5

they are likely to have been derived from a common ancestor. The G
subunit shows a characteristic pattern of sequence conservation in its
N-terminal bi-helical module and the two C-terminal propeller blades
(6 and 7) that are related to its interaction with the Gvy subunit.

Similarly, it also shows a specific pattern of sequence conservation in :

the 1st propeller blade that interacts with the N-terminal helix of the
Ga subunit and in all the blades except the 6th blade that interacts
with the region just downstream of the switch-2 region of Ga
(Figs. 1, 2). These conservation patterns help in precisely identifying
the G subunits through sequence analysis and distinguishing them
from various WD40 proteins in eukaryotic proteomes that have been
mis-annotated as GPs. While most of the conserved features of Gy
relate primarily to its interactions with Gf3, it possesses an additional
C-terminal extended region, which in all standalone versions of the
G domain contains one or a pair of cysteines that are farnesylated
(Fig. 2) (Escriba et al., 2007; Wensel, 2008). These characteristic

1996). Further, the p-propeller of Gj3 :

498
499

501
502
503
504
505
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features help in identifying Gy subunits throughout eukaryotes 536

despite their small size and high sequence divergence.

Based on the above conservation patterns we detected Gf3 subunits in
all eukaryotes with Gas except in Trichomonas (Fig. 3). Interestingly, none
of the genomes in which we observed an LSE of G, showed a concomitant

expansion of the Gf3 subunit (Fig. 3). Most genomes encoded only a single :

paralog of GB, while 4-5 paralogs were detectable in Naegleria, the mucor
Phycomyces and vertebrates. This suggests that the diversification of core
heterotrimeric GTpase system in eukaryotes occurred primarily via LSEs of
Gas, which are likely to share a much smaller set of GB subunits between
themselves. Since the Gy subunits are small and divergent, we initiated
Jackhmmer searches with several distinct starting points to identify

previously undetected Gy subunits. Consequently, we recovered previ- :

ously undetected version in plants, slimemolds and stramenopiles and
haptophytes (e.g. Emiliania and Phytophthora; Supplementary Material).
Currently all organisms possessing a Gf3 also possess a G, indicating the
obligate functional interaction between the two across eukaryotes.

Fig. 4. (A) Domain network graph of RGS-containing proteins. The network is an ordered graph representing the connection between RGS and the domains it is fused to in various
polypeptides. The direction of the arrow denotes the relative positions of the domain in the polypeptide from the N-terminus to the C-terminus. The networks are shown for the
different clades. (B) Domain architectures of RGS and Got containing proteins are shown. The 7TM domain is shown as 7 connected TMs. The gene, organism name and gi are shown
for proteins with gene names, while only the gi and the organism name are shown for draft genomes with non-standardized gene names. The domain abbreviations are
TM—Transmembrane helix; B-Propeller—pB-propeller; ACYC—Adenylyl Cyclase; ANK—Ankyrin repeats; ACB—Axin beta-catenin binding domain; BB—B-box zinc finger;
B—I’%opellerfﬁ—propeller; BLUF—Sensors of blue-light using F?XD; BLec—BULBLECTIN; C§7Cysteine String; EFfl?FHAND; FB—FBOX; Gg—Gy; GLCfGOLoco;Jtcflmmunoglobulin
domain; NgLu X—Extra cellulafdomain specific to Naegleria 7TM+RGSLpr0temS RA—Ras‘association RalGDSﬁ\F 6) domaim*RBD—Raf-ftke Ras- bmdmg domaifs RCC1— —Regulator
of chromosome‘ébndensatlon (RCC1) repeat, a variety of 3-propeller; SH—S-helix; S‘TG Signal peptide; STYKIN S/T/Y kinase. Fdf*mtelpletatlon of the references to ?olor in this

figure legend, the reader is referred to the web version of this article. )
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Interestingly, while there are four GPs in Naegleria, no Gys were detected
in the published proteome (Fritz-Laylin et al.). However, translating
searches with TBLASTN recovered two standalone Gy paralogs that
possessed all the features typical of eukaryotic Gvs, including those
required for interactions with the GpBs (Fig. 2, Supplementary material).
Likewise, given that the Naegleria GPs possess the features that are
required for Gy and G interaction, the conventional heterotrimeric
G-proteins might inferred for this organism. As in the case of G there are
no concomitant expansions of Gvys relative to the Ga expansions in
eukaryotes. The only exceptions are the vertebrates which have a LSE of
Grys, with at least 13 solo and 6 fused to other domains. Outside of animals
the only example of Gvys fused to other domains are those fused to the
inactive Go in slimemolds (Fig. 4). Interestingly, Trichomonas was the only
organism in which both GB and Gy were not detectable, even via
translating searches in the published genome sequence. This is particu-
larly puzzling because the Got subunits still retain interaction surfaces for
GP that are seen in the other eukaryotes. Given the potentially early-
branching position of Trichomonas one possibility is that the conventional
G seen in other eukaryotes had not yet emerged. However, in absence of
data from other related organisms it is not impossible that these subunits
were secondarily lost. Nevertheless, it suggests that Trichomonas might
possess a unique form of G-protein signal independent of Gy subunits.

4. Structural features and phyletic patterns of RGS
domain proteins

The RGS, like most other GAP domains of the extended Ras-like
clade, appears to be an a-helical domain innovated in the eukaryotes. Its
core contains a 4-helical bundle linked to an N-terminal trihelical
extension (hence the RGS helices are numbered a1-7, Figs. 1, 2). The
4-helical bundle does not show close structure or sequence relation-
ships to any of the other 4-helical bundles. The C-terminal helix (a7) is
the longest and shows a characteristic bend in the helical axis and
pronounced distortions of the C-terminal end. A wealth of biochemical
and structural data has accumulated for RGS domains from vertebrates,
which point to a diversity in their binding modes and catalytic
capabilities (Roush, 1996; Siderovski et al., 1996; Tesmer et al., 1997,
Chen et al,, 2005; Johnston et al., 2008; Soundararajan et al., 2008; Hurst
and Hooks, 2009; Kimple et al., 2009; McCoy and Hepler, 2009; Porter
and Koelle, 2009). The majority of vertebrate RGS domains are
catalytically active as GAPs and co-crystal structures with their cognate
Gas reveals that the common denominator is their interaction with the
switch-1 and -2 regions of the latter proteins (Tesmer et al, 1997;
Soundararajan et al., 2008). However, different catalytically active RGS
domains differ in their degree of engagement of the a-helical insert
(after strand 5) and the switch-3 region of Go. For example, vertebrate
RGS4 shows very limited interaction with the a-helical insert, whereas
RGS8 and RGS9 show more extensive interactions, albeit mediated by a
distinct set of residues (Tesmer et al., 1997; Soundararajan et al., 2008).
Similarly, RGS4 and related RGS domains show extensive switch-3
interaction, whereas RGS10 apparently shows a lower degree of
interaction (Soundararajan et al., 2008). Beyond these catalytically
active versions, several “unconventional” versions have been recog-
nized in animals. Of these, the versions fused to the RhoGEF domains do
not conserve the typical interface of the active RGS domains present to
the Gas. Instead they appear to have acquired a neomorphic N-terminal
extension that is not conserved in any other RGS proteins by which they
interact and elicit GAP activity on Gas (Chen et al., 2005; Chen et al.,
2008). The RGS domains found in the GPCR kinases, axins, sorting
nexins, and probably RGS22 and RGSL1 proteins also do not appear to
have the typical G interaction interface and none of them have been
shown to function as active GAPs (Spink et al., 2000; Dajani et al., 2003;
Tesmer et al., 2005; Singh et al., 2008; Tesmer et al., 2010). Comparison
of catalytically active RGS domains with the atypical versions has
revealed several differences (Soundararajan et al., 2008). However, the
essential functional differences have been difficult to evaluate because

most systematic comparisons have concentrated on active RGS domains
from animals, all of which tend to show a high degree of similarity.
We used the new information from the RGS domains from across the
eukaryotic tree (Fig. 3, supplementary material) to assess the
conservation patterns more robustly. An analysis of the column-wise
entropy using a comprehensive alignment of all types of RGS domain
across eukaryotes revealed a clear pattern with relatively few strongly
conserved positions (Fig. 2, Supplementary material). A subset of these
low entropy positions are hydrophobic and are central to the packing of
the helical bundle. However, others occupy more exposed locations and
are typically polar residues that overlap with those positions which
make key contacts with the core Go catalytic domain in crystal
structures of active RGS domains (Figs. 1, 2; PDB: 1agr, 2gtp, 2ihb, 2ik8
and 2ode, Supplementary material) (Tesmer et al., 1997; Johnston et al.,
2007; Soundararajan et al, 2008). These positions include: 1) A
conserved glutamate (E87 in the human RGS4 structure 1agr) in a4 of
the RGS domain that interacts with the characteristic lysine in the Ga
switch-2 region. The position immediately downstream of this
glutamate is also well-conserved in the conventional active RGS
domains and is typically an asparagine or serine (N88 in PDB: 1agr)
that interacts with the residue immediately upstream of the sensor
threonine in the switch-1 of Go. Thus, these two positions of the RGS
bridge the switch-1 and switch-2 regions. 2) A conserved polar position,
typically an asparagine (N128 in RGS4, PDB: 1agr) interacts extensively
with the switch-2 region of G, including the glutamine residue of the
DGGQ motif (Fig. 2) and the conserved residues that are respectively
two and three positions downstream of this glutamine. This conserved
RGS position is also reasonably close to the backbone of the sensor
threonine of switch-1 in several structures. 3) The conserved polar
residue in a7, usually an aspartate or asparagine (D163 in RGS4, PDB:
Tagr) makes a key interaction with the backbone of the sensor threonine
of switch-1.4) The arginine in o7 (R167 in RGS4, PDB: 1agr), which is 4
positions downstream of the previously mentioned residue interacts
with that aspartate or asparagine and helps position it suitably for its Go
interaction. Our analysis based on the pan-eukaryotic collection of RGS
domains reveals that of all the residues identified in the GoRGS
interface, those in the above positions represent the minimal set of
conserved interactions between the RGS and Gor and were present in
the ancestral RGS domain. Given their consistent presence in active RGS
domains they also help define the versions of the domain with
conventional GAP activity. The remaining positions of the RGS domain,
which mediate interactions with the a-helical insert and the switch-3
region, are more variable in the pan-eukaryotic set of RGS domains than
those from animals alone (which includes the available crystal
structures; Fig. 2 and supplementary material) (Sierra et al, 2002).
This suggests that the variability in these interfaces observed in the
recent crystal structures is likely to represent only a subset of the actual
diversity of these interactions across eukaryotes. Hence, it is likely that
the interactions with switch-3 and the a-helical insert are important
determinants of the specificity for different target Gas and the subtle
differences in the regulatory properties between RGS domains.
Analysis of the phyletic patterns of the RGS proteins revealed a strict
correspondence to the presence of G in a given organism (Fig. 3).
Furthermore, the number of RGS domains is positively correlated with
the number of Gat paralogs across eukaryotes (Fig. 5, R?=0.77 for a
linear fit). This suggests that the expansion of the Gass in particular
lineage is typically accompanied by a corresponding expansion of the
RGS domain proteins. The only exceptions to this trend are the
mushrooms (e.g. Laccaria and Coprinopsis), which show major line-
age-specific expansion of Gas (17-41 paralogs) but not of the RGS
domains (only three paralogs). This excess of Gas arises from the LSEs
occurring in the single fungus-specific clade of Gas that is also expanded
in chythrids (Supplementary material). One possibility is that the excess
of Gas in mushrooms signal through RGS-independent signaling
pathways. However, they do not show drastic divergence or any
particular deviations in the RGS-interacting regions. This suggests that
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Fig. 5. (A) Linear scaling of total number of RGS proteins against Go proteins in eukaryotes along with the best-fit line without the outlying organisms (red). (B) Scatter plot of the
number of 7TM receptor containing proteins with Ga proteins in eukaryotes. (C) Scatter plot of the number of 7TM receptor containing proteins with RGS proteins in eukaryotes. (D)
Complexity quotient plot for RGS proteins. The complexity quotient for an organism is defined as the product of two values: the number of different types of domains that co-occurs
in signaling proteins, and the average number of domains detected in these proteins. The complexity quotient is plotted against the total number of RGS-containing proteins in a
given organism. A saturation curve fitting the distribution without the outlying organisms is shown in red. Organism abbreviations are as in Fig. 3. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

the expansion of Ga subunits in the mushrooms possibly functions with
the same limited set of RGS proteins and the expansion of the Gas is
unlikely to represent an increase in terms of the number of functionally
distinct signaling cascades initiated by them. Given the role for Goes in
sex pheromone signaling in fungi (Versele et al., 2001; Koelle, 2006), we
speculate that these distinct Gas have a relationship with the diversity
in the mating types observed in these fungi. Thus, the different Gas are
postulated to function as alternative partners with the same limited set
of RGS proteins in different mating-type backgrounds. Phylogenetic
analysis revealed that the evolutionary history of the RGS domain is
dominated by several independent lineage-specific expansions across
eukaryotes (Supplementary material, Fig. 3). A notable expansion is
inferred to have occurred in the common ancestor of metazoans (Sierra
et al,, 2002):c0nservatively, 4 classical catalytically active versions, 4
sorting nexin-associated RGS domains, 2 GPCR kinase-associated
versions, 1 axin-like version, and probably 1 RhoGEF- associated version
(atotal of 12) are inferred as being present in the common ancestor of all
metazoans. In contrast, the common ancestor of fungi is conservatively
inferred as containing three RGS domains (two catalytically active and
one sorting nexin associated version). The sorting nexin-associated
version appears to have diverged from the catalytically active versions
prior to the divergence of fungi and animals. Within metazoa, several
additional independent expansions are observed in lineages such as
vertebrates, nematodes and urochordates, with more than half the RGS

domains in these lineages emerging as result of independent expan-
sions. Outside of metazoa major LSEs are observed in chythrid fungi, and
basal eukaryotes such as Trichomonas and Naegleria, with the latter
organism containing the largest complement of RGS domains observed
in any organism to date (at least 302 paralogous copies, of which at least
85% are predicted to be catalytic active versions; Fig. 3). These
observations further strengthen the contention that across eukaryotes
the RGS domain function is closely related to the regulation of Ga
signaling and that the inactive versions linked to other process (e.g. the
sorting nexins) are secondary adaptations of this domain. The pattern of
multiple independent LSEs of RGS domains indicates that this
represents the primary evolutionary mechanism by which GPCRs, and
the stimuli sensed by them, have been recruited to impact a diverse set
of intracellular processes across eukaryotes. Thus, the RGS domain
proteins are the primary channel for the Gas with the GPCR-linked
sensory inputs being utilized in lineage-specific adaptations of organ-
isms to their external environment and physiology.

5. Architectural diversity of RGS domain proteins

Consistent with the above inference that RGS proteins are central
to the lineage-specific adaptations of G-protein mediated signaling,
they show the greatest diversity in domain architectures of all the
components of the heterotrimeric G-protein signaling system. Hence,
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we systematically investigated their domain architectures to under-
stand more clearly how they have been utilized in their lineage-
specific signaling roles. We have previously used the complexity
quotient, which takes into account both the number of domains and
the number of different types of domains in proteins of a given
category, as a measure of domain architectural complexity (Fig. 5)
(Aravind et al., 2001; Burroughs et al., 2007). The plot of complexity
quotient against the number of proteins with the domain, across
completely sequenced eukaryotes, indicates that the complexity of
architectures of RGS domain proteins increases approximately as a
logarithmic function of the number of proteins with the domain. This
trend is comparable to similar logarithmic increases previously
observed for other “signaling” domains occurring in multi-domain
architectures, such as the ubiquitin-like domains (Burroughs et al.,
2007). Alternatively, the domain architectures can be represented as
an ordered graph which depicts the connectivity between the
domains as directed edges (Anantharaman et al, 2007) (Fig. 4).
These graphs reinforce the above picture, with lineages with greater
number of RGS domains also showing much denser graphs spanning a
greater number of connections with other distinct domains. In
phyletic terms the most diverse set of architectures are seen in
Naegleria, followed by metazoa, and then by fungi, stramenopiles and
amoebozoans (Fig. 4). This observation, taken together with evidence
for independent lineage-specific expansion of the Gor and the RGS
domains in metazoans and Naegleria, suggests that large-scale
propagation of the heterotrimeric G-protein signal through a diverse
set of intracellular channels evolved independently at least twice in
eukaryotic evolution. In contrast to the above lineages, Trichomonas
and plants have a very limited architectural diversity in their RGS
proteins, suggesting that in these organisms heterotrimeric G-protein
signals propagate via a relatively small set of intracellular cascades.
Interestingly, these graphs in combination with sequence analysis
suggest that certain associations of the RGS domain with other domains
might have arisen independently on more than one occasion. A notable
example is the independent fusion of the RGS domain to protein kinase
domains in metazoa on one hand and in amoebozoa and stramenopiles
on the other. Previously it was suggested that the Dictyostelium-type
RGS-kinase proteins might be related to the metazoan GPCR kinases
(Johnston et al., 2008). However, our analysis indicated that this is not the
case, with multiple fusions between the kinase and RGS domains having
arisen independently in the amoebozoans. Unlike in the metazoan
proteins, the kinase-linked RGS domains in both the amoebozoans and
stramenopiles are predicted to be catalytically active (Supplementary
material), indicating that they represent a functionally distinct theme
from the GPCR kinases (Tesmer et al., 2005; Singh et al., 2008; Tesmer
et al,, 2010). Architectures of RGS domain proteins recovered from early-
branching eukaryotes point to multiple independent associations
between the RGS domain and several distinct lipid-binding domains
throughout eukaryotic evolution (Fig. 4). In the fungi-metazoa clade
fusions at least 7 domains, namely C1, C2, Cysteine string (via
palmitoylation) PH, PX, PXA and TM segments, which could mediate
interactions with membranes have been observed. Convergent fusions to
the PH domain are also observed stramenopiles and Naegleria, and to the
C2 and PX domains in Naegleria (Fig. 4). Additionally, Naegleria encodes
at least 54 proteins in which the RGS domain is fused to a C-terminal
lipid-binding START domain (Ponting and Aravind, 1999; Iyer et al.,
2001), a combination which is currently known from no other organism.
Previous studies in animals and fungi indicate that the localization of RGS
proteins to the inner surface of the cell-membrane results in enhanced
interactions with the heterotrimeric G-protein signaling complexes and
allow for maximal GAP activity (Srinivasa et al., 1998; Tu et al,, 2001; Roy
etal,, 2003). In light of the above observations on domain architectures, it
appears likely that membrane-association has played a major role
throughout eukaryotic evolution in selecting for linkages between RGS
and lipid-binding domains. In particular, the association with the START
domain in Naegleria, might have a special role in recruiting hetero-

trimeric G-protein signaling to specific membrane microdomains
enriched in sterol lipids which can be sensed by the START domain
(Alpy and Tomasetto, 2005). The RGS protein architectures from early-
branching eukaryotes also point to multiple independent origins for
linkages between heterotrimeric G-protein signaling and cyclic nucleo-
tide signaling in eukaryotic evolution. In metazoa, Gs- and Gi-type Gas
have evolved features that allow specific interactions with their adenylyl
cyclase effectors (Berlot and Bourne, 1992; Sunahara and Taussig, 2002;
Mou et al., 2009). However, the Gs- and Gi- type Gas are a part of the
radiation of Gas that occurred early in animal evolution and do not have
cognates which conserve the adenylyl cyclase interaction interface
outside of metazoa. Likewise, the vertebrate RGS2, which interacts with
both Gs and the adenylyl cyclases to attenuate cAMP production, belongs
to a radiation of RGS domains that occurred only in the vertebrates (Roy
et al., 2003; Kimple et al., 2009). Thus, the regulation of cyclic nucleotide
signaling by Gs, Gi and RGS2 appears to have emerged only within
metazoa. However, we observed that in Naegleria there are at least two
bacterial-type cNMP cyclases, which are fused to C-terminal RGS
domains (Fig. 4, Supplementary Material), suggesting a functional
interaction with Go-dependent signaling. It is conceivable that the
fused RGS domain functions as an in built regulatory mechanism that
helps the cyclase to limit Ga signaling either by GAP activity or by steric
hindrance, as has been proposed for RGS2 (Roy et al., 2003). Another
independent case of functional linkage of these systems is seen in the
stramenopiles, which display a conserved architecture combining a RGS
domain to two N-terminal cNMP-binding domains (Fig. 4, Supplemen-
tary Material). Hence, these proteins could potentially regulate Go
signaling in a cyclic nucleotide-dependent manner.

Examination of the actual domain architectures of RGS proteins
from the previously uncharacterized eukaryotic lineages reveals
several novel linkages that greatly expand the diversity of regulatory
roles to which heterotrimeric G-protein signaling has been recruited
(Fig. 4). The most striking of these are novel bacterial-type receptor
proteins from Naegleria with intracellular RGS domains. While
previously characterized receptors with RGS domain, such as the
plant sugar receptors (e.g. Arabidopsis RGS1), are conventional 7TM
receptors, these Naegleria proteins exhibit a different architectureI
they possess two TM regions bracketing different types of extracel-
lular small-molecule-binding sensor domains, which are typical of
bacterial receptors, followed by an intracellular module containing an
RGS domain (Fig. 4). Further, just as in the case of their bacterial
cognates, their intracellular module might exhibit bacterial-type
signal-transmission domains such as HAMP or PAS. The extracellular
sensor domains of these Naegleria proteins are of three types: 1) At
least 52 of them contain a 4-helical bundle domain typical of bacterial
chemotactic receptors that has been called the “CHASE3 domain”
(Zhulin et al., 2003; Aravind et al., 2010). 2) At least 10 of them
contain a divergent version of a PAS domain previously called
“CHASE4” (Zhulin et al., 2003; Aravind et al., 2010). 3) At least two
contain a CHASE domain which also possesses the same fold as the
PAS domains (Anantharaman and Aravind, 2001; Mougel and Zhulin,
2001). The above features strongly suggest that the progenitors of
these receptors where acquired by heterolobosea (the clade contain-
ing Naegleria) from bacteria via lateral transfer. Their combinations
with RGS domains appear to have converted them into a novel type of
receptors that recruit Gos. Hence, they represent a remarkable
example of a receptor of bacterial origin being recruited to signal
via a mechanism of eukaryotic provenance by the fusion of a single
domain. Also notable is the fusion in Naegleria of the RGS domain to
the flavin-binding BLUF (Gomelsky and Klug, 2002) (two proteins)
and the thioredoxin-like (11 proteins) domains (Fig. 4). These latter
domains could potentially function as sensors of changes in redox
potential and might represent a hitherto unknown mechanism of
signaling such changes via the heterotrimeric G-protein system. In
photosynthetic stramenopiles such as Aureococcus and Ectocarpus we
found fusions of RGS domain to EF-hand domains (Fig. 4), suggesting
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that in these organisms there could be unique cross-links between
calcium-dependent and G-protein signaling.

6. 7TM receptors with and without C-terminal RGS domains and
the evolution of functional linkages between 7TM receptors and
heterotrimeric G-protein signaling

Examination of the architectures suggested a striking qualitative
difference between animals and many of other eukaryotic lineages:
clades such as plants, fungi, Naegleria and Trichomonas contain one to
several representatives of 7TM receptors with C-terminal intracellular
RGS domains (Fig. 4) (Johnston et al., 2007). In these clades all or a
notable fraction of the RGS domains occur fused to the 7TM receptor
(Fig. 3). In plants, fungi and Trichomonas these proteins contain just a
simple 7TM receptor domain and a C-terminal RGS domain (Johnston
et al.,, 2007; Grigston et al., 2008; Johnston et al., 2008). In Naegleria
over one third (at least 115 proteins) of the RGS domains are linked to
the 7TM domain and there are several more complex receptor
architectures that are characterized by the fusion of further
extracellular modules to the N-terminus of the 7TM domain. These
include domains involved in adhesive interactions like the EGEF,
polycystic kidney disease (PKD) and bulb-lectin domains, the small-
molecule binding PBP-II domain and a previously uncharacterized
Naegleria-specific domain (Fig. 4, Supplementary material). The
combination of a 7TM domain with the PBP-Il domain is reminiscent
of a similar combination found in the metabotropic glutamate and
taste receptors of animals (Pierce et al., 2002) while those fused to the
adhesion-related domains resemble the adhesion-GPCRs of animals
(Yona et al., 2008). However, these Naegleria proteins do not display a
close relationship to these latter animal receptors suggesting that this
combination emerged independently at least twice during the
evolution of GPCRs. The diverse architectures suggest that Naegleria
might utilize these 7TM both to recognize solutes (via the PBP-II
domain) as well as surfaces, such as those of prey and substrata (via
the adhesion modules). The sporadic distribution of these 7TM-linked
RGS proteins in eukaryotes points to a history involving gene losses
and also potentially lateral transfers. Indeed, the plant proteins
strongly group with the Trichomonas versions to the exclusion of all
other RGS+7TM proteins in phylogenetic trees, supporting the
possibility of lateral transfer, although the direction is currently
unclear (Supplementary material). Nevertheless, this architecture
appears to have independently expanded in Naegleria, Trichomonas
and chythrid fungi, making it the dominant mode of G-protein
signaling in these organisms. In stark contrast to these clades, despite
possessing a large number of both RGS domains and 7TM receptors
there is not even a single instance of a fusion between a RGS domain
and a 7TM receptor in the animal lineage. Like animals, all the lineages
with 7TM +RGS proteins also contain conventional 7TM receptors
without RGS domains (Jones, 2002; Grigston et al., 2008; Johnston
et al., 2008) (Fig. 3). At least in the case of the fungi there is evidence
that these 7TM receptors without RGS domains function as GEFs, as in
the case of the animal receptors (Siderovski and Willard, 2005; Koelle,
2006). Thus, it appears that in most eukaryotes there are different
7TM receptors, which can function either as GEFs or as GAPs, whereas
in animals there has been a complete shift towards GEF-type
receptors. Further, with the exception of plants, we observed that
all these other lineages also encode standalone RGS domain proteins.
Studies in plants have hinted that the rate limiting step for their
G-proteins is the GTP hydrolysis step, rather than exchange of GTP for
GDP, which is the case in animals (Johnston et al., 2007; Grigston et al.,
2008). In light of the above observations it is possible that most
eukaryotic lineages might possess Goes that might have either the GDP
exchange or GTP hydrolysis as a limiting step and accordingly
function better with either a GAP- or GEF-type 7TM receptor. It
appears that prior to the lineage-specific expansion of Gas in the
animal lineage their ancestral version became one with a relatively

low rate constant for GDP exchange. The propagation of this property
across all descendent animal Gots appears to have eventually favored
only GEF-type 7TM receptors in this lineage. A similar situation
appears to have independently prevailed in the amoebozoans and
stramenopiles.

The above picture indicates that the role of 7TM receptors and the
nature of their interactions with heterotrimeric G-proteins appear to
have undergone notable shifts within particular lineages and
prompted us to more closely examine the evolution of this functional
linkage. Prokaryotic sensory rhodopsins and our earlier discovery of
several distinct types of bacterial 7TM signaling receptors suggested
that the origins of the 7TM receptors ultimately lay in the bacterial
world (Anantharaman and Aravind, 2003; Jekely, 2009). The bacterial
7TM-receptors (other than the sensory rhodopsins) architecturally
resemble the Naegleria 7TM + RGS proteins in that they typically have

an extracellular sensor domain, followed by a 7TM domain linked to a ¢

C-terminal intracellular signaling domain. However, these signaling
domains are unrelated to G-protein signaling; instead they span a
diversity of bacterial-type signaling domains such histidine kinases,
phosphatases, HD-hydrolases and domains involved in diguanylate
production and degradation (Anantharaman and Aravind, 2003).
Even within eukaryotes, in various lineages such as animals and slime
molds, there is evidence for 7TM receptors signaling independently of

the G-proteins via pathways such as MAP kinase and glycogen ¢

synthetase kinase-3 (Brzostowski and Kimmel, 2001; Pierce et al.,
2002). To investigate the degree of the functional linkage between
G-protein signaling and 7TM receptors in eukaryotes we compared

the phyletic profiles of these families. The number of 7TM receptors ¢

encoded by an organism is generally positively correlated with the
numbers of both Gas and RGS domain proteins (Fig. 5). Thus, various

evolutionarily distinct lineages, such as animals, chythrid fungi and ¢

Naegleria, with large complements of RGS domain proteins also have

notably expanded complements of 7TM receptors (Fig. 3). Further- ¢

more, every organism encoding heterotrimeric GTPase subunits and
RGS domains necessarily encode 7TM receptors. These observations
point to a strong link between the two throughout eukaryotic
evolution. The presence of both 7TM receptors and a part of the
heterotrimeric G-protein system in Trichomonas indicates that, while
the 7TM-dependent signaling originally arose independently of
G-proteins, it was probably coupled to the Ga and RGS proteins
even before the last eukaryotic common ancestor (LECA). The exact
nature of the 7TM landscape in the LECA is much harder to reconstruct
on account of most of 7TM receptor evolution in eukaryotes being
dominated by lineage-specific expansion (Rompler et al., 2007).

However, given the presence of both RGS-fused and standalone ¢

versions of 7TM receptors in a wide range of eukaryotes, i.e., plants,
fungi, heteroloboseans (Naegleria) and parabasalids (Trichomonas), it

is possible that both types were already present in the LECA. The RGS ¢

fused versions show a distant relationship with the metabotropic
glutamate/taste receptor-like proteins (the so called “family C”)
(Pierce et al., 2002) suggesting that the later type could have emerged
secondarily from a precursor of the former type. The majority of

receptors in the clade including animals, fungi and plants belong to ¢

the group typified by the visual rhodopsins and the animal
chemoreceptors (the so called “family A”) (Pierce et al., 2002). The
evidence from Naegleria and Trichomonas suggests that these were

perhaps either absent or in low numbers in LECA and expanded only ¢

later in eukaryotic evolution. While certain other eukaryotic families
with 7 TM segments, such as the LUSTR (GPR107/GPR180) family
(Edgar, 2007) are traceable to LECA, there is no evidence in support of
them functioning as receptors. More recently a family of Arabidopsis
TM proteins (GTG1/2) were claimed to be GPCRs for abscissic acid
with intrinsic GTPase activity (Pandey et al., 2009). However,
sequence analysis reveals that the claim for GTPase activity was
based on a spurious alignment and statistically unsupported inference
of relationship to G-proteins. Instead, independent evidence suggests
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that this conserved family of membrane proteins is likely to function
as a voltage-gated ion-channel that promotes acidification of the Golgi
compartment (Maeda et al., 2008). Hence, it is highly unlikely that
these proteins have any role as receptors in GTP-dependent signaling.

We uncovered at least one eukaryotic lineage, namely the
alveolates, which contains 7TM receptors but entirely lacks hetero-
trimeric GTPase signaling (Fig. 3). In alveolates, 7TM proteins related
to the classical eukaryotic GPCRs (i.e. closest to the so called “family
A”) are observed in ciliates, Perkinsus and most of the apicomplexans
including the malarial parasite Plasmodium, with modest lineage-
specific expansions in the ciliates (Supplementary material). Their
closest sister group, the chromists, have both TM receptors and GPCRs.
This pattern suggests that while the 7TM receptors were retained and
in some cases even expanded, the heterotrimeric G-protein system
was entirely lost, probably in the common ancestor of the alveolates
themselves. This exception to the general pattern of coupled presence
of the two signaling elements indicates that the eukaryotes have
probably retained a G-protein-independent signaling mechanism via
7TM receptors throughout their evolution. It is likely these indepen-
dent mechanisms have taken the dominant role in the alveolates after
the loss of the heterotrimeric G-proteins themselves.

7. General considerations and conclusions

A key realization of the post-genomic era has been that several
major signaling systems that were considered quintessentially
eukaryotic are actually of ultimately bacterial provenance (Aravind
et al., 2003; Iyer et al., 2006; Aravind et al., 2009). In face of this it is
interesting to note that the wealth of genomic data reinforces a
eukaryotic provenance for heterotrimeric GTPase signaling, although
the 7TM receptors themselves might have first emerged in bacteria.
The analysis presented here suggests that the Ga subunit of the
heterotrimeric G-proteins emerged prior to the radiation of the extant
eukaryotes from an ARF-like GTPase, which was in turn derived from
the MglA-like precursor from one of the prokaryotic progenitors of the
ancestral eukaryote. Further, this analysis also suggests that the
helical N-terminal extension of G and Gy subunit likely share a
common origin. This raises the question as to how the Arf-like
proteins, which were clearly involved in trafficking of molecules by
membrane vesicles (Li et al., 2004; Kahn et al., 2006; Kahn, 2009)
were recruited for receptor-linked signaling to give rise to the
ancestral Go. The role of the ARF-like GTPases in the trafficking of
membrane proteins through vesicles would have provided them the
initial opportunity to interact with their cargo, which might have
included early 7TM receptors. Further, it should be noted that in the
formation of vesicles that transport cargo back and forth from the ER
and Golgi, the Arf-like proteins interact with coatomer cage proteins
which contain WD40 repeats (Lee and Goldberg, 2010). Hence, it is
conceivable that the GP subunit emerged from such a B-propeller
precursor.

The results presented here suggest that inferences regarding
heterotrimeric GTPase signaling from the model animals, fungi and
plants are only the tip of the iceberg with respect to the
understanding of this system. The data from the newly sequenced
eukaryotic genomes helps in greatly refining the set of residues
involved in key functional interactions amongst the components of
this system. These predictions lend themselves to future experimental
tests which could help in improving our understanding of G-protein
function even in the model systems. Further, the wealth of new
connections uncovered in the basal eukaryotes suggests that organ-
isms such as Naegleria and chythrids might offer new vistas to
experimentally explore G-protein function. In particular, these
systems appear to contain a predominance of receptors that function
as GAPs rather than GEFs as in the case of animals. Hence, they could
help in better understanding how the catalytic properties of the Gots
might select for alternative receptors types. Furthermore, the novel

types of receptors identified in Naegleria might open new windows
into understanding how G-protein signaling might work in non-7TM
contexts. Finally, Trichomonas could also act as a potential model to
study G-protein signaling independent of GB<y, whereas alveolates
might provide models for G-protein-independent 7TM signaling in
eukaryotes.

Supplementary materials related to this article can be found online
at doi:10.1016/j.gene.2010.12.001.
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