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Abstract

Trimeric G protein signaling is a fundamental mechanism of cellular communication in eukaryotes. The core of this
mechanism consists of activation of G proteins by the guanine-nucleotide exchange factor (GEF) activity of G protein
coupled receptors. However, the duration and amplitude of G protein-mediated signaling are controlled by a complex
network of accessory proteins that appeared and diversified during evolution. Among them, nonreceptor proteins with
GEF activity are the least characterized. We recently found that proteins of the ccdc88 family possess a Ga-binding and
activating (GBA) motif that confers GEF activity and regulates mammalian cell behavior. A sequence similarity-based
search revealed that ccdc88 genes are highly conserved across metazoa but the GBA motif is absent in most invertebrates.
This prompted us to investigate whether the GBA motif is present in other nonreceptor proteins in invertebrates. An
unbiased bioinformatics search in Caenorhabditis elegans identified GBAS-1 (GBA and SPK domain containing-1) as a
GBA motif-containing protein with homologs only in closely related worm species. We demonstrate that GBAS-1 has GEF
activity for the nematode G protein GOA-1 and that the two proteins are coexpressed in many cells of living worms.
Furthermore, we show that GBAS-1 can activate mammalian Go-subunits and provide structural insights into the
evolutionarily conserved determinants of the GBA-G protein interface. These results demonstrate that the GBA motif
is a functional GEF module conserved among highly divergent proteins across evolution, indicating that the GBA-Go
binding mode is strongly constrained under selective pressure to mediate receptor-independent G protein activation in

metazoans.
Key words: C. elegans, GOA-1, DAPLE, Girdin, Ric-8.

Introduction

Both unicellular and multicellular organisms require a molec-
ular system to perceive stimuli from the environment and
transduce them inside the cell to elicit an adequate adaptive
response. In multicellular organisms, these systems have
evolved into complex networks of signaling pathways. One
of the main signaling mechanisms in eukaryotes is that me-
diated by trimeric G proteins. Trimeric G proteins are com-
posed of an o subunit (Go) with GTPase activity and an
obligatory heterodimer of B and y subunits (GBy) (Gilman
1987; Morris and Malbon 1999). In the classical view of this
signal transduction mechanism, the first step consists of an
extracellular signal acting on G protein-coupled receptors
(GPCRs) at the plasma membrane. GPCRs have seven-trans-
membrane domains (7-TM) and undergo a conformational
change upon activation that is transmitted to the inner side
of the plasma membrane, where they couple to trimeric G
proteins (Rosenbaum et al. 2009). Ligand-bound GPCRs act as
guanine-nucleotide exchange factors (GEFs) that activate tri-
meric G proteins by promoting the exchange of guanosine
diphosphate (GDP) for guanosine-5'-triphosphate (GTP) on
Ga.. Upon GTP binding, Ga changes conformation and dis-
sociates from GPy. Both Ga-GTP and free GBy activate a

wide range of downstream effectors to elicit cellular re-
sponses. Signaling is terminated when Ga hydrolyzes GTP
to GDP and the cycle is completed by reassociation of inactive
Ga-GDP with GBy.

This cycle of reactions, commonly referred to as the “G
protein cycle,” is conserved essentially through all eukaryotic
taxa and is believed to be present in the last eukaryotic
common ancestor (de Mendoza et al. 2014). However,
there is a marked lineage-specific diversification of this
system. For example, the number of GPCRs expanded dra-
matically in metazoans and the number of different Ga,, Gf3,
and Gy subunits are also increased in amorpheans and plants
compared with other evolutionary clades (Anantharaman
et al. 2010; de Mendoza et al. 2014).

The complexity of the trimeric G protein signaling network
is further increased by the existence of accessory proteins that
regulate either GPCRs or G proteins (Sato et al. 2006). Among
these accessory proteins, regulators of the activity of Go. sub-
units play a critical role because they control the lifetime of
GTP-bound Ga, which determines the duration and intensity
of signaling. The best characterized of these accessory proteins
are GTPase activating proteins (GAPs) (Dohlman and
Thorner 1997; De Vries et al. 2000; Ross and Wilkie 2000)
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and guanine-nucleotide dissociation inhibitors (GDlIs)
(Willard et al. 2004; Blumer et al. 2012). Although both
GAPs and GDIs work as inhibitors of Go subunits, the mo-
lecular mechanisms that they use are different: GAPs accel-
erate the intrinsic GTPase activity of Go. whereas GDlIs block
nucleotide exchange. These G protein regulators are modular,
that is, signature motifs or domains are sufficient for their G
protein regulatory function. GAPs contain a regulator of G
protein signaling (RGS) domain of approximately 120 aa (Ross
and Wilkie 2000) and GDIs a GoLoco/GPR motif of 20-30 aa
(Willard et al. 2004; Blumer et al. 2012).

The appearance and diversification of these accessory pro-
teins during evolution are also lineage-specific. For example,
Goloco/GPR proteins are primarily found in metazoans (de
Mendoza et al. 2014). On the other hand, GAPs of the RGS
family are present in all eukaryotes but their number is in-
creased in amorpheans and plants, which correlates with the
increased diversification of trimeric G protein subunits in
these taxa (Anantharaman et al. 2010; de Mendoza et al.
2014). A different mode of RGS diversification is the appear-
ance of RGS-like proteins in metazoans (de Mendoza et al.
2014). RGS-like domains conserve the architecture of RGS
domains and the ability to bind G proteins while lacking
GAP activity (Ross and Wilkie 2000). Yet another example
of RGS diversification is related to their modular composition:
RGS domains are frequently embedded in proteins with ad-
ditional functional domains and some domain architectures
are present only in certain taxa (Anantharaman et al. 2010; de
Mendoza et al. 2014). The R7 family of RGS proteins, for
example, contains DEP and GGL domains (Drenan et al.
2005; Cheever et al. 2008) and is only present in amorphea
(de Mendoza et al. 2014).

A third group of accessory proteins that regulate the ac-
tivity of Go. proteins are nonreceptor GEFs. Nonreceptor GEFs
mimic the action of GPCRs but they are cytoplasmic factors
instead on membrane receptors (Siderovski and Willard 2005;
Sato et al. 2006; Garcia-Marcos et al. 2015; Papasergi et al.
2015). They are the least characterized G protein regulators, in
part because of the lack of a signature domain or motif that
defines them. This has hampered both the development of
tools to characterize their biological functions and the sys-
tematic characterization of their evolution as a group. For
example, Ric8, one of the best characterized nonreceptor
GEFs, is present across amorpheans and in some heterokonts
(de Mendoza et al. 2014). However, the lack of sequence
similarity with other nonreceptors GEFs makes it difficult to
assess whether this pattern of distribution across evolutionary
clades is common to all nonreceptors GEFs or unique to this
particular protein and close homologs. In addition, the lack of
a defined functional domain and knowledge of the structural
determinants required for the GEF activity of Ric8 casts doubt
over inferences of G protein regulatory activity based solely on
the sequence similarity of distant orthologs. Therefore, it
would be important to identify signature domains or motifs
of other nonreceptor GEFs and characterize their conserva-
tion in different evolutionary clades to improve our under-
standing of the evolutionary history of this class of G protein
regulators as a whole.

It has been recently reported that a signature Ga binding
and activating (GBA) motif identified in some mammalian
proteins and synthetic peptides possesses GEF activity toward
Guai proteins (Gaiil, Gai2, and Gai3) (Johnston et al. 2005;
Austin et al. 2008; Garcia-Marcos et al. 2009, 2015; Garcia-
Marcos, Kietrsunthorn, et al. 2011; Aznar et al. 2015). This is
the first instance in which the GEF activity of nonreceptor
proteins has been directly linked to a defined sequence. The
GBA motif is 15-25 aa long and the crystallization of a syn-
thetic GBA-like peptide has provided insights into the struc-
tural basis of its binding to Got (Johnston et al. 2005). GIV and
DAPLE are the best characterized nonreceptor GEFs with a
GBA motif and the only ones for which the biological func-
tion of the GBA muotif in cell signaling has been established
(Ghosh et al. 2008, 2010; Garcia-Marcos et al. 2009, 2012;
Aznar et al. 2015). GPCR-independent G protein activation
by GIV and DAPLE is physiologically important because its
dysregulation is associated with diseases such as cancer, fibro-
sis or nephropathy (Ghosh et al. 2010; Garcia-Marcos, Jung,
et al. 2011; Lopez-Sanchez et al. 2014; Wang et al. 2014; Aznar
et al. 2015).

GIV and DAPLE belong to the same family of proteins,
ccdc88. To gain insights into the evolutionary conservation
of the GPCR-independent mechanism of G protein activation
mediated by GBA proteins, we systematically analyzed ccdc88
orthologs for the presence of a GBA motif. Our analyses (see
below) revealed that ccdc88 proteins are widely present
across metazoans but that the GBA motif is absent in most
invertebrates whereas present in almost all the vertebrate
orthologs analyzed. This prompted us to search for other
proteins with a GBA motif in invertebrates and test their
ability to functionally couple to G proteins. Here, we report
the identification of a GBA motif in a Caenorhabditis elegans
protein completely unrelated to the ccdc88 family and with
orthologs only in some other nematode species. This protein
acts as a GEF not only for the cognate Ga. in C. elegans (i.e,,
GOA-1) but also for mammalian Ga proteins. This is the first
validation of a nonreceptor GEF of the GBA family in inver-
tebrates, which demonstrates that the GBA motif is a func-
tional GEF module conserved in evolutionarily divergent
proteins and that this mechanism of receptor-independent
G protein activation appeared at least 300 Ma. This work also
sets the basis for the identification and subclassification of
novel nonreceptor GEFs in different species across evolution.

Results and Discussion

Evolutionary Conservation of the GBA Motif in the
ccdc88 Family

GIV and DAPLE belong to the ccdc88 family, which is com-
posed of three members in humans: ccdc88a (GIV), ccdc88b
(GIPIE), and ccdc88c (DAPLE) (Enomoto et al. 2006;
Matsushita et al. 2011; Aznar et al. 2015). These proteins
are classified into the same family because the N-terminal
region (~1,400 aa) is highly conserved among them. On the
other hand, the C-terminal region of the three proteins is
highly divergent: ccdc88b (GIPIE) has a very short C-terminal
region and the longer C-terminal regions (~400-600 aa) of

821



Coleman et al. - doi:10.1093/molbev/msv336

MBE

GIV and DAPLE are very different to each other (only ~15%
identity). Interestingly, the conserved GBA motifs of GIV and
DAPLE are located within their divergent C-terminal regions
(Aznar et al. 2015), suggesting functional conservation due to
selective pressure. To further investigate the evolutionary his-
tory of the GBA motif in the ccdc88 family, we carried out a
systematic phylogenetic analysis of the ccdc88 family (fig. 1).
We found ccdc88 orthologs in 82 of 85 metazoan species and
three of five holozoans (fig. 1 and supplementary table S1,
Supplementary Material online). Among the rest of the amor-
pheans investigated, only one species (Spizellomyces puncta-
tus) of 11 had a ccdc88 protein (fig. 1 and supplementary
table S1, Supplementary Material online), although it should
be noted that the statistical parameters of the query results
were of much lower confidence than for the metazoan coun-
terparts (e.g, BLASTp E values of 107 for S. punctatus vs.
10~ "7 for Danio rerio). Similarly, three of the seven bikonts
investigated displayed ccdc88 orthologs with low statistical
confidence. Analysis of the 87 metazoan species revealed that
the number of orthologs per species increased from a median
of one (range 0-1) in invertebrates to a median of 3 (range
2-9) in vertebrates (fig. 1). Importantly, the GBA motif was
absent from the majority of invertebrate orthologs (present
only in 5 of 43 or 11.6% of the species) whereas it was present
in at least one ortholog of almost all the vertebrate species (37
of 38 or 97.3% of the species) (fig. 1). A median of two ccdc88
orthologs per species contained a GBA motif (fig. 1).

Taken together, these observations indicate that the
ccdc88 family appeared in evolution at least at the level of
unicellular holozoans. In metazoans, the ccdc88 family diver-
sified by gene duplication in the transition from invertebrates
to vertebrates. This transition also marked an inflexion point
for the conservation of the GBA motif. Although the GBA
motif was present in early branching metazoans like sponges,
it was lost in the majority of invertebrates and preserved in
almost all vertebrates.

Identification of GBAS-1, a Unique GBA Motif-
Containing Protein in C. elegans

One possible explanation for the absence of the GBA motif in
many ccdc88 proteins of invertebrates is that the motif is not
functional (i.e, does not bind/regulate G proteins) in inver-
tebrates and easily lost under selective pressure. This
prompted us to investigate whether other proteins in inver-
tebrates contain a functional GBA motif and thereby test
whether this sequence motif works as an independent G
protein regulatory module across metazoans. For this, we
used all GBA sequences that have been experimentally
validated to bind and activate G proteins to create and
implement a position-specific scoring matrix (PSSM) in
ScanSite3. This PSSM was used to search the proteome of
the nematode C. elegans, an extensively characterized inver-
tebrate model organism with a well-annotated proteome.
Caenorhabditis elegans is also one of the invertebrate species
with a ccdc88 ortholog lacking the GBA motif, therefore rep-
resenting a good system to test whether a non-ccdc88 protein
with a GBA motif can modulate one of its cognate G proteins.
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The best fit (top scoring) motif of this search was found in the
uncharacterized protein F59H5.1 (fig. 2A). The 0.056 score for
the putative GBA motif in F59H5.1 corresponds to a 0.055
percentile of all ranked scores in the search (supplementary
fig. S1, Supplementary Material online), which is statistically
significant based on the high stringency cutoff (0.2 percentile)
of ScanSite3. Moreover, the overall distribution of scores for
motifs identified in the search is dramatically shifted toward
high values (supplementary fig. S1, Supplementary Material
online), which indicates that sequences similar to the GBA
motif are very infrequent in this data set. Taken together,
these results indicate that F59H5.1 is a high probability can-
didate for the presence of a bona fide GBA motif.
Interestingly, this protein has been previously reported as a
hit in a yeast two-hybrid screen for binding proteins of the
C. elegans Go. protein GOA-1 (Cuppen et al. 2003). For these
reasons, we focused our efforts on characterizing F59H5.1,
although it is possible that other high scoring candidates
from our search are also nonreceptor GEFs of the same class.

The F59H5.1 protein features two domains of unknown
function (DUFs). One is an SPK domain (domain in SET and
PHD-containing proteins and protein Kinases a.k.a. DUF545),
which is found only in nematodes, and the other one is a
DUF2890 domain, which is characteristic of adenoviruses of
vertebrates. The putative GBA motif sequence is embedded
within the DUF2890 domain and conforms with the core 7 aa
consensus [\/]-[T]-[\/]-[x]-[D/E]-[F]-[\/] (where “X” is any res-
idue and s is a hydrophobic residue) found in all previously
reported GBA proteins (fig. 2A). Based on the presence of
these features we named this protein GBAS-1 for “GBA and
SPK containing-1.” We did not find a GBA motif in any of the
280 DUF2890 sequences listed in the Pfam database and none
of the known GEFs with a GBA motif in vertebrates contained
a DUF2890 domain (not shown). Moreover, a phylogenetic
analysis revealed that GBAS-1 has homologs only in two nem-
atode species closely related to C. elegans but not in other
metazoans (fig. 2B). We found that one of the GBAS-1 homo-
logs contained a GBA motif (""%°VTVKEFL''® in CRE20827 of
Caenorhabditis remanei) and a similar domain architecture,
with three SPK domains in the N-terminal region and the
GBA motif close to the C-terminus (fig. 2B). Although this
suggests that the GBA motif could have appeared in a
common ancestor of nematodes and conserved in some
nematode species whereas lost in others, the current set of
sequenced nematode genomes does not provide the power
to assess this. Regardless of this, the most likely explanation
for the appearance of a GBA motif in GBAS-1-related proteins
and ccdc88 proteins is convergent evolution because these
are completely unrelated proteins and the GBA motif is a
short. A more intricate but still possible scenario is that
GBAS-1 acquired the GBA motif by domain-shuffling from
an ancestral ccdc88 protein (ie, the GBA motif was lost in
ccdc88 in C. elegans whereas it emerged in GBAS-1). The
restricted presence of GBAS-1 in Caenorhabditis but not
other species could be related to an adaptation to the in-
creased complexity of the G protein signaling network. For
example, C. elegans contains almost double the number of
GPCRs (~1,400) and Go subunits (24) than Homo sapiens.
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Fic. 1. ccdc88 proteins are present across metazoans but the GBA motif is absent in the majority of invertebrates. Sequences of 201 ccdc88 orthologs in
109 species were analyzed for the presence of a GBA motif as described in Materials and Methods. Each species is indicated by a number on the left of
the colored column (a full list of the species names corresponding to each number is provided in supplementary table S1, Supplementary Material
online). Each colored row in the central column represents one protein (a full list of the corresponding database accession numbers is provided in
supplementary table S1, Supplementary Material online). Blue and red indicate absence or presence, respectively, of a GBA motif. Those species in which
no ccdc88 protein was found are indicated in black.
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Fic. 2. Identification of GBAS-1 as a unique GBA motif-containing protein in Caenorhabditis elegans. (A) Bionformatics search for GBA motif-containing
proteins in C. elegans identifies GBAS-1. Left: Sequences of known GBA motifs were used to search the C. elegans proteome as described in Materials and
Methods. The uncharacterized protein F59H5.1 was the top scoring candidate. We named the top candidate (F59H5.1) GBAS-1 for GBA and SPK
containing-1. Right: Bar diagram of GBAS-1 domains with the predicted GBA moitif in red. The alignment of the putative GBA motif of GBAS-1 with the
known GBA sequences of GIV, DAPLE, NUCB1, and NUCB2 proteins and the synthetic KB-752 and GSP peptides is shown below along with a
consensus sequence (s, hydrophobig x, any). The invariable phenylalanine (F) is in red. (B) GBAS-1-related proteins are restricted to nematode species.
A cladogram of GBAS-1-related sequences was generated as described in Materials and Methods. Consensus tree inferred from 500 replicates with
bootstrap values shown for branching reproduced in > 60% of replicates. Species and BLAST E value are indicated beside protein name. Bottom: Bar
diagram of CRE20827 domains, which include three SPK domains and a GBA motif.

Taken together, these results indicate that GBAS-1 is a puta-
tive nonreceptor GEF of the GBA class but evolutionarily
unrelated to previously described GEFs in vertebrates.

GBAS-1 Is Coexpressed with GOA-1 in C. elegans Cells
and Binds Directly to GOA-1 In Vitro

As mentioned above, GBAS-1 was previously found as a hit in
a yeast two-hybrid screen for GOA-1 binding proteins
(Cuppen et al. 2003). However, yeast two-hybrid assays are
prone to yield false positive hits and the GBAS-1/GOA-1 in-
teraction was not confirmed by alternative and more direct
methods. Nevertheless, the same study (Cuppen et al. 2003)
reported that GBAS-1 does not interact with any other Go.
subunit of C. elegans in yeast two-hybrid assays, suggesting
that, if the identified interaction is a true positive, it is likely be
specific for GOA-1. We set out to validate whether GBAS-1
interacts with GOA-1 and if so, whether the interaction is
mediated by the newly identified GBA motif.

First, we asked whether GBAS-1 and GOA-1 are expressed
in the same cells of living C. elegans worms. GOA-1 is one of
the best studied Go. proteins in C. elegans and its regulation by
different types of G protein regulators such as GAPs (e.g, RGS-
7), GDIs (e.g, GPR-1/2, AGS-3), or nonreceptor GEFs (e.g., RIC-
8) is well characterized (Hajdu-Cronin et al. 1999; Gotta et al.
2003; Afshar et al. 2004; Hess et al. 2004; Hofler and Koelle
2011). Much like its closest homolog in mammals, Gato, GOA-
1 is expressed predominantly in the nervous system (Mendel
et al. 1995; Segalat et al. 1995), where it regulates different
aspects of neurotransmission, including the neural circuit
controlling the egg laying behavior. GOA-1 is also expressed
in other cells and plays additional physiological roles (Mendel
et al. 1995; Segalat et al. 1995). Most notably, GOA-1 partic-
ipates in early embryonic development by controlling cell
division in coordination with RGS-7, GPR-1/2, and RIC-8
(Gotta et al. 2003; Afshar et al. 2004; Hess et al. 2004).
Because the expression pattern of GOA-1 in C. elegans tissues
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is very well documented (Mendel et al. 1995; Segalat et al.
1995), we generated transgenic C. elegans strains bearing a
green fluorescence protein (GFP) reporter under the control
of the GBAS-1 promoter (Pgqs.1:GFP) to elucidate the expres-
sion pattern of GBAS-1. Previous studies have shown that
GOA-1 is expressed in virtually all neurons, distal tip cells
(DTC), and some other cells (Mendel et al. 1995; Segalat
etal. 1995). In our Py, 1:GFP transgenic animals we observed
GFP signals (fig. 3) in some neurons (head and tail neurons
[Neu], HSN, and VC), a subset of glial cells (GLR), distal tip
cells (DTC) and intestine. For comparison, we also analyzed
the expression of a GFP:GOA-1 reporter (fig. 3D). Although
the wide expression of GOA-1 in virtually all neurons makes it
difficult to visualize single cells in microscopy images, coex-
pression of a pan-neuronal nuclear RFP marker allowed to
pinpoint some of the GOA-1 positive cells, including the HSN
neuron that controls egg laying in which Pgq, 1:GFP reporter
is clearly expressed (fig. 3B). Taken together, these results
indicate that GBAS-1 and GOA-1 expressions overlap in
many C. elegans cells.

Next, we investigated whether GBAS-1 binds directly to
GOA-1 by using protein—protein binding assays with purified
proteins. Our initial efforts to purify full-length GBAS-1
from Escherichiacoli yielded no soluble protein, whereas the
C-terminal region of the protein (aa631-758, containing the
GBA motif) gave good quantities of high-quality protein
when expressed as either His-tagged or GST-tagged fusion
protein (supplementary fig. S2, Supplementary Material
online). This C-terminal region is separated from the rest of
the protein by a predicted intrinsically disordered region (sup-
plementary fig. S2, Supplementary Material online), which
indicates that it can work as an independent functional
unit and that truncating the protein at aa631 should not
disrupt folding of the C-terminal region. We found that
GST-fused GBAS-1 binds purified His-GOA-1 when the G
protein is in its inactive conformation (ie, GDP-bound)
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\vc Midbody

Fic. 3. The expression pattern of gbas-1 in Caenorhabditis elegans. Left: Lateral views of the head (A), midbody (B), and tail (C) of an adult hermaph-
rodite expressing the Pyyq.1:GFP reporter transgene and the midbody (D) of an adult expressing a Pgoq.1:GOA-1:GFP reporter transgene and the pan-
neuronal nuclear RFP reporter [P, .5:2XxNLS:TagRFP]. The gbas-1 reporter is expressed in the head neurons (Neu), glial cells (GLR), and intestine (In) (A).
It is also expressed in the HSN neuron, DTC, VC neurons (B), and tail neurons (C). A view of the midbody of an animal expressing the Pgo,.1:GOA-1:GFP
displaying wide expression across neurons is shown for reference. The RFP pan-neuronal reporter is shown to distinguish the localization of the GOA-
1:GFP expression in the HSN. Anterior of the animal is to the left, and ventral is down. Scale bar: 50 pm.

(fig. 4A). On the other hand, GBAS-1 binding to active GOA-
1, generated by loading with the GTP mimetics GDP-AIF, ™ or
GTPYS (Coleman, Berghuis, et al. 1994; Coleman, Lee, et al.
1994; Kleuss et al. 1994), was not detectable (fig. 4A). The
preferential binding of GBAS-1 for inactive versus active Ga. is
a feature shared with other GEFs (Cismowski et al. 2000; Tall
et al. 2003; Lee and Dohlman 2008), including all previously
characterized GBA proteins and peptides (Johnston et al.
2005; Austin et al. 2008; Ghosh et al. 2008; Garcia-Marcos,
Kietrsunthorn, et al. 2011; Aznar et al. 2015). The physiological
purpose of binding to inactive but not active G proteins is to
ensure the directionality of the reaction toward signaling ac-
tivation, that is, GEFs bind to inactive G proteins, accelerate
the exchange of GDP for GTP, and dissociate upon GTP load-
ing on Go to allow the action of Go-GTP on its effectors
(Sprang 1997). We estimated the equilibrium dissociation
constant (Kd) for the interaction of GBAS-1 with GDP-
bound GOA-1 to be approximately 3 uM (fig. 4B and C).
This affinity is similar to that of other proteins that regulate
Ga in cells (Natochin et al. 2001; Tall et al. 2003; McCudden
et al. 2005), including GBA proteins (Garcia-Marcos,
Kietrsunthorn, et al. 2011; Aznar et al. 2015), which suggests
that the interaction of GBAS-1 with GOA-1 occurs under
physiological conditions. Taken together, these results dem-
onstrate that GBAS-1 is present in GOA-1-expressing cells in
vivo and that it directly binds to the inactive G protein at
physiological concentrations in vitro.

GBAS-1 Binds to GOA-1 through Its GBA Motif

We hypothesized that the putative GBA motif of GBAS-1 was
responsible for GOA-1 binding. To gain further insights into
how GBAS-1 binds to GOA-1, we generated a homology-
based structure model of its GBA motif bound to GOA-1.

Midbody

The model was built using protein—protein docking and the
previously resolved structure of human Gai1 in complex with
the GBA-related peptide KB-752 (Johnston et al. 2005). Based
on this model, the GBA motif of GBAS-1 docks onto a groove
formed between the 3 helix and the Switch Il (Swll) region
of GOA-1 (fig. 5A). An analysis of the contributions of indi-
vidual residues to the energetics of the modeled interaction
revealed that binding is predominantly stabilized by interac-
tions of hydrophobic nature between residues on one side of
an o-helix formed by the GBA sequence and the o3/Swill
pocket on Go. (fig. 5A and B). This predicted binding mode
is analogous to that of other GBA proteins, which explains the
preferential binding to inactive G proteins. This is because the
Swll is a structural element that changes conformation de-
pending on whether Go. is bound to GDP or GTP (Sprang
1997). In GDP-bound Gu, the Swill is relatively flexible and can
accommodate the GBA motif whereas in GTP-bound Ga, the
Swil forms a well-ordered a-helix that shifts to the proximity
of the 3 helix and occludes the GBA binding pocket (Sprang
1997).

We reasoned that, if our structural model is correct, GBAS-
1 and the KB-752 peptide would compete for binding to
GOA-1. We found that this is the case because incubation
with the KB-752 peptide inhibited GOA-1 binding to GBAS-1
in a dose-dependent manner (fig. 5C). Although from this
single experiment we cannot completely rule out that the
KB-752 inhibits the GBAS-1/GOA-1 interaction by binding to
GBAS-1, the structural similarity between GOA-1 and Gail
indicates that KB-752 inhibits the interaction through a bind-
ing to GOA-1. This also suggests that GBAS-1 binds to the o3/
Swil pocket of GOA-1 through its GBA motif. To further
substantiate this and validate our structural model, we ana-
lyzed the contribution of individual residues to the interaction
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affinity. Purified GST-GBAS-1 (631-758) immobilized on glutathione-agarose beads was incubated with increasing amounts (0.25-10 M) of GDP-
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Inputs.

B
24 2=
GOA-1 Swil o3 GBAS-1
14 4o -
: N
8o " v T o
E o, (1) g
.
£.1- . . g_'_ » V657
.
2 A 9 F660
| R 3 r
“ . # L661
, F216
\\ o
3 w212 4
.
5'0 |6U 1%0 ?6” 2%0 360 3;0 5&5 ﬁ 6%5
D 104 Total binding energy . .
i csteeAs Al ol B E GST GST-GBAS-1 F GST-GBAS-1
\on v __GSTRRASY e | icoovebdisockion) s : o
i L W & L\ o
1 == — 5| 5oy % Goat: & o ¢ &, & ¢ TEE,
kDa s e kDa r}
—_ His His
< GST-GBAS-1 ‘g E - ar. - (GOAT) ar. (o)
g PR g g e - csT-BAS1 ) GSTGRAS-1
2 E i* - a7 & 0 5 1 (631-758)
£ Q F] ;
<GST 2 2 g g
o
 ——— <GST - <asT

Fic. 5. Characterization of the structural determinants of the GBAS-1/GOA-1 protein interface. (A, B) Prediction of molecular contacts critical for the
GBAS-1/GOA-1 interaction. A homology-based model of GBAS-1 GBA motif (blue) bound to GOA-1 (beige) was generated (A) as described in
Materials and Methods. Predicted per-residue energy (A AG, kcal/mol) contributions to the total energy of the GOA-1:GBAS-1 complex for the G
protein (B, left in red) and GBA motif (B, right in blue) sides were computationally determined by obtaining the difference in energies of the monomeric
components from the binary complex. GBAS-1 (blue) is predicted to engage a hydrophobic cleft formed between Swil and the a3 helix of the GOA-1
(orange). The hydrophobic interaction is predicted to be stabilized primarily by molecular contacts between three hydrophobic residues of GBAS-1's
GBA motif (V657, F660, and L661, blue) that line up on one side of an amphipathic helix and two aromatic residues in Swll of GOA-1 (W212, F216, red).
(C) KB-752 peptide inhibits GBAS-1 binding to GOA-1. Purified GST-GBAS-1 (631-758) immobilized on glutathione-agarose beads was incubated with
5 pug (~0.7 pM) of purified His-GOA-1 in the presence of increasing amounts (0-30 tM) of KB-752, a synthetic peptide known to bind on the cleft
between the o3 helix and the Swil region of Gt subunits (Johnston et al. 2005). The results were analyzed exactly as described in figure 4A. One
experiment representative of 3 is shown. (D) In silico predictions of the effects of interface residue mutations on the total stability of GOA-1:GBAS-1
complex. The effect of individual mutations on the total energy of the GOA-1:GBAS-1 complex was determined by obtaining the difference in energies
between the mutant and wild-type complexes (A AG, kcal/mol). The dotted line represents the total energy of the interaction, which would be
equivalent to the AAG of a fully dissociated complex. Average & S.EM. of five simulations per mutant. (E) Mutation of residues in the Swll region of
GOA-1 disrupts GBAS-1 binding. Binding of His-GOA-1WT, W212A or F216A to GST-GBAS-1 (631-758) was analyzed exactly as described in figure 4A.
One experiment representative of 3 is shown. (F) Mutation of V657, F660, or L661 in the GBA motif of GBAS-1 to alanine disrupts GOA-1 binding.
Binding of His-GOA-1 to GST-GBAS-1 (631-758) WT, V657A, F660A, or L661A was analyzed exactly as described in figure 4A. One experiment
representative of 3 is shown.
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between GBAS-1 and GOA-1 using in silico predictions fol-
lowed by biochemical validation with site-directed mutagen-
esis. The analysis of our structural model predicts that V657,
F660, and L6671 of GBAS-1 and W212 and F216 of GOA-1 are
the residues that contribute the most to stabilizing the inter-
action (fig. 5A and B). We modeled in silico the mutation of
each one of these residues to alanine and evaluated compu-
tationally their impact on the energetics of the GBAS-1/GOA-
1 interaction (fig. 5D). We found that each one of the alanine
mutants increases the energy of the complex, indicating im-
paired binding stability (fig. 5D), whereas analogous alanine
mutations adjacent to the predicted binding pocket did not
affect significantly the energetics of the system (AAG were
0.2, 025 and 0.26 kcal/mol for T261A, D262A and K210A,
respectively). Next we validated these computational predic-
tions experimentally by carrying out protein—protein binding
assays. As predicted, we found that the GOA-1 W212A and
F216A mutants had impaired binding to GBAS-1 (fig. 5E) and,
vice versa, that GBAS-1 mutants V657A, F660A and L661A
displayed diminished GOA-1 binding (fig. 5F). Taken together,
these results demonstrate that GBAS-1 binds to GOA-1
through its GBA motif and that the binding mode of this
interaction closely resembles that shown for other GBA
motifs in different species.

GBAS-1 Is a Bona Fide GEF for GOA-1 In Vitro

A GEF is defined by its ability to accelerate the rate of nucle-
otide exchange. Next, we determined whether the functional
consequence of GBAS-1 binding to GOA-1 is the acceleration
of nucleotide exchange by performing two well-established
enzymatic assays for this purpose—steady-state GTPase and
GTPyS binding assays (Krumins and Gilman 2002;
Mukhopadhyay and Ross 2002). The former measures the
rate of nucleotide exchange indirectly (because GTP hydroly-
sis is very fast and nucleotide exchange rate limiting under
steady-state conditions), whereas the latter measures it di-
rectly (Mukhopadhyay and Ross 2002; Afshar et al. 2004). We
found that GBAS-1 increases the initial rate of steady-state
GTPase activity and GTPYS binding of GOA-1 by approxi-
mately 4- to 5-fold (fig. 6A and C). This extent of GOA-1
activation is comparable to that reported under almost iden-
tical experimental conditions for RIC-8, the only other nonre-
ceptor GEF for GOA-1 reported to date (Afshar et al. 2004;
Hess et al. 2004; Afshar et al. 2005). GOA-1 activation by
GBAS-1 was dose-dependent (fig. 6B and D) and the ECy,
values (~3-5 M) were in keeping with the estimated Kd for
the interaction (fig. 4). Importantly, the ability of GBAS-1 to
activate GOA-1 was greatly diminished in both assay formats
with the GBA mutant F660A (fig. 6B and D). These results
indicate that GBAS-1 is a bona fide GEF for GOA-1 in vitro
and that this activity is directly associated with its GBA motif.

GBAS-1 Binds and Activates Mammalian Gai3

The results shown so far indicate not only that the GBA motif
of GBAS-1 shares sequence similarity with GBA motifs in
mammalian proteins but also that the GBA-G protein inter-
action has similar biochemical and structural properties. We

reasoned that if G protein activation by GBA proteins is a
conserved signaling mechanism, the structure of the GBA/G
protein interface would be conserved even among evolution-
arily distant species and unrelated proteins. For these reasons,
we next asked whether GBAS-1 could bind to mammalian Go.
subunits. GOA-1 is the only clear member of the Gi/o family
of Ga proteins in C. elegans (Bastiani and Mendel 2006),
which in mammals diversified into four related proteins:
Gail, 2, 3, and Goo. The closest mammalian ortholog of
GOA-1 is Goo (Mendel et al. 1995; Segalat et al. 1995). Yet,
all mammalian GBA proteins described to date bind to Gui
subunits (Gail, 2, and 3) instead of to Goo (Johnston et al.
2005; Austin et al. 2008; Garcia-Marcos et al. 2009, 2010;
Garcia-Marcos, Kietrsunthorn, et al. 2011; Aznar et al. 2015).
Interestingly, we found that GBAS-1 binds and activates
mammalian Go proteins with a marked preference for
Gai3 over Goo (fig. 7A and C). In fact, GBAS-1 coupled to
Gai3 as efficiently as to GOA-1. We checked whether the
converse is also true, that is, that mammalian GBA proteins
can bind to G proteins of C. elegans. For testing this, we chose
NUCB2 as the mammalian counterpart because its GBA se-
quence and affinity for Go. are the closest to those of GBAS-1
(Garcia-Marcos, Kietrsunthorn, et al. 2011). Consistent with
previous findings (Garcia-Marcos, Kietrsunthorn, et al. 2011),
NUCB2 bound preferentially mammalian Goi3 over Goo
(fig. 7B). Moreover, NUCB2 bound GOA-1 as efficiently as
Guai3 (fig. 7B), which supports the high conservation of the
GBA-G protein binding mode across different species. Of
note, although worm GPA-7 is distantly related to mamma-
lian Guii, a previous report showed that neither GPA-7 nor
other worm Ga subunits interact with GBAS-1 in yeast two-
hybrid assays (Cuppen et al. 2003), indicating GOA-1 specifi-
city for GBA-mediated regulation. Taken together, these
results suggest that the regulation of Goo-like GOA-1 by a
GBA motif in worms was preserved in Gai and lost in Goo
when the Gi/o family diversified in mammalian cells.

To further validate the conservation of the binding mode
between GBAS-1 and Ga subunits of different species, we
tested the effect of the GBA mutant F660A that precludes
binding and activation of GOA-1 (figs. 5 and 6). We found
that the F660A mutation decreased GBAS-1-mediated acti-
vation of mammalian Gaii3 as efficiently as it does for GOA-1
(fig. 7C), indicating that GBAS-1 activates both G proteins by
using an analogous GBA motif-dependent mechanism. Next,
we tested whether GBAS-1 activates Gaii3 also in cells by
taking advantage of a previously validated yeast-based assay
(Cismowski et al. 1999, 2002). Briefly, we introduced GBAS-
1WT and F660A in a genetically engineered yeast strain that
lacks GPCRs and with the endogenous yeast Go. protein
GPA1 replaced by mammalian Gai3 (fig. 7D). In this
system, only an exogenous G protein activator can trigger a
signaling pathway that is normally activated as a pheromone
response leading to an increase in Fus3 phosphorylation and
in transcriptional activation of the Fus1 gene (fig. 7D). We also
introduced in this strain the nonreceptor GEF Ric-8A to com-
pare activation efficiency with GBAS-1. Ric8 proteins are well-
characterized nonreceptor GEFs and the only ones known to
date that activate both C. elegans GOA-1 and mammalian Go
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Fic. 6. GBAS-1 is a bona fide GEF for GOA-1. (A) GBAS-1 accelerates the rate of GOA-1 steady-state GTPase activity. The steady-state GTPase activity of
His-GOA-1 alone (black) or in the presence of 25 M His-GBAS-1 (aa631-758, gray) was determined by measuring the production of [**P]Pi at different
time points as described in Materials and Methods. One experiment representative of 3 is shown. (B) GBAS-1 WT but not F660A accelerates the rate of
GOA-1 steady-state GTPase activity in a dose-dependent manner. The steady-state GTPase activity of His-GOA-1 was determined in the presence of
increasing concentrations (0-25 [1M) of His-GBAS-1WT (closed circles) or His-GBAS-1 F660A (open circles) by measuring the production of [**P]Pi at
15 min. Mean £ SEM. of five independent experiments. The ECs, (5.14 = 2.25 pM) for GBAS-1WT was calculated by fitting the data to a sigmoidal
dose-response curve. (C) GBAS-1 accelerates the initial rate of GTPYS binding to GOA-1. GTPY**S binding to His-GOA-1 alone (black) or in the
presence of 25 LM His-GBAS-1 (aa631-758, gray) was determined as described in Materials and Methods. One experiment representative of 3 is shown.
(D) GBAS-1WT but not GBAS-1 F660A dose-dependently accelerates the rate of GTPYS binding to GOA-1. GTPY**S binding to His-GOA-1 at 15 min
was determined in the presence of increasing concentrations (0-25 LM) of His-GBAS-1 WT (closed circles) or His-GBAS-1 F660A (open circles). Mean
=+ SEM. of four independent experiments. The ECs, (3.14 £ 1.89 M) for GBAS-1 WT was calculated by fitting the data to a sigmoidal dose-response
curve.

Structural Basis for GBAS-1 Preference for Gai3 and
GOA-1 versus Goo

proteins (including Gaii) in vitro and in vivo (Tall et al. 2003;
Afshar et al. 2004; Hess et al. 2004; Papasergi et al. 2015). We

found that GBAS-1WT but not the GEF-deficient mutant
F660A enhances Gai3-dependent signaling in cells as deter-
mined by increased Fus3 phosphorylation (fig. 7E) and
Pr.sr:LacZ reporter activity (fig. 7F). The extent of the activa-
tion by GBAS-1 WT was similar to that observed for Ric-8A in
both assays (fig. 7E and F). Taken together, these results indi-
cate that GBAS-1 can activate Go. subunits of a different
species in vitro and in cells. This activation occurs through
a conserved molecular mechanism that requires the GBAS-1
GBA motif and is as efficient as previously validated nonre-
ceptor GEFs.
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The preference of GBAS-1 for mammalian Gai3 versus Goto is
somewhat puzzling because its substrate G protein in C. ele-
gans, GOA-1 (G protein, o, alpha subunit), has higher similarity
to mammalian Goo than to Gai3. We reasoned that specific
differences in the structural features of the GBA binding
region of Go proteins would be responsible for the preferen-
tial binding of GBAS-1 to GOA-1 and Guaii3 over Goo. We
aligned the protein sequences corresponding to the GBA
binding region of GOA-1, Gui3, and Goo (fig. 8A) and
found that, despite all being similar, GOA-1 resembled Gu.i3
more closely than Goo. To gain further insights into how
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GOA-1 and better than to mammalian Goo. Binding of His-GOA-1, His-Ga.i3, or His-Goo to GST-GBAS-1 (631-758) was analyzed exactly as described
in figure 4A. (B) NUCB2, a mammalian GBA protein, binds to GOA-1 as efficiently as to mammalian Ga.i3 and better than to mammalian Goo. Binding
of His-GOA-1, His-Gai3, or His-Gao to GST-NUCB2 (aa177-333, containing the GBA motif) was analyzed exactly as described in figure 4A. (C) GBAS-1
activates mammalian Gai3 through its GBA motif as efficiently as Caenorhabditis elegans GOA-1 and better than mammalian Goo. The steady-state
GTPase activity of His-GOA-1, His-Gu.i3, or His-Goto was determined in the presence of 25 UM His-GBAS-1WT (black bars) or His-GBAS-1 F660A (gray
bars) by measuring the production of [>*P]Pi at 15 min. results are expressed as fold activation compared with the G protein alone (white bars). Mean =+
S.EM. of 4-8 independent experiments. *P < 0.05, **P < 0.01, **P < 0.001. (D) Schematic diagram of yeast-based assays to monitor G protein
activation by GBAS-1. The pheromone response pathway in Saccharomyces cerevisiae is regulated by GPCR-mediated activation of trimeric G proteins,
which induces Fus3 phosphorylation and transcriptional activation of the Fus1 promoter. A genetically engineered strain lacking endogenous GPCRs,
with a mammalian Gaii3 replacing the endogenous Goo GPA1 and bearing a LacZ reporter under the control of the Fus1 promoter was used to
determine the levels of G protein activation upon expression of exogenous GEFs like GBAS-1 or Ric-8A. Fus3 activation was determined by phosphoERK
(pPERK, which recognizes yeast ppFus3) immunoblotting (panel E) and B-galactosidase activity assays (panel F). (E) GBAS-1 WT but not GBAS-1 FG60A
enhances Fus3 activation in yeast as efficiently as Ric-8A. Yeast cells expressing GBAS-1WT (aa631-758), GBAS-1 F660A, Ric-8A (aa12-491), or an
empty vector were lysed and proteins analyzed by immunoblotting with the indicated antibodies as described in Materials and Methods. One
representative strain out of at least 3 is shown. (F) GBAS-1 WT but not GBAS-1 F660A enhances the Fus1 transcriptional activity in yeast as efficiently
as Ric-8A. The B-galactosidase activity of yeast cells expressing GBAS-1 WT (aa631-758), GBAS-1 F660A, Ric-8A (aa12-491), or an empty vector was
measures as described in Materials and Methods. Mean &= S.EM. of at least three independent strains. ***P < 0.001.

the higher similarity of GOA-1 to Gai3 may contribute to
favor the interaction with GBAS-1, we modeled the three-

mammalian proteins. This indicates that the structural fea-
tures of the GBA-G protein interface are highly conserved in

dimensional structure of the GBA binding site of GOA-1 on
Gai3 and Goo (fig. 88-D). When we mapped sequence sim-
ilarity to GOA-1 on the predicted GBA binding surfaces of
Gai3 and Gao, we found that that the amino acid composi-
tion of the GBA binding surface on Gui3 was identical to
GOA-1 whereas it differed in two residues for Goo (fig. 8C
and D, same amino acid as in GOA-1 are in red, different in
green). These two residues in Goio are M249 and F259, which
correspond to K249 and W259 in GOA-1 and K248 and W258
in Gaii3. This suggests that the presence of K249 and/or W259
in GOA-1 is important to favor its binding to GBAS-1 and
that their mutation to the corresponding amino acid(s) in
Goo would have a deleterious effect on the interaction. We
tested separately each one of these mutants for binding to
GBAS-1 and found that GOA-1 K249M reduced binding
whereas W259F had no effect (fig. 8E). These results indicate
that, despite the overall similarity between GOA-1 and Gao,
the GBAS-1 binding site on GOA-1 has structural features
that closely resemble the GBA binding site of Gai in

distant species even in the context of different Go subtypes,
suggesting that this binding mode is preserved by selective
pressure.

Final Remarks and Future Perspectives

The main finding of this work is the identification of a nonre-
ceptor GEF of the GBA family in invertebrates. This indicates
that the mechanism of receptor-independent activation of
trimeric G proteins by GBA proteins appeared at least 300
Ma. Importantly, the newly identified GEF, GBAS-1, is found
only in C. elegans and is not related to any of the previously
characterized GBA proteins other than by the presence of the
GEF motif. Despite the overall divergence between GBAS-1
and mammalian GEFs, the GBA motif of GBAS-1 is capable of
activating mammalian G proteins. These findings demon-
strate that the GBA motif is a functional GEF module con-
served in evolutionarily divergent proteins and suggest that its
function is preserved due to selective pressure. We provide
evidence that the functional conservation of the GBA motif as
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Fic. 8. Structural basis for GBAS-1 coupling to different Go. subunits in vertebrates and invertebrates. (A) Alignment of the GBA-binding region in
GOA-1, rat Gui3, and rat Golo. Protein sequences were aligned using ClustalW. Black and gray shading indicate conservation of identical or similar
residues. (B—D) Comparative analysis of the GBAS-1 binding site on GOA-1, Gai3, and Goo. Homology-based models (beige) of GOA-1 (B), Gui3 (C),
and Gao (D) in GBAS-1-bound conformations are shown in the same orientation to compare the structural features of the binding interface. GBAS-1
(blue) is not shown in the Gai3 and Goro models for clarity. Red surface overlay indicates residues conserved with GOA-1 whereas green indicates
sequence deviation. (E) Mutation of K249 to M in GOA-1 impairs its binding to GBAS-1 whereas mutation of W259 to F has no effect. Binding of His-
GOA-1TWT, K249M or W259F to GST-GBAS-1 (631-758) was analyzed exactly as described in figure 4.

a GEF for G proteins of distant species arises from constrains
in the GBA-Ga binding mode at the structural level. This is
because, in addition to the sequence similarity of the GBA
motif in GBAS-1 and other mammalian GBAs, the binding
site on Gat is essentially identical in different species (fig. 8)
and highly sensitive to subtle single residue variations (e.g,
replacement of K249 in GOA-1 by methionine).

The lack of GBAS-1 orthologs out of the Caenorhabditis
genus and its unrelatedness to previously described GBA pro-
teins (except for its GEF motif) are features remarkably similar
to those of another G protein regulator of C. elegans, GPR-1.
GPR-1, and the very close paralog GPR-2, contains a GoLoco
GDI motif (Gotta et al. 2003). Much like in the case of GBAS-1,
there are GPR-1/2 orthologs only in the Caenorhabditis genus
and their similarity to other GoLoco motif-containing pro-
teins in metazoans is restricted to the GDI motif (Hofler and
Koelle 2011). These observations are interesting because they
suggest similar evolutionary mechanisms for the appearance
and conservation of G protein regulatory modules of different
kinds (GBA vs. GolLoco).

A question that remains open is about the physiological
function of GBAS-1 as a G protein regulator. The general
function of GBAS-1 is unknown and a previous paper re-
ported that its depletion by RNAi causes no overt phenotype
in worms (Cuppen et al. 2003). We generated GBAS-1 knock-
out worm strains and did not observe any major phenotypic
alteration (no lethality, sterility or major locomotor defects).
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We also analyzed in detail egg-laying behavior, which is reg-
ulated by GOA-1 expressed in HSN neurons (Mendel et al.
1995; Tanis et al. 2008). Because GBAS-1 is also expressed in
HSN neurons (fig. 3), we reasoned that it could specifically
affect egg-laying behavior. GOA-1 regulates different aspects
of egg-laying behavior depending on the environmental con-
ditions. For example, it regulates normal egg laying under
standard culture conditions (well fed) but it is also responsible
for shutting down egg-laying under starved conditions and
for resuming egg-laying after refeeding. Because different
GOA-1 regulators have been shown to regulate egg-laying
at different steps of this fed-starved cycle (Dong et al. 2000;
Hofler and Koelle 2011), we tested the behavior of GBAS-1
knockout animals in three different conditions, fed, starved
and refed (Supplementary fig. S3A, Supplementary Material
online). We found that GBAS-1 knockout animals have no
major alterations in egg-laying behavior because they lay eggs
efficiently under fed conditions, shut off egg laying under
starvation, and resume egg-laying upon refeeding
(Supplementary fig. S3A, Supplementary Material online).
We noticed a modest decrease in the number of eggs laid
by GBAS-1 under fed and refed conditions. We reasoned that
if this defect is due to reduced egg-laying activity, the number
of unlaid eggs in the GBAS-1 knockout worms would be in-
creased. However, we found that this is not the case. Instead,
the number of unlaid eggs is slightly decreased compared
with  wild-type animals (Supplementary fig.  S3B,
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Supplementary Material online). These results indicate that
the diminished number of laid eggs is likely a consequence of
diminished egg production rather than an effect on egg-laying
per se. Although egg production is known to be regulated by
GOA-1 (Mendel et al. 1995; Segalat et al. 1995), the defect
observed in GBAS-1 knockout animals is too mild to know
with certainty if it is biologically relevant and/or related to
GOA-1. Thus, although these results suggest an in vivo role for
GBAS-1, establishing its specific function as a G protein reg-
ulator will require additional work. For example, it is possible
that functional redundancy with other proteins with an
uncharacterized GBA function in C. elegans (like some of
the hits shown in fig. 2) may account for the lack of pheno-
type alterations upon GBAS-1 deletion. Another possibility is
that GBAS-1 regulates GOA-1 for physiological functions in
which GOA-1 activity is redundant with other Got subunits.
Previously published (Cuppen et al. 2003) yeast two-hybrid
data suggest that GBAS-1 is specific for GOA-1, so it is pos-
sible that the functional redundancy of different Got would
mask GBAS-1 effects. In fact, functional redundancy of GOA-1
and other Ga subunits is well documented, especially in the
context of cell division regulation during early development
(Gotta and Ahringer 20071; Afshar et al. 2005). In this context,
GOA-1 and GPA-16 have redundant functions and both of
them must be simultaneously deleted to observe impaired
cell division and cause a severe embryonic lethal phenotype
(Gotta and Ahringer 2001). Interestingly, deletion of the
nonreceptor GEF RIC-8 also causes severe embryonic lethality
and it has been demonstrated that this is due to its ability to
simultaneously regulate both GOA-1 and GPA-16 in cell di-
vision (Afshar et al. 2005). Reduced egg production is associ-
ated with the loss of function of GOA-1 in embryonic cell
division (Gotta and Ahringer 2001; Afshar et al. 2004), so it is
possible that the mildness of the loss of egg production in
GBAS-1  knockout animals (Supplementary fig. S3,
Supplementary Material online) is due to GPA-16 functional
redundancy. In summary, additional work is required to ad-
dress the specific function(s) of GOA-1 regulated by GBAS-1
in vivo.

Regardless of the specific physiological function of GBAS-1
in C. elegans, our results establish that this protein is a bona
fide GEF for Go in vitro and that it can activate G protein
signaling in cells. Because this mechanism was elucidated by
searching for a conserved GBA motif, our work also provides
the proof-of-principle for the identification of nonreceptor
GEFs of the GBA class in different evolutionary lineages
based solely on sequence similarity. However, the relatively
low number of known GBA sequences is still a limitation to
perform powerful searches and the chances of false positives
would be too high to allow their systematic identification
based only on sequence similarity. For example, we used
the same query sequence and program (ScanSite3) as
reported here for C. elegans to search the proteomes of
D. rerio and Mus musculus. We obtained 19, 33 and 25 hits
with scores below the threshold of ScanSite3 (<0.2) in
C. elegans, D. rerio and M. musculus, respectively. Although
we identified ccdc88 orthologs among the hits in D. rerio and
M. musculus, the rest of the hits were unrelated proteins and

it would be a daunting task to validate each one of them
separately. Therefore, the validation of additional GEFs of the
GBA family in different species, like the one reported here,
would be useful to build a more robust training set. Moreover,
the validation of additional GBA proteins would also be useful
to establish additional parameters to be implemented to
filter/refine the results of sequence searches. For example,
the GBA motif of GBAS-1 is predicted to be present in an
intrinsically disordered region (Supplementary fig. S1,
Supplementary Material online), as it occurs with the GBA
motif of GIV and DAPLE (Oates et al. 2013). Whether this is a
true conserved feature for GBA motifs remains to be estab-
lished but, if so, it could be used as an additional parameter
during candidate identification. Further advances toward de-
fining the GBA sequence conservation and other GBA-asso-
ciated structural features will be critical for developing more
accurate tools for the identification and subclassification of
novel nonreceptor GEFs. These efforts would be the next
rational step to understand the evolutionary history of this
GPCR-independent mechanism of trimeric G protein
activation.

Materials and Methods

Bioinformatics Analyses and Searches

Sequences of ccdc88 orthologs were obtained using two com-
plementary approaches. First, we used the database of ortho-
logs OrthoDB (Kriventseva et al. 2008). We retrieved the 157
ccdc88 sequences annotated in  Uniprot from Group
EOG7NOC3V in this database. These sequences belonged to
67 metazoan species. Second, we used BLASTp to increase the
coverage of species in our analysis of ccdc88 orthologs. More
specifically, we searched additional invertebrate species to
balance the number of vertebrates versus invertebrates
(final numbers were 38 vs. 46) and additional nonmetazoan
species. The invertebrate species were selected to cover major
metazoan groups not well represented in the data set ob-
tained from OrthoDB: Porifera, Ctenophora, Placozoa,
Cnidarian, and different subgroups of Bilaterialia. We also
searched in five holozoans of three different classes
(Coanoflagelata, Filasterea, and Ichthyosporea), nine fungi of
six  different  classes  (Ascomycota, Basidiomycota,
Mucoromycota, Blastocladiomycota, Chytridiomycota, and
Microsporidia), two amoebas and seven bikonts from
Excavata, Alveolata, Heterokonta, and Embryophyta. The
searches in BLASTp were conducted using three independent
ccdc88 sequences against each species. We used ccdc88
proteins from H. sapiens (Uniport: Q3V6T2), Drosophila mel-
anogaster (Uniprot: Q85X64), and C. elegans (Uniprot:
Q9XXR1) to ensure that we did not miss distant relatives.
For each search in individual species, we selected the Basic
Local Alignment Search Tool (BLAST) hits with lower
Expected values (E values) among the queries with the
three different ccdc88 sequences. Hits with E values larger
than 107> were discarded. The total number of sequences
was 201, which corresponded to 109 different species (ccdc88
proteins were absent in 19 of these species). Sequences were
imported into the Genenious software (Kearse et al. 2012) for
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visualization and for searching GBA motifs using the sequence
pattern [LIMV]-[TS]-[LIMV]-x-[DEQ]-[F]-[LIMV]. Sequences
were manually annotated for the presence of a GBA motif
and analyzed for the number of ccdc88 family members per
species and how many of them had a GBA motif.

The search for proteins with a GBA motif in C. elegans was
performed in ScanSite 3 using the QuickMatrix Method
(Obenauer et al. 2003). Briefly, we used the sequences of
known GBA motifs of the proteins GIV, DAPLE, NUCB1,
NUCB2 and the synthetic peptides KB-752 and GSP
(Johnston et al. 2005; Austin et al. 2008; Garcia-Marcos
et al. 2009; Garcia-Marcos, Kietrsunthorn, et al. 2011; Aznar
et al. 2015) to design the pattern [V(L)]-[T]-[L(V)]-[X(E)]-
[DE]J-[F]-[L] and generate the corresponding PSSM to
search in the C. elegans proteome in the NCBI Protein
GenPept/RefSeq database.

Sequence similarity searches and domain annotations in
Pfam and SMART databases for C. elegans F59H5.1 (aka.
GBAS-1) were performed in BLASTp using default parameters
against the nonredundant protein sequences (nr) database.
Hits with E values <1e-6 were considered as GBAS-1-related
homologs and searched for the presence of a GBA motif using
the sequence pattern [LIMV]-[TS]-[LIMV]-x-[DEQ]-[F]-
[LIMV] as described above. Alignment of GBAS-1-related pro-
tein amino acid sequences was performed in Geneious v4.8.4
(Biomatters LTD.) with the Blosum62 cost matrix and 99
refinement iterations. Alignments for CBG20133 and
CBG11397 were further refined manually to maximize pair-
wise identity to similar sequences. Phylogenetic analysis was
performed using this alignment in MEGA6 (Tamura et al.
2013). The corresponding cladogram was built using the max-
imum-likelihood method with a Whelan and Goldman sub-
stitution model (Whelan and Goldman 2001) inclusive of a
frequency parameter and five discrete gamma distribution
categories (WAG+Freq.+G). Selection of model was based
on comparison of Bayesian Information Criterion scores
(lowest chosen). Bootstrap consensus tree (Felsenstein
1985) was inferred from 500 replicates.

Protein secondary structure and disorder predictions were
done using PSIPRED v3.3 and DISOPRED3, respectively, using
the PSIPRED server (Buchan et al. 2013).

Plasmid Constructs and Mutagenesis

A cDNA of F59H5.1 (aka. GBAS-1) was obtained from
OpenBiosystems and used as a template for polymerase
chain reaction amplification of the region corresponding to
aa631-758. This fragment was cloned into ligation indepen-
dent cloning (LIC) vectors derived from pET21 (Stols et al.
2002; Cabrita et al. 2006) (kindly provided by John Sondek,
University of North Carolina, Chapel Hill) as an N-terminally
tagged GST-fused protein or a His-tagged protein using
previously described protocols. The plasmid encoding for
GST-NUCB2 (177-333) has been described previously
(Garcia-Marcos, Kietrsunthorn, et al. 2011). GOA-1 (aa28-
351) was cloned into an LIC vector as an N-terminally
tagged His-fused protein. This N-terminally truncated
GOA-1 has been previously validated to preserve the in
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vitro biochemical properties of the native protein, including
susceptibility to activation by nonreceptor GEFs (Afshar et al.
2004, 2005). The plasmids encoding for rat His-Gai3 and rat
His-Goto have been described previously (Garcia-Marcos et al.
2010). GBAS-1 (631-758) and rat Ric-8A (aa12-491, kindly
provided by Stephen Sprang, University of Montana [Thomas
et al. 2011]) were cloned into an LIC vector derived from
pYES2. Briefly, this plasmid was created by removing two
Sspl sites (nt 5379 and 5400) by mutagenesis and inserting
the LIC cassette described in Stols et al. (2002) between the
Sspl/BamHl sites of the multicloning site resulting in the elim-
ination of the Sspl site and preservation of the BamHl site. A
sequence containing the first 9 aa of Saccharomyces cerevisiae
GPAT1 followed by a myc tag was cloned upstream of the LIC
cassette between the Hindlll and Kpnl sites. The GBAS-1 and
Ric-8A fragments were then inserted using previously de-
scribed LIC procedures (Stols et al. 2002; Cabrita et al.
2006). The centromeric pRS314 plasmid containing the
LacZ gene under the control of the Fus1 promoter was a
kind gift of Mary Cismowski (Nationwide Children’s
Hospital; Cismowski et al. 2002). A transgene to express
green fluorescent protein in C. elegans from the gbas-1 pro-
moter was generated by amplifying a 5-kb promoter fragment
using the primers 5'-acgtGGATCCcattttgctgaaaattacattt-
taaag-3’ and 5'-acgtCTGCAGcgtattactttcacaaacctcee-3’ from
a fosmid clone containing gbas-1 genomic DNA, cutting with
BamHI and Pstl (sites shown in capital letters within the
primer sequences), and inserting into the GFP expression
vector pPD96.77 (Andrew Fire, Stanford University) also cut
with BamHI and Pstl. The transgenes to express GFP:GOA-1
from the goa-1 promoter and the pan-neuronal RFP reporter
[Prab-3:2xNLS:: TagRFP] were described previously (Jose et al.
2007; Stefanakis et al. 2015). Site-directed mutagenesis was
carried out using the QuickChange kit (Agilent) following the
manufacturer’s protocol (primers available upon request).

Caenorhabditis elegans Strains and Microscopy

Caenorhabditis elegans strains were cultured at 20 °C on nem-
atode growth medium (NGM) agar plates with E. coli strain
OP50 as a food source (Brenner 1974). The wild-type strain
was Bristol N2. Two C. elegans strains bearing mutant alleles
for the gbas-1 gene were obtained from the International
C. elegans Gene Knockout Consortium. The two alleles were
gk578844 and gk136226, which bear early nonsense mutations
(stop codons) replacing K575 and Q337, respectively. These
alleles are expected to produce no protein (due to nonsense-
mediated decay of the mRNA) or truncated proteins lacking
the GBA motif. Each mutant strain was outcrossed at least
four times to the wild-type to produce the two gbas-1 mutant
strains analyzed, LX1967 gbas-1(gk136226) and LX1968 gbas-
1(gk578843). Transgenic strains expressing the Pgpq,.1:GFP re-
porter cassette were constructed by injection of plasmid DNA
into the germline. LX2147 vsls161[Pgoa-1:GOA-1:GFPJ;
otls356[Prab-3:2xNLS:TagRFP] animals were used to image
the GOA-1:GFP (Jose et al. 2007) and the pan-neuronal nu-
clear RFP marker expression (Stefanakis et al. 2015). Animals
were immobilized for microscopy on agar pads with a drop of



GBA Motif Evolutionary Conservation - doi:10.1093/molbev/msv336

MBE

0.1% (w:v) levamisole and imaged with a Zeiss LSM 710 con-
focal microscope.

Caenorhabditis elegans Egg-Laying Assays

Egg-laying assays were performed as previously described
(Dong et al. 2000; Chase and Koelle 2004; Hofler and Koelle
2011). To determine the number of unlaid eggs, adult animals
were dissolved in bleach and the number of bleach-resistant
eggs counted. In the unlaid egg assay, 36 animals per genotype
were analyzed. To measure response to starving and feeding,
staged adults were picked to an unseeded plate and allowed
to crawl away from residual food for 3-5min, and then
repicked to an NGM plate containing OP50 bacteria (fed
condition) or a plate containing no food (starved condition).
Plates for each condition had a 4 M fructose ring applied as an
osmotic barrier approximately 15-20 min before starting the
experiment. Animals were allowed to lay eggs for 60 min and
were then removed from plates and eggs were counted. The
adults removed from the starved condition plates were
moved to plates containing food (refed condition) and
were allowed to lay eggs for an additional 60 min. They
were then removed and the eggs laid were counted. The
number of eggs laid was determined by assaying 50 animals
per condition for each genotype (five experiments of ten
animals each). Adults used for both assays were obtained
by picking late L4 larvae and staging the animals for 40 h at
20 °C.

Protein Expression and Purification

GST- and His-tagged recombinant proteins were expressed in
E. coli strain BL21(DE3) (Invitrogen) and purified as described
previously (Garcia-Marcos et al. 2010; Garcia-Marcos,
Kietrsunthorn, et al. 2011). Briefly, bacterial cultures were in-
duced overnight at 23 °C with 1mM isopropyl-B-o-1-thio-
galactopyranoside (for His-tagged G proteins) or following an
“autoinduction” protocol as described in Studier (2005) (for
GST- and His-tagged GBAS-1). Pelleted bacteria from 11 of
culture were resuspended in 25 ml GST-lysis buffer (25 mM
Tris—HCl, pH7.5, 20 mM NaCl, 1TmM ethylenediaminetetra-
acetic acid [EDTA], 20% [v/v] glycerol, 1% [v/v] Triton X-100
supplemented with protease inhibitor cocktail [Leupeptin
1M, Pepstatin 2.5 M, Aprotinin 0.2 M, PMSF 1 mM]) or
in 25 ml His-lysis buffer (50 mM NaH,PO4[pH 7.4], 300 mM
NacCl, 10 mM imidazole, 1% [v/v]Triton X-100 supplemented
with protease inhibitor cocktail [Leupeptin 1 UM, Pepstatin
2.5 UM, Aprotinin 0.2 M, PMSF 1 mM]) for GST or His-fused
proteins, respectively. After sonication (four cycles, with
pulses lasting 30 s/cycle, and with 1-min interval between
cycles to prevent heating), lysates were centrifuged at
12,000 x g for 20min at 4 °C. Solubilized proteins were af-
finity purified on glutathione-agarose beads (Pierce) or HisPur
Cobalt Resin (Pierce), eluted with reduced glutathione or
imidazole followed by overnight dialysis against phosphate-
buffered saline (PBS) and storage at — 80 °C. For the purifi-
cation of His-GBAS-1, the dialysis step was replaced by a gel
filtration chromatographic step in a Superdex S200 column
equilibrated with PBS. For the purification of G proteins,

buffers were supplemented with 25 pM GDP and proteins
exchanged into 20 mM Tris—HCl, pH 7.4, 20 mM NaCl, 1TmM
MgCl,, 1 mM dithiothreitol (DTT), 10 #M GDP, and 5% (v/v)
glycerol before storage at — 80 °C.

In Vitro Protein Binding Assays

GST pulldown assays were carried out as described previously
(Garcia-Marcos et al. 2010; Garcia-Marcos, Kietrsunthorn,
et al. 2011) with minor modifications. Briefly, 20-25 ng of
GST, GST-GBAS-1 (631-758), or GST-NUCB2 (177-333) were
immobilized on glutathione agarose beads for 90 min at room
temperature in PBS. Beads were washed twice with PBS, resus-
pended in binding buffer (50 mM Tris—HCl, pH 7.4, 100 mM
NaCl, 0.4% [v:v] NP-40, 10 mM MgCl,, 5mM EDTA, 2mM
DTT, and 30 uM GDP), and incubated 4 h at 4 °C with
constant tumbling in the presence of different His-tagged G
proteins. Beads were washed four times with 1 ml of wash
buffer (4.3 mM Na,HPO,, 1.4 mM KH,PO, pH 7.4, 137 mM
NaCl, 2.7 mM KCl, 0.1% [v/v] Tween-20, 10 mM MgCl,, 5 mM
EDTA, 1mM DTT, and 30 pM GDP) and resin-bound pro-
teins eluted with Laemmli sample buffer by incubation at 37
°C for 10 min. Proteins were separated by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to Polyvinylidene fluoride (PVDF) membranes.
After blocking with PBS supplemented with 5% nonfat
milk, membranes were analyzed by Ponceau S staining
(GST-fused proteins) or sequential incubation with primary
and secondary antibodies. Primary anti-His antibodies (Sigma
H1029) were used at 1:2,500 dilution and secondary antibo-
dies (Goat antimouse IRDye 800 F(ab’)2, Li-Cor Biosciences)
at 1:10,000. Immunoblot quantification was performed by
infrared imaging following the manufacturer’s protocols
using an Odyssey imaging system (Li-Cor Biosciences). All
Odyssey images were processed using the Image ) software
(NIH) and assembled for presentation using Photoshop and
lllustrator softwares (Adobe). For the experiments investigat-
ing the binding of GBAS-1 to GOA-1 in different activation
states, His-GOA-1 was incubated in binding buffer supple-
mented with GDP (30 uM), GDP + AlF,~ (30 uM GDP/30
UM AICl3/10 mM NaF) or GTPYS (30 uM) for 2.5 h at 30 °C
right before the binding incubation with GST-GBAS-1. The
wash buffer was also supplemented with the same
nucleotides.

Protein Structure Homology Modeling and In Silico
Mutagenesis Analyses

A homology model of nematode GOA-1 bound to a portion
of GBAS-1 (GBA motif, aa 653—664) was generated from the
X-ray crystal structure of human Gaii1 bound to the synthetic
GEF peptide KB-752 (PDB: 1Y3A) using ICM Homology ver-
sion 3.8-3 (Molsoft LLC, San Diego, CA). The GBAS-1 model
was energetically minimized in the context of the GOA-1
structure using a Monte Carlo based approach (ICM,
Molsfot LLC.), removed from the receptor, and redocked
(Abagyan and Totrov 1994; Abagyan et al. 1994). Protein—
protein docking of the GBAS-1 peptide to GOA-1 was con-
ducted in silico using a two-stage fast Fourier transform
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method (ICM, Molsfot LLC.) and compared with solutions
from the ClusPro 2.0 server (Fernandez-Recio et al. 2002, 2003;
Comeau et al. 2004; Kozakov et al. 2006). Simulations were
carried out at 300 K in continuous dielectric solvent (no ex-
plicit waters). Prior to simulations, hydrogen atoms were pop-
ulated and the isomeric/tautomeric state and positioning of
side chains was optimized. The model was refined with a
Fragment-Guided Molecular Dynamics simulation to im-
prove local geometry by relaxing steric strains and to optimize
torsion angles and hydrogen bonding networks (Zhang et al.
2011). Individual amino acid energy contributions to the sta-
bility of the modeled GOA-1:GBAS-1 complex and the effect
of mutations on complex stability were calculated with FoldX
version 3.0 (Guerois et al. 2002; Schymkowitz et al. 2005).
Briefly, residues with unfavorable torsion, van der Waals
clashes or high total energy were repaired and the per-residue
energy contributions were obtained by calculating the differ-
ence (AAG) between monomeric GOA-1 (or free GBAS-1
peptide) and the GOA-1:GBAS-1 complex at the individual
residue level. Monomeric forms were generated by manually
removing GBAS-1 or GOA-1 from the repaired complex to
assure stochastic differences in side-chain energies did not
contribute to calculations. Mutational effects on the total
stability of the complex were determined by building
mutant protein models with flexible neighboring residues
and calculating the difference in total energy from a corre-
sponding native structure in which altered neighboring resi-
dues were positioned to match; the average of five models is
reported to demonstrate convergence. Per-residue and mu-
tation calculations in FoldX were for the system at pH 7.0, 0.05
M ionic strength, and 298 K. Model images were generated
with PyMOL Molecular Graphics System, (Schrodinger, LLC.).

Steady-State GTPase Assay

This assay was performed as described previously (Garcia-
Marcos et al. 2009, 2010; Garcia-Marcos, Kietrsunthorn,
et al. 2011; Leyme et al. 2014). Briefly, His-GOA-1, His-Ga.i3,
or His-Gao (100 nM) was preincubated with different con-
centrations of His-GBAS-1 (aa 631-758) for 15 min at 30 °Cin
assay buffer (20 mM Na-HEPES, pH 8, 100 mM NaCl, 1 mM
EDTA, 25 mM MgCl,, 1TmM DTT, 0.05% [w:v] C;,E40). GTPase
reactions were initiated at 30 °C by adding an equal volume of
assay buffer containing 1 uM [y->’P]JGTP (~50 c.p.m./fmol).
For the time-course experiments, duplicate aliquots (50 jul)
were removed at different time points and reactions stopped
with 950 ul of ice-cold 5% (w/v) activated charcoal in 20 mM
H5PO,, pH 3. For the dose-curve experiments, reactions were
stopped at 15 min. Samples were then centrifuged for 10 min
at 10,000 x g, and 500 wl of the resultant supernatant were
scintillation counted to quantify released [*’P]Pi. For the
time-course experiments, data were expressed as raw c.p.m.
For the dose-curve experiments, the background [*’P]Pi de-
tected at 15 min in the absence of G protein was subtracted
from each reaction and data expressed as percentage of the Pi
produced by His-GOA-1 in the absence of His-GBAS-1.
Background counts were greater than 5% of the counts de-
tected in the presence of G proteins.
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GTPYS Binding Assay

GTPyS binding was measured using a filter binding method as
described previously (Garcia-Marcos et al. 2010; Garcia-
Marcos, Kietrsunthorn, et al. 2011; Aznar et al. 2015). His-
GOA-1 (100 nM) was preincubated with different concentra-
tions of His-GBAS-1 (631-758) for 15min at 30 °C in assay
buffer (20 mM Na-HEPES, pH 8, 100 mM NaCl, 1T mM EDTA,
25mM MgCl,, TmM DTT, 0.05% [w:v] C;5Eq0). Reactions
were initiated at 30 °C by adding an equal volume of assay
buffer containing 1 uM [**S] GTPYS (~50 c.p.m./fmol). For
the time-course experiments, duplicate aliquots (25 ) were
removed at different time points, and binding of radioactive
nucleotide was stopped by addition of 3 ml, ice-cold wash
buffer (20mM Tris—HCl, pH 8.0, 100mM NaCl, 25 mM
MgCl,). For the dose-curve experiments, reactions were
stopped at 15min. The quenched reactions were rapidly
passed through BA-85 nitrocellulose filters (GE Healthcare)
and washed with 4 ml wash buffer. Filters were dried and
subjected to liquid scintillation counting. For the time-
course experiments, data were expressed as raw c.p.m. For
the dose-curve experiments, the background [**S]GTPYS de-
tected in the absence of G protein was subtracted from each
reaction and data expressed as percentage of the [*°S] GTPYS
bound by His-GOA-1 in the absence of GBAS-1. Background
counts were greater than 5% of the counts detected in the
presence of G proteins.

Yeast Strains and Manipulations

The previously described (Cismowski et al. 1999) Sa. cerevisiae
strain CY7967 [MATo. GPA1(1-41)-Goi3 far1A fusip-HIS3
canl ste14:trpT:LYS2 ste3A lys2 ura3 leu2 trp1 his3] (kindly
provided by James Broach, Penn State University) was used
for all experiments. The main features of this strain are that
the only pheromone responsive GPCR (Ste3) is deleted, the
endogenous Go-subunit GPAT is replaced by a chimeric
GPA1(1-41)-human Gai3 (36-354), and the cell cycle
arrest-inducing protein far1 is deleted. In this strain, the pher-
omone response pathway can be upregulated by the ectopic
expression of activators of human Ga.i3 and does not result in
the cell cycle arrest that occurs in the native pheromone
response (Cismowski et al. 1999, 2002). Plasmid transforma-
tions were carried out using the lithium acetate method.
CY7967 was first transformed with a centromeric plasmid
(CEN TRP) encoding for the LacZ gene under the control
of the Fus1 promoter, which is activated by the pheromone
response pathway. The Pg;:LacZ-expressing strain was trans-
formed with derivatives of the pYES2 plasmid (2 pum, URA)
encoding for GBAS-1 WT, GBAS-1 F660, or Ric-8A described
in “Plasmid Constructs and Mutagenesis.” Double transfor-
mants were selected in SD-TRP-URA media. Individual col-
onies were inoculated into 3 ml of SDGalactose-TRP-URA
and incubated overnight at 30 °C to induce the expression of
the proteins of interest under the control of a galactose-
inducible promoter of pYES2. This starting culture was used
to inoculate 20 ml of SDGalactose—-TRP-URA at 0.3 ODg.
Exponentially growing cells (~0.7-0.8 ODgqo 4-5 h) were
pelleted to prepare samples for subsequent assays (see
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“Yeast Protein Immunoblotting” and “B-Galactosidase
Activity Assay”).

Yeast Protein Immunoblotting

This assay was performed as described previously (Cox et al.
1997; Hoffman et al. 2002) with minor modifications. Briefly,
pellets corresponding to 5 ODgq, were washed once with PBS
+ 0.1% bovine serum albumin (BSA) and resuspended in
150 p of lysis buffer (10 mM Tris—HCl, pH 8.0, 10% [w:v] tri-
chloroacetic acid, and 25 mM NH,OAc, TmM EDTA); 100 pl
of glass beads was added to each tube and vortexed at 4 °C
for 5 min. Lysates were separated from glass beads by poking a
hole in the bottom of the tubes followed by centrifugation
onto a new set of tubes. The process was repeated after the
addition of 50 pl of lysis buffer to wash the glass beads.
Proteins were precipitated by centrifugation (10 min, 20,000
x g) and resuspended in 60 pl of solubilization buffer (0.1
M Tris—HCI, pH 11.0, 3% SDS). Samples were boiled for 5 min,
centrifuged (1 min, 20,000 x g) and 50 Ll of the supernatant
transferred to new tubes containing 12.5 pl of Laemmli
sample buffer and boiled for 5 min. Proteins (~15-20 pl per
lane) were separated by SDS-PAGE, blocked in PBS supple-
mented with 5% BSA, and analyzed by sequential incubation
with primary and secondary antibodies. Primary antibodies
were diluted as follows: ppERK (rabbit mAb, Cell Signaling
#4370), which recognizes yeast ppFus3: 1:2,500, myc (mouse
mADb, Cell Signaling #9B11): 1:1,000, and o-tubulin (Sigma
T6074): 1:2,500. Secondary antibodies (Goat anti-mouse
IRDye 800 F(ab')2, Li-Cor Biosciences, and Goat anti-rabbit
Alexa Fluor 680, Lifetechnologies) were used at 1:10,000.
Images were acquired in an Odyssey infrared scanner
(Li-Cor), processed using the Image J software (NIH), and
assembled for presentation using Photoshop and lllustrator
softwares (Adobe).

B-Galactosidase Activity Assay

This assay was performed as described previously (Hoffman
et al. 2002) with minor modifications. Pellets corresponding
to 0.5 ODgy, Were washed once with PBS + 0.1% BSA and
resuspended in 200 pl assay buffer (60 mM Na,PO,, 40 mM
NaH,PO, 10 mM KCl, 1TmM MgCl,, 0.25% [v:v] B-mercap-
toethanol, 0.01% [w:v] SDS, 10% [v:v] chloroform) and vor-
texed; 100 pl was transferred to 96-well plates and reactions
started by the addition of 50 pl the fluorogenic [B-galactosi-
dase substrate fluorescein di-f3-p-galactopyranoside (100 uM
final). Fluorescence (Ex 485 &= 10 nm/Em 528 + 10 nm) was
measured every 2min for 90 min at 30 °C in a Biotek H1
synergy plate reader. Enzymatic activity was calculated from
the slope of fluorescence (arbitrary units) versus time (min).
At least three independent clones determined in duplicate
were measured for each condition and the results normalized
(fold activation) to the activity in controls (strains carrying an
empty pYES2 plasmid).

Statistical Analyses

Each experiment was performed at least three times. Data
shown are expressed as mean == SEM or as one representative

result out of each biological replicate. Statistical significance
between various conditions was assessed with the Student’s
t-test. P < 0.05 was considered significant.

Supplementary Material

Supplementary figures S1-S3 and table S1 are available at
Molecular Biology and Evolution online (http://www.mbe.
oxfordjournals.org/).
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