THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 285, NO. 52, pp. 41100-41112, December 24, 2010
© 2010 by The American Society for Biochemistry and Molecular Biology, Inc. ~ Printed in the U.S.A.

A Conserved Protein Interaction Interface on the Type 5 G
Protein 83 Subunit Controls Proteolytic Stability and Activity
of R7 Family Regulator of G Protein Signaling Proteins™

Received for publication, July 12,2010 and in revised form, October 19,2010 Published, JBC Papers in Press, October 19,2010, DOI 10.1074/jbc.M110.163600

Morwenna Y. Porter*'?, Kegiang Xie®', Edwin Pozharski’, Michael R. Koelle™, and Kirill A. Martemyanov®*

From the Department of Pharmacology, University of Minnesota, Minneapolis, Minnesota 55455, the *Department of Molecular
Biophysics and Biochemistry, Yale University School of Medicine, New Haven, Connecticut 06520, and the 1]Department of
Pharmaceutical Sciences, University of Maryland School of Pharmacy, Baltimore, Maryland 21201

Regulators of G protein signaling (RGS) proteins of the R7
subfamily limit signaling by neurotransmitters in the brain
and by light in the retina. They form obligate complexes with
the G5 protein that are subject to proteolysis to control their
abundance and alter signaling. The mechanisms that regulate
this proteolysis, however, remain unclear. We used genetic
screens to find mutations in G35 that selectively destabilize
one of the R7 RGS proteins in Caenorhabditis elegans. These
mutations cluster at the binding interface between G5 and
the N terminus of R7 RGS proteins. Equivalent mutations
within mammalian G5 allowed the interface to still bind the
N-terminal DEP domain of R7 RGS proteins, and mutant
GB5-R7 RGS complexes initially formed in cells but were then
rapidly degraded by proteolysis. Molecular dynamics simula-
tions suggest the mutations weaken the GB5-DEP interface,
thus promoting dynamic opening of the complex to expose
determinants of proteolysis known to exist on the DEP do-
main. We propose that conformational rearrangements at the
GB5-DEP interface are key to controlling the stability of R7
RGS protein complexes.

G protein pathways are ubiquitous signaling systems that
provide control over virtually all cellular functions (1, 2). The
duration and extent of signaling in these pathways are criti-
cally shaped by the regulator of G protein signaling (RGS)”
proteins, consisting over 30 members (3, 4). In the nervous
systems, a key role in the regulation of neurotransmitter sig-
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naling belongs to the R7 family of RGS proteins. Members of
this protein family are conserved throughout the animal king-
dom and regulate fundamental neuronal functions ranging
from egg laying behavior and locomotion in Caenorhabditis
elegans (5, 6) to vision, nociception, motor coordination, and
reward behavior in mammals (7).

Four mammalian R7 RGS proteins (RGS6, RGS7, RGS9,
and RGS11) act preferentially to speed up the inactivation of
the G, class of Ga proteins activated by rhodopsin, D, dopa-
mine, p-opioid, and other receptors (reviewed in Ref. 7). Inac-
tivation of R7 RGS proteins in mice leads to visual defects,
motor coordination deficits, and enhanced effects of addictive
drugs (7, 8). In C. elegans, two ancestral R7 RGS proteins,
EGL-10 and EAT-16, inhibit Ger, and Ga,, proteins, respec-
tively (Fig. 1A), to antagonistically control egg laying, locomo-
tion, and other behaviors (5, 6).

Both mammalian and C. elegans R7 RGS proteins share
considerable sequence similarity and a common domain orga-
nization. In addition to the RGS homology domain that acts
as a GTPase activator to terminate Ga signaling, these pro-
teins possess an N-terminal DEP/DHEX (disheveled/EGL-10/
pleckstrin similarity domain/DEP helical extension) module
that recruits the soluble NSF attachment protein receptor-like
membrane-binding protein R7BP/RSBP-1, followed by the
GGL (G gamma-like) domain that binds the atypical G pro-
tein B subunit GB5/GBP-2 (6, 7, 9). Association with G35/
GBP-2 and R7BP/RSBP-1 is essential for the stability of these
complexes. Although disruption of R7ZBP/RSBP-1 selectively
destabilizes RGS9 and EAT-16 (9, 10), knock-out of GB5/
GBP-2 essentially eliminates the expression of all R7 RGS pro-
teins (11, 12) leading to the hypothesis that interactions with
G5 play a central role in controlling the stability of R7 RGS
proteins. The recent crystal structure of the RGS9-GB5 com-
plex indicates that GB35 has three distinct interactions with R7
proteins as follows: in addition to marginal contacts with the
RGS domain, it forms extensive contacts with the GGL and
the DEP domains (13).

Alterations to R7 RGS protein levels are thought to be an
important mechanism underlying signaling plasticity and
have been documented in response to changes in receptor
activation status under pathological conditions such as Par-
kinson disease (14) and addiction (15, 16). Experiments in C.
elegans (9, 17) and mice (16, 18, 19) indicate that the abun-
dance of R7 RGS proteins is critically important in determin-
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ing the extent of their regulatory influence. The mechanisms
that alter R7 RGS abundance remain unclear, but any mecha-
nism that dynamically regulates protein abundance requires
protein turnover. Given the sensitivity of R7 RGS proteins to
degradation, their turnover may in fact be the regulated step.

In this study, we have used the power of C. elegans genetics
to identify an unusual mutation in GB5/GBP-2 that preferen-
tially affects the stability of EAT-16 over EGL-10, resulting in
a characteristic hyperactive phenotype caused by enhanced
Ga, signaling. Interestingly, previous genetic screens reported
several mutations in GB5/GBP-2 with similar functional
properties but unexplained mechanisms (20, 21). Our analysis
shows that all of the identified “hyperactive” mutations are in
residues conserved in mammals and disrupt the GB5-DEP
interface, which serves as the hot spot for the regulation of
complex stability.

EXPERIMENTAL PROCEDURES

Nematode Strains and Culture—C. elegans strains were
maintained and double mutants generated using standard
techniques (22). All strains used are listed in supplemental
Table 1, and all gpb-2 mutations are listed in supplemental
Table 2. vs33 was isolated in a screen for hyperactive egg-lay-
ing mutants (23, 24) and mapped using standard genetic tech-
niques. Briefly, single nucleotide polymorphism mapping (25)
placed vs33 between —0.69 and 5.06 centimorgans on the ge-
netic map of chromosome I. A combination of three-factor
mapping and single nucleotide polymorphism analysis further
positioned vs33 between two visible markers at 0.00 (dpy-5)
and 3.30 (unc-29). Subsequent sequencing of candidate G
protein signaling genes within this region identified a 3-bp
deletion in gpb-2 that eliminates the Asp-263 codon.

C. elegans Behavior and Morphology—Egg laying assays
were performed as described previously (26). To determine
the number of unlaid eggs, adult animals were dissolved in
bleach and the number of bleach-resistant eggs counted. To
determine the percentage of eggs laid at each developmental
stage, adult animals were allowed to lay eggs for 30 min, and
the eggs were visually inspected. In the unlaid egg assay, 30
animals per genotype were analyzed, and the mean and 95%
confidence intervals were calculated. In the developmental
stage assay, =100 eggs per strain were analyzed, and 95% con-
fidence intervals and p values were calculated using Wilson’s
estimates. Precisely staged adults for both assays were ob-
tained by isolating late L4 larvae and aging for 30 h at 20 °C.

To qualitatively analyze locomotion and foraging, individ-
ual worms were filmed moving across a bacterial lawn with a
digital video camera attached to a Leica M420 dissecting mi-
croscope. Tracks were traced manually. To visualize morphol-
ogy, worms were imaged on a Zeiss Axioskop microscope.

DNA Constructs and Site-directed Mutagenesis—Cloning of
full-length GB5, R7BP, RGS7, and RGS9-2 was described pre-
viously (27). To generate N-terminal HA-tagged RGS7 (HA-
RGS?7), the RGS7 ¢cDNA was cloned into the pCMV-HA vec-
tor. GB5-D260A, GB5-C263Y, and GB5-D304N mutants were
generated using the single site-directed mutagenesis kit
(Stratagene) following the manufacturer’s instructions. The
following paired primers were used for site-directed mutagen-
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esis: GB5D260A (sense), 5'-GCTTCGGGGTCGGATGCAG-
CCACGTGTCGCCTC, and GB5D260A (antisense), 5'-GAG-
GCGACACGTGGCTGCATCCGACCCCGAAGCG;
GB5C263Y (sense), 5'-TCGGATGATGCCACGTATCGCC-
TCTATGACCTG, and GB5C263Y (antisense), 5'-CAGGTC-
ATAGAGGCGATACGTGGCATCATCCGA; GB5D304N
(sense), 5'-TTTGCTGGGTACAATAACTATACCATCAAT-
GTC, and GB5D304N (antisense) 5'-GACATTGATGGTAT-
AGTTATTGTACCCAGCAAA. The N-terminal AU5-tagged
G5 wild-type and mutant (AU5-GB5, AU5-GB5D260A, and
AUS5-GBR5C263Y) fragments were amplified with AU5-GB5
(sense), 5'-ATGACAGACTTTTACCTCAAAGCAACCGA-
TGGGCTGCAC, and GB5 (antisense), 5'-TTATGCCCAAA-
CTCTTAGGG paired primers. The N-terminal fragment of
RGS9 (amino acids 1-209) with c-myc tag at the C terminus
was amplified using the following paired primers: RGS9
(sense), 5'-ATGACGATCCGACACCAAGG, and RGS9
(antisense), 5'-TCACAGATCTTCTTCAGAAATAAGTTT-
TTGTTCCATGGTCACGCGGTCCAGGCCGT. The C-ter-
minal fragment of RGS9-1 (amino acids 210 —484) with HA
tag at the C terminus was amplified using the following prim-
ers: RGSICT (sense), 5'-ATGAATCCAAACGAAGTTAA-
GAA, and RGS9-1CTHA (antisense), 5'-TCAAGCGTAATC-
TGGAACATCGTATGGGTACATTTTAGGAGGCAGCTC-
CTTTTTG. All PCR products were cloned into the
pcDNA3.1/V5-His-TOPO (Invitrogen) mammalian expres-
sion vector according to the manufacturer’s specifications.
Constructs were propagated in the Escherichia coli Top-10
strain (Invitrogen), isolated using Maxiprep kits (Qiagen), and
sequenced. PhLP1 containing the C-terminal c-myc tag
(pcDNA3.1) was kindly provided by Dr. Barry Willardson
(Brigham Young University).

Cell Culture and Transfections—HEK293FT cells were cul-
tured at 37 °C and 5% CO,, in DMEM supplemented with an-
tibiotics, 10% fetal bovine serum, and 4 mm L-glutamine. Cells
were transfected at 70% confluency using Lipofectamine LTX
reagent (Invitrogen) according to the manufacturer’s proto-
col. The cells were grown for 24 —48 h post-transfection.

Cell Lysis, Immunoprecipitation, and Western Blotting—C.
elegans liquid cultures were grown at 20 °C and isolated by
flotation on 30% sucrose. Packed worm pellets were resus-
pended in lysis buffer (50 mm HEPES, 100 mm NaCl, 1 mm
PMSE, 1 pug/ml leupeptin, 1 ug/ml pepstatin) and lysed either
by sonication (pellets =<0.5 ml), as described previously (9), or
passaged three times through a French press at 800 p.s.i. (pel-
lets =0.5 ml). Debris was removed by centrifugation at 800 X
g for 10 min at 4 °C. Protein concentrations were determined
by the Bio-Rad protein assay using BSA as a standard.

Mammalian cells from 1 well of a 6-well plate were lysed in
500 wl of PBS buffer supplemented with 150 mm NaCl, 1%
Triton X-100, and Complete protease inhibitor (Roche Ap-
plied Science). The homogenate was centrifuged at 15,000 X g
for 15 min at 4 °C.

For the immunoprecipitation, supernatants were incubated
with a specific antibody as indicated, and 20 ul of 50% protein
G slurry (GE healthcare) on a rocker at 4 °C for 1 h. After
three washes with lysis buffer, proteins were eluted from
beads with 50 ul of SDS sample buffer by boiling for 5 min.
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Proteins in the eluates were separated by SDS-PAGE, trans-
ferred to nitrocellulose or PVDF membranes, and probed with
the indicated specific primary antibodies followed by second-
ary antibodies coupled to horseradish peroxidase. Signals
were detected using West Pico enhanced chemiluminescence
system (Pierce). The following primary antibodies were used:
sheep anti-RGS9-2, rabbit anti-RGS7 (7RC1), rabbit anti-G35
(ATDQG), anti-c-Myc (GenScript); anti-HA (Millipore); anti-
AU5 (MMS-135R, Covance); anti-CCTe (MCA2178, AbD
Serotec); anti-PhLP1 (kindly provided by Dr. Barry Willard-
son); rabbit anti-EGL-10 (17); rabbit anti-EAT-16 (9); rabbit
anti-GPB-2 (12); rabbit anti-UNC-64/Syntaxin (a kind gift
from M. Nonet, Washington University); and mouse anti-3-
tubulin (E7, DSHB, University of Iowa).

Pulse-Chase Degradation Experiments—Experiments to
evaluate the stability of RGS proteins to proteolytic degrada-
tion were performed in HEK293FT cells as described previ-
ously (28). HEK293FT cells grown in T-25 flasks were trans-
fected with RGS constructs with or without wild-type or
mutant GB35 constructs. For assays involving RGS9, R7BP was
additionally co-transfected. Total cDNAs were 5 ug per flask.
Twenty four hours after transfection, the cells were rinsed
twice with PBS, placed into 5 ml of starvation medium (10%
dialyzed fetal bovine serum (Invitrogen), DMEM without L-
methionine or L-cysteine (21013-024, Invitrogen)), and incu-
bated at 37 °C and 5% CO, for 30 min. Subsequently, newly
synthesizing proteins were labeled by adding 175 uCi of
[**S]methionine/cysteine (NEG772; PerkinElmer Life Sci-
ences) per flask to the starvation medium and incubating at
37 °C for 40 min. Cells were rinsed twice with 2 ml of DMEM
and incubated with 5 ml of complete medium supplemented
by additional 2 mMm L-methionine and 2 mm L-cysteine (Sigma)
at 37 °C for the indicated incubation times. At the end of the
incubation, the cells were scraped into 5 ml of ice-chilled PBS,
pelleted by centrifugation, and resuspended in 900 ul of ra-
dioimmune precipitation assay buffer (50 mm Tris-HCI, pH
7.8, 300 mMm NaCl, 1 mm EDTA, 1% Triton X-100, 0.5% so-
dium deoxycholate, 0.1% SDS) supplemented with protease
inhibitors (Complete; Roche Applied Science). After 20 min
of incubation at 4 °C, the suspension was then centrifuged at
4 °C and 14,000 X g for 30 min, and the resulting supernatant
was incubated with 20 ul of protein G beads slurry and 3 ug
of RGS9-2 CT antibody or HA antibody for 1 h at 4 °C. After
three washes, immunoprecipitated proteins were eluted from
the beads by 50 ul of SDS sample buffer. Samples were run on
SDS-PAGE and transferred to a PVDF membrane (Bio-Rad).
The membrane was air-dried and incubated on a phosphor-
imaging screen overnight. This screen was then scanned using
a STORM phosphorimager (GE Healthcare), and the bands
were quantified using ImageQuant software (GE Healthcare).
Each experiment was repeated at least twice.

Recombinant Proteins—RGS7, RGS9-2, and wild-type GB5
recombinant baculoviruses were described previously (29, 30).
Mutant GB35 constructs (GB5-D260A and GB5-C263Y) were
used to generate recombinant baculoviruses using the Baculo-
Direct C-terminal expression kit (Invitrogen) following the
manufacturer’s manual. Proteins were expressed in Sf-9 cells,
and protein complexes were purified by nickel-nitrilotriacetic
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acid chromatography taking advantage of the His tag engi-
neered at the N terminus of RGS proteins as described previ-
ously (29). Recombinant GST-tagged R7BP protein was ex-
pressed in E. coli and purified as described previously (30).

GST Pulldown Assay—The assays were performed as de-
scribed previously (27). Briefly, purified recombinant GST
fusion R7BP or GST control protein (0.25 uM) and purified R7
RGS-Gp5 proteins (0.25 um) were co-incubated with 20 ul of
50% glutathione-agarose bead slurry (GE Healthcare) in bind-
ing buffer (20 mm Tris, pH 7.2, 300 mm NaCl, 0.25% n-dode-
canoylsucrose, 50 wg/ml bovine serum albumin) for 1 h at
4. °C. The beads were washed with binding buffer three times.
Proteins were eluted in SDS sample buffer, and proteins pres-
ent in the eluates were detected by immunoblotting with anti-
RGS7 (7RC1), anti-GB5 (ATDG), and anti-R7BP (NT)
antibodies.

In Silico Molecular Dynamic Simulations—Molecular dy-
namics simulations were performed using GROMACS (31).
An identical procedure was used for all the models studied in
this work and consisted of the following steps. A model with
generated hydrogens was placed in a box of appropriate size
and fully solvated. Protonation states of ionizable groups were
assigned based on analysis of hydrogen bonding patterns. Suf-
ficient numbers of sodium and chloride ions were placed in
random positions to emulate physiological ionic strength (150
mum) and to neutralize the overall charge of the system. The
fully solvated model was subjected to energy minimization
followed by 20-ps simulation with protein atoms restrained to
their positions in the crystal structure to allow water relax-
ation. Finally, 100-ps unrestrained simulation was performed
at 300 K. Snapshots were obtained every 500 fs, and it was
found that initial equilibration period did not exceed 30 ps (as
judged by overall root mean square deviation of aligned mod-
els). The second half of the unrestrained simulation was used
for analysis.

RESULTS

A Novel Allele of GPB-2/GB5 Causes Hyperactive Behavior
in C. elegans—To further our understanding of the mecha-
nisms that regulate G protein signaling, we performed a ge-
netic screen for animals hyperactive for egg laying, a behavior
controlled by R7 RGS-G35 complexes (23). We identified a
novel allele, vs33, and mapped it to a small interval on chro-
mosome I containing the gene gpb-2/G@5. This mutation de-
letes the codon for aspartate 263 from this gene.

Wild-type animals hold their fertilized eggs in utero for a
few hours while the embryos develop past the eight-cell stage.
As a result, wild-type animals accumulate 9.1 * 0.6 eggs in
utero and lay only 12.3 £ 6.4% of their eggs at an early devel-
opmental stage of less than eight cells (Fig. 1B). Wild-type
animals also move across a bacterial lawn in a sinusoidal
wave, make few reversals, and forage over much of the avail-
able bacterial lawn (Fig. 1C). These behaviors are the result of
a balance between the opposing effects of Ga,, and Ga sig-
naling (Fig. 1D).

GPB-2/Gp5 is an essential subunit of the two C. elegans R7
RGS proteins, EGL-10 and EAT-16, which inhibit Ga, and
Ga signaling, respectively (12, 20, 32). In animals lacking
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FIGURE 1. Egg laying and locomotion behavior in wild-type animals,
gpb-2(null) mutants, and gpb-2(vs33) animals. A, diagram showing R7 RGS
regulation of G, and Gey, signaling in C. elegans. B, £, and H, representative
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GPB-2/Gp5, there is no inhibition of G, or G, and signal-
ing by both G proteins is increased (Fig. 1G). However, as this
does not alter the net balance of signaling, gpb-2(null) mu-
tants appear grossly wild type in appearance and behavior.
Consistent with previously published data, we observed that
gpb-2(null) mutants accumulate 6.1 * 0.8 eggs in utero, lay
only 16.0 = 7.3% of their eggs at an early developmental stage
(Fig. 1E), and exhibit locomotion and foraging behavior simi-
lar to that of wild-type animals (Fig. 1F).

In surprising contrast to gpb-2(null) mutants, we found
that gpb-2(vs33) mutants are strongly hyperactive for egg lay-
ing and locomotion behaviors. gpb-2(vs33) animals lay their
eggs almost as soon as they are fertilized and thus accumulate
only 2.3 £ 0.3 unlaid eggs and lay 88.5 = 6.3% of their eggs at
an early developmental stage (Fig. 1H). In addition, gpb-
2(vs33) mutants move with much deeper body bends than
wild-type animals, make more reversals, and restrict their for-
aging to a smaller area of the bacterial lawn (Fig. 1/). gpb-
2(vs33) mutants are also thin and pale compared with the
wild-type or gpb-2(null) animals (Fig. 1, B, E, and H). Finally,
whereas wild-type animals are paralyzed by exogenously ap-
plied serotonin and dopamine (26, 33), gpb-2(vs33) mutants
but not gpb-2(null) animals are resistant to these effects (data
not shown).

The defects exhibited by gpb-2(vs33) animals are character-
istic of animals in which either signaling by the inhibitory G
protein, Ge,, is decreased or signaling by the stimulatory G
protein, Ga, is increased (Fig. 1)). Interestingly, two other
point mutations in gpb-2, the alleles sa833 and sa604, have
been reported to cause the very same set of defects as ob-
served in the gpb-2(vs33) mutants (supplemental Table 2)
(20). We have named these gpb-2(hyp) mutations.

Ga,, Signaling Is Increased in gpb-2(hyp) Mutants—To de-
termine whether the behavioral defects seen in gpb-2(hyp)
mutants are the result of decreased Go, signaling or increased
Ga, signaling, we first took a genetic approach. We hypothe-
sized that gpb-2(hyp) mutations may either increase EGL-10
activity, causing decreased inhibitory Ga, signaling, or may
decrease EAT-16 activity, resulting in increased stimulatory
Ga signaling. To distinguish between these alternatives, we
combined each gpb-2(hyp) mutation with a null allele of egl-
10. If the gpb-2(hyp) mutations increase EGL-10 activity, then
in the absence of EGL-10 they should have no effect, and the
double mutants should phenocopy egl-10(null) single mu-
tants. However, if gpb-2(hyp) mutants decrease EAT-16 activ-
ity, resulting in increased Ge signaling, then in the absence
of EGL-10, Ga,, signaling will also be increased to restore the
balance of signaling, as in gpb-2(null) mutants, so that the
double mutants should resemble both wild-type and gpb-
2(null) animals. We analyzed the stage of the eggs laid by each
strain, and these data are presented in Fig. 2.

images of the indicated genotypes. The mean number of unlaid eggs and
percentage early stage eggs laid =95% confidence interval are indicated.
Arrows mark unlaid eggs; asterisks mark the vulva. G, F, and /, representative
images of tracks made by animals of the indicated genotypes crossing a
bacterial lawn. D, G, and J, G protein signaling levels in animals of the indi-
cated genotypes. gpb-2(vs33) animals exhibit hyperactive behavior due to
either increased Ga, signaling or decreased Ga, signaling.
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FIGURE 2. Egg laying behavior of the indicated RGS and G35 mutants =
egl-10 null mutations. A, C. elegans embryonic development indicating
early, normal, and late stages for freshly laid eggs. B, percentage of eggs laid
at each developmental stage by the indicated genotypes. egl-70 XS indi-
cates a strain carrying the nis51 transgene that overexpresses EGL-10 from a
transgene carrying multiple copies of the egl-10 gene (17). Asterisks indicate
significant differences (p = 0.05) between the percent of early stage eggs
laid by bracketed strains. When eat-16(null) or gpb-2(hyp) mutations are
combined with an egl-10(null) mutation, wild-type egg laying behavior is
restored.

We first observed the egg laying behavior of a number of
control strains and classified the eggs laid by these animals as
follows: early stage, less than eight cells; normal stage, nine
cells to pre-comma; late-stage, comma and later (Fig. 24). We
found that the majority of eggs (84%) laid by wild-type ani-
mals were in the normal range of stages (Fig. 2B, bar 1),
whereas 100% of eggs laid by egl-10(null) mutants, in which
inhibitory Ga,, signaling is increased, were of a late stage (Fig.
2B, bar 2). We next examined two hyperactive egg-laying mu-
tants, an EGL-10-overexpressing strain, in which inhibitory
Ga,, signaling is strongly inhibited, and an eat-16(null) mu-
tant in which stimulatory Ge signaling is increased. We ob-
served that both strains lay the majority of their eggs (66 and
79%, respectively) at early developmental stages (Fig. 2B, bars
3 and 4). Finally, we combined the hyperactive eat-16(null)
mutation (too much Ga, signaling) with the egl-10(null) mu-
tation (too much Ge,, signaling), and as predicted we found
these animals had a statistically significant decrease in the
number of early stage eggs laid and now laid a majority (93%)
of normal stage eggs (Fig. 2B, bar 5), similar to gpb-2(null)
mutants and to wild-type animals.

Next, we put all three gpb-2(hyp) mutations through our
genetic analysis. We found that all three single mutants laid
the majority of their eggs at an early developmental stage as
follows: vs33, 88%; sa833, 83%; sa604, 72% (Fig. 2B, bars 6, 8,
and 10). However, when combined with the egl-10(null) mu-
tation, all three double mutants exhibited dramatic and statis-
tically significant decreases in the number of early stage eggs
laid, with gpb-2(vs33);egl-10(null) and gbp-2(sa604);egl-
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FIGURE 3. Western analysis of EGL-10, EAT-16, and GPB-2 protein levels
in whole worm lysates of the indicated genotypes. EGL-10 runs just
above 66 kDa; the EAT-16 antibody detects a single specific band just below
66 kDa, and a higher cross-reactive band (X), GPB-2 runs as a doublet at ~40
kDa; UNC-64 runs at ~33 kDa, and B-tubulin (8-Tub) runs at ~55 kDa.
EAT-16 is virtually absent in all gpb-2 mutants, whereas EGL-10 levels are
higher in gpb-2(hyp) mutants than in the gpb-2(null).

10(null) animals now laying the majority of their eggs, 73 and
89% respectively, within the normal range (Fig. 2B, bars 7, 9
and 11). This is consistent with gpb-2(hyp) mutations causing
an increase in G signaling and not a decrease in Ge,
signaling.

EGL-10 and EAT-16 Levels Are Differentially Altered in
gbp-2(hyp) Mutants—The increase in Gey signaling could be
explained by the gpb-2(hyp) mutations specifically decreasing
activity of the inhibitor of Ge signaling, EAT-16, rather than
increasing the activity of the inhibitor of Ge,, signaling, EGL-
10. As both R7 RGS proteins require GPB-2/Gf5 for stability,
gpb-2(hyp) mutations might have this effect by specifically
decreasing cellular EAT-16 levels. We investigated this possi-
bility by analyzing the levels of EGL-10, EAT-16, and GPB-2/
Gp5 in whole worm lysates of wild-type, gpb-2(null), and gpb-
2(hyp) animals. As expected, we found in our control
experiments that each protein was present in wild-type ani-
mals and absent in the corresponding null mutants, confirm-
ing antibody specificity (Fig. 3, A~C, lanes 1-4). In addition,
consistent with our previous data (9, 12), we observed that
both EGL-10 and EAT-16 were virtually absent in gpb-2(null)
mutants (Fig. 3, A and B, lane 4).

In contrast to gpb-2(null) mutants, all three gpb-2(hyp) mu-
tant strains contained wild-type levels of GPB-2/Gp5 protein
(Fig. 3C, lanes 5-7) indicating that the vs33, sa833, and sa604
point mutations do not destabilize the protein. We did, how-
ever, observe notable differences in the levels of EGL-10 and
EAT-16. In all three gpb-2(hyp) mutants, we observed dra-
matic decreases in the level of EAT-16 protein similar to
those seen in the null mutant (Fig. 3B, lanes 5-7). However all
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three strains contained significantly more EGL-10 protein
than did the gpb-2(null) animals. ghp-2(vs33) and gpb-
2(sa833) contained intermediate levels of EGL-10 protein,
whereas gpb-2(sa604) contained approximately wild-type lev-
els of EGL-10 (Fig. 3A, lanes 5-7). Our results suggest gpb-
2(hyp) mutations lead to greater decreases in EAT-16 levels
than of EGL-10 levels, ultimately shifting the balance in favor
of Ga, signaling relative to Ga,, signaling.

gpb-2(hyp) Mutations Affect the Interface of GPB-2/GBS5
with the DEP Domain of R7 RGS Proteins—W e analyzed the
position of each gpb-2(hyp) mutation within the R7
RGS-GPB-2:GB5 complex. We first aligned the sequence of C.
elegans GPB-2 with that of the mouse G35 protein, used in
the published crystal structure of the RGS9-G35 complex
(13). As shown in Fig. 44 and supplemental Table 2, GPB-2/
G5 forms a seven WD40 repeat propeller, and all three gpb-
2(hyp) mutations, vs33 (D263A), sa833 (C266Y), and sa604
(D307N), affect conserved residues. When we mapped the
gpb-2(hyp) mutations onto this structure, we found that
the residues mutated in vs33 and sa833 are located within the
fifth B-propeller blade, although the residue mutated in sa604
is located nearby on blade six (Fig. 4B). Furthermore, we
found that both the residues mutated in vs33 and sa604 are
positioned at the interface with the R7 RGS DEP domain (Fig.
4C). These observations strongly suggest that the amino acids
mutated in gpb-2(vs33) and gpb-2(sa604) play important roles
in specifying the interaction of GPB-2/G5 with either
EAT-16 or EGL-10.

Homologous Interface Mutants of Mammalian GB5 Fail to
Protect RGS9 and RGS7 from Proteolytic Degradation—Given
the conservation of the GB5/R7 RGS interaction across spe-
cies, we next asked whether the mutations at this interface
have similar effects in the mammalian system. Based on the
alignment between C. elegans GBP-2 and its mammalian
homolog GB5, mutations at the corresponding positions in
the mammalian G5 short isoform (supplemental Table 2
D260A, C263Y, and D304N) were introduced by site-directed
mutagenesis. We then checked the ability of these mutants to
stabilize two representative mammalian R7 RGS proteins,
RGS7 and RGS9. Consistent with published observations (34),
co-transfection with G5 in HEK293FT cells led to substan-
tial stabilization of RGS7 as evidenced by the up-regulation of
its levels (Fig. 5A4). Unlike RGS7, association of G5 with
RGS9 is not sufficient to protect it from proteolytic degrada-
tion and additionally requires interaction with another bind-
ing partner, R7BP (10, 27). Consequently, we found that when
co-transfected with R7BP, wild-type G35 markedly enhanced
the expression of RGS9 (Fig. 5B). In the presence of R7BP, the
protection of RGS7 by wild-type GB35 was further increased.
In contrast, neither D260A nor C263Y mutants of GB35 could
enhance the expression of RGS7 and RGS9 in the absence or
presence of R7BP. The third mutant D304N exerted effects
similar to those of the wild-type G5 suggesting that this mu-
tation does not affect the stability of the complex. Impor-
tantly, the mutations did not seem to affect the expression
levels of G35 itself, analogous to our results with mutant
GPB-2 proteins in C. elegans lysates (Fig. 3C), so the lack of
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R7 RGS stabilization by the D260A and C263Y mutants of
G5 cannot be explained by lower expression levels.

We next performed pulse-chase degradation experiments
to determine whether the inability of the mutant GB35 con-
structs to enhance R7 RGS expression results from higher
proteolytic susceptibility of the complexes (Fig. 5, C and D).
Consistent with earlier reports (27, 34), we found that in the
absence of GB5, both RGS7 (Fig. 5C) and RGS9 (Fig. 5D) have
very short half-lives in cells (<1 h) due to high rates of pro-
teolytic degradation (10, 27). Co-expression with wild-type
Gp5 increased the lifetime of both R7 RGS proteins by as
much as 4 — 6-fold. However, when D260A or C263Y mutants
were used instead of wild-type G35, no increase in the life-
time of the RGS7 or RGS9 was evident (Fig. 5, C and D). Cor-
relating with these results, we found that co-expression of
wild-type G5 largely protects RGS9 from ubiquitination,
although the D260A and C263Y G35 mutants failed to do so
(supplemental Fig. 1). These data indicate that both D260A
and C263Y mutants fail to provide proteolytic protection to
RGS7 and RGS9 accounting for loss of their ability to support
R7 RGS expression.

Intact Formation of RGS-GB5:R7BP Complexes with G5
Mutants—Because G5 directly binds to R7 RGS proteins
(Fig. 6A), we next asked whether the loss of physical interac-
tion could account for the inability of the GB5 mutants to
provide proteolytic protection to the complexes. We first in-
vestigated the interaction between G5 and full-length RGS9,
as a representative R7 RGS protein, by co-immunoprecipita-
tion. An AUS5 epitope tag was appended to all GB5 constructs
to discriminate them from endogenous G35 present in
HEK293 cells. As is evident from the data presented in Fig.
6B, wild-type GB5 as well as GB5-D260A and GB5-C263Y
were co-immunoprecipitated by RGS9 antibodies. Similarly,
reciprocal immunoprecipitation using anti-AU5 antibody
pulled down readily detectable levels of RGS9 confirming the
interaction (Fig. 6C). Lower binding levels observed with GB5
mutants match lower expression levels of these complexes
and suggest that the mutations do not eliminate the interac-
tion of GB5 with R7 RGS proteins.

The recently solved crystal structure of the RGS9-G5
complex (13) reveals that GB5 binds to three sites in RGS9
(Fig. 6A). In addition to a coiled-coil interaction with the GGL
domain, it also makes contacts with the DEP domain of RGS9,
an interaction sufficiently robust to be detected by biochemi-
cal methods (35). The third rather limited point of contact is
with the RGS domain. We therefore reasoned that if GB5 mu-
tations affect interaction only at the DEP-binding interface,
their effects could be masked when the binding is examined
with RGS9 molecules in which the other binding interface
remains intact. To investigate this possibility, we tested the
binding of G5 to either a DEP domain-containing N-termi-
nal fragment (RGS9NT) or a GGL-containing C-terminal
fragment (RGS9CT) separately. We found that both D260A
and C263Y mutants could associate with RGSINT or
RGSICT as well as did wild-type G35, indicating the preser-
vation of binding interactions at both sites.

Finally, we investigated the possibility that mutations in
G35 affect the ability of RGS9 to recruit R7BP, association
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FIGURE 4. Modeling of the residues mutated in gpb-2(hyp) mutations onto the crystal structure of mammalian RGS9-Gf35. A, alignment of C. elegans
(worm) GPB-2 and mammalian (mouse) GB5. The location of each of the seven B-propellers in GB35 and the GB5 amino acids corresponding to each gpb-
2(hyp) mutation are indicated in shades of purple. B, location of the residues mutated in each gpb-2(hyp) mutation mapped on to the structure of G35 alone.
C, mutated residues mapped on to the full structure of the RGS9-G5 crystal structure. Individual domains of the RGS9 protein are indicated. GB5 loop con-

necting two B-strands (green in B and C) is engaged in extensive direct contacts with the DEP domain of RGS9.
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FIGURE 5. Homologous interface mutations in mammalian G35 lose the ability to protect R7 RGS proteins. A, effects of GB5 constructs on the expres-
sion levels of RGS7 and RGS9 upon co-expression in mammalian HEK293 cells with and without R7BP. Lysates of the cells containing indicated proteins
were resolved on SDS-PAGE and subjected to Western blotting using specific antibodies. B, measurement of RGS7 degradation rates by pulse-chase meta-
bolic labeling. RGS7 was expressed in HEK293 cells alone or in combination with indicated GB5 constructs. Left panel, analysis of the timeline of 3*S-Met/Cys
decay from the immunoprecipitated RGS7. Bands were visualized by autoradiography as described under “Experimental Procedures.” Resulting band inten-
sities were quantified and plotted as a function of time (middle panel). Single exponential fitting of each time course was used to determine protein half-
lives in the cells, plotted as a bar graph (right panel). C, measurement of RGS9 degradation rates by pulse-chase metabolic labeling. The experiment was
conducted as described for RGS7 in B. The data presented in the figure are representative of two to three independently conducted experiments. Error bars

are S.E. Double asterisks denote p < 0.01, t test.

with which is also necessary for providing proteolytic protec-
tion to the complex (27). We obtained purified recombinant
preparations of the RGS9-GB5WT, RGS9-GB5D260A, and
RGS9-GB5C263Y complexes and studied their interactions
with GST-tagged R7BP immobilized on the beads by pull-
down assays. As shown in Fig. 6F, the ability of R7BP to effec-
tively retain RGS9 was not detectably affected by the muta-
tions in GB5. Together, these results demonstrate that
mutations in GB5 destabilize RGS complexes by sensitizing
them to proteolytic degradation without detectably affecting
the initial formation of the trimeric R7 RGS-GB5-R7BP
complexes.

GB5 Mutants Are Normally Processed by the CCTe:PhLPI
Chaperone Assembling Complex—The assembly of By com-
plexes requires the assistance of the cytosolic chaperonin
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complex CCT, also known as TriC, which acts in cooperation
with the co-chaperone phosducin-like protein 1 (PhLP1) to
facilitate folding of B subunits (36). The crystal structure of
the RGS9-GB5 complex revealed that the interaction of G35
with the GGL domain of RGS9 shares the same organization
as that seen in conventional By complexes (13). Furthermore,
the protein interaction interface engaging in the interaction
with phosducin-like proteins is also conserved in G5 (13).
Indeed, a recent study (37) has demonstrated that folding of
G5 and its assembly with R7 RGS proteins is mediated by
the coordinated action of CCT and PhLP1 (Fig. 7A). These
observations raise the possibility that mutations in GB35
compromise the stability of the complex by affecting how it
is processed by the CCT-PhLP1 machinery. For example,
the rate of complex assembly with RGS proteins would be
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FIGURE 6. Intact formation of RGS-G35-R7BP complexes with GB5 mutants. A, schematic diagram of the interactions within the RGS9-GB5-R7BP com-
plex. GB5 binds to two domains in RGS9, the DEP domain and the GGL domain. Binding to R7BP, which is important for the proteolytic stability of the com-
plex, is mediated by the DEP domain of RGS9. B and C, full-length RGS9 can associate with both wild-type and mutant GB5 subunits as shown by co-immu-
noprecipitation assays. Indicated constructs were co-transfected into HEK293 cells, and proteins were immunoprecipitated with antibodies against either
RGS9 (forward immunoprecipitation, B) or the AU5 tag engineered in GB5 constructs (reverse immunoprecipitation (/P), C). D and E, mutations in GB5 do
not detectably affect its binding to N- or C-terminal domains of RGS9. Indicated constructs containing either N-terminal (D) or C-terminal (E) fragments
were separately co-transfected with wild-type or mutant GB5 in HEK293 cells, and interactions were followed by immunoprecipitation assays. The control
(C) lanes shown indicate that the low levels of endogenous GB5 present in the HEK293 cells did not interfere with these assays. F, pulldown assays using
recombinant GST-tagged R7BP show the interaction of full-length recombinant RGS9 bound to GB5 mutants is intact.

slowed if the interaction of GB5 with CCT and/or PhLP1 is
disrupted.

We examined this possibility by comparing the association
of wild-type and mutant GB35 proteins with PhLP1 and CCT
complexes using immunoprecipitation assays. As shown in
Fig. 7B, we detected no differences in the ability of wild-type
G5 and its D260A and C263Y mutants to interact with
PhLP1 and CCT. We therefore concluded that G35 mutants
are normally processed by the CCT-PhLP1 machinery to form
intact complexes with R7 RGS proteins.

Molecular Dynamic Simulations Show Substantial Re-ar-
rangements of the DEP-G[35 Interface—Our biochemical ob-
servations indicate that the G35 mutant retains its ability to
associate with the R7 RGS proteins, suggesting subtle rear-
rangements in the complex that lead to its proteolytic destabi-
lization. To gain insight into potential conformational
changes in the RGS9-G5 complex induced by the D260A and
C263Y amino acid changes, we performed molecular dynam-
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ics (MD) simulation studies on the GB5 mutants structure
alone and in complex with RGS9 (Fig. 8).

Analysis of the intermolecular interactions in the
RGS9-GB5 complex using the EBI PISA server (38) indicates
that GB5 forms a much weaker complex with the DEP do-
main (~8.4 kcal/mol solvation energy) as compared with the
GGL domain (~32 kcal/mol). Both mutation sites reside in
the B-turn loop that connects the second and third B-strands
of the fifth blade of GB5 (Fig. 4B), and our analysis shows that
the mutations leave the direct contacts of this mutated loop
with the DEP domain intact. However, the mutated loop is
adjacent to and contacts a “DEP domain interaction loop”
that has much more significant interactions with the DEP
domain (Fig. 8A4), contributing about half of the contact sur-
face of GB5 with the DEP domain and traversing the center of
the binding epitope.

MD simulation of the mutant GB35 indicates that both mu-
tations significantly influence the conformation of the DEP
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FIGURE 7. GB5 mutants interact normally with the CCTe and PhLP1 as-
sembling complex. A, schematic diagram of the R7 RGS/GB5 assembly
process. GB5 folding and assembly with RGS7 require assistance from CCT
and PhLP1. G5 is folded on chaperonin CCT, and the co-chaperon protein,
PhLP1, binds to GB35 to stabilize the complex until GB5 is fully folded.

B, wild-type and mutant GB35 co-immunoprecipitate with CCTe equally well.
G, wild-type and mutant GB5 bind to PhLP1 with similar efficiency.

domain interaction loop. For example, D260A mutation con-
verts the Asp-260 loop from a B-turn to a less tight a-turn
(39). This conformational change may modify the backbone
hydrogen bonding between the mutated loop and the DEP
interaction loop, affecting the conformation of the Ile-283 and
Phe-284, two key residues at the interface with the DEP do-
main (Fig. 8B). In the C263Y mutant, the mechanism affecting
the DEP domain interaction loop is different, yet it leads to a
similar disruption of the Ile-283/Phe-284 residues (Fig. 8C).

It thus appears that D260A and C263A mutations cause
re-arrangement of the interface, perhaps by making the inter-
actions more transient, without having large influence on the
affinity of the DEP-Gf5 binding. It needs to be noted that this
MD simulation is not a direct experimental observation, and
some deviations from these predictions are expected in the
actual structure of the complex between GB5 mutants and
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RGS9. The major conclusion is instead that the D260A and
C263Y mutations, although not located at the sites directly
involved in forming the GB5/DEP interface, have the poten-
tial of significantly disrupting the conformation of the DEP/
domain interaction loop and thus modulating the overall
interaction.

DISCUSSION

In this study, we provide insights into the molecular mech-
anisms involved in post-translational control of R7 RGS pro-
tein expression. Volatility of R7 RGS expression in the nerv-
ous system is well documented. In neurons, the levels of RGS7
protein are up-regulated by stimulation of «,-adrenergic (40),
5-HT2A (41), and TNFal (42) receptors. Similarly, levels of
the best studied R7 RGS protein, RGS9, have been reported to
change upon administration of addictive drugs such as co-
caine (16), acute morphine (15), and amphetamine (43). Fur-
thermore, alteration in striatal dopamine signaling in patients
with Parkinson disease also lead to the elevation of RGS9 ex-
pression (14). We have recently reported that RGS9 expres-
sion is sensitive to changes in membrane potential and oxy-
genation (44). In several cases, it has now been documented
that changes in R7 RGS protein levels occur as the result of
regulated proteolytic degradation. For example, TNFal sig-
naling up-regulates RGS7 levels by preventing proteasome-
dependent degradation of RGS7 (42), and down-regulation of
RGS9 protein levels occur as the result of rapid proteolytic
degradation triggered by calcium entry (44). Increased sus-
ceptibility of R7 RGS proteins to proteolytic degradation has
been shown to involve post-translational modifications such
as ubiquitination (27, 42) and phosphorylation (42, 45) and/or
recruitment of destabilizing factors such as the Hsc70 chaper-
one (46) that could serve to target RGS9 to lysosomal cysteine
proteases for degradation (10). Thus, it appears that regula-
tion of R7 RGS protein stability serves as a general mecha-
nism by which neurons dynamically adjust the levels of these
signaling molecules.

It is now well recognized that the stability of R7 RGS pro-
teins requires their association with their binding partners
R7BP (or its homolog R9AP) and Gf35. Binding to ROAP or
the homologous protein R7BP (RSBP-1 in C. elegans) is re-
quired for the stable expression of RGS9, RGS11, and EAT-16
(9, 28, 47). This regulation is rather selective because R9AP/
R7BP/RSBP-1 do not influence the expression of RGS6, RGS7,
and EGL-10. In contrast, complex formation with GB35 was
found to be essential for the stability of all R7 RGS proteins,
both in C. elegans (12) and mammals (11). Although this ap-
parent hierarchical relationship suggests that G35 is critical
for the stability of R7 RGS proteins, it has remained unclear
whether regulated association with GB5 has any role in the
dynamic regulation of R7 RGS protein stability. The prevail-
ing view has been that the association between R7 RGS and
G5 is constitutive in nature and that in the absence of G35,
GGL-containing RGS proteins simply fail to fold properly (48,
49) and are thus subject to destruction by the proteolytic sys-
tems that serve as the quality control checkpoint in the as-
sembly of obligate oligomeric complexes. In this view, the
G5 and R7 RGS proteins are obligatorily and constitutively
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FIGURE 8. Conformational changes in D260A and C263Y G35 mutants predicted by molecular dynamics simulations. A, detailed view of the DEP do-
main interaction with GB5. The DEP domain of RGS9 is shown in cyan. GB5 is colored in pale yellow with the “DEP domain interaction loop” (connecting the
fourth B-strand of the sixth propeller blade and first B-strand of the seventh blade; amino acids Lys-279 through Gly-285) and the B-strands that it connects
shown in green. The side chains of amino acids involved in the interaction with the DEP domain are indicated by stick models. The loop that contains muta-
tions and the B-strands that it connects are highlighted in pink. Mutated residues (Asp-260 and Cys-263) are shown with space-filling models. B, predicted
conformational changes in the DEP domain interaction loop induced by the D260A mutation in GB5. The backbone for the wild-type GB35 is depicted in
pale yellow and the predicted mutant structure from MD simulations in brown. Green balls indicate the position of carbon atoms of the labeled amino acid
residues in the DEP domain interaction loop, and pink balls designate the position of carbons in amino acids of labeled residues in the adjacent mutated
loop. Dashed lines indicate new hydrogen bonds in the D260A mutant predicted by MD simulation. C, predicted conformational changes in the DEP domain
interaction loop of GB5 upon C263Y mutation. The backbone of the wild-type GB5 is depicted in pale yellow and the predicted structure from MD simula-
tions in light pink. Green balls indicate the position of carbon atoms of the labeled amino acid residues in the DEP domain interaction loop, pink balls desig-
nate the position of carbons in the mutant residue Tyr-263, and in the Tyr-302 residue whose position is displaced. More detailed information regarding
changes observed upon MD simulations can be obtained by analyzing PyMOL session files and Protein Data Bank coordinates of G35 mutants at the end

point of the simulations that are available as supplemental material.

associated in exactly the same manner as conventional G pro-
tein B and vy subunits, with these associations depending on
analogous coiled-coil interactions between GB35 and the GGL
domain of R7 RGS, or the conventional G and Gy subunits,
respectively. In this study, we challenge this view by demon-
strating in both C. elegans and mammals that association of
the GGL domain with G5 is not sufficient for providing pro-
teolytic protection to the R7 RGS complexes. We identified
and characterized specific point mutations in GB5 that do not
affect the coiled-coil interaction with the GGL domain and do
not affect G5 assembly into complexes with R7 RGS and
R7BP proteins, but they do nevertheless abolish the proteo-
lytic stabilization that normally results from the interaction by
perturbing the GB5-DEP interface.

From unbiased genetic screens for C. elegans mutants with
the hyperactive phenotype characteristic of increased Gey,
signaling, we identified and characterized three independent
mutations in C. elegans G35 that result in degradation of the
EAT-16 R7 RGS protein that inhibits Ga,,. These screens se-
lected for a very special class of GB5 mutations, because see-
ing the hyperactive phenotype requires that the mutant G35
retains the ability to form a functional complex with the sec-
ond R7 RGS protein in C. elegans, EGL-10. Our Western anal-
ysis shows that two of the three mutations selected also par-
tially destabilized EGL-10, just not to the same extent that
they destabilized EAT-16.

The special GB5 mutations selected in the C. elegans ge-
netic screens affect the conformation of the so-called “protein
interaction” interface in GB5 (50, 51). This surface is formed
by the loops connecting individual WD-40 repeat units. Inter-
estingly, the analogous surface in conventional G subunits
serves as a critical contact point that mediates By interactions
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with most of its partners, including « subunits (52, 53), effec-
tors (51), and regulatory proteins, e.g. phosducin (54). More-
over, analysis of the RGS9-GB5 crystal structure indicates that
many of the key residues involved in these interactions are
also conserved in GB5 but are instead involved in binding to
the DEP domain of RGS9 (13). The interactions of conven-
tional G subunits via the protein interaction interface are all
reversible binding interactions in which G is required to re-
peatedly bind and then dissociate from its partners as signal-
ing is initiated or terminated. Our modeling of the GB5/DEP
interaction suggests a relatively weak binding interface that
would similarly allow binding at this interface to be reversible,
raising the possibility that R7 RGS complexes undergo con-
formational rearrangements in which this interface opens up.
Indeed, Narayanan et al. (35) used several lines of biochemical
evidence to show that the GB5-DEP association within the
GB5RGS7 complex is dynamic and adopts both open and
closed conformations. Rearranging the conformation of the
GpB5-DEP interface likely exposes otherwise masked instabil-
ity determinants contained within the DEP domain.

In addition to engaging in the interaction with Gf35, the
DEP domain of R7 RGS proteins also mediates binding to the
membrane-targeting subunits ROAP/R7BP/RSBP-1, an inter-
action that can also affect stability of the complex (9, 30, 55,
56). Given that ROAP/R7BP/RSBP-1 protect only some R7
RGS members from proteolysis (10, 27) and that all R7 RGS
proteins as well as R7BP are severely destabilized when G5 is
eliminated (10, 11, 57), we propose a model in which the pri-
mary stabilizing effect is provided by the interaction of G35
with the DEP domain. The unique organization of the DEP
interface of the “unstable” R7 RGS proteins (RGS9, RGS11,
and EAT-16) might not allow G35 to fully engage in the inter-
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action without the assistance of ROAP/R7BP/RSBP-1, whose
function might be to merely modulate the GB5/DEP interac-
tion. Indeed, in biochemical experiments using stringent wash
conditions, GB5 binds to the DEP domain of RGS7 but not to
that of RGS9 (35). Consistent with this model, mutations de-
stabilizing the GB5-DEP interface in C. elegans appear to have
more pronounced effects on the stability of the R7 RGS pro-
tein EAT-16 that requires assistance from R7BP/RSBP-1. This
phenomenon led to the imbalance between EAT-16 and
EGL-10 protein levels that allowed us to identify GB5/DEP
interaction mutations in the first place.

The results of our study allows us to conclude that the
GpB5-DEP interface of the R7 RGS complexes is a conserved
“hot spot” that is critically involved in setting the stability of
R7 RGS complexes to proteolytic degradation. It prompts
speculation that a range of signaling events known to modu-
late R7 RGS function and protein levels do so at least in part
by affecting the GB5-DEP interface through conformational
changes, post-translational modifications, or the recruitment
of various host factors.
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