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(Background: GRKSs phosphorylate activated GPCRs to terminate signaling.
Results: Disrupting residues required for GPCR phosphorylation and GB7y and phospholipid binding eliminated Ce-GRK-2

Conclusion: These interactions are required for Ce-GRK-2 function iz vivo and support a recently proposed universal model for

Significance: This is the first study to systematically determine the residues required for GRK function in live animals.
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G protein-coupled receptor kinases (GRKs) are key regulators
of signal transduction that specifically phosphorylate activated
G protein-coupled receptors (GPCRs) to terminate signaling.
Biochemical and crystallographic studies have provided great
insight into mammalian GRK2/3 interactions and structure.
However, despite extensive in vitro characterization, little is
known about the in vivo contribution of these described GRK
structural domains and interactions to proper GRK function in
signal regulation. We took advantage of the disrupted chemo-
sensory behavior characteristic of Caenorhabditis elegans grk-2
mutants to discern the interactions required for proper in vivo
Ce-GRK-2 function. Informed by mammalian crystallographic
and biochemical data, we introduced amino acid substitutions
into the Ce-grk-2 coding sequence that are predicted to selec-
tively disrupt GPCR phosphorylation, Gey,;; binding, GBvy
binding, or phospholipid binding. Changing the most amino-
terminal residues, which have been shown in mammalian sys-
tems to be required specifically for GPCR phosphorylation but
not phosphorylation of alternative substrates or recruitment to
activated GPCRs, eliminated the ability of Ce-GRK-2 to restore
chemosensory signaling. Disrupting interaction between the
predicted Ce-GRK-2 amino-terminal a-helix and kinase
domain, posited to stabilize GRKs in their active ATP- and
GPCR-bound conformation, also eliminated Ce-GRK-2 chemo-
sensory function. Finally, although changing residues within the
RH domain, predicted to disrupt interaction with G, did
not affect Ce-GRK-2 chemosensory function, disruption of the
predicted PH domain-mediated interactions with Gy and
phospholipids revealed that both contribute to Ce-GRK-2 func-
tion in vivo. Combined, we have demonstrated functional roles
for broadly conserved GRK2/3 structural domains in the in vivo
regulation of organismal behavior.
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Caenorhabditis elegans gather chemical information about
their surrounding environment primarily through G protein-
coupled receptors (GPCRs)? expressed by chemosensory neu-
rons (1, 2). Animals move toward odorants that indicate a food
source and away from chemicals that indicate a harmful or toxic
environment. For example, the polymodal ASH sensory neu-
rons detect a range of aversive stimuli, including olfactory (e.g.
octanol) and gustatory (e.g quinine) compounds, which ani-
mals avoid by rapidly initiating backward locomotion upon
stimulus detection (2—4). Such behavioral responses are deter-
mined by both the cellular expression patterns of individual
GPCRs and the invariant C. elegans neural circuitry (5, 6). Sig-
naling components are highly conserved from yeast to mam-
mals, and experiments from many systems have led to the fol-
lowing model for GPCR signal transduction (7-9). Signaling is
initiated when an agonist (e.g. an odorant molecule) binds to the
receptor. This interaction induces a conformational change in
the receptor that causes the Ga subunit of the associated het-
erotrimeric G protein to exchange GDP for GTP and separate
from the GB and Gy subunits (GBv), thus becoming activated.
The dissociated Ga and GB7y subunits can then activate distinct
signaling effectors, which themselves regulate the intracellular
concentration of second messenger molecules that mediate the
cellular response to the bound agonist.

G protein-coupled receptor kinases (GRKs) are serine/thre-
onine kinases that specifically phosphorylate activated (ago-
nist-bound) GPCRs to terminate signaling. There are seven
mammalian GRKs, divided into three subfamilies (GRK1/7,
GRK2/3, and GRK4/5/6) based on differences in structure and
regulation (10, 11). Members of the GRK2/3 family of receptor
kinases have an amino-terminal a-helix (aN) that stabilizes
interaction with ligand-bound GPCRs, a regulator of G protein
signaling homology (RH) domain that binds activated Ge,,,,
and a pleckstrin homology (PH) domain that mediates mem-
brane localization via G-y and phospholipid interactions (12—
15). Although these GRK interactions have been defined and

2 The abbreviations used are: GPCR, G protein-coupled receptor; GRK, GPCR
kinase; aN, amino-terminal a-helix; RH, regulator of G protein signaling
homology; PH, pleckstrin homology.
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FIGURE 1. Conserved structural domains in Ce-GRK-2. The predicted domain structures of bovine GRK2 (bGRK2), human GRK2 (hGRK2), human GRK3
(hGRK3), and C. elegans GRK-2 (Ce-GRK-2) are shown. Each of the biochemically defined/characterized domains of hGRK2/3 is conserved in Ce-GRK-2. Some key
residues are also conserved in the GRK1 and GRK6 families, as shown by human GRK1 (hGRK1) and human GRK6 (hGRK6). Conserved amino acids targeted by
site-directed mutagenesis in Ce-GRK-2 are shown in bold in the top boxes and indicated by asterisks. Amino acid position numbers refer to bGRK2. Residues

513-547 also form part of the RH domain (not shown) (41).

characterized biochemically, the physiological significance of
each, in the context of a whole living organism, remains
unknown.

Mammalian GRK2 and GRK3 are both ubiquitously ex-
pressed, but GRK3 is present at much higher levels in mouse
olfactory epithelia (16—18). Although GRK2~/~ homozygous
knock-out mice are embryonic lethal because of cardiac failure,
GRK2"/~ heterozygous mice show enhanced cardiac contrac-
tility in response to isoproterenol (19, 20). This hypersensitivity
is consistent with the classical role of GRKs in receptor desen-
sitization. GRK3 knock-out mice are viable but have defects in
olfactory signal transduction (17, 21). In olfactory epithelia iso-
lated from wild-type animals, odorant stimulation causes a
transient increase in CAMP levels that quickly returns to basal
levels because of desensitization by GRK3 (17, 22, 23). How-
ever, olfactory epithelia isolated from GRK3 knock-out mice
also showed a significantly reduced production of cAMP in
response to odorants, in addition to a lack of desensitization
(21). These data suggest that, although a loss of GRK function
often leads to increased signaling and hypersensitivity in the
absence of the negative regulator, there are unique situations in
which loss of a particular GRK can lead to decreased signaling.

C. elegans have single orthologs of the GRK2/3 and GRK4/
5/6 families, Ce-GRK-2 and Ce-GRK-1, respectively. Animals
lacking Ce-GRK-2 function are not hypersensitive to chemo-
sensory stimuli because of increased sensory signaling. Instead,
a loss of Ce-GRK-2 function in adult sensory neurons broadly
disrupts chemosensation (24). Although Ce-GRK-2 is ex-
pressed throughout the C. elegans nervous system, transgenic
expression of Ce-GRK-2 in the bilaterally symmetric pair of
ASH sensory neurons is sufficient to restore ASH-mediated
aversive behavior (24). Furthermore, Ce-grk-2 animals show a
decrease in stimulus-evoked calcium signaling in the ASH sen-
sory neurons (24). Accordingly, when the chemosensory Ga
ODR-3 (Gg;,,) was overexpressed to increase sensory signaling,
it significantly restored the response of Ce-grk-2 mutant ani-
mals to the ASH-detected odorant octanol (24). Combined, a
loss of Ce-GRK-2 function leads to decreased signaling in
C. elegans sensory neurons, similar to the loss of mammalian
GRK3 in olfactory epithelia (21, 24). Thus, behavioral analysis
of C. elegans grk-2 mutant animals provides a unique opportu-
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nity to ask whether biochemically defined GRK2/3 interactions
are required for function and cell signaling in vivo.

Because each of the key functional domains of mammalian
GRK2/3 are conserved in Ce-GRK-2 (Fig. 1), we introduced
amino acid substitutions into the Ce-grk-2 coding sequence
that are predicted to selectively disrupt specific interactions
and tested each for its ability to restore chemosensory behavior
in animals lacking endogenous Ce-GRK-2 function. We found
that changing the most amino-terminal residues, which have
been shown in mammalian systems to be required specifically
for effective GPCR phosphorylation but not phosphorylation of
alternative substrates or recruitment to activated GPCRs (25,
26), eliminated the ability of Ce-GRK-2 to restore ASH-medi-
ated chemosensory behaviors. In addition, disrupting interac-
tion between the predicted Ce-GRK-2 amino-terminal a-helix
and kinase domain, which likely stabilizes GRKs in the active,
ATP- and GPCR-bound conformation (12, 13), also eliminated
Ce-GRK-2 chemosensory function. Finally, whereas changing
residues within the RH domain, predicted to disrupt interac-
tion with Ga,; (14, 27), did not diminish Ce-GRK-2 chemo-
sensory function, disruption of the predicted PH domain-me-
diated interactions with GBvy and phospholipids (15) revealed
that both contribute to Ce-GRK-2 function ixn vivo. Combined,
our data suggest that the primary role of Ce-GRK-2 in chemo-
sensory signal regulation is phosphorylation of putative chemo-
sensory receptors to attenuate signaling. Our results reveal the
key interactions required for Ce-GRK-2 function iz vivo and
support a recently proposed universal model for GRK activa-
tion wherein interaction between the GRK amino-terminal tail
and small kinase lobe creates a GPCR docking site that, in con-
cert with receptor binding, allosterically stabilizes the active
conformation of the enzyme, stimulating efficient GPCR phos-
phorylation (12, 13, 28).

EXPERIMENTAL PROCEDURES

Strains—C. elegans strains were maintained under standard
conditions (29). Strains used in this study include N2 Bristol
wild-type and FG7 Ce-grk-2(gk268), which is outcrossed eight
times to N2. gk268 is a deletion allele that removes 608 nucle-
otides of the 5’-untranslated region and the first three exons of
Ce-grk-2 coding sequence (930 additional nucleotides); it is a
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predicted Ce-grk-2 null, and animals are phenotypically identi-
cal to the previously characterized Ce-grk-2(rt97) severe loss-
of-function animals (24).

Plasmid Construction—Amino acid changes were incorpo-
rated into Ce-GRK-2 using a QuikChange site-directed
mutagenesis kit (Stratagene). All of the constructs were
sequenced following site-directed mutagenesis. The mutated
Ce-grk-2 cDNAs were subcloned behind the ~3-kb upstream
promoter region of Ce-grk-2 (24). See the supplemental data for
details and a complete list of plasmids.

Transgenic Strains—Germ line transformations were per-
formed as previously described (30). All of the Ce-grk-2 con-
structs were injected along with 50 ng/ul of pJM67 elt-2::GFP
(31) plus pBluescript (+KS) (Stratagene) to bring the final DNA
concentration to 100 ng/ul. A complete list of transgenic
strains is available upon request.

C. elegans Behavioral Assays—Well fed young adults were
used for analysis. Behavioral assays were performed as previ-
ously described (32) on at least 3 separate days in parallel with
controls. Briefly, the response to octanol was scored as the
amount of time it took an animal to initiate backward locomo-
tion after an octanol-dipped hair was placed in front of a for-
ward moving animal (2, 33). Octanol avoidance assays were
stopped at 20 s. Avoidance of the soluble tastant quinine was
scored as the percentage of forward moving animals that initi-
ated backward locomotion within 4 s of entering a drop of qui-
nine placed on the agar plate (24, 34). For both assays, the ani-
mals were tested 10 —20 min after transfer to nematode growth
medium (NGM) plates lacking bacteria (“off food”). The data
are presented as the standard errors of the mean, and the Stu-
dent’s two-tailed ¢ test was used for statistical analysis.

Western Blotting—For each lane, 150 adult animals were
washed three times in M9 (35) + 0.02% Tween 20 and incu-
bated on ice for 1 h. The animals were boiled for 20 min in
SDS-PAGE sample buffer + 100 mm DTT. Samples were run
on 10% polyacrylamide gels and transferred to nitrocellulose
membranes. Following blocking, the membranes were cut hor-
izontally to allow for separate Western analysis of Ce-GRK-2
(~80 kDa) and «a-tubulin (~55 kDa) from the same protein
samples. Monoclonal primary antibodies anti-GRK2/3 (Milli-
pore; clone C5/1.1) and anti-a-tubulin (Sigma; clone DM1A)
were used at 1:2000 and 1:5000, respectively. Secondary anti-
bodies were horseradish peroxidase-conjugated goat anti-
mouse IgG (Bio-Rad) used at 1:2000 for Ce-GRK-2 and donkey
anti-mouse IgG (Jackson Laboratories) used at 1:10000 for
a-tubulin. Analysis was completed with SuperSignal West
Femto and Pico chemiluminescent substrates (Thermo Scien-
tific) for Ce-GRK-2 and a-tubulin, respectively. The bands
were quantified using ImageQuant (Amersham Biosciences).
The Ce-GRK-2 levels were normalized to tubulin for each sam-
ple. For each experiment/blot, endogenous Ce-GRK-2 levels in
the wild-type N2 strain were set to “1,” and transgenic expres-
sion levels are reported relative to endogenous Ce-GRK-2.
Pooled expression levels from all blots are shown.

RESULTS

Ce-GRK-2 Titration Curve—C. elegans lacking endogenous
GRK-2 function display broad chemosensory defects that are
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FIGURE 2. Ce-grk-2 cDNA titration curve. Although Ce-grk-2 mutant animals
do not avoid the ASH-detected stimulus 100% octanol, expression of the
wild-type (WT) Ce-grk-2 cDNA, under the control of the Ce-grk-2 promoter
(24), restored avoidance across a range of injection concentrations. The min-
imum rescuing concentration was 2.5 ng/ul (p < 0.01 when compared with
Ce-grk-2 animals). The time to respond is shown. The bars represent the com-
bined data of at least three independent transgenic lines, n = 49 transgenic
animals. The error bars represent the standard errors of the mean (S.E.). The
allele used was Ce-grk-2(gk268). N2 is the wild-type C. elegans strain.

rescued by transgenic expression of Ce-grk-2 (24). To assess the
in vivo contribution of individual conserved amino acid resi-
dues within biochemically defined GRK2/3 functional domains
and to avoid potential overexpression effects, we titrated wild-
type Ce-grk-2 cDNA levels to the minimal injection concentra-
tion that rescued aversive behaviors in Ce-grk-2 mutant ani-
mals. Transgenic expression of Ce-grk-2 cDNA, under the
control of the Ce-grk-2 promoter (24), restored avoidance of the
olfactory stimulus 100% octanol across a range of injection con-
centrations, with the minimum rescuing concentration being
2.5 ng/ul (Fig. 2). Western blot analysis indicated that trans-
gene expression from an injection concentration of 2.5 ng/ul
closely reflected endogenous Ce-GRK-2 protein expression lev-
els (n > 10, p > 0.1) (Fig. 3C). Accordingly, each of the mutant
Ce-grk-2 cDNAs, also under the control of the Ce-grk-2 pro-
moter (24), was injected at this concentration and tested for its
ability to restore avoidance of the volatile odorant octanol and
the bitter tastant quinine, both detected primarily by the ASH
nociceptive sensory neurons (2—4).

Ce-GRK-2 Kinase Activity Is Required for Chemosensory
Function—Although GRKs have classically been described to
down-regulate GPCR signaling by phosphorylating activated
receptors, studies of mammalian GRK2 demonstrated that it
can also regulate signaling in a phosphorylation-independent
manner (14, 36). This suggests that regions outside of the kinase
domain are critical for GRK2 function. To determine whether
Ce-GRK-2 catalytic activity is required for regulation of chemo-
sensory signaling in C. elegans, we incorporated a point muta-
tion (K220R) into the kinase domain of Ce-GRK-2. Based on
mammalian studies, this change should result in a kinase-dead
protein (37). We injected wild-type Ce-grk-2 cDNA and Ce-grk-
2(K220R) cDNA into Ce-grk-2 mutant animals and assayed
transgenic lines for rescue of chemosensory behavior. Although
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FIGURE 3. Residues required for GPCR phosphorylation are necessary for Ce-GRK-2 chemosensory function. The K220R mutation in the kinase domain
of Ce-GRK-2 is predicted to create a kinase dead protein. The D3A, L4A, V7A/L8A, and D10A changes in Ce-GRK-2 are predicted to specifically block the
phosphorylation of GPCRs, without disrupting catalytic activity. Each of these mutations disrupts Ce-GRK-2 chemosensory function in vivo. A and B, expression
of the mutated Ce-grk-2 cDNAs, under the control of the Ce-grk-2 promoter (24), did not restore Ce-grk-2 avoidance of the ASH-detected stimuli 100% octanol
(A) or 10 mm quinine (B). p > 0.1 for each transgene when compared with Ce-grk-2 animals. The time to respond is shown in A, and the percentage of animals
responding is shown in B. The bars represent the combined data of at least three independent transgenic lines, n = 67 transgenic animals. C, Ce-GRK-2 protein
levels were determined by Western blot using anti-GRK2/3 primary antibody. The error bars represent the standard errors of the mean (S.E.). p > 0.05 for each
when compared with expression of the wild-type Ce-GRK-2 rescuing transgene. The allele used was Ce-grk-2(gk268). N2 is the wild-type C. elegans strain. WT
indicates the wild-type Ce-GRK-2 rescuing construct.
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expression of wild-type Ce-GRK-2 restored the response of Ce-
grk-2 mutant animals to both 100% octanol (Fig. 34) and 10 mm
quinine (Fig. 3B), Ce-grk-2 mutant animals expressing
Ce-GRK-2(K220R) remained defective for response to both
stimuli (Fig. 3, A and B). Because Ce-GRK-2(K220R) also fails to
rescue chemosensory behavior when injected at a 10-fold
higher concentration (see Fig. 6, A and B), we conclude that
Ce-GRK-2 kinase activity is required for the regulation of che-
mosensory signaling.

Amino-terminal Residues of Ce-GRK-2 Are Required for Che-
mosensory Function in Vivo—Although GRKs are classically
described as negative regulators of agonist-bound GPCRs,
mammalian GRKs have been shown to interact with and phos-
phorylate a wide variety of other proteins in addition to GPCRs,
including signaling molecules (36). The inability of Ce-GRK-
2(K220R) to function in chemosensation does not distinguish
between a role for Ce-GRK-2 in receptor phosphorylation ver-
sus phosphorylation of alternative substrates. Similar to previ-
ous studies of mammalian GRK5 (25), recent work indicates
that extreme amino-terminal residues of mammalian GRKs,
including GRK2, form an amphipathic a-helix that contributes
specifically to GPCR phosphorylation (12, 13, 26, 28). Mutation
of mammalian GRK2 amino acids Asp-3, Leu-4, Val-7/Leu-8,
or Asp-10 greatly reduces phosphorylation of GPCRs in vitro,
although these changes do not disrupt tubulin phosphorylation
or the ability of GRK2 to interact with GPCRs (26). Each of
these residues is conserved in C. elegans GRK-2 (Fig. 1). To
determine whether GPCR phosphorylation is required for Ce-
GRK-2 function in chemosensation, we incorporated the D3K,
L4K, V7A/L8A, and D10A changes into the Ce-grk-2 cDNA and
assayed their ability to rescue the Ce-grk-2 ASH-mediated che-
mosensory defects. As shown in Fig. 3 (A and B), each of these
changes also abrogates Ce-GRK-2 chemosensory function in
vivo. Animals expressing each of the mutant cDNAs failed to
avoid the aversive compounds octanol and quinine, similar to
Ce-grk-2 mutant animals. Injection of these constructs at a
10-fold higher concentration also failed to restore Ce-grk-2 che-
mosensory responses (see Fig. 6, A and B), suggesting that phos-
phorylation of putative chemosensory GPCRs is required for
Ce-GRK-2 function in vivo.

Intramolecular Stabilizing Interactions Are Required for Ce-
GRK-2 Function in Vivo—Recent reports have described a crit-
ical role for the extreme amino-terminal a-helix in stabilizing
GRKs in their active GPCR- and ATP-bound conformation (12,
13, 28). Biochemical and structural characterization of bovine
GRK1 and human GRKS6, respectively, indicated that the
amino-terminal «-helix stabilizes conformational changes
required for effective substrate phosphorylation through inter-
action with amino acids in the kinase domain (12, 13, 28). Spe-
cifically, in the active conformation of the kinase, an exposed
arginine residue on the small kinase lobe (Arg-190 in hGRK®6)
forms both hydrogen bonds and apolar contacts with the ami-
no-terminal a-helix (13). This arginine is conserved among all
GRKs (Fig. 1), and mutation in bGRK1 (Arg-191) and bGRK2
(Arg-195) severely compromised rhodopsin phosphorylation
in vitro and B,AR phosphorylation in cell culture (12). In con-
trast to the amino-terminal a-helix mutants, changing bGRK1
Arg-191 also disrupted phosphorylation of off target substrates,
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FIGURE 4. Interactions mediated by the RH domain are not required for
Ce-GRK-2 chemosensory function. The R106A, Y109I, and D110A changes
in Ce-GRK-2 are predicted to disrupt Gay,, binding. Each of the mutated
constructs, expressed under the control of the Ce-grk-2 promoter (24),
restored chemosensory signaling in Ce-grk-2 animals. A, avoidance of 100%
octanol. B, avoidance of 10 mm quinine. p < 0.001 for each transgene when
compared with Ce-grk-2 animals. The bars represent the combined data of at
least three independent transgenic lines, n = 78 transgenic animals. C, Ce-
GRK-2 protein levels were determined by Western blot using anti-GRK2/3
primary antibody. The error bars represent the standard errors of the mean
(S.E.). p = 0.5 for Ce-GRK-2(R106A) and Ce-GRK-2(D110A) expression when
compared with the wild-type Ce-GRK-2 rescuing transgene, whereas Ce-GRK-
2(Y109I) was expressed at slightly higher levels (p < 0.05). The allele used was
Ce-grk-2(gk268). N2 was the wild-type C. elegans strain. WT indicates the wild-
type Ce-GRK-2 rescuing construct.
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FIGURE 5. The PH domain of Ce-GRK-2 contributes to its chemosensory
function in vivo. The K567E change is predicted to disrupt Ce-GRK-2 phos-
pholipid binding, whereas the R587Q change is predicted to disrupt binding
to GBy. A and B, although Ce-GRK-2(K567E) retained significant function,
Ce-GRK-2(R587Q) only partially restored Ce-grk-2 avoidance of the ASH-de-
tected stimuli 100% octanol (A) and 10 mm quinine (B). Expression of Ce-GRK-
2(K567E/R587Q) failed to restore either octanol or quinine avoidance in Ce-
grk-2 mutant animals. p > 0.1 when compared with Ce-grk-2 mutant animals.
The bars represent the combined data of at least three independent
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suggesting that this residue is critical for mediating conforma-
tional changes required for overall GRK catalytic function (12,
26). To test whether such intramolecular stabilization is
required for Ce-GRK-2 function in vivo, we assayed aversive
behavioral rescue of Ce-grk-2 mutant animals expressing
Ce-GRK-2(R195A). Animals expressing Ce-GRK-2(R195A)
remained defective in their avoidance of octanol and quinine,
similar to Ce-grk-2 mutant animals (Fig. 3, A and B, and see Fig.
6, A and B). Thus, disruption of predicted intramolecular sta-
bilizing interactions, required for effective receptor phosphor-
ylation by mammalian GRKs, also disrupts Ce-GRK-2 chemo-
sensory function.

RH Domain-mediated Interactions Are Not Required for Ce-
GRK-2 Chemosensory Function—Although in vitro biochemi-
cal studies showed that mammalian GRK2 possesses weak
GTPase-activating protein activity (38), mounting evidence
suggests that the RH domain does not act as a classical GTPase-
activating protein in vivo (36, 39). Instead, it may be involved in
phosphorylation-independent regulation of GPCR signaling
(39). As such, the RH domain likely interacts with both the
receptor and the Ga,,, subunit, in essence keeping the recep-
torand Ge,, physically separated to block subsequent rounds
of activation, while also interfering with the ability of the G/,
subunit to activate downstream effectors (14, 27, 40, 41). Con-
sistent with the biochemical and cellular studies, the crystal
structure of mammalian GRK2 in complex with Ge By
revealed that GRK2 residues Arg-106 and Asp-110 form hydro-
gen bonds with the hydroxyl group of Ga,,-Tyr-261 (27).

The ASH sensory neurons rely mainly upon two stimulatory
Gas, ODR-3 and GPA-3, which are both most similar to the
Ga;,, family, to mediate aversion (3, 42—45). EGL-30 is the
single C. elegans Ga,,,, ortholog, and it serves a modulatory
role in aversive signaling (43). To determine whether the RH
domain of Ce-GRK-2 mediates specific protein interactions
that are necessary for its regulatory function in vivo, we intro-
duced changes into Ce-GRK-2 (R106A, Y1091, and D110A) that
correspond to mutations in the mammalian GRK2 RH domain
that were previously shown to disrupt binding to Gey,;; (14).
Each mutant construct was injected into Ce-grk-2 mutant ani-
mals, and transgenic lines were assayed for rescue of ASH-me-
diated aversive chemosensory behaviors. Mutations that are
predicted to disrupt Ce-GRK-2 binding to Ge,;, subunits had
no effect on the ability of Ce-GRK-2 to restore behavioral
response to either octanol or quinine (Fig. 4, A and B). These
results suggest that Ga,,,; binding or sequestration are not
critical for Ce-GRK-2 function in chemosensory signaling and
that other functional domains must be sufficient to target Ce-
GRK-2 to activated receptors in the ASH sensory neurons. In
addition, these results suggest that phosphorylation-indepen-

transgenic lines, n = 77 transgenic animals. All of the transgenes were
expressed under the control of the Ce-grk-2 promoter (24). C, Ce-GRK-2 pro-
tein levels were determined by Western blot using anti-GRK2/3 primary anti-
body. The error bars represent the standard errors of the mean (S.E.).p > 0.5
for Ce-GRK-2(R587Q) and Ce-GRK-2(K567E/R587Q) expression when com-
pared with the wild-type Ce-GRK-2 rescuing transgene, whereas Ce-GRK-
2(K567E) was expressed at higher levels (p < 0.001). The allele used was
Ce-grk-2(gk268).N2 was the wild-type C. elegans strain. WT indicates the wild-
type Ce-GRK-2 rescuing construct.
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FIGURE 6. Expression of Ce-GRK-2 mutant constructs at 25 ng/ul does not restore Ce-grk-2 chemosensory responses. A and B, although Ce-grk-2
mutant animals do not avoid the ASH-detected stimulus 100% octanol, expression of the wild-type Ce-grk-2 cDNA restored chemosensory responses to
the ASH-detected stimuli 100% octanol (A) and 10 mm quinine (B) when injected at 2.5 ng/ul. The K220R mutation in the kinase domain of Ce-GRK-2 is
predicted to create a kinase dead protein. The D3A, L4A, V7A/L8A, and D10A changes in Ce-GRK-2 are predicted to specifically block the phosphorylation
of GPCRs, without disrupting catalytic activity. Injection of these mutated Ce-grk-2 cDNAs at a 10-fold higher concentration (25 ng/ul) did not restore
Ce-grk-2 avoidance of either 100% octanol (A) or 10 mm quinine (B). The K567E change is predicted to disrupt Ce-GRK-2 phospholipid binding, whereas
the R587Q change is predicted to disrupt binding to GB+. Injection of these mutated Ce-grk-2 cDNAs at the 10-fold higher concentration (25 ng/ul) only
modestly restored Ce-grk-2 avoidance of 100% octanol (A, p < 0.001 when compared with N2 or Ce-grk-2 mutant animals) and did not restore avoidance
of 10 mm quinine (B, p > 0.1 when compared with Ce-grk-2 mutant animals). The bars represent the combined data of at least three independent
transgenic lines, n = 59 transgenic animals. C, Ce-GRK-2 protein levels were determined by Western blot using anti-GRK2/3 primary antibody. Each of
the Ce-GRK-2 mutant constructs was expressed at a higher level (=2-fold higher) than wild-type Ce-GRK-2. The error bars represent the standard errors
of the mean. p < 0.001 for each when compared with expression of the wild-type Ce-GRK-2 rescuing transgene. The allele used was Ce-grk-2(gk268). N2
is the wild-type C. elegans strain. WT indicates the wild-type Ce-GRK-2 rescuing construct. All of the transgenes were expressed under the control of the
Ce-grk-2 promoter (24).
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dent desensitization of signaling through a Ce-GRK-2-Gey;,
interaction is unlikely to contribute to the mechanism by which
Ce-GRK-2 regulates chemosensory receptor signaling. This
is consistent with our finding that the predicted kinase-dead
Ce-GRK-2(K220R) mutant does not restore chemosensation to
Ce-grk-2 mutant animals (Fig. 3, A and B).

The PH Domain Contributes to Ce-GRK-2 Function in Vivo—
Several studies have suggested that the PH domain of mamma-
lian GRK2 and GRK3 mediates translocation to the cell mem-
brane, and by extension activated GPCRSs, via specific interac-
tions with membrane phospholipids and G+ subunits (23, 36,
46,47). For example, mammalian GRK2 PH domain interaction
with acidic phospholipids increases the level of receptor phos-
phorylation in vitro (15), whereas PH domain-mediated inter-
action with Gy subunits stimulates GRK2 membrane associ-
ation and enzymatic activity, enhancing phosphorylation of
rhodopsin in rod outer segment preparations (48). Similarly,
odorants stimulate the translocation of GRK3 from the cyto-
plasm to cell membranes in isolated rat olfactory epithelia (23).
Expression of a peptide that blocks the GRK3-GRy interaction
completely blocked the odorant-induced translocation of
GRK3 to the membrane and significantly reduced **P, incorpo-
ration into cell membranes, which presumably correlates with
reduced odorant receptor phosphorylation (23). Furthermore,
expression of the “blocking” peptide eliminated the termina-
tion of cAMP signaling that is usually seen within ~200 ms of
receptor stimulation (23). However, GRK3 knock-out mice
have not been examined in chemosensory behavioral assays; it
is not known how a loss of mammalian GRK3 function affects
the sensory responses of living animals.

To determine whether phospholipid binding by the PH
domain contributes to Ce-GRK-2 function in vivo, the K567E
change, which significantly decreases mammalian GRK2 phos-
pholipid binding (15), was incorporated into Ce-GRK-2. This
change specifically decreases phosphorylation of activated
GPCRs, without decreasing the catalytic activity of mammalian
GRK2 (15). However, Ce-grk-2 mutant animals expressing
Ce-GRK-2(K567E) showed significantly restored chemosen-
sory avoidance of both octanol and quinine (Fig. 5, A and B),
indicating that changing this residue alone is not sufficient to
disrupt Ce-GRK-2 function. We do note that this construct is
expressed at levels higher than endogenous Ce-GRK-2.

The C. elegans genome encodes two G3 (GPB-1 and GPB-2)
and two Gy (GPC-1 and GPC-2) subunits. GPB-1 is ubiqui-
tously expressed and is broadly required for heterotrimeric G
protein signaling, including sensory signaling (49-51). GPB-2
is similar to the novel vertebrate G5 subunit (52—55). GPC-1 is
expressed in a subset of sensory neurons and is required for
response to quinine, as well as adaptation to a variety of attrac-
tants and repellents (56, 57), whereas no sensory function has
been reported for GPC-2 (58).

In mammalian studies, the R587Q mutation disrupts GRK2
binding to GBvy (15). We found that this change reduced the
ability of Ce-GRK-2 to restore response to octanol and quinine
(Figs. 5, A and B, and 6, A and B). This suggests that the GRK-
2-Gpy interaction contributes to Ce-GRK-2 regulation of che-
mosensory signaling, consistent with previous studies of GRK3
regulation of signaling in olfactory epithelia (23). However,
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Ce-GRK-2(R587Q) did retain some activity, indicating that
other residues and/or functional domains are also critical for
Ce-GRK-2 function in vivo. Because phospholipids and Gy
binding may synergistically recruit GRK2 (and GRK3) to acti-
vated receptors (15), the K567E and R587Q mutations were
tested in combination. Expression of Ce-GRK-2(K567E/
R587Q) failed to restore either octanol or quinine avoidance in
Ce-grk-2 mutant animals (Fig. 5, A and B). Injection of Ce-GRK-
2(K567E/R587Q) at a 10-fold higher concentration had only a
modest rescuing ability for Ce-grk-2 octanol avoidance and no
effect on quinine avoidance (Fig. 6, A and B). Combined, our
data suggest that the PH domain of Ce-GRK-2 utilizes both
phospholipid and GByinteractions to mediate the regulation of
chemosensory signaling in vivo. A summary of the sites
required for Ce-GRK-2 chemosensory function is shown in
supplemental Fig. S1.

DISCUSSION

Chemosensory signaling is mediated by G protein-coupled
receptor signaling cascades across species, including C. elegans
(59, 60). The nematode provides a genetically tractable in vivo
model that is manipulated in ways not easily accomplished in
mammalian systems. Taken in combination with a sophisti-
cated repertoire of reproducible chemosensory behaviors
mediated by well characterized neuronal circuits, C. elegans is
an ideal system in which to identify and functionally character-
ize molecular mechanisms that underlie neuronal signal trans-
duction and regulation (59, 60). In particular, the chemosen-
sory deficit characteristic of Ce-grk-2 mutant animals allowed
us to selectively disrupt Ce-GRK-2 interactions and function,
thereby testing which are required for proper in vivo Ce-GRK-2
regulation of chemosensory signaling. Because the two ASH
sensory neurons are the primary sensors of both octanol and
quinine (2—4), our studies using behavioral response to these
stimuli as the read-out for iz vivo function offers a cellular res-
olution of Ce-GRK-2 activity/interactions not accessible by
direct biochemical approaches in the whole animal.

Because GRKs specifically phosphorylate ligand-bound
GPCRs, a GRK activation mechanism that depends upon inter-
action with activated GPCRs would provide intrinsic substrate
specificity among the milieu of membrane-bound and associ-
ated proteins. Recent reports provide strong evidence that the
amino-terminal a-helix of bovine GRK1 and human GRK®6, a
region conserved among all GRKs, contacts a conserved argi-
nine that is exposed on the small kinase lobe of these enzymes
and that this intramolecular interaction is important for the
enzymatic stabilization of the kinase domain that is required
for effective receptor phosphorylation (12, 13). Interaction
between an activated GPCR and the putative receptor docking
site formed by the GRK amino-terminal a-helix contacting the
small kinase lobe likely mediates both catalytic structure stabi-
lization and proper GPCR phospho-acceptor site positioning in
the active ATP-bound GRK catalytic cleft (12, 13). Such a
mechanism of activation, incorporating substrate specificity
and enzymatic efficiency, would explain why alteration of any
of the conserved residues involved in this set of interactions
disrupts effective receptor phosphorylation among all mamma-
lian GRKs tested (GRK1, 2, 5, and 6) (12, 13, 25, 26, 28). To
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determine whether these described interactions are also
required for proper GRK activity in vivo, we introduced the
corresponding mutations into the Ce-GRK-2 amino-terminal
a-helix and small kinase lobe and found that disruption of these
stabilizing intramolecular interactions eliminated the ability of
Ce-GRK-2 to restore chemosensation when expressed in Ce-
grk-2 mutant animals (Figs. 3 and 6). Thus, our chemosensory
behavioral results, informed by extensive biochemical and
structural characterization of mammalian GRKs, provide cor-
roborating in vivo evidence for this recently proposed universal
mechanism of GRK activation (12). Additionally, because both
of these regions are critical for receptor phosphorylation in
vitro and the behavioral deficits of Ce-grk-2 mutant animals
expressing the amino-terminal and small kinase lobe mutants
are as severe as animals expressing the kinase dead K220R
mutant, we suggest that the primary in vivo regulatory role of
Ce-GRK-2 is phosphorylation of putative chemosensory recep-
tors. However, the receptors that detect octanol and quinine in
ASH remain unknown.

Mammalian GRK2 and GRK3 bind to GTP-bound Ge,;,
subunits in vitro, sequestering the G protein from activating its
downstream effector, PLC- (14, 38). Although the C. elegans
Ga,/y; ortholog EGL-30 contributes to the modulation of
ASH-mediated sensory signaling, the Ga subunits ODR-3 and
GPA-3, which are more similar to the Gq;,, family, predomi-
nantly transduce ASH chemosensory signals (3, 42—44). We
found that changing RH domain residues in Ce-GRK-2 that
correspond to residues shown to mediate interaction between
mammalian GRK2 and Ge,,;, did not disrupt the ability of
Ce-GRK-2 to restore ASH-mediated chemosensory behaviors
(Fig. 4). Although the residues in bGa,,, that are required for
binding to bGRK2 are completely conserved in EGL-30, they
are not present in ODR-3 or GPA-3 (Ref. 27 and supplemental
Fig. S2). Thus, although Ce-GRK-2 may interact with EGL-30,
disrupting this interaction does not significantly affect
Ce-GRK-2 chemosensory function in the ASH neurons. How-
ever, we do not rule out a more significant regulatory role for a
possible Ce-GRK-2-EGL-30 interaction in different cells or
physiological processes where EGL-30 is the primary signaling
Ga protein, such as acetylcholine release at neuromuscular
junctions, locomotion, or egg laying (52).

Although interaction with Gey/,, contributes to mammalian
GRK2 membrane localization in cell culture (14), our data sug-
gest that this function is mediated primarily by the PH domain
in C. elegans chemosensory neurons. Interestingly, changing
residues in the Ce-GRK-2 PH domain that correspond to resi-
dues shown in vitro to mediate membrane localization differ-
entially affected Ce-GRK-2 activity. Introducing the K567E
change to disrupt Ce-GRK-2-phospholipid binding had only a
modest effect on its ability to rescue the ASH-mediated chemo-
sensory defects of Ce-grk-2 mutant animals (Fig. 5). Acidic
phospholipids also stimulate mammalian GRK2 activity in vitro
(15), and loss of this stimulatory effect could underlie the mild
decrement in Ce-GRK-2(K567E) function in vivo. In contrast,
introducing the R587Q change to disrupt GBvy binding had a
strong effect on Ce-GRK-2 function, and Ce-grk-2 animals
expressing this construct remained quite defective in their che-
mosensory response to both octanol and quinine (Figs. 5 and 6).
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The functional contribution of the Gy interaction is likely to
extend beyond recruitment of GRK2/3 family members to the
plasma membrane. Upon binding Gf3v, the kinase domain of
mammalian GRK2 rotates 10—15° away the membrane, posi-
tioning GRK2 for efficient GPCR binding and thus potentially
enhancing receptor phosphorylation (61). Thus, it is likely that
the loss of both membrane recruitment and optimal kinase
domain positioning contributes to the strong decrement in
Ce-GRK-2(R587Q) function. Additionally, consistent with the
idea that phospholipids and GB7y binding may synergistically
recruit mammalian GRK2/3 to activated receptors (15), simul-
taneously changing both K567E and R587Q abolished the abil-
ity of Ce-GRK-2 to rescue the chemosensory defects of Ce-grk-2
mutant animals (Figs. 5 and 6).

Although mammalian GRK2 has been shown to interact with
an array of signaling components with varied effects on func-
tion in vitro and in cell culture, a gap has remained in our
knowledge of the physiological significance of these interac-
tions in an organismal context (36). Importantly, changes in
GRK activity and/or regulation have been linked to several
human diseases (10, 62— 66). Using C. elegans chemosensation
as our read-out, we have identified key residues required for
Ce-GRK-2 function in vivo. Moreover, a subset of these resi-
dues comprises highly conserved structural features proposed
to couple enzymatic activation with GPCR interaction, provid-
ing in vivo support for a universal mechanism of GRK activa-
tion. Given the high degree of conservation in G protein-cou-
pled signaling cascades between C. elegans and mammals, the
studies presented here reflect the power of the simple nema-
tode to provide important insights into the mechanisms used to
regulate G protein-coupled signaling.
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