A complex of LIN-5 and GPR proteins
regulates G protein signaling and spindle

function in C. elegans
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The Caenorhabditis elegans coiled-coil protein LIN-5 mediates several processes in cell division that depend
on spindle forces, including alignment and segregation of chromosomes and positioning of the spindle. Here,
we describe two closely related proteins, GPR-1 and GPR-2 (G protein regulator), which associate with LIN-5
in vivo and in vitro and depend on LIN-5 for localization to the spindle and cell cortex. GPR-1/GPR-2 contain
a GoLoco/GPR motif that mediates interaction with GDP-bound Ge;,. Inactivation of lin-5, gpr-1/gpr-2, or
the Ge;/, genes goa-1 and gpa-16 all cause highly similar chromosome segregation and spindle positioning
defects, indicating a positive role for the LIN-5 and GPR proteins in G protein signaling. The lin-5 and
gpr-1/gpr-2 genes appear to act downstream of the par polarity genes in the one- and two-cell stages and
downstream of the tyrosine kinase-related genes mes-1 and src-1 at the four-cell stage. Together, these results
indicate that GPR-1/GPR-2 in association with LIN-5 activate G protein signaling to affect spindle force.
Polarity determinants may regulate LIN-5/GPR/Ga locally to create the asymmetric forces that drive spindle
movement. Results in C. elegans and other species are consistent with a novel model for receptor-independent

activation of Go;

i,

Jo Signaling.
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Microtubule (MT)-based bipolar spindles are required for
several critical processes in cell division and develop-
ment, including segregation of chromosomes, mainte-
nance of genetic stability, and specification of the cleav-
age plane (Straight and Field 2000; Wittmann et al. 2001).
These multiple functions depend on correctly formed
spindle structures and properly balanced spindle forces,
which involve a complex interplay between MTs; MT-
associated proteins (MAPs); and proteins at the spindle
asters, kinetochores, and cell cortex (Wittmann et al.
2001). Although the roles of certain components have
been elucidated, understanding the execution and coor-
dination of the diverse spindle functions remains a major
challenge.

Regulated positioning of the spindle is used during ani-
mal development, in particular during asymmetric cell
divisions that generate daughter cells with different fates
(Knoblich 2001). Because cell cleavage cuts the spindle
perpendicularly and generally through the middle,
changing the position of the spindle alters the axis and
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plane of cell division. Results from studies in Drosophila
melanogaster and Caenorhabditis elegans have started
to reveal conserved mechanisms used in asymmetric cell
division (for review, see Knoblich 2001). Early in this
process, the mother cell establishes an axis of polarity in
coordination with the body plan. Cell fate determinants
are subsequently localized asymmetrically in accordance
with the polarity axis. Finally, spindle orientation is co-
ordinated with the polarity axis during mitosis, so that
cell cleavage generates daughter cells containing differ-
ent concentrations of the determinants.

Several asymmetric divisions generate cells with dif-
ferent fates at defined positions in the early C. elegans
embryo. During the first two divisions following fertil-
ization, placement of the mitotic spindle is regulated by
cell intrinsic polarity cues, whereas both intrinsic and
extrinsic signals guide spindle positioning during subse-
quent divisions (for review, see Gonczy 2002). Anterior—
posterior (A/P) polarity is established in the early embryo
through asymmetric distribution of the PAR proteins. A
sperm component, possibly the sperm aster, determines
the posterior end of the fertilized oocyte and restricts the
localization of the PDZ proteins PAR-3 and PAR-6 and
the atypical protein kinase C PKC-3 to the anterior cor-
tex (Tabuse et al. 1998; Wallenfang and Seydoux 2000;
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Cuenca et al. 2003). The RING-finger protein PAR-2 sub-
sequently localizes to the posterior cortex and further
limits PAR-3 localization because PAR-2 and PAR-3 lo-
calizations are mutually exclusive (Cuenca et al. 2003).
PAR-2 is necessary for the posterior localization of PAR-
1, a protein related to the MARK family of Ser/Thr ki-
nases (Guo and Kemphues 1995; Drewes et al. 1997).
PAR-2 and PAR-3 affect the net forces on the spindle
asters in opposite ways (Grill et al. 2001). Thus, their
asymmetric localizations create asymmetric spindle
forces that induce spindle movement and ultimately de-
termine the cleavage plane of the cell. However, the mo-
lecular mechanisms that translate asymmetric PAR lo-
calization into asymmetric forces and spindle position-
ing remain largely unknown.

Recent results have identified several candidate tar-
gets of polarity cues that influence the position of the
spindle. Two genes encoding Ga;,, subunits of heterotri-
meric G proteins, goa-1 and gpa-16, act redundantly to
position the spindle in the early embryo, although they
do not affect polarity and are not themselves asymmetri-
cally localized (Miller and Rand 2000; Gotta and Ahr-
inger 2001). In addition, the GB protein GPB-1 has a role
in centrosome separation and rotation (Zwaal et al. 1996;
Gotta and Ahringer 2001).

Another candidate downstream effector of PAR polar-
ity is LIN-5. Embryos lacking lin-5 function do not prop-
erly position the mitotic spindles during the first embry-
onic divisions (Lorson et al. 2000). Moreover, subsequent
cycles lack chromosome segregation and cytokinesis al-
together, indicating that lin-5 is more generally required
for spindle function. Similarly, following the depletion
of maternal product, postembryonic cells in Iin-5 null
mutants form apparently normal spindles but fail chro-
mosome alignment and segregation as well as cytokine-
sis (Albertson et al. 1978; Horvitz and Sulston 1980; Lor-
son et al. 2000). Despite the absence of chromosome seg-
regation and cytokinesis, lin-5(null) cells exit from
mitosis with normal timing and enter subsequent
rounds of DNA synthesis and centrosome duplication.
The different aspects of the Lin-5 phenotype are consis-
tent with lin-5 acting in spindle force generation. The
lin-5 gene has no obvious orthologs in other species and
encodes a coiled-coil protein that localizes to the cell
cortex and to meiotic and mitotic spindles (Lorson et al.
2000).

In this study, we applied a combination of approaches
to further dissect the mechanisms governing spindle
function and position. We describe two closely related
proteins, GPR-1 and GPR-2 (G protein regulator), that
associate with LIN-5 and contain GoLoco/GPR Ga in-
teraction motifs. Importantly, inactivation of Iin-5, gpr-
1/gpr-2, or the Ga;, subunits goa-1 and gpa-16 all cause
highly similar defects in chromosome segregation and
spindle positioning. Our results support a model in
which GPR-1/GPR-2 are recruited to the spindle and cell
cortex by LIN-5 and activate Ga protein signaling. These
interactions appear necessary to generate the forces re-
quired in spindle and chromosome movements during
mitosis. Polarity cues at the cell cortex act genetically
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upstream of lin-5 and gpr-1/gpr-2 and may locally regu-
late LIN-5/GPR/Ga to create asymmetric forces that al-
ter spindle position during mitosis.

Results

LIN-5 and GPR-1/GPR-2 form part of
a large-molecular-weight protein complex

We set out to identify proteins that associate with LIN-5
in order to discover critical components of the spindle
apparatus. Gel filtration chromatography revealed that
LIN-5 forms part of a protein complex of ~700 kD (Fig.
1A, top). To isolate proteins of this complex, we used
anti-LIN-5 monoclonal antibodies for immunoprecipita-
tion (IP) under low stringency conditions. Silver-stained
SDS PAGE gels showed several proteins that were pre-
cipitated with two independent anti-LIN-5 monoclonal
antibodies and not with control antibodies (Fig. 1B).

Proteins eluted from the gels were subjected to tandem
mass spectrometry. The major 90-kD band in the LIN-5
IP lanes was confirmed as LIN-5. In addition, a doublet of
60 kD apparent molecular weight (MW) was identified as
a product of the predicted genes F22B7.13 and C38C10.4
(Fig. 1B). These genes are 96% identical at the nucleotide
level and encode proteins that share 97% amino acid
identity. The N-terminal part of the predicted proteins
contains two domains weakly similar to tetratricopep-
tide (TPR) motifs, which are involved in protein—protein
interactions (Fig. 1C). In addition, the C-terminal part
contains a GoLoco/GPR (G protein regulatory) motif
(Siderovski et al. 1999). The F22B7.13 and C38C10.4
products are not closely related to any specific GoLoco/
GPR motif protein, and these genes have been named
gpr-1 and gpr-2, respectively. In the following, gpr-1/
gpr-2 will be referred to simultaneously when the close
sequence identity of these genes prevented distinguish-
ing between them in our experiments. A number of pro-
teins in other metazoans contain both TPR and GoLoco
motifs in various numbers, and several GoLoco motif
proteins, including mammalian AGS3 and Drosophila
Pins (Fig. 1C), have been shown to interact with Ga;,
subunits of heterotrimeric G proteins (Takesono et al.
1999; Schaefer et al. 2001). The closest C. elegans homo-
log of mammalian AGS3 is F32A6.4, which has been
named ags-3.

We generated an affinity-purified rabbit antiserum
against His-tagged full-length GPR-1 protein isolated
from bacteria. This antiserum recognized proteins of ~60
kD and 70 kD molecular weight in Western blotting ex-
periments (Fig. 1D, middle). The faster migrating protein
matches the predicted MW (60.6 kD) and apparent MW
(Fig. 1B) of GPR-1/GPR-2, and this protein band was
eliminated specifically by gpr-1/gpr-2 RNAi (Fig. 1D,
middle). In contrast, RNAi of the GoLoco/GPR motif
gene ags-3 did not affect the reactivity of anti-GPR-1
antiserum in Western blotting experiments. RNAi of
lin-5 eliminated detection of LIN-5 protein but did not
affect GPR-1 levels (Fig. 1D, top). These results confirm
the specificity of the anti-GPR-1 antiserum.
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Figure 1. A LIN-5 protein complex contains the GoLoco/GPR motif proteins GPR-1 and GPR-2. (A) Anti-LIN-5 (top panel) and
anti-GPR-1 (bottom panel) Western blots of gel filtration chromatography fractions from C. elegans embryo lysates. LIN-5 and
GPR-1/GPR-2 coelute in the early fractions. Numbers above panels are molecular weight markers in kilodaltons. Numbers below
panels refer to fraction number. (B) Large-scale immunoprecipitation of LIN-5 for identification of interacting proteins. (Left) Silver-
stained gel containing two LIN-5 IPs, the control (SD15 mAb) IP lane, and 50 pg lysate as indicated. Arrows point to protein bands in
the LIN-5 IP lanes not observed in the control lane. Using tandem mass spectrometry, the ~90-kD protein was identified as LIN-5 and
the ~60-kD doublet as GPR-1 and/or GPR-2. (Right) LIN-5 detected by immunoblotting, using 10% of the IPs. (C) Comparison between
GPR-1, GPR-2, and other proteins containing TPR and GoLoco/GPR motifs. Rn, Rattus norvegicus; Dm, Drosophila melanogaster. C.
elegans proteins are identified by their open reading frame designations and genetic names. (D) Anti-GPR antibody reactivity and
specific elimination by RNAi. Western blots of RNAi embryo lysates using antibodies recognizing LIN-5 (top), GPR-1/GPR-2 (middle),
and a-tubulin (loading control, bottom). (E) IP-Western blot demonstrating coprecipitation of LIN-5 and GPR-1/GPR-2 from C. elegans
lysate. Antibodies indicated above the lanes were used in IPs followed by immunoblotting with anti-LIN-5 (top) and anti-GPR (bottom)
antibodies. Input lysate (5%) was loaded on the right. (F) LIN-5 and GPR-1 interact directly in vitro. GST pulldowns with indicated
proteins followed by immunoblotting with anti-His epitope antibody. GST-LIN-5 and His-GPR-1 input (5%]) are loaded on the right.
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To confirm that GPR-1/GPR-2 are in a complex with
LIN-5, we performed gel filtration chromatography fol-
lowed by Western blotting and observed that the major-
ity of GPR-1/GPR-2 elutes in the same fractions as LIN-5
(Fig. 1A, bottom). Moreover, LIN-5 and GPR-1/GPR-2
reciprocally coprecipitated in IP-Western blotting experi-
ments (Fig. 1E). Finally, bacterially expressed GST-LIN-5
protein, but not GST-GPR-1 or GST alone, was able to
directly bind purified His-tagged GPR-1 (Fig. 1F). To-
gether, these experiments establish that LIN-5 and GPR-
1/GPR-2 form part of a protein complex and can bind
each other directly.

LIN-5 and GPR-1/GPR-2 function together

If GPR-1/GPR-2 and LIN-5 function together in vivo,
inactivation of either gpr-1/gpr-2 or lin-5 could cause a
similar phenotype. In a large-scale RNAI screen, Gonczy
et al. (2000) revealed essential roles for F22B7.13 (gpr-1)
and C38C10.4 (gpr-2) in positioning the mitotic spindle
in the early embryo. To determine functional similarity,
we examined the lin-5 and gpr-1/gpr-2 RNAi phenotypes
in detail and compared these phenotypes to the wild
type.

During wild-type C. elegans development, the oocyte-
derived nucleus completes meiosis I and II after fertil-
ization, and one polar body is extruded after each meiotic
telophase (Albertson and Thomson 1993). Subsequently,
a maternal pronucleus is formed in the anterior, which
migrates toward the paternal pronucleus and meets it in
the posterior (White and Strome 1996). After duplication
of the paternally derived centrosomes, the two pronuclei
and associated centrosomes move to the center of the egg
and rotate together (centration). The first mitotic spindle
is set up along the A/P axis in the center of the zygote,
but is pulled toward the posterior of the embryo during
anaphase. The posterior spindle pole oscillates and flat-
tens during this process, and the anterior spindle pole
remains relatively fixed in position. The asymmetric po-
sition of the spindle causes the first cleavage to produce
two unequal cells: a larger anterior cell, AB, and a
smaller posterior cell, P1 (Fig. 2A, top). Following this
division, the centrosomes duplicate in both daughters
and migrate to opposite sides of the nucleus, transverse
to the A/P axis. In the AB cell, the spindle is formed in
this direction and a transverse division follows. In the P1
cell, the nucleocentrosomal complex rotates 90° and the
subsequent division is longitudinal (Fig. 2B, top). The
fixed shape of the eggshell further helps to position the
blastomeres correctly.

Inactivation of gpr-1/gpr-2 using RNAI resulted in de-
fects as early as the one-cell stage. Formation, meeting
position, and migration of the pronuclei were normal,
but in 4/19 embryos, the pronuclei and associated cen-
trosomes rotated incompletely before the onset of mito-
sis. During anaphase, chromosome segregation was ini-
tiated, but oscillation and flattening of the posterior
spindle pole were completely absent in 19 of 20 embryos
(Table 1). Anterior and posterior spindle pole movement
remained limited during anaphase B. Consequently, cell
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division resulted in AB and P1 cells of equal size in ap-
proximately half of the embryos (Fig. 2A, middle). The
reformed nuclei in AB and P1 remained close to the
cleavage plane for an abnormally long period of time (Fig.
2A, middle; data not shown). During the completion of
cytokinesis, cytoplasmic blebbing at the cleavage plane
was frequently observed.

On reappearance at the two-cell stage, the duplicated
centrosomes were often positioned incorrectly. The
spindles in AB and P1 were formed without active rota-
tion of the nucleocentrosomal complex (Fig. 2B, middle).
Mitosis in AB and P1 was initiated somewhat more con-
currently than usual, with P1 lagging AB by only 82.4
sec = 5.5 sec (S.E.M.) compared with 126 sec = 6.0 sec
(S.E.M.) in wild-type embryos. Again, the movement of
chromosomes and poles during anaphase B was always
limited. Using a strain expressing green fluorescent pro-
tein fused to the p-tubulin protein (TBB-2:: GFP), we ob-
served that the cleavage plane frequently displaces the
midzone MTs toward the cortex, apparently breaking the
midspindle and dragging the reforming nuclei toward the
cleavage plane (data not shown). After cell cleavage, the
nuclei remained in close proximity of each other and the
cell cortex. Chromosome segregation and cytokinesis
failed completely during one of the next divisions. As
DNA replication continued, gpr-1/gpr-2(RNAi) embryos
arrested with just a few polyploid nuclei (Fig. 2, cf. C
and F).

All defects described earlier for gpr-1/gpr-2(RNAi) em-
bryos were also seen in lin-5(RNAi) embryos and Iin-
5(ev571ts) embryos at the nonpermissive temperature
(Fig. 2A,B,I; Table 1; Lorson et al. 2000). However, lin-5
embryos displayed two additional defects. Meiosis was
generally abnormal in Iin-5(RNAi) embryos, as evi-
denced either by abnormally large polar bodies (Fig. 2A
arrow, bottom left) or the presence of multiple maternal
pronuclei (data not shown). These extra maternal pronu-
clei also migrated to the posterior and fused with the
paternal pronucleus. The Iin-5 and gpr-1/gpr-2 loss-of-
function phenotypes also deviated during anaphase of
the first mitosis. While the posterior spindle pole failed
to migrate and oscillate in both types of embryos, the
anterior pole slowly migrated toward the anterior cortex
late in anaphase in 18 of 19 lin-5(RNAi) embryos (Fig.
2A, bottom). This shift in spindle position toward the
anterior resulted in embryos containing an AB blasto-
mere smaller than P1. Double RNAI for lin-5 and gpr-1/
gpr-2 resulted in embryos with the lin-5-associated an-
terior aster migration phenotype (data not shown), sug-
gesting that lin-5 normally antagonizes this movement
independent of gpr-1/gpr-2 function. All other aspects of
early cell division were indistinguishable between Iin-
5(RNAi) and gpr-1/gpr-2(RNAi) embryos.

The similarities between lin-5 and gpr-1/gpr-2 loss-of-
function phenotypes were seen in postembryonic as well
as embryonic divisions. In adult animals, mitosis occurs
only in the distal ends of the gonad arms. Feeding-in-
duced Iin-5 or gpr-1/gpr-2 RNAI of adult hermaphrodites
resulted in fewer nuclei in the distal gonad with poly-
ploid DNA and increased numbers of associated centro-
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Figure 2. Close similarity between gpr-1/gpr-2 and lin-5 loss-of-function phenotypes. (A,B) Defects in spindle movements. (Left)
Representative DIC images. AB and P1 cells are marked. (A) Spindle positioning defects in the first mitotic division. Arrowheads mark
the position of the cleavage plane. Note the abnormally large polar body in the Iin-5(RNAi) embryo (arrow). (Right) Each dot represents
the cleavage plane position relative to egg length in a single embryo. (B) Failure in nucleocentrosomal rotation. Arrows mark the
position of the spindle. (Right) The spindle axes in AB and P1 are denoted by hatches on the half circles. n, number of embryos
examined. (C-K). gpr-1/gpr-2 and lin-5 are required for all cell divisions in C. elegans. DNA stained with propidium iodide in wild-type
(C-E), gpr-1/gpr-2(RNAi) (F-H), and lin-5(RNAi) (I-K) specimens. (C,F,I) Each image shows a single embryo. (D,G,]) Mitotic region of
gonads from adults subjected to 3 d of RNAi feeding. Arrows point to single nuclei. (E,H,K) rrf-3(pk1426) animals after 3 d of RNAi
feeding. Arrowheads point to nuclei of intestinal (In) cells and arrows mark nuclei of ventral cord precursor (P) cells that failed to
undergo the normal postembryonic division in these lineages (E). Severely affected gpr-1/gpr-2(RNAi) animals have an average of 20.4
In nuclei and 36.6 P cells (P2-P10; n = 10). Similarly aged wild-type animals have 33 or 34 In nuclei and 48 P2-P10 cells (Sulston and
Horvitz 1977). Bars, 10 pm.

served co-IP, strongly suggests that the spindle functions
of LIN-5 and GPR-1/GPR-2 depend on their direct inter-
action.

somes (Fig. 2D,G,]; data not shown). In addition, follow-
ing feeding RNAI, lin-5(RNAi) and gpr-1/gpr-2(RNAi)
larvae showed division defects and polyploidy in all post-
embryonic lineages, with some lineage-dependent varia-
tion (Fig. 2E,H,K, legend). The reduced cell numbers and

The localizati PR-1/GPR-2 1 ith
polyploidy seen in gpr-1/gpr-2 animals match the Lin-5 ¢ localizations of GPR-1/GPR-2 overlap wit

phenotype and indicate continued rounds of DNA repli-
cation in the absence of completed mitoses (Fig. 2I; Lor-
son et al. 2000). Thus, gpr-1/gpr-2 not only act in spindle
positioning but also mediate chromosome segregation,
pointing toward a more general spindle function. The
close similarity in phenotype, combined with the ob-

and depend on LIN-5

To further examine the interaction between LIN-5 and
GPR-1/GPR-2 in vivo, we determined their subcellular
localizations. The affinity-purified GPR-1 antiserum
showed a distinct staining pattern that was eliminated
by gpr-1/gpr-2 RNAi. Therefore, we believe that this
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Table 1. gpr-1/gpr-2 and lin-5 are required for embryonic spindle movements in mitosis

PO spindle Anterior aster Posterior aster Spindle
position oscillation/flattening oscillation/flattening rotation

N2 + -
par-2* _ _
gpr-1/gpr-2(RNAI) - - - -
lin-5(ev571ts) or lin-5(RNAI) - - - -
goa-1 gpa-16(RNAI) - - -
par-3 or par-3;par-2* - +/+P

lin-5(RNAi);par-3(it71) - -
par-3(it71) gpr-1/gpr-2(RNAi) - -

See text for numbers.
2Cheng et al. 1995.

bSpindle rotation is observed in both AB and P1. In wild-type embryos, only the P1 spindle rotates.

staining reflects the localization of GPR-1/GPR-2
(Fig. 3).

During all mitotic divisions examined, GPR-1/GPR-2
and LIN-5 were present at the cell cortex and spindle
asters (Fig. 3E-P; Lorson et al. 2000). GPR-1/GPR-2 and
LIN-5 were detected at the spindle asters and at the
membranes between germ-precursor nuclei in the distal
gonad arms (data not shown). During the formation and
maturation of oocytes, GPR-1/GPR-2 and LIN-5 local-
ized diffusely to the cytoplasm and more prominently to
the nuclear and cytoplasmic membranes, in particular to
membranes between adjacent oocytes. Following fertil-
ization and meiosis, GPR-1/GPR-2 and LIN-5 appeared
at the duplicated centrosomes associated with the sperm
pronucleus (data not shown). GPR-1/GPR-2 and LIN-5
both became progressively more abundant at the spindle
asters during the formation of the first mitotic spindle
(Fig. 3E-H). Both proteins also localized diffusely around
the kinetochore MTs in metaphase (Fig. 3E-H). Al-
though the latter localization disappeared in early ana-
phase, GPR-1/GPR-2 and LIN-5 persisted at the spindle
asters until chromosome decondensation in telophase.
On completion of cell cleavage, GPR-1/GPR-2 and LIN-5
were detected only at the cell cortex and cytoplasm. This
pattern of spindle-associated localizations was repeated
during subsequent mitotic divisions (Fig. 3I-L). The cor-
tical localization appeared enriched between blasto-
meres, especially the cortical staining of LIN-5 (Fig. 3K).
We did not detect other asymmetries in localization un-
til the four-cell stage. At that stage, both LIN-5 and GPR-
1/GPR-2 showed significant accumulation at the bound-
ary between the EMS and P2 blastomeres (Fig. 3N,O; see
below). Similar asymmetries were detected during some
of the subsequent divisions (data not shown). The over-
lapping localizations of LIN-5 and GPR-1/GPR-2 further
support their concerted mitotic function.

Unlike LIN-5, GPR-1/GPR-2 were not detected at the
meiotic spindle. In 15/18 embryos, GPR-1/GPR-2 anti-
serum diffusely stained the maternal pronucleus or con-
densed meiotic chromosomes (Fig. 3B). However, this
staining is likely not specific, as similar staining was
seen in 9/16 gpr-1/gpr-2(RNAi) embryos. In contrast,
LIN-5 was abundantly present at the polar regions of the
meiotic spindle (Fig. 3C). These different localizations
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correspond to the different meiotic requirements for
GPR-1/GPR-2 and LIN-5.

In addition to the overlap in LIN-5 and GPR-1/GPR-2
localizations, GPR protein localization required LIN-5.
Following gpr-1/gpr-2 RNAi, GPR staining was mostly
eliminated from the spindle and cortex, but LIN-5 was
still present at the spindle asters (Fig. 3Q-T). LIN-5 also
remained detectable at the cell periphery, although the
level appeared reduced. In the reverse experiment, lin-5
RNAI not only eliminated LIN-5 detection, but it also
eliminated the spindle and cortical localizations of GPR-
1/GPR-2 (Fig. 3U-X). Western blotting experiments dem-
onstrated that GPR-1/GPR-2 protein levels are similar in
the presence or absence of LIN-5 (Fig. 1D), excluding
effects on protein stability. Together, our results indicate
that the coiled-coil protein LIN-5 acts to recruit or an-
chor the GPR-1/GPR-2 proteins to the spindle and cor-
tex.

LIN-5 and GPR-1/GPR-2 likely act downstream of cell
polarity cues in spindle positioning

LIN-5 and GPR-1/GPR-2 are required for the proper po-
sitioning of the mitotic spindle during the early embry-
onic cell divisions. Because polarity defects also lead to
abnormal spindle positioning, LIN-5 and GPR-1/GPR-2
could act to establish or maintain cell polarity, or they
could respond to cell polarity established by the par
genes in positioning the spindle. To distinguish between
these possibilities, we examined whether lin-5 and gpr-
1/gpr-2 act upstream or downstream of the par genes.
In immunostaining experiments, LIN-5 and GPR-1/
GPR-2 were detected at the cortex and spindle in par-
1(b274), par-2(it5), par-3(it71), par-4(it47), and par-
6(zu222) mutant embryos (data not shown). Thus, these
localizations do not depend on proper cell polarity. In
lin-5 or gpr-1/gpr-2 RNAi embryos, PAR-1, PAR-2, PAR-
3, PAR-6, P granules, PAR-2::GFP, and PIE-1::GFP all
showed normal asymmetric localization patterns start-
ing from female meiosis and becoming fully established
by anaphase (Fig. 4A,B; data not shown; at least 20 em-
bryos examined per experiment). Thus, the establish-
ment of polarity does not require lin-5 or gpr-1/gpr-2.
However, at the two-cell stage, PAR-3 and PAR-6 were
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Figure 3. GPR-1/GPR-2 localize to the mitotic spindle and cell cortex in a LIN-5-dependent manner. DNA staining with DAPI (blue)
and immunostaining of GPR-1/GPR-2 (green) and LIN-5 (red). Merged images are shown in D, H, L, P, T, and X. (A-D) Fertilized
embryo in meiosis II. LIN-5, but not GPR-1/GPR-2, showed specific localization to the meiotic spindle (arrowheads, B,C). (E-H)
One-cell embryo in metaphase. GPR-1/GPR-2 (F) and LIN-5 (G) colocalize to the spindle asters (arrowheads) and kinetochore MTs
(arrows). (I-L) Two-cell embryo. GPR-1/GPR-2 (]) and LIN-5 (K) colocalize to the spindle apparatus as well as the cell cortex (arrow-
heads). (M-P) Four-cell embryo. In addition to spindle staining, both proteins showed stronger staining at the P2/EMS boundary
(arrowhead) than at other cell membranes (arrow). (Q-X) Localization in RNAi embryos. (Q-T) GPR-1/GPR-2 staining is strongly
reduced but not fully eliminated in gpr-1/gpr-2(RNAi) embryos. (S) LIN-5 staining remained at the spindle apparatus but appeared
reduced at the cell periphery. (U-X) lin-5 RNAi eliminated LIN-5 staining (W) and disrupted GPR-1/GPR-2 localization (V). Bar, 10 pm.
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abnormally localized to the posterior rather than the an- This abnormal localization correlated with the cleavage
terior blastomere in a subset of Iin-5(RNAi) embryos. plane: 36/40 embryos with AB smaller than P1 showed
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wild type

PAR-3/P granules

Figure 4. gpr-1/gpr-2 and Ilin-5 do not de-
termine polarity in the early embryo. Em-
bryos are shown with P granules in red (ar-
rows), DNA in blue (DAPI), and either
PAR-3 (A-C,E,G) or PAR-2 (D,FH) in
green. (A,B) lin-5 is not required to estab-
lish polarity in the one-cell embryo.
PAR-3 (arrowheads) localizes to the ante-
rior cortex in wild-type (A) and in Iin-
5(RNAI) (B) one-cell embryos, and P gran-
ules localize to the posterior in both em-
bryos. (C,D) Two-cell wild-type embryos.
PAR-3 localizes to the entire cortex of the
anterior AB cell and the anterior region of
the posterior P1 cell (C, arrowhead). PAR-2
(D, arrowhead) and P granules (arrows) lo-
calize to the posterior in P1. (E,F) Two lin-
5(RNAi) embryos in which AB is smaller
than P1. PAR-3 (E, arrowhead) localized to
the P1 cortex and posterior of AB. PAR-2
(F, arrowhead) localized to the posterior
cortex of P1, although at times in a more
restricted area. P granules show wild-type
localization. The punctate PAR staining at
the cortex between the blastomeres is not
reproducible. (G,H) Two gpr-1/gpr-
2(RNAi) embryos with AB and P1 of simi-
lar size. PAR-3 (G, arrowhead), PAR-2 (H,
arrowhead), and P granules (arrows) local-
ized like in wild type. Bar, 10 um.

wild type

PAR-3 localization in P1, compared with 0/28 embryos
with AB equal to or larger than P1 (Fig. 4, cf. C and
E; data not shown). In some embryos, PAR-2 and
PAR-3/PAR-6 localizations still appeared mutually ex-
clusive, whereas these PAR protein localizations ap-
peared to overlap in other embryos (Fig. 4D,F; data not
shown).

The mislocalizations of PAR-3 and PAR-6 could either
reflect a polarity-maintenance function of Iin-5 or be
caused by the abnormal cell-division plane. The latter
possibility is supported by the apparently normal polar-
ity of Ilin-5(RNAi) embryos throughout the one-cell
stage (Fig. 4A,B) and the normal PAR-3/PAR-6 localiza-

1232 GENES & DEVELOPMENT

lin-5(RNAI)

PAR-2/P granules

tions in all two-cell embryos in which AB was larger or
similar in size to P1. In addition, PAR-3 was found at the
cortex between all blastomeres at later stages, as in wild
type, rather than segregating only to the periphery of the
P cells like PAR-2. Moreover, PAR-3 and PAR-6 local-
izations were normal in gpr-1/gpr-2(RNAi) embryos,
which rarely have P1 cells larger than AB (Fig. 4G, H).
Based on these results, it is unlikely that Iin-5 and
gpr-1/gpr-2 act in spindle positioning by affecting cell
polarity.

To further examine if Iin-5 and gpr-1/gpr-2 act down-
stream of the par genes in spindle positioning, we carried
out genetic epistasis experiments. In embryos lacking



maternal par-3 function, or par-2 and par-3 together,
both spindle asters oscillate and flatten at the one-cell
stage and the spindle rotates in both AB and P1 at the
two-cell stage (Table 1; Cheng et al. 1995). These results
are consistent with a model in which spindle migration
and rotation are the default state, and par-3 acts to in-
hibit spindle movement in the anterior (Cheng et al.
1995). In time-lapse differential interference contrast
(DIC) recordings, we observed anterior migration of the
spindle without oscillation or flattening in 6/7 Iin-
5(RNAi);par-3(it71) mutant embryos (Table 1). In addi-
tion, the spindle did not rotate in either AB or P1 in 7/7
lin-5(RNAi);par-3(it71) embryos. Similarly, the spindle
in PO failed to oscillate and flatten in 9/9 par-3(it71)
gpr-1/gpr-2(RNAi) mutant embryos, and neither AB nor
P1 showed spindle rotation in 12/17 of these embryos
(compared with spindle rotation in both AB and P1 in
56% of par-3 embryos (Cheng et al. 1995)). In sum, the
spindle movement defects in lin-5 and gpr-1/gpr-2 RNAi
embryos are not affected by par gene function, and PAR
proteins can localize normally in the absence of lin-5 or
gpr-1/gpr-2 function. Thus, lin-5 and gpr-1/gpr-2 must
act downstream of par-3, or in parallel, in positioning the
mitotic spindle.

In contrast to spindle movement, several characteris-
tics of the par-3 mutant phenotype were visible in the
absence of lin-5 or gpr-1/gpr-2 function. AB and P1 di-
vided completely synchronously in 8/8 lin-5(RNAi);par-
3(it71) and 15/16 par-3(it71) gpr-1/gpr-2(RNAi) embryos,
and P granules failed to localize to the posterior in
all Iin-5(RNAi);par-3(it71) and par-3(it71) gpr-1/gpr-
2(RNAi) embryos examined. Thus, lin-5 and gpr-1/gpr-2
act downstream of the par genes exclusively in spindle
positioning.

LIN-5/GPR/Ga signaling in spindle function

Asymmetric localization of GPR-1/GPR-2 correlates
with spindle rotation in EMS

The asymmetric localization of the Pins GoLoco-motif
protein has been implicated in the control of asymmetric
division in D. melanogaster (for review, see Knoblich
2001). We did not observe apparent asymmetries in GPR-
1/GPR-2 or LIN-5 localization at any point during the
first two rounds of embryonic cell divisions, in which
the spindle position is determined cell autonomously.
Interestingly, both LIN-5 and GPR-1/GPR-2 were asym-
metrically distributed at the cortex at later stages, as
antibody staining revealed enrichment between the P2
and EMS blastomeres and between the P3 and E blasto-
meres (Fig. 5A,E; data not shown). At the four-cell stage,
the posterior blastomere P2 induces spindle rotation in
its anterior sister cell EMS, causing it to divide along the
A/P axis and generate daughters with different fates.
Similarly, cell-cell signaling between P3 and E also de-
termines spindle position in E (Goldstein 1995). Thus,
the accumulation of cortical LIN-5/GPR correlates with
extrinsic control of spindle orientation.

P2/EMS signaling involves two redundant pathways
that act in parallel to rotate the spindle apparatus in EMS
and to specify the endoderm fate: a mom-2/mom-5 Wnt
ligand/Frizzled (Fz) receptor cascade and a second path-
way consisting of the tyrosine-kinase related genes
mes-1 and src-1 c-Src (Bei et al. 2002). To examine
whether mom-2/mom-5 or mes-1/src-1 pathways pro-
mote the asymmetric localizations of GPR-1/GPR-2 and
LIN-5, we examined embryos mutant for components of
one of the two pathways. In mom-5(zu193) frizzled mu-
tant embryos, both LIN-5 and GPR-1/GPR-2 were still
enriched at the P2/EMS boundary (Fig. 5B,F). In contrast,
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WT (n=11) mom-5(zu193) (n=6)

mes-1(bn74) (n=12) src-1(RNAI) (n=10)

Figure 5. LIN-5 and GPR-1/GPR-2 enrichment at the P2/EMS boundary requires mes-1 and src-1. (A-D) Merged images, showing
staining of LIN-5 (red), GPR-1/GPR-2 (green), and DNA (DAPI, blue). LIN-5 and GPR-1/GPR-2 are enriched between P2 and EMS
(arrow marked 3) in wild-type (A) and mom-5(zu193) (B) embryos, but not in mes-1(bn74) (C) and src-1(RNAi) (D) embryos. (E-H)
Measurements of GPR-1/GPR-2 relative fluorescence intensity for the AB.a/EMS (1), AB.p/P2 (2), and P2/EMS (3) cell boundaries.
GPR-1/GPR-2 is enriched two- to threefold at the P2/EMS boundary (E). This enrichment is lost in mes-1(bn74) (G) and src-1(RNAi)
(H) embryos but not in mom-5(zu193) (F) embryos. Error bars indicate standard error of the mean. Bar, 10 pm.
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mes-1(bn74) embryos showed either no enrichment or
enrichment at both the P2/EMS and P2/AB.p boundaries
(Fig. 5C,G). Inactivation of the src-1 gene by RNAI
caused a similar loss of asymmetric distribution (Fig.
5D,H). These results indicate that the mes-1/src-1 path-
way acts to enrich LIN-5 and GPR-1/GPR-2 between P2
and EMS, which may contribute to spindle positioning
in EMS. Thus, both cell intrinsic and cell extrinsic po-
larity signals may act on LIN-5 and GPR-1/GPR-2 to
position the spindle.

Functional and physical interactions between LIN-5,
GPR, and heterotrimeric G proteins

The G protein regulatory motif, or GoLoco domain, pre-
dicted within GPR-1/GPR-2 was previously found in a
number of proteins that regulate the G/, subunit of
heterotrimeric G proteins (Fig. 1C; Siderovski et al.
1999). G protein heterotrimers consist of GBy modules
associated with GDP-bound Ga (Gilman 1987). GoLoco
motif proteins interact with specific Ga;, subunits in
the GDP-bound state, inhibit GDP dissociation, and
compete with GBvy for binding (Bernard et al. 2001; Na-
tochin et al. 2001; Schaefer et al. 2001; Kimple et al.
2002). Like gpr-1/gpr-2 RNAi, mutation of the C. elegans
goa-1 Ga;,, gene disrupts spindle positioning in early
embryos, albeit with partial penetrance (Miller and Rand
2000). Importantly, double RNAi of two related Goy,
subunits, goa-1 and gpa-16, causes spindle defects that
are indistinguishable from gpr-1/gpr-2(RNAi) (Fig. 6A,B;
Gotta and Ahringer 2001). As in gpr-1/gpr-2(RNAi) em-
bryos, meiosis and mitotic spindle assembly were appar-
ently normal, but spindle movement to the posterior was
reduced in all goa-1 gpa-16(RNAi) embryos, and oscilla-
tion and flattening of the posterior spindle aster were
absent (Table 1, cf. Figs. 6A and 2A). During the second
round of division, active rotation of the nucleocentro-
somal complex was absent in all embryos examined
(n =9, Fig. 6B). Embryos lacking goa-1 and gpa-16 func-
tion failed in the next rounds of cell division and arrested
with few and polyploid nuclei (Fig. 6C). Thus, the termi-
nal phenotype of these embryos was also similar to gpr-
1/gpr-2(RNAi), lin-5(ev571ts), and lin-5(RNAi) embryos
(Fig. 2F,I; Lorson et al. 2000). Finally, nuclei in the distal
ends of the gonads failed in mitosis, and polyploid nuclei
accumulated in adult animals following goa-1 gpa-16
RNAI (cf. Figs. 6D and 2D). The close similarity of the
gpr-1/gpr-2 and Ga, loss-of-function phenotypes and
the presence of a G, binding domain in the GPR pro-
teins suggest that GPR-1/GPR-2 act as positive regula-
tors of G protein signaling.

As previously proposed, GPR/GoLoco motif proteins
could activate G protein signaling by releasing G~ pro-
teins from the heterotrimer (Natochin et al. 2001;
Schaefer et al. 2001). This implies that loss of gpr func-
tion should mimic loss of GBvy function. However, the
previously reported loss of GBy function phenotype was
clearly distinct from loss of gpr-1/gpr-2, lin-5, or goa-1
gpa-16 (Zwaal et al. 1996; Gotta and Ahringer 2001). In
our experiments, gpb-1 GB RNAI, either alone or in com-
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bination with RNAi or mutational inactivation of gpb-2
G5, resulted in incomplete centration (gpb-1, 5/5 em-
bryos; gpb-2;gpb-1, 10/13 embryos) and abnormal
nuclear rocking (gpb-1, 5/5 embryos; gpb-2;gpb-1, 10/12
embryos). In addition, the anterior aster oscillated
slightly without flattening during anaphase (gpb-1, 5/5
embryos; gpb-2;gpb-1, 10/15 embryos). However, poste-
rior aster oscillation, flattening, and migration were nor-
mal, in contrast to the phenotype of gpr-1/gpr-2, lin-5, or
goa-1 gpa-16 embryos. Division of PO was still asymmet-
ric and spindle rotation in P1 still occurred, albeit later
than normal (data not shown; Zwaal et al. 1996; Gotta
and Ahringer 2001). Additionally, triple RNAIi of goa-1,
gpa-16, and gpb-1 yielded both G, and GB phenotypes
in the first two divisions (data not shown). Together,
these results indicate that lin-5 and gpr-1/gpr-2 function
in G protein signaling primarily through Ga activation
rather than Gy release.

In immunostaining experiments, we observed overlap-
ping localizations of GPR-1/GPR-2, LIN-5, and GOA-1 at
the cell cortex. In addition, diffuse GOA-1 staining was
observed surrounding the spindle asters, but not at the
spindle asters themselves (Fig. 6E,F). The localizations of
LIN-5 and GPR-1/GPR-2 were unaffected by goa-1 gpa-
16 RNAI, and GOA-1 localization did not depend on the
LIN-5 or GPR proteins (data not shown).

The partially overlapping localizations could allow in-
teractions between the Ga;,, and GPR proteins. To ex-
amine whether GPR-1/GPR-2 interact preferentially
with GDP-bound GOA-1, we added GDP or the slowly
hydrolyzable GTP-analog GTP~S to lysates. As expected,
the GB subunit GPB-1 coprecipitated with GOA-1 from
lysates containing excess GDP but not GTPyS (Fig. 6G).
Likewise, GST-GPR-1 precipitated endogenous GOA-1
in the presence or absence of excess GDP, but not from
lysates containing GTPyS (Fig. 6H). GST-GPR-1 did not
precipitate detectable amounts of GPB-1 G, but did pre-
cipitate LIN-5 independent of guanine nucleotide (data
not shown). In addition, the use of purified proteins ex-
pressed in bacteria demonstrated that GPR and Gay),
proteins interact directly. GST-GPR-1 associated with
purified GOA-1-GDP but not GOA-1.GTPyS (Fig. 6I).
Further analysis showed that the GPR-1 C terminus con-
taining the GoLoco domain was sufficient for this inter-
action (Fig. 6I). Together, these results demonstrate that
GPR-1/GPR-2 act as canonical GPR/GoLoco proteins by
binding GOA-1-GDP and that GDP-bound GOA-1 can
interact either with Gy or with GPR-1/GPR-2..

Our in vivo and in vitro experiments support two dif-
ferent protein interactions for GPR-1/GPR-2: direct in-
teraction with LIN-5, which determines its localization
to the spindle and cortex, and direct interaction with
GOA-1 Ga;,,, which depends on the nucleotide state of
the G protein.

Discussion

We have shown that the GoLoco/GPR motif proteins
GPR-1/GPR-2 interact with the coiled-coil protein LIN-5
as well as a Ga;/, subunit of heterotrimeric G proteins.
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Both LIN-5 and GPR proteins are essential for chromo-
some and spindle movements, and LIN-5 is required for
GPR-1/GPR-2 localization. Based on overlap in pheno-
type, presence of a GoLoco motif, and direct physical
interaction with Ga;;,, GPR-1/GPR-2 act as regulators of
heterotrimeric G protein signaling. LIN-5 and GPR-1/
GPR-2 act genetically downstream of or parallel to the
par and mes-1/src-1 spindle positioning genes. Our re-
sults suggest a pathway in which LIN-5/GPR/Ga act to
regulate spindle forces (Fig. 7A). We will discuss this
pathway, focusing on two important questions. What is
the mechanism by which LIN-5/GPR affect G protein
signaling? How do upstream components regulate LIN-

LIN-5/GPR/Ga signaling in spindle function

Figure 6. The Gq,/, subunits goa-1 and gpa-16 act with
gpr-1/gpr-2 and lin-5 in spindle and chromosome move-
ments. (A-D) The goa-1 gpa-16 double RNAi phenotype
closely resembles the lin-5 and gpr-1/gpr-2 phenotype
(cf. Fig. 2). DIC images illustrating symmetric first di-
vision (A) and lack of spindle rotation in P1 (B). (C,D)
goa-1 and gpa-16 are required for cell divisions in C.
elegans. DNA was stained with propidium iodide. (C)
goa-1 gpa-16(RNAi) embryo containing polyploid nu-
clei and few cells. (D) Mitotic germ nuclei in distal go-
nad arm of adults treated with goa-1 gpa-16 RNAI fail
in mitosis and become polyploid. (E,F) GOA-1 (F) colo-
calizes with LIN-5 (E) and GPR-1/GPR-2 (see Fig. 3N) at
the cell membrane (arrowheads). Punctate staining of
GOA-1 peripheral to spindle asters is observed (F, ar-
rows), but this staining does not overlap with the
spindle apparatus (E, arrows). (G-I) GOA-1 interacts
with GPB-1 GB and GPR-1 in a GDP-dependent man-
ner. (G) GPB-1 Western blot of IPs from embryo lysates
containing either 100 pM GDP or GTPyS. Input (10%)
is shown on the right. (H) GOA-1 Western blot of GST
pulldowns from lysates containing GDP or GTPyS. A
GOA-1 IP is shown on the right. (I) Direct association
between GPR-1 and GOA-1-GDP. GOA-1 Western blot
of GST pulldowns from equal amounts of pure GOA-1
preloaded with GDP (top panel) or GTPyS (bottom
panel). GST-GPR-1 and the C terminus of GPR-1 con-
taining the GoLoco motif (GSTFlag-GPR-1C) interact
more efficiently with GOA-1-GDP than with GOA-
1-GTP~S. (GST-GPR-IN) N terminus of GPR-1. Input
(10%) is shown on the right. Bars, 10 um.

5/GPR/Ga in positioning the spindle for asymmetric di-
visions?

Heterotrimeric G proteins classically are known to
transmit extracellular signals sensed by seven trans-
membrane receptors to targets within the cell (Gilman
1987). Upon ligand binding, the receptor stimulates re-
lease of GDP from the Ga subunit, which is then able to
bind GTP. The Ga-GTP and GB+y subunits then dissoci-
ate and can act on their respective downstream targets
(Fig. 7B). Attenuation of the signal is achieved through
hydrolysis of GTP by the intrinsic GTPase activity of
Ga, which can be stimulated by GTPase-activating
proteins (GAPs). Although G protein coupled receptors
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A Developmental regulation of spindle forces

par-2—] par-3
y lin-
mes-1 7
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Figure 7. A model for GPR-mediated
initiation of G protein signaling. (A) A
pathway for spindle force regulation by
LIN-5/GPR/Ga, which may be locally
regulated by polarity genes. (B) Classi-
cal heterotrimeric G protein activation.
Exchange of GDP for GTP associated
with Ga is stimulated by the guanine
nucleotide exchange activity of a
GPCR. The heterotrimer is dissociated
into two independent signaling mod-
ules, Ga-GTP and GBv, which are then
competent to activate downstream ef-
fectors. (C) Activation of G protein sig-
naling in the absence of a GPCR. A
GoLoco/GPR motif protein, such as
Pins, could compete with and dissoci-
ate GBy from the heterotrimer, thus
initiating Gy signaling. It is not
known if Ga-GDP/Pins is competent to
signal. (D) Receptor-independent initia-
tion of Ga-GTP signaling. The GPR-1/
GPR-2 GoLoco proteins could dissoci-
ate GPvy from the heterotrimer and al-
low the subsequent production of
Ga-GTP through the activity of a GEF
such as RIC-8. Additionally, free GBy
could regulate its specific effectors. The Go-GDP/Gpy
signal could be attenuated by intrinsic -
or GAP-stimulated GTP hydrolysis, al-

lowing for cycling activation of this

pathway.

Gao-GDP/Gpy

Go-GDPIGpy

(GPCRs) mediating spindle positioning remain to be
identified, our results and work by others point toward a
receptor-independent mechanism for G protein activa-
tion mediated by GoLoco domain proteins. Biochemical
evidence shows that the GoLoco motif acts as a guanine-
nucleotide dissociation inhibitor (GDI), inhibiting the
release of GDP from Ga (Bernard et al. 2001; Natochin et
al. 2001). Moreover, the GoLoco domain competes with
Gpy for binding to Ga-GDP (Bernard et al. 2001; Nato-
chin et al. 2001; Schaefer et al. 2001) and binds Ga in a
region overlapping with GBv association (Kimple et al.
2002). Together, these results have led to a simple model
in which binding of the GPR motif to Ga-GDP releases
Gy, thus solely initiating GRvy signaling (Fig. 7C; Take-
sono et al. 1999; Knust 2001; Schaefer et al. 2001). In
contrast, our in vivo observations in C. elegans and some
studies using Drosophila indicate that GoLoco proteins
can also initiate Ga signaling.

In Drosophila, the GoLoco protein Pins activates G
protein signaling to control spindle positioning in two
model cell types for asymmetric division, embryonic
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neuroblasts and sensory organ precursor (SOP) cells (for
review, see Knust 2001). It has been suggested that
spindle orientation in neuroblasts is primarily mediated
by Pins activation of GBvy (Schaefer et al. 2001). These
authors also suggest that spindle orientation in SOP cells
requires Pins-mediated activation of both Gy and Ga.
However, the mechanism by which Pins promotes Ga
signaling and the specific contributions of Ga and GBy
toward proper spindle orientation were not clear from
these experiments.

Our results indicate that GPR-mediated spindle posi-
tioning occurs primarily through activation of Ga signal-
ingin C. elegans. Loss of Ga, rather than Gy, mimicked
the gpr-1/gpr-2 loss-of-function phenotype. Distinct phe-
notypes were observed following inactivation of Ga, G,
or both, indicating that they can be inactivated indepen-
dently. Interestingly, another C. elegans gene, ric-8, is
also required for embryonic spindle positioning and ge-
netically interacts with goa-1 (Miller and Rand 2000).
Recently, the mammalian RIC-8 homolog, RIC-8A/syn-
embrin, has been shown to act as a guanine nucleotide



exchange factor (GEF) for Ga,, Go,, and Ga;; subunits
(Tall et al. 2003). The similar gpr-1/gpr-2 and ric-8 loss-
of-function phenotypes indicate that both activate Ga
signaling in C. elegans.

If GPR-1/GPR-2 act as GDIs and RIC-8 acts as a GEF,
then how could these opposing activities have a similar
effect on Ga signaling? An important clue might come
from the observation that mammalian RIC-8A cannot
bind the heterotrimeric GaGRy complex (Tall et al.
2003). We propose a model in which GPR-1/GPR-2 com-
petes with GBy for Ga-GDP association and subse-
quently allows RIC-8-mediated nucleotide exchange to
produce active Ga-GTP independent of a GPCR (Fig.
7D). In this model, GPR and GEF proteins are both posi-
tive regulators of G protein signaling; GTP-bound Ga,
rather than Ga-GDP, is the effector, consistent with all
previous studies; and signaling could be attenuated by
GTP hydrolysis. The previously described role in GBvy
activation is incorporated in this model, although our
results suggest that GBy activation does not require
GPR-1/GPR-2. This difference in GBy activation by
GPR-1/GPR-2 and Pins may depend on cell type, expres-
sion levels, or Ga-binding affinity of the GPR/GoLoco
protein. Receptor-independent activation of heterotri-
meric G proteins allows signaling under cell intrinsic
control and in close association with the spindle appara-
tus, which might be difficult to achieve through GPCRs.

In both Drosophila and C. elegans, a conserved PAR
protein complex establishes cell polarity and spindle po-
sition but is not required for chromosome movements.
This PAR-determined polarity directs spindle position-
ing possibly through activation of G protein signaling
mediated by Pins/Inscuteable (Insc) in Drosophila neu-
roblasts, Pins/Discs large (Dlg) in Drosophila SOP cells,
and GPR/LIN-5 in C. elegans embryos (Bellaiche et al.
2001; Schaefer et al. 2001; this paper). Although Insc,
Dlg, and LIN-5 all act to localize GoLoco proteins, their
functions and localizations differ. LIN-5, GPR-1/GPR-2,
and Ga,, interactions appear to be required for cell di-
vision and chromosome segregation, whereas no such
role has been shown for Drosophila Ga; or Pins. Consis-
tent with a role in chromosome movements, GPR-1/
GPR-2 proteins localize to the spindle apparatus,
whereas Pins does not. This may indicate that an addi-
tional spindle-associated GoLoco protein exists, and/or
possibly that in Drosophila multiple Ga subunits act
redundantly in mitosis, as in C. elegans. Consistent with
the former hypothesis, a mammalian homolog of Pins,
LGN, is required for spindle assembly and localizes to
spindle asters (Du et al. 2001).

In order to achieve asymmetric spindle movements,
uneven spindle forces must be generated. This can be
accomplished by asymmetric localization of spindle
force regulators, as is observed for Drosophila Ga; and
Pins (Schaefer et al. 2000, 2001; Yu et al. 2000). Alterna-
tively, G protein signaling could be asymmetrically ac-
tivated. In our studies, we did not observe asymmetric
localization of GPR-1/GPR-2, GOA-1, or LIN-5 in the
first two rounds of embryonic cell divisions. Thus, other
asymmetrically localized positioning determinants may

LIN-5/GPR/Ga signaling in spindle function

locally regulate GPR-mediated G protein signaling.
Later, at the four-cell stage, LIN-5 and GPR-1/GPR-2 lo-
calize asymmetrically dependent on mes-1/src-1, which
regulate spindle position in EMS redundantly with Wnt/
Fz signaling (Bei et al. 2002). This may more closely re-
semble Drosophila SOP cells in which Pins and Ge; also
act redundantly with Fz to orient the mitotic spindle
(Bellaiche et al. 2001; Schaefer et al. 2001). Together, our
results suggest that both mechanisms, asymmetric regu-
lation and asymmetric localization of spindle force regu-
lators, dictate spindle position in C. elegans.

The spindle and chromosome movement defects seen
when lin-5, gpr-1/gpr-2, or goa-1 gpa-16 are inactivated
are consistent with reduced spindle forces. The spindle
behavior in these embryos resembles what is seen in
par-2 mutants, where reduced cortical spindle forces
have been directly demonstrated (Cheng et al. 1995; Grill
et al. 2001). When par-3 or both par-2 and par-3 are in-
activated, high cortical pulling forces are present on both
sides of the spindle (Grill et al. 2001) and these forces
appear to depend on LIN-5 and GPR-1/GPR-2. This sug-
gests that LIN-5, GPR-1/GPR-2, and Ga act to promote
spindle forces and that local regulation of LIN-5/GPR/
Ga activity could create asymmetric forces that move
the spindle. Because spindle forces involve a coordina-
tion of MT dynamics, motor proteins, and cortical at-
tachments, GPR/LIN-5/Ga and other LIN-5 complex
components may regulate the spindle at either one or
multiple levels.

Materials and methods

C. elegans culture conditions and strains

All strains used in this study were derived from the wild-type
Bristol strain N2 and cultured under standard conditions (Bren-
ner 1974) and are listed in the Supplemental Material. Alleles
used here are par-1(b274), par-2(it5), par-3(it71), par-4(it47),
par-6(zu222), mom-5(zu193), mes-1(bn74), goa-1 (n1134), gpb-
2(sa603), and rrf-3(pk1426).

RNA-mediated interference

Double-stranded RNA produced from full-length ¢cDNAs was
introduced by either injection or feeding, and animals were har-
vested after 2 or 3 d, respectively, for phenotypic analysis (Fire
et al. 1998; Timmons et al. 2001). Injection was used to inacti-
vate more than one gene by RNAi. RNAI of ags-3 yielded no
apparent phenotype.

Embryo lysates and gel filtration chromatography

For biochemical experiments, embryo protein lysates were cre-
ated from large liquid cultures of N2 animals. For gel filtration
chromatography, lysates made without detergent were loaded
onto a preequilibrated Sephacryl S300-16/40 gel filtration col-
umn and 1.5-mL fractions were collected (see Supplemental Ma-
terial for details).

Immunoprecipitations and identification of LIN-5
associated proteins

Mouse ascites from two anti-LIN-5 hybridomas, hel-1 and hel-2
(Lorson et al. 2000), was used in IP reactions, as well as SD15
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ascites (negative control, anti-human p107, a kind gift from E.
Harlow), anti-GPR-1 affinity-purified serum, anti-GOA-1 serum
(a kind gift from M. Koelle), anti-GPB-1 serum (a kind gift from
R. Plasterk), normal rabbit serum, and normal mouse serum.
LIN-5 complexes were purified using hel-1 and hel-2 cross-
linked, respectively, to Protein G or A Sepharose beads, which
were then incubated with precleared embryo lysate. Specific
coprecipitating proteins were identified by liquid chromatogra-
phy followed by tandem mass spectrometric measurements of
trypsinized peptides (Taplin Spectrometry Core, Harvard Medi-
cal School; see Supplemental Material for details).

Recombinant protein production and antiserum generation

A full-length ¢cDNA clone of gpr-1 (yk103.a4, obtained from Y.
Kohara) was used to express full-length or fragments of GPR-1
fused to either 10X Histidine, GST or GSTFlag epitopes in bac-
teria. Purified denatured full-length His-GPR-1 was used to gen-
erate and purify anti-GPR-1 serum.

GOA-1 guanine nucleotide loading and GST pulldowns

GOA-1 was loaded with either GDP or GTPvS (Sigma) as de-
scribed previously (Dong et al. 2000): 100 ng GOA-1 (a generous
gift from M. Koelle) was incubated at room temperature for 3 h
in 100 pL 2x guanine nucleotide (GNP) loading buffer (20 mM
HEPES at pH 7.5, 10 mM MgCl,, 1 mM dithiothreitol) with
either 10 uM GDP or GTP~S. This mixture was incubated with
~500 ng GST fusion protein bound to glutathione agarose beads,
incubated for 1.5 h at 4°C, washed extensively in 1x GNP load-
ing buffer plus appropriate guanine nucleotide, boiled in sample
buffer, and subjected to SDS-PAGE and Western blotting.

Antibody and propidium iodide staining

Immunostaining of C. elegans embryos was performed as pre-
viously described (Lorson et al. 2000). When staining for PAR
proteins, embryos were fixed only in methanol. Washes were
extended from 10 to 20 min for GPR-1/GPR-2 immunostain-
ings. We used anti-LIN-5 hel-1 (diluted 1:2), and rabbit poly-
clonal sera of the following dilutions: anti-GPR-1/GPR-2
(1:100), anti-GOA-1 (1:100), anti-PAR-1 (1:50), anti-PAR-2 (1:
10), anti-PAR-3 (1:30), and anti-PAR-6 (1:20; all PAR antisera
kindly provided by K. Kemphues). Secondary FITC- or Texas
red-conjugated antibodies were used at 1:100 dilution (Jackson
ImmunoResearch Laboratories). To visualize DNA, we stained
embryos with 1 pg/mL DAPI For PAR-2 detection, the PAR-
2.::GFP strain was used in combination with anti-PAR-2 anti-
body staining. To examine DNA content, we treated methanol/
acetone-fixed embryos and Carnoy’s-fixed larvae with 200 ng/
mL RNase A overnight at room temperature and stained with 1
pg/mL propidium iodide. Animals were mounted on slides us-
ing glycerol with 10% phoshpate-buffered saline and 2.3%
Dabco (Sigma).

Fluorescence intensity measurements

To determine relative fluorescence intensity (RFI), regions of
interest of approximately the same area were drawn to encom-
pass the cortices between AB.a and EMS (1), AB.p and P2 (2), and
P2 and EMS (3), and the mean fluorescence intensity for each
was recorded. Mean fluorescence intensities of equivalent areas
adjacent to each cortex were subtracted to account for back-
ground fluorescence. The relative fluorescence intensity for the
AB.p/P2 and P2/EMS cortex was determined as follows:
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RFI = [(mean fluorescence intensity - background)
x (area measured) for AB.p/P2 or P2/EMS]/
[(mean fluorescence intensity — background)
x (area measured) for AB.a/EMS]
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