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Background: We use GbpC as a model protein of LRRK2, which is defective in Parkinson disease.
Results: GbpC, like LRRK2, translocates toward the membrane, which is needed for proper functional activity in vivo.
Conclusion: cAMP stimulation induces a cascade leading to activation and, independently, to GRAM-dependent translocation

of GbpC toward the cell boundary.

Significance: The experiments provide new insights in the function of GbpC and LRRK2.

GbpC is a multidomain Roco protein in Dictyostelium,
involved in transduction of intracellular cGMP that is produced
by chemotactic signals. We have shown previously that cGMP
binding to GbpC induces an intramolecular signaling cascade by
activating subsequently the GEF, Ras, and kinase domains. In
this study, we report on the cellular localization of GbpC. In
resting cells, the protein is present in the cytoplasm, but GbpC
rapidly translocates to the cell boundary upon stimulation with
the chemoattractant cAMP. Also, during the formation of cell-
cell streams and osmotic shock, the protein localizes toward the
plasma membrane and actin cytoskeleton. The translocation
upon cAMP stimulation occurs downstream of heterotrimeric
G proteins but is independent of guanylyl cyclases and the pre-
viously identified cGMP-induced intramolecular signaling cas-
cade in GbpC. Mutations in the GRAM domain of GbpC lead to
disturbed membrane association and inactivation of GbpC
function during chemotaxis iz vivo. Furthermore, we show that
the GRAM domain itself associates with cellular membranes
and binds various phospholipids in vitro. Together, the results
show that GbpC receives multiple input signals that are both
required for functional activity in vivo. cAMP-stimulation
induces a cGMP-dependent signaling cascade, leading to activa-
tion of kinase activity, and, independently, cCAMP induces a
GRAM-dependent translocation of GbpC toward the plasma
membrane and cell cortex, where it may locally phosphorylate
effector proteins, which are needed for proper biological
activity.

Parkinson disease (PD)? is a neurodegenerative disease that
affects more than 5 million people worldwide and one in 100
people over the age of 60. PD is both a chronic and degenerative
disorder that is characterized by loss of dopaminergic neurons
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in the substantia nigra, associated with the formation of fibrillar
aggregates composed of a-synuclein and other proteins (1).
Recently, missense mutations in LRRK2 have been linked to
autosomal-dominant, late-onset PD (2, 3). LRRK2 is a member
of the novel Roco family of complex Ras-like GTPases that have
an unique domain architecture. Roco proteins are character-
ized by the presence of N-terminal leucine-rich repeats (LRR), a
Ras-like G-domain called Roc (Ras of complex proteins), fol-
lowed by a COR domain (C-terminal of Roc) and a kinase
domain (4, 5). Next to this general domain composition of the
Roco family, individual Roco proteins are found to be combined
with a diversity of additional domains. Although the Roco pro-
teins have been studied intensely because of the discovery of
missense mutations in LRRK2 segregating with PD, the exact
pathogenic role and molecular mechanism of how Roco pro-
teins are activated and function are still not completely under-
stood (6, 7). We have previously used Dictyostelium GbpC as
model for the complex structure and regulatory mechanism of
LRRK2. GbpC, also called Rocol, was originally identified in a
bioinformatical screen for molecular targets of the second mes-
senger cGMP and is the founding member of the Roco family of
proteins (4, 8, 9). Besides the conserved Roco region, GbpC has
an unique regulatory C-terminal region consisting of a Ras
Exchange Motif (REM), DEP, CDC25, and two cyclic nucleo-
tide binding domains with a GRAM domain inserted in
between (10). Contrary to LRRK2, the cellular function of
GbpC has been characterized in detail. GbpC is the only cGMP
signal-transducing protein in Dictyostelium. cGMP binds with
high affinity to its cyclic nucleotide binding domain, and
cGMP-mediated GbpC activation is essential for the proper
regulation of myosin II during chemotaxis, for cell-cell interac-
tions during multicellular stream formation, and to resist
osmotic stress (8, 10—13). Subsequent experiments showed
that GbpC contains a complete intramolecular signal transduc-
tion pathway. cGMP binding to the cyclic nucleotide binding
domain causes activation of the GEF domains, the subsequent
GDP/GTP exchange of the Roc-COR domain leading to the
activation of the mitogen-activated protein kinase kinase
kinase domain, and phosphorylation of downstream targets
(14). This intramolecular signaling cascade is essential for
GbpC to mediate its signaling function in the cell. Analogous to
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the human Roco protein LRRK2, the LRRs of GbpC are vital for
biological activity of GbpC but are not directly involved in the
activation of the Roc and kinase domain (15).

Recent data suggest that the subcellular localization of
LRRK2 is important for its activity and function. The protein is
present both in the cytoplasm and at the membrane, and the
membrane-associated LRRK2 dimer most likely represents the
physiologically active form of the protein (16). The regulation
of membrane association is not well understood but probably
includes dimerization, posttranslational modification, and pro-
tein-protein interactions (16 —18). Here we report that GbpC,
like LRRK?2, translocates toward the membrane. In resting cells,
the protein is present uniformly in the cytoplasm, but during
stream formation and under osmotic stress, the protein local-
izes toward the boundary of the cell. Furthermore, uniform
stimulation with the chemoattractant cAMP induces a rapid
translocation of the protein toward the cell boundary. To better
understand the localization of Roco proteins in the cell, we
studied the translocation of GbpC and its function for che-
motaxis and cell streaming. Together, our results show that
GbpC receives multiple input signals. cAMP stimulation
induces a cGMP-dependent signaling cascade leading to kinase
activity and, independently, GRAM-dependent translocation
of GbpC toward the plasma membrane and cell cortex, which
are both needed for proper functional activity in vivo.

EXPERIMENTAL PROCEDURES

Strains, Culture Conditions, and Western Blotting—All cells
were cultured in HG5 medium (14.3 g/liter oxoid pepton, 7.15
g/liter bacto yeast extract, 1.36 g/liter Na,HPO, 12 H,0, 0.49
g/liter KH,PO,, 10 g/liter glucose), and 10 pg/ml G418 and
hygromycin B were added to the medium for selection of cells
with extrachromosomal plasmids. Western blotting was done
as described previously (14).

Cloning of GbpC Mutants, DEP, and the GRAM Domain—
The cloning process of GbpC mutants followed the same strat-
egy as described before (14), with the following notes. Muta-
tions in the GRAM domain of ghpC ORF were created using
site-directed mutagenesis of the previously described GbpC
part 6 and part 8. Novel amplified fragments of ghpC cDNA
(carrying introduced mutations) were ligated into pBluescript
first, and after sequencing, the inserts were subsequently
exchanged with part 6 or part 8 of the previously described
GbpC parts 6 -8 in the pGemTeasy plasmid (Promega) using
unique restriction sites. The last step of the cloning process
(fusion of parts 6 —8 with parts 1-5 in MB74-derived expres-
sion plasmids) was done as described previously (14). The
primer pair used for expression of the GRAM domain (amino
acids 2331-2470) was as follows: CGGATCCAAAAAAAT-
GACGTCGACTTCACCATTG (the BamHI site is shown in
boldface, followed by a Kozak sequence and an underlined start
codon) and GGCGGCCGCTTAACTAGT AGCCAATT-
TATTTTTG (the Spel site is shown in boldface). The PCR
product was ligated in pBluescript, digested with BamHI/Spel,
and ligated in the Bglll/Spel digested Dictyostelium MB74GEP
expression plasmid. The plasmids were coelectroporated with
monomeric red fluorescent protein MARS (RFP) to ghpC-null
cells (19).
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Fluorescence Microscopy—All fluorescence experiments
were carried out on a confocal laser scanning microscope (Zeiss
ConfoCor 2-LSM 510 combination setup). For the cAMP-stim-
ulations, vegetative cells were harvested, washed twice in 17 mm
phosphate buffer (PB) (pH 6.5), and starved in 6-well plates
(Nunc) on non-nutrient-agar (17 mm PB with 1.5% agar) over-
night at 8 °C. The next day, cell aggregation was initiated by
incubating the plates at room temperature. When cells formed
streams, they were harvested and settled in a flow chamber.
After 10 min, cells were stimulated with 1 um cAMP, and fluo-
rescence was recorded. To analyze GbpC translocation during
osmotic stress, cells were resuspended in PB and incubated
with 200 mwM sorbitol. The line scans and image analyzes were
done with Image] using a macro that measures the total fluo-
rescence intensity of the cytoplasm in every frame (20). For
each strain, 5-20 cells from at least two independent experi-
ments were analyzed.

Phospholipid Filter Binding Assay—Lysates were made by
collecting, washing, and resuspending 1.5 X 107 Dictyostelium
cells in 1 ml of lysis buffer (20 mm HEPES (pH 7.0), 1% Triton,
100 mm KCl, 1 pug/ml crushed EDTA-free protease inhibitor
tablets (Roche)). Samples were left on ice for 60 min, centri-
fuged (10 min at 4 °C, 14,000 X g), and the supernatants were
collected. PIP strip membranes (Echelon) were blocked in
blocking solution (3% BSA in TBST (25 mm Tris-HCl, 137 mm
NaCl, 5 mm KCl, 0.05% Tween (pH 8.0)) for 1 h at room tem-
perature. Next, the PIP strips were incubated for 1 h with 10 ml
of TBST containing 50 ul of a lysate. After washing three times
for 10 min with TBST, anti-GFP antibody (Santa Cruz Biotech-
nology, Inc., dilution 1:500) in blocking solution was added to
the membranes for incubation overnight on a rocking platform
at 4 °C. The next day, strips were first washed three times with
TBST, and then secondary antibody in blocking solution was
added (anti-mouse IgG, Santa Cruz Biotechnology, Inc., dilu-
tion 1:2000). Strips were incubated for 1 h at room temperature
and subsequently washed three times with TBST. Bound pro-
tein was detected using Lumi-Light Plus Western blotting sub-
strate (Roche) according to the supplier’s information.

Protein input was visualized with Western blotting using 10
pl of lysate from cells expressing GRAM-GFP and
GRAMG2378A-GFP. For direct comparison, both proteins
were assayed on PIP strips in parallel and exposed on film
together.

Chemotaxis, cGMP-binding Assay, and GTP-agarose Pull-
down Assays—Chemotaxis was measured using a small popu-
lation assay as described before (21). cGMP-binding was meas-
ured using a radioisotope binding assay, and GTP-binding was
assayed using GTP-coupled agarose beads, both as described
before (14).

RESULTS

GbpC Localizes to the Cell Boundary upon cAMP Stimulation
and during Streaming—To study the localization of GbpC, we
coexpressed GbpC fused at its C-terminal to GFP and mono-
meric red fluorescent protein MARS (RFP) in ghpC-null cells
and simultaneously obtained confocal fluorescent images of
both markers. The GbpC fusion protein binds cGMP and GTP
in vitro and restores the ghpC-null phenotype (14), suggesting
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FIGURE 1. GbpC translocates to the cell boundary and cell cortex upon cAMP-stimulation and osmotic stress and during cell streaming. Starved
gbpC-null cells expressing GbpC-GFP were stimulated with 107® m cAMP. A, confocal images at the indicated times before and after cAMP-stimulation.
B, line-scan images derived of the full image in A. Positions of scans are indicated by arrows in gray cells before and in black cells 3-6 s after stimulation. C, the
decrease of the fluorescence intensity of GbpC-GFP (@) and cytosolic RFP (O) in the cytoplasm, which was analyzed using ImageJ. Data are mean * S.D. (n =
6 cells). D, gbpC-null cells expressing GbpC-GFP were placed on non-nutrient agar plates and allowed to starve. Confocal images were taken after 6 h of
aggregation. E, cells expressing GbpC-GFP were exposed to 200 mm sorbitol, and confocal pictures were taken before and after osmotic stress in the presence

and absence of actin polymerization inhibitor latrunculin A.

that the GFP tag does not affect correct folding and function of
GbpC in vivo. In resting cells, GbpC-GFP has a uniform distri-
bution in the cytoplasm. The protein is not enriched at the cell
boundary, and it is absent from the nucleus (Fig. 14). No differ-
ence in localization was observed between starved and
unstarved cells. Global stimulation of starved cells with 10™° m
cAMP resulted in a translocation of GbpC-GFP to the cell
boundary (Fig. 1A). Line scans through the cell reveal a decrease
of fluorescence in the cytoplasm with a concomitant increase at
the cell boundary (Fig. 1B). The kinetics of the cAMP-induced
translocation of GbpC-GFP was more accurately monitored by
computational analysis of fluorescence intensity depletion in
the cytoplasm (Fig. 1C). The translocation starts very rapidly
after cAMP-stimulation (about 2 s) and is maximal between 4
and 8 s, upon which GbpC gradually returns to the cytoplasm
and reaches basal levels after ~30 s (Fig. 1C). Stimulation with
cAMP leads to an average depletion of cytoplasmatic GbpC of
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11.4 = 4.4% (n = 19), whereas the fluorescence intensity of the
free RFP marker remains constant, indicating that the observed
GbpC translocation is not due to a general change in cell shape
or volume.

The biological role of GbpC becomes more important in lon-
ger-starved cells and during cell streaming (22, 23). Consis-
tently, whereas GbpC-GFP is cytosolic in starved single cells,
GbpC becomes uniformly distributed at the cell boundary
when cells make stable head-to-tail cell-cell contacts and are
part of streams (Fig. 1D).

The Role of the F-actin Cytoskeleton for the Translocation of
GbpC to the Cell Cortex—The production of cGMP and activa-
tion of GbpC is not only induced by cAMP but also by osmotic
stress (11, 24). cGMP production occurs in the order of minutes
after osmotic stress compared with a few seconds after cAMP
stimulation (12). Therefore, we studied the localization of
GbpC-GFP during osmoshock. After incubation with sorbitol,
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FIGURE 2. Expression of mutated GbpC. A, quantification of the maximal decrease of fluorescence intensity in the cytoplasm for GbpC-GFP in the indicated
cell strains at 4-8 s after stimulation. Data are mean = S.D. B, schematic view of the domain architecture of wild-type GbpC and several mutants used in this
study. GbpC-G2378A is a point mutant in the GRAM domain, whereas GbpC-AGRAM lacks the GRAM domain. The GbpC-ALRR mutant misses amino acids
2-311. C, alignment of part of the GRAM domain of GbpC with a selection of other GRAM domains. Numbers refer to amino acids. The asterisk shows a
conserved glycine that was mutated to an alanine to yield the GbpC-G2378A mutant. Dd, Dictyostelium discoideum; Hs, Homo sapiens; Pp, Pichia pastoris. D,
quantification of the maximal cytoplasmatic fluorescence decrease for mutants in the LRR, GRAM, and DEP domain of GbpC expressed in gbpC-null cells. Cells
were treated similarly as described in the legend to Fig. 1. *, p < 0.001 versus RFP control and not significantly different from GbpC-GFP; **, p < 0.001 versus

GbpC-GFP and not significantly different from RFP control (A and D).

GbpC becomes enriched at the cell boundary and cortex (Fig.
1E). Consistent with the slow kinetics of the osmotic response,
translocation of GbpC-GFP is maximal about 10 min after addi-
tion of sorbitol (data not shown). Because GbpC localization
seem to be more fuzzy than only the defined plasma membrane
(Fig. 1, A and E) and because GbpC is an important regulator of
myosin II and thus the cytoskeleton (8, 10 -13), we investigated
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a possible role of the cell cortex in regulating GbpC localization.
Therefore, cells were incubated with 15 um actin-polymeriza-
tion inhibitor, latrunculin A. Under these conditions, GbpC
does not translocate toward the cell boundary upon uniform
cAMP stimulation or osmotic stress (Figs. 1E and 2A), indicat-
ing that a functional cytoskeleton is essential for GbpC
translocation.
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GbpC Translocation Is Regulated by G-protein Signaling but
Does Not Depend on Previously Identified Chemotaxis
Pathways—In Dictyostelium, cAMP binds to the cAMP recep-
tor (cAR1), which results in activation of the heterotrimeric
G-protein Ga2By (25). The activated G-protein subunits trans-
duce the signal to the interior of the cell where they activate a
complex network of signaling molecules. To assess if GbpC
translocation is regulated by this pathway, GbpC-GFP was
expressed in cells lacking ga2. The data show that the translo-
cation of GbpC is completely abrogated (Fig. 2), indicating that
localization is regulated by the heterotrimeric G-protein signal-
ing cascade. So far, four signaling pathways have been impli-
cated in chemotaxis: PI3K, TorC2, PLA2, and sGC. Because
GbpC binds ¢cGMP with high affinity (K, ~4 nm) (8) and
because cGMP is produced rapidly after cAMP stimulation
(26), it could well be that cGMP binding to GbpC regulates the
localization of GbpC. To assess this hypothesis, GbpC-GFP was
expressed in gc-null cells, which lack both guanylyl cyclases and
thus cannot produce any cGMP (22). The kinetics and the max-
imal fluorescence decrease in the cytoplasm were not notice-
ably disturbed in these cells (11.7% * 3.2%, n = 7), suggesting
that GbpC translocates independently of guanylyl cyclases and
their product cGMP (Fig. 2A). This was confirmed by the obser-
vation that addition of the membrane-permeable cGMP analog
8-Br-cGMP to cells did not change the distribution of GbpC
(data not shown). Next, we tested the involvement of the other
signaling pathways by analyzing GbpC translocation in disrup-
tion mutants and/or the presence of 20 um LY294002 to inhibit
PI3Kand 90 um LY294002 to inhibit PI3K and TORC2 (27) The
fluorescence decrease in all mutants is similar to that of wild-
type cells (Fig. 2A4), indicating that none of the signaling
enzymes (sGC, PLA2, PI3K, and TorC2) is essential for GbpC
translocation.

The GRAM Domain Is Required for GbpC Translocation—In
various other proteins, the LRR, DEP, and GRAM domains
have been implicated in membrane association (28 —31). There-
fore, we expressed truncated proteins in which one of these
three domains were deleted (Fig. 2B). Deletion of the LRR or
DEP domain had no effect on the translocation of GbpC,
whereas deletion of the GRAM domain abrogated transloca-
tion to the cell boundary (Fig. 2D).

To further investigate the role of the GRAM domain, we
investigated point mutants that could potentially inactivate this
domain (Fig. 2C). A characteristic glycine is conserved in all
GRAM domains. Moreover, this residue was found mutated in
myotubularin-related protein 2 (MTMR2), resulting in Char-
cot-Marie-Tooth disease (28, 29). This G103E mutation causes
loss of membrane localization of MTMR?2, and a crystal struc-
ture of MTMR2 reveals that this residue is positioned in the
middle of an important B-sheet (28, 29). We mutated the cor-
responding glycine to an alanine, resulting in the GRAM
mutant GbpC-G2378A (Fig. 2, Band C). Expression and correct
folding of GbpC-G2378A is indicated by the high cGMP-bind-
ing activity (data not shown). Upon global cAMP-stimulation
with 107® M cAMP, the GbpC-G2378A mutant showed a
strongly disturbed protein translocation to the cell boundary,
providing further support that the GRAM domain of GbpC is
involved in translocation (Fig. 2D).
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The GRAM Domain Binds Directly to Cellular Membranes—
To further investigate the role of the GRAM domain in mem-
brane targeting of GbpC, we expressed a GFP-tagged GRAM
domain in ghpC-null cells and determined its localization. The
GRAM domain (comprising amino acids 2331-2470) is local-
ized nearly exclusively at the plasma membrane (Fig. 34). This
membrane association does not need a functional cytoskeleton
but was disrupted when the G2378A mutation was introduced
in this protein (Fig. 3A). Furthermore, a truncated GRAM
domain (missing amino acids 2350-2437) was also cytoplas-
matic (data not shown). Together, these results show that the
G2378A mutation abolishes the membrane binding capacity of
the GRAM domain.

GRAM domains were previously shown to bind phospholip-
ids (31). To determine phospholipid binding potential for the
GRAM domain of GbpC, we performed PIP-Strip assays, using
lysates from cells that express GRAM-GFP (Fig. 3B). In this
assay, membrane strips containing spots with various phospho-
lipids are incubated with proteins (Fig. 3B). Protein binding to
these phospholipids can be detected with antibodies, in this
case against GFP to detect GRAM-GFP. We found that GRAM-
GFP binds to several phospholipids: mono-PIPs, as well as
PI(3,4)P, PI(4,5)P and PI(3,4,5)P are tolerated, but the strongest
binding was found for phosphatidic acid and phosphatidylser-
ine, which are the prevailing lipids in Dictyostelium (32). In a
parallel assay in which the G2378A mutation was introduced,
binding to phosphatidic acid and phosphatidylserine was
severely reduced, whereas binding to other phospholipids was
less disturbed (Fig. 3B).

Localization of GbpC Is Critical for Activity in Vivo—Upon
starvation, Dictyostelium cells enter a developmental program.
Cells begin to secrete cAMP and neighboring cells move toward
the source of cAMP and relay the signal. Because of the result-
ing wave of cAMP that travels through the population, cells
become polarized, connect to each other in a head-to-tail fash-
ion, and form streams of cells. Cells lacking cGMP or GbpC
have a severe streaming defect. These cells show extensive
breaks of streams because of reduced cell elongation and the
inability to maintain stable head-to-tail cell contacts (13).
Whereas re-expression of GbpC in ghpC-null cells completely
rescues this phenotype (Fig. 4A, left panel), cells expressing
GbpC mutants that lack the GRAM domain or that contains the
G2378A mutation still have the ghpC-null phenotype (Fig. 44,
right panel), indicating that the GRAM domain is essential in
vivo.

Chemotaxis in Dictyostelium cells can be monitored by a
small-population/drop assay. Cells are placed on nutrient-free
agar plates in small drops. Small drops of 10~ M cAMP are
placed close to these cells, and chemotactic activity toward
cAMP is observed and scored. GbpC plays an important role in
chemotaxis together with PI3K, TorC2, and PLA2 (23, 33, 34).
The recognition that these parallel pathways mediate the trans-
duction of chemotactic cAMP signals allowed us to develop an
assay to specifically analyze the activity of GbpC in vivo. In this
assay, chemotaxis is measured in the presence of LY294002 (an
inhibitor of PI3K) and p-bromophenylacyl bromide (an inhibi-
tor of PLA2). Under these circumstances, chemotaxis of 7-h
starved cells is critically dependent on guanylyl cyclases and
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FIGURE 3. The GRAM domain of GbpC binds to the plasma membrane. A, confocal fluorescent images were taken from gbpC-null cells expressing GRAM-
GFP in the absence and presence of latrunculin A or GRAMG2378A-GFP. The results show that GRAM-GFP localizes independently of F-actin at the plasma
membrane, whereas the mutant GRAMG2378A-GFP shows a cytoplasmatic distribution. B, PIP strips containing spots with various phospholipids were
incubated with lysates from cells expressing GRAM-GFP or GRAMG2378A-GFP. Binding of these proteins to phospholipids was visualized using an anti-GFP
antibody. For direct comparison, both proteins were assayed on PIP strips in parallel and exposed on film together, and input protein was similar for both

proteins.

GbpC. In this assay, AX3 wild-type cells show around 50% che-
motaxis, but cells lacking either guanylyl cyclases or GbpC have
lost this remaining chemotactic activity. By reintroducing
GbpC, chemotaxis is restored to wild-type levels (Fig. 4B),
which indirectly allows screening for biological activity of
GbpC mutants (23). The GbpC-AGRAM and GbpC-G2378A
mutants were unable to chemotax in this assay, thus highlight-
ing an essential role for the GRAM domain in biological activity
of GbpC activity in vivo.

We investigated the localization of GbpC during chemotaxis.
For careful quantification we coexpressed GbpC-GFP and cyto-
solic-RFP and obtained images of cells moving toward a pipette
releasing cCAMP. These images suggest a slight enrichment of
GbpC-GFP in the front area of the cell (supplemental Fig. S1).
We determined the average fluorescent intensity of GbpC-GFP
in the cell cortex relative to the intensity in the cytoplasm using
cytosolic-RFP as an internal control. The results show that in
the cortex at the front of the cell GbpC-GFP is 8.3 * 1.4% higher
that the levels in the cytoplasm (mean * S.E, n = 59, p <
0.005). The level of GbpC-GFP in the cortex at the side and the
rear of the cell is not significantly increased relative to the cyto-
plasm (supplemental Fig. S1).

GbpC Translocation Is Uncoupled from the Intramolecular
Signaling Cascade—Correct signaling through the RasGEF,
Roc, and mitogen-activated protein kinase kinase kinase
domains of GbpC is essential for biological activity of GbpC
(14). Because our results suggest that the GRAM is also critical
for biological activity of GbpC, we hypothesized that the inac-
tivated GRAM domain could potentially interfere with the
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intramolecular signaling cascade in GbpC, thereby inhibiting
GbpC activity. One aspect of the intramolecular signaling cas-
cade in GbpC involves cGMP-stimulated GTP binding to (and
thus activation of) the Roc domain. This is visualized by pulling
down GbpC-GFP with GTP-coupled agarose beads and subse-
quent Western blotting with a GFP-antibody. Using this assay,
we found that the GRAM mutant GbpC-G2378A shows strong
cGMP-stimulated GTP-binding activity, implying that a dis-
turbed GRAM domain does not affect (part of) the intramolec-
ular signaling cascade (Fig. 54). We also tested cAMP-stimu-
lated translocation in previously described mutants that are
defective in this intramolecular signaling cascade (14). The
results (Fig. 5B) show that mutants with disturbed RasGEF,
Rog, or kinase domains translocate toward the cell boundary as
the wild-type protein, indicating that translocation is inde-
pendent of this signaling cascade. These results demonstrate
that protein localization and cGMP-stimulated kinase activity
of GbpC are mutually uncoupled processes.

DISCUSSION

The Roco protein LRRK2 has been found to be thus far the
most frequent cause of late-onset and idiopathic PD (2, 3).
Detailed information about the activation mechanism of
LRRK2 is missing, but all known pathogenic mutations in
LRRK2 result in decreased GTPase activity and enhanced
kinase activity, suggesting a possible PD-related gain of abnor-
mal/toxic function (35—42). Recently it was shown that Roco
proteins belong to the GAD class of molecular switches (G-pro-
teins activated by nucleotide-dependent dimerization) (43, 44).
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FIGURE 4. Development and chemotaxis of GbpC mutants. A, GbpC-GFP
and GbpCAGRAM-GFP were expressed in gbpC-null cells and starved on non-
nutrient agar plates. Pictures of streaming cells were taken after 6 h of starva-
tion. B, 7-h starved cells were monitored in a small population assay and
scored for their ability to chemotax toward drops with 10~° m cAMP. Experi-
ments were performed in the presence of 50 um LY (PI3K inhibitor) and p-bro-
mophenylacyl bromide (PLA2 inhibitor), which causes chemotaxis to be crit-
ically dependent on the cGMP-pathway. The GbpC mutants were expressed
in gbpC-null cells and compared with the chemotaxis data of AX3 and gbpC-
null cells. The data presented are mean = S.E. of at least three independent
measurements on different days. *, p < 0.001 versus gbpC-null and not signif-
icantly different from AX3 at p > 0.05; **, p < 0.001 versus AX3 and not signif-
icantly different from gbpC-null; ***, significantly less than AX3 at p < 0.01
and significantly above gbpC-null at p < 0.01.

It has been proposed that the juxtaposition of the G domains of
two monomers in the complex across the GTP-binding sites
activates the GTPase reaction and thereby regulate the biolog-
ical function of these proteins. On the basis of the observed
effects of PD mutations in LRRK2, it is thought that interaction
with other proteins modify the dimer interactions, resulting in
decreased GTPases and enhanced kinase activity (43, 44).
Understanding how Roco proteins are activated will provide
fundamental insights in this important class of proteins, which
is also relevant for PD.

The strong and diverse phenotypes of the 11 Dictyostelium
Roco disruption mutants provides a powerful tool to investigate
the activation mechanisms of Roco proteins (9, 14). This
resulted in the identification of an intramolecular signaling cas-
cade in GbpC involving ¢cGMP-stimulated RasGEF activity,
subsequent Roc activation, and output kinase activity (14). This
intramolecular cGMP signaling cascade appears to be essential
for cGMP/GbpC-mediated activity during chemotaxis and cell
stream formation in vivo.

Here, we extended the study by examining the localization of
GbpC. We found that localization of GbpC to the cell boundary
appears to be a second critical process for activity of GbpC in
vivo. All mutants that have a disturbed protein translocation
upon cAMP stimulation are also strongly disturbed in che-
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FIGURE 5. Protein localization and intramolecular signaling of GbpC are
independent processes. A, GbpC-GFP and GbpC-G2378A-GFP were
expressed in gbpC-null cells. Lysates were prepared, and proteins were pulled
down with GTP-agarose beads in the absence or presence of cGMP or GTP,
respectively. Bound proteins were visualized on a Western blot analysis using
anti-GFP antibodies. cGMP-stimulated GTP binding was still present in the
G2378A mutant at comparable levels with the wild-type protein. Represent-
ative data for at least three independent experiments on different days are
presented. B, quantification of the maximal cytoplasmatic fluorescence
decrease after cAMP stimulation for GbpC and the previously described
GbpC-KinaseDead, GbpC-Geflnactive, and GbpC-Roclnactive mutants
expressed in gbpC-null cells. Cells were treated as described in Fig. 1.

motaxis and cell stream formation. Translocation of GbpC to
the cell boundary requires the GRAM domain of GbpC and a
functional cytoskeleton. Translocation to the cell boundary is
inhibited by the F-actin inhibitor latrunculin A. Furthermore,
the localization of GbpC after cAMP stimulation, and especially
after osmotic shock, strongly resembles the localization of F-ac-
tin, suggesting that GbpC may translocate to membrane and
the F-actin rich cell cortex. In cells with a deleted or mutated
GRAM domain, GbpC no longer translocates to the membrane
or cell cortex after stimulation with cAMP or osmotic stress.
The N-terminal part (LRR-Roc-COR-kinase) is localized in the
cytoplasm, whereas the C-terminal part (GEF-GRAM-cNB)
behaves as the full-length protein*. The GRAM domain itself
associates with the plasma membrane and binds various phos-
pholipids in vitro. These experiments suggest that stimulation
with cAMP or osmotic stress induces a GRAM-dependent
translocation to the plasma membrane and subsequent tran-
sient enrichment in the F-actin cytoskeleton that requires the
C-terminal part of the protein.

Translocation of GbpC toward the cell boundary occurs
independently of cGMP and the intramolecular signaling cas-
cade in GbpC (14). GbpC still translocates toward the cell
boundary in mutants that lack either cGMP production or a
functional GEF, Roc, or kinase domain, whereas cGMP-stimu-
lated Roc activity in the localization-defective mutants is not

4 A. Kortholt, W. N. van Egmond, K. Plak, L. Bosgraaf, I. Keizer-Gunnink, and
P. J. M. van Haastert, unpublished data.
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FIGURE 6. Model for the activation of GbpC. Extracellular cAMP binds to a
G-protein-coupled receptor, cAR1, that stimulates a specific G-protein and
Ras. A pathway downstream of Ras activation induces transient translocation
of GbpC toward the membrane, which may be caused by either activation of
the GRAM domain or formation of specific lipids in the membrane (blue). The
produced cGMP induces an intramolecular signaling cascade involving GEF,
Roc-COR, and activation of the kinase domain (red). The third activation signal
comes from LRR, which are regulating substrate specificity (green). GbpC is
only active when all three independent processes occur. Active GbpC phos-
phorylates so far unknown substrates at the cell cortex, which isimportant for
myosin assembly into filaments and, subsequently, chemotaxis and cell
streaming.

recognizably different from the activation of the wild-type
protein.

Experiments on the role of the LRR domain of Roco proteins
suggest that this domain is probably a third critical element for
biological activity in vivo. Mutants of GbpC that lack this
domain exhibit normal cAMP-stimulated translocation toward
the membrane (Fig. 2D) and have normal cGMP-stimulated
activation of the Roc domain (14) but nevertheless cannot sup-
port biological activity in vivo (14). Similarly in LRRK2, the LRR
are essential in vivo but not for Roc-activated kinase activity in
vitro (15).

We propose that the activation mechanism of Roco proteins
involves three independent processes (Fig. 6). 1) Regulation of
its subcellular localization. Recent studies showed that LRRK2
is present both in the cytoplasm and at the cell boundary, that
the fraction of LRRK2 dimer is enriched at the membrane, and
that the membrane bound fraction binds GTP more efficiently
and has a higher kinase activity than LRRK2 in the cytoplasm
(16, 18). Together, these results suggest that the membrane-
associated dimer most likely presents the physiologically active
form of the protein and that, therefore, regulation of LRRK2
localization is important for its biological function. The exact
mechanism and domain of LRRK2 that is required for mem-
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brane binding has not been identified. In Dictyostelium, the
translocation of GbpC toward the cell boundary is critical for
proper chemotaxis and cell streaming. The GRAM domain
appears to be essential for membrane binding. Translocation of
GbpC toward the cell boundary is induced by the chemoattrac-
tant cCAMP through a signaling cascade that contains the
cAMP-receptor cAR1 and heterotrimeric G-proteins but does
not depend on one of the previously identified chemotaxis
pathways (sGC, PLA2, PI3K, and TorC2). Although the mem-
brane localization of the GRAM domain alone is independent
of stimulation or a functional cytoskeleton, GbpCis localized in
the cytoplasm before stimulation and translocation is disrupted
in the presence of the actin-polymerization inhibitor latruncu-
lin A. This suggests that translocation of GbpC is caused by a
cAMP-mediated conformational change in GbpC, thereby
resulting in the exposure of the GRAM domain, translocation
to the membrane, and, subsequently, binding and phosphoryl-
ation of substrates at the cell cortex. Further studies are neces-
sary to identify the upstream regulators and molecular mecha-
nism of this conformational change, but they may well include
dimerization and direct protein-protein interactions at the cell
cortex. 2) Regulation of kinase activity. Roco proteins belong to
the GAD class of molecular switches in which the Roc GTPase
is regulated by homodimerization. Roco proteins have a low
nucleotide affinity (in the uM range) and a relative high intrinsic
nucleotide exchange rate (43, 44). Therefore, in contrast to Ras
GTPases, regulation by GEFs and GAPs is not absolutely nec-
essary for Roco proteins (43, 44). However, to be able to react
rapidly on transient responses, additional stimulation by a GEF
protein may be required. GbpC differs from the other Roco
family members, in the sense that it already contains its own
GEF. The cAMP-induced second messenger cGMP binds to
GbpC, leading to stimulation of the RasGEF domain, GDP/
GTP exchange at the Roc domain and activation of the output
kinase domain. The net outcome of cGMP-binding to GbpC is
phosphorylation molecular targets. iii) Substrate specificity.
The LRR of LRRK2 and Dictyostelium GbpC are absolutely
essential for activity of the protein in vivo (9, 14, 15), but they
are not required for cGMP-stimulated Roc activity, nor for pro-
tein translocation. The Dictyostelium Roco proteins Roco3
(QkgA) and Roco4 are the product of a relatively recent gene
duplication in Dictyostelium. Nevertheless, gene inactivations
result in very different phenotypes (9). By expressing chimera
proteins consisting of different combinations of domains from
Roco3 and Roco4, it was found that specificity was attributed to
the LRR and not to the Roc or kinase domains. Furthermore,
On the basis of pull-down assays, the LRR interacts with the
kinase domain®. These data suggest that LRR mediate input/
output specificity, possibly by binding upstream proteins that
activate the Roco protein and/or by selectively binding of the
substrate, thereby bringing it in close proximity to the kinase.
Together, our results give new insights in the complex acti-
vation mechanism of Roco proteins. Nevertheless, many
important questions remain open, for example what are the
upstream activators of Roco proteins, what are the output sub-
strates of activated kinase, how does the Roc domain regulates
the kinase activity, which role does COR plays in this process,
and importantly how do the Parkinson disease-linked muta-
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tions alter the interactions between the different domains? We
anticipate that addressing these questions in Dictyostelium
might be instrumental and can thereby contribute to the under-
standing of the molecular mechanism of LRRK2 activation and
how mutations of LRRK2 result in neuronal toxicity.
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