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GRK5 promotes F-actin bundling and targets
bundles to membrane structures to control

neuronal morphogenesis

Yuejun Chen,'? Feifei Wang,'? Hui Long,'? Ying Chen,'? Ziyan Wu,'? and Lan Ma'-2

'The State Key Laboratory of Medical Neurobiology and ?Pharmacology Research Center, Shanghai Medical College and Institutes of Brain Science, Fudan University,

Shanghai 200032, China

euronal morphogenesis requires extensive mem-

brane remodeling and cytoskeleton dynamics.

In this paper, we show that GRK5, a G protein-
coupled receptor kinase, is critically involved in neurite
outgrowth, dendrite branching, and spine morphogenesis
through promotion of filopodial protrusion. Interestingly,
GRK5 is not acting as a kinase but rather provides a key
link between the plasma membrane and the actin cyto-
skeleton. GRK5 promoted filamentous actin (F-actin) bun-
dling at the membranes of dynamic neuronal structures
by interacting with both F-actin and phosphatidylinositol-
4,5-bisphosphate. Moreover, separate domains of GRK5

Introduction

During development, neuronal cells undergo dramatic changes
in morphology, which are critical for the establishment of
neural circuitry and generation of neuronal plasticity (Luo,
2002). Altered neuronal morphology is associated with neural
developmental disorders that affect human cognition, such as
autism spectrum disorders, mental retardation, and fragile X
and Down’s syndromes (Fiala et al., 2002; Newey et al., 2005;
Dierssen and Ramakers, 2006; Penzes, 2007). Neuronal mor-
phogenesis, including neurite initiation, outgrowth, branching,
and spine formation, requires the cytoskeleton and membrane
to undergo dynamic changes. By exerting mechanical forces
that alter the shape of the plasma membrane, the actin cyto-
skeleton remodeling plays a key role in morphogenesis of
neurons and other eukaryotic cells (da Silva and Dotti, 2002;
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mediated the coupling of actin cytoskeleton dynamics and
membrane remodeling and were required for its effects
on neuronal morphogenesis. Accordingly, GRK5 knock-
out mice exhibited immature spine morphology and de-
ficient learning and memory. Our findings identify GRK5
as a critical mediator of dendritic development and sug-
gest that coordinated actin cytoskeleton and membrane
remodeling mediated by bifunctional actin-bundling and
membrane-targeting molecules, such as GRK5, is crucial
for proper neuronal morphogenesis and the establishment
of functional neuronal circuitry.

Pollard and Borisy, 2003; Suetsugu and Takenawa, 2003;
Newey et al., 2005).

Filopodia are critically involved in neurite initiation
(Dent et al., 2007; Kwiatkowski et al., 2007), growth cone dy-
namics (Gallo and Letourneau, 2004; Burnette et al., 2007),
and dendrite branching (Gallo and Letourneau, 1998; Dent
et al., 2004) and are considered as precursors for presynaptic
terminals and postsynaptic spines (Dailey and Smith, 1996;
Ahmari and Smith, 2002). Studies indicate that the formation
of filopodial protrusions primarily depends on proteins regulat-
ing actin polymerization at the barbed end of actin filaments,
bundling F-actin, and deforming the membrane (Gupton and
Gertler, 2007; Guerrier et al., 2009). A functional relationship
between filopodial protrusion and neuronal morphogenesis and
the critical involvement of both membrane components and
cytoskeleton in the processes have been proposed (Scita
et al., 2008; Carlson and Soderling, 2009; Yang et al., 2009).

© 2011 Chen et al. This arficle is distributed under the terms of an Attribution—
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However, how neurons spatiotemporally coordinate actin
dynamics and membrane remodeling during morphogenesis
remains to be elucidated.

G protein—coupled receptor (GPCR) kinases (GRKs) are
known as a family of serine/threonine kinases that desensitize
GPCR signaling by phosphorylating agonist-occupied receptors.
GRK-catalyzed receptor phosphorylation leads to the recruit-
ment of arrestins to the cell membrane and the internalization
of GPCRs and, thus, regulates cellular responses to extracel-
lular signals (Kohout and Lefkowitz, 2003; Lefkowitz, 2007).
Extensive studies have focused on GRK-mediated phosphory-
lation and regulation of various GPCRs in the past two decades.
The important roles of various subtypes of GRKs (GRK1-7)
in regulating physiological functions of specific GPCRs have
been demonstrated in vivo (Métayé et al., 2005; Premont and
Gainetdinov, 2007). However, these physiological functions of
GRKSs have mainly been ascribed to their role of phosphorylating
and desensitizing GPCRs.

Emerging evidence indicates that GRKSs are also capable
of interacting with nonreceptor proteins noncatalytically. It has
been shown that GRK?2 interacts with Gaq to regulate GPCR
signaling (Carman et al., 1999), and binding of GRKS5 with
IkBa inhibits NF-kB—mediated transcription (Sorriento et al.,
2008). Our recent study demonstrated that kinase activity—
independent regulation of the cyclin pathway by GRK2 is
essential for zebrafish early development (Jiang et al., 2009).
Freeman et al. (1998) reported that actin can bind to GRKS
and inhibit its kinase activity in vitro. Accumulating data imply
that GRKs may exert multiple functions in vivo via mecha-
nisms, including those independent of their catalytic function
toward receptor substrates.

The current study reveals a previously unrecognized role
for GRKS in the regulation of neuronal development. We dem-
onstrate that GRKS functions as an actin-bundling scaffold as
well as a linkage between bundled actin filament and phos-
phatidylinositol-4,5-bisphosphate (P1(4,5)P2)-rich membrane
during neuronal morphogenesis and thus promotes neuronal
filopodial formation, neurite outgrowth, dendrite branching,
and spine maturation.

Results

GRKS5 regulates dendritic development

To explore the potential role of GRKS in neuronal develop-
ment, the expression of GRKS in hippocampus and cortex of
developing rat brain was examined. As shown in Fig. SI A,
peak expression of GRKS was detected between postnatal day
7 and 21 (P7-P21), a period of intense dendritic development.
The effect of GRKS on dendritic development was examined
in primary neuron cultures (Fig. 1). Overexpression of GRKS
in hippocampal neurons at 5 d in vitro (DIVS) significantly in-
creased dendrite length and total dendritic branch tip number
(TDBTN); similarly, overexpression of K215R, the kinase-dead
mutant of GRKS, induced a comparable effect on neuronal mor-
phogenesis (Fig. 1 A). Stage 2 neurons overexpressing GRKS
or K215R also developed longer neurites with more branches
(Fig. S1 B). Conversely, knockdown of endogenous GRKS in
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cultured DIVS neurons by GRKS5 RNAi (Fig. S1 C) resulted in
less complex dendritic structure, which can be rescued by co-
transfection of bovine GRKS5 or K215R (Fig. 1 B). In mature
neurons, overexpression of GRKS or K215R significantly in-
creased the density of dendritic protrusion and dendritic spines
and the proportion of spines in total protrusions (Fig. 1 C).
Down-regulation of endogenous GRKS in hippocampal neu-
rons by GRKS RNAI resulted in a decreased density of den-
dritic protrusions and spines, reduced percentage of spines
(Fig. 1 D), and longer spines with smaller heads (Fig. S1 D).
Furthermore, overexpression of GRKS and K215R caused a
significant increase of PSD-95—positive spines (Fig. S1 E),
whereas GRKS RNAI decreased the number of PSD-95—positive
spines, indicating that GRKS promotes the maturation of
dendritic spines (Fig. S1 F).

The effect of GRKS on neurite initiation was observed
in Neuro-2a cells. Similar to nontransfected cells, most of
Neuro-2a cells transfected with GFP alone were round, and
only 8% of them had short, neuritelike, nonbranched exten-
sions. Overexpression of GRKS5 or K215R led to the produc-
tion of long, branched, neuritelike processes, accompanied by
many filopodia (Fig. S1, G and H). Collectively, these results
indicate that GRKS is critically involved in dendritic develop-
ment, and the morphological effect of GRKS5 does not depend
on its catalytic activity.

GRKS5 interacts with F-actin and promotes
filopodia formation and dynamics

To investigate the mechanism through which GRKS regulates
dendritic development, the subcellular distribution of GRKS
was examined in living Neuro-2a cells. GRKS overexpression
induced growth cone-like structures in Neuro-2a cells, and
GRKS5-GFP fluorescence accumulated in these structures, ex-
hibiting restricted distribution, and extensively colocalized
with F-actin but not tubulin (Fig. S2, A and B). Colocalization
of GRKS with F-actin was also observed in membrane ruffles
(Fig. S2 B) and at the roots of neurite branches as well as filo-
podia (Fig. S2 C). Real-time observations revealed that GRKS
and actin colocalized at the leading edge of growing neurites
(Fig. S2 D). In cultured neurons, GRKS fluorescence was accu-
mulated and colocalized with F-actin in filopodia of growth
cones and dendrite shafts (Fig. 2, A and B). In mature neurons,
GRKS distribution was enriched and colocalized with F-actin
in the phalloidin-positive puncta in dendritic spines (Fig. 2 C).
To further confirm subcellular distribution of endogenous
GRKS in cells, cultured neurons were stained with polyclonal
antibodies against GRKS. Consistently, endogenous GRKS was
observed at the filopodia of growth cones and was colocalized
with F-actin in DIV1 neurons (Fig. 2 D). In mature neurons,
endogenous GRKS was enriched in the dendritic spines
and colocalized with F-actin (Fig. 2 E). The specificity of the
GRKS antibody was confirmed by a GRKS5 RNAi experiment.
Knockdown of GRKS decreased the antibody staining (Fig. S2 E).
Colocalization of GRKS with F-actin was also observed in non-
neuronal cells. For example, GRKS5 was colocalized extensively
with filopodia-like actin filaments but not with stress fibers in
HeLa cells (Fig. S3 C).
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Figure 1. GRKS5 regulates dendritic development. (A and B) Hippocampal neuron cultures transfected at DIV5 were observed at DIV8. Total dendritic
branch tip numbers (TDBTN) and total dendrite length of transfected neurons were measured. For each group, 40-60 (A) or 30-40 (B) neurons from three
independent cultures were analyzed. One-way ANOVA followed by Tukey-Kramer posthoc test. (C and D) Hippocampal neurons were transfected at
DIV and observed at DIV17. Boxed regions are enlarged below each image. For each group, 30-40 dendrites of 8-10 neurons from three independent
cultures were analyzed. Protrusion and spine number were measured. (C) GFP was cotransfected with GRKS5 variants to visualize dendritic spines (one-way
ANOVA followed by Tukey-Kramer posthoc test). (D) Neuron cultures transfected with control or GRK5 RNAI constructs (Student's ttest). Bars, 10 pm. Error
bars indicate SEM. *, P < 0.03; **, P < 0.01; ***, P < 0.001. Ctrl, control.
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Figure 2. GRKS5 interacts with F-actin and promotes filopodia formation and dynamics. (A-E) Colocalization of GRK5 with F-actin at sites of actin high
dynamic structures. (A-C) Neurons were transfected with HAtagged GRK5 and stained with HA antibody and Alexa Fluor 546 phalloidin. (A and B) Neurons
transfected after dissection and stained at DIV2. (C) Neurons transfected at DIVY and stained at DIV17. (B and C) Arrowheads indicate the colocalization
of GRKS5 with F-actin. (D and E) Neurons were stained at DIV1 (D) or at DIV14 (E) with GRK5 antibody (G-2) and Alexa Fluor 546 phalloidin. Arrowheads
indicate the colocalization of GRK5 with F-actin in filopodia of growth cone (D) and dendritic spines (E). (E) The ratio of fluorescent intensity for GRK5 and



The F-actin-binding capacity of GRKS5 was examined in a
high-speed cosedimentation assay. Consistent with the previous
study that actin can bind GRKS and inhibit its kinase activity in
vitro (Freeman et al., 1998), purified GRKS bound to F-actin in a
concentration-dependent and saturable manner (Ky, 0.809 =
0.245 uM; Fig. 2 F). The interaction of GRKS5 and F-actin could
occur at both physiological and lower salt concentrations, whereas
reduced association was detected under a high-salt condition
(Fig. S2 F). The data that GRKS regulates neurite initiation and den-
drite branching, processes require filopodia protrusion, and GRKS5
has a specialized localization in filopodia suggest the possible in-
volvement of GRKS in the induction of filopodial protrusion.

The effects of GRKS on filopodial protrusion and dynamics
were examined by time-lapse imaging in cultured hippo-
campal neurons. Stable filopodia, which did not change in
length, and dynamic filopodia, which extended and retracted
frequently during a 10-min recording period, were quantified in
GFP-transfected neurons (Fig. 2 G). Of the filopodia examined,
31% (42/134) were dynamic, whereas in neurons transfected
with GRKS or K215R, the population of dynamic filopodia in-
creased to 61-63% (123/195 for GRKS and 109/178 for K215R).
Meanwhile, transfection of GRKS or K215R induced a signifi-
cant increase in the velocity of filopodial movement (Fig. 2 G)
as well as the number of filopodia (Fig. 2 H).

GRKS rearranges F-actin into bundles, and
this requires its C-terminal basic residues
essential for F-actin binding

Filopodia are membrane protrusions formed with parallel bun-
dles of actin filaments. The formation of filopodia is thought to
be primarily dependent on proteins regulating actin polymeriza-
tion at the barbed end of actin filaments, bundling F-actin, or
deforming the membrane (Gupton and Gertler, 2007; Guerrier
et al., 2009). The interaction of GRKS5 with F-actin and the
localization of GRKS at sites of actin-rich, highly active struc-
tures, such as filopodia, indicate that GRKS may play a role in
actin dynamics. The results of actin polymerization experiments
indicated that GRKS had no detectable actin nucleation activity
by itself (Fig. S3 A), and it did not alter the nucleation activity
of the Arp2/3 complex (not depicted) or VCA (verprolin
homology, cofilin, and acidic domain contained in the N-WASP
C-terminal fragment)-induced Arp2/3 nucleation activity
(Fig. S3 B). However, the architecture of actin filament polymer-
ized was clearly changed in the presence of GRKS. As shown in
Fig. 3 A, in the absence of GRKS, actin filaments showed a dif-
fused network, not bundles. The presence of GRKS resulted in
prominent actin bundles, and a single bundle, as well as extensive

networks of bundles, was observed. Both the quantity and size
of bundles increased with GRKS concentration. Similar results
were observed when GRKS was added after F-actin had already
formed (unpublished data). The effect of GRKS5 on actin bun-
dling was also assessed in an alternative, low-speed sedimenta-
tion assay. Incubation of F-actin with increasing concentrations
of purified GRKS resulted in a concentration-dependent increase
of the fraction of F-actin in the pellet, demonstrating increased
formation of F-actin bundles (Fig. 3 B). These results suggest
that GRKS5 may act as an actin-bundling scaffold.

To identify the F-actin binding domain in GRKS, a series
of GRKS mutants were constructed (Fig. 3 C). Fluorescence
cell imaging analysis of the colocalization of F-actin with vari-
ous GRKS truncation mutants indicated that the C-terminal do-
main of GRKS is necessary and sufficient for its interaction with
F-actin, and the basic amino acid—enriched sequence within the
C terminus is critical (Fig. 3 C and Fig. S3 D). Direct binding
experiments demonstrated that a GRKS mutant carrying alanine
substitutions of these basic amino acids (C-PBA) failed to bind
to F-actin, whereas K215R bound to F-actin to an extent com-
parable with wild-type (WT) GRKS (Fig. 3 D). Consistent with
actin-binding data, both visualization and low-speed sedimentation
F-actin—bundling experiments demonstrated that K215R, but not
the F-actin binding—deficient GRKS mutant C-PBA, is capable
of inducing actin bundle formation (Fig. 3, E and F). These re-
sults demonstrate that the binding of the GRKS C terminus with
F-actin is essential for its actin-bundling activity.

Ca®‘/calmodulin inhibits the F-actin-bundling
activity of GRKS5

The C-terminal stretch of basic amino acids required for F-actin
binding and bundling overlaps with the calmodulin binding
site previously localized to residues 552-561 of GRKS (Pronin
et al., 1997; Levay et al., 1998). Thus, experiments were per-
formed to determine whether competition of calmodulin with
F-actin for binding to the GRKS5 C terminus regulates actin
bundle formation. Indeed, Ca*/calmodulin concentration de-
pendently inhibited GRKS- or K215R-mediated actin bundle
formation (Fig. 3 G), whereas CaCl, itself had no effect (not de-
picted). The inhibitory effect of Ca?*/calmodulin was also ob-
served in a low-speed cosedimentation assay (Fig. 3 H). These
data support the premise that the C terminus of GRKS binds
with F-actin and facilitates bundling of F-actin. Our coimmuno-
precipitation experiments demonstrated the self-association of
GRKS in cells (Fig. S3 E), and we thus postulate that GRKS
may form dimers or oligomers by self-association to cross-link
F-actin into bundles.

F-actin in spines versus shafts was plotted. (F) High-speed sedimentation F-actin-binding assays. 1 pM purified GRKS was incubated with F-actin for 30 min.
Samples were centrifuged at 350,000 g for 30 min, and the supernatant (S) and the resuspended pellet (P) were analyzed by SDS-PAGE and Coomassie
blue staining. The percentages of GRK5 bound to F-actin were calculated as the percentage recovered in the pellet subtracted by that recovered in the
pellet without F-actin of five independent experiments. (G) GRK5 promotes the dynamics of filopodia. Time-lapse series of a neuron 2 d after transfection
with the indicated constructs. Images shown are high-magnification images of a filopodial elongating from the shaft of the dendrite. The filopodial elonga-
tion/withdrawal velocities were measured. **, P < 0.003 (one-way ANOVA followed by Tukey—Kramer posthoc test). (H) GRK5 promotes the formation
of filopodia-like protrusions. Shown are selected neuritic regions from DIV2 neurons transfected with the indicated constructs. GFP was cotransfected with
GRK5 variants to visualize dendrite and filopodia. Protrusion densities were measured. **, P < 0.01 (one-way ANOVA followed by Tukey—Kramer posthoc
test). Error bars indicate SEM. Boxed regions in images indicate enlarged areas. Ctrl, control. Bars: (A and B) 5 pm; (C-E and H) 10 pm; (G) 1 pm.
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Figure 3. GRK5 rearranges F-actin into bundles, and this requires its C-terminal basic residues essential for F-actin binding. (A, E, and G) Visualization
of F-actin bundles by confocal microscopy. Alexa Fluor 488-labeled G-actin was polymerized in the presence of the indicated concentration of purified
GRK5 (A), T pM BSA or purified GRK5 variants, or 2 pM GRKS5 variants in the presence or absence of indicated concentrations of Ca?*/calmodulin. The
number of F-actin bundles in five randomly selected images from three independent experiments was analyzed. The thickest region of F-actin bundles was
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The actin-binding/bundling activity of

GRKS5 is critical for its effect on filopodial
formation and dendritic development

We next examined whether the effect of GRKS on filopodial
protrusion and dendritic development is dependent on actin-
binding/bundling activity. Overexpression of GRKS5, K215R,
or A566-590 (a mutant lacking the C-terminal 25 residues but
retaining the basic amino acid stretch required for F-actin
binding/bundling) in Neuro-2a cells substantially increased
the number of neurite-bearing cells and the length of neurites.
However, disrupting the basic amino acid cluster required for
F-actin binding/bundling by C-terminal deletion (A552-590) or
substitution (C-PBA) greatly impaired GRKS-induced neurite
initiation (Fig. S4 A).

The importance of the F-actin—binding/bundling function
of GRKS in neuronal morphogenesis was also demonstrated
in cultured neurons. In contrast to WT GRKS, overexpression
of C-PBA failed to promote neurite outgrowth or elongation
in stage 2 neurons (Fig. S4 B). Moreover, overexpression of
C-PBA decreased dendrite length and TDBTN at DIVS neurons
(Fig. 31). These data confirm that the observed effects of GRKS
on filopodial protrusion and dendritic development are crucially
dependent on its F-actin—binding/bundling property.

The effects of GRKS5 on filopodial dynamics
and dendritic development depend on its
PIi(4,5)P2-binding capability

We next explored how the effect of GRKS on neuronal morpho-
genesis is regulated. PI(4,5)P2 plays a key role in transmitting
signals from the plasma membrane to the actin cytoskeleton by
direct interaction and activation of several actin-binding pro-
teins (Doherty and McMahon, 2008). GRKS has been shown to
interact directly with PI(4,5)P2 through the basic residue stretch
in its N terminus, and PI(4,5)P2-mediated membrane associa-
tion of GRKS is required for targeting GRKS to receptor sub-
strates (Pitcher et al., 1996). The potential involvement of
PI(4,5)P2 in GRKS5-promoted filopodia dynamics and dendritic
development was investigated. We manipulated the PI(4,5)P2
level by activating bradykinin (BK) receptors, which could
activate Gq and stimulate PLC-mediated PI(4,5)P2 breakdown.
Phenylarsine oxide (PAO), an inhibitor of phosphatidylinositol
4 kinase, was applied to block recovery of PI(4,5)P2 after BK re-
ceptor activation (van Rheenen and Jalink, 2002). As shown in
Fig. 4 A, the increase of TDBTN and dendrite length in hippo-
campal neurons induced by overexpression of GRKS was blocked
by cotreatment of BK and PAO. The effect of down-regulation

of PI(4,5)P2 on filopodial dynamics was observed in real time.
After BK and PAO cotreatment, the velocity of filopodial move-
ment was significantly reduced in neurons expressing GRKS5
(Fig. 4 B). Consistent with the inhibitory effect of Ca®*/calmod-
ulin on the F-actin—bundling activity of GRKS, the filopodial
motility in neurons overexpressing GRKS was inhibited by iono-
mycin, a calcium ionophore (Fig. 4 B). BK could also increase
cytosolic 3,4,5-bisphosphate, which may induce Ca**-dependent
signaling. Thus, we used a more specific method to deplete
PI(4,5)P2: rapamycin-induced membrane translocation of Inp54p,
a yeast inositol polyphosphate 5-phosphatase that specifi-
cally cleaves the phosphate at position 5 of PI(4,5)P2 (Suh et al.,
2006). Neurons were transfected with GRKS, Lynl1-FRB
(Lyn), and CFP-FKBP-Inp54p (Inp) or the phosphatase-dead
mutant of Inp54p (D281A). Rapamycin treatment resulted in
reduced motility of filopodia in neurons expressing GRKS, Lyn,
and Inp, whereas it had no effect on filopodial dynamics in cells
expressing GRKS, Lyn, and D281A (Fig. 4 B). These results
suggest that GRK5-mediated filopodial protrusion and dendritic
development is regulated by membrane PI1(4,5)P2.

We then mutated the N-terminal basic amino acid cluster,
which mediates GRKS’s interaction with PI(4,5)P2 (Pitcher
et al., 1996). Overexpression of the N-terminal mutated GRK5
(N-PBA) failed to increase the motility and the number of filo-
podia as GRKS and K215R did (Fig. 4 C and Fig. S4 C). Over-
expression of C-PBA also failed to promote the motility of
filopodia, and it decreased the number of filopodia (Fig. 4 C and
Fig. S4 C). The TDBTN and total dendrite length in neurons
transfected with N-PBA were also significantly lower than
those transfected with the WT construct (Fig. 4 D), and trans-
fection of neither N-PBA nor C-PBA could rescue the pheno-
types of caused by GRK5 RNAi (Fig. S4 D). Consistent results on
neurite morphology were observed in stage 2 neurons (Fig. S4 B).
However, N-PBA could bind and bundle actin filaments as effi-
ciently as WT GRKS (Fig. S4, E and F), indicating that the actin
bundle property of GRKS is not sufficient for promoting filopo-
dial protrusion and dendritic development, and direct binding of
GRKS5 with PI(4,5)P2 is also required. It should be noted that
N-PBA expression in neurons also leads to a slight, but signifi-
cant, increase in TDBTN and total dendrite length when
compared with control neurons (Fig. 4 D and Fig. S4 C). We
postulate that this may be attributed to the C-terminal domain—
mediated actin-bundling activity of N-PBA.

As shown in Fig. S4 G, disruption of the kinase activity or
the PI(4,5)P2-binding property of GRKS did not affect its co-
localization with F-actin and its predominant spine distribution

calculated as the width of F-actin bundles. 16-49 F-actin bundle filaments from each were analyzed. One-way ANOVA followed by Tukey-Kramer posthoc
test. Bars, 5 pm. (B, F, and H) Low-speed sedimentation F-actin-bundling assay. Polymerized G-actin was incubated in the presence of an increasing con-
centration of purified GRK5 or 2 pM GRKS5 variants in the presence or absence of 10 pM Ca?*/calmodulin. After centrifugation at 10,000 g, the pellet
(P) and the supernatant (S) were analyzed by SDS-PAGE and Coomassie blue staining. The percentage of F-actin present in the bundles was calculated as
the percentage recovered in the pellet subtracted by that recovered in the pellet without GRK5. One-way ANOVA followed by Tukey-Kramer posthoc test.
(C) Schematic presentation of GRK5 constructs and their colocalization with F-actin. N, M, and C refer to the N-terminal, middle, and C-terminal domains.
White boxes refer to the regions containing the polybasic amino acid sequences in the N and C termini. Orange in white boxes indicates polybasic amino
acid sequences with alanine substitutions (K22A, R23A, K24A, K26A, K28A, and K29A in N terminus and K547A, K548A, R553A, K556A, and R557A
in C ferminus). (D) High-speed sedimentation F-actin-binding assay. The percentages of proteins bound to F-actin were calculated as the percentage recov-
ered in the pellet of three independent experiments. Student's ttest. (I) Hippocampal primary neuron cultures were transfected with GFP or GFP with GRK5
or C-PBA at DIV5 and were observed at DIV8. Values of 40-60 neurons from three independent cultures were analyzed. One-way ANOVA followed by
Tukey—Kramer posthoc test. Bar, 10 pm. Error bars indicate SEM. **, P < 0.01; ***, P < 0.001. Ctrl, control.
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Figure 4. The effects of GRK5 on filopodial dynamics and dendritic development depend on its Pl(4,5)P2-binding capability. (A) Hippocampal neuron
cultures transfected with GFP or GFP and GRKS5 at DIV5 were treated at DIV8 with T pm PAO and 100 nM BK (BK+PAO) for 8 h. Values of 20-30 neu-
rons from three independent cultures were analyzed. One-way ANOVA followed by Tukey-Kramer posthoc test. (B and C) Time-lapse series of filopodial
dynamics of hippocampal primary neurons at DIV2. Images were taken every 10 s, and filopodial elongation/withdrawal rates were measured. (B) Neurons
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in mature neurons (Fig. S4 G). In contrast, C-PBA, the F-actin
binding—deficient mutant of GRKS, was poorly colocalized
with F-actin in the dendritic spines and showed a significantly
decreased ratio of spine/shaft distribution (Fig. S4 G). Further-
more, overexpression of GRKS or K215R, but not N-PBA or
C-PBA, significantly increased dendritic protrusions, dendritic
spines, and the percentage of spines in total protrusions in mature
neurons (Fig. 4 E). On the contrary, overexpression of C-PBA
resulted in a decrease in total number of dendritic protrusions
and both the number and the percentage of dendritic spines
(Fig. 4 E). Furthermore, overexpression of N-PBA failed to
increase PSD-95—positive spines in hippocampal neurons, and
C-PBA even resulted in a decrease of PSD-95—positive spine
number (Fig. S4 H).

To test the hypothesis that GRKS mediates actin bundling
and links the bundled actin filaments to the PI(4,5)P2-enriched
membrane, we examined the samples containing PI(4,5)P2-rich
vesicles, F-actin, and a GRKS5 variant by immunofluorescent
microscopy. As shown in Fig. 4 F, both GRKS and N-PBA
induced visible actin bundles. Although phosphatidylcholine
(PC) vesicles were randomly distributed and showed no appar-
ent colocalization or association with actin bundles, ~90% of
PI(4,5)P2-containing liposomes were distributed along with the
actin bundles formed in the presence of GRKS. Furthermore,
the capability of F-actin bundles to associate with PI(4,5)P2
liposomes was markedly reduced when incubated with N-PBA
instead of WT GRKS (Fig. 4 F). These data further indicate
that, in addition to bundling actin through its C-terminal do-
main, GRKS5 binds to PI(4,5)P2 via its N-terminal domain and,
thus, targets the F-actin bundles to the membrane. Collectively,
our results suggest that GRKS promotes filopodial protrusion
and dendritic development via coordinated actin bundling and
PI(4,5)P2 binding.

GRKS5 regulates dendritic

development in vivo

To demonstrate the in vivo role of GRKS in neuronal mor-
phogenesis, a GRKS RNAi-GFP construct was in utero elec-
troporated into neuron progenitors at the ventricular zone of
embryonic day 15.5 (E15.5) mice (Fig. S5 A). The migration of
RNAIi-GFP—positive cortical progenitors at the striatum level in
the neocortex (mainly the somatosensory cortex) was observed.
As shown in Fig. S5 B, the proportions of GRKS RNAi—-GFP-
expressing cells among different cortical platelayers were not
significantly different on PO or P3 from those transfected with
the control RNAi plasmid. However, examination of GRKS
RNAi-expressing neurons that had migrated to layer II/IIT on P7

indicated that these neurons possessed fewer and shorter dendritic
branches compared with those transfected with control RNAi
(Fig. 5, A-C). Furthermore, these defects in dendritic develop-
ment caused by GRKS5 RNAi could be rescued by cotransfection
of bovine GRKS and K215R butnot by N-PBA or C-PBA (Fig. 5,
A-C). Consistently, overexpression of GRKS5 promoted an out-
growth of multiple branched processes in migrating neurons in
the intermediate zone, whereas normally, these neurons only have
a tailing process and a nonbranched leading process. In contrast
to what was observed with WT GRKS, a markedly impaired
effect was observed in neurons expressing N-PBA or C-PBA
(Fig. 5 D). These results demonstrate that GRKS could regu-
late dendritic development in vivo and that both actin-binding/
bundling activity and PI(4,5)P2-binding property of GRKS are
critically involved in this process (Fig. 5 E).

GRKS5 knockout (KO) mice exhibit
immature spine morphology and impaired
learning and memaory
We further examined the role of GRKS on neuronal morphogen-
esis in vivo using WT and GRKS5 KO mice. As shown in Fig. S5
(C and D), hippocampal neurons from GRK5 KO mice showed
decreased neurite number and neurite length as compared with
those from WT mice. The results of Golgi staining showed
that, compared with WT mice, the density of mature, mush-
room-shaped spines on the dendrites of hippocampal pyramidal
neurons in GRKS KO mice was significantly reduced (Fig. 6,
A-C). As shown in Fig. S5 E, the cumulative spine head/neck
ratio, a morphological index of spine maturity, was also sig-
nificantly lower in hippocampal neurons from GRKS5 KO mice
compared with those from WT mice (1.38 +0.52 vs. 2.01 £ 0.77;
P <0.001). However, no obvious change in either the density of
mushroom-shaped spines or the spine morphology was observed
in the corpus striatum in GRKS5 KO mice (Fig. S5, F-H).
Changes in the number, size, and shape of dendritic spines
are associated with synaptic plasticity, which underlies cogni-
tive functions, such as learning and memory (Lamprecht and
LeDoux, 2004). Mice with targeted disruption of the GRKS5
gene exhibited no abnormalities in locomotor, open field, and
elevated plus maze tests (Fig. S5, I-M). However, in the Morris
water maze test, GRKS KO mice showed slower learning than
WT mice in searching for the hidden platform (F (1, 38) =
26.66; P < 0.001, two-way analysis of variance [ANOVA]) and
impaired spatial memory for the target quadrant (Fig. 6, D and
E; and Fig. S5, N and O). In the novel object location preference
task, WT mice showed a significant preference for the object
placed in a novel location, whereas the GRKS KO mice showed

transfected with GRK5-GFP were treated with 10 yM ionomycin or pretreated with 1 yM PAO for 5 min and then stimulated with 1 pM BK. Neurons coex-
pressing GRK5-GFP, Lyn11-FRB (Lyn), and CFP-FKBP-Inp54p (InP) or CFP-FKBP-Inp54p (D281A) were also observed after treatment with 100 nM rapamy-
cin. (C) Neurons cotransfected with GFP after dissection and the indicated constructs were observed at DIV2. One-way ANOVA followed by Tukey-Kramer
posthoc test. Red arrowheads indicate dynamic filopodia. (D and E) Hippocampal neuron cultures were transfected at DIV5 and observed at DIV8 (D) or
transfected at DIVY and observed at DIV17 (E). GFP was cotransfected with GRK5 variants to visualize dendritic spines. Values of 30-40 neurons from
three independent cultures were analyzed. One-way ANOVA followed by Tukey—Kramer posthoc test. Boxed regions are enlarged below each image.
(F) 0.5 pM Alexa Fluor 488-labeled polymerized F-actin was incubated with 10 pM phosphatidylcholine (PC)- or PI(4,5)P2 (PIP2)-containing liposomes in
the presence of 2 pM GRK5 or N-PBA for 1 h and imaged by confocal microscopy. Arrowheads indicate the liposomes that associate with and distribute
along the actin bundles. Values from six to eight randomly selected images were analyzed. Student’s t test. Error bars indicate SEM. *, P < 0.05; **, P <
0.01; *** P <0.001. Ctrl, control. Bars: (A, D, and E) 10 pm; (B and C) 1 pm; (F) 5 pm.
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no preference (Fig. 6 F). These data suggest that ablation of
GRKS5 impairs hippocampus-dependent memories. Consis-
tently, the results from the recognition memory test showed that
GRKS KO mice are deficient in long-term recognition memory,
which requires hippocampal synaptic plasticity (Fig. 6 G).

Discussion

Studies on the physiological function of GRKSs have been pri-
marily focused on their role of phosphorylating and desensitiz-
ing GPCRs in the past two decades. The present study found
that overexpression of GRKS promotes dendrite branching and
spine maturation, whereas GRKS deficiency leads to decreased
dendrite branching and immature dendritic spines. Interest-
ingly, this function of GRKS5 does not depend on its kinase ac-
tivity because the enhancement of dendrite branching and spine
maturation could be replicated by a kinase-dead mutant of
GRKS. Rather, dendrite branching and spine maturation were
dependent on actin-bundling activity and phospholipid-binding
property to promote filopodial protrusion. We showed that un-
coupling GRKS5-mediated actin and membrane dynamics by
disruption of either the lipid-binding or actin-bundling property
of GRKS5 decreased the number and motility of dendritic filo-
podia, reduced dendrite branching, and led to fewer morphologi-
cally mature spines. Consistent with the critical effect of GRKS5
on spine morphology in hippocampal neurons, GRK5 KO mice
exhibited impaired spatial learning and memory and deficient
long-term memory of object recognition. Our findings reveal
GRKS as a critical mediator of dendritic development and also
indicate that coordinated actin cytoskeleton and membrane re-
modeling mediated by bifunctional actin-bundling and mem-
brane-targeting molecules, such as GRKS, is crucial for
proper neuronal morphogenesis and the establishment of func-
tional neuronal circuitry.

Proteins bundling F-actin are involved in filopodial for-
mation, which is required for many aspects of neuronal mor-
phogenesis, including neurite initiation, dendrite branching,
and spine formation (Gallo and Letourneau, 2004; Yuste and
Bonhoeffer, 2004; Dent et al., 2007; Kwiatkowski et al., 2007).
Our data revealed that GRKS is colocalized with F-actin in
the filopodia of growth cones in neurons, and it promotes filo-
podial formation, neurite initiation, dendrite branching, and
spine formation. GRKS has been shown in vitro to be capable of
interacting with actin (Freeman et al., 1998). Our biochemical
examinations further revealed that GRKS5 acts as an actin-
bundling protein during neuronal morphogenesis. Expression of
C-PBA, the F-actin binding/bundling—deficient mutant of
GRKS, decreased the number of dendritic branching, dendrite

length, and mature spines in cultured neurons. These results
demonstrate that GRKS regulates filopodial formation and
neuronal morphogenesis, and the F-actin—bundling activity of
GRKS is critically involved in the process.

In addition to the critical role of actin cytoskeleton regu-
lation in the genesis of filopodia, recent studies revealed that BAR
(Bin/amphiphysin/Rvs) domain—containing proteins, which are
capable of forming a homodimer to interact with lipid bilay-
ers via clusters of positively charged residues on their surface,
can directly mold the plasma membrane in conjunction with
actin remodeling and facilitate filopodial formation (Scita et al.,
2008; Carlson and Soderling, 2009; Guerrier et al., 2009). These
studies suggest that efficient deformation and extension of these
membrane structures requires coordinated membrane remodel-
ing and actin dynamics. The N terminus of GRKS is able to
specifically interact with the membrane phospholipid PI(4,5)P2
to target GRKS to appropriate receptor substrates (Pitcher
et al., 1996). Interestingly, we found that the effects of GRKS on
filopodial dynamics and neuronal morphogenesis are also cru-
cially dependent on its interaction with PI(4,5)P2. Depletion
of PI(4,5)P2 or mutating the PI(4,5)P2 binding site of GRKS
significantly impaired GRK5-promoted filopodia dynamics and
neuronal morphogenesis. The fact that GRKS can interact with
PI(4,5)P2 and F-actin through separate domains lead us to pos-
tulate that GRKS may function as a scaffold and linker between
F-actin and plasma membrane enriched in PI(4,5)P2 to coordi-
nate actin dynamics and membrane remodeling.

PI(4,5)P2 is an important phospholipid involved in actin
dynamics. It is turned over locally in response to extracellular
signals, such as thrombin, and is critical for the regulation of
membrane cytoskeleton interactions (Tolias et al., 2000;
Janmey and Lindberg, 2004). The N-terminal PI(4,5)P2 binding
domain of GRKS may act as a sensor for targeting and redis-
tributing GRKS to actin high dynamic structures stimulated by
locally increased PI(4,5)P2 in response to extracellular signals.
In this context, GRKS may form dimers or oligomers, cross-
link F-actin into bundles through its C-terminal F-actin bind-
ing domain, and target the bundled actin to the PI(4,5)P2-rich
membrane through its N-terminal PI(4,5)P2 binding domain.
This would facilitate filopodial protrusion and allows morpho-
logical changes from actin cytoskeleton remodeling to occur
at appropriate sites of the plasma membrane. We have shown
that this process is regulated by calmodulin through direct
competition with F-actin for GRKS. This dual role of GRKS5
in membrane remodeling and actin cytoskeleton dynamics that
link bundled actin filaments to specific membrane phospholipids
may represent a new model to comprehend the complex molecular
mechanism of filopodial formation (Fig. 5 E). Our results

(D) Embryos were electroporated in utero at E15.5 with indicated plasmids, and brain sections were prepared on E17.5 and stained with GFP antibody
for visualization of transfected neurons. Shown are images of GFP-positive neurons in the intermediate zone. Arrowheads indicate neurons with at least
three processes. Data plotted are percentages of neurons with at least three processes and total branch number quantified from 180-400 neurons from
three brains. 1Z, intermediate zone. One-way ANOVA followed by Tukey-Kramer posthoc test. (E) Cartoon for the proposed model of GRK5-regulated
neuronal morphogenesis. GRK5 forms dimers or oligomers to cross-link F-actin into bundles through its C-terminal F-actin binding domain and target the
bundled actin to a PI(4,5)P2 (PIP2)-rich membrane through its N-terminal PI(4,5)P2 binding domain. This facilitates filopodial protrusion, neurite initiation
and branching, and spine morphogenesis. This process could be regulated by Ca?*/calmodulin through its direct competition with F-actin for binding to
GRKS5 and by Gagcoupled receptors through PLC-stimulated PI(4,5)P2 turnover. Error bars represent means + SEM. *, P < 0.05; **, P < 0.01; *** P <

0.001. Ctrl, control. Bars, 10 pm.
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Figure 6. GRK5 KO mice exhibit inmature spine morphology and impaired learning and memory. (A-C) Morphological analysis of hippocampal
neurons. (A) Confocal images of dendritic spines of pyramidal neuron in Golgi-stained hippocampal slices. Arrows indicate typical dendritic spines.
(B and C) Quantification of number and head/neck ratios of spines randomly selected from the apical dendrites (n = 200-250) of hippocampal pyramidal
neurons from adult WT (n = 3) and GRK5 KO (n = 4) mice. **, P < 0.01; ***, P < 0.001 versus WT (Student's t test). Bar, 2 pm. (D and E) Morris water
maze test. (D) The escape latency for hidden platform during the consecutive 7-d training (F (1,38) = 26.66; P < 0.001, two-way ANOVA). (E) Search-
ing time in left, target, right, and opposite quadrants during the probe test conducted on day 8. WT, n = 18; GRK5 KO, n = 22. *, P < 0.05 versus WT
(Student's t test). (F) Novel object location preference task. GRK5 KO mice (n = 17) and WT mice (n = 15) were subjected to a 1 h-delay object location
test. The percentage of time spent exploring the object that has been moved to a novel location was calculated. GRK5 KO mice showed impaired novel
location preference. **, P < 0.01 as compared with the chance level (50%); *, P < 0.05, compared with WT (Student's t test). (G) Obiject recognition test.
Mice were tested 1 or 24 h after training. The percentage of time spent exploring the novel object was calculated. The red dotted line indicates a 50%
chance level. WT, n = 15; GRK5 KO, n=17. **, P < 0.01 versus the chance level (50%; Student’s t test). Error bars indicate SEM.

further support the hypothesis that efficient membrane protru- Spine shape and volume are determined mostly by the
sion requires the coordination of multiple mechanisms, includ- F-actin cytoskeleton and are correlated with the strength and
ing membrane remodeling and actin dynamics (Scita et al., maturity of each spine synapse. Appropriate spine morphology
2008; Carlson and Soderling, 2009), and identify GRKS as a is particularly important for synaptic plasticity and adaptive
key linker to guide bundled actin to membranes to promote neu- behaviors. In this study, we showed that GRKS KO mice ex-
ronal morphogenesis. hibit immature spine morphology, impaired spatial learning and
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memory, and a defect in long-term object recognition memory.
These results indicate that the regulation of neuronal morpho-
genesis by GRKS is crucial for appropriate neuronal develop-
ment and brain function. Many GPCRs have been implicated
in regulating neurological and behavioral processes, such as
learning and memory (Catapano and Manji, 2007). Although
the specificity and physiological consequence of GRKS5-regulated
GPCR signaling in the brain are largely unknown, the possibility
that regulation of GPCR signaling by GRKS5-catalyzed phosphory-
lation may also contribute to the learning and memory pheno-
types seen in GRK5 KO mice could not be excluded. It is likely
that GRKS regulates cell physiology and brain functions by mul-
tiple mechanisms: as a kinase to phosphorylate and desensitize
GPCR signaling and as a scaffold to regulate non-GPCR proteins
noncatalytically, such as in the case of F-actin and PI(4,5)P2. We
are in the process of making K215R knockin mice to examine the
kinase activity—dependent and —independent functions of GRKS
in vivo.

Materials and methods

Plasmid construction

Plasmids encoding tagged bovine GRKS or its mutants were constructed by
PCR mutagenesis. The microRNA (miRNA)-based RNAi system, which uses
the pcDNA 6.2-gateway/Emerald GFP (EmGFP)-miRNA vector to enable
simultaneous expression of the ENGFP protein and miRNA, was purchased
from Invitrogen. The protein level of EmGFP corresponds to the expression
of miRNA. LacZ RNAI (Invitrogen) was used as a control. Sequences for
GRKS RNAi are rat, 5'-TGCTGTTCAGTTCTAGTTAGGATGCTGTTTTGGC-
CACTGACTGACAGCATCCTCTAGAACTGAA:3' (sense) and 5'-CCTGT-
TCAGTTCTAGAGGATGCTGTCAGTCAGTGGCCAAAACAGCATCCTA-
ACTAGAACTGAAC-3’ (antisense); and mouse, 5'-TGCTGTTGAGTAGA-
AGTCATCGTCCGGTTTTGGCCACTGACTGACCGGACGATCTTCTACT-
CAA-3" (sense) and 5'-CCTGTTGAGTAGAAGATCGTCCGGTCAGTC-
AGTGGCCAAAACCGGACGATGACTTCTACTCAAC-3' (antisense). The
mCherry actin plasmid was provided by D.A. Applewhite (University of
North Carolina, Chapel Hill, NC). Lyn, Inp, and CFP-FKBP-Inp54p (D281A)
plasmids were provided by T. Meyer (Stanford University Medical School,
Stanford, CA).

Reagents and antibodies

Modified Eagle’s medium and DME were purchased from Invitrogen. FBS
was obtained from Hyclone. Mouse anti-B-tubulin antibody, rabbit and
mouse antibodies against the Flag epitope, and rabbit antibodies against
the HA epitope were purchased from Sigma-Aldrich. Cy3-conjugated goat
anti-rabbit/anti-mouse and Cy5-conjugated goat anti-mouse IgG were
purchased from Jackson ImmunoResearch Laboratories, Inc. Alexa Fluor
488-labeled rabbit muscle globular actin (G-actin), Alexa Fluor 546-
labeled phalloidin (F-actin), and TRITC DHPE (N-(6-teramethylrhodamine-
thio-carbamoyl)-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine,
triethylammonium salt) were obtained from Invitrogen. The mouse anti—
PSD-95 antibody was purchased from Millipore. Goat polyclonal anti-
bodies against GRK5 were obtained from R&D Systems (AF4539). Mouse
polyclonal antibodies against GRK5 (G-2) were raised by immunizing
BALB/c mice with purified bovine GRK5-Flag.

Cell culture and plasmid transfection

HEK293T cells were cultured in DME containing 10% FBS. Cells were
seeded in 60- or 100-mm tissue-culture dishes at 0.6-2 x 10°/dish 20 h be-
fore transfection. Cells were transfected with 2-5 pg of each plasmid using
the calcium phosphate/DNA coprecipitation method. Assays were per-
formed 44-48 h after transfection. Neuro-2a cells were cultured in modified
Eagle’s medium plus 10% FBS and were transfected using Lipofectamine
2000 reagent (Invitrogen) according fo the manufacturer’s instructions.

Hippocampal neuron culture and transfection
Cultures of hippocampal neurons were prepared from Sprague-Dawley rats
of PO. After treatment with 0.1 mg/ml trypsin (Invitrogen) and 0.6 pg/ml

DNase (Sigma-Aldrich) for 15 min at 37°C and mechanical dissociation,
hippocampal cells were plated at 50,000 cells/cm? on 8-mm coverslips
coated with 0.1 mg/ml poly-Dilysine. The cells were cultured in neurobasal
medium contfaining 2 mM glutaMAX, 1% penicillin-streptomycin, and B27
supplement (Invitrogen) in 5% CO,/10% O, atmosphere at 37°C. The hippo-
campal neurons were transiently transfected at DIV5 or DIV9 using the
calcium phosphate method (K8hrmann et al., 1999). DIV1 neurons were
electroporated by nucleofection as described by the manufacturer (Lonza). In
brief, 2 x 10 neurons were suspended with 4 yg DNA in the nucleofection
solution provided. Cells were plated at a final density of 200,000/cm? and
allowed to recover in DME with 10% calf serum for 1 h before replacement
with B27-supplemented neurobasal medium.

In utero electroporation

Plasmids were transfected using intraventricular injection followed by in
utero electroporation (Kawauchi et al., 2003, 2006; Wang et al., 2007).
In brief, C57BL/6) mice at 15.5 d of gestation were anesthetized with
10% chloral hydrate (4 ml/kg of body weight). 1-2 pl miRNA-based RNAi
plasmids mixed with 2 mg/ml Fast Green (Sigma-Aldrich) were injected by
trans-uterus pressure microinjection into the lateral ventricle of embryos.
Then, electric pulses generated by a square wave electroporation system
(ElectroSquireportator T830; BTX) were applied to the cerebral wall at five
repeats of 28 V for 50 ms with an interval of 950 ms.

Immunostaining and Golgi staining

Cultures of hippocampal neurons, Neuro-2a cells, and Hela cells were
fixed with 3.7% formaldehyde, permeabilized in 0.1% Triton X-100, and
blocked. Then, they were incubated with primary (1:50-1:200 dilution) and
appropriate secondary antibodies (1:200 dilution). Postnatal mice brains
were removed and fixed in 4% paraformaldehyde overnight after transcar-
dial perfusion. After dehydration in 20% glucose, brains were cut at coronal
cryostat sections of 50 pm. Sections were processed for immunostaining by
a three-step freefloating protocol. Anti-GFP (Invitrogen), biotinylated anti—
rabbit IgG, and Cy2-conjugated streptavidin (Rockland Immunochemicals,
Inc.) were used for staining. For Golgi staining, brains were rapidly isolated
and fixed in 10% formalin for 24 h. After being immersed in 3% potassium
dichromate for 5 d in the dark, the fixed brains were treated further in 2%
silver nitrate for 48 h, and the vibration sections were cut at 40 pm.

Image acquisition and morphological analysis

Fixed cells and brain section images were acquired at room temperature
using a confocal microscope (LSM 510; Carl Zeiss) with a 40 or 63x oil
objective (Carl Zeiss) and arranged using Photoshop software (Adobe).
Frame scans of fluorescence intensity were performed using the intensity
profile function of the software (LSM 510). For morphological analysis, the
z-series stacks of confocal images (5-10 optical sections were collected at
0.5-pm intervals) were semiautomatically traced using the software Neuro-
lucida (MicroBrightField, Inc.). The total length and branch number of each
individual process in transfected neurons were analyzed using the program
Neuroexplorer (Nex Technologies). Dendritic protrusions >10 pm were
identified as branches and were statistically included. Dendritic protrusions
<10 pm were identified as filopodia. Other morphological analysis was
performed using Image-Pro Plus 5.1 software (Media Cybernetics). For neu-
ron migration, EGFPlabeled cortical neurons on brain sections were
counted across three different cortical zones at different developmental
stages, and the distribution of transfected cortical neurons was analyzed.
For branch tip number, tips of all axonal or dendritic protrusions >10 pm
were manually counted. For the number of dendritic protrusions, the proxi-
mal dendrites (identified as processes extending from the neuronal cell
body and 21 pm in diameter) were selected. Dendritic protrusions <3 pm in
length showing visible spine heads or positives for PSD-95 immunoactiv-
ity were quantified. Thin protrusions without enlargement were defined as
filopodia-like protrusions. For the ratio of the average immunofluorescence
intensity between the spine head and the dendritic shaft, images were mea-
sured on manually selected spine head and dendritic shaft areas. Time-
lapse experiments were performed using a laser-spinning disc confocal sys-
tem (UltraVIEW; PerkinElmer). Cells growing on glass coverslips with culture
mediums were visualized at 37°C under an inverted microscope (IX81-
ZDC; Olympus) with a 60x, 1.42 NA objective. Images were acquired by
UltraVIEW software using a high-resolution digital charge-coupled device
camera (EMCCD C9100-13; Hamamatsu Photonics) at 10-s intervals.

High-speed sedimentation F-actin-binding assays

Bovine GRK5-Flag or mutants were purified from HEK293T cells. In brief,
HEK293T cells overexpressing GRK5-Flag or mutants were lysed in lysis
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buffer (50 mM Tris, pH 7.4, 250 mM NaCl, 1% Triton X-100, 10% glyc-
erol, and 2 mM EDTA plus 10 pg/ml aprotinin, 10 pg/ml benzamidine,
and 0.2 mM PMSF). After centrifugation, protfeins were immunoprecipi-
tated with M2-conjugated Sepharose (Sigma-Aldrich). After extensive
washing in lysis buffer, beads were rinsed by TBS (50 mM Tris, pH 7.4,
and 50 mM NaCl) twice. Bound protein was eluted by a competition with
the 3xFlag peptide (Sigma-Aldrich) as the product instructions suggested.
The 3xFlag peptide and salt were removed by centrifugation in a centrifu-
gal filter unit (30-kD cutoff size; Amicon Ultra-4; Millipore). Protein purity
was determined by 10% SDS-PAGE. Rabbit muscle G-actin was purchased
from Cytoskeleton. G-actin was maintained in G buffer (5 mM Tris-Cl, pH
8.0, 0.2 mM ATP, 0.5 mM DTT, and 0.2 mM CaCl,). ATP-G-actin was poly-
merized at room temperature for 1 h in 50x F buffer (50 mM KCl, 10 mM
Tris, pH 7.5, 0.2 mM DTT, 2 mM MgCly, and 0.2 mM ATP). Concentration
measures given for F-actin in this paper refer to the initial concentration of
G-actin before polymerization. For binding assays, purified proteins were
clarified by centrifugation at 350,000 g for 30 min at 4°C to remove any
aggregates. 1 pM purified proteins were incubated with a range of con-
centrations (0-8 pM) of F-actin or 2.5 pM F-actin in 50x F buffer for 30 min
on ice and then centrifuged at 350,000 g for 30 min at 4°C. Supernatants
were removed, and pellets were rinsed with F buffer and then resuspended
in a volume of 50x F buffer equal to that of the supernatant. Equal aliquots
of supernatants and pellets of samples were analyzed by SDS-PAGE and
Coomassie blue staining and quantified by Image-Pro Plus 5.1 software.

Fluorescence microscopy of actin bundling and low-speed sedimentation
F-actin-bundling assay

Alexa Fluor 488-labeled rabbit muscle G-actin was purchased from In-
vitrogen. 50% labeled G-actin was maintained in G buffer. 4 pM ATP-
G-actin was polymerized in the presence of various purified proteins in
100x F buffer (100 mM KCI, 10 mM Tris, pH 7.5, 0.2 mM DTT, 2 mM
MgCly, and 0.2 mM ATP) for 1 h at room temperature, or polymerized
50% labeled F-actin (4 pM] was incubated with purified proteins for 1 h
at room temperature in 100x F buffer. The samples were then mounted
between a slide and coverslip and imaged by confocal microscopy. For the
low-speed sedimentation actin-bundling experiment, purified proteins were
incubated with the indicated concentrations of F-actin (0-8 pM) in 100x F
buffer at room temperature for 1 h and then centrifuged at 10, 000 g for
30 min at room temperature. Supernatants and pellets were analyzed by
SDS-PAGE and Coomassie Blue staining and quantified by Image-Pro Plus
5.1 software.

Visualization of association of F-actin with liposomes

PI(4,5)P2 (porcine brain friammonium salt) and PC (brain) were purchased
from Avanti Polar Lipids, Inc. PC, PI{4,5)P2, and TRITC DHPE were dis-
solved in chloroform. PI(4,5)P2 or PC containing 2% TRITC DHPE in chloro-
form was vacuum dried onto a round-bottom flask by rotary evaporation
for 2 h at room temperature and hydrated at 37°C for 1 h with vesicle
buffer (50 mM NaCl/10 mM Tris, pH 7.5) containing 5% (wt/wt) sucrose
to a total lipid concentration of 0.5 mM. Polymerized Alexa Fluor 488-
labeled F-actin (0.5 pM) was incubated in the presence of 2 yM GRKS or
N-PBA and 10 pM PC- or PI(4,5)P2-containing liposomes in 50x F buffer
for 1 h at room temperature. The samples were then mounted and imaged
by confocal microscopy.

Animals

GRK5 KO mice were provided by R.J. Lefkowitz and R.T. Premont (Duke
University Medical Center, Durham, NC). GRKS KO mice and their WT
littermates were obtained from self-crossing GRK5 heterozygous mice. Geno-
types of the mice were determined by PCR amplification using tail tip DNA
as previously described (Gainetdinov et al., 1999; Walker et al., 2004).
The mRNA from mice were also obtained and reverse transcribed to cDNA
for PCR amplification using primers specially located at the GRKS exon 7
and exon 8 locus (sense, 5'-AGGTTCGGGCCACTGGTA-3’, and anti-
sense, 5'-ATTCGCCTTTCCTCTTTT-3’). Mice were housed in groups and
maintained on a 12-h light/dark cycle with food and water available ad
libitum. The experiments were conducted on dark phase. All procedures
conformed to the National Institutes of Health Guide for the Care and Use
of Laboratory Animals.

Locomotor activity and open field tests

An activity monitor system (43.2 x 43.2 x 30.5 cm; Open Field Activity
Chamber MED-OFA-MS; Med Associates, Inc.) was used to detect hori-
zontal movement. In brief, this system uses paired sets of photo beams to
detect movement in the open field, and movement is recorded as beam
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breaks. Each mouse was placed in the center of the open field and ex-
plored freely for 60 min. The total distance traveled was recorded as
locomotor activity. The center area entries and time spent were recorded
as an anxiety-related parameter.

Elevated plus maze test

The elevated plus maze consisted of a center platform and four arms (34.5cm
length x 6.3-cm width x 19.5cm height) placed 75 c¢m above the floor.
Two arms were enclosed within walls (closed arms), and the other two had
low rims (open arms). Mice were placed in the center, and their behaviors
were recorded for 5 min with a camera (B5; Uni Flying) located above the
maze. Time spent and entries in the different compartments (closed and
open arms in the center) were assessed. The arms were cleaned thoroughly
between each fest to ensure the absence of olfactory cues.

Morris water maze

The water maze was a gray circle pool that was 120 c¢m in diameter and
50 cm in height. The water filled with defatted milk was kept at 21 + 1°C.
A submerged circle platform (10 cm in diameter and 1 cm beneath water
surface) was located at a fixed location through the whole training trial and
removed in the probe test. The hidden platform training consisted of four
trials (maximum time of 60 s and intertrial interval of 20 min) each day for
a consecutive 7 d. The average escape latencies to find the submerged
platform of each trial were obtained and averaged for each day of acquisi-
tion. A single 60-s probe test was administrated on day 8 with the platform
removed. The trajectories of the mice were recorded with a video camera
(B5), and the percent of time spent in each quadrant was calculated for
memory refention. Data represent means + SEM. Another set of mice were
used for visible platform training. The training consisted of four trials (maxi-
mum time of 60 s and intertrial interval of 20 min) each day for a consecu-
tive 3 d. The average escape latencies of each trial were obtained and
averaged for each trail of acquisition.

Object recognition task

The exploration arena was an open-topped box (60 x 60 x 40 cm; made
of gray-painted wood with a floor covered with sawdust) placed in a dimly
illuminated room. Object A was a glass cube, and object B was a plastic
cylinder. They were cleaned thoroughly between training to ensure the
absence of olfactory cues. The procedure consisted of a training phase
and a preference test phase affer a delay of 1 or 24 h. Mice were initially
allowed to explore the box for 20 min for habitation before training. In the
training phase, mice were subjected to two blocks of 10-min trials, with a
10-min interval between blocks. In each trial, they were allowed to explore
two of the same copies of object A (A; and Ay) placed in diagonal corners
of the arena (10 cm from each adjacent wall). In the test phase, A; was
substituted by another copy, A3, and A, was substituted by object B (novel
object) placed in the original position. During the interval, the mice were
placed in the holding cage in the room. The time for exploring the objects
(nose pointing toward the object at a distance <1 cm) in training phase
and test phase was recorded. The object recognition index was calculated
as Taa/(Tar + Taz) in training phase or Tg /(Tas + Tg) in test phase.

Object location preference experiment

The exploration arena was an open-topped box (40 x 40 x 40 cm; made
of wood) with different spatial cues attached on three walls to indicate dif-
ferent directions. The training and test intervals were similar to those for the
object recognition task. In the preference test, two of the same copies (A3
and A4) were substituted: one (A3) placed in the same position as AT and
another (A4) placed in the corner adjacent to the original position of A2
(referred to as the novel location). The exploration time was 5 min. The
time spent to explore every object in the training phase and test phase was
recorded. Object location preference index was calculated as Tao/(Tar +
Ta2) in training phase or Tas/(Tas + Ta4) in test phase.

Online supplemental material

Fig. ST shows that GRK5 regulates neuritogenesis and dendritic devel-
opment. Fig. S2 shows that GRKS is colocalized with F-actin at sites
of actin high dynamic structures. Fig. S3 shows that C-terminal basic
residues of GRK5 are essential for its binding to F-actin and self-
inferaction of GRK5. Fig. S4 shows that C-terminal and N-terminal basic
residues of GRK5 are critical for its effect on filopodia dynamics and
dendritic development. Fig. S5 shows the effects of depletion of GRK5
in vivo on neuronal migration, spine morphology, and learning and
memory. Online supplemental material is available at http://www.jcb
.org/cgi/content/full/jcb.201104114/DC1.
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