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Drebrin contains a cryptic F-actin~bundling activity
regulated by Cdk5 phosphorylation

Daniel C. Worth, Catherine N. Daly, Sara Geraldo, Fazal Oozeer, and Phillip R. Gordon-Weeks

Medical Research Council [MRC) Centre for Developmental Neurobiology, King's College London, London SET TUL, England, UK

rebrin is an actin filament (F-actin)-binding protein

with crucial roles in neuritogenesis and synaptic

plasticity. Drebrin couples dynamic microtubules
to F-actin in growth cone filopodia via binding to the micro-
tubule-binding +TIP protein EB3 and organizes F-actin
in dendritic spines. Precisely how drebrin interacts with
F-actin and how this is regulated is unknown. We used
cellular and in vitro assays with a library of drebrin dele-
tion constructs to map F-actin binding sites. We discovered
two domains in the N-terminal half of drebrin—a coiled-
coil domain and a helical domain—that independently

Introduction

Drebrin is an F-actin—binding protein highly expressed in growth
cones of developing neurons and in dendritic spines of mature
neurons (Ivanov et al., 2009; Dun and Chilton, 2010). Drebrin
has roles in neural development, particularly in neuronal mi-
gration and neuritogenesis (Geraldo et al., 2008; Mizui et al.,
2009; Dun et al., 2012), and in the adult nervous system, where
it is involved in the reorganization of actin filaments in den-
dritic spines underlying memory (Hayashi and Shirao, 1999;
Kobayashi et al., 2004; Aoki et al., 2009; Kojima et al., 2010).
There is a precipitous loss of drebrin from dendritic spines that
occurs before the loss of synapses in people with mild cognitive
impairment (Counts et al., 2012), Alzheimer’s disease (Harigaya
et al., 1996; Hatanpii et al., 1999; Shim and Lubec, 2002), and
Down'’s syndrome (Shim and Lubec, 2002), as well as in mouse
models of Alzheimer’s disease (Lee and Aoki, 2012). There is
experimental evidence that drebrin loss is causal to memory
loss (Kobayashi et al., 2004; Kojima et al., 2010).
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bound to F-actin and cooperatively bundled F-actin. How-
ever, this activity was repressed by an intramolecular inter-
action relieved by Cdk5 phosphorylation of serine 142
located in the coiled-coil domain. Phospho-mimetic and
phospho-dead mutants of serine 142 interfered with neu-
ritogenesis and coupling of microtubules to F-actin in
growth cone filopodia. These findings show that drebrin
contains a cryptic F-actin—bundling activity regulated by
phosphorylation and provide a mechanistic model for
microtubule-F-actin coupling.

‘We have recently shown that drebrin in growth cones links
dynamic microtubules to actin filaments in filopodia by binding
to the microtubule-binding +TIP protein EB3 (Geraldo et al.,
2008). Disruption of this interaction in embryos and cultured
neurons, by drebrin knockdown or dominant-negative EB3
constructs, leads to an inhibition of neuronal migration and
neuritogenesis (Geraldo et al., 2008; Mizui et al., 2009; Dun
et al., 2012). An interaction between drebrin and EB3 that links
F-actin to microtubules has been independently confirmed in
polarizing epithelial cells (Bazellieres et al., 2012) and most
probably occurs in dendritic spines, where knockdown of EB3
on invading microtubules has been shown to alter F-actin and
spine shape (Jaworski et al., 2009). This suggests that the drebrin—
EB3 pathway is canonical.

Drebrin is thought to bind to the side of single actin fila-
ments; however, information about precisely how drebrin in-
teracts with actin filaments and how binding is regulated is
lacking. Expression of drebrin in heterologous cells induces
filopodia (Shirao et al., 1992, 1994; Hayashi and Shirao, 1999;
Hayashi et al., 1999; Keon et al., 2000; Chew et al., 2005;
Geraldo et al., 2008), about a third of which contain microtubules
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(Geraldo et al., 2008); this proportion nearly doubles when
the microtubule-binding +TIP protein EB3 is cotransfected
(Geraldo et al., 2008). This induction of filopodia and the ability
to capture microtubules might depend on different domains
within drebrin.

We conducted a structure—function analysis of drebrin
domains by screening a library of contiguous and overlapping
drebrin deletion constructs for filopodia induction in heterolo-
gous cells. We identified two adjacent F-actin—binding domains
in the N-terminal half of drebrin that are responsible for filopo-
dia induction. Using in vitro F-actin cosedimentation assays we
showed that these two domains can separately bind F-actin and
can act cooperatively to bundle F-actin. We discovered an intra-
molecular mechanism whereby one F-actin-binding domain is
occluded by a domain in the C-terminal half of the protein, and
showed that phosphorylation of drebrin by cyclin-dependent
kinase 5 (CdkS5) relieves this intramolecular occlusion. Cdk5
phosphorylation of drebrin might target it to parallel F-actin
bundles, such as those in growth cone filopodia, and position
the molecule appropriately for microtubule capture.

Results

Structure-function analysis of drebrin
identifies two F-actin-binding domains

Using an in silico analysis to identify drebrin domains, we found:
an N-terminal actin-depolymerizing factor homology (ADFH)
domain, which has previously been identified (Larbolette et al.,
1999; Kessels et al., 2000; Xu and Stamnes, 2006), followed by a
coiled-coil (CC) domain, a helical (Hel) domain, a proline-rich
region (PP), and, at the C terminus, a large domain with no identi-
fied homology, we named the blue box (BB; Fig. 1 A).

To identify domains involved in filopodia formation we
generated a library of contiguous and overlapping drebrin dele-
tion constructs based on our in silico analysis, fused them to
YFP at their C terminus, and transfected cDNA encoding them
into COS-7 cells (Fig. 1, B-E). To visualize F-actin, we labeled
COS-7 cells with phalloidin (Fig. 1, B-E). COS-7 cells trans-
fected with YFP alone were rounded with few processes and
the YFP was uniformly distributed throughout the cell (Fig. 1 B).
Transfection of cells with drebrin-YFP strongly induced filo-
podia, as reported previously (Shirao et al., 1992, 1994; Keon
et al., 2000; Chew et al., 2005; Geraldo et al., 2008; Fig. 1 C).
Both the CC (Fig. 1 D) and the Hel (not depicted) domains were
able to independently induce filopodia, confirming previous
domain analyses of drebrin in heterologous cells (Hayashi et al.,
1999; Xu and Stamnes, 2006; Biou et al., 2008). We quantified
this effect by determining the number of filopodia per unit
length of cell perimeter (Fig. 1 F). This showed that the CC and
Hel domains were almost as efficient as full-length drebrin in
eliciting filopodia (Fig. 1 F). There was no additive effect on
filopodia numbers when the CC and Hel domains were com-
bined (Fig. 1, E and F). The PP-BB and BB constructs did not
induce filopodia (Fig. 1 F; and Fig. S1, A and B). The Abpl ADFH
domain has the closest sequence homology to the ADFH do-
main in drebrin and binds to F-actin (Lappalainen et al., 1998;
Kessels et al., 2000; Goode et al., 2001; Quintero-Monzon et al.,
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2005). However, when expressed in COS-7 cells, the drebrin
ADFH domain was diffusely distributed throughout the cell and
did not induce filopodia (Fig. S1 C), which is consistent with
previous drebrin domain studies (Hayashi et al., 1999; Chew
et al., 2005; Xu and Stamnes, 2006; Grintsevich et al., 2010).
Conversely, deleting the ADFH domain from drebrin did not
affect filopodia formation in COS-7 cells (Fig. 1 F). Addition
of the ADFH domain to the CC and Hel domains or its removal
from full-length drebrin did not affect filopodia formation (Fig. 1 F
and Fig. S1 D). Addition of the PP and BB domains completely
suppressed the induction of filopodia by the Hel domain but not
by the CC-Hel domains, which suggests the presence of an auto-
inhibitory function (Fig. 1 F). The distribution of drebrin con-
structs within COS-7 cells varied. Those constructs that strongly
induced filopodia (ADFH-CC, ADFH-CC-Hel, CC, Hel, and
CC-Hel) were concentrated in F-actin—enriched structures such
as filopodia and stress fibers, which suggests that they bind F-actin,
whereas all of the other constructs were diffusely distributed
throughout the cytoplasm (Fig. 1, B-E; and Fig. S1).

Expression of drebrin, or the CC, Hel, or CC-Hel do-
mains, in COS-7 cells appeared to increase the levels of F-actin
when compared with YFP, as judged by phalloidin fluorescence
(Fig. 1, B-E). Quantification of F-actin levels using phalloidin
fluorescence intensity confirmed this observation and showed
that drebrin, the CC domain, and CC-Hel construct increased
F-actin levels by more than twofold, whereas the Hel domain
increased F-actin levels by slightly less than twofold (Fig. 1 G).
Overexpression of drebrin in embryonic hippocampal neurons
in culture increases F-actin levels in growth cones without chang-
ing the overall levels of actin (Mizui et al., 2009). Conversely,
knockdown of drebrin in embryonic cortical neurons in culture
reduces F-actin in growth cones (Mizui et al., 2009). These find-
ings suggest that drebrin stabilizes F-actin.

To independently confirm that drebrin has two separate
F-actin—binding domains, we used an in vitro F-actin cosedi-
mentation assay (Fig. 2). Actin filaments were incubated with
recombinant drebrin proteins in an actin assembly buffer and
then centrifuged at low speed to pellet bundled F-actin, and the
resulting supernatant was centrifuged at high speed to pellet
individual actin filaments. When His-tagged drebrin was incu-
bated with F-actin, actin was recovered, along with drebrin, in
both the low- and high-speed pellets (Fig. 2 A). Because drebrin
incubated without F-actin did not pellet under these condi-
tions (Fig. 2 A), this experiment suggests that drebrin bundles
F-actin and confirms that drebrin binds to single actin filaments
(Fig. 2 A). In contrast, when F-actin was incubated with either
the CC (Fig. 2 B) or the Hel (Fig. S2 A) domain, F-actin did
not pellet after low-speed centrifugation but was recovered in
the high-speed pellets along with the CC or Hel domain, which
suggests that although the CC and Hel domains cannot bundle
F-actin they can bind to actin filaments, confirming the in vivo
findings (Fig. 2 B). F-actin bundling requires the cooperative
action of at least two F-actin—binding domains. To test whether
the CC and the Hel domains acting together might be responsible
for F-actin bundling by drebrin, we assessed the ability of the
CC-Hel construct to bundle F-actin. When the CC-Hel construct
was incubated with F-actin, we found that it was recovered,
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Figure 1. Drebrin contains two F-actin-binding domains
responsible for filopodia formation in heterologous cells.
(A) Domain diagrams of drebrin and drebrin deletion con-
structs used for the functional domain analysis of drebrin.
Drebrin has five potential functional domains identified by
an in silico analysis using InterPro, Pfam, SMART, and
PROSITE. Constructs are YFP-tagged at the C terminus.
ADFH, actin-depolymerizing factor homology domain
(red, residues 1-135); CC, coiled-coil domain (turquoise,
residues 176-256); Hel, helical domain (orange, resi-
dues 256-355); PP, proline-rich region (green, residues
364-417); BB, blue box, drebrin C-terminal region (blue,
residues 431-649). Numbering is for human drebrin E.
(B-E) Immunofluorescence confocal images of COS-7
cells transfected with cDNA encoding YFP-tagged drebrin
and drebrin deletion constructs (green) and labeled with
phalloidin for F-actin (red). Bars, 5 pm. (B) COS-7 cells
expressing YFP alone are rounded and have few pro-
cesses. The YFP protein is diffusely distributed throughout
the cell. (C) Drebrin-YFP expression in COS-7 cells induces
F-actin-rich filopodia containing drebrin-YFP (arrows).
Drebrin-YFP also localizes to stress fibers (arrowheads).
(D and E) CC-YFP (D) or CC-Hel-YFP (E) expression in
COS-7 cells also induces F-actin rich filopodia (arrows).
The CC-YFP (D) and the CC-Hel-YFP (E) protein localize
to filopodia (arrows) and to stress fibers (arrowheads).
(F) The CC and Hel domains of drebrin induce filopodia
to the same extent as the fulllength protein. Shown is a
quantification of the number of filopodia per unit length of
cell perimeter (filopodia density) in COS-7 cells. Expres-
sion of drebrin deletion constructs that contain the CC,
the Hel, or both domains, including full-length drebrin,
significantly increases the density of filopodia. Surpris-
ingly, filopodia formation induced by the Hel domain
is suppressed in the Hel-PP-BB deletion construct. Mock,
mock transfection; YFP, YFP alone transfection. Values are
mean = SEM (error bars) of at least 10 cells per transfec-
tion from three independent experiments. Significant dif-
ferences (unpaired Student's ttest): *, P < 0.05; **, P <
0.01). (G) Drebrin and the CC and Hel domains increase
F-actin levels in transfected COS-7 cells. Shown is a quan-
tification of the F-actin levels in COS-7 cells transfected
with various constructs. F-actin levels were quantified by
measuring the intensity of phalloidin fluorescence in single
confocal optical planes of COS-7 cells at the level of stress
fibers and dividing this by the area of the cell. Values are
mean = SEM (error bars) of at least 10 cells per transfec-
tion from two or three independent experiments. Signifi-
cant differences (unpaired Student's ttest): *, P < 0.001;
**, P <0.000T.
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Figure 2. In vitro F-actin cosedimentation assays show that drebrin is
an F-actin-bundling protein and confirm the presence of separate F-actin
binding in the CC and Hel domains. Actin filaments were incubated with
or without recombinant drebrin proteins and F-actin bundles/meshes pel-
leted by low speed centrifugation (P). The resulting supernatant was then
centrifuged at high speed to pellet single actin filaments (Py). The super-
natants from the high-speed centrifugation (S), P, and Py were analyzed
by gel electrophoresis and Coomassie blue staining. (A) Drebrin bundles
and binds to F-actin. Actin filaments pellet after high-speed centrifuga-
tion (Py) but do not pellet after low-speed centrifugation (P). Addition
of drebrin results in the appearance of actin in the low-speed pellet (P)
together with a small amount of drebrin as well as in the high-speed pel-
let (Py). Drebrin alone does not pellet under either condition. (B) The CC
domain binds but does not bundle F-actin. When added to F-actin, the
CC construct appears in the high-speed pellet (Py) but not the low-speed
pellet (P). The CC construct alone does not pellet under either condition.
(C) The CC-Hel domain construct is a strong F-actin bundler. When added
to F-actin, the CC-Hel construct appears in both the high-speed pellet (Py)
and the low-speed pellet (P). The CC-Hel construct alone does not pellet
under either condition. (D) Addition of the PP domain has little effect on
the bundling activity of the CC-Hel domains. When added to F-actin, the
CC-Hel-PP construct appears in both the high-speed pellet (Py) and the
low-speed pellet (P)). The CC-Hel-PP construct alone does not pellet under
either condition. (E-H) Electron micrographs of negatively stained F-actin
from in vitro F-actin cosedimentation assays after addition of drebrin or
drebrin deletion constructs. (E) After the addition of drebrin, thin, loose
bundles of F-actin are visible. Bar, 50 nm. (F) After the addition of the
CC-Hel construct, thick, tight bundles of F-actin are visible. Bar, 20 nm.
(G) After the addition of fascin, a thick, tight bundle of F-actin is visible.
Bar, 20 nm. (H) After the addition of the CC construct, single actin fila-
ments are seen and there are no bundles of F-actin. Bar, 200 nm. (I) The
BB domain binds to the ADFH domain. An immunoblot of YFPtagged
proteins, identified with GFP antibody, in BB-His pull-downs (Pull-down)
is shown. Cell extracts of COS-7 cells expressing drebrin deletion con-
structs (Input) were mixed with recombinant BB-His and proteins bound
to nickel beads separated by SDS-PAGE and transferred to PVDF mem-
branes. Blots were probed with GFP and His-tag antibodies. (J) Electron
micrograph of negatively stained F-actin from an in vitro F-actin cosedi-
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absence or presence of increasing concentrations ([BB-His] pM) of the Histagged BB domain. The ratio of Histagged ADFH-CC to actin is shown (ADFH-
CC/actin). (L) The BB domain does not inhibit binding of the S142D ADFH-CC construct to F-actin. Actin filaments were incubated with the Histagged
S142D ADFH-CC construct in the absence or presence of increasing concentrations ([BB-His] yM) of the Histagged BB domain. The ratio of Histagged
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along with F-actin, in both low- and high-speed pellets, which
suggests that the CC and Hel domains bind to actin filaments
and cooperate to bundle F-actin (Fig. 2 C).

To confirm that drebrin and the CC-Hel domain construct
can bundle F-actin, we examined F-actin morphology by nega-
tive-staining EM (Fig. 2, E and F). Recombinant His-tagged
drebrin mainly produced an unorganized meshwork of F-actin
and only occasional loose F-actin bundles with an interfilament
distance of 12.02 + 0.56 nm (mean + SEM) and, on average,
4.90 £ 0.18 (mean + SEM) actin filaments per bundle that were
aligned only over short distances (Fig. 2 E), which suggests that
recombinant His-tagged drebrin is, at best, a weak F-actin bun-
dler. In contrast, the recombinant CC-Hel construct produced
tight F-actin bundles with an interfilament distance of 7.81 +
0.06 nm (mean + SEM) and, on average, 10.7 £ 1.08 (mean +
SEM) filaments per bundle that were aligned over considerable
distances (Fig. 2 F). Thus, the CC-Hel domain construct bun-
dled F-actin far more effectively than drebrin. We compared the
F-actin bundling activity of the CC-Hel construct with fascin,
an established F-actin bundler (Jansen et al., 2011; Fig. 2 G).
Fascin, as expected, produced tight F-actin bundles with an in-
terfilament distance of 8.81 £ 0.12 nm (mean = SEM) and, on
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average, 8.46 + 0.63 (mean + SEM) filaments per bundle. This
is similar to what has been reported previously (Ishikawa et al.,
2003; Jansen et al., 2011) and to the CC-Hel construct reported
here. The CC (Fig. 2 H) and the Hel (not depicted) domain con-
structs did not produce F-actin bundles, which suggests that
F-actin binding by these constructs is sufficient to induce filo-
podia in COS-7 cells (Fig. 1, D and F). To assess whether the
ADFH domain is involved in F-actin bundling or binding, we
also tested the His-tagged ADFH drebrin deletion construct in
the F-actin cosedimentation assay. This showed that drebrin
lacking the ADFH domain can bind and weakly bundle F-actin,
similar to full-length drebrin (Fig. S2, B and C).

An intramolecular interaction represses
drebrin F-actin bundling

When expressed in COS-7 cells, drebrin and the CC-Hel con-
struct were equally efficient at inducing filopodia, and hence
presumably bundling F-actin, whereas EM analysis in the F-actin
in vitro cosedimentation assay showed that recombinant dre-
brin was a weak F-actin bundler, while the CC-Hel construct
strongly bundled F-actin (Figs. 1 and 2). One explanation for
this disparity is that the F-actin bundling activity of drebrin,



which depends on the concerted actions of the CC and Hel
domains, is cryptic in full-length recombinant drebrin but ex-
posed when drebrin is expressed in eukaryotic cells. Inhibition
of the F-actin bundling activity might occur if a region of dre-
brin outside the CC and Hel domains masked an F-actin binding
site. The cosedimentation assay result with the ADFH deleted
drebrin suggests that the ADFH domain is not involved in intra-
molecular masking (Fig. S2, B and C). To determine whether
the PP or the BB domains are involved we tested the CC-Hel-PP
construct in the cosedimentation assay and found that it strongly
bundled F-actin (Fig. 2 D) with an interfilament distance of
8.36 £ 0.16 nm (mean + SEM), which is similar to the CC-Hel
construct, but that there were fewer filaments per bundle (5.48 +
0.36; mean = SEM). This result implicates the BB in occlud-
ing F-actin bundling activity. To test this idea, we looked for an
interaction between the BB and CC-Hel containing constructs.
We combined cell extracts from COS-7 cells expressing YFP-
tagged drebrin deletion constructs with recombinant His-tagged
BB domain and pulled down the BB domain using nickel beads.
This showed that the BB domain binds to the ADFH-CC con-
struct and, less strongly, to the ADFH construct, but not to the
CC or Hel domains (Fig. 2 I). This suggests that the BB bind-
ing domain occludes an F-actin—binding domain in drebrin in-
directly by binding to drebrin at the ADFH-CC border. To test
the prediction that intramolecular binding of the BB domain to
the ADFH-CC border occludes F-actin binding, we performed
an in vitro cosedimentation assay with His-tagged ADFH-CC
in the presence of increasing concentrations of His-tagged BB.
This showed that the BB domain can inhibit binding of the CC
domain to F-actin (Fig. 2 K).

Phosphorylation of drebrin at S142
regulates F-actin bundling
Drebrin is a phosphoprotein (Ballif et al., 2004; Chew et al.,
2005; Collins et al., 2005), and one potential difference be-
tween bacterially expressed recombinant drebrin and drebrin
expressed in eukaryotic cells is phosphorylation. To test for a
role of phosphorylation in regulating F-actin bundling activity,
we exposed recombinant His-tagged drebrin to a neonatal brain
extract in a kinase buffer containing ATP, affinity-purified the
protein, and then tested it in the in vitro cosedimentation assay.
This treatment markedly improved the F-actin bundling activity
of recombinant His-tagged drebrin (Fig. S2 D). EM analysis
of F-actin bundled by recombinant drebrin exposed to a brain
extract revealed F-actin bundles that were similar in morphology to
those produced by the CC-Hel construct, although the bundles
were thinner (Fig. 2 J). The interfilament distance was 8.32 +
0.15 nm (mean + SEM) with, on average, 5 + 0.19 (mean =+
SEM) filaments per bundle.

The His-tagged drebrin that binds to F-actin bundles in
the cosedimentation assay after exposure to a brain extract mi-
grates more slowly in SDS PAGE gels than drebrin that binds to
single actin filaments. This is consistent with the idea that phos-
phorylation of drebrin regulates F-actin bundling (Fig. S2 D).
We determined the phosphorylation state of drebrin in these dif-
ferent fractions using tandem mass spectrometry. This revealed
that drebrin bound to F-actin bundles is phosphorylated either at

S141 or S142, whereas drebrin bound to single filaments, or re-
maining in the supernatant, is not phosphorylated at these sites
(Table S1). S141 and S142 are in the CC domain near the border
with the ADFH domain and are candidate phosphorylation sites
for regulating drebrin F-actin bundling. We raised phospho-
specific antibodies to pS141 (pAb pS141) and pS142 (pAb
pS142) and used them to confirm that drebrin exposed to a brain
extract is phosphorylated at S141 and S142 (Fig. 3 A). How-
ever, native drebrin in neonatal brain extracts and drebrin-YFP
expressed in COS-7 cells is phosphorylated at S142 but not
S141 (Fig. 3 A).

When expressed in COS-7 cells, drebrin-YFP that local-
izes to filopodia is phosphorylated at S142, as shown by immuno-
labeling with pAb pS142, whereas drebrin-YFP localized to
stress fibers is not (Fig. 3, B and C). In embryonic cortical neu-
rons in culture that have yet to extend neurites (stage I; Dotti
et al., 1988), drebrin localizes to the F-actin bundles of actin
arcs and to actin filament puncta, and occasionally extends into
filopodia (Fig. 3, D—F). Drebrin can be phosphorylated at S142
in filopodia and in actin filament puncta in stage I neurons, but
not in actin arcs (Fig. 3, D and E). Furthermore, not all stage I
neurons have S142-phosphorylated drebrin despite having
similar levels of drebrin to stage I neurons that do have S142-
phosphorylated drebrin (Fig. 3 E). In the growth cones of
neurons that have extended neurites (stage IT and IIT; Dotti et al.,
1988), drebrin is highly concentrated in the transition zone
(Tzone), at the border between the central and peripheral do-
mains (Geraldo et al., 2008; Mizui et al., 2009), and in the base
of some filopodia (Geraldo et al., 2008; Fig. 3 G). However,
drebrin is phosphorylated in the base of filopodia but not in the
Tzone (Fig. 3 G), as confirmed by fluorescence intensity analy-
sis (Fig. 3, H and I). Because F-actin is organized in parallel
bundles in filopodia, whereas in stress fibers and actin arcs the
F-actin is antiparallel, these findings suggest that S142-phos-
phorylated drebrin can distinguish between parallel and antipar-
allel F-actin bundles and are consistent with the idea that S142
phosphorylation regulates F-actin bundling. Polyclonal anti-
bodies to pS141 did not label embryonic cortical neurons in
culture (Fig. S3).

To determine whether pS142 is required to relieve the intra-
molecular repression of F-actin bundling, we made phospho-
mimetic (changing S to D) and phospho-dead (changing S to A)
mutants of drebrin S142. When expressed in COS-7 cells,
S142D drebrin induced filopodia to a similar extent as drebrin,
whereas S142A drebrin was not significantly different from
YFP alone (Fig. 4, A and B). S142A drebrin localized to filo-
podia and stress fibers, but S142D only localized to filopodia,
which is consistent with phosphorylation of S142 enabling
binding to parallel F-actin bundles (Fig. 4, C and D). Drebrin-
YFP expressed in stage I embryonic cortical neurons in cul-
ture localized to F-actin puncta, F-actin arcs, and filopodia (not
depicted), as do endogenous drebrin (Fig. 3, D-F) and S142D
drebrin-YFP (Fig. 4 E), whereas S142A drebrin-YFP localized
to F-actin puncta and F-actin arcs but not to filopodia (Fig. 4 E).
In growth cones of stage II/III neurons, drebrin-YFP localized
to the Tzone and filopodia (Geraldo et al., 2008), as does endog-
enous drebrin (Fig. 3 G). In contrast, S142A drebrin-YFP was
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Figure 3. Drebrin is phosphorylated at $142 when bound to parallel F-actin bundles in filopodia but not when bound to antiparallel F-actin bundles in
stress fibers or actin arcs. (A) Histagged drebrin exposed to a neonatal rat brain extract in kinase buffer (KA) becomes phosphorylated at S141 and S$142,
whereas endogenous drebrin in neonatal rat brain extract (BE) and drebrin-YFP expressed in COS-7 cells (COS-7) is phosphorylated at S142 but not S141.
Immunoblots were probed with pAb pS141, pAb pS142, and antibody against drebrin. (B and C) Drebrin-YFP phosphorylated at S142 in COS-7 cells
localizes to filopodia, where parallel bundles of F-actin are concentrated, but not to stress fibers where antiparallel F-actin bundles are concentrated. Immuno-
fluorescence confocal images of COS-7 cells transfected with cDNA encoding YFPtagged drebrin (green) and labeled with phalloidin for F-actin (B, blue)
or a-actinin to label stress fibers (C, blue) and pAb pS142 (B and C, red). Drebrin-YFP localized to filopodia is phosphorylated at S142 (arrows) but is not
phosphorylated at S142 in stress fibers (arrowheads). (D-F) In stage | embryonic cortical neurons in culture, drebrin, phosphorylated at S142, localizes to
F-actin puncta and the base of filopodia. Immunofluorescence confocal images of stage | neurons labeled with phalloidin for F-actin and antibodies against



restricted to the Tzone, whereas S142D drebrin-YFP particu-
larly targeted filopodia (Fig. 4 F), as confirmed by fluorescence
intensity analysis (Fig. 4, G and H).

In F-actin cosedimentation assays, EM analysis of the
S142D mutant showed that it strongly bundled F-actin with an
interfilament distance of 8.00 + 0.11 nm (mean + SEM), similar
to that of the CC-Hel construct, with, on average, 7.18 + 0.45
(mean + SEM) filaments per bundle, whereas the S142A mu-
tant weakly bundled F-actin similar to wild-type drebrin (Fig. 4,
Tand J). Furthermore, as predicted, the BB domain failed to inhi-
bit binding of the His-tagged phosphomimetic S142D ADFH-CC
to F-actin (Fig. 2 L). These findings show that pS142 is neces-
sary and sufficient to overcome the intramolecular repression of
F-actin bundling by the BB domain.

Cyclin-dependent kinase 5 phosphorylates
drebrin at S142

Drebrin S142 is highly conserved in the vertebrates, as is a pro-
line immediately downstream of S142 and arginine at —3 (but
not in fish) and at +5 (Table S2). Because these features form
the recognition motif for cyclin-dependent kinase 5 (Cdk5) and
dual specificity tyrosine phosphorylation-regulated kinase 1A
(DYRKI1A), we tested whether these kinases could phosphory-
late S142 (Songyang et al., 1996). Cdk5 inhibitors, but not
DYRKIA inhibitors, reduced pS142 drebrin levels in embry-
onic cortical cultures (Fig. 5, A and B). Furthermore, cell extracts
from embryonic cortical cultures or recombinant Cdk5/p35
phosphorylated recombinant drebrin at S142 in vitro (Fig. 5,
C and D). Finally, in vitro phosphorylation of recombinant drebrin
at S142 by Cdk5/p35 enhanced F-actin bundling (Fig. 5 E). EM
analysis showed that in vitro Cdk5/p35 phosphorylated dre-
brin produced F-actin bundles with an interfilament distance of
8.01 £0.13 nm (mean = SEM) and, on average, 5.95 + 0.29 (mean +
SEM) filaments per bundle. This is caused by phosphorylation of
S142, as incubation with Cdk5/p35 did not enhance the F-actin
bundling activity of S142A drebrin (Fig. 5 F).

To ascertain whether the binding of EB3 to drebrin is al-
tered by S142 phosphorylation, we expressed drebrin-YFP,
S142A drebrin-YFP, or S142D drebrin-YFP in COS-7 cells and
used an antibody to EB3 to immunoprecipitate endogenous
EB3 from cell lysates. Immunoblots probed with a drebrin anti-
body revealed that drebrin-YFP strongly coimmunoprecipitates
with EB3, as expected (Geraldo et al., 2008), as does S142D
drebrin-YFP, although to a lesser extent, whereas S142A dre-
brin-YFP only very weakly coimmunoprecipitates with EB3
(Fig. 5 G). These findings suggest that EB3 preferentially binds
to pS142 drebrin.

Phospho-S142 mutants of drebrin alter
neuritogenesis and microtubule capture

in growth cone filopodia

Previously, we showed that drebrin plays an important role in
neuritogenesis and microtubule capture by growth cone filo-
podia (Geraldo et al., 2008), and so we investigated the role of
drebrin serine 142 phosphorylation in these processes using
phospho-mimetic and phospho-dead mutants of serine 142.

To assay neuritogenesis, we expressed drebrin-YFP, S142A
drebrin-YFP, or S142D drebrin-YFP in cortical neurons, re-
plated the neurons 2 d after transfection to restart neuritogene-
sis, and labeled fixed neurons with GFP antibody to identify
transfected neurons, and with an antibody to microtubules (mAb
YL 1/2) to label neurites, 1 h after replating. As a measure of
neuritogenesis, transfected neurons were scored for the absence
(stage I) or presence (stage II/III) of neurites. We found that
neuritogenesis in cultured embryonic cortical neurons was re-
tarded in neurons expressing S142A drebrin-YFP and acceler-
ated in neurons expressing S142D drebrin-YFP compared with
neurons expressing drebrin-YFP (Fig. 5, H and I), which im-
plies that F-actin bundling and microtubule coupling by drebrin,
regulated by S142 phosphorylation, is important for neuritogen-
esis. Consistent with this idea, pS142 drebrin accumulates along
with dynamic microtubules and F-actin bundles at nascent growth
cones in stage I neurons commencing neuritogenesis (Fig. 5 J).
Using fluorescence intensity line plots (Fig. 5 K), we found that
microtubules are associated with 77 = 0.02% of filopodia that
contain pS142 drebrin (mean + SEM; n = 32 from three inde-
pendent experiments).

To assay for microtubule—F-actin interactions in growth
cone filopodia, we expressed drebrin-YFP, S142A drebrin-YFP,
or S142D drebrin-YFP in cortical neurons and labeled fixed
neurons 2 d later with GFP antibody to identify transfected
neurons, with mAb YL 1/2 for dynamic microtubules and
phalloidin to label filopodia (Fig. 5 L). Expression of wild-
type and S142D drebrin in embryonic cortical neurons in
culture increased the proportion of growth cone filopodia
containing a microtubule, whereas S142A drebrin reduced
microtubule association (Fig. 5, L and M). These findings are
consistent with a role for S142 phosphorylation in microtubule—
F-actin interactions.

Discussion

Drebrin has two F-actin-binding domains
that bundile F-actin

Drebrin was thought to have a single F-actin—binding domain
that enabled it to bind to the side of actin filaments (Dun and

drebrin and drebrin phosphorylated at S142. Drebrin is present in F-actin puncta (arrowheads, D and E), actin arcs (curved arrows, D-F), and occasionally
in the base of filopodia (arrows, D and F). Drebrin is phosphorylated at $142 in the base of filopodia (arrows in D and E) and in F-actin puncta (arrowheads
in D), whereas drebrin in actin arcs is not (curved arrows in D-F). (G) Immunofluorescence confocal images of a growth cone from a stage Il neuron labeled
with phalloidin for F-actin (green) and antibodies against drebrin (blue) and drebrin phosphorylated at S142 (red). Drebrin is phosphorylated at S142 in
the base of filopodia (arrows) but not in the Tzone. (H) Fluorescence intensity in arbitrary units (AU) of F-actin (green), drebrin (blue), and pS142 drebrin
(red) along the line plot shown in | (merge). pS142 drebrin is mainly localized to the base of the filopodium. Note that the drebrin level in the base of the
filopodium is similar to that in the Tzone, showing that drebrin is selectively phosphorylated at the base of the filopodium. () Immunofluorescence confocal
images from a growth cone labeled with phalloidin for F-actin (green) and antibodies against drebrin (blue) and drebrin phosphorylated at S142 (red). The
white line (merge) shows the region used for the fluorescence intensity line plot shown in H. Bars: (B) 10 pm; (C-E) 5 pm; (F, G, and I) 2.5 pm.
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Figure 4. Phosphorylation of drebrin at $142
is necessary and sufficient to relieve the intramo-
lecular repression of F-actin bundling. (A) Immuno-
fluorescence confocal images of COS-7 cells
transfected with cDNA encoding YFP-tagged dre-
brin (green) mutated at S142 changing S to A
(S142A) or S to D (S142D). Cells were labeled
with phalloidin for F-actin (red). S142A drebrin-YFP
only weakly induces F-actin containing filopodia,
whereas S142D drebrin-YFP strongly induces filo-
podia (arrows). (B) Quantification of the number
of filopodia per unit length of cell perimeter (filopo-
dia density) in COS-7 cells transfected with cDNA
encoding YFP, YFPtagged drebrin (WT), and YFP-
tagged drebrin mutated at S142 changing S to A
(S142A) or S to D (S142D). Values are mean *
SEM (error bars) of 10 or more cells per transfec-
tion from three independent experiments. Signifi-
cant differences (unpaired Student’s t test): *, P <
0.0001. (C and D) Immunofluorescence confocal
images of COS-7 cells transfected with cDNA en-
coding S142A drebrin-YFP (C, green) or S142D
drebrin-YFP (D, green) and labeled with phalloidin
for F-actin (red) and antibody against a-actinin to
label stress fibers (blue). ST42A drebrin-YFP local-
izes fo stress fibers (arrowheads) while S142D dre-
brin-YFP localizes to filopodia (arrows) and not to
stress fibers (arrowheads). (E and F) Immunofluores-
cence confocal images of stage | cortical neurons
(E) or growth cones from stage II/1ll cortical neu-
rons (F) transfected with cDNA encoding S142A
drebrin-YFP or S142D drebrin-YFP. Neurons were
labeled with phalloidin for F-actin (red) and anti-
bodies against GFP to visualize YFP-tagged dre-
brin (green) and drebrin (blue). S142A drebrin-YFP
targets F-actin puncta (arrowheads) and actin arcs
(curved arrows) in stage | neurons (E) and the
Tzone in growth cones (F), whereas S142D dre-
brin-YFP localizes to F-actin puncta (arrowheads),
filopodia (arrows), and actin arcs (curved arrows)
in stage | neurons (E) and filopodia (arrows) in
growth cones (F). (G and H) Fluorescence inten-
sity in arbitrary units (AU) of F-actin (red), ST42A
drebrin-YFP (G, green), or S142D drebrin-YFP (H,
green) and drebrin (blue) along the corresponding
line plots shown in F (merge). ST42A drebrin-YFP
is mainly localized to the Tzone, whereas S142D
drebrin-YFP is mainly localized to the base of the
filopodium. Note that the drebrin level in the base
of the filopodium is similar to that in the Tzone.
(I and J) Electron micrographs of negatively stained
F-actin from in vitro F-actin cosedimentation assays
after addition of drebrin S142 mutant constructs.
(I) After addition of S142A drebrin, thin, loose bun-
dles of F-actin are visible, similar to those seen with
wild-type drebrin (see Fig. 2 E). (J) After addition
of S142D drebrin, thin, tight bundles of F-actin are
visible. Bars: (A, D, and E) 5 pm; (C and F) 2.5 pm;
(I} 100 nm; (J) 40 nm.
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Chilton, 2010). Here we show that drebrin has two F-actin—binding
domains—a CC and a Hel domain—that are adjacent to each other
and located in the N-terminal half of the protein. These two
domains can act cooperatively to bundle F-actin, and bundling
is as efficient as that seen with fascin, a well-characterized
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F-actin—bundling protein. Fascin is probably a major F-actin—
bundling protein in growth cone filopodia (Cohan et al., 2001)
and therefore to what extent drebrin forms de novo bundles of
F-actin or straddles preexisting F-actin bundles formed by fas-
cin in growth cones has yet to be determined. Consistent with an



A B _ is0- Figure 5. Phosphorylation of drebrin at S142 by Cdk5

»S$ @f ’\9$ @*Yé @$ —_— relieves the intramolecular inhibition of F-actin bundling.
S < T & N« rram— (A and B) Inhibition of Cdk5, but not DYRK1A, reduces
1004 phosphorylation of drebrin at $142 in rat embryonic corti-

pS142 M- o

- cal cultures. Cultures were treated with vehicle (dimethyl

sulfoxide, Con), the Cdk5 inhibitors purvalanol (P; 10 pM
501 or 15 pM) or roscovitine (R; 20 pM), or the DYRKTA inhibi-
tors harmine (H; 20 pM) or epigallocatechin-3-gallate (E;

|_T_| ] 50 pM) for 20 h, 2 h after plating. (A) Representative im-
p NN \; N munoblot of protein extracts from treated cultures probed
IR SN SN PN with pAb pS142 and antibody to drebrin. Blots were also
probed with a tubulin antibody (YL 1/2) to confirm equal
loading (not depicted). (B) Densitometric quantification of

¢ y 0 s 20 _20#F D h 0 4 20 20+P the ratio of pS142 drebrin to drebrin from immunoblots of
pS142 — . protein extracts from treated cultures. Error bars indicate
pS142 - — <o SEM for three independent experiments. Significant differ-

ences (unpaired Student'’s t test): *, P < 0.001; **, P <
0.0001. (C and D) A cell extract from embryonic cortical
cultures (C) or recombinant Cdk5/p35 (D) phosphorylate
recombinant Histagged drebrin at S142 in an in vitro ki-
& & & nase assay. Samples were removed from the kinase assay
& Y Y at the hours (h) indicated and immunoblotted with pAb
EB3ip M. PR pS142 (pS142) and antibody to drebrin. The Cdk5 in-
hibitor purvalanol (20 + P; 15 pM) completely blocked

oim - W« e drebrin phosphorylation. The faint pS142 band at 0 h (C) is
probably due to carryover of endogenous drebrin from

[ — the embryonic cortical culture extract. (E and F) Electron

s0m micrographs of negatively stained F-actin after addition of
drebrin (E) or ST42A drebrin (F) exposed to recombinant
Cdk5/p35 in an in vitro F-actin cosedimentation assay.
After addition of drebrin, a thin, tight bundle of F-actin
is visible, indicating enhanced F-actin bundling compared
with drebrin alone (compare with Fig. 2 E). After addi-
tion of S142A drebrin exposed to recombinant Cdk5/
p35, thin, loose bundles of F-actin are visible, similar to
those seen with wild-type drebrin (compare with Fig. 2 E).
p35 was removed using glutathione beads after drebrin
phosphorylation. Bars: (E) 40 nm; (F) 100 nm. (G) EB3
binds preferentially to S142-phosphorylated drebrin. EB3
immunoprecipitates (EB3 ip) of cell lysates from COS-7
cells expressing drebrin-YFP (drebrin), S142A drebrin-YFP
(S142A), or S142D drebrin-YFP (S142D) were probed
with drebrin antibody (mAb MX823). EB3 antibody ef-
ficiently immunoprecipitates drebrin-YFP and, to a lesser
extent, S142D-drebrin-YFP, but not S142D drebrin-YFP.
The levels of drebrin and EB3 in the inputs are similar.
(H) Immunofluorescence confocal images of cortical neu-
L i - rons transfected with drebrin-YFP, S142A drebrin-YFP, or

L drebrin  $142A §142D S142D drebrin-YFP and labeled with GFP antibody. Bar,
80 pm. () Quantitative analysis of the proportion of trans-
fected neurons without neurites (stage I) and with neurites
(stage Il). Values are mean = SEM (error bars) of 100 neu-
rons per transfection from three independent experiments.
Significant differences (one way ANOVA with Bonferroni
posthoc analysis): *, P < 0.05. (J) Immunofluorescence
confocal images of a stage | cortical neuron commencing
growth cone formation. The neuron was labeled with phal-
loidin for F-actin (green) and an antibody against pS142
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M o ,;40 " . £ — Feactin microtubules (blue). In the nascent growth cone, drebrin,
E%ao — £ — pSta2 phosphorylated at S$142, colocalizes with bundles of
gs g% SNmicouues F-actin (arrows). Dynamic microtubules enter the nascent
53 - 3 growth cone from a circumferential bundle of microtubules
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line plot shown in J (merge). F-actin and pS142 drebrin
colocalize in three peaks while three microtubules (blue
peaks) are located at the sides. (L) Immunofluorescence confocal images of a growth cone expressing drebrin-YFP used for the quantitative analysis
of microtubule insertion into filopodia shown in M. The growth cone was labeled with phalloidin for F-actin (red) and mAb YL 1/2, which recognizes
dynamic microtubules (blue). Moderately overexpressed drebrin extends into the base of the majority of filopodia, many of which are associated with
dynamic microtubules (arrowheads). Bar, 10 pm. (M) Mutation of drebrin S142 to a phospho-dead (S142A) or phospho-mimetic (S142D) residue alters
microtubule insertion into growth cone filopodia. Proportion of growth cone filopodia containing a microtubule in cultured embryonic cortical neurons
transfected with wild-type (WT) drebrin-YFP, S142A drebrin-YFP (S142A), or S142D drebrin-YFP (S142D). White bars show nontransfected neurons.
Significant differences (unpaired Student's tfest): *, P < 0.05; **, P < 0.001; ***, P < 0.0001. Error bars indicate mean + SEM.
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Figure 6. Model of a molecular mechanism for coupling of F-actin to mi-
crotubules via an interaction between drebrin, phosphorylated at $142,
and the +TIP protein EB3. The diagram shows the domain structure of dre-
brin in the “closed” conformation, when the BB domain binds at the border
between the ADFH and CC domains where S$142 is located (1). In this
conformation, drebrin can bind to F-actin but does not bundle or straddle
preexisting F-actin bundles. One filopodial actin filament, represented by
a black line, is also shown. Activation of Cdk5 by intracellular signaling
pathways driven by axon guidance cues leads to S142 phosphorylation
(2) and the consequent relief of the intramolecular occlusion of one F-actin—
binding domain by the BB domain. This produces an “open” conformation,
and drebrin now bundles F-actin, or straddles existing F-actin bundles, by
cooperative binding of the CC and Hel domains. Drebrin in the “open”
conformation and bound to F-actin at the base of filopodia is now in an
appropriate state to interact with the +TIP protein EB3 located at the plus
end of a microtubule (red line) entering the filopodium, and thereby couple
F-actin to a microtubule (3).

F-actin bundling activity, it has previously been shown that over-
expression of drebrin in growth cones increases F-actin levels
(Mizui et al., 2009), and here we found that expression of drebrin
in heterologous (COS-7) cells increased F-actin levels in these cells.

An intramolecular interaction represses
F-actin bundling

We found evidence that the F-actin bundling activity of dre-
brin is repressed by an intramolecular interaction between the
C-terminal BB domain and a region at the ADFH/CC border in
the N-terminal half of the protein. This intramolecular repres-
sion of F-actin bundling is relieved by Cdk5 phosphorylation of
a highly conserved serine, S142, that lies just upstream of the
first actin-binding domain and eight amino acids downstream of
the ADFH/CC border (Fig. 1 A). Our evidence includes results
from comparative analysis of the F-actin binding and bun-
dling of recombinant drebrin, S142 phosphorylated drebrin, and
drebrin point-mutated at S142 to either alanine to produce a
phospho-dead form, or aspartate to produce a phospho-mimetic.
Because the BB domain binding site encompasses the ADFH/
CC border and S142 is located eight amino acids downstream
of the ADFH/CC border, S142 is appropriately located to influence

JCB « VOLUME 202 « NUMBER 5 « 2013

BB binding. A functional interaction between the N- and
C-terminal halves of drebrin has previously been inferred from
in vivo transfection experiments with drebrin deletion mutants
in chick oculomotor neurons (Dun et al., 2012).

A model for Cdk5 regulation of drebrin
binding to filopodia

The findings reported here suggest that drebrin can bundle
F-actin or bind to F-actin bundles in growth cone filopodia and
that this activity is regulated by Cdk5, a kinase with important
roles in neuronal migration (Ohshima et al., 1996), axon and
dendrite growth (Nikolic et al., 1996), and growth cone path-
finding (Connell-Crowley et al., 2000). CdkS5 is also important
in synaptic plasticity and is implicated in tau hyperphosphory-
lation in Alzheimer’s disease (Su and Tsai, 2011). The regu-
lated bundling of F-actin by drebrin has important implications
for the organization of F-actin in growth cones and dendritic
spines and thus in axon pathfinding and synaptic plasticity.
Neuritogenesis and growth cone turning, a fundamental be-
havior during axon pathfinding, are both thought to depend on
the coordinated interaction between dynamic microtubules and
F-actin (Rodriguez et al., 2003). Our findings suggest a molecular
mechanism to link filopodia stability and microtubule capture
during neuritogenesis and growth cone pathfinding (Fig. 6). In
growth cones, drebrin is predominantly located in the Tzone
(Geraldo et al., 2008), where it is unphosphorylated at S142 and
in the “closed” conformation (Fig. 6), presumably bound to sin-
gle actin filaments. Upon Cdk5 phosphorylation, drebrin is con-
verted to the “open” conformation by relieving the BB occlusion
of an F-actin binding site and can now bundle F-actin de novo or
relocate to the base of filopodia to stabilize the preexisting par-
allel bundle of F-actin forming the core of the filopodium. Thus,
CdkS5 phosphorylation of drebrin might target it to the base of
filopodia and position the protein appropriately for the capture
of microtubules via EB3 (Fig. 6). This model is consistent with
our findings, reported here, that drebrin phosphorylated at S142
is found in filopodia, but not in the Tzone, that mutating S142 to
phospho-dead or phospho-mimetic forms respectively reduces
or enhances microtubule coupling to F-actin in filopodia, and
that EB3 preferentially binds to S142 phosphorylated drebrin,
and with our previous observation that drebrin interacts with
EB3 in growth cones only in filopodia (Geraldo et al., 2008).
Whether drebrin—EB3 interactions are important for axon guid-
ance is unresolved because, in a previous study of oculomotor
neurons in the chick, knockdown of drebrin with shRNA pro-
duced no gross abnormalities in the projections of oculomotor
axons to extraocular muscles (Dun et al., 2012). However, dre-
brin—EB3 interactions do seem to play a role in neuritogenesis
because a dominant-negative EB3 construct interferes with neu-
ritogenesis (Geraldo et al., 2008), and, as we show here, drebrin
phospho-S142 mutants alter neuritogenesis.

Materials and methods

Antibodies/reagents

Mouse monoclonal antibody (mAb) against drebrin (clone MX823) was
from Progen, rabbit polyclonal antibody (pAb) against EB3 (AB4033) was
from EMD Millipore, rabbit pAb GFP (ab6556) was from Abcam, rat mAb



against tyrosinated a-tubulin (clone YL 1/2) was from AbD Serotec, rabbit
pAb p35 (C-19) was from Santa Cruz Biotechnology, Inc., mouse mAb
against a-actinin (clone BM-75.2) and goat anti-rabbit horseradish perox-
idase—conjugated antibody were from Sigma-Aldrich, and Histag mAb
was from EMD Millipore. Alexa Fluor—conjugated antibodies, phalloidin,
and Alexa Fluor 488-conjugated phalloidin were from Invitrogen. Horse-
radish peroxidase-conjugated secondary antibodies were from Dako.
Purvalanol was from EMD Millipore, and all other chemicals were from
Sigma-Aldrich.

Drebrin deletion constructs

Subcloning and PCR were performed using standard methods. Human
drebrin E isoform (available from GenBank under accession no. D17530;
GeneCopoeia) and drebrin deletion constructs were amplified by PCR
with EcoRl and Xhol sites added to the 5’ and 3’ ends, respectively, using
the following primers: forward primers for drebrin, ADFH, ADFH-CC, and
ADFH-CC-Hel constructs, 5'-CTCGAATTCATGGCCGGCGTCAGCTTC-3';
for CC, CC-Hel, and CC-Hel-PP-BB constructs, 5'-CTCGAATTCATGGGGCT-
GGCGCGACTCT-3’; for Hel and Hel-PP-BB constructs, 5'-CTCGAATTC-
ATGTTTGGTGACCATCGGGATGAG-3'; for PP-BB construct, 5'-CTCGAA-
TTCATGCTGGATGAGGTCACCTCC-3’; for BB construct, 5-CTCGAATTC-
ATGCTGGCTGCTCCCGTGGAG-3’; reverse primers for drebrin, BB,
PP-BB, Hel-PP-BB, and CC-Hel-PP-BB constructs, 3'-GCCTCGAGAAATCAC-
CACCCTCGAAGCC-5; for Hel, CC-Hel, and ADFH-CC-Hel constructs,
3-GCCTCGAGAAGGCCCGCTCTATCTGCT-5’; for CC and ADFH-CC
constructs, 3'-GCCTCGAGAGGATAGACTGCTCCTTCAACC-5'; and for
ADFH construct, 3'-GCCTCGAGAAGTTAGAGAGCCGCTGCC-5' (Sigma-
Aldrich). PCR products were cloned into the pPGEM-T Easy vector (Promega),
excised by EcoRl and Xhol digestion, and inserted into EcoRl and Sall
sites of the pEYFP-N1 vector (Takara Bio Inc.) and, for Histagged deletion
constructs, the pETDuet, pET30(+), or pET-24a vectors (EMD Millipore).
Clones were verified by DNA sequencing.

Site-directed mutagenesis of drebrin at $142

The QuikChange XL Site-Directed Mutagenesis kit (Agilent Technology) was
used to mutate the S142 site. Primer pairs used for the A142 mutation were:
forward, 5'-GGCGCGACTCTCCGCCCCTGTGCTGCAC-3’; and reverse,
5'-GTGCAGCACAGGGGCGGAGAGTCGCGCC-3'. Primer pairs for the
D142 mutation were: forward, 5-GGCGCGACTCTCCGACCCTGTGCT-
GCAC-3’; and reverse, 5-GTGCAGCACAGGGTCGGAGAGTCGCGCC-3'.

Expression and purification of recombinant proteins

Escherichia coli Rosetta (DE3) plysS cells (EMD Millipore) transformed
with cDNA encoding Histagged drebrin or its deletion constructs were
used for protein expression. Fulllength drebrin and drebrin lacking the
ADFH domain were grown to an OD600 of 0.5 in Luria-Bertani medium
containing ampicillin and chloramphenicol at 37°C. Cells were induced to
express protein by the addition of 1 mM IPTG, and incubation continued
for a further 3 h at 28°C. For expression of drebrin deletion constructs, cells
were grown to an OD600 of 0.9, induced with 1 mM IPTG, and incubated
for 3 h at 37°C. Cultures were centrifuged at 6,000 g for 20 min and
pellets were lysed in buffer containing 50 mM Tris, pH 8.0, 300 mM
NaCl, 1 mg/ml lysozyme (Sigma-Aldrich), and bacterial protease inhib-
itors (Sigma-Aldrich). Lysates were spun for a further 20 min at 12,000 g
and resulting supernatants were incubated overnight with Ni**nitrilotri-
acetate (NTA) agarose beads (QIAGEN) at 4°C. Beads were either washed
in PBS or purified protein was eluted with 500 mM imidazole and 300 mM
NaCl in water containing protease and phosphatase inhibitors (Sigma-
Aldrich), then concentrated in Nanosep centrifugal devices (Pall). Fascin
was supplied by A. Jayo (Randall Division of Cell and Molecular Biophysics,
King's College London, London, England, UK).

In vitro F-actin cosedimentation assays

Actin filaments were assembled by incubating ~31.5 pM actin, prepared
from rabbit skeletal muscle (Spudich and Watt, 1971), supplied by
N. Elkhatib (Equipe de Migration et Invasion Cellulaire, Institut Curie,
Paris, France) and E. Rostkova (Cardiovascular Department, King's
College London), or human platelets (Cytoskeleton, Inc.), with 50 mM
KCl, 2 mM MgCl,, and 1 mM ATP at 4°C for 2 h. Actin filaments were
pelleted by centrifugation for 90 min at 80,000 rpm (279,000 g) using
an ultracentrifuge (Optima Max-XP; Beckman Coulter) and the TLA-100
rotor (Beckman Coulter). The pellet was resuspended in 67.5 pl of G buffer
(2 mM Tris, pH 8.0, 0.2 mM ATP, 0.2 mM CaCl,, and 0.5 mM DTT)
and dialyzed overnight against G buffer at 4°C in a microdialysis button
wrapped with dialysis membrane with a 12-14-kD cutoff. To remove

contaminating F-actin bundling factors, F-actin was then centrifuged for
20 min at 12,100 g in a bench-top centrifuge (Eppendorf) to pellet F-actin
bundles. The resulting supernatant was collected and then recentrifuged
for the same time and speed until no F-actin appeared in the pellet, as
confirmed by running the pellet fractions from each spin on an SDS-PAGE
gel and staining with Imperial Protein Stain (Thermo Fischer Scientific).
Binding and bundling cosedimentation assays were performed within 1 wk
of F-actin preparation. 15 pM F-actin was incubated with a 7-pM concen-
tration of the fest protein and 2 pl of 10x KME buffer (500 mM KClI,
10 mM MgCl, 10 mM EGTA, and 100 mM imidazole, pH 7); water
was added to bring the final volume to 20 pl. After incubation for 1 h at
room temperature, the reaction mixture was first centrifuged at 12,100 g
for 20 min to pellet F-actin bundles. The resulting supernatant was then
centrifuged at 279,000 g for 90 min using a TLA-100 rotor to pellet single
actin filaments. Proteins in pellets and supernatant were then separated
on an SDS-PAGE gel (10 or 15% acrylamide) and stained using Imperial
Protein Stain (Thermo Fischer Scientific). For competition assays, His:ADFH-CC
was incubated overnight at 4°C with increasing concentrations of BB-His.
F-actin was added the following morning and the assay was then continued
as described in this paragraph.

For EM analysis of actin bundles, cosedimentation assays were pre-
pared as described in the previous paragraph in a fotal volume of 15 pl.
After 1 h of incubation, reactions were diluted 1:10 in KME buffer, and
3 pl aliquots were applied to Formvar- and carbon-coated 200 mesh cop-
per grids prepared as in Jansen et al. (2011). After 30 s, grids were blot-
ted fo remove excess solution, stained with 1% (wt/vol) uranyl acetate for
1 min, blotted, and dried. Samples were viewed in a transmission electron
microscope (Tecnai 20) at an accelerating voltage of 200 kV. Images
were captured on a charge-coupled device camera (UltraScan Model 894
US1000; Gatan). Interfilament distances in actin bundles were calculated
by using the infensity profile function on Elements (Nikon) and Excel (Micro-
soft ) software, with distances between peaks on the intensity profile being
taken as the distances between the centers of actin filaments. A minimum
of 20 filament bundles from three independent experiments were analyzed
at two locations along the bundle.

Mass spectrometry

Phosphorylation sites on drebrin were identified using tandem mass
spectrometry (MS/MS) by Proteome Sciences, Institute of Psychiatry, King's
College London. Proteins in the cosedimentation assay were separated by
one-dimensional SDS-PAGE on 10% acrylamide minigels (Bio-Rad Labora-
tories). After Imperial Protein Coomassie blue staining (Thermo Fischer
Scientific), the drebrin bands were excised from gels and digested with
trypsin, and peptides were extracted from the gel pieces by a series of
acetonitrile and aqueous washes. The extract was pooled with the initial
supernatant and lyophilized. Each sample was then resuspended in 5 pl of
50 mM ammonium bicarbonate and analyzed by liquid chromatography
MS/MS (LC-MS/MS). Chromatographic separations were performed
using an EASY-NanolC (Thermo Fischer Scientific). Peptides were resolved
by reversed-phase chromatography on a 75 pm C18 EASY column using
a linear gradient of acetonitrile in 0.1% formic acid. The gradient was
delivered to elute the peptides at a flow rate of 300 nL/min over 60 min.
The eluate was ionized by nanoelectrospray ionization using an Orbitrap
Velos Pro running Xcaliber software (version 2.1.0 SP1 build 1160; (Thermo
Fischer Scientific)) using Higher-energy C-rap Dissociation (HCD) for
identification and  collision-induced dissociation/multistage activation
(CID/MSA) for optimized phosphopeptide analysis. The instrument was
operated in automated data-dependent switching mode, selecting precursor
ions based on their intensity for sequencing by HCD in a top 10 method.
The MS/MS analyses were conducted using higher than normal collision
energy profiles that were chosen based on the mass-to-charge ratio (m/z)
and the charge state of the peptide. CID/MSA produces a combination of
CID MS/MS spectra of the precursor ion with an additional CID fragmen-
tation of the neutral loss ion of phosphoric acid (98 D) creating a loss of
49 D from the doubly charged precursor and a 32.7 D loss from the triply
charged precursor without the need for isolation steps in the method. This
method produces an increased amount of structurally informative fragment
ions, represented in a composite spectrum, which includes information
from multiple fragmentation events.

Phosphorylation of recombinant drebrin

Bacterially expressed recombinant Histagged drebrin conjugated to nickel
beads (QIAGEN) was incubated with a neonatal rat brain extract (Phelan
and Gordon-Weeks, 1997; Geraldo et al., 2008), recombinant Cdk5/

p35 (EMD Millipore), or a cell extract from 1 d in vitro embryonic cortical
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neuronal cultures (see “Embryonic cortical cultures and transfections”) in a
kinase buffer containing phosphatase inhibitors (Scales et al., 2009)
overnight at 30°C. Beads were washed three times in cold kinase buffer
and resuspended in cold PBS. Because p35 bundles F-actin (He et al.,
2011), we removed it using glutathione beads after phosphorylating
drebrin. We confirmed this by immunoblotting with a rabbit p35 antibody
(C-19; Santa Cruz Biotechnology, Inc.).

Production of phospho-specific drebrin antibodies

For the production of phospho-specific antibodies, two synthetic phosphopep-
tides, corresponding fo amino acids 135-145 of rat drebrin, in which either
S141 or S142 were phosphorylated (CNGLARLSSPVL), were synthesized and
conjugated fo keyhole limpet hemocyanin. Antisera—pAb pS141 and pAb
pS142—were raised in rabbits (Eurogentec). Unphosphorylated peptide, of
the same sequence, was also synthesized for column chromatography and
peptide-inhibition studies (Eurogentec). Antisera were immunoaffinity purified
using Pierce Sulfolink kits (Thermo Fischer Scientific), first on phospho-
peptide columns and then on nonphosphopeptide columns, to separate
non—phospho-specific antibodies. A synthetic phosphopeptide corresponding
to amino acids 137-147 of rat drebrin (CLARLSSPVLHR; phosphory-
lated amino acid underlined) was synthesized and conjugated to keyhole
limpet hemocyanin, and a mouse mAb pS142 was generated (Abmart).

Gel electrophoresis and immunoblotting

Protein samples were subjected to SDS-PAGE on 10% gels and Western
blotted onto polyvinylidene difluoride (PYDF) membranes (Thermo Fischer
Scientific). Membranes were blocked for 1 h at room temperature or
overnight at 4°C in blocking buffer (5% [wt/vol] BSA and 0.1% [vol/
vol] Tween 20 [Sigma-Aldrich] in TBS) and then probed for 1 h at room
temperature or overnight at 4°C with primary antibody diluted in blocking
buffer. Blots were washed three times in 5% BSA and 0.1% (vol/vol)
Tween 20 in TBS, and incubated with peroxidase-conjugated secondary
antibody (Sigma-Aldrich) diluted in blocking buffer for 1 h at room temper-
ature. Blots were then washed three times in 5% BSA and 0.1% (vol/vol)
Tween 20 in TBS, developed with enhanced chemiluminescent kits
(EMD Millipore), and exposed to clear blue x-ray films (Photon Imaging
Systems). Films were developed in a Fuji processor, scanned using a flat-
bed scanner (V500; Epsom), and analyzed with Image) software.

COS-7 cell culture and transfection

COS-7 cells were maintained at 37°C in DMEM (Gibco) containing 10%
fetal bovine serum (Gibco) supplemented with 2 mM glutamine/ 100 IU/ml
penicillin/100 IU ml" streptomycin (Sigma-Aldrich). Cells were plated onto
glass coverslips for immunofluorescence microscopy and info six-well plates
for biochemistry. Cells were transfected in DMEM medium using PolyJet
(tebu-bio) and 0.5 pg of each DNA plasmid, according to the manufac-
turer’s instructions. For controls, cells were treated as before, except DNA
was omitted (mock transfection). 18 h after transfection, the medium was
replaced with fresh medium, and the cells were fixed 24-48 h after trans-
fection (see “Immunolabeling of cultures”). Inmunoblotting showed that the
level of expression in each transfection was equivalent.

EB3 immunoprecipitation

COS-7 cells were transfected with drebrin-YFP, S142A drebrin-YFP, or
S142D drebrin-YFP constructs as described in the previous paragraph, and
cells were lysed with RIPA buffer (20 mM Tris-HCI, pH 7.4,150 mM NaCl,
1 mM EGTA, T mM EDTA, 20 mM NaF, 1% [vol/vol] Triton X-100, 0.1%
[wt/vol] SDS, 0.5% [vol/vol] sodium deoxycholate, and 1% [vol/vol]
protease inhibitor cocktail [Sigma-Aldrich]). The lysate was precleared with
Protein A agarose beads (Sigma-Aldrich) for 1 h at 4°C before incubating
overnight with anti-EB3 antibody (EMD Millipore). Protein A agarose beads
were added and allowed to incubate for 3 h at 4°C before washing exten-
sively with PBS and collecting by centrifugation. Immunoblots of immuno-
precipitates were probed with mAb MX823 (1:150).

BB domain pull-down assays

COS-7 cells were transfected with drebrin deletion constructs (see “COS-7
cell culture and transfection”), and cells were extracted with RIPA buffer
containing a protease inhibitor cocktail (Thermo Fischer Scientific). His-
tagged BB recombinant protein bound to NTA agarose beads (QIAGEN)
was incubated with COS-7 cell extract overnight at 4°C and washed exten-
sively in RIPA buffer by centrifugation.

Embryonic cortical cultures and transfections

Cerebral cortices were dissected from day 17-18 rat embryos and
cells separated using a dissociation kit according to the manufacturer’s
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instructions (Worthington Biochemical Corporation). Cells (10°) were plated
on 14-mm glass coverslips coated with poly-D-lysine (100 pg/ml; Sigma-
Aldrich). For transfections, cells were resuspended in 250 pl of nucleo-
fection solution (Ingenio) containing 2-4 pg of DNA and transferred to a
cuvette. Program O-03 was used to electroporate the DNA into the cells.
Cells were incubated at 37°C in 5% CO, in humidified air in Neurobasal
medium (Gibco) supplemented with 2% (vol/vol) B27 supplement (Gibco),
2 mM glutamine/100 1U/ml penicillin/100 IU/ml streptomycin (Sigma-
Aldrich) and 0.45% D—(+) glucose for 2-3 d. Neurons were then
detached using trypsin-EDTA (0.25% in HBSS; Gibco) at 37°C for 5 min.
Detached cells were pelleted by centrifugation for 5 min at 600 rpm, resus-
pended in PBS containing trypsin inhibitor (Sigma-Aldrich), and pelleted by
centrifugation for 5 min at 1,000 rpm. The supernatant was removed and
pelleted cells were resuspended in Neurobasal medium (Gibco) prepared
as described in this paragraph and then replated onfo 14-mm glass cover-
slips for immunolabeling.

Immunolabeling of cultures

COS-7 cells and cortical cultures were fixed for 10 min with 3% formal-
dehyde, 0.2% glutaraldehyde, and 0.2% Triton X-100 in PHEM buffer
(Schliwa and van Blerkom, 1981) at 37°C. The fixative for cortical
cultures also contained phalloidin (0.33 pM; Molecular Probes). COS-7
cells and cortical cultures were immunolabeled as described previously
(Scales et al., 2009) with the following antibodies: mouse mAb to drebrin
(clone MX823, 1:50; Progen), rabbit pAb to drebrin pS141 (1:100,
CNGLARLSSPVL; phosphorylated amino acid underlined), or drebrin
pS142 (1:100, CNGLARLSSPVL; phosphorylated amino acid underlined);
mouse mAb to drebrin pS142 (1:100, CLARLSSPVLHR; phosphorylated
amino acid underlined), rat mAb YL 1/2 (1:400, AbD Serotec), and
rabbit pAb to GFP (1:1,000; Abcam), followed by incubation with the
appropriate Alexa Fluor-conjugated secondary antibody (Invitrogen) and
Alexa Fluor-conjugated phalloidin (Invitrogen). Labeled cultures were
viewed using an confocal microscope (FluoView; Olympus) equipped with
argon and HeNe lasers. Cells were imaged with a 100x/1.4 Plan-
Apochromat oilimmersion objective lens and recorded at 1,024 x 1,024
pixels per image. Fluorescent images in TIFF format were manipulated
using Photoshop (Adobe).

COS-7 cell filopodia were identified as that population of processes
that extend as finger-like projections >1 pym from the cell edge and counted
using Photoshop software. COS-7 cell perimeter was assessed by measur-
ing the length of a line manually drawn around the cell edge using Image)
software. To measure F-actin levels, single confocal optical sections of
COS-7 cells taken close to the ventral surface, so as to include stress fibers,
were collected using a 100x 1.3 NA oilimmersion objective lens. The in-
tegrated pixel intensity of the phalloidin signal, measured using Image),
was divided by the area of the cell in the optical section. Measurements
were obtained from at least 10 cells per condition, chosen randomly from
isolated cells in fixed cultures, from three independent experiments. To
measure neuritogenesis in transfected neurons, embryonic cortical neuro-
nal cultures were transfected for 2 d and then replated (see “Embryonic
cortical cultures and transfections”) to restart neuritogenesis. Cultures were
fixed 1 h after replating and labeled with GFP antibody (Abcam), to iden-
tify transfected neurons, mAb YL 1/2 (SeroTec) to label microtubules in cell
bodies and neurites, and with phalloidin to label F-actin. 100 transfected
neurons, identified by GFP immunofluorescence, from each of three inde-
pendent experiments were scored for neurite number. To count microtubule
insertion info growth cone filopodia, microtubules, labeled with mAb
YL/12 (AbD Serotec), and filopodia, labeled with phalloidin, were counted
in 40 or more growth cones of transfected and nontransfected cultured
neurons from three independent experiments.

Statistical analysis

Data were analyzed using GraphPad Prism 5 (GraphPad Software) and
are expressed as mean + SEM. Data were collected from three or more
independent experiments. The unpaired Student’s t test or analysis of
variance (ANOVA) fest was used for statistical analysis, whichever was
appropriate. Differences between values were considered significant if
P <0.05.

In silico analysis
InterPro, Pfam, SMART, and PROSITE were used to analyze the human
drebrin amino acid sequence for domains.

Online supplemental material
Fig. S1 shows that some drebrin deletion constructs induce filopodia,
whereas others do not. Fig. S2 shows the F-actin-binding and -bundling



activities of drebrin constructs in in vitro F-actin cosedimentation assays
and shows by negative-staining EM that the CC-Hel-PP-BB drebrin domain
forms thin, loose bundles of F-actin. Fig. S3 shows by immunofluorescence
that a pAb against pS141 drebrin does not label embryonic cortical
neurons in culture. Table S1 shows drebrin phosphorylation sites from an
F-actin cosedimentation assay identified by MS/MS. Table S2 shows a
vertebrate evolutionary sequence comparison of the drebrin S142 site (S)
and its flanking regions. Online supplemental material is available at
http://www.jcb.org/cgi/content/full /jcb.201303005/DC1.
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