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TrkB binds and tyrosine-phosphorylates Tiam1,
leading to activation of Rac1 and induction
of changes in cellular morphology
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Small GTPases of the Rho family play key roles in the formation of
neuronal axons and dendrites by transducing signals from guid-
ance cues, such as neurotrophins, to the actin cytoskeleton. How-
ever, there is little insight into the mechanism by which neurotro-
phins regulate Rho GTPases. Here, we show the crucial role of the
ubiquitous Rac1-specific guanine nucleotide exchange factor,
Tiam1 (T lymphoma invasion and metastasis 1), in transducing a
neurotrophin-mediated change in cell shape. We demonstrate that
BDNF, acting through TrkB, directly binds and specifically activates
Tiam1 by phosphorylating Tyr-829, leading to Rac1 activation and
lamellipodia formation in Cos-7 cells and increased neurite out-
growth from cortical neurons. A point mutation in Tiam1, Tyr-829
to Phe-829, blocked these BDNF-induced changes in cellular mor-
phology. The findings are evidence of a previously uncharacterized
mechanism for the activation of Tiam1 and of a role for this effector
in neurotrophin-mediated signal transduction leading to changes
in cellular morphology.

actin | cortical neuron | neurotrophin | Rho guanine nucleotide
exchange factors | Rho GTPases

ammalian neurotrophins, consisting of nerve growth factor,

BDNF, neurotrophin 3, and neurotrophin-4 /5, are known to
support critical aspects of neuronal development, including differ-
entiation, process growth and guidance, synaptogenesis, and sur-
vival (1, 2). The secreted neurotrophins bind to two different classes
of plasma membrane receptors, the tyrosine kinase receptors
(Trks) (TrkA, TrkB, and TrkC) and the p75 neurotrophin receptor
(NTR). Trk receptors show selectivity for neurotrophin binding,
whereas p75NTR binds all neurotrophins with similar affinity.

The growth of axons and dendrites is a highly regulated process
that is fundamental to the development of the nervous system. It is
mediated through changes in the actin cytoskeleton. Pointing to the
conservation of mechanisms across cell types, neuronal growth
cones, which mediate the growth of neuronal processes, feature
filopodia and lamellipodia that are structurally analogous to those
seen in fibroblasts (3). Neurotrophins have significant effects on the
growth cone and axonal morphology (3). For example, BDNF
causes the formation of filopodia and lamellipodia in Xenopus
spinal cords (4), and neurotrophin 3 binding to p75NTR increases
filopodial formation and neurite length in cortical subplate neurons
(5). Despite the demonstrated relevance of neurotrophin signaling
in process growth, the molecular basis by which neurotrophins
modify the actin cytoskeleton and cellular morphology is poorly
defined.

Several lines of evidence indicate that small GTPases of the Rho
family are critical regulators of the organization of the actin
cytoskeleton (6, 7). The best-characterized Rho GTPases, RhoA,
Racl, and Cdc42, are implicated in the formation of actin stress
fibers, lamellipodia, and filopodia of fibroblasts, respectively. Rho
GTPases also play pivotal roles in regulating the structure of actin
in neuronal growth cones (3). Pointing to a role in neurotrophin-
mediated actions, Rac and Rho regulate neurotrophin-induced
axon growth in trigeminal brainstem whole-mount cultures (8).
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Also, BDNF activates Cdc42 to stimulate neurite extension and
growth cone filopodial activity in cultured Xenopus spinal neurons
(9). Given the probability that Rho GTPases mediate the growth
and guidance signals induced by neurotrophins, it is important to
decipher the pathways that link neurotrophin signal transduction to
the Rho GTPases and their downstream actions on the actin
cytoskeleton.

Like Ras GTPases, Rho GTPases cycle between active GTP-
bound and inactive GDP-bound states. Rho GTPases are regulated
positively by guanine nucleotide exchange factors (GEFs), which
catalyze the exchange of GDP for GTP, and negatively by GTPase-
activating proteins, which enhance intrinsic GTPase activity. To
date, ~70 GEFs have been identified in human genomes (10).
Certain GEFs are known to activate several Rho GTPases, whereas
several GEFs are specific for each Rho GTPase. For example,
whereas Vav acts as the GEF for RhoA, Racl, and Cdc42, Tiam1
(T lymphoma invasion and metastasis 1) (11) and FRG (FGD-1-
related Cdc42-GEF) (12) function as specific GEFs for Racl and
Cdc42, respectively. Tiam1, which is widely expressed, is involved in
the promotion of invasion in lymphocytes and fibroblasts and
adhesion in epithelial cells (13). We noted that Tiam1 is located
within growth cones and promotes the formation of axons (14, 15).
The NMDA receptor controls the growth and morphological
changes of dendritic arbors and spines through Tiam1-dependent
Racl activation (16). These reports create interest in a role for this
GEF in mediating neurotrophin actions on the cytoskeleton.

This study examines a role for BDNF and its receptor, TrkB, in
regulating the actin cytoskeleton. We show that BDNF, acting
through TrkB and Tiam1, activates Racl and enhances the forma-
tion of lamellipodia. Surprisingly, we found that TrkB directly binds
to and phosphorylates Tiam1. Tiam1 is phosphorylated at Tyr-829
to enhance the Racl-GEF activity in vitro. The results are consistent
with a model in which BDNF binding and activation of TrkB leads
directly to activation of Tiam1/Racl signaling, leading to changes
in the actin cytoskeleton. The findings provide evidence of a
previously uncharacterized mechanism by which a receptor tyrosine
kinase acts to induce signaling of Racl, a regulator of the actin
cytoskeleton.

Results and Discussion

Neurotrophins are diffusible trophic factors that are best known for
their ability in developing neurons to regulate survival and differ-
entiation, including the growth of axons and dendrites (1, 2). Given
the evidence suggesting that Rho GTPases mediate the process of
growth in developing neurons (3), we asked whether neurotrophins
act by influencing the activities of endogenous Rho GTPases. Using
a transient transfection system in Cos-7 cells, the active GTP-bound
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Tiam1 is essential for Rac1 activation and the formation of lamellipodia induced by BDNF. (A and B) Rho GTPase Rac1 is activated after stimulation with

BDNF. (A) The activity of endogenous Rac1 was measured after the addition of BDNF (10 ng/ml for 0-120 min) with an affinity-precipitation assay by using
recombinant aPak-CRIB. The total Rac1 in the cell lysates was immunoblotted with an anti-Rac1 antibody. (B) The levels of Rac1 activation with (filled circles)
or without (open circles) the addition of BDNF were quantified and normalized against the total cell lysates. (C) Schematic structures of Tiam1. (D) Cos-7 cells
were transfected with FLAG-PHN-CC-Ex and TrkB. The amount of GTP-bound Rac1 was assessed after the addition of BDNF (10 ng/ml for 45 min). (E) After
stimulation with BDNF, increased Tiam1 was detected by an affinity-precipitation assay using GST-Rac1G15A from the lysates of Cos-7 cells after incubation with
BDNF. Cells were transfected with FLAG-C1199 Tiam1 and TrkB. Active FLAG-C1199 Tiam1 was precipitated with GST-Rac1G15A. The total FLAG-C1199 Tiam1
in the cell lysates is also shown. (F-/) Tiam1 and Rac1 are required for the formation of BDNF-induced lamellipodia. Cos-7 cells were transfected with TrkB and
EGFP (F), Rac1G12V and EGFP (G), FLAG-PHN-CC-Ex, TrkB, and EGFP (H), or Rac1T17N, TrkB, and EGFP (/), incubated with BDNF (10 ng/ml for 30 min) (F, H, and

1), and stained with rhodamine phalloidin for F-actin.

form of Racl was detected by using an affinity-precipitation assay
with the GST-tagged Cdc42-GTP/Racl-GTP interactive binding
domain (CRIB) of aPak (17). As shown in Fig. 1.4 and B, Racl was
activated in a time-dependent manner after stimulation with BDNF
in Cos-7 cells transfected with a plasmid encoding TrkB. At 45 min,
the activity of Racl reached a maximum of 2.0-3.0 times the
pretreatment levels; by 90-120 min, it returned to the pretreatment
baseline. The effect was blocked by pretreatment with K252a, an
inhibitor of the Trks (Fig. 64, which is published as supporting
information on the PNAS web site). Similarly, BDNF increased
GTP-bound Cdc42, but the time course was different from that of
Racl (Fig. 7, which is published as supporting information on the
PNAS web site). In contrast, BDNF had no effect on RhoA (data
not shown). We conclude that through the activation of TrkB,
BDNF increases the levels of the GTP-bound forms of Racl and
Cdc42.

Because activation of Racl and Cdc42 followed different time
courses (Figs. 1 and 7), we reasoned that different GEFs might
regulate the activities of Racl and Cdc42. Although it has been
reported that TrkC activates the Racl-GEF Tiaml (18) and the
Cdc42-GEF Dbs (19), less is known about the relationships be-
tween TrkB and Rho family GEFs. At first, we focused on Racl in
this study. To identify a Racl-specific GEF that may be responsible
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for BDNF-induced Racl activation, a search of public databases for
known mammalian Racl-specific GEFs led us to consider the
Racl-GEF Tiaml. Tiaml is expressed at high levels in the devel-
oping brain (20). Overexpression of Tiam1 promotes the formation
of lamellipodial structures in fibroblasts and neurites in neuroblas-
toma cells (14). STEF/Tiam2, another Racl-GEF, is highly ho-
mologous with Tiam1 and also increases neurite outgrowth (21).
Because endogenous Tiam1 was detected at high levels in Cos-7
cells, we set out to study whether Tiam1 mediated BDNF-induced
Racl activation in these cells.

The Tiam1 protein is 1,591 aa long and contains several distinct
domains (Fig. 1C). Tiaml contains two N-terminal PEST se-
quences [rich in proline (P), glutamate (E), serine (S), and threo-
nine (T)], an N-terminal Pleckstrin homology domain (PHn), a
coiled-coil region with an adjacent sequence (named CC-Ex), a
Ras-binding domain (RBD), a PDZ (PSD-95/DigA/Z0-1) do-
main, a Dbl homology domain, and its adjacent C-terminal PH
domain (22). The PEST sequences are known to target proteins for
degradation; deletion of these PEST sequences strikingly enhances
the stability of the Tiam1 protein (22). The isolated PHn-CC-Ex
region of Tiaml functions as a dominant negative, because its
expression inhibits Tiam1-mediated membrane ruffling in Cos-7
cells (23). To better define the role of these domains in BDNF-
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induced Racl activation, we made the following constructs: (i)
C1199 Tiaml (amino acids 393-1591), in which the N-terminal
amino acids 1-392 containing two consensus PEST domains were
deleted (Fig. 1C), and (ii)) PHn-CC-Ex (amino acids 393-841),
which contains the PHn-CC-Ex region and the RBD of Tiaml
(amino acids 393-841) (Fig. 1C).

To show whether BDNF activates Racl through Tiaml, we
carried out affinity-precipitation assays. Transfection of the dom-
inant-negative PHn-CC-Ex into Cos-7 cells blocked BDNF-induced
Racl activation (Fig. 1D), suggesting that Tiam1 is involved in this
signaling pathway. Next, to examine whether Tiam1 is activated
after stimulation with BDNF, we carried out an affinity-
precipitation assay to detect active Tiaml by using GST-
RaclG15A, a guanine nucleotide-free form of Racl (24). Active
GEFs preferentially interact with guanine nucleotide-free forms of
the small GTPases. A point mutation of glycine to alanine of
residue 15 on Racl decreases its nucleotide binding (24). After
stimulation of Cos-7 cells cotransfected with TrkB and C1199
Tiam1 with BDNF, the level of Tiam1 that was precipitated with
RaclG15A showed a marked increase (Fig. 1E). This effect was
blocked with K252a pretreatment (Fig. 6B). To determine whether
BDNF induces activation of Tiam1 in neurons, affinity precipita-
tion was used to detect the active form of endogenous Tiam1 in
primary cultures of cortical neurons. There was an increase in
endogenous Tiaml precipitated with RaclG15A upon BDNF
stimulation of TrkB (Fig. 84, which is published as supporting
information on the PNAS web site). Pretreatment with K252a
blocked the increase in Tiam1 precipitated with RaclG15A (data
not shown). Taken together, these results indicate that BDNF
activates Racl through the Racl-specific GEF Tiam1.

RhoA regulates the assembly of contractile actin-myosin fila-
ments. In contrast, Racl and Cdc42 regulate the polymerization of
actin to form peripheral lamellipodial and filopodial protrusions,
respectively. To investigate the effect of BDNF on the actin
structure in Cos-7 cells, we cotransfected constructs together with
pEGFP-C1 to visualize the transfected cells by EGFP expression.
The cells were also stained with rhodamine phalloidin for F-actin.
BDNF induced a marked change in the distribution of actin, as
demonstrated by a large increase in staining near the cell surface,
a change that marks lamellipodia (Fig. 1F Right). The formation of
lamellipodia was seen in =90% of Cos-7 cells cotransfected with
TrkB and pEGFP-C1, a result that was replicated in cells trans-
fected with a constitutively active form of Racl (Fig. 1G). In
contrast, this pattern of staining was seen in <<1% of vehicle-treated
cells (Fig. 1F Left).

To investigate the involvement of Tiaml in BDNF-induced
lamellipodia, we transfected PHn-CC-Ex into Cos-7 cells. Cotrans-
fection of PHn-CC-Ex inhibited the BDNF-induced lamellipodia of
Cos-7 cells (Fig. 1H). In contrast, these structures were still ob-
served in untransfected cells (Fig. 1H). To test whether the involve-
ment of Tiam1 in the BDNF-induced lamellipodia was through
Racl, we next transfected a dominant-negative form of Racl into
Cos-7 cells. Cotransfection of Rac1T17N suppressed the BDNF-
induced lamellipodia, and transfected cells showed prominent
filopodia, perhaps because of concurrent activation of Cdc42 (Fig.
1I). We conclude that the induction of lamellipodia by BDNF is
through Tiaml and Racl.

To establish the subcellular localization of TrkB and C1199
Tiam1 before and after BDNF treatment, we performed immuno-
staining experiments. TrkB and C1199 Tiam1 were widely distrib-
uted in vehicle-treated cells, with staining at or near the cell surface
as well as in the perinuclear regions; there was partial colocalization
in both sites, with more evident in the perinuclear region (Fig. 24).
After treatment with BDNF, there was a change in the distributions
of both molecules. Both were increased at or near the cell surface,
where they displayed significant colocalization (Fig. 24). To further
investigate the localization of endogenous TrkB and Tiaml, we
used primary cortical neurons from embryonic day-16 rat embryos.
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Fig.2. BDNFincreasesthe colocalization of Tiam1and TrkB inthe membrane
structures. (A) Cos-7 cells were transfected with FLAG-C1199 Tiam1 and TrkB,
incubated with BDNF (10 ng/ml for 30 min), and stained with antibodies
against TrkB (red) and FLAG peptide (green). Stimulation with BDNF increased
the colocalization in the membrane structures. (B) After stimulation with
BDNF (10 ng/ml for 30 min), the immunoprecipitates of FLAG-C1199 Tiam1
were immunoblotted with an antibody against TrkB. The total C1199 Tiam1
and TrkB are also shown. (C) Cortical neurons were stained with antibodies
against TrkB (red) and Tiam1 (green). (D) The immunoprecipitates of endog-
enous Tiam1 were immunoblotted with an antibody against TrkB. The total
Tiam1 and TrkB are also shown. (E) After stimulation with BDNF (10 ng/ml for
0-30 min), tyrosine-phosphorylated FLAG-C1199 Tiam1 was increased in a
time-dependent manner. The total FLAG-C1199 Tiam1 is also shown.

TrkB was present in the cell bodies and in neurites; Tiam1 was also
present in cell bodies and in some neurites (Fig. 2C). TrkB and
Tiam1 were colocalized principally in cell bodies and to a lesser
extent in neurites (Fig. 2C). Stimulation with BDNF had no
detectable effect on the distribution of TrkB and Tiam1 (data not
shown). Next, to examine whether TrkB formed a complex with
Tiam1, we carried out coimmunoprecipitation studies. TrkB was
coimmunoprecipitated with C1199 Tiaml in both vehicle- and
BDNF-treated cells (Fig. 2B). This result was confirmed in exper-
iments using brain lysates (Fig. 2D). The TrkB receptor was
coimmunoprecipitated with Tiam1 by its specific antibody but not
by a preimmune IgG. In contrast, BDNF stimulation caused the
increase of the association between Tiaml and TrkB in cortical
neurons, and the association was reduced with K252a pretreatment
(Fig. 8B). These results suggest that TrkB has the ability to form a
complex with Tiaml1 in coexpressed Cos-7 cells but that, at the
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endogenous levels, their association can be observed after activa-
tion of TrkB.

Recently, it has become apparent that some GEFs can be
phosphorylated by tyrosine kinases (12, 19). To clarify whether
Tiam1 was tyrosine-phosphorylated after the activation of TrkB, we
examined the phosphorylation of Tiam1 by stimulating Cos-7 cells
transfected with C1199 Tiam1 and TrkB with BDNF. Our results
confirmed that within 15 min of BDNF treatment, C1199 Tiam1
was tyrosine-phosphorylated; there was a further increase at 30 min
(Fig. 2E). Consistent with a role for TrkB in this activity, pretreat-
ment with K252a inhibited tyrosine phosphorylation of C1199
Tiam1 (data not shown). In cortical neurons, endogenous Tiam1
was also tyrosine-phosphorylated in a manner that depended on
BDNF stimulation of TrkB (Fig. 8C).

Our studies defined lamellipodia formation downstream from a
signaling pathway whose elements were BDNF/TrkB/Tiam1/
Racl. Although a direct interaction exists between BDNF and
TrkB, and between Tiam1l and Racl, it was unclear how TrkB
signaled to Tiaml. Because it has been shown that TrkC directly
phosphorylates and activates the Cdc42-GEF Dbs (19), one possi-
bility was that TrkB interacted directly with Tiam1 and phosphor-
ylated Tiam1 at a tyrosine residue(s). To test this possibility, we
performed in vitro kinase assays using recombinant proteins cor-
responding to the TrkB kinase domain and Tiam1, as described in
Materials and Methods. The GST-tagged TrkB kinase domain was
overexpressed in Escherichia coli and purified. The fusion protein
appeared to retain its intact kinase, as indicated by immunoblotting
with an anti-phosphorylated Trk antibody (Fig. 34). FLAG-tagged
C1199 Tiaml was transiently transfected into 293T cells. The
FLAG-C1199 Tiam1 protein was purified from the cell lysate by
using a resin that was preabsorbed with an anti-FLAG antibody
(Fig. 34). When immobilized C1199 Tiam1 was incubated with the
GST-TrkB kinase domain, the latter was found to bind (Fig. 3B
Middle). Additionally, with the GST-TrkB kinase domain, but not
with GST alone, there was tyrosine phosphorylation of C1199
Tiaml (Fig. 3B Top); the input level of C1199 Tiaml in lysates was
constant (Fig. 3B Bottom). Thus, TrkB kinase was capable of
directly tyrosine-phosphorylating Tiam1 in vitro.

To investigate whether TrkB directly stimulated tyrosine phos-
phorylation that led to enhanced Racl-GEF activity of C1199
Tiam1, immobilized C1199 Tiam1 was first phosphorylated by the
GST-TrkB kinase domain as described above. In a parallel exper-
iment, GST, instead of the GST-TrkB kinase domain, was used as
a control. His-Racl:GDP was added to the reaction and incubated
in a buffer containing an excess amount of GTP-v-S. The super-
natants were collected and then mixed with GST-aPak-CRIB that
was preabsorbed to glutathione resin. The amount of Racl-GTP-
v-S was assayed as before. As shown in Fig. 3 C and D, while under
the condition of this experiment, some activation of Racl was
evident in the absence of TrkB kinase domain, and C1199 Tiam1
exposed to the TrkB kinase domain markedly stimulated the
exchange of Rac1‘GDP to Racl‘GTP-v-S and did so in a time-
dependent manner. Taken together, the results suggest that TrkB-
induced tyrosine phosphorylation of Tiam1 leads to enhanced GEF
activity for Racl.

To define the Tiam1 residues that are tyrosine-phosphorylated
by TrkB, and to show whether this modification is important for the
activation of Racl, we constructed expression vectors that harbored
a series of deletion constructs of Tiam1 (Fig. 94, which is published
as supporting information on the PNAS web site). We cotrans-
fected various constructs of Tiaml with the GST-TrkB kinase
domain into Cos-7 cells. As shown in Fig. 9B, the active GST-TrkB
kinase domain was able to induce the tyrosine phosphorylation only
of fragment 2. As controls, these constructs were cotransfected with
the GST vector; no tyrosine phosphorylation was detected for any
fragment (Fig. 9B). We next investigated whether fragment 2 was
directly phosphorylated by the GST-TrkB kinase domain in vitro.
The immobilized fragments of Tiam1 were incubated with the
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Fig. 3. TrkB binds, phosphorylates, and activates Tiam1 in vitro. (A) The
purified GST-TrkB kinase domain (10 ng) was applied during SDS/PAGE,
stained with Coomassie brilliant blue (Left), and immunoblotted (IB) with an
anti-phosphorylated Trk antibody (Center). Purified FLAG-C1199 Tiam1 (100
ng) was separated by SDS/PAGE and stained with Coomassie blue (Right). (B)
Immobilized FLAG-C1199 Tiam1 was incubated with 20 uM ATP and 10 ng/ul
GST or a GST-TrkB kinase domain in 30 ul of reaction buffer, washed, and
immunoblotted with either anti-phospho-Tyr or anti-phosphorylated Trk an-
tibodies. (Cand D) Immobilized FLAG-C1199 Tiam1 was incubated with GST or
a GST-TrkB kinase domain. The supernatants were removed and mixed with 3
M GTP-y-S and glutathione resin preabsorbed with GST-aPak-CRIB. The
GTP-y-S-bound form of Rac1 was detected with an anti-Rac1 antibody.

GST-TrkB kinase domain as described above. In agreement with
the results in the cells, fragment 2 was tyrosine-phosphorylated by
the GST-TrkB kinase domain in vitro (Fig. 9C). Furthermore, this
reaction required ATP; omission of ATP from the reaction mixture
prevented tyrosine phosphorylation of fragment 2 (Fig. 9C). Fi-
nally, we showed that the activated GST-TrkB kinase domain was
coimmunoprecipitated with fragment 2, as assessed by using an
anti-phosphorylated Trk antibody (Fig. 9D). In addition to frag-
ment 2, fragment 3 weakly associated with the TrkB kinase domain
(Fig. 9D). Thus, fragment 3 might assist in binding C1199 Tiaml1 to
TrkB kinase. Together, these results are evidence that fragment 2
binds TrkB and provides a site(s) that is tyrosine-phosphorylated by
TrkB kinase.

Examination of fragment 2 revealed that only two tyrosine
residues, EEDIY®?ELLY and YELLY®3KEIE, were computa-
tionally predicted (by using the NetPhos 2.0 server) to be sites of
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tyrosine phosphorylation (scores were 0.986 and 0.923, respec-
tively). To identify the TrkB tyrosine phosphorylation site(s) of
Tiaml fragment 2, we constructed point mutants of C1199 Tiam1
within fragment 2 in which either Tyr-829 or Tyr-833 was changed
to phenylalanine (Y829F or Y833F, respectively) (Fig. 44). We
then conducted in vitro tyrosine phosphorylation experiments using
these constructs. Immobilized Tiam1 mutants were incubated with
either GST or the GST-TrkB kinase domain, as discussed above.
Our results revealed that the wild-type C1199 Tiam1 was tyrosine-
phosphorylated by the GST-TrkB kinase domain (Fig. 4B Top; sce
also Fig. 4C). A similar effect was observed for the Y833F mutant
(Fig. 4B Bottom; see also Fig. 4C). However, the GST-TrkB kinase
domain failed to elicit tyrosine phosphorylation in the Y829F
mutant (Fig. 4B Middle; see also Fig. 4C). Importantly, the Y829F
mutant lost the ability to induce Racl-GEF activity in the guanine
nucleotide-binding assay, whereas the Y833F mutant stimulated
Racl-GEF activity to the same extent as that seen in the wild-type
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kinase kinase kinase

. — - ~am < Racl-GTPyS

anti-phospho-Tyr antibody. (D) Im-
mobilized FLAG-C1199 Tiam1 con-
structs were incubated with GST or
a GST-TrkB kinase domain. The su-
pernatants were incubated with
GTP-vy-S and glutathione resin pre-
absorbed with GST-aPak-CRIB. The
GTP-y-S-bound form of Racl was
detected with an anti-Rac1 anti-
body. (E-G) Tyr-829 is required for
BDNF-induced lamellipodia. Cos-7
cells were transfected with FLAG-
C1199 Tiam1 (E), FLAG-C1199
Tiam1 Y829F (F), or FLAG-C1199
Tiam1Y833F (G) and also TrkB (E-G)
and EGFP (E-G), incubated with
BDNF (10 ng/ml for 30 min), and
stained with rhodamine phalloidin.
Using the calcium-phosphate
method for transfection, >98% of
the cells expressing Tiam1 con-
structs also expressed TrkB.

< Rac1-GTPyS

Vehicle BDNF

C1199 Tiam1 Y833F

C1199 Tiam1 (Fig. 4D). These results indicate that the phosphor-
ylation of Tyr-829 induced by TrkB increased Racl-GEF activity.

To determine the physiological significance of TrkB-induced
tyrosine phosphorylation of Tiam1 at Tyr-829, C1199 Tiam1 or the
mutants of CI1199 Tiaml were cotransfected with TrkB and
pEGFP-C1 into Cos-7 cells. We monitored the effects of these
constructs on the actin structure after stimulation with BDNF. As
expected, stimulation with BDNF significantly increased the lamel-
lipodia formation (=90%) in C1199 Tiam1-expressed cells (Fig. 4E
Right) as compared with that (<1%) in vehicle-treated cells (Fig. 4E
Left). With respect to C1199 Tiaml, there was no decrease in
BDNF-mediated induction in lamellipodia in cells expressing the
Y833F mutant (Fig. 4G Right). In contrast, when the Y829F mutant
was cotransfected with TrkB and pEGFP-C1, the formation of
BDNF-induced lamellipodia was markedly inhibited (Fig. 4F
Right), resulting in the presence of these structures in <1% of cells,
a result that did not differ from that in vehicle-treated cells (Fig. 4F

Left).

C1199 Tiam1 Y829F C1199 Tiam1 Y833F

Vehicle

BDNF

Fig. 5. Tyr-829 of Tiam1 is important for BDNF-induced neurite formation. DIV2 cortical neurons from embryonic day-16 rat embryos were transfected with
FLAG-Tiam1 C1199, FLAG-Y829F mutant, FLAG-Y833F mutant, or FLAG plasmid. After transfection, cells were cultured for 24 h in medium without BDNF and
then incubated with 10 ng/ml BDNF for 24 h. Cells were stained with anti-FLAG antibody. The representative confocal images of cortical neurons.
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Finally, we examined the effect of C1199 Tiam1 and mutants of
C1199 Tiam1 on the morphology of primary cortical neurons from
embryonic day-16 rat embryos that were either stimulated with
BDNF or not stimulated (Fig. 5). Cortical neurons were transfected
with C1199 Tiam1, the Y829F mutant, the Y833F mutant, or FLAG
alone as a control. After stimulation with BDNF, ~45% of cortical
neurons showed neurites longer than three cell bodies in length in
mock-transfected cells, whereas only 20% of neurons did so without
BDNF stimulation (Fig. 104, which is published as supporting
information on the PNAS web site). The number of neurites also
increased in mock-transfected cells after stimulation with BDNF
(Fig. 10B). Both parameters were increased with BDNF treatment
of cortical neurons transfected with C1199 Tiaml or the Y833F
mutant (Fig. 10 A and B). In contrast, expression of the Y829F
mutant reduced both the number of neurites (Fig. 10B) and the
number of cells bearing longer neurites (Fig. 104) in BDNF-treated
cells. These findings are evidence that Tyr-829 of Tiam1 plays a
critical role in BDNF-induced neurite formation. To further clarify
the importance of Tiam1 in BDNF-regulated neurite extension, we
used a short interfering RNA (siRNA) to knock down endogenous
Tiam1 in cortical neurons. Expression of Tiam1 proteins in cortical
neurons was markedly down-regulated by transfection with Tiam1
siRNA, whereas expression of B-actin was unaffected (Fig. 11C,
which is published as supporting information on the PNAS web
site). Knock-down of Tiam1 inhibited the BDNF-induced increase
of the number of cells bearing neurites (Fig. 114) and of neurites
(Fig. 11B). Control siRNA had no effect on these parameters. In so
doing, they complement and extend the results of recent studies that
demonstrated an important role for STEF and Racl in mediating
neurite outgrowth from neuroblastoma cells (21). Taken together
with studies on Cos-7 cells, the observations in neuronal cells offer
compelling evidence that BDNF induces changes in cell shape
through a signaling pathway that depends critically on direct
TrkB-mediated Tyr-829 phosphorylation of Tiam1 with resulting
activation of Racl.

Here, we show that TrkB directly phosphorylates and activates
Racl-specific GEF Tiaml, thereby inducing changes in cellular
morphology. Tyr-829 of Tiaml is identified as the major TrkB
tyrosine phosphorylation site. Importantly, concomitant with Racl
activation, Cdc42 activation is also induced by BDNF binding to
TrkB. This observation is reminiscent of coincident activation of
Racl and Cdc42 induced by the Eph receptor tyrosine kinase.
When EphB binds to the Cdc42-specific GEF intersectin 1, its
activation signals the actin cytoskeleton through a neuronal Wis-
kott—Aldrich syndrome protein and the downstream actin-related
proteins 2/3 (25). Activation of EphB also induces the translocation
of Kalirin and the activation of Racl (26). EphB functionally
interacts with different Rho GEFs, thereby activating different Rho
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GTPases. These integrated signals may allow EphB to induce a
variety of morphological changes, although it is unclear whether
EphB directly activates RhoGEFs. Identification of the Cdc42-
specific GEF(s) activated by TrkB and the activation mechanism
will allow us to elucidate further the mechanism by which TrkB
regulates the actin cytoskeleton. Further study of the regulation of
Tiam1 may help to clarify the basic molecular mechanism under-
lying neurotrophin-induced morphological changes in normal neu-
rons and provide insights into neurological disorders that may be
linked to disordered activation of Rho GTPases.

Materials and Methods

For details, see Supporting Materials and Methods, which is
published as supporting information on the PNAS web site.

Cell Culture of Neurons. Cortical neurons were isolated from em-
bryonic day-16 embryos of Sprague—Dawley rats according to the
protocol of Wu et al. (27). Briefly, cerebral cortices were dissected,
dissociated with 0.25% trypsin (Invitrogen), triturated, and passed
through 70-um-pore-size meshes. Cells were collected after cen-
trifugation at 200 X g for 5 min and plated on collagen-coated
dishes. Plasmid DNAs were transfected into neurons by the calci-
um-phosphate precipitation method. In some experiments, DIV2
cortical neurons were transfected, starved in a serum-low medium
before BDNF treatment, and fixed 24 h after stimulation. For the
statistical calculations (n = 5-20 in at least five microscope areas),
cells bearing neurites longer than three cell bodies in length were
considered as cells with neurite outgrowth. In counting, cells
positive for FLAG expression were included in the analysis.

Guanine Nucleotide-Binding Assay. The immobilized, purified frag-
ments of Tiam1 (100 ng) were incubated in 30 ul of reaction buffer
(20 mM Hepes-NaOH, pH 7.5/5 mM MgCl,/150 mM NaCl/1 mM
DTT/1 mM phenylmethane sulfonylfluoride/1 pug/ml leupeptin/1
mM EDTA) containing 16 ng/ul His-Racl, 33 ng/ul BSA, and 3
uM GTP-vy-S (Sigma) at 30°C for 0, 5, 15, and 30 min (28). The
mixtures were immediately cooled on ice, and their supernatants
were then mixed with glutathione resin preabsorbed with GST-
aPak-CRIB in 200 ul of lysis buffer. The band intensity of
Racl-GTP in the immunoblot was semiquantified. Three to 10
separate experiments were performed, as shown in Figs. 3 and 4.
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