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Abstract

Microtubule-associated protein 1B (MAP1B) is a neuronal protein involved in the stabilization of microtubules both in the
axon and somatodendritic compartments. Acute, genetic inactivation of MAP1B leads to delayed axonal outgrowth, most
likely due to changes in the post-translational modification of tubulin subunits, which enhances microtubule
polymerization. Furthermore, MAP1B deficiency is accompanied by abnormal actin microfilament polymerization and
dramatic changes in the activity of small GTPases controlling the actin cytoskeleton. In this work, we showed that MAP1B
interacts with a guanine exchange factor, termed Tiam1, which specifically activates Rac1. These proteins co-segregated in
neurons, and interact in both heterologous expression systems and primary neurons. We dissected the molecular domains
involved in the MAP1B-Tiam1 interaction, and demonstrated that pleckstrin homology (PH) domains in Tiam1 are
responsible for MAP1B binding. Interestingly, only the light chain 1 (LC1) of MAP1B was able to interact with Tiam1.
Moreover, it was able to increase the activity of the small GTPase, Rac1. These results suggest that the interaction between
Tiam1 and MAP1B, is produced by the binding of LC1 with PH domains in Tiam1. The formation of such a complex impacts
on the activation levels of Rac1 confirming a novel function of MAP1B related with the control of small GTPases. These
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results also support the idea of cross-talk between cytoskeleton compartments inside neuronal cells.
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Introduction

In cultured hippocampal neurons, axon outgrowth and the
concomitant breaking of symmetry proceed through a series of
stereotyped events [1]. Shortly after plating, spherical neuronal
cells develop several minor processes of the same length. After a
few hours in culture, one of these processes, with a large and
highly dynamic growth cone, starts to grow, generating a polarized
cell [2,3]. The remaining minor processes, which grow more
slowly, will subsequently become dendrites. Cumulative evidence
shows that microtubules and actin microfilaments may recipro-
cally influence their dynamic behaviors, and are an important
element supporting axon specification, guidance and elongation
[3,4]. In a seminal paper, Bradke and Dotti showed that the
administration of cytochalasin D (an actin depolymerizing drug)
promotes the formation of supernumerary axons [5], indicating
that the tight regulation of actin filaments is necessary for
determining a single axon. Amongst many other molecules, Rho
GTPases are the master regulators of the actin cytoskeleton and
have been implicated in diverse cellular processes such as
cytokinesis, cellular adhesion and migration [6,7]. More impor-
tantly, Rho GTPases have been reported to be key regulators of
neurite extension and retraction, axon specification and polariza-
tion [3,8].

Small GTPases act as molecular switches, cycling between an
inactive, GDP-bound state and an active GTP-bound state. This
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cycling is regulated by proteins belonging to the guanine
nucleotide exchange factor (GEF) and G'TPase-activating protein
(GAP) families [9,10]. Once activated, Rho G'TPases interact with
effectors to propagate downstream signaling events that target
multiple signal transduction pathways controlling various aspects
of cell biology. The most-studied members of the Rho GTPase
family are RhoA that regulates neurite collapse, and Racl and
Cdc42 that induce extensive and protrusive actin polymerization
leading to the formation of lamellipodia and filopodia, respectively
[11-15]. Several Rho G'TPase regulatory proteins are involved in
neuronal polarization. One of them is the Racl-specific GEF
Tiam 1 (T-lymphoma and metastasis 1 protein) that has been
identified as a Racl upstream regulator of neuronal polarity [16—
19]. In hippocampal neurons, Tiam 1 accumulates in the axonal
shafts and the growth cone of the prospective axon. Overexpres-
sion of Tiaml induces multiple axon-like neurites, whereas the
depletion of Tiaml inhibits axon formation by preventing actin
filament reorganization. Moreover, Tiaml also associates with
dynamic tyrosinated microtubules [18].

Previously, we showed that MAP1B (microtubule associated
protein 1B) can regulate Racl activity during axonal outgrowth
owing to its interaction with Tiaml [20,21], but the molecular
domains involved in such interactions were not uncovered.
MAPI1B is the first MAP to be expressed strongly in the nervous
system during embryonic development [22,23]. The role of
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MAPI1B in axonogenesis has been widely studied [24-26]. Thus,
suppression of MAP1IB with antisense oligonucleotides inhibits
laminin-enhanced axon growth [25], and there is a significant
delay in axon outgrowth and a reduced rate of axon elongation in
cultured hippocampal pyramidal neurons from MAPI1B-deficient
mice [26-28].

MAPIB is a 320 kDa protein that is translated as a polyprotein
which is subsequently cleaved into two subunits termed the heavy
chain (HC), comprising the first 2,200 amino acids and the light
chain 1 (LC1), which corresponds to the CG-terminal 250 amino
acids [29]. Both protein subunits form a macromolecular complex
where HC and LCI1 are the regulatory and active subunits,
respectively [30].

MAPIB deficiency results in decreased Racl and Cdc42
activities and increased RhoA activity [20]. Interestingly, MAP1B
deficiency also reduces the amount of tyrosinated microtubules,
most likely due to an interaction between MAPI1B and the tubulin
tyrosine ligase (I'TL) enzyme [31]. Tyrosinated microtubules
strongly bind Tiaml, specifically at the growth cones of growing
axons [18]. The mechanism involved in the MAPIB-Tiaml
interaction seems to be conserved in both young and adult
neurons, where it may be involved in axon elongation and
dendritic spine remodeling, respectively [20,21]. These results
suggest that the MAP1B-Tiam! interaction may serve to regulate
the cross-talk between actin and microtubules in developing
neurons, affecting axon specification and elongation. In this work,
we examine the molecular domains involved in the MAPI1B-
Tiaml interaction, and show that PH-domains in Tiaml are
responsible for MAPIB binding. MAPIB binding to Tiaml is
promoted primarily by the LCI subunit, leading to Racl
activation, suggesting that the interaction between LC1 and
Tiam1 is actually controlling the cross-talk between neuronal
cytoskeleton compartments.

Materials and Methods

Primary antibodies

The following primary antibodies were used in this study: a-
tubulin mAb (Sigma) diluted 1:10000; FLAG mAb (Sigma) diluted
1:4000; GST mAb (Sigma) diluted 1:4000; a goat Ab against
MAPI1B diluted 1:1000 (clone N-19, Santa Cruz Biotechnology); a
rabbit Ab against Tiam1 diluted 1:1000 (clone C-16, Santa Cruz
Biotechnology); anti-HA mAb diluted 1:1000 (F-7 clone, Santa
Cruz Biotechnology); a rabbit Ab against c-myc diluted 1:500
(clone A-14, Santa Cruz Biotechnology); a rabbit Ab against Racl,
diluted 1:3000 (BD Bioscience).

Plasmid constructs

Light chain 1 (LC1) of MAPI1B (corresponding to amino acids
2100-2459) and the NTD (amino acids 2100-2336) and C'TD
(amino acids 2336-2459) fragments were amplified by PCR from
a mouse embryonic brain cDNA preparation, digested with
EcoRI/BamHI and subcloned into pGEX-6pl (Promega). The
same fragments were cloned into pcDNAS3 for incorporation of a
myc-tag). The following Tiaml fragments were cloned: T1, N-
terminal domain and PEST motif (amino acids 1-400); T2, N-
terminal pleckstrin domain (N-PH, amino acids 400-740); T3,
Ras binding domain (RBD) and PDZ domain (amino acids 740
1000); T4, Dbl-homology domain (DH, amino acids 1000-1263)
and Tb, C-terminal pleckstrin domain (C-PH, amino acids 1263~
1591). PCR-amplified fragments were digested (T1, 2 and 3,
BamHI/HindlIl; T4, EcoRI/Sall; T5, BamHI/Sall) and sub-
cloned into pCMV-Tag?2 (Clontech) for addition of an N-terminal
FLAG-epitope. All clones were confirmed by DNA sequencing.
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The ¢cDNA encoding for MAPIB full length (FL; amino acids 1—
2459), heavy chain (HGC; amino acids 1-2185) and light chain 1
(LC1; amino acids 2210-2459) were cloned in the tetracycline
(tTA) inducible expression vector pUHD10-3 for fusion to a C-
terminal myc-tag (kindly provided by Dr. Friedrich Prospt
(Austria) [30,32]. The c¢DNA encoding for the N-terminal
truncated Tiaml (C1199) was cloned into a pcDNA3 vector
containing a cytomegalovirus (CMV) promoter and a C-terminal

HA-tag [33].

Cell culture and transfection

COS7 and NIE115 cells were grown in DMEM medium
containing 10% fetal bovine serum (FBS) and 1% penicillin/
streptomycin in a humidified atmosphere of 5% CO, at 37°C. For
transfection, cells were seeded onto 100-mm or 60-mm dishes.
The plasmids were transfected in serum-free OptiMEM medium
using Lipofetamine 2000 (Invitrogene), according to the manu-
facturer’s instructions. The medium was exchanged to the fresh
serum-containing medium after 4 h. After transfection, cells were
incubated for 48 h at 37°C.

Rat hippocampal neuron primary culture

For immunofluorescence assays, cultures of rat hippocampal
neurons were prepared as described previously by Kaech &
Banker [34]. In brief, hippocampal cells from Sprague-Dawley rat
embryos (E18.5) were dissociated after treatment for 20 min with
0.25% (w/v) trypsin (Gibco). Cells were plated at 1x10* cells/cm?
in coverslips previously coated with poly-D-lysine 1 mg/ml
(Sigma-Aldrich) in Neurobasal medium (Gibco) including 10%
horse serum and Glutamine (Gibco). After 2 hours, the medium
was replaced with Neurobasal medium supplemented with B27
and Glutamax (Gibco) in the absence of serum. Cells were kept in
a humidified atmosphere of 5% COg at 37°C. Three days after
plating, neurons were fixed for posterior analysis.

Immunofluorescence

At 3 days i vitro (DIV), primary hippocampal neuronal cells
were fixed with 4% paraformaldehyde, 4% sucrose for 30 min at
37°C and washed with phosphate-buffered saline (PBS). The cells
were incubated with PBS, 0.1% Triton X-100 for 5 min and then
blocked with PBS, 5% (w/v) bovine serum albumin (BSA) for 1 h.
Subsequently, the cells were incubated with primary antibodies
raised against the proteins indicated and diluted in PBS, 1% BSA.
The fluorescent secondary antibodies (Molecular Probes, Invitro-
gen) were used at a dilution of 1:400. Cells were analyzed on a
Zeiss LSM510 Meta confocal scanning microscope.

GST fusion protein preparation

For expression and purification of GST-LC1 and the Rac-GTP
binding domain of GST-Pakl, BL21 (DE3) E. coli strains, carrying
pGEX-LC1, pGEX-NTD-LC1, pGEX-CTD-LC1 and pGEX-
PAKI plasmids, respectively, were grown overnight (ON) in LB
ampicillin medium. Overnight cultures were diluted 1:100 and
grown in fresh medium until ODgg at 37°C. Then, 0.1 mM
isopropyl-B-D-thiogalactopyranoside (IPTG, final concentration)
was added. Two h after induction, cells were collected and lyzed
by sonication in lysis buffer A (50 mM Tris-HCI pH 8.0, 1%
Triton X-100, 1 mM EDTA, 0.15M NaCl, 25 mM NaF,
0.5 mM PMSF and 1x of protease inhibitor complex (Roche)).
Cleared lysate was then purified by affinity with glutathione-
Sepharose beads (Amersham). Loaded beads were washed ten
times with lysis buffer B (lysis buffer A plus 300 mM NaCl) at 4°C.
The GST fusion proteins were quantified and visualized in SDS-
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PAGE gels stained with Coomassie brilliant blue (CBBS) or
immunoblotted using the anti-GST antibody.

Protein-protein interaction pull down experiments

Glutathione sepharose loaded beads (40 pg) with GST-LC1 or
LC1 subdomains (NTD-GST and CTD-GST) were incubated
ON at 4°C with 1 mg of fetal brain lysates or COS7 cell lysates
transfected with the FLAG-tagged Tiaml constructs. Beads were
washed six times with lysis buffer B, and the washed beads were
suspended in SDS-PAGE sampling buffer. The bound proteins
were subjected to immunoblot analysis. Beads loaded with GST
alone were used as control.

Immunoprecipitation

c-Myc antibody or FLAG antibody and the protein-A or G
beads (Sigma) were incubated with N1E115, or COS7 cell lysates
transfected with the indicated plasmids (coding FL, HC or LC1 of
MAPIB and/or the FLAG-tagged construct of Tiaml) in lysis
buffer A for 4 h at 4°C. Beads were washed three times with lysis
buffer A and resuspended in SDS-PAGE sample buffer. Bound
proteins were analyzed by immunoblot. High stringency condi-
tions considered washing steps using buffer B (buffer A plus
300 mM NaCl) for 10 min each time. Beads were resuspended in
SDS-PAGE sample buffer and bound proteins were analyzed by
immunoblot.

Rac1 activity pull down assay

The Racl-GTP binding assay was performed essentially as
described [35]. Briefly, the CRIB domain (amino acids 67-150) of
p21l-activated kinase (Pakl) that binds specifically to the Racl-
GTP but not to the inactive form of Racl (Racl-GDP) was
amplified and cloned into pGEX-CRIB-GST. Loaded beads were
incubated for 1 h at 4°C with 1 mg of fresh COS7 cell lysates co-
transfected with c-Myc-tagged MAPI1B constructs and Tiaml
(C1199 HA-tagged) using fishing buffer (50 mM Tris-HCI pH 7.5,
10% glycerol, 1% Triton X-100, 200 mM NaCl, 10 mM MgCl,,
25 mM Nak, 1x protease inhibitor complex). The beads were
then washed three times with washing buffer (50 mM Tris-HCI
pH 7.5, 30 mM MgCl,, 40 mM NaCl) and the washed beads
were suspended in SDS-PAGE sampling buffer. The bound Racl-
GTP was subjected to immunoblot analysis and quantified with
respect to total Racl with the Image] program.

Results

Tiam1 interacts with light chain (LC1) but not with heavy
chain (HC) of microtubule associated protein 1B (MAP1B)

MAPI1B is essential for axonal elongation, most likely due to a
dual role as a microtubule stabilizing factor [28,36] and actin
microfilament interacting protein [20,37,38]. We previously
showed that neurons lacking MAP1B have abnormal localization
of the guanine exchange factor (GEF) for Racl, Tiaml [20],
which is accumulated in the cell body rather than concentrated at
the most distal part of axons. We also showed that both proteins
co-immunoprecipitate using either anti-MAPIB or anti-Tiaml
antibodies [20]. Since MAP1B possesses two different domains,
termed the heavy chain (HC) and light chain 1 (LC1), in the
present study we sought to characterize the molecular domains
involved in the MAP1B-Tiam! interaction.

Therefore, we first performed an immunolocalization analysis of
both  MAPIB and Tiaml in hippocampal neurons during
polarization. As indicated in Figure 1, hippocampal neurons
cultured for 24 hrs (Figure 1A), display one prospective axon,
characterized by the presence of a bigger growth cone as compare
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with minor neurites. MAP1B and Tiaml are present at the cell
body and minor processes. However, the prospective axon exhibit
MAPIB and Tiaml staining, which begin to concentrate at the
most distal part of the future axon. The identification of such
minor neurite as the prospective axon is not only based on the
growth cone size. The axonal marker tau-1 begins to accumulate
in one of the minor neurites. At 48 hrs. we found that both
proteins were still present at the somatodendritic and axonal
compartments, but they were highly enriched at the most distal
part of the axon (Figure 1B and 1C). Finally at 72 hrs, the staining
at the somatodendritic compartment was faint, while the
accumulation on the axonal tip persisted (Figure 1D and 1E).
Interestingly, the expression pattern for MAPIB and Tiaml,
resembled Tau-1 distribution (Figure 1D). Magnification images
showed in Figure 1C and 1E, support the codistribution of
MAPIB and Tiam]1 at the stage where axon is actively growing.

In order to characterize the molecular determinants involved in
the MAP1B-Tiam] interaction, we next expressed MAP1B using
the tTA conditional expression system. Full-length (FL), heavy
chain (HC) and light chain 1 (LC1) constructs tagged with a myc-
epitope were transfected into either COS7 or. N1E115 neuro-
blastoma cells. Neuroblastoma cells contain endogeneous MAP1B
expression, whilst COS7 cells do not. In order to elicit the
expression of these constructs, a plasmid encoding the tetracycline
trans-activator (tT'A) was cotransfected with the MAPIB con-
structs. We then immunoprecipitated the MAP1B-myc tagged
constructs and analyzed the presence of Tiaml, using an anti-
Tiam1 antibody. Using this approach, we found that in a system
devoided of endogenous MAPI1B, such as COS7 cells, Tiam1 only
interacted with the LC1 protein (Figure 2A). In contrast, Tiaml
was immunoprecipitated by all three MAP1B constructs (FL, HC
and LC1, Figure 2B) in neuroblastoma cells. These results may
reflect the formation of a complex composed by the endogenous
LC1-Tiam] dragging the heavy chain of MAP1B in neuroblas-
toma cells. In order to discriminate between direct or indirect
binding of heavy chain to Tiaml, we performed another set of
immunoprecipitation experiments where the washing steps were
done in high stringency conditions to favor specific protein-protein
interactions. Under these conditions, endogeneous Tiaml immu-
noprecipitated LC1 from neuroblastoma cells, but failed to recover
the heavy chain (Figure 2C). Figure 2D shows that a 320 kDa
protein, which is recognized using an anti-c-myc antibody is
expressed in the lane corresponding to the MAP1B-FL constructs.
Analogously, the expression of both MAP1B-HC (~280 kDa) and
MAPI1B-LC1 (~34 kDa) constructs was detected using the same
antibody, and as expected, MAPIB-HC migrates faster than
MAPI1B-FL (Figure 2D, lane HC). The expression of LC1 was also
verified, since a 34 kDa protein was recognized by the anti-c-myc
antibody (Figure 2D, lane LC). Interestingly, the MAPI1B-FL
construct gave rise to both a myc-tagged full-length and a myc-
tagged-LC1 protein, suggesting that the MAPIB protein could be
found in cells as the polyprotein precursor which could be
proteolytically cleaved to release LC1 under basal experimental
conditions. Altogether these results suggest that indeed the
interaction between MAPIB and Tiaml is established by the
LC1 subunit of MAP1B.

Tiam1 interacts with both the microtubule binding
domain and actin binding domain of LC1

In order to more-fully characterize the interaction between
MAPIB and Tiaml, in the following experiments we specifically
analyzed the interaction of Tiaml with the LC1 subunit of
MAPI1B. We prepared GST-fusion proteins encoding the entire
LC1 protein and constructs containing the N-terminal (microtu-
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Figure 1. Tiam1 colocalizes with MAP1B and displays polarized distribution in hippocampal neurons during polarization.
Hippocampal neurons grown for 24 (A), 48 (B) and 72 (D) hours in vitro and stained with MAP1B (green), Tiam1 (red) and axonal marker tau-1 (white).
(C) and (E) shown a zoom of the MAP1B/Tiam1 merged channel (white square in B and D). Tiam1 and MAP1B are concentrated at the tip of the axon

at 48 and 72 hrs in culture.
doi:10.1371/journal.pone.0053123.g001

bule binding domain) or C-terminal domains (actin binding
domain) of the LC1 (Figure 3A). The recombinant, purified
proteins were analyzed by Coomassie brilliant blue staining and
with an anti-GST antibody in a western blot (Figure 3B and 3D).
Both analyses demonstrate that recombinant proteins with the
expected electrophoretic mobility were synthesized correctly. We
used these constructs to pull down Tiaml from fetal brain extracts.
As indicated in Figure 3C, the GST-LC1 protein was able to
specifically pull down Tiaml from this extract. A control GST
recombinant protein was used to discard unspecific binding of
Tiaml to the glutathione-sepharose GST protein (Figure 3C,
GST). When we performed the pull down assay using the N-
terminal (NTD-GST) and C-terminal (C'TD-GST) domains of
LC1, we found that both fragments were actually able to interact
with Tiaml (Figure 3E, NTD-GST and CTD-GST). Again the
interaction did not exist when we incubated the protein extracts
with a GST protein. Although the relative abundance of recovered
Tiam1 seemed to be uneven when we used NTD-GST or C'TD-
GST (Figure 3E), this difference could be related with differences
in the amount of recombinant protein produced (Figure 3D,
compare NTD-GST with CTD-GST lanes). Indeed, in all the
experiments producing LC1 fragments, we found that the CTD-
GST construct was less efficiently expressed in bacteria.

LC1 interacts with both N-terminal and C-terminal
pleckstrin-homology domains (PH) of Tiam1

In order to determine which region of Tiam1 is involved in the
mteraction with MAPIB-LC1, we then prepared different
constructs of the Tiam1 protein for expression in cellular systems.
For such a purpose, we divided the cDNA encoding full-length
Tiam1 of mouse embryonic brain mRNA into five discrete regions
(T1-T5), as indicated in Figure 4A. All the constructs contained an
N-terminal FLAG-epitope. The expression of these constructs was
verified in transfected COS7 cells (Figure 4B), and peptides of the
expected size were detected with an anti-FLAG antibody. The
protein extracts derived from COS7 cells expressing Tiaml
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constructs T1 to T5 were pulled down using the GST-LCI
recombinant protein. Using this approach, we found that LCI
only interacted with the constructs 12 and T35, which correspond
to the N-terminal and C-terminal PH domains of Tiaml,
respectively (Figure 5A). The differential interaction was not due
to problems in the expression of constructs (Figure 5B) or the
amount of LCI1-GST protein used in the pull down assays
(Figure 5A, see Ponceau red staining in the lower panel). These
results suggest that PH domains of Tiam1 were responsible for the
mteraction with LCI1. In order to confirm these findings, we
coexpressed each Tiaml construct (T'1 to T5) with LC1-myc in
COS7 cells. Using an anti-c-myc antibody, we immunoprecipi-
tated LC1 and analyzed the co-immunoprecipitation of each
Tiaml fragment using an anti-FLAG antibody. Figure 5C shows
that similarly to pull down assay, myc-LC1 was able to interact
with T2 and T5 Tiaml constructs. Figure 5D shows that the
interactions detected in the study were not due to the differential
expression of the Tiam1 (T2 to T5) or LC1 constructs in COS7
cells.

The interaction of these Tiaml T2 and T5 fragments with the
NTD and CTD of LC1 was then analyzed. The protein extracts
derived from COS7 cells expressing Tiam!1 constructs T2 and T5
were pulled down using NTD-GST and CTD-GST fusion
proteins of LC1. After the pull down assay, we found that both
T2 and T5 fragments interacted with the N-terminal and C-
terminal domain of LC1, suggesting that full length LC1 is
required to establish the interaction between Tiaml and MAPIB
(Figure 6).

LC1 increase the Rac1 activity

Having shown that Tiam1, a GEF of Racl, and LC1 interact
vitro (N1E115 and COS7 cells) and the brain (pull down), we were
interested in determining the effect of each MAPIB construct
upon Racl activity. We expressed each MAP1B construct (FL,
HC, and LC1) in neuroblastoma N1E115 cells, and measured the
activity of Racl. For such a purpose, we used an immobilized
GST-fusion protein corresponding to the effector of Racl, the
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Figure 2. Tiam1 interacts with light chain 1 (LC1) of MAP1B.
Overexpression of Myc-tagged MAP1B constructs in COS7 cells and
N1E115 cells was analyzed by immunoprecipitation (IPP) with anti-myc
antibodies followed by Western blotting (Wb) against endogenous
Tiam-1 for N1E115 or Tiam-HA for COS7 cells. (A) myc-tagged MAP1B
constructs expressed in COS7 cells are differentially recovered by HA-
Tiam1. Note that only myc-LC1 subunit interact with Tiam1. (B) All myc-
tagged MAP1B FL, HC and LC1 constructs expressed in N1E115 cells
were able to recover Tiam1. (C) Only endogeneous N1E115 LC1 protein
was recovered with Tiam1 under high stringent conditions (see
materials and methods). (D) Myc-tagged MAP1B constructs expression
in whole cell lysates. Full length (FL), Heavy chain (HC), and Light chain
(LC) of MAP1B expressed in N1E115 (A) or COS7 (C) cells.
doi:10.1371/journal.pone.0053123.g002

p21-binding domain (residues 67-150) of murine PAK1, which
binds Racl-GTP (active form) with high affinity but not Racl-
GDP (inactive form) in a pull down assay. Bound proteins were
separated by SDS-PAGE and immunoblotting was performed
with anti-Racl. The presence of endogenous MAP1B masks the
effect of the isolated fragments (HC and LC1) upon Racl activity
(Figure S1). Therefore, we performed the same experiment in cells
lacking endogeneous MAPIB (COS7) and assayed for Racl
activity. The highest Racl activity was found when Tiaml was
coexpressed with LC1, reinforcing the notion that the LC1-Tiaml
interaction elicits Racl activity (Figure 7A). Quantitative analyses
from three independent experiments showed that LC1 expression
doubled the activity of Racl (p value<<0,05, ANOVA one-way),
while Racl activity after expression of L. and HC did not differ
from untransfected controls (Figure 7B). This difference in the
activity of the Racl was not due to problems in the expression of
constructs (Figure 7C). The results obtained in neuroblastoma cells
support that endogenous MAP1B heavy and light chain 1, can
assemble a protein complex with expressed myc-HC and myc-
LC1 construct, making not possible to distinguish the real
contribution for each fragment toward Racl activity. Nonetheless,
we previously showed that neurons lacking MAPIB, show
decreased Racl activity [20]. Altogether, these results indicate
that LC1 of MAPI1B interacts with both PH domains of Tiaml,

PLOS ONE | www.plosone.org

MAP1B Binds PH Domains of Tiam1

A Lc1-GST

2100 2336 2459

woosr T

2100 2336
CTD-GST esT_ [NED1
2336 2459
= =
0 w
B 2 7 c .
=L = o
209 @ 0 g Q
9 3 O a 2 5 -
60 —> E o S
50 —> - 280
40 —> o s
30— 150
»s—> -
Tiam1
CBBS
D = E
0 0 0 o
QQ Q9 b B
o o = o 0O (O] Q
B E E 0 E T T
0 =z O 0 zZz O U,_) [a] [a]
o> = 8 £ &
50 —>0 - 250 —>
40 —> -
— i -—
30 —> ’ "
- 130 —>
25 —> X
- - e
cess GsT

Figure 3. Tiam1 interacts with the N- and C-terminal domains
of LC1. (A) Schematic representation of GST protein fused to LC1.
Numbers refer to the amino acid positions in mouse MAP1B. NTD, N-
terminal domain (microtubule binding domain); CTD, C-terminal
domain (actin binding domain). (B) and (D) Coomassie brilliant blue
stain (CBBS) of GST proteins used in pull down assays and immunoblot
using anti-GST antibody. (C) and (E) Pull down assay using LC1-GST full
length or isolated N- and C-terminal domains were incubated with fetal
brain lysates. The bound protein was analyzed by immunoblotting with
anti-Tiam 1 antibody. The arrows on the right-hand side of the images
show the band corresponding to Tiam1.
doi:10.1371/journal.pone.0053123.g003

increasing Racl activity. Additionally, it implies that the HC
might serve as a regulatory subunit in the macromolecular
complex.

Discussion

The establishment and maintenance of neuronal polarity
depends on a tight coordination of cytoskeletal rearrangements
and directed membrane trafficking [5,39]. It has been shown that
Tiam1-dependent localized activation of Racl contributes to the
rapid elongation of the nascent axon [18]. Recently, we showed
that neurons lacking MAPIB (an axonal microtubule-associated
protein) displayed decreased Racl and Cdc42 activities and
concomitantly increased RhoA activity [20]. The abnormal
activities of these small Rho GTPases found in neurons lacking
MAPIB contribute to a phenotype characterized by inhibited
axonal elongation [28]. Interestingly, a similar mechanism seems
to be involved in the generation and maintenance of dendritic
spines in adult neurons [21]. A working model, therefore,
establishes that the interaction of MAPIB with Tiaml promotes
the spatiotemporal activation of Racl, supporting a role for
MAPIB in the cross-talk mechanisms of actin and microtubules
during axonal elongation [20]. The MAP1B-Tiam1 interaction is
specific, since tau (another axonal MAP) does not interact with
Tiam1 [21].

MAPIB is encoded as a single polyprotein (full length MAP1B)
with one cleavage site located toward the C-terminal of the
molecule, leading to the production of heavy chain (HC) and light
chain 1 (LCI) fragments [40]. Both fragments (HC and LC1)
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Figure 5. Mapping of the region in Tiam 1 that is required for
binding to LC1. LC1-GST immobilized beads were incubated with cell
lysates of COS7 cells expressing the FLAG-Tiam1 constructs. As
indicated in (A), only domains containing the pleckstrin domain of
Tiam 1 (T2 and T5) interact with LC1-GST, as visualized by
immunoblotting using an anti-FLAG antibody. (B) Panel shows the
total lysate of COS7 cells expressing each of the Tiam1 fragment
proteins used for the pull down assays. (C) N-PH (T2) and C-PH (T5)
interacted with LC1 in immunoprecipitation assays of Tiam1 fragments
with LC1-Myc. Proteins were expressed in COS7 cells (D) (input of
immunoprecipitation reaction).

doi:10.1371/journal.pone.0053123.g005

PLOS ONE | www.plosone.org

possess microtubule and actin binding domains [29,30,36,37]. In
the present work, we characterized the domains involved in the
MAPIB-Tiam! interaction, and determined the fragment of
MAPIB responsible for Tiaml-dependent Racl activation. We
showed that LC1 is sufficient to promote Tiam1-dependent Racl
activation. Moreover, we demonstrated that full length MAP1B
seemed to have a regulatory role, since it was not able to activate
Racl. Using a non-neuronal heterologous system, we showed that
LC1 specifically interacted with Tiaml. Interestingly, an analo-
gous experiment in neuronal cells showed that both HC and LC1
could interact with Tiaml. However, the interaction between
heavy chain and Tiaml was prevented by more stringent
Immunoprecipitation conditions, suggesting that heavy chain was
indeed recruited bound to the LCI-Tiaml complex. Previous
studies indicate that brain extracts have considerably more LC1
than HC (8:1) and that this ratio decreases to 2:1 in purified
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Figure 6. N-PH and C-PH domains of Tiam 1 interact with both
domains of the light chain 1 (LC1) of MAP1B. Pull down assays
using GST-fusion proteins of LC1, indicated by western blots using anti-
GST antibody (bottom of each panel), were incubated with lysates of
COS7 cells expressing T2 (N-PH) or T5 (C-PH). Both fragments of Tiam1
(T2 and T5) interacted with NTD and CTD of LC1.
doi:10.1371/journal.pone.0053123.9g006
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microtubule samples [40]. Accordingly, recombinant HC and
LC1 proteins may assemble with endogenous fragments present in
neuronal cells, leading to misleading interpretations. We identified
the pleckstrin homology domain (N-PH and C-PH) of Tiaml as
involved in the interaction with LC1. Mouse Tiaml is a 1591
amino acid protein with discrete and well-known domains. The N-
terminal domain of the protein has a myristoylation site
responsible for plasma membrane binding [41]. It also contains
two PEST domains which are believed to be responsible for
targetting the protein for rapid degradation [42]. The N-terminal
PH domain (N-PH) present in Tiaml (and Tiam?2) is critical for
Tiam! membrane localization [41,43]. Recently, the N-PHCCEx
domain has been crystalized, defining two basic contact zones at
the CC and Ex-subdomains that bind to specific acidic motifs
present in membrane proteins such as CD44 and ephrin B [44]. In
contrast, the N-PH subdomain is negatively charged, with a
groove between B3-B4 and B5-P6 loops that may explain the
interaction with LC1 which possesses a well-defined positively-
charged motif in the microtubule binding domain [45]. It is worth
noting that the isoelectric points (IP) of the MAP1B subunits are
different. While the LC1 IP 1s 9.23, full length MAPI1B displays IP
of 4.76; the latter is therefore, less likely to interact with Tiaml.
The central domain of Tiam1 is characterized by the presence of a
Ras-binding domain (RBD) [46] and a PDZ domain [47]. The C-
terminal domain of Tiaml contains the characteristic Dbl
homology (DH) and pleckstrin homology (C-PH) tandem domain,
present in all members of the Dbl family of GEFs (reviewed by
[48,49]). In wvitro, the isolated DH domain elicit nucleotide
exchange in Racl, but the CG-PH domain is necessary to promote
Racl activity in viwo. Truncations of the C-PH domain eliminate
the ability of Tiaml to induce membrane ruffles in cells [50]. The
presence of two different PH domains in Tiam1 is related with the

PLOS ONE | www.plosone.org

fact that C-PH differs from the canonical DH-PH domain.
Specifically, the C-PH domain has a lower affinity for phospho-
inositides and is not involved in membrane localization of the
protein [41,43,51]. However, a possible role for this C-PH domain
is to promote protein-protein contacts with Tiaml ligands that
stimulate Racl activity. Structural studies show that the interac-
tion between Racl and Tiam! occurs primarily through switch 1
(residues 25-39) and switch 2 (residues 57-75) of Racl and the
CR-1 and CR-3 regions of the Tiaml DH domain [52]. In this
complex, the C-terminal of the DH domain interacts with the
Racl and C-PH domain, suggesting that structural stabilization of
Tiam1 may be dependent of the DH-CPH tandem domain. In this
context, the increase of Racl activity observed in cells expressing
Tiam1 and LC1 suggests that the interaction of both PH domains
of Tiaml with LC1 is involved in this activation. Two possible
molecular mechanisms can be envisioned. First, the interaction of
LC1 and cytoskeleton elements at subcortical domains may recruit
Tiam]1 promoting Racl activation. A second scenario could be
related with a direct modulation of MAP1B upon Racl-Tiaml
interaction, owing to the binding to PH domains in Tiam1. These
possibilities are not mutually exclusive, since we were not able to
detect significant differences in the affinity of either LC1 or NTD/
CTD domains for Tiam1 PH domains. Other cellular mechanisms
involving post-translational modifications of Tiaml can not be
ruled out. Tiam] proteins can be phosphorylated by Rho kinases,
in a Rho A-dependent manner, leading to inactivation of Racl
signaling [53]. In spite of the molecular mechanism regulating the
mteraction of MAPIB and Tiaml, these results support a novel
role for MAP1B, linking the dynamic changes occurring in both
microtubules and actin microfilaments.
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Supporting Information

Figure S1 The presence of endogenous MAPIB in
N1E115 cells masks the effects of the myc-tagged LC1
over the Racl activity. Pull down assay to measure Racl
activity in N1E115 cells expressing Tiam1 (C1199 HA) and myc-
tagged MAPI1B fragments (FL, HC and LC1), display similar levels
of Racl-GTP.

(TIF)

References

14.

15.

22.

23.

26.

27.

. Dotti CG, Sullivan CA, Banker GA (1988) The establishment of polarity by

hippocampal neurons in culture. J Neurosci 8: 1454-1468.

. Bradke F, Dotti CG (1997) Neuronal polarity: vectorial cytoplasmic flow

precedes axon formation. Neuron 19: 1175-1186.

. Arimura N, Kaibuchi K (2007) Neuronal polarity: from extracellular signals to

intracellular mechanisms. Nat Rev Neurosci 8: 194-205.

. Dent EW, Gertler FB (2003) Cytoskeletal dynamics and transport in growth

cone motility and axon guidance. Neuron 40: 209-227.

. Bradke I, Dotti CG (1999) The role of local actin instability in axon formation.

Science 283: 1931-1934.

. Chimini G, Chavrier P (2000) Function of Rho family proteins in actin dynamics

during phagocytosis and engulfment. Nat Cell Biol 2: E191-196.

. de Curtis I (2008) Functions of Rac GTPases during neuronal development. Dev

Neurosci 30: 47-58.

. Hall A, Lalli G (2010) Rho and Ras GTPases in axon growth, guidance, and

branching. Cold Spring Harb Perspect Biol 2: a001818.

. Etienne-Manneville S, Hall A (2002) Rho GTPases in cell biology. Nature 420:

629-635.

. Pertz O (2010) Spatio-temporal Rho GTPase signaling - where are we now?

J Cell Sci 123: 1841-1850.

. Ridley AJ, Hall A (1992) The small GTP-binding protein rho regulates the

assembly of focal adhesions and actin stress fibers in response to growth factors.

Cell 70: 389-399.

. Hall A, Paterson HF, Adamson P, Ridley AJ (1993) Cellular responses regulated

by rho-related small GTP-binding proteins. Philos Trans R Soc Lond B Biol Sci
340: 267-271.

. Nobes CD, Hall A (1995) Rho, rac, and cdc42 GTPases regulate the assembly of

multimolecular focal complexes associated with actin stress fibers, lamellipodia,
and filopodia. Cell 81: 53-62.

Hall A (1998) Rho GTPases and the actin cytoskeleton. Science 279: 509-514.
Hall A (2005) Rho GTPases and the control of cell behaviour. Biochem Soc
Trans 33: 891-895.

. Habets GG, Scholtes EH, Zuydgeest D, van der Kammen RA, Stam JC, et al.

(1994) Identification of an invasion-inducing gene, Tiam-1, that encodes a
protein with homology to GDP-GTP exchangers for Rho-like proteins. Cell 77:
537-549.

. Evers EE, van der Kammen RA, ten Klooster JP, Collard JG (2000) Rho-like

GTPases in tumor cell invasion. Methods Enzymol 325: 403-415.

. Kunda P, Paglini G, Quiroga S, Kosik K, Caceres A (2001) Evidence for the

involvement of Tiam1 in axon formation. ] Neurosci 21: 2361-2372.

. Nishimura T, Yamaguchi T, Kato K, Yoshizawa M, Nabeshima Y, et al. (2005)

PAR-6-PAR-3 mediates Cdc42-induced Rac activation through the Rac GEFs
STEF/Tiaml. Nat Cell Biol 7: 270-277.

. Montenegro-Venegas C, Tortosa E, Rosso S, Peretti D, Bollati F, et al. (2010)

MAPIB regulates axonal development by modulating Rho-GTPase Racl
activity. Mol Biol Cell 21: 3518-3528.

. Tortosa E, Montenegro-Venegas C, Benoist M, Hartel S, Gonzalez-Billault C, et

al. (2011) Microtubule-associated protein 1B (MAP1B) is required for dendritic
spine development and synaptic maturation. J Biol Chem 286: 40638-40648.
Bloom GS, Luca FC, Vallee RB (1985) Microtubule-associated protein 1B:
identification of a major component of the neuronal cytoskeleton. Proc Natl
Acad Sci U S A 82: 5404-5408.

Schoenfeld TA, McKerracher L, Obar R, Vallee RB (1989) MAP 1A and MAP
1B are structurally related microtubule associated proteins with distinct
developmental patterns in the CNS. J Neurosci 9: 1712-1730.

Gordon-Weeks PR, Fischer I (2000) MAPIB expression and microtubule
stability in growing and regenerating axons. Microsc Res Tech 48: 63-74.

. DiTella MC, Feiguin F, Carri N, Kosik KS, Caceres A (1996) MAP-1B/TAU

functional redundancy during laminin-enhanced axonal growth. J Cell Sci 109
(Pt 2): 467-477.

Takei Y, Teng J, Harada A, Hirokawa N (2000) Defects in axonal elongation
and neuronal migration in mice with disrupted tau and map1b genes. J Cell Biol
150: 989-1000.

Gonzalez-Billault C, Demandt E, Wandosell F, Torres M, Bonaldo P, et al.
(2000) Perinatal lethality of microtubule-associated protein 1B-deficient mice
expressing alternative isoforms of the protein at low levels. Mol Cell Neurosci 16:
408-421.

PLOS ONE | www.plosone.org

MAP1B Binds PH Domains of Tiam1

Acknowledgments

We thank Dr. Michael Handford (Universidad de Chile) for proof-reading
of the manuscript.

Author Contributions

Conceived and designed the experiments: DRH FJB CM-V CG-B.
Performed the experiments: DRH FJB CM-V. Analyzed the data: DRH
IJB CG-B. Contributed reagents/materials/analysis tools: DRH FJB CM-
V. Wrote the paper: DRH CG-B.

28.

29.

30.

33.

34.

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

Gonzalez-Billault C, Avila J, Caceres A (2001) Evidence for the role of MAP1B
in axon formation. Mol Biol Cell 12: 2087-2098.

Hammarback JA, Obar RA, Hughes SM, Vallee RB (1991) MAPIB is encoded
as a polyprotein that is processed to form a complex N-terminal microtubule-
binding domain. Neuron 7: 129-139.

Togel M, Wiche G, Propst F (1998) Novel features of the light chain of
microtubule-associated protein MAP1B: microtubule stabilization, self interac-
tion, actin filament binding, and regulation by the heavy chain. J Cell Biol 143:
695-707.

. Utreras E, Jimenez-Mateos EM, Contreras-Vallejos E, Tortosa E, Perez M, et

al. (2008) Microtubule-associated protein 1B interaction with tubulin tyrosine
ligase contributes to the control of microtubule tyrosination. Dev Neurosci 30:
200-210.

. Togel M, Wiche G, Propst F (1998) Evidence against structural and functional

identity of microtubule-associated protein 1B and proteoglycan claustrin. FEBS
Lett 423: 254-258.

Michiels F, Habets GG, Stam JC, van der Kammen RA, Collard JG (1995) A
role for Rac in Tiaml-induced membrane ruffling and invasion. Nature 375:
338-340.

Kaech S, Banker G (2006) Culturing hippocampal neurons. Nat Protoc 1: 2406
2415.

. Benard V, Bohl BP, Bokoch GM (1999) Characterization of rac and cdc42

activation in chemoattractant-stimulated human neutrophils using a novel assay

for active GTPases. J Biol Chem 274: 13198-13204.

5. Takemura R, Okabe S, Umeyama T, Kanai Y, Cowan NJ, et al. (1992)

Increased microtubule stability and alpha tubulin acetylation in cells transfected
with microtubule-associated proteins MAP1B, MAP2 or tau. J Cell Sci 103 (Pt
4): 953-964.

Cueille N, Blanc CT, Popa-Nita S, Kasas S, Catsicas S, et al. (2007)
Characterization of MAP1B heavy chain interaction with actin. Brain Res Bull
71: 610-618.

Bouquet C, Ravaille-Veron M, Propst F, Nothias F (2007) MAPIB coordinates
microtubule and actin filament remodeling in adult mouse Schwann cell tips and
DRG neuron growth cones. Mol Cell Neurosci 36: 235-247.

Polleux F, Snider W (2010) Initiating and growing an axon. Cold Spring Harb
Perspect Biol 2: a001925.

Mei X, Sweatt AJ, Hammarback JA (2000) Regulation of microtubule-associated
protein 1B (MAP1B) subunit composition. J Neurosci Res 62: 56-64.

Michiels F, Stam JC, Hordijk PL, van der Kammen RA, Ruuls-Van Stalle L, et
al. (1997) Regulated membrane localization of Tiaml, mediated by the NH2-
terminal pleckstrin homology domain, is required for Rac-dependent membrane
ruffling and C-Jun NH2-terminal kinase activation. J Cell Biol 137: 387-398.
Rechsteiner M, Rogers SW (1996) PEST sequences and regulation by
proteolysis. Trends Biochem Sci 21: 267-271.

Stam JC, Sander EE, Michiels F, van Leecuwen FN, Kain HE, et al. (1997)
Targeting of Tiaml to the plasma membrane requires the cooperative function
of the N-terminal pleckstrin homology domain and an adjacent protein
interaction domain. J Biol Chem 272: 28447-28454.

Terawaki S, Kitano K, Mori T, Zhai Y, Higuchi Y, et al. (2010) The PHCCEx
domain of Tiam1/2 is a novel protein- and membrane-binding module. EMBO J

29: 236-250.

. Zauner W, Kratz J, Staunton J, Feick P, Wiche G (1992) Identification of two

distinct microtubule binding domains on recombinant rat MAP 1B. Eur J Cell
Biol 57: 66-74.

Lambert JM, Lambert QT, Reuther GW, Malliri A, Siderovski DP, et al. (2002)
Tiam1 mediates Ras activation of Rac by a PI(3)K-independent mechanism. Nat
Cell Biol 4: 621-625.

Shepherd TR, Hard RL, Murray AM, Pei D, Fuentes EJ (2011) Distinct ligand
specificity of the Tiam1 and Tiam2 PDZ domains. Biochemistry 50: 1296-1308.
Rossman KL, Der CJ, Sondek J (2005) GEF means go: turning on RHO
GTPases with guanine nucleotide-exchange factors. Nat Rev Mol Cell Biol 6:
167-180.

Gonzalez-Billault C, Munoz-Llancao P, Henriquez DR, Wojnacki J, Conde C,
et al. (2012) The role of small GTPases in neuronal morphogenesis and polarity.
Cytoskeleton (Hoboken).

Crompton AM, Foley LH, Wood A, Roscoe W, Stokoe D, et al. (2000)
Regulation of Tiam!1 nucleotide exchange activity by pleckstrin domain binding
ligands. J Biol Chem 275: 25751-25759.

December 2012 | Volume 7 | Issue 12 | e53123



MAP1B Binds PH Domains of Tiam1

51. Rameh LE, Arvidsson A, Carraway KL 3rd, Couvillon AD, Rathbun G, et al. 53. Takefuji M, Mori K, Morita Y, Arimura N, Nishimura T, et al. (2007) Rho-
(1997) A comparative analysis of the phosphoinositide binding specificity of kinase modulates the function of STEF, a Rac GEF, through its phosphory-
pleckstrin homology domains. J Biol Chem 272: 22059-22066. lation. Biochem Biophys Res Commun 355: 788-794.

52. Worthylake DK, Rossman KL, Sondek J (2000) Crystal structure of Racl in
complex with the guanine nucleotide exchange region of Tiaml. Nature 408:

6832-688.

PLOS ONE | www.plosone.org 9 December 2012 | Volume 7 | Issue 12 | e53123



