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Introduction
Dab1 is critical for Reelin-dependent neuron positioning events during vertebrate brain
development [1,2]. Dab1 tyrosine phosphorylation increases in response to Reelin stimulation,
and the tyrosine phosphorylation sites are required for Dab1 function in vivo [1]. In addition
to tyrosine phosphorylation sites, the Dab1 protein contains an N-terminal phosphotyrosine-
binding/protein interaction (PTB/PI) domain which can bind to phosphatidylinositol-4,5-
bisphosphate and to the FXNPXY endocytosis signals found in various transmembrane
proteins [3-6]. Both peptides and phosphoinositide head groups bind specifically and with
micromolar affinity [3,7]. Consistent with this, most Dab1 fractionates with membranes from
primary neurons [8], and immunofluorescence shows that Dab1 is in puncta in the neuron
membrane [3].

Reelin induces Dab1 tyrosine phosphorylation by binding to its receptors, VLDLR and
ApoER2, which also contain the FXNPXY signal that binds Dab1 [9,10]. Additional
transmembrane proteins, including integrins and CNR [11-13], may also play a role, but
clustering of VLDLR and ApoER2 is sufficient to induce Dab1 tyrosine phosphorylation in
cultured neurons [14]. These results suggest that Reelin-induced clustering of VLDLR and
ApoER2 may increase Dab1 tyrosine phosphorylation by clustering the FXNPXY Dab1
binding sequences or receptor-associated lipids on the cytoplasmic side of the membrane. This
clustering might locally increase Dab1 density, either by recruiting more Dab1 from the cytosol
or by clustering pre-bound Dab1 molecules [14]. Clustered Dab1 molecules may be more
accessible to membrane-bound kinases or less accessible to phosphatases, or may undergo
conformation changes that allow increased phosphorylation. However, the relative
contributions of lipid binding and peptide binding to Dab1 function are not known. One
possibility is that direct binding of Dab1 to the receptors relays the Reelin signal, while Dab1
binding to phosphoinositides determines the number of Dab1 molecules subject to both basal
and Reelin-stimulated phosphorylation. Alternatively, or additionally, the phospholipid
environment may be changed when the Reelin receptors are clustered, and this could cause an
increase in the local density of Dab1. In this model, phosphoinositide binding but not receptor
binding would be required for Reelin-stimulated Dab1 phosphorylation.

To further address the importance of receptor binding and phosphoinositide binding for Reelin-
stimulated tyrosine phosphorylation of Dab1, we have made additional mutations in Dab1 and
developed a transfection procedure for expressing Dab1 in primary neurons. Here we report
that mutating a PTB domain residue that is critical for receptor binding [4,6,7] reduces Reelin-
stimulated tyrosine phosphorylation of Dab1 in neurons. In contrast, mutating a residue that is
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important for phosphoinositide binding and membrane localization [4,6,7] reduces both basal
and Reelin-stimulated Dab1 tyrosine phosphorylation in neurons. These results are consistent
with a model in which the PTB domain has two functions: first, to recruit Dab1 to
phosphoinositides in the membrane, increasing its basal phosphorylation, and, second, to bind
membrane-associated Dab1 to Reelin receptors, permitting stimulation of phosphorylation by
Reelin.

Materials and Methods
The Dab1 PTB domain (residues 1-178) or full length Dab1 was cloned into pCMX-EGFP
[15](kind gift of J. Pines) cut with HindIII and KpnI to make C-terminal fusions. The reading
frame was corrected by opening with Acc65I, blunting, and religating. A double PTB construct
was made from pCMX PTB-EGFP by opening with SalI, filling in with Klenow, and inserting
a blunt-ended HindIII fragment containing residues 23-178 of Dab1. Point mutations were
made in pCMX PTB-EGFP using the QuickChange method (Stratagene). The mutant
sequences were designed to introduce PvuII (K45Q) or StuI (R124Q) or destroy a BalI (K142Q)
restriction site, respectively. Mutant colonies were identified by restriction digest and the
complete insert was confirmed by sequencing. 293T cells were transfected with approximately
1 μg DNA using calcium phosphate, and examined by epifluorescence 16 hr after transfection.
At 24 hr, the cells were lysed in 1% Nonidet P40 buffer, as described [16], and debris removed
by centrifugation. Protein concentrations were equalized using the Bradford protein assay.
Lysates were incubated with glutathione Sepharose beads loaded with GST or GST-VLDLR
[17] for 1.5 hr at 4 C, then the beads were washed twice in the lysis buffer, eluted, and analyzed
by SDS PAGE. Volumes of cell lysate equivalent to 15% of the volume incubated with the
GST fusion proteins were analyzed on a parallel gel. Western blots were blocked with BSA
and probed with antibodies to GFP (#1 814 460, Roche Diagnostics, Indianapolis, IN),
essentially as described [18].

MAP2-EGFP under the control of the hybrid CAG enhancer/promoter was obtained from Dr.
Stephanie Kaech, Oregon Health Sciences University [19]. Dab1EGFP was cut out of pCMX
Dab1EGFP using HindIII and NheI and inserted in place of the HindIII to XbaI fragment
containing MAP2EGFP. A HindIII to ClaI fragment containing part of the Dab1EGFP
sequence was mutagenized as above to create S19A, K45Q and S114T mutations. After
sequencing, the HindIII to ClaI fragment was replaced into non-mutagenized CAG-Dab1EGFP
to minimize the risk of mutations elsewhere in the backbone. These constructs were sequenced
again before use.

Neuron suspensions were prepared from E16.5 mouse embryo cerebral cortex essentially as
described previously [20]. Following three washes in DMEM containing 10% horse serum,
cell pellets containing approximately 107 cells were resuspended in electroporation solution
(Neuron kit, Amaxa Inc., Gaithersberg, MD), mixed with 4 μg DNA, and nucleoporated
(program O-06, Amaxa). After 10 min recovery, the neurons were plated in DMEM 10% horse
serum onto two, 35-mm dishes coated with poly-L-lysine (Sigma) and E-C-L reagent (Upstate
Biochemicals). The medium was changed after 4 hr to Neurobasal, 2% B27 supplement, 10
mM HEPES pH 7.4, containing antibiotics, glutamine and glutamic acid. Medium was changed
every 2 days, omitting glutamic acid after day 4. On day 5 or 6, neurons were treated for 15
min with Neurobasal medium containing Reelin or control supernatant harvested from 293T
cells stably transfected with Reelin or control expression plasmids [18]. Neurons were washed
and lysed in NP40 buffer [18], and protein concentrations equalized. Immunoprecipitations
were performed with mouse anti-GFP and protein G Sepharose.
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Results
In order to study the subcellular localization of Dab1, it was tagged at either N or C terminus
with enhanced green fluorescent protein (EGFP) and expressed in 293T cells. Both proteins
were enriched at the cell surface, implying that the position of the GFP tag did not interfere
with localization (data not shown). When the PTB domain of Dab1, tagged with EGFP, was
expressed, it too was membrane associated (Fig. 1A, wildtype). Membrane association was
increased when two Dab1 PTB domains were cloned in tandem (Fig. 1A, PTB2-EGFP),
indicating that the membrane phosphoinositides are not limiting for Dab1 PTB domain binding
in this system. We then attempted to inhibit Dab1 membrane localization by mutating basic
residues. A molecular model [21] predicted a basic surface patch on the PTB domain composed
of lysine residues 67, 69 or 100. However, mutating these residues to alanine or glutamine did
not have noticeable effects on membrane association, and while a triple mutant was less
conspicuously at the membrane it also showed reduced binding to the cytoplasmic tail of
VLDLR in vitro, suggesting that it was not properly folded (data not shown). With the
publication of three-dimensional structures of the Dab1 and Dab2 PTB domains, it became
evident that residues 67, 69 and 100 do not contact phosphoinositides, and the binding site is
actually composed of basic residues 45, 76, 81, 82, 124 and 142 [4,6]. We therefore targeted
lysines 45 and 142 and arginine 124 for mutation to the uncharged but hydrophilic glutamine.

While wildtype PTB-EGFP was clearly membrane localized, each of the three mutant forms
K45Q, R124Q and K142Q were diffusely localized in the cytoplasm (Fig. 1A and data not
shown). This suggests that mutating each of these basic residues reduces membrane
association. We then tested whether the mutations affected binding of the PTB domain to the
FXNPXY signal in the cytoplasmic tail of VLDLR. Cell lysates containing PTB-EGFP fusion
proteins were mixed with immobilized GST fusion proteins containing the C terminus of the
VLDLR.

Following washing, bound proteins were eluted and analyzed by Western blotting. As a positive
control, PTB2-EGFP bound tightly to the VLDLR, as expected [22]. While wildtype and K45Q
mutant PTB domains bound well to the VLDLR, the R124Q and K142Q mutants showed
reduced binding, suggesting indirect effects on the peptide binding site, perhaps reflecting
impaired protein folding (Fig. 1B). Thus the K45Q mutant was selected for further analysis.

In order to express Dab1 constructs in primary neurons, several transfection procedures were
compared. We found that nucleoporation of CAG (cytomegalovirus enhancer, chicken beta
actin promoter and first intron, rabbit beta globin 3′ flanking sequence [23]) constructs into
freshly-dissociated embryonic cortex neurons gave reproducible expression levels (see
Experimental Procedures). Transfected neurons were cultured for 4-6 days and stimulated for
15 min with Reelin-containing or control (Mock) supernatant. The expression of Dab1-EGFP
relative to endogenous Dab1 could be visualized after SDS PAGE and Western blotting with
antibodies to Dab1 (Fig. 2). Dab1-EGFP was expressed at 3-4-fold the level of endogenous
Dab1. Following Reelin stimulation, endogenous Dab1 was phosphorylated on tyrosine to a
similar level regardless of whether the cells were expressing Dab1-EGFP or a control protein,
MAP2-EGFP (Fig. 2). The phosphorylation of Dab1-EGFP was difficult to determine from
SDS PAGE of total neuron lysates, since it was obscured by other constitutively phosphorylated
proteins of similar mobility. However, after immunoprecipitation with antibodies to GFP and
SDS PAGE, Western blotting with antibodies to phosphotyrosine showed that Reelin
stimulated the phosphorylation of Dab1-EGFP on tyrosine (Fig. 2). As expected, MAP2-EGFP
was not tyrosine phosphorylated. These results show that ectopic Dab1 fusion proteins can
interact with the Reelin-regulated phosphorylation machinery in neurons.
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Next, we introduced wildtype, K45Q and S114T Dab1-EGFP constructs into primary neurons.
S114T was chosen as a conservative mutation that was reported to decrease binding to an
FXNPXY test peptide [4]. A less conservative S114Y substitution was recently reported to
completely inhibit binding to an ApoER2 peptide, without compromising binding to
phosphoinositide head groups [7]. In some experiments, a S19A mutant was also tested. S19
is homologous to S24 in the related protein, Dab2. Dab2 S24 is a site for protein kinase C
modification [24]. After culturing for 4-6 days, the transfected neurons were stimulated as
above and lysed and analyzed (Fig. 3). In a typical experiment, the expression levels of K45Q
and S114T mutant Dab1-EGFP were greater than those of wildtype or S19A Dab1-EGFP (Fig.
3A). Because neuron cultures contain low levels of Reelin [25], and Dab1 turnover is increased
following Reelin-stimulated tyrosine phosphorylation [26,27], increased levels of K45Q and
S114T are consistent with decreased Reelin-dependent phosphorylation. Following acute
Reelin stimulation, endogenous Dab1 in all cultures and wildtype, S19A and K45Q mutant
Dab1-EGFP were tyrosine phosphorylated at increased levels (Fig. 3A). In contrast, only slight
changes in tyrosine phosphorylation of S114T mutant Dab1-EGFP were detected following
Reelin stimulation. This experiment was repeated three times with independently isolated
neurons, and the results were quantified (Fig. 3B). While Reelin stimulated the tyrosine
phosphorylation of wildtype and K45Q mutant Dab1-EGFP approximately 3.5-fold, the basal
and stimulated stoichiometries of K45Q phosphorylation under mock and Reelin conditions
were depressed to approximately one-third of wildtype. Such decreases are unlikely to occur
by random chance (P<0.01 for mock treatment, P<0.05 for Reelin treatment). In addition, while
S114T basal phosphorylation was not significantly different from wildtype, its phosphorylation
after Reelin stimulation was significantly reduced relative to wildtype (P<0.01).

Discussion
We have found that K45Q mutation of Dab1 decreases membrane association without
interfering with binding to the Reelin receptor, VLDLR. In neurons, the K45Q mutation
reduces both unstimulated and Reelin-stimulated levels of tyrosine phosphorylation, but does
not significantly impact the relative stimulation by Reelin. This result is consistent with a model
in which phosphoinositide binding via K45 [4,6,7] is important for recruiting Dab1 to the
vicinity of Reelin receptors, but does not provide a mechanism for changing Dab1
phosphorylation in response to Reelin. Thus, models in which reorganization of membrane
phospholipids provides the sole mechanism for altering Dab1 tyrosine phosphorylation would
not be supported by the results. On the other hand, the S114T mutation, which inhibits binding
to FXNPXY sequences [4], probably without affecting phosphoinositide binding [7], does not
affect basal phosphorylation but does inhibit Reelin-stimulated phosphorylation. This result is
consistent with the Dab1-receptor interaction being dispensable for recruiting Dab1 to the
membrane, but required for the Reelin signal to be transduced into an increase in Dab1 tyrosine
phosphorylation.

The strong effect of the S114T mutation in this assay differs from the mild effect of an F158V
mutation introduced into the dab1 gene in vivo [28]. F158V mutation inhibits binding of Dab1
to FXNPXY sequences [3,4,7], but supported normal brain development in the mouse; a mild
phenotype was revealed only when the mutant allele was hemizygous. Moreover, F158V Dab1
tyrosine phosphorylation stoichiometry seemed normal in vivo [28]. One possible explanation
for the discrepancy is that mutating F158 is less inhibitory for Reelin receptor binding than
mutation of S114 [7].

While our experiments were being completed, Stolt et al. [29] used lentivirus to express
wildtype and mutant forms of myc epitope-tagged Dab1 in primary neuron cultures. They found
that K45E mutant Dab1 did not associate with neuron membranes and was not tyrosine
phosphorylated in response to Reelin. A S114T F158V double mutant Dab1 did associate with
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membranes but did not undergo Reelin-stimulated phosphorylation. Basal tyrosine
phosphorylation was not detected in their experiments. Our finding that a K45Q mutant still
responds to Reelin, albeit with reduced basal and stimulated phosphorylation levels, may be
due to the different amino acid substitution used, the epitope tag used, or the relative expression
level. It is possible that the K45Q mutant, expressed at lower levels, would not have sufficient
affinity for membranes to be phosphorylated at all.

In another very recent development, Huang et al. [30] showed that K45A mutant Dab1 is not
tyrosine phosphorylated when expressed artificially in 293T cells. It also fails to activate
endogenous Src when over-expressed. They also made use of neomycin to disrupt
phosphoinositide-dependent interactions. In both 293T cells and neurons, neomycin inhibited
Dab1 tyrosine phosphorylation. These observations are consistent with our finding that basal
phosphorylation of Dab1 requires phosphoinositide interactions.

In conclusion, the Dab1 PTB domain contains two important binding activities, for
phospholipids and Reelin receptors. Some other adaptor proteins, like IRS1, contain two
domains, that cooperate for phospholipid binding and receptor interaction [31]. In Dab1 these
two functions are subsumed into a single domain, and both functions are required for an
efficient Reelin response. Our findings suggest a model in which phosphoinositides recruit
Dab1 to the membrane, where it is activated directly by Reelin receptors.
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Figure 1.
Membrane localization and VLDLR binding of the PTB/PI domain of Dab1. C-terminal EGFP
fusions of wildtype or various mutant forms of the Dab1 PTB domain were expressed in 293T
cells. (A) Epifluorescence images. Wildtype Dab1 PTB is enriched at cell edges and cell-cell
junctions, indicating membrane association. K45Q mutant Dab1 PTB is not membrane
associated, and a double PTB protein shows increased association. (B) Binding to the VLDLR
C terminus, fused to GST, was assayed in vitro. The double PTB protein bound with higher
avidity than the single PTB, and K45Q mutation had no effect on binding, in contrast to R124Q
and K142Q.
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Figure 2.
Expression of proteins in primary neuron cultures. Mouse embryonic cortical neurons were
electroporated with constructs expressing Dab1-EGFP or MAP2-EGFP. After 4-6 days, cells
were stimulated for 15 min with control (mock, M) or Reelin-containing (R) medium, lysed,
and analyzed. Western blots of total cell lysates and anti-GFP immunoprecipitates (IPs) are
shown. Both Dab1-EGFP and MAP2-EGFP are expressed and detected with anti-GFP in total
lysates or GFP IPs. Dab1-EGFP is expressed at higher level than endogenous Dab1 (lysates,
anti-Dab1 blot; *, non-specific band). Reelin stimulated the tyrosine phosphorylation of both
endogenous Dab1 (lysates, anti-pTyr blot) and Dab1-EGFP (GFP IPs, pTyr blot).
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Figure 3.
Tyrosine phosphorylation of wildtype and mutant Dab1 in neurons. (A) Neuron cultures,
electroporated with various constructs, were stimulated as in Fig. 2. Lysates and anti-GFPs IPs
are shown. In all cultures, tyrosine phosphorylation of endogenous Dab1 was increased by
Reelin (lysates, anti-pTyr blot). Dab1-EGFP levels were increased by the K45Q and S114T
mutations, consistent with a lower stoichiometry of Reelin-induced tyrosine phosphorylation
and reduced Reelin-dependent degradation (lysates and GFP IPs, anti-Dab1 blot). Dab1-EGFP
tyrosine phosphorylation was obscured in total lysates by other phosphoproteins, but could be
detected in anti-GFP IPs (GFP IPs, pTyr blot). All lanes in each panel were from the same blot,
but the image was spliced to remove irrelevant lanes. (B). Quantification of results of three
independent experiments. (B, left panel) Mean and standard error of the relative
phosphorylation (R={pTyr in Dab1-EGFP}/{Dab1-EGFP protein}), normalized to mock-
treated wildtype (R=1.0). (B, right panel) Mean and standard error of the stimulation by Reelin
({R, Reelin}/{R, mock}). P values (t test, single-tailed) are shown.
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