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Nonenzymatic domains of Kalirin7 contribute to 
spine morphogenesis through interactions with 
phosphoinositides and Abl
Xin-Ming Maa,*, Megan B. Millera,*, K. S. Vishwanathaa, Maegan J. Grossa, Yanping Wanga, 
Thomas Abbottb, TuKiet T. Lamb, Richard E. Mainsa, and Betty A. Eippera

aDepartment of Neuroscience, University of Connecticut Health Center, Farmington, CT 06030; bWM Keck Foundation 
Biotechnology Resource Laboratory, Yale/NIDA Neuroproteomics Center, Yale University, New Haven, CT 06511

ABSTRACT Like several Rho GDP/GTP exchange factors (GEFs), Kalirin7 (Kal7) contains an 
N-terminal Sec14 domain and multiple spectrin repeats. A natural splice variant of Kalrn lack-
ing the Sec14 domain and four spectrin repeats is unable to increase spine formation; our 
goal was to understand the function of the Sec14 and spectrin repeat domains. Kal7 lacking 
its Sec14 domain still increased spine formation, but the spines were short. Strikingly, Kal7 
truncation mutants containing only the Sec14 domain and several spectrin repeats increased 
spine formation. The Sec14 domain bound phosphoinositides, a minor but crucial component 
of cellular membranes, and binding was increased by a phosphomimetic mutation. Expres-
sion of KalSec14-GFP in nonneuronal cells impaired receptor-mediated endocytosis, linking 
Kal7 to membrane trafficking. Consistent with genetic studies placing Abl, a non–receptor 
tyrosine kinase, and the Drosophila orthologue of Kalrn into the same signaling pathway, 
Abl1 phosphorylated two sites in the fourth spectrin repeat of Kalirin, increasing its sensitiv-
ity to calpain-mediated degradation. Treating cortical neurons of the wild-type mouse, but 
not the Kal7KO mouse, with an Abl inhibitor caused an increase in linear spine density. Phos-
phorylation of multiple sites in the N-terminal Sec14/spectrin region of Kal7 may allow coor-
dination of the many signaling pathways contributing to spine morphogenesis.

INTRODUCTION
Genetic linkage studies identified KALRN as a risk factor for schizo-
phrenia, attention deficit hyperactivity disorder, early-onset coro-
nary artery disease, and stroke (Wang et al., 2007; Lesch et al., 2008; 
Krug et al., 2010; Kushima et al., 2012). Kalirin7 (Kal7), a Rho GDP/
GTP exchange factor (RhoGEF) for Rac1 and RhoG, is the most 
abundant isoform of the Kalrn gene in the adult brain and is local-
ized to the postsynaptic side of excitatory synapses (Ma et al., 2011). 
Knockout and overexpression studies revealed important roles for 

Kal7 in dendritic spine formation and synaptic function (Ma et al., 
2003, 2008a, 2011; Penzes et al., 2003; Xie et al., 2008; Lemtiri-
Chlieh et al., 2011; Cahill et al., 2012), and KALRN was implicated in 
neurological disorders associated with aberrant dendritic spine den-
sity and morphology (Youn et al., 2007; Murray et al., 2012).

Although the GEF domain and class 1 PSD-95, discs-large, ZO-1 
(PDZ)–binding motif are identical in Kal7 and ΔKal7, a natural splice 
variant (Figure 1A), the full-length protein is essential for dendritic 
spine formation (Schiller et al., 2008). Because Kal7 includes a Sec14 
domain and four spectrin repeats (SRs) absent from ΔKal7 (Figure 
1A), the aim of this study is to determine how these nonenzymatic 
domains contribute to spine formation. TRIO shares the same over-
all architecture as KALRN (Debant et al., 1996), as do Drosophila trio 
and Caenorhabditis elegans unc-73, paralogues of KALRN and 
TRIO (Figure 1B; McPherson et al., 2005; van Rijssel and van Buul, 
2012). Three other RhoGEFs, Mcf2, Mcf2l, and Purkinje cell atrophy–
associated protein-1 (Puratrophin-1; Plekhg4), also include a Sec14 
domain (Figure 1C; (Ueda et al., 2004; Ishikawa et al., 2005; 
Kostenko et al., 2005). Natural splice variants of Mcf2 and Mcf2l lack 
the Sec14 domain, as is the case for the ΔKal7 isoform of Kalrn. 
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Sec14 domain, can be phosphorylated by 
CaMKII, protein kinase A, and protein kinase 
C and is phosphorylated in vivo (Kiraly et al., 
2011). Several phosphorylation sites were 
identified within the first four spectrin re-
peats of Kalirin, and Fyn, a non–receptor 
tyrosine kinase, was shown to phosphory-
late Tyr-591 in spectrin repeat 4 in vitro 
(Kiraly et al., 2011). Although axon guidance 
studies placed Abl, another non–receptor 
tyrosine kinase, and the Drosophila ortho-
logue of Kalrn into the same pathway 
(Bateman et al., 2000; Liebl et al., 2000), the 
underlying mechanism has not been eluci-
dated. Using primary neuronal cultures and 
examining the properties of the Sec14 and 
spectrin repeat regions of Kal7, we sought 
to determine the roles of these noncatalytic 
domains in controlling the ability of Kal7 to 
stimulate spine formation and affect spine 
morphology.

RESULTS
Kal7 and ΔKal7 differ in their effects 
on spine density, spine length, and 
synapse formation
Although ΔKal7 and Kal7 are equally active 
RhoGEFs and have identical PDZ-binding 
motifs, exogenous Kal7 expressed in cul-

tured cortical neurons localizes to spine-like dendritic protrusions, 
whereas ΔKal7 localizes more diffusely, with less staining apparent in 
spines (Schiller et al., 2008). Levels of Kal7 protein are much greater 
than levels of ΔKal7 in mouse and rat cortex (McPherson et al., 2002; 
Ma et al., 2008a; Mains et al., 2011; Mandela et al., 2012) and hip-
pocampus (Ma et al., 2008a), and neither protein shows any ten-
dency to oligomerize (Schiller et al., 2008; Vishwanatha et al., 2012). 
To determine which aspects of spine morphogenesis were most af-
fected by the absence of the Sec14 and first four spectrin repeat 
regions, we quantified the effects of Kal7 and ΔKal7 on synaptic 
cluster density and location, the association of spines with presynap-
tic endings, spine length, and spine area; different proteins are 
known to contribute differently to control of these parameters (Chen 
et al., 2007; Hotulainen and Hoogenraad, 2010; McMahon and 
Diaz, 2011).

Dissociated rat neurons were nucleofected with vectors encod-
ing Myc-tagged Kal7 or ΔKal7 at the time of plating and kept in 
culture for 20 d (DIV20) before fixation and analysis. Exogenous Ka-
lirin was visualized using monoclonal antibody to Myc, and presyn-
aptic endings were identified using antibody to the endogenous 
vesicular glutamate transporter, Vglut1 (Figure 2). Based on Myc 
staining, neurons expressing similar levels of the two proteins were 
compared. Neurons expressing MycΔKal7 extended more MAP2-
positive processes than neurons expressing MycKal7, but the pro-
cesses were shorter (Figure 2, A and B; not quantified). MycKal7 was 
primarily localized (∼70% of total signal) to the tips of dendritic 
spines (Figure 2, A and C). In agreement with our previous report 
(Ma et al., 2008b), nearly all MycKal7-positive puncta were apposed 
to presynaptic Vglut1-positive puncta. In contrast, much of the 
MycΔKal7 was uniformly distributed throughout the cell soma, and 
diffuse staining was observed in the dendritic shaft (Figure 2, B and 
D); ∼50% of the MycΔKal7 staining was in spines. Some MycΔKal7-
positive clusters along MAP2-positive dendrites were localized at 

Yeast Sec14p, the founding member of this family, binds phosphati-
dylinositol and phosphatidylcholine, mediating their transfer be-
tween membranes and coordinating Golgi complex lipid metabo-
lism and protein transport (Mousley et al., 2006; Saito et al., 2007; 
Schaaf et al., 2008). The Sec14 domains of Mcf2 and Mcf2l play a 
role in protein localization and regulation of GEF activity (Ueda 
et al., 2004).

The nine spectrin repeats of Kal7 form nested structures, giving 
this region an extended, rod-like structure (Vishwanatha et al., 2012); 
many of the proteins that interact with Kalirin do so by binding to 
this region (Alam et al., 1996; Colomer et al., 1997; Ratovitski et al., 
1999; Koo et al., 2007; Hayashi-Takagi et al., 2010). At least one 
spectrin-like domain is predicted in the region between the Sec14 
and GEF domains of Mcf2 and Mcf2l (Figure 1C). The multiple tan-
dem spectrin repeats of erythrocyte spectrin and skeletal muscle 
dystrophin provide essential mechanical support and flexibility to 
the overlying plasma membrane (Giorgi et al., 2006; Sheetz et al., 
2006; Ipsaro and Mondragon, 2010). In neurons, controlled calpain-
mediated proteolysis of αII-spectrin contributes to dendritic out-
growth and synaptic remodeling (Nicolas et al., 2002; Siminovic 
et al., 2006; Zadran et al., 2009). Phosphorylation of a single Tyr in 
αII-spectrin alters its function by decreasing its sensitivity to prote-
olytic cleavage by μ-calpain (Nicolas et al., 2002; Nedrelow et al., 
2003).

Kal7 acts downstream of multiple receptors, including ionotropic 
receptors (N-methyl-d-aspartate [NMDA] receptors), receptor ty-
rosine kinases (EphB2, ErbB, and platelet-derived growth factor β 
[PDGFβ]), and G protein–coupled receptors (endothelin receptor 
and serotonin 2a [5HT2a] receptor; Penzes et al., 2003; Jones et al., 
2009; Cahill et al., 2012; Wu et al., 2013). Consistent with its role in 
multiple spine morphogenesis pathways, Kal7 isolated from rat 
brain is extensively phosphorylated (Kiraly et al., 2011). Threonine 
79, situated near the putative lipid-binding pocket of the Kalirin 

FIGURE 1: RhoGEFs encoded by the Mus musculus genome with putative Sec14 and spectrin 
repeat domains. The N-terminal region of each protein is drawn approximately to scale. 
(A) Major isoforms of mouse Kalrn. The presence of nine spectrin repeats (SRs) was 
experimentally verified (Vishwanatha et al., 2012). The longer isoforms (Kal8, Kal9, Kal12) contain 
additional domains (SH3, GEF2, kinase). (B) The N-terminal region of a single splice variant of 
Trio and the Kalrn/Trio orthologue in C. elegans and Drosophila melanogaster is shown with 
predicted SRs. (C) A single splice variant of each additional M. musculus RhoGEF with a 
predicted Sec14 domain is shown. Sec14, CRAL_TRIO domain, green oval; SR, spectrin-like 
repeat, yellow parallelogram; DH, Dbl homology domain, blue polygon; PH, pleckstrin 
homology domain, purple triangle; SH, Src homology 3 domain, pink rectangle; PDZ-binding 
motif, red bar. Kalrn, A2CG49; Trio, Q0KL02; Drosophila trio A, Q7KVD1; unc-73A, O61528; 
Mcf2, A2AEU1; Mcf2l, Q64096; Puratrophin-1 (Plekhg4), mFLJ00068.
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shorter, their synaptic cluster areas were 
substantially larger than in neurons ex-
pressing MycKal7 (0.61 ± 0.01 vs. 0.37 ± 
0.01 μm2, respectively; p < 0.01).

Taken together, these data indicate that 
the N-terminal Sec14/spectrin repeat region 
of Kal7 contributes to synaptic cluster den-
sity, location and area, dendritic spine 
length, and the interaction of presynaptic 
endings with their postsynaptic targets. We 
sought to further evaluate the roles of the 
Sec14/spectrin region by expressing trun-
cated proteins in neurons.

The Sec14 domain of Kalirin plays a 
role in determining dendritic spine 
length
To explore the role of the Sec14 domain in 
neurons, we coexpressed either Kal7 lacking 
this domain (HA2ΔSec14Kal7; Figure 4, top) 
or MycKal7 with green fluorescent protein 
(GFP) in cortical neurons (Figure 4, A and B). 
Dendritic spine density was not significantly 
different in neurons expressing ΔSec14Kal7 
and MycKal7 (Figure 4D), and both MycKal7 
and ΔSec14Kal7 were largely localized to 
the tips of dendritic protrusions. However, 
dendritic spines formed in response to ex-
pression of ΔSec14Kal7 were shorter than 
those formed in response to MycKal7 (Figure 
4E); in both cases, most of the protrusions 
terminated in bulbous heads.

When expressed alone, the Sec14 do-
main of Kalirin (KalSec14-GFP) was diffusely distributed throughout 
the soma, dendritic shaft, and dendritic protrusions (Figure 4C). 
Even when expressed at low levels, expression of KalSec14-GFP 
had a detrimental effect on neuronal survival; because expression of 
KalSec14-GFP declined rapidly, cultures nucleofected at the time of 
plating were fixed on DIV13. The protrusions formed in neurons ex-
pressing KalSec14-GFP were less numerous but longer than those 
present in neurons expressing MycKal7 or ΔSec14Kal7 (Figure 4, 
C–E). Although not essential for the formation of dendritic spines, 
our data indicate that the Sec14 domain of Kalirin plays a role in 
determining protrusion length.

N-terminal fragments of Kal7 stimulate the formation 
of dendritic spines
Kal4, a minor Kalrn splice variant (transcript levels in adult mouse cor-
tex are 5.76 ± 0.17% of that of Kal7), contains only the Sec14 domain 
and five spectrin repeats (Figure 5, top). Both MycKal4 and Myc-
KalSolo, which contains the Sec14 domain and all nine spectrin repeat 
regions of Kalirin, lack a GEF domain and PDZ binding motif (Figure 
5, top). To evaluate the role of the N-terminal region of Kalirin in spine 
morphology, we coexpressed these Myc-tagged proteins with GFP in 
primary rat neurons and fixed them after 18DIV. Like MycKal7, Myc-
KalSolo and MycKal4 were largely localized to puncta at the tips of 
dendritic protrusions (Figure 5, C and D). In both cases, Myc-positive 
puncta were closely juxtaposed to presynaptic Vglut1-positive puncta, 
indicating that the aberrantly shaped protrusions generated in re-
sponse to expression of MycKalSolo or MycKal4 attracted presynaptic 
endings (Figure 5, E and F). Of note, the PDZ-binding motif was 
essential for postsynaptic localization of exogenous Kal7 at earlier 

the tips of dendritic spines, juxtaposed to Vglut1-positive puncta, 
but many occurred along the dendritic shaft (Figure 2D).

Synaptic cluster density was determined by counting the num-
ber of Myc-positive puncta juxtaposed to Vglut1-positive puncta 
per unit dendrite length. Both spine and shaft clusters were 
counted. Synaptic cluster density was threefold higher in neurons 
expressing MycKal7 than in neurons expressing MycΔKal7 (Figure 
3A). We then compared the proportion of total synaptic clusters 
associated with the dendritic shaft rather than a dendritic spine 
(Figure 3B). In neurons expressing MycKal7, shaft synapses made 
up <5% of the total synaptic clusters, whereas >20% of the total 
synaptic clusters on MycΔKal7-expressing neurons were associated 
with the shaft. Furthermore, whereas shaft-associated Myc-positive 
puncta formed by MycKal7 were almost always juxtaposed to a 
Vglut1-positive punctum, ∼20% of the Myc-positive clusters formed 
by MycΔKal7 on the dendritic shaft lacked a Vglut1-positive pre-
synaptic ending (Figure 3C). Essentially every spine-associated 
Myc-positive punctum was juxtaposed to a Vglut1-positive punc-
tum (Figure 2, C and D).

Because a Myc/Vglut1-positive cluster defines the juncture of 
the dendritic spine with its presynaptic ending, the distance 
(<5 μm) between a Myc/Vglut1-positive cluster and the adjacent 
dendritic shaft was taken as the measure of spine length (Figure 
3D). Neurons expressing MycΔKal7 had slightly shorter spines than 
neurons expressing MycKal7 (0.79 ± 0.02 vs. 0.95 ± 0.02 μm; 
p < 0.01). The total area encompassed by the synaptic cluster 
(postsynaptic Myc staining and the adjacent presynaptic Vglut1 
staining) was quantified as a measure of synaptic area (Figure 3E). 
Although the spines formed in neurons expressing MycΔKal7 were 

FIGURE 2: MycKal7 and MycΔKal7 differ in their effects on spine and synapse formation. 
Hippocampal neurons were transfected with vector encoding MycKal7 (A, C) or MycΔKal7 (B, D) 
at the time of plating (P0). Neurons were fixed at DIV20 for double immunostaining with 
antibodies to Myc (red), Vglut1 (green: a marker for excitatory presynaptic terminals), and MAP2 
(blue: a marker for dendrites). (C) Higher-power image from the boxed dendrites of A. The 
arrows in B and D show a Myc-negative, nontransfected dendrite. In earlier studies using similar 
protocols, we established that levels of exogenous MycKal7 were only about double the levels 
of endogenous Kal7 (Ma et al., 2008b).
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larger than Kal4 (p < 0.01) and smaller than 
Kal7 (p < 0.01; Figure 6B). The protrusions 
formed in response to MycKal4 (1.06 ± 0.02 
μm) were substantially shorter than those 
formed in response to MycKalSolo (1.24 ± 
0.02 μm, p < 0.01), and neither truncated 
form of Kal7 stimulated the formation of 
spines that were as long as those formed in 
response to MycKal7 (1.54 ± 0.02 μm, p < 
0.01; Figure 6C). Although the morphology 
of the dendritic protrusions and synaptic 
clusters formed in response to expression of 
N-terminal fragments of Kalirin lacking a 
GEF domain and a PDZ-binding motif was 
aberrant, the postsynaptic and presynaptic 
proteins needed to form functional synapses 
accumulated in or near them. Like full-length 
Kal7, MycKalSolo and MycKal4 colocalized 
with the postsynaptic density marker, NR1, 
as well as with PSD95 and ionotropic gluta-
mate receptor subunit GluR1 at spine tips 
(PSD95 and GluR1; unpublished data).

Although analytical ultracentrifugation 
revealed no tendency for the spectrin re-
peat regions of Kalirin to oligomerize 
(Vishwanatha et al., 2012), our earlier studies 
demonstrated interactions between Kal7 and 
its fifth spectrin repeat, as well as the pres-
ence in cortical cytosol of Kal7 in heteroge-
neous higher–molecular weight complexes 
(Schiller et al., 2008). To determine whether 
localization of MycKalSolo and MycKal4 to 
spine tips required the presence of endoge-
nous Kalirin, we expressed these proteins in 
cortical neurons prepared from mice lacking 
all of the isoforms of Kalrn (Mandela et al., 
2012). In the absence of any endogenous 
Kalirin proteins, MycKalSolo and MycKal4 
still localized to small puncta juxtaposed to 
Vglut1-positive presynaptic endings (Figure 
6, E and F). Difficulty expressing these trun-
cated proteins and maintaining healthy cul-
tures of Kalrn-knockout neurons precluded 
more detailed analysis of morphological dif-
ferences and synapse formation.

KalSec14 forms an independent domain that interacts with 
phosphoinositides in a phosphorylation-dependent manner
Because neuronal expression demonstrated a role for the Sec14 
domain in Kal7 function, we sought to uncover the underlying 
mechanism. The tissue-specific use of alternate Kalrn promoters 
appends peptides ranging in length from 5 to 38 amino acids to the 
N-terminus of the Sec14 domain (McPherson et al., 2004, Mains 
et al., 2011). A glutathione S-transferase (GST)–KalSec14 fusion 
protein was previously used to demonstrate its lipid-binding abili-
ties (Schiller et al., 2008); to eliminate potential interference from 
the N-terminal GST tag, we cleaved GST from purified KalSec14 
(produced from the A-promoter) and included a short epitope tag 
on its C-terminus (Figure 7A). Two residues in the Sec14 domain 
(Thr-79 and Ser-83) can be phosphorylated by protein kinase A, 
protein kinase C, and CaMKII, and both sites are phosphorylated 
in Kal7 isolated from mouse striatum (Kiraly et al., 2011, and 

developmental time points, when dendritic filopodia predominate 
(Penzes et al., 2001); endogenous Kal7 and many of the other con-
stituents of mature synapses are not expressed at this stage.

As expected, expression of MycKal7 increased spine formation 
approximately threefold over the GFP control; in contrast, expres-
sion of MycΔKal7 had no effect on spine density (Figure 6A). Expres-
sion of MycKal4 or MycKalSolo stimulated the formation of dendritic 
protrusions, although not to the same extent as the full-length mol-
ecule (Figure 6A; p < 0.05 for MycKal4 and MycKalSolo vs. GFP).

To quantify differences between the morphology of the protru-
sions formed in response to expression of MycKalSolo, MycKal4, or 
MycKal7, we determined synaptic area and spine length as de-
scribed in Figure 3. Synapses formed in response to MycKal4 were 
smaller than those formed by the full-length protein (0.45 ± 0.01 vs. 
1.04 ± 0.02 μm2 for Kal7, p < 0.01), and synapses formed in re-
sponse to MycKalSolo were intermediate in size (0.73 ± 0.01 μm2), 

FIGURE 3: Quantification of spine morphology in neurons expressing MycKal7 or MycΔKal7. 
Hippocampal neurons expressing MycKal7 or MycΔKal7 as described in Figure 2 were analyzed. 
Myc-positive and Vglut1-positive clusters were manually traced in at least 10 neurons for each 
group; criteria for inclusion are described in Materials and Methods. Myc clusters were identified 
as spine associated or shaft associated. (A) Juxtaposed or overlapping Myc/Vglut1 clusters on 
spines or the dendritic shaft are referred to as synaptic clusters; data are reported as clusters/10 
μm. Synaptic cluster density was significantly higher in neurons expressing MycKal7 than in 
neurons expressing MycΔKal7 (17.3 ± 2.0 vs. 5.0 ± 1.1 per 10-μm dendrite; p < 0.01; t test); error 
bars show SE of the mean. (B) Myc staining along dendrites within 100 μm of the cell soma was 
quantified using MetaMorph and identified as spine associated or shaft associated (overlapping 
the dendritic shaft). Shaft-associated synaptic clusters are plotted as a percentage of total 
synaptic clusters; shaft-associated synaptic clusters are more common in neurons expressing 
MycΔKal7 (p < 0.01; t test). (C) Shaft-associated Myc clusters that lacked an apposed Vglut1 
cluster plotted as percentage of total shaft-associated Myc-clusters; this percentage is higher in 
neurons expressing MycΔKal7 (p < 0.01; t test). (D) Spine length was significantly longer in 
neurons expressing MycKal7 than in neurons expressing MycΔKal7 (p < 0.01; Kolmogorov–
Smirnov). (E) The area occupied by each Myc/Vglut1 cluster was quantified and was significantly 
smaller in neurons expressing MycKal7 than in neurons expressing MycΔKal7 (p < 0.01; 
Kolmogorov–Smirnov).
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exhibited a preference for phosphati-
dylinositides. Compared to the wild-type 
(WT) protein, KalSec14/T79E showed en-
hanced binding to each phosphorylated 
phosphatidylinositide except phosphati-
dylinositol(3)phosphate (PI(3)P; Figure 7D). 
Lipid binding by KalSec14/S83D did not dif-
fer significantly from that of WT-KalSec14. 
Taken together, our data suggest that Kal7 
interacts with cellular membranes through 
KalSec14-mediated phosphatidylinositide 
binding. Furthermore, this interaction may 
be modulated by the phosphorylation sta-
tus of KalSec14 and by alterations in cellular 
phosphatidylinositol phosphate levels. 
Because the phosphatidylinositides play a 
crucial role in membrane-trafficking events, 
we evaluated the effect of KalSec14 expres-
sion on receptor-mediated endocytosis us-
ing a transferrin uptake assay.

KalSec14 expression reduces 
transferrin uptake in neuroendocrine 
cells
Expression of MycKal7, but not MycΔKal7, 
was previously shown to inhibit transferrin 
receptor–mediated endocytosis in nonneu-
ronal cells (Schiller et al., 2008), raising the 
possibility that the inhibition could be due 
to the Sec14 domain or the first four spec-
trin repeats. We used a similar system to 
evaluate the effect of the KalSec14 domain 
on transferrin endocytosis (Figure 8). We ex-
pressed GFP or KalSec14-GFP and assessed 
uptake of fluorescently tagged transferrin 
by serum-starved neuroendocrine cells. Af-
ter a 5-min incubation with fluorescently 
tagged transferrin (Tf-546), cells were rinsed 
in serum-free medium and fixed. As in neu-

rons, KalSec14-GFP was diffusely distributed, and expression at 
high levels or for long periods of time had a deleterious effect on 
cell morphology. To avoid the disruptive effects of expressing high 
levels of KalSec14-GFP, less DNA was used in the transfection and 
the exogenous protein was visualized with GFP antibody. Fluores-
cence microscopy revealed a significant reduction in Tf-546 internal-
ization in cells expressing KalSec14-GFP when compared with GFP 
control cells (Figure 8), indicating that exogenous KalSec14 inter-
fered with constitutive membrane trafficking. Whether this effect is 
directly dependent on the lipid-binding ability of KalSec14 or mod-
ulated by phosphorylation remains to be determined.

Kalirin SR4:6 is phosphorylated by Abl1
Our goal was to identify the features unique to the N-terminal por-
tion of Kal7 that make this region important for spine formation, but 
its tight association with the cytoskeleton and lack of solubility com-
plicated the search for interactors. The Drosophila orthologue of 
Kalrn, dTrio, was identified in a screen for heterozygous enhancers 
of lethality caused by mutations in Abl (Liebl et al., 2000), and flies 
with mutations in dTrio and Abl exhibited similar deficits in axonal 
growth (Bateman et al., 2000). Extending these observations to ver-
tebrates is difficult, since gene duplication created two dual 
RhoGEFs, Kalrn and Trio, both equidistant in sequence from 

unpublished data). Based on the structures of yeast Sec14p and the 
Sec14 domain of neurofibromin 1, both phosphorylation sites 
should lie just outside of the putative lipid-binding pocket (Aravind 
et al., 1999; Mousley et al., 2006). To determine whether phospho-
rylation of the Sec14 domain of Kalirin at either of these sites 
might alter its ability to bind lipids, we also purified KalSec14 in 
which Thr-79 or Ser-83 was mutated to Glu (T79E) or Asp (S83D), 
respectively, to try to simulate phosphorylation.

The structure of purified KalSec14 was evaluated using circular 
dichroism. Consistent with its identification as an independent do-
main, analysis of the spectrum revealed a protein that was 71% α-
helix, 19% β-sheet, and 10% unfolded (Figure 7A). We used thermal 
denaturation to determine whether the isolated KalSec14 domain 
adopted a stably folded structure (Figure 7B); cooperative unfolding 
was observed, with a melt temperature of 58 ± 1°C. The KalSec14/
T79E protein had similar properties (71% α-helix; thermal melt mid-
point, 57 ± 1°C).

We used PIP strips to assess the ability of purified KalSec14, 
KalSec14/T79E, and KalSec14/S83D to interact with specific lipids. 
KalSec14 exhibited significant binding to each of the phosphory-
lated phosphatidylinositides but not to major phospholipids such 
as phosphatidylethanolamine, phosphatidylcholine, or phosphati-
dylserine (Figure 7C). KalSec14/T79E and KalSec14/S83D also 

FIGURE 4: The Sec14 domain of Kal7 plays a role in determining spine length. Top, diagrams 
illustrating the proteins expressed. Hippocampal neurons prepared from P0 rat embryos were 
doubly transfected with vectors encoding MycKal7 and GFP (A) or HA2-ΔSec14-Kal7 and GFP 
(B) or transfected with vector encoding a KalSec14-GFP fusion protein (C) at the time of plating. 
Neurons were visualized for GFP and Myc (HisMycKal7) or HA (HA2-ΔSec14-Kal7) (red) at DIV13, 
a time at which endogenous Kal7 is barely detectable (Ma et al., 2008a). (D) Spine density was 
indistinguishable in neurons expressing Kal7 and ΔSec14-Kal7 but was significantly lower in 
Sec14-GFP–expressing neurons (t test); synaptic density is lower here than in Figure 3 because 
synapse formation is not complete in DIV13 neurons. (E) Quantification of spine length revealed 
that ΔSec14-Kal7 produced significantly shorter spines than MycKal7 (p < 0.01), whereas 
Sec14-GFP produced aberrantly long spines (p < 0.05).
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which Abl1 phosphorylated Tyr-591 and Tyr-
616 under the conditions tested was deter-
mined by quantifying all of the peptides that 
contained the Tyr of interest; based on this 
analysis, both Tyr-591 and Tyr-616 were ex-
tensively phosphorylated (25 and 16%, re-
spectively), whereas no detectable phos-
phorylation of Tyr-777 or Tyr-838 (both 
located in SR6) occurred (Figure 9E). Based 
on the structure predicted for SR7:9 (http://
zhanglab.ccmb.med.umich.edu/I-TASSER/), 
Tyr-591 is located at the interface between 
helices A and B of SR4, and introduction of 
a negative charge at this position would be 
expected to perturb the structure.

Abl1 phosphorylation of KalSR4:6 
increases calpain-mediated proteolysis
Both the formation of new spines and the 
remodeling of existing spines require 
changes in the existing cytoskeleton; endo-
proteolytic cleavage of cytoskeletal proteins 
is known to contribute to this process. Cal-
cium-mediated activation of μ-calpain and 
ERK-mediated activation of m-calpain are 
known to contribute to this remodeling 
process (Wu and Lynch, 2006; Zadran 
et al., 2009; Baudry et al., 2013; Chamma 
et al., 2013). KalSR4:6 was previously shown 
to contain a trypsin-sensitive site in the 
B-C loop of SR5 (AR722/DS; Figure 9E; 
Vishwanatha et al., 2012). We tested the hy-

pothesis that phosphorylation of KalSR4:6 by Abl1 alters its sensitiv-
ity to calpain-mediated proteolysis in vitro. KalSR4:6 that had been 
incubated with [γ-32P]ATP and Abl1 and KalSR4:6 incubated under 
the same conditions but without Abl1 were exposed to increasing 
concentrations of μ-calpain. SDS–PAGE revealed that 32P-labeled 
KalSR4:6 phosphorylated by Abl1 (Figure 10A, left) was more sensi-
tive to μ-calpain–mediated degradation than the nonphosphory-
lated protein (Figure 10A, right). The only predicted calpain cleav-
age site in KalSR4:6 (PS714/LG) is located in the same loop that 
contains the previously identified trypsin-sensitive site (Vishwanatha 
et al., 2012).

We next asked whether KalSR4:6 in which Tyr-591 or Tyr-616 had 
been replaced by a negatively charged amino acid (Glu) exhibited a 
similar increase in calpain sensitivity. SDS–PAGE analysis of purified 
KalSR4:6/Y591E and KalSR4:6/Y616E revealed that each migrated 
more slowly than KalSR4:6, suggesting a major effect of each point 
mutation on the properties of the protein, even during SDS–PAGE 
(Figure 10B, left). Consistent with this conclusion, KalSR4:6/Y591/E 
was more sensitive to calpain-mediated degradation than the wild-
type protein, with nearly complete degradation after incubation with 
50 ng of calpain (Figure 10B, right). Mutation of Tyr-616 to Glu had a 
lesser effect on sensitivity to μ-calpain (Figure 10B, right). Preferential 
Abl1-mediated phosphorylation of Tyr-591 versus Tyr-616 and a more 
powerful effect of Tyr-591 phosphorylation on sensitivity to calpain 
cleavage were confirmed by analyzing the stability of Abl1-phospho-
rylated KalSR4:6/Y591E and KalSR4:6/Y616E (unpublished data).

Inhibition of Abl alters spine morphology
The role of the BCR/ABL fusion protein in cancer led to the devel-
opment of compounds that inhibit ABL1/ABL2 without affecting 

Drosophila trio (McPherson et al., 2002). In addition, human and 
other vertebrate genomes encode two ABL non–receptor tyrosine 
kinases, ABL1 and ABL2 (Colicelli, 2010; Greuber et al., 2013; 
Koleske, 2013). Several observations led us to ask whether Kalirin 
might be phosphorylated by Abl1. First, Kalirin plays an essential 
role in pathways activated by the PDGFβ receptor (Wu et al., 2013), 
and PDGFβ receptor engagement in hippocampal neurons acti-
vates Abl1 and inhibits NMDA receptor current (Beazely et al., 
2008). Second, the spectrin skeleton is believed to form a point of 
convergence between pathways controlled by Tyr phosphorylation 
and pathways controlled by intracellular Ca2+ (Nedrelow et al., 
2003). A phospho-Tyr was identified in SR7 of Kal7 isolated from 
adult mouse brain, and Tyr residues in SR4 (Tyr-591) and the PDZ-
binding motif (Tyr-1653) are phosphorylated in vitro by Fyn, a non–
receptor tyrosine kinase (Kiraly et al., 2011).

The purified fragments of Kal7 shown in Figure 9A were incu-
bated with recombinant Abl1 and [32P-γ]ATP for 30 min. Autoradiog-
raphy after SDS–PAGE revealed preferential phosphorylation of 
SR4:6 by Abl1 (Figure 9B); no phosphorylation of Sec14:SR1, SR1:3, 
or the GEF region was detected, and phosphorylation of SR7:9 and 
GST-Kal7-CT was much less extensive than phosphorylation of SR4:6. 
Similar experiments using recombinant Abl2 indicated that it does 
not phosphorylate Sec14:SR1, SR1:3, or SR4:6 (unpublished data).

Tryptic digestion and high-resolution liquid chromatography–
tandem mass spectrometry (LC-MS/MS) analysis of recombinant 
SR4:6 phosphorylated by Abl1 identified two Abl1 phosphorylation 
sites in SR4—Tyr-591 (Figure 9C) and Tyr-616 (Figure 9D). Tyrosine 
591 is also phosphorylated by Fyn, but Abl1, unlike Fyn, does not 
extensively phosphorylate Tyr-1653, which sits in the PDZ-binding 
motif of Kal7 and is contained in Kal7-CT (Figure 9B). The extent to 

FIGURE 5: Expression of Kalirin constructs lacking the GEF and PDZ-binding domains causes 
spine formation. Top, diagrams illustrating the proteins expressed. Cortical neurons were 
transfected with vector encoding GFP only (A) or doubly transfected with vectors encoding GFP 
and MycKal7 (B), MycΔKal7 (not shown), MycKalSolo (C), or MycKal4 (D) at the time of plating. 
Neurons were visualized for GFP (green) and Myc (red) at DIV18. Cortical neurons expressing 
MycKalSolo (E) or MycKal4 (F) were stained simultaneously with antibodies to Myc (red), Vglut1 
(green), and MAP2 (blue); for both, most Vglut1 puncta were juxtaposed to Myc puncta.
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neurons, Kal7KO neurons responded to drug 
treatment with an increase in protrusion 
length (Figure 10D). The fact that GNF-5 
had distinctly different effects on the den-
dritic protrusions formed by wild-type and 
Kal7KO neurons is consistent with the con-
clusion that Kal7 plays an important role in 
Abl-mediated effects on spine morphology. 
The ability of Kal7 to promote spine matura-
tion (Ma et al., 2008a) may limit the forma-
tion of long, filopodia-like protrusions; lack-
ing this maturation factor, the protrusions 
formed by Kal7KO neurons may be more 
likely to elongate.

DISCUSSION
Spine morphology, a key determinant of 
excitatory synaptic transmission, is regu-
lated by the actin cytoskeleton (Bloodgood 
and Sabatini, 2005; Araya et al., 2006; 
Hotulainen and Hoogenraad, 2010; 
McMahon and Diaz, 2011; Nestor et al., 
2011; Yuste, 2013). The Sec14 and first four 
spectrin repeats of Kal7 contribute to con-
trol of synaptic cluster area and location, 
transsynaptic communication, spine den-
sity, and spine length. Long-term potentia-
tion in hippocampal slice preparations and 
control of spine head size and spine forma-
tion by cortical neurons in response to eph-
rinB require the GEF activity of Kal7 (Penzes 
et al., 2003; Lemtiri-Chlieh et al., 2011), but 
spine formation does not. The ability of the 
Sec14 and spectrin repeat regions of Kalirin 
to modulate spine formation and size pro-
vides sites at which diverse signaling path-
ways can regulate these processes.

The Sec14 domain of Kal7 
and spine length
Kal7 lacking only its Sec14 domain 
(ΔSec14Kal7; Figure 4, diagram) produced 
the normal number of spines, but the spines 

were short. Consistent with this, expression of the isolated Sec14 
domain increased spine length without increasing spine formation. 
Sec14 domains occur in only ∼20 murine proteins (Mousley et al., 
2006; Gupta et al., 2012); some bind small, hydrophobic ligands, 
whereas others interact with small GTPases and their GEFs and 
GAPs. The Sec14 domains of Mcf2 and Mcf2l are involved in intra-
molecular interactions and bind phosphoinositides (Ueda et al., 
2004; Ishikawa et al., 2005; Kostenko et al., 2005). The ability of 
similar lipid-binding proteins to move lipids between membranes 
is suited to a role in changing cell morphology (Maeda et al., 
2013).

Both GST-KalSec14 and KalSec14-rhodopsin bound multiple 
phosphatidylinositides and not the more prevalent phospholipids. 
Threonine 79, predicted by homology modeling to be in an α-helix 
that stabilizes the lipid-binding pocket, can be phosphorylated by 
multiple synaptic protein kinases and is phosphorylated in vivo 
(Kiraly et al., 2011). Its replacement with a phosphomimetic muta-
tion enhanced Sec14 binding to most of the phosphatidylinositides. 
Although different phosphatidylinositides are localized to different 

other non–receptor tyrosine kinases (Colicelli, 2010; Greuber et al., 
2013). We exposed DIV18 cortical neurons prepared from wild-
type mice to one of these inhibitors (GNF-5) for 6 h and then quan-
tified dendritic protrusion density and length; membrane-targeted 
farnesylated GFP (fGFP) was expressed to facilitate the analysis 
(Figure 10C). Drug-treated and control neurons were fixed and 
stained for GFP and filamentous actin. The density of actin-rich 
dendritic protrusions on the dendrites of wild-type cortical neurons 
increased significantly after GNF-5 treatment, with no effect on 
protrusion length (Figure 10C). Based on its effects on KalSR4:6, 
phosphorylation of Kal7 by Abl1 may target it for cleavage by cal-
pain. If so, inhibition of Abl1 would be expected to stabilize Kal7; 
the ability of Kal7 to stimulate the formation of dendritic spines 
could account for the observed increase in protrusion density.

We next asked whether cultures prepared from Kal7KO cortices 
responded differently to GNF-5 treatment (Figure 10D). When 
DIV18 cortical neurons from Kal7KO mice were exposed to the same 
level of GNF-5, protrusion density was unaffected. Although GNF-5 
was without effect on dendritic protrusion length in wild-type 

FIGURE 6: Neurons expressing MycKalSolo or MycKal4 form spines with aberrant morphology. 
(A) Spine-like protrusions along dendrites (at least 10 neurons in each group) within 100 μm of 
the cell soma were quantified using MetaMorph as described; one-way analysis of variance 
followed by Dunnett’s test; *p < 0.05, **p < 0.01, #p < 0.05, compared with GFP and ΔKal7. 
MycΔKal7 did not differ from GFP in its ability to induce spine formation. Myc-positive and 
Vglut1-positive clusters on the dendritic shaft were included in the measurements for 
hippocampal neurons reported in Figure 3; for the cortical neurons shown here, Myc-positive 
clusters on the dendritic shaft were excluded. Synaptic (Myc/Vglut1 cluster) area (B) and spine 
length (C) were quantified using MetaMorph; data are displayed as a Kolmogorov–Smirnov 
distribution. (B) Kal7 larger than KalSolo and KalSolo larger than Kal4 (all **p < 0.01, 
Kolmogorov–Smirnov). (C) Kal7 larger than KalSolo and KalSolo larger than Kal4 (all **p < 0.01, 
Kolmogorov–Smirnov). (D) DIV20 cortical neurons expressing MycKalSolo or MycKal4 (as 
described in Figure 5) were stained simultaneously with antibodies to Myc (red) and NR1 
(green); antibody specific to MAP2 was included to verify the identity of dendrites (not shown). 
Antisera to PSD95 and GluR1 produced staining patterns similar to those shown for NR1 (data 
not shown). (E, F) Cortical neurons prepared from E20 total Kalirin-knockout embryos were 
nucleofected with vectors encoding MycKal7 (not shown), MycKalSolo, or MycKal4; Myc (red), 
Vglut1 (green), and MAP2 (blue) were visualized simultaneously in cultures fixed on DIV19. As 
observed in primary neurons from wild-type rats, MycKalSolo and MycKal4 localized to 
spine-like structures; Vglut1-positive endings were juxtaposed to the small puncta formed by 
MycKalSolo and MycKal4.
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When expressed in fibroblasts, Kal7, but 
not ΔKal7, blocked the uptake of transferrin 
(Schiller et al., 2008); the transferrin/transfer-
rin receptor complex is bound by the AP2 
complex and internalized in a clathrin-medi-
ated process (Abe et al., 2008). Expression 
of KalSec14-GFP diminished transferrin up-
take, linking Kalirin to membrane trafficking. 
Internalization of transferrin by its receptor is 
blocked when plasma membrane levels of 
phosphatidylinositol 4,5-bisphosphate are 
rapidly reduced (Abe et al., 2008). The 
diminished levels of NR2B on the surface 
of Kal7KO neurons could reflect the role of 
the Kal7 Sec14 domain in membrane 
trafficking. α-Amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptor clustering 
at the PSD is affected by phosphatidylinosit-
ides (Arendt et al., 2010), and phospho-
inositide-3-kinase activation affects spine 
and synapse formation (Cuesto et al., 
2011).

Spine length is decreased by repeated 
stimulation of cultured neurons with 
NMDA or by blocking γ-aminobutyric acid 
type A receptors and increased by short-
term treatment with tetrodotoxin (Segal, 
1995; Papa and Segal, 1996). Loss of Syn-
CAM 1, a synaptic adhesion molecule 
(Cheadle and Biederer, 2012), and abla-
tion of PSD95 (Beique et al., 2006) in-
crease spine length. Overexpression of 
the actin-binding domain of α–actinin-2, 
which binds NMDA receptor subunits NR1 
and NR2B (Wyszynski et al., 1997), in-
creases spine length without altering spine 
density.

The spectrin repeats of Kal7, Abl, and spine formation
Unlike ΔKal7, which did not increase spine formation, expression of 
ΔSec14Kal7 (Figure 1A, diagram) increased spine density as much 

as Kal7. Fragments of Kal7 composed only 
of SRs were often insoluble, so we examined 
proteins that included the N-terminal Sec14 
domain and four (Kal4) or nine (KalSolo) SRs. 
Their effects on spine density, length, and 
area were graded. Although the spines that 
formed in response to Kal4 and KalSolo 
were shorter, with smaller synaptic areas 
than spines formed in response to Kal7, 
postsynaptic markers (PSD-95, GluR1, NR1) 
accumulated at their tips, and presynaptic 
endings were juxtaposed.

Overexpression of α–actinin-2, with its 
SRs and PDZ-binding motif, increases both 
spine length and density (Nakagawa et al., 
2004). Hippocampal neurons deficient in 
Septin7 have abnormally long spines (Xie 
et al., 2007). Septin7 forms a complex with 
ERK3 and MK5 and is localized at the spine 
base. Of interest, the SR region of Kalirin in-
teracts with MK5, which phosphorylates a 

compartments, KalSec14-GFP was diffusely distributed when 
expressed in neurons or in neuroendocrine cells, and prolonged or 
high-level expression was toxic.

FIGURE 7: The Sec14 domain of Kalirin interacts with phosphoinositides. (A) The circular 
dichroism spectrum (average of six determinations) of purified rhodopsin-tagged KalSec14 (inset 
illustrates location of epitope tag [black circle]) was evaluated from 190 to 270 nm; the spectrum 
obtained for KalSec14/T79E was indistinguishable (not shown). (B) Cooperative unfolding was 
observed in a thermal denaturation study of KalSec14; the transition temperature observed was 
58 ± 1°C for WT-KalSec14 and 57 ± 1°C for KalSec14/T79E. (C) Purified WT-KalSec14, KalSec14/
T79E, and KalSec14/S83D (1 μg/ml; inset: Coomassie-stained membrane demonstrating the 
purity of the recombinant proteins) were incubated with PIP strips as described in Materials and 
Methods; bound protein was visualized using antibody to the rhodopsin epitope tag. The lipids 
on the PIP strips are identified. (D) Data from five experiments were quantified; after 
background subtraction and normalization to the binding of WT-KalSec14 to PI(3,4,5)P3, data 
were averaged; error bars represent SE of the mean. No significant binding was observed to 
lysophosphatidic acid (LPA), lysophosphatidylcholine (LPC), phosphatidylethanolamine (PE), 
phosphatidylcholine (PC), sphingosine-1-phosphate (SP1), or phosphatidylserine (PS). WT-Sec14 
exhibited significant binding to each of the phosphatidylinositides (*p < 0.05 WT vs. blank; 
Holm–Sidak multiple-comparisons test). Compared to WT-Sec14 and Sec14/S83D, Sec14/T79E 
exhibited enhanced binding to each phosphorylated phosphatidylinositide except PI(3)P 
(**,##p < 0.01 Sec14/T79E vs. WT and Sec14/S83D, respectively; Holm–Sidak multiple-
comparisons test). After background subtraction and averaging, data for Sec14/S83D did not 
differ significantly from WT.

FIGURE 8: KalSec14-GFP disrupts receptor-mediated endocytosis in AtT-20 corticotrope tumor 
cells. (Left) Magnified 63× images showing Alexa Fluor 546–transferrin uptake (red) by AtT-20 
corticotrope tumor cells expressing either GFP (top) or KalSec14-GFP (bottom). Cells were 
exposed to Alexa Fluor 546–Tf for 5 min at ∼24 h after transfection and were then fixed, stained, 
and imaged. Scale bars, 20 μm. (Right) Quantification of internalized 546-Tf. Data were collected 
using MetaMorph; values were normalized to cell size and relative to GFP control cells (n = 8 for 
GFP and 12 for Sec14-GFP; error bars, ± SEM; **p < 0.002). Results were confirmed in an 
independent experiment.
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single Tyr in αII-spectrin reduces its susceptibility to calpain-medi-
ated proteolysis (Nicolas et al., 2002; Siminovic et al., 2006). In con-
trast, phosphorylation of KalSR4:6 by Abl1 increased its sensitivity to 
calpain cleavage. The site phosphorylated by Abl1 is conserved in 
Kalirin and Trio. Although well-conserved in Kalirin, the protease-
sensitive loop in KalSR4:6 is not present in Trio. Phosphorylation of 
Kal7 at Tyr-591 could also affect its localization or its ability to inter-
act with other proteins. The third SR of Kalirin contains an SH3-bind-
ing motif, raising the possibility that it could interact with the SH3 
domain of Abl1. The interaction of Abl1 with F-actin and G-actin 
(Colicelli, 2010) could then contribute to the ability of Kal4 and Kal-
Solo, which lack a GEF domain, to increase spine formation.

Highly selective inhibitors of Abl1/Abl2 were developed to treat 
chronic myeloid leukemia (Colicelli, 2010; Greuber et al., 2013). We 
were able to demonstrate an increase in the density of dendritic 
protrusions 6 h after the addition of GNF-5 to primary cultures of 
cortical neurons. Of note, because GNF-5 inhibits Abl1 and Abl2 
(both of which are expressed in these neurons), both Abl1 and Abl2 
may contribute to the observed changes in protrusion density. To 
our knowledge, this is the first time the neuronal effects of this class 
of Abl inhibitors have been evaluated. The fact that protrusion den-
sity was not increased when Kal7KO neurons were exposed to GNF-5 
establishes a role for Kal7 in the response. Stabilization of Kal7 in 
response to inhibition of Abl1 phosphorylation of Tyr-591 and/or 

Ser in the SH3-binding motif in SR3 (Brand et al., 2012), perhaps 
contributing to the effects of Kalirin on spine length.

The molecular basis underlying the genetic association of dTrio 
and dAbl has not been clarified (Bateman et al., 2000; Liebl et al., 
2000; Lin and Greenberg, 2000). Abl1 and Abl2/Arg, mammalian 
homologues of dAbl, are both expressed in neurons (Perez de Arce 
et al., 2010; Greuber et al., 2013; Koleske, 2013). Abl proteins local-
ize to sites of actin remodeling, and multiple receptor tyrosine ki-
nases interact with and are phosphorylated by Abl (Colicelli, 2010). 
We focused on Abl1 because it phosphorylated a site in SR4, but 
SR7:9 was phosphorylated by Abl2. Like Kal7, Abl1 localizes to the 
PSD, where it phosphorylates PSD-95 (Beazely et al., 2008; Perez de 
Arce et al., 2010; Greuber et al., 2013). Activation of Abl can be trig-
gered by receptor tyrosine kinases, chemokine receptors, oxidative 
stress, and interactions with regulatory proteins (Greuber et al., 
2013). Abl1 phosphorylates two Tyr residues (Tyr-591 and Tyr-616) in 
the fourth SR of Kalirin; Kal7 isolated from mouse brain is phospho-
rylated on Tyr-591 (Kiraly et al., 2011).

Phosphorylation of Tyr-591 produced a substantial change in the 
conformation and protease sensitivity of KalSR4:6. Controlled pro-
teolysis plays an essential role in long-term potentiation (Baudry 
et al., 2013) and spine morphogenesis (Lynch et al., 2006; Wu and 
Lynch, 2006; Amini et al., 2013). Specifically, calpain inhibitors block 
LTP in vitro and in vivo (Amini et al., 2013). Phosphorylation of a 

FIGURE 9: Phosphorylation of Kal SR4:6 by Abl1. (A) The purified fragments of Kalirin (0.5 μM) shown in the diagram 
were each exposed to recombinant Abl1 (10 nM) along with 5 μM ATP and 0.75 μCi [32P-γ]ATP at 32°C for 30 min. 
(B) The reactions were stopped by boiling each sample into Laemmli sample buffer; after SDS–PAGE and transfer to a 
polyvinylidene fluoride membrane, phosphorylated proteins were visualized by autoradiography (3-h exposure). In 
addition to autophosphorylated Abl1 (135 kDa; arrow), KalSR4:6 was phosphorylated (band at ~50 kDa); less extensive 
phosphorylation of KalSR7:9 and Kal7-CT was also detectable. (C, D) The reaction was scaled up as described in 
Materials and Methods, and phosphorylated SR4:6 recovered from a silver-stained 4–15% acrylamide gel was subjected 
to in-gel digestion with trypsin, followed by LC-MS/MS identification of phosphorylated Tyr residues. Sites are identified 
using the NP_114451.2 numbering scheme for Kalrn. MS/MS fragmentation patterns for the Tyr-591 (C) and Tyr-616 (D) 
peptides are shown. Manual verification and the site of Tyr modification (red Y) are illustrated in C1 and D1. The b- and 
y-ion series peak assignments are shown (C2, D2). Extracted ion chromatograms of the parent ion (M+2H)2+ for the IDA 
and SWATH runs were retention time aligned (C3 and D3). Note that the Cys (blue) in the Tyr-616 peptide was 
acrylamide gel modified (propionamide). (E) Model illustrates the location of the four Tyr residues in KalSR4:6. For each 
Tyr, percentage phosphotyrosine (shown in parentheses) was calculated relative to the sum of all of the peptides 
containing that Tyr residue (phosphorylated or not). The protease-sensitive insert in the B-C loop of SR5 (inset) contains 
the only predicted calpain-cleavage site (Vishwanatha et al., 2012)
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COOH terminus (M1VLSG–LRLSL172GATETSQVAPA; Kalirin number-
ing: AAF66018.1, GI:7650388).

Immunocytochemistry
Immunostaining of cultures was performed as described (Ma et al., 
2008b). Neurons were fixed with 4% paraformaldehyde in 
phosphate-buffered saline (PBS). After permeabilization with 0.20% 
Triton X-100 in blocking buffer (1% bovine serum albumin [BSA], 5% 
normal goat and/or donkey serum in PBS, pH 7.4), followed by incu-
bation for 50 min in blocking buffer at room temperature, cells were 
doubly or triply stained with appropriate primary antibodies over-
night at 4°C. Primary antibodies were visualized with appropriate sec-
ondary antibodies: Cy3-donkey anti-mouse, fluorescein isothiocya-
nate (FITC)–donkey anti-rabbit, FITC-donkey anti-rat, and FITC-donkey 
anti-guinea pig immunoglobulin G (IgG) were from Jackson Immu-
noResearch Laboratories (West Grove, PA); Alexa Fluor 633–goat 
anti-rabbit and anti-mouse IgG were from Molecular Probes (Eugene, 
OR). Images were obtained using a Zeiss (Jena, Germany) LSM510 
confocal microscope. Hoechst nuclear stain (Invitrogen, Grand Island, 

Tyr-616 could contribute to the observed increase in protrusion 
density.

MATERIALS AND METHODS
Primary neuronal cultures and transfection
Cultures were prepared from postnatal day 0 (P0; cortical or hip-
pocampal) Sprague–Dawley rats or embryonic day 20 (E20; cortical) 
KalSRKO/KO mice as described (Ma et al., 2003, 2008a). In KalSRKO/KO 
mice, elimination of exon 13 in the spectrin repeat region ablates 
production of all major isoforms of Kalirin (Mandela et al., 2012). 
Freshly dissociated neurons ([1–2] × 106 neurons) were nucleofected 
using program O-003 (Amaxa, Cologne, Germany) with the vectors 
to be described. Nucleofected neurons were kept in Neurobasal A 
(embryonic) or Neurobasal (P0) maintenance medium for up to 3 wk 
as described (Ma et al., 2011). The vectors encoding HisMycKal7, 
HisMycΔKal7, HisMycKalSolo, HisMycKal4, HA2ΔSec14Kal7 (starts 
EEWIELRL-), and KalSec14-GFP (ends -LDYNH; Schiller et al., 2008) 
and fGFP (Francone et al., 2010) were described. The pGEX6P1-
KalSec14 vectors included the rhodopsin epitope (italicized) at the 

FIGURE 10: Phosphorylation of KalSR4:6 by Abl1 increases its sensitivity to calpain. (A) KalSR4:6 phosphorylated with 
[γ-32P]ATP by Abl1 or exposed to the same conditions in the absence of ATP and Abl1 was exposed to the indicated 
amount of μ-calpain for 60 min at 37°C. Digested samples were fractionated by SDS–PAGE and transferred to 
polyvinylidene fluoride (PVDF) membranes; 32P-labeled KalSR4:6 was visualized by autoradiography (left), and unlabeled 
KalSR4:6 was visualized by Western blot (right) using an antibody to SR4:7 (JH2580; Penzes et al., 2000). The amount of 
intact KalSR4:6 remaining was quantified; error bars show range of duplicate experiments. (B) Purified recombinant 
KalSR4:6 and KalSR4:6 with a phosphomimetic mutation at position 591 (SR4:6/Y591E) or 616 (SR4:6/Y616E) was 
fractionated by SDS–PAGE, transferred to a PVDF membrane, and visualized with Coomassie brilliant blue; mutation of 
either Tyr residue altered the mobility of the protein during electrophoresis. The purified proteins (1 μg each) were 
exposed to the indicated dose of μ-calpain as described. The reaction was stopped, and the SDS–PAGE fractionated 
products were visualized with Coomassie; mutation of either site increased the calpain sensitivity of the protein. 
(C, D) DIV18 cortical neurons from WT (C) and Kal7KO (D) mice were exposed to medium containing 10 μM GNF-5 in 
DMSO, or an equivalent volume of DMSO, for 6 h and fixed. Images obtained using an Axiovert 200M with Apotome 
for optical sectioning were coded and scored by a blinded observer. GNF-5 increased the dendritic protrusion density in 
WT but not Kal7KO neurons (C) while increasing the protrusion length in Kal7KO but not WT neurons (D). N = 9–14 WT 
neurons and 6–8 Kal7KO neurons; N = 1187–1652 WT protrusions and 306–838 Kal7KO protrusions.
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done using AxioVision software, with identical settings within ex-
periments. Images used for analysis were compressed Z-stack se-
ries. For each image, Z-steps were taken through the entire depth of 
the cell population within each frame. The Z-step distance ranged 
from 0.49 to 0.62 μm for Tf uptake experiments and from 0.32 to 
0.48 μm for GNF-5 treatment experiments. To measure Tf uptake, 
MetaMorph was used to trace individual cells and determine aver-
age 546-Tf (red) signal. Intensity values were averaged within groups 
and then compared. Images from GNF-5–treated neurons were 
coded and analyzed by a blind observer. For each neuron, dendritic 
protrusions within 100 μm of the cell soma and <5 μm in length were 
counted, and protrusion density/10 μm of dendrite was calculated. 
Protrusion length was determined by measuring the distance be-
tween the point where the protrusion met the shaft and the tip of 
the protrusion. After all data were collected, images were decoded, 
and data were averaged within groups.

Preparation and analysis of Sec14-rhodopsin
A pGEX-6P vector encoding the Sec14 domain of rat Kalirin 
(M1VLSG–LRLSL172GATETSQVAPA) with a rhodopsin epitope tag at 
the C-terminus (TETSQVAPA; Liu and Krieger, 2002) was con-
structed and verified by sequence analysis (sites are identified using 
the U88157.1 numbering scheme for Kalrn). Protein expression and 
purification were carried out essentially as described (Vishwanatha 
et al., 2012). Briefly, the GST-fusion protein from a 500-ml culture 
was bound to a 5-ml GSTrap-4B column (GE Healthcare, Piscataway, 
NJ), eluted by overnight cleavage with GST-HRV3C protease 
(GenWay Biotech, San Diego, CA), and purified by chromatography 
on a Q-Sepharose column (5 mm × 40 mm) equilibrated with 
20 mM NaTES, pH 8.0, at a flow rate of 0.5 ml/min. Proteins were 
eluted with a linear gradient to 500 mM NaCl in the same buffer 
over 180 min. The purity of the KalSec14-rhodopsin was >93% as 
assessed by staining with Coomassie brilliant blue R250. pGEX-6P 
vectors encoding two phosphomimetic mutants of KalSec14-rho-
dopsin were constructed; Thr-79 was mutated to Glu (Sec14/T79E), 
and Ser-83 was mutated to Asp (Sec14/S83D). Vector sequences 
were verified, and mutant proteins were purified in a similar man-
ner. Protein concentrations were determined by measuring absor-
bance at 280 nm (using the molar extinction coefficient calculated 
from tryptophan and tyrosine content). A Jasco J-715 spectropola-
rimeter with a thermostated cell housing was used as described 
(Vishwanatha et al., 2012); spectra were recorded between 190 and 
270 nm. Secondary structure analyses were carried out using 
CDSSTR (Sreerama and Woody, 2003) with the reference database 
available in DICHROWEB (http://dichroweb.cryst.bbk.ac.uk/html/
home.shtml). Thermal unfolding profiles were determined by rais-
ing the temperature from 20 to 90°C at a rate of 1°C/min.

Lipid binding
PIP strips (P-6001; Echelon Biosciences, Salt Lake City, UT) were 
blocked with 3% fatty acid–free BSA (A6003; Sigma-Aldrich) in Tris-
buffered saline containing 0.1% Tween-20 (TTBS) for 1 h at room 
temperature and then incubated with 1 μg/ml purified Sec14 pro-
tein (wild type or mutant) diluted in blocking solution for 1 h at 
room temperature. PIP strips were washed three times in TTBS and 
visualized using a mouse monoclonal antibody to the rhodopsin 
tag and a horseradish peroxidase–conjugated anti-mouse second-
ary antibody. Signals were quantified using a GeneGnome digital 
imaging system and identical exposure times. After background 
subtraction, densitometric data for all three proteins were normal-
ized to the signal obtained for wild-type Sec14 binding to PI(3,4,5)
P3, its preferred interactor. Across experiments, normalized values 

NY) and tetramethylrhodamine isothiocyanate (TRITC)–phalloidin 
(Sigma-Aldrich, St. Louis, MO) were used where indicated.

Antibodies
Rabbit antibodies to the following antigens were used: Kal7 (affinity-
purified JH2958, 1:200; Penzes et al., 2000), MAP2 (1:500, AB5622; 
Millipore, Billerica, MA), and Myc (1:100, #39688; Abcam, Cam-
bridge, MA). Mouse monoclonal antibodies to the following anti-
gens were used: PSD95 (clone 28/43, 1:300; NeuroMab Facility, 
University of California, Davis, Davis, CA), NR1 (1:300, #556308; BD 
PharMingen, San Diego, CA), MAP2 (1:500, #1406; Sigma-Aldrich), 
and Myc (9E10, 1:20). Guinea pig antibody to Vglut1 (1:3000, 
AB5909; Millipore) and rat antibody to GFP (1:1000; Nacalai Tesque, 
Kyoto, Japan) were used where indicated.

GNF-5 treatment
Sparsely plated WT or Kal7KO/KO cortical neurons were nucleofected 
with vector encoding fGFP at plating and grown on coverslips for 18 
d. On DIV18, neuronal maintenance medium was removed entirely 
and replaced with maintenance medium containing 10 μM GNF-5 
(diluted from a 10 mM stock in dimethyl sulfoxide [DMSO]; Sigma-
Aldrich) or control (1 μl/ml DMSO; Colicelli, 2010; Greuber et al., 
2013). Plates were returned to the incubator for 6 h, and cells were 
then fixed with 4% paraformaldehyde in PBS. Cultures were stained 
for GFP using a rat primary antibody and FITC-labeled secondary 
antibody and for filamentous actin using TRITC-phalloidin (Sigma-
Aldrich).

Transferrin uptake
AtT-20 corticotropic tumor cells plated on glass coverslips in four-
well dishes were transfected 24 h later with vectors encoding EGFP 
or KalSec14-GFP. At 24 h after transfection, cells were serum starved 
for 30 min and then incubated with 0.25 mg/ml Alexa Fluor 546–
tagged transferrin (Tf; Invitrogen) in serum-free medium for 5 min at 
37°C/5% CO2. Cells were then quickly rinsed with serum-free me-
dium and immediately fixed with 4% paraformaldehyde in PBS. 
Coverslips were stained using the GFP antibody and Hoechst 
(Invitrogen) nuclear stain.

Image analysis and quantification
Spine density and synaptic clusters were quantified by a blinded 
observer after the scale bar for the image was calibrated using 
MetaMorph (Molecular Devices, Sunnyvale, CA) as described (Ma 
et al., 2008a). Briefly, for initial quantification of spine density and 
synaptic clusters (Figures 2–6), a stack of images (Z step, 0.3 μm) was 
acquired using a 63× objective (2.5 digital zoom factor), and den-
drites were visualized in three dimensions using the Zeiss LSM Im-
age Browser. Synaptic clusters were manually traced using Meta-
Morph. Spine density and synaptic clusters were counted, and 
cluster size was measured after images were calibrated and thresh-
olds were set to ensure that all interesting structures were included 
in the analysis. Quantifications were performed using MetaMorph 
and were limited to dendrites within 100 μm of the soma. The length 
of each traced spine was measured using MetaMorph. Data are pre-
sented as average ± SEM. The effects of MycΔKal7, MycKalSolo, 
and MycKal4 were compared with those of GFP and MycKal7; com-
parisons were made among neurons displaying similar levels of Myc 
signal.

For analysis of transferrin uptake by AtT-20 cells and of the ef-
fects of GNF-5 on neuronal morphology, images were taken using 
an Axiovert 200M epifluorescence microscope and a 63× oil objec-
tive and ApoTome for optical sectioning. Image processing was 
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