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Abstract

Kalirin-7 (Kal7), a multi-functional Rho GDP/GTP exchange factor (GEF) for Racl and RhoG, is
embedded in the post-synaptic density at excitatory synapses, where it participates in the
formation and maintenance of dendritic spines. Kal7 has been implicated in long-term
potentiation, fear memories and addiction-like behaviors. Using liquid chromatography and
tandem mass spectroscopy, we identified sites phosphorylated by six PSD-localized kinases
implicated in synaptic plasticity and behavior, sites phosphorylated when myc-Kal7 was expressed
in non-neuronal cells and sites phosphorylated in mouse brain Kal7. A site in the Sec14p domain
phosphorylated by calcium/calmodulin dependent protein kinase 11, protein kinase A and protein
kinase C, was phosphorylated in mouse brain, but not in non-neuronal cells. Phosphorylation in
the spectrin-like repeat region was more extensive in mouse brain than in non-neuronal cells, with
a total of 20 sites identified. Sites in the pleckstrin homology domain and in the linker region
connecting the GEF domain to the PDZ binding motif were heavily phosphorylated in both non-
neuronal cells and in mouse brain and affected GEF activity. We postulate that the kinase
convergence and divergence observed in Kal7 identify it as a key player in integration of the
multiple inputs that regulate synaptic structure and function.
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Introduction

In the mammalian forebrain, the vast majority of excitatory neurons synapse onto dendritic
spinest. Dendritic spines show rapid plasticity in both their size and number in response to
various stimuli2=4, a feature that is dependent on rearrangement of the actin cytoskeleton
which makes up the core of each spine®8. Rho-guanine nucleotide exchange factors
(RhoGEFs) are critical regulators of the actin cytoskeleton. In the mouse and human
genomes there are ~60 Rho-GEFs and these proteins are known to play important roles in
cell signaling, actin rearrangement and protein localization’. Dysfunctions in Rho-GEF
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signaling pathways are associated with various mental retardation syndromes and
schizophrenia®8-11, Previous studies have shown that about a dozen Rho-GEFs are localized
to the postsynaptic densityl2, a subcellular placement that puts these proteins in position to
participate in changes that occur in response to synaptic stimulation.

Kalirin-7 (Kal7) is an190kDa Rho-GEF that is a product of the extensively spliced Kalrn
gene. Linkage studies have identified roles for Kalrn in early onset coronary artery
diseasel3, schizophrenial#15, and Alzheimers disease!®. While there are many isoforms of
Kalirin, Kal7 accounts for the majority of Kalrn gene products in the adult mammalian
brain. Kal7 is localized almost exclusively to the PSD and has a C-terminal PDZ-binding
motif known to interact with PSD-9517. Over the past decade a number of studies have
demonstrated that Kal7 is essential for dendritic spine formation and maintenance in
cultured primary neurons'819. Additionally, Kal7 has been shown to interact with a number
of other principal components of the PSD including the scaffolding molecules DISC-1 and
AF-6, as well as with the enzyme iNOS and the glutamate receptor subunit NR2B20-24,
Mice with a constitutive genetic deletion of the exon unique to the Kal7 isoform show a
significant decrease in dendritic spine density in the hippocampus, as well as deficient long-
term potentiation (LTP) and focal learning impairments2®. When given repeated doses of
cocaine, the Kal7 knockout mice show abnormal dendritic spine plasticity in the nucleus
accumbens and have aberrant locomotor sensitization and conditioned place preference
responses?.

Despite its clear role in multiple signaling pathways, little is known about how the catalytic
activity, protein/protein and protein/lipid interactions of Kal7 are regulated. As might be
expected for a component of the PSD, phosphorylation of Kal7 affects its function. A single
site (Thr1590) in the unstructured region that links the GEF domain of Kal7 to its PDZ
binding motif is phosphorylated by the proline-directed kinase Cdk5, increasing its catalytic
GEF activity; Kal7 that cannot be phosphorylated at this site (T1590A) produces dendritic
spines of altered morphology?’. Calcium influx through NMDA receptors localized to the
PSD triggers changes in spine morphology and function, many of which result from
activation of calcium/calmodulin dependent protein kinase 11 (CaMKI11)28:2%, Based on
indirect evidence, Xie et al. suggested that CaMKIl-mediated phosphorylation of Thr% in
the Sec14p domain of Kal7 was essential for Kal7 to exhibit GEF activity3C.

The PSD is home to at least 50 protein kinases, and Tiam-1 and B-Pix, other Rho-GEFs
localized to the PSD, are known to be regulated by phosphorylation1231-34 Advancements
in phosphoproteomic and mass spectroscopic techniques have begun to unearth the depth
and breadth of the phosphorylation events that occur at the PSD3°. Hundreds of
phosphorylation events occur within the PSD in response to neurotransmitter stimulation;
single proteins can serve as phosphorylation hubs, being phosphorylated as many as 58
times by 23 different kinases36. We used liquid chromatography and tandem mass
spectrometry to identify Kal7 as a potential phosphorylation hub. Using recombinant myc-
Kal7, we identified sites phosphorylated by protein kinase A, protein kinase C, CaMKII,
casein kinase Il and Fyn.

Analysis of myc-Kal7 expressed in non-neuronal cells and endogenous Kal7 isolated from
mouse brain revealed 39 sites of phosphorylation, many conserved in the single Kalirin/Trio
homologues found in D. melanogaster and C. elegans. Based on direct analysis, Thr% was
neither phosphorylated in vivo nor a CaMKI| site in Kal7. While the functional
consequences of the multiple phosphorylation events identified remain to be determined, it
is clear that Kal7 is a heavily phosphorylated target of numerous PSD kinases.

J Proteome Res. Author manuscript; available in PMC 2012 June 3.
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Experimental Methods

Cell culture and transfection—pEAK Rapid cells (Edge Biosystems, Gaithersburg,
MD) were maintained in DMEM:F12 medium containing 200 U/ml penicillin G, 20 pg/ml
streptomycin sulfate, 25 mM HEPES, and 10% fetal bovine serum. Cells were fed with
serum-free medium for 2 hours before transfection. A vector encoding Hisg-myc-tagged
full-length rat Kal727-37 was mixed with Lipofectamine 2000 (Invitrogen, Carlsbad, CA) in
Opti-MEM (Life Technologies) and added to the cells for 6 hours at 37°C to allow for
transfection. After six hours, cells were returned to growth medium for 24-48 hours. Cells
were stimulated with the cyclic AMP analog 8-Br-cAMP (500uM), the PKC agonist phorbol
myristate acetate (PMA) (1uM) and the calcium ionophore A23187 (10uM) for 30 minutes
in the presence of two phosphatase inhibitors, calyculin A (50nM) and fenvalerate (100nM).
Cells were then extracted in lysis buffer containing 1% SDS, 50mM NaF and 2mM Na
orthovanadate; after heating at 95°C for five minutes, samples were centrifuged in a
benchtop centrifuge for 15 minutes to remove insoluble particulates. To prepare Kal7 for
phosphorylation by known kinases, cells were not stimulated and were harvested in SDS
lysis buffer without phosphatase inhibitors (see below).

Preparation of cortical/striatal tissue for immunoprecipitation—Male C57BL/6
mice (2—-6 months) were sacrificed and striata and prefrontal cortices were rapidly dissected
and weighed on ice. Samples were then sonicated into 15 volumes of lysis buffer containing
1% SDS, 50mM Tris [pH 7.4], 130mM NaCl, 5mM EDTA, 50mM NaF, 1mM PMSF,
protease inhibitor cocktail and phosphatase inhibitor cocktails I & 1l (Calbiochem). Samples
were heated at 95°C for five minutes and then centrifuged for 15 minutes in a benchtop
centrifuge to remove insoluble components. Following dilution into buffer containing NP-40
(see below), samples were used for immunoprecipitation.

Immunoprecipitation—For isolating Kal7 from cultured cells or neurons, we used a Kal7
monoclonal antibody (20D8, specific to the amino terminal portion of the final 20 amino
acids of Kal7)25 crosslinked to agarose beads using the Pierce Direct IP kit (Pierce,
Rockford, IL). Crosslinking was performed according to the manufacturer’s specifications.
For immunoprecipitation from cortex, 4-5mg of total protein (as determined by BCA) was
used for each sample; for cultured cells, protein from two wells of a six well plate was used.
Before immunoprecipitation, SDS lysates were incubated with 0.5 volumes of 15% NP-40
for 20 minutes at 4°C. Samples were then diluted with 5 volumes of TES-mannitol (TM)
buffer containing 50mM NaF and 2mM Na orthovanadate. Immunoprecipitations were
performed overnight with continuous agitation. In the morning, beads were centrifuged and
washed twice with TM + 1% TX-100 (TMT) and twice with TM. Samples were then heated
at 95°C in 40ul of 1X Laemmli sample buffer and fractionated on polyacrylamide gels.

Gel electrophoresis and staining—*For isolation of Kal7, samples were analyzed on 4-
15% polyacrylamide gels (Bio-Rad, Hercules, CA). For samples from transfected cells, gels
were stained with Coomassie Brilliant Blue R-250. For samples immunoprecipitated from
brain, proteins were visualized using the SilverSNAP Kit (Pierce, Rockford, IL). For all
samples, the Kal7 band was excised using a sterile scalpel, placed into a sterile microfuge
tube and frozen on dry ice.

Protein digestion and TiO, enrichment—Gel bands were washed with 250ul 50%
acetonitrile/50% water for 5 minutes followed by 250l 50mM ammonium bicarbonate/50%
acetonitrile/50% water for 30 minutes, and 10mM ammonium bicarbonate/50% acetonitrile/
50% water for 30 minutes. After washing, the gel was dried using a Speedvac and
rehydrated with 0.1nug modified porcine trypsin (Promega) in 15 pl 20mM ammonium
bicarbonate. Samples were digested at 37°C for 16 hours.

J Proteome Res. Author manuscript; available in PMC 2012 June 3.
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The digest was next acidified with 0.5% TFA, 50% acetonitrile. Top Tips (Glygen Corp.)
were prepared by washing with 3 x 40ul 100% acetonitrile, followed by 3 x 40ul 0.2M
sodium phosphate pH 7.0, and 3 x 40ul 0.5% TFA, 50% acetonitrile. Washes were spun
through into an eppendorf tube at 2,000 rpm for 1 minute. Acidified digest supernatants
were loaded into Top Tips, spun at 1,000 rpm for 1 minute, and then 3,000 rpm for 2
minutes. Gel pieces were rinsed with 40ul 0.5% TFA, 50% acetonitrile, with the supernatant
transferred to the Top Tip and the spin repeated. The Top Tip was then washed with 40pl
0.5% TFA, 50% acetonitrile and the spin repeated. The flow through from these washes
were saved and analyzed by LC-MS/MS as below. Phosphopeptides were eluted from the
TopTip with 3 x 30ul 28% ammonium hydroxide. Both the flow through and eluted
fractions were dried using a vacuum centrifuge, and then dried again from 40 pl of water.
Samples were dissolved in 3ul 70% formic acid, vortexed, diluted with 7ul 50mM sodium
phosphate, pH 7.8, spun and transferred to LC-MS/MS vials from which 5ul was injected.

Liquid chromatography/mass spectrometry analysis (LC-MS/MS) - was performed on a
Thermo Scientific LTQ Orbitrap XL equipped with a Waters nanoACQUITY UPLC system,
a Waters Symmetry® C18 180um x 20mm trap column and a 1.7 um, 75 um x 250 mm
nanoACQUITY ™ UPLC™ column (35°C) for peptide separation. Trapping was done at
15ul/min, 99% Buffer A (100% water, 0.1% formic acid) for 1 min. Peptide separation was
performed at 300nl/min with Buffer A: 100% water, 0.1% formic acid and Buffer B: 100%
CH3CN, 0.075% formic acid. A linear gradient (51 minutes) was run with 5% buffer B at
initial conditions, 50% B at 50 minutes, and 85% B at 51 minutes. MS was acquired in the
Orbitrap using 1 microscan, and a maximum inject time of 900 followed by six data
dependent MS/MS acquisitions in the ion trap. Multistage activation was used for neutral
losses of 98.0, 49.0, 32.7 and 24.5 amu. External calibration of the mass spectrometer was
performed as per the manufacturer with a solution of caffeine, MRFA and Ultramark 1621.

Identification of phosphorylated peptides—The LC-MS/MS data were searched
using the Mascot Distiller and Mascot search algorithms (Matrix Science,
www.matrixscience.com). The Mascot Distiller program combines sequential MS/MS scans
from profile data that have the same precursor ion. Charge states of +2 and +3 were
preferentially located with a signal to noise ratio of 1.2 or greater and a peak list was
generated for database searching against the NCBInr database, mouse taxonomy and/or the
IP1 mouse database. The Mascot significance score match is based on a MOWSE score and
relies on multiple matches to more than one peptide from the same protein. Parameters used
for searching were a significance threshold of p<0.05, a peptide tolerance of £20ppm, MS/
MS fragment tolerance of £0.6 Da, 1-3 missed cleavage sites and peptide charges of +2 or
+3. Variable modifications included propionamide, methionine oxidation, phosphoserine,
phosphothreonine and phosphotyrosine. Normal and decoy database searches were run
against the mouse Kal7 sequence (NCBI Reference Sequence: NP_001157740.1).

Generation of Kal7 expression vectors—Point mutations of selected phosphorylation
sites in rat Hisg-myc-Kal7 [Thr9/Ala (T95A); Ser87-Thr495/Ala-Ala (S3-ST/AA); Thrid19.
Serl520/Ala-Ala (PH-TS/AA); Thri®19-5er1520/Glu-Asp (PH-TS/ED); Tyr1653/Phe
(Y1653F)] were introduced into the Hisg-myc-Kal7 vector using the QuickChange point
mutation kit (Stratagene, La Jolla, CA) as described?’. The constructs encoding the
inactivated GEF (ND/AA) and Kal7 lacking the Sec14p domain (ASec14p) were created
previously3’.

Rac activation assays—pEAK Rapid cells were transfected as described above with full
length Kal7 or one of the mutant Kal7 constructs. Twenty-four hours after transfection, cells
were scraped into MLB [25mM HEPES [pH 7.4], 150mM NaCl, 1% NP-40, 10mM MgCl,,
5mM EDTA, 2% glycerol, and protease inhibitor cocktail®8] with 10ug/ml of GST-Pak-
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CRIB. Samples were briefly sonicated and centrifuged at 1000 x g for 5 minutes at 4°C to
remove insoluble particulates. A sample of this supernatant was saved to be measured as the
input fraction and the remainder was incubated with 15ul of glutathione Sepharose 4B resin
for 1 hour at 4°C. Beads were then pelleted and washed twice with 1X MLB; bound Rac
was eluted by heating at 95°C for 5 min in 30ul of 1X Laemmli buffer. Input and bound
samples were analyzed on polyacrylamide gels; Rac1 was detected with monoclonal
antibody from Millipore (Billerica, MA).

Dephosphorylation of Hisg-myc-Kal7 and phosphorylation by known kinases
—Hisg-myc-Kal7 expressed in pEAK Rapid cells was left on the antibody beads, which
were exposed to Lambda phosphatase or calf intestinal phosphatase (CIP) (both from New
England Biolabs, Ipswich, MA). These phosphatases were chosen because they have high
specific activities for phosphorylated Ser/Thr and Tyr, respectively
(http://www.neb.com/nebecomm/tech_reference/proteintools/phosphatases.asp). Samples to
be treated with Lambda phosphatase were washed with PMP buffer (50mM HEPES,
100mM NaCl, 2mM DTT, 0.01% Brij 35 [pH 7.5]) and resuspended in 1X PMP
supplemented with 1ImM MnCl, and 2l of Lambda phosphatase. Samples to be treated with
CIP were washed with NEB Buffer 3 (50mM Tris-HCI, 200mM NaCl, 10mM MgCl,, 1mM
DTT [pH 7.9]) and then resuspended in NEB Buffer 3 with 2ul of CIP. All samples had
1uM PMSF and protease inhibitor cocktail added for the phosphatase treatment, which was
carried out for 60 minutes at 31°C with constant agitation. EDTA (50mM final
concentration) was added to stop the reaction; after 5 min, the beads were washed twice with
TMT and once with TM. One set of samples was boiled into sample buffer immediately
after phosphatase treatment to identify sites that were not dephosphorylated.

Each sample was then washed once with the appropriate kinase buffer and resuspended in
100ul of the same buffer (detailed below) plus 200uM ATP, phosphatase inhibitor cocktails
| & Il (Tocris Bioscience, Ellisville, MO), 1uM PMSF, and protease inhibitor cocktail.
Incubations were performed for 45 minutes at 31°C with agitation. Casein kinase Il (CKII;
1000 units/reaction; New England BioLabs, Ipswich, MA) was used in 20mM Tris-HCI,
50mM KCI, 10mM MgCl, [pH 7.5]. The catalytic subunit of protein kinase A (PKA; 5000
units/reaction; New England Biolabs, Ipswich, MA) was used in 50mM Tris-HCI, 10mM
MgCl, [pH 7.5]. Calcium/calmodulin dependent protein kinase Il (CaMKII; 1000 units/
reaction; New England Biolabs, Ipswich, MA) was pre-activated by incubating 1000 units of
enzyme in CaMKII buffer (50mM Tris-HCI, 10mM MgCly, 2mM DTT, 0.1mM Na,EDTA
[pH 7.5]) containing 200uM ATP, 1.2uM calmodulin and 2mM CaCl, for 10 minutes at
31°C. The activated kinase was then added to the immunoprecipitated protein. Protein
kinase C (PKCa; ~5000units/ reaction; Sigma-Aldrich, St. Louis, IL) was used in 50mM
Tris-HCI, 10mM MgCls [pH 7.5]. Fyn (~7000 units/reaction; Sigma-Aldrich, St. Louis, IL)
was used in 50mM Tris-HCI, 10mM MgCl,, 2mM DTT, 0.1mM Na,EDTA [pH 7.5]. After
phosphorylation, the beads were pelleted, washed once with TMT and once with TM and
Kal7 was eluted into 1X Laemmli buffer by heating at 95°C for 5 min.

Results and Discussion

Purified recombinant Kal7 is phosphorylated by kinases of multiple classes

Kal7 is a complex molecule with multiple functional domains (Fig. 1A). At its N-terminus is
a Secl4p domain that is known to interact with phosphatidylinositol-3-phosphate and play
an essential functional role3’. The Sec14p domain is followed by nine spectrin-like repeat
regions that have been shown to interact with a variety of other proteins including PAM
(peptidylglycine a-amidating monooxygenase), Arf6, HAPIP, iNOS and DISC-120:23:39.40,
While the spectrin-repeat region is not necessary for GEF activity, it plays an essential role

J Proteome Res. Author manuscript; available in PMC 2012 June 3.
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in the spine formation observed when exogenous myc-Kal7 is expressed in neurons. The
spectrin-repeats are followed by tandem DH-PH domains characteristic of Rho-GEFs’. At
the extreme C-terminus of Kal7 is a PDZ-binding motif which binds to PSD-95, AF-6 and a
number of other PDZ-domain containing proteins22. The final 20 amino acids of Kal7,
which are encoded by a separate 3'-terminal exon, are unique to Kal7 and AKal7, an N-
terminally truncated isoform. The PDZ-binding motif is connected to the preceding GEF
domain by an unstructured 60 amino acid linker region.

In the adult rodent brain, Kal7 is highly localized to the PSD, a complex, 1 gigadalton
molecular machine#142, Proteomic analysis has demonstrated that more than fifty kinases
are localized to the PSD24. We selected kinases known to be intricately involved in synaptic
plasticity and evaluated their ability to phosphorylate purified myc-Kal7 in vitro; Ser/Thr
kinases from the basophilic (CaMKII, PKA, PKC), acidophilic (CKII) and proline-directed
(Cdkb5) classes were selected, along with one non-receptor tyrosine kinase (Fyn). Before
exposure to these recombinant kinases, myc-Kal7 was subjected to dephosphorylation by
Lambda phosphatase (Ser/Thr kinases) or calf intestinal alkaline phosphatase (Tyr kinases).
Although extensive dephosphorylation occurred (Fig. 1B), mass spectroscopic analysis of
tryptic peptides prepared from dephosphorylated myc-Kal7 revealed continued
phosphorylation of three Ser/Thr (Thr897; Ser672: Thr1519) and two Tyr (Tyr%63, Tyrl342)
sites (marked by a star in Fig. 1A). Data for all of the tryptic phosphopeptides identified in
in vitro phosphorylated myc-Kal7 are summarized in Table 1 and representative spectra are
shown in Supplementary Figs. S1 to S22

Dephosphorylated myc-Kal7 was phosphorylated by each of the protein kinases selected.
With the exception of Cdk5, a proline-directed kinase studied previously?’, each protein
kinase phosphorylated myc-Kal7 at more than one site (Fig. 1A,C). The three basophilic
kinases tested each phosphorylated the same two sites in the Sec14p domain of myc-Kalirin
(Thr’®, Ser83). Kinase convergence of this type is observed for many targets of synaptically
localized protein kinases3. Casein kinase 11, an acidophilic kinase, phosphorylated one of
these same sites in the Sec14p domain (Ser83). In another case of kinase convergence, casein
kinase 11 phosphorylated a site in spectrin repeat 8 that was also phosphorylated by CaMKII
(Thr/Ser'002/3) and a site in the PH domain that was also phosphorylated by PKC (Ser1520),
The phenomenon of primed convergence, in which one phosphorylation event facilitates
another, may also occur. Both CKIl and PKC phosphorylate Ser'520 in the PH domain; the
preceding residue, Thrl519 was not completely dephosphorylated by the phosphatase
treatment employed. The single tyrosine kinase tested, Fyn, phosphorylated a site in spectrin
repeat 4 along with the penultimate residue of the PDZ binding motif (Tyr1653),

An essential role for CaMKII activity in the activation of Racl in neuronal cultures was
demonstrated using CaMKI1 inhibitors30. Based on indirect evidence, it was suggested that
CaMKII phosphorylated Kal7 at a single site, Thr, leading to activation of its GEF
domain. Using purified Kal7 and purified CaMKII, we observed phosphorylation of Thr9,
Ser83 and Thr/Ser1002/1003 it not of Thr9; the tryptic peptide containing non-
phosphorylated Thr% was detected repeatedly (Table 1).

Identification of myc-Kal7 phosphorylation sites used in non-neuronal cells

Since purified myc-Kal7 was phosphorylated by multiple protein kinases, we next sought to
determine sites in myc-Kal7 that were phosphorylated in cells. For the initial studies, myc-
Kal7 was expressed in pEAK Rapid cells, a derivative of HEK293 cells that adopt a
compact, round morphology in response to expression of myc-Kal737. In an attempt to
maximally phosphorylate myc-Kal7 and identify multiple phosphorylation sites, we
stimulated transfected cells with agonists of the PKA (8Br-cAMP) and PKC (phorbol
myristate acetate) pathways as well as a calcium ionophore (A23187) and included cell

J Proteome Res. Author manuscript; available in PMC 2012 June 3.
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permeant phosphatase inhibitors (calyculin A and fenvalerate) in the incubation medium.
Analysis of tryptic phosphopeptides of myc-Kal7 isolated from these cells revealed 20
unique phosphorylation sites (Figs. 2 and 3). These sites were identified from analysis of
over 1700 individual peptides identified from 8 different cell culture preparations. Data for
all of the tryptic phosphopeptides identified in myc-Kal7 purified from stimulated pEAK
Rapid cells are summarized in Table 2, a representative spectrum is shown in Fig. 2 and the
remaining spectra are shown in Supplementary Figs. S23 to S41.

Phosphorylation sites appeared in clusters throughout the protein, with a concentration of
sites near the C-terminus, after the GEF domain and proximal to the PDZ-binding motif
(Fig. 3). The catalytic DH domain was notably lacking in phosphorylation sites. This is of
interest since modification of the DH domain might affect the ability of Kal7 to activate Rac
and affect its downstream targets at the PSD#344. Although multiple sites in the Sec14p
domain were targets for purified CaMKII, PKA, PKC and CKII in vitro, no phosphorylation
sites were identified in the Sec14p domain when phosphorylation occurred in these non-
neuronal cells. Although the non-phosphorylated Thr% peptide was detected more than
twenty times (Table 2), the corresponding phosphopeptide was never identified.

Many of the sites phosphorylated by purified CKII and the single site phosphorylated by
purified CdkS5 in vitro were identified in myc-Kal7 phosphorylated in cells (Fig. 3).
Phosphorylation at CKII sites was especially common, with four of the six sites
phosphorylated by purified CKII also utilized in non-neuronal cells; two of these sites are
located in the linker region that precedes the PDZ-binding motif, one in the linker that
connects the ninth spectrin repeat to the GEF domain, and one in the PH domain. The Cdk5
site (Thr590) ytilized in vitroZ also occurs in the region immediately preceding the PDZ
binding motif and was phosphorylated in cells. Seven additional sites in this linker region
were phosphorylated in Kal7 isolated from pEAK Rapid cells. Given that this C-terminal
portion of the protein is known to be critical for Kal7 to interact with PDZ scaffolding
molecules in the PSD, it is likely that some of the phosphorylation events in this region
affect these interactions12:22.45,

In addition to the phosphorylation hot spot detected in the C-terminal linker region of the
protein, small clusters of phosphorylation sites were detected in the third and fifth spectrin
repeat regions of Kal7 (Fig. 3). Each spectrin repeat is comprised of three anti-parallel a-
helices connected by loop regions*®. In both of these spectrin repeats, these clusters occur
near the end of the second a-helix and in the linker region that joins it to the third a-helix.
The cluster in the third spectrin repeat overlaps the SH3 binding motif (PLS*87P) shown
previously to be involved in an intramolecular interaction with the SH3 domain present in
the longer isoforms of Kalirin4’. One of the sites in spectrin repeat five immediately follows
Arg’22 which is exposed and susceptible to limited tryptic digestion of native Kal7.

Phosphorylation of cortical and striatal Kal7

We next wanted to determine the phosphorylation status of endogenous Kal7 under baseline
conditions so that we could evaluate factors that regulate its phosphorylation and
dephosphorylation in vivo. We selected mouse prefrontal cortex and striatum for these
experiments because these brain regions are involved in learning, emotion, decision making
and drug addiction?8-58, behaviors known to be altered in Kal7%© mice25:26, Given the
higher levels of Kal7 in the cortex, we were able to obtain enough Kal7 from the prefrontal
cortices of four mice; on average, six mice were used to prepare striatal Kal7. In order to
solubilize Kal7, lysates were prepared using boiling SDS; Kal7 was not efficiently
solubilized by milder detergents such as 1% TX-1002°. Following the addition of NP-40 (to
achieve an NP-40/SDS weight ratio of 7.5/1) and dilution into a buffer lacking detergent,
endogenous Kal7 was immunoisolated using a monoclonal antibody specific for the C-
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terminus of Kal7 that was covalently attached to beads (Fig. 4A). All of the Kal7 in a lysate
containing 0.5 mg of protein was bound to 20 pl of antibody resin (Fig. 4B,C). Kal7 eluted
from the antibody resin was purified by SDS-PAGE; Kal7, which has a predicted mass of
190 kDa, was readily identified by silver staining (Fig. 4D). A gel slice containing Kal7 was
excised, processed to eliminate detergent and digested with trypsin; following adsorption to
TiO, tips, LC-MS/MS analysis was carried out as described for myc-Kal7 isolated from
transiently transfected cells. Coverage and data for all of the tryptic phosphopeptides
identified in prefrontal cortex and striatal Kal7 are summarized in Table 3, a representative
spectrum is shown in Fig. 5 and the remaining spectra are shown in Supplementary Figs.
S42 to S62. The sites shown were identified from a total of eight Kal7 preparations and
reflect analysis of almost 700 individual peptides.

Kal7 isolated from mouse brain was extensively phosphorylated, with a total of 22 sites
identified (Fig. 6A and Table 3). The only domains not phosphorylated were spectrin repeat
six and the catalytic DH domain. Only nine of the 22 sites were also phosphorylated in myc-
Kal7 expressed in non-neuronal cells (Fig. 6A,; indicated by white stars); four of the nine
common sites are located in the C-terminal linker region and two of these sites are CKI|I
sites. Strikingly, only five of these 22 sites were phosphorylated in vitro by purified
CaMKII, PKA, PKC or CKII, suggesting a major role for other protein kinases and for
substrate and kinase subcellular localization and control. Of the 22 unique phosphorylation
sites, only one was a tyrosine residue (Y983), which was not phosphorylated by recombinant
Fyn in our in vitro experiments but was resistant to phosphatase treatment. To ensure that
we were not missing tyrosine phosphorylations due to their relatively low stoichiometry, we
immunoprecipitated Kal7 tryptic peptides using beads coated with a high concentration of
anti-phosphotyrosine antibody. These samples were analyzed by LC-MS/MS to look for
phosphorylated tyrosines; no additional tyrosine phosphorylation sites were identified (data
not shown).

Unlike myc-Kal7 expressed in pEAK Rapid cells, the Sec14p domain of endogenous Kal7
was phosphorylated. The only phosphorylation site identified in the Sec14p domain was
Thr’?, a site phosphorylated by CaMKII, PKA and PKC in vitro. Once again, a tryptic
peptide containing P-Thr%, the putative CaMKII site reported by Xie et al.30, was never
detected; however, the non-phosphorylated peptide was detected repeatedly (Table 3). The
other CaMK |1 site identified using purified kinase and purified substrate, Thr/Ser1002/1003
was also phosphorylated in Kal7 isolated from mouse brain. While our data support the
conclusion that Kal7 can be phosphorylated by CaMKII, the phenomenon of kinase
convergence means that additional experiments will be required to identify the protein
kinase responsible for phosphorylation of these sites under different in vivo conditions.

In contrast to myc-Kal7 isolated from transiently transfected non-neuronal cells, the spectrin
repeat regions in Kal7 purified from prefrontal cortex and striatum were riddled with
phosphorylation sites. These phosphorylation sites were aligned with the previously
predicted secondary structure3? of the spectrin repeats (Fig. 6B). As observed in non-
neuronal cells, most of these phosphorylation sites occurred at the end of helix A or helix B
or in the loop that follows; none occur in the linker regions that connect adjacent spectrin
repeat regions. Although spectrin repeat regions 3 and 5 were multiply phosphorylated when
Kal7 was expressed in non-neuronal cells, most of the sites identified in brain Kal7 differed
from those identified in non-neuronal myc-Kal7 (Fig. 6B).

Phosphorylation in the spectrin-like repeats could affect the alignment/orientation of the
helices and alter protein function. The region between spectrin repeats 4 and 5 is of
particular interest since it is responsible for the interaction of Kal7 with iNOS23,
Additionally, spectrin repeat regions 4 and 5 are involved in the interaction of Kal7 with
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Arf6, DISC-1 and PAMZ20:3940, The protein-protein interactions of spectrin repeats can be
disrupted by small perturbations in their structure®’. For example, phosphorylation of a
single site in one of the 22 spectrin repeats of utrophin alters its ability to interact with
dystroglycan®®.

Additionally, the phosphorylation sites in spectrin repeats 4 and 5 fall at the junction of the
two splice forms of Kalirin, Kal7 and AKal7. AKal7, which begins with the fifth spectrin
repeat of full length Kal7, has the same unique 20 amino acid sequence as Kal7 at its C-
terminus. The properties of AKal7 are very different from those of Kal7: unlike Kal7, AKal7
is soluble; in addition, when expressed in neurons, AKal7 increases dendritic spine size but
does not increase dendritic spine number3”. Phosphorylation sites in spectrin repeat 4 may
be critical for some of the interactions that are unique to full length Kal7. Based on this, it
seems likely that the six phosphorylation sites located in spectrin repeats 4 and 5 play an
important role in regulating Kalirin function.

Two consecutive residues in the PH domain of endogenous Kal7 were phosphorylated
(Thr1519 Serl520) Interestingly, in preparing substrate for the kinase experiments presented
in Fig. 1, we found P-Thr1%19 resistant to dephosphorylation by either of the phosphatases
utilized. Both recombinant PKC and recombinant CKII phosphorylated Ser%20 in purified
Kal7, which may suggest a primed convergence mechanism wherein Thrl520 can be
phosphorylated only if Thrl519 is also phosphorylated. Comparison of the Kal7 PH domain
with the crystal structure of the highly homologous Trio PH domain predicts that Thr519-
Serl520 gre in the loop between the third and fourth B sheets of the PH domain®. This region
is on the surface of the structure, should be accessible to kinases and might affect the ability
of the PH domain to interact with phospholipids or other proteins®0.

As with myc-Kal7 expressed in non-neuronal cells, the 60 amino acid linker region between
the end of the PH domain and the beginning of the region unique to Kal7 was extensively
phosphorylated in mouse brain under baseline conditions; four phosphorylation sites were
identified in this region, all of which were also detected in myc-Kal7. Tryptic peptides
containing Thr1%90 or P-Thr1590, 3 known Cdk5 phosphorylation site, were not detected in
digests of endogenous Kal7, perhaps reflecting the fact that complete tryptic cleavage
produces a tetrapeptide (K.TPAK.L), which is too small for detection by the mass
spectrometer. Detection of this phosphopeptide in myc-Kal7 relied upon missed cleavages
by trypsin (Table 2).

Effect of phosphorylation on GEF activity—To determine if phosphorylation might
have an effect on the GEF activity of Kal7, we made non-phosphorylatable Thr—Ala and
phosphomimetic Thr—Glu/Ser—Asp point mutations at selected sites and assessed the
effect on Rac activation using pEAK Rapid cells (Fig. 7). We used full length myc-Kal7 as a
control, included Kal7 with its catalytic DH domain mutated (ND/AA: Asn1415-Aspl416/
Ala-Ala) as a negative control and normalized Rac-GTP to expressed Kal7 using the Kal7-
specific antibody. As expected, the ND/AA mutant was much less active than Kal7.
Although, it was never identified as a phosphorylation site in any of our assays, we mutated
Thr to Ala since this mutation was reported to eliminate the GEF activity of Kal730. In our
hands, this mutation produced a nearly two-fold increase in Rac activation. To ensure that
the construct encoded the desired mutant, it was re-sequenced, confirming that Thr9 had
been mutated to Ala. As a further check on the effect of this region on GEF activity, we
tested a mutant of Kal7 lacking the entire Sec14p domain (ASecl14p); this mutant fails to
mimic the effects of Kal7 on cytoskeletal organization in non-neuronal cells3’. Kal7-
ASec14p displayed Rac activation activity that was indistinguishable from that of Kal7.
These results, coupled with our ability to identify Thr®, but not P-Thr® in exogenous and
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endogenous Kal7 (Tables 1-3), call into question the conclusion that the ability of Kal7 to
activate Rac requires phosphorylation of Thr9 by CaMKII130,

The increased activation of Rac by Kal7 bearing the Thr9/Ala mutation is hard to reconcile
with the fact that deleting the entire Sec14p domain failed to alter Rac activation. Direct
comparison of the catalytic activities of purified Kal7, AKal7 and Kal-GEF1 using GDP-
Mant demonstrated a 4-fold decrease in the specific activity of both Kal7 and AKal7,
revealing the presence of inhibitory intramolecular interactions’. The indirect assay used
here to compare the GEF activities of Kal7-T9/A and Kal7-ASec14p assesses their ability to
activate endogenous Racl in non-neuronal cells and could be influenced by differences in
subcellular localization3 or by the presence of an HA-tag in Kal7-ASec14p. Further studies
to assess GEF activity will require analysis of the purified proteins. Evaluation of the effect
of phosphorylation site mutations in this essential region on the ability of Kal7 to stimulate
spine formation will require expression of mutants in neurons.

We next explored the effect of a spectrin domain phosphorylation site mutation on GEF
activity. We mutated two sites in the SH3 binding motif located in the third spectrin repeat
(Ser*87-Thr495/Ala-Ala) because this region is known to be involved in intramolecular
interactions*. Rac activation activity was unaltered by this mutation (Fig. 7). Given the
proximity of the PH and DH domains, we mutated the two adjacent phosphorylation sites
identified in the PH domain, Thr1519-Ser1520/Ala-Ala and Thrl®19-Ser1520/Glu-Asp. The
non-phosphorylatable Ala-Ala mutant was significantly more active than myc-Kal7; the
phosphomimetic Glu-Asp mutant was significantly less active than the Ala-Ala mutant, but
was not significantly less active than the myc-Kal7. We also mutated Tyr653 which is
located in the 20 amino acid region unique to Kal7; mutation of this Fyn site, which lies in
the PDZ binding motif, had no effect on Rac activation (Fig. 7).

The catalytic activity of a number of other RhoGEFs localized at the PSD is altered by
phosphorylation; Tiam162, -Pix6263 Ephexin164, and Arhgef2 (a.k.a. LFC or GEF-H1) are
regulated in this manner6°6, Indeed we have previously shown that the catalytic activity of
Kal7 is increased by phosphorylation of Thr1®%0 in the unstructured C-terminal region of the
protein?’. The fact that the isolated GEF domain of Kal7 is more active than Kal7 or
AKal737, demonstrates the common occurrence of N-terminal autoinhibition. Further
support for this phenomenon comes from the ease with which Cdk5 phosphorylates Thr5%0
in a protein that extends from the GEF domain to the end of Kal7 compared to the
inaccessibility of this site in AKal727; the presence of spectrin repeats 5 through 9 clearly
inhibits the ability of Cdk5 to access this site. Given the number of phosphorylation sites
identified in the spectrin repeat regions, determining how their phosphorylation affects the
status of the GEF domain will be a complex undertaking best carried out with purified Rac
and purified Kalirin. Additionally, it is important to remember that the Sec14p, spectrin
repeats, and PDZ binding motif play important functional roles in determining protein and
lipid interactions of Kal7. A lack of change in GEF activity following phosphorylation of a
particular site does not necessarily indicate a lack of functional importance.

Conservation of Phosphorylation Sites

In order to focus on phosphorylation sites of functional importance, we assessed their
conservation in Kalirin and in Trio using Clustal analysis (Fig. 8). Interestingly, all of the
phosphorylation sites identified were conserved evolutionarily from the human to the
blowfish (fugu) genome; substitution of a serine for a threonine was counted as a conserved
site. Nineteen of the sites are also conserved in the orthologous Trio gene. Finally, six of the
phosphorylation sites that we identified are completely evolutionarily conserved from
human through Drosophila and C. elegans, where Kalirin and Trio are encoded by a single
gene. These findings suggest two interesting possibilities. The first is that sites that are fully
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conserved are of critical importance to controlling GEF activity. If the ability to
phosphorylate these sites were critical to development or function of the nervous system,
mutation could not be tolerated. Since the Kalrn and Trio genes fulfill non-redundant roles,
the second suggestion is that phosphorylation sites unique to Kalirin are of importance to its
unique roles during development, in specific tissues or at specific subcellular locations.

Conclusions

Over the past decade, the importance of Kal7 as a regulator of dendritic spine morphology
and synaptic plasticity has been established!2:25.26, While previous studies have focused on
single phosphorylation events?7:39:67 it is now clear that Kal7 could serve as a PSD
signaling node and hub for phosphorylation. Comparing the phosphorylation sites
characterized in Kal7 to proteomic analyses of all phosphorylation events at the PSD
identifies Kal7 as one of the most highly phosphorylated targets in the PSD36. Previous
phosphoproteomics surveys identified only a few sites in Kalirin. One analysis of the PSD
proteome identified no sites in Kalirin3® and the PHOSIDA project58 identified only six
(Ser487, Ser91 Ser493 Thrd95, Thr497 and Serl376): four of these sites were identified in our
analyses while two were not (5497 and S1376),

While many of the kinases that phosphorylate Kal7 remain to be identified, we have shown
that it is phosphorylated by six kinases known to play critical roles in learning, memory and
synaptic plasticity (PKA, PKC, CaMKII, CKIl, Cdk5, Fyn). Future studies will focus on
regulated phosphorylation of Kal7 at sites targeted by these protein kinases. Mice
genetically lacking Kal7 have deficient fear conditioning memory formation and respond
aberrantly to repeated administration of drugs of abuse2>:26, We will now begin to look at
how these phosphorylation events change in a quantitative fashion in animals that have been
given a footshock or repeated injections of cocaine. Hopefully, learning about how
phosphorylation events affect the catalytic activity or localization of Kal7 will help us
clarify the specific role that this important protein plays in synaptic plasticity.
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Figure 1.

A. Purified myc-Kal7 is phosphorylated by recombinant protein kinases of different classes.
Myc-Kal7 purified from transiently transfected pEAK Rapid cells was dephosphorylated as
described in Methods. Recombinant protein kinases representative of four different kinase
classes were then incubated with myc-Kal7 and 200 uM ATP under optimal conditions for
each enzyme. LC-MS/MS analysis of tryptic peptides from each sample revealed multiple
phosphorylation sites for each of the kinases except Cdk5, which had previously been shown
to phosphorylate a single site in Kal72’. Sites that were not dephosphorylated by
phosphatase treatment are indicated by a star; Thr897 and Ser%72 are consensus CKII sites
(NetPhos 1.0). B. Immunoprecipitated myc-Kal7 was treated with Lambda phosphatase or
CIP and then visualized with antibody specific for P-Thr or P-Tyr, respectively. Equal
loading of myc-Kal7 was determined by the presence of a single Coomassie-stained band at
the correct molecular weight that was not in an immunoprecipitate from non-transfected
cells (not shown). C. Sites phosphorylated by each kinase are listed. Red lettering represents
sites where multiple kinases converged on a single residue. It was not possible to distinguish
phosphorylation of Thr092 from phosphorylation of Ser1003,
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Identification of phosphorylated Ser'520 in myc-Kal7 expressed in pEAK Rapid cells. The
spectrum from MS/MS of the doubly charged M+2 1004.46 ion of peptide
K.LLTpSELGVTEHVEGDPCK.F is shown. Based on the y10 and y15-H3PO, ion, residue
1520 is phosphoserine. Observed M=2005.8886; calculated M=2005.9068.
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Figure 3.

Phosphorylation of myc-Kal7 in non-neuronal cells. Experiments on transfected myc-Kal7
were undertaken to determine the extent of phosphorylation of the protein. Cells were
treated with multiple stimulants (8-Br-cAMP, PMA, A23187) as well as multiple
phosphatase inhibitors (Calyculin A, Fenvalerate) in order to induce maximal
phosphorylation. Sites are indicated on the Kal7 schematic by a black dot and a bold letter
followed by the residue number. There were two instances in which the phosphorylation site
could not be pinpointed to one of two closely spaced residues; these residues are marked by
a hatched dot. Residues on either side of the phosphorylation site are listed to provide a
context for the site and do not indicate the entire peptide identified by LC-MS/MS (peptides
are listed in Table 2). Text boxes indicate sites that were phosphorylated by the purified
kinases tested. Phosphorylation sites in the SH3 binding motif and within the PDZ binding
motif are highlighted, as they may be critical for protein-protein interactions. Tyr%63, which
was not dephosphorylated by phosphatase treatment, is indicated by a filled star.
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Purification of Kal7 from striatum and cortex. A. Flow chart summarizes the steps that were
taken in purifying, digesting and analyzing Kal7 from adult mouse brain. B. The specificity
and efficacy of Kal7 monoclonal antibody 20D8 was validated by varying the amount of
antibody used to recover Kal7 from 0.5 mg of cortical protein and comparing the amount
recovered to the input; the beads themselves created no background staining. C. After
immunoprecipitation, an aliquot of the unbound fraction was analyzed (Unbd.); it contained
no detectable Kal7, demonstrating effective recovery of Kal7 from the lysate. D. A
representative silver stained gel of Kal7 immunoprecipitated from cortex revealed a single
190kDa band, which was excised from the gel and subjected to analysis.
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Identification of phosphorylated Thr’® from mouse brain Kal7. The spectrum from MS/MS
of the doubly charged M+2 930.44 ion of Peptide K.LVpTYLASVPSEDVCKR.G is shown.
Based on the b and y ions, and the tentative b13-H3PQOy, residue 79 is phosphorylated.

Observed M=1858.8697; calculated M=1858.8900.
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Figure 6.

Phosphorylation of cortical/striatal Kal7. A. Numerous phosphorylation sites were identified
in Kal7 immunoisolated from mouse prefrontal cortex and striatum. Sites are again indicated
by a black dot and the residue number of the phosphorylated site. Sites identified in myc-
Kal7 from pEAK Rapid cells and Kal7 from mouse brain are marked with a white star, sites
that were phosphatase resistant are marked with a filled star. Text boxes again indicate sites
that were phosphorylated by purified kinases and hatched dots indicate where an exact
identification of a phosphorylated residue was not possible. B. Top. Spectrin repeats are
each composed of three antiparallel a-helices (A/B/C) connected by linker regions?6.
Bottom. Phosphorylation sites in the spectrin repeats of Kal7 are located with reference to
the predicted secondary structure; filled circles, neuronal Kal7; open circles, non-neuronal
myc-Kal7; gray circles, shared sites. Ambiguous assignments are shown by a single circle.
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Rac activation activity of Kal7 point mutants. pEAK Rapid cells were transfected with
vectors encoding the indicated proteins; Rac activation was assessed by adding GST-Pak-
CRIB to the homogenization buffer and normalizing the amount of activated Rac (bound to
glutathione agarose beads by GST-Pak-CRIB) to the amount of Kal7 protein in the lysate
(assessed using a Kal7-specific antibody)2. Data are the mean of at least 4 separate
transfections; error bars represent standard error. (**p<0.01; ***p<0.001; t-Test)
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Figure 8.

Evolutionary conservation of 35 identified phosphorylation sites. The sequences of the
proteins encoded by Kalrn and Trio from human, mouse, chicken and fugu, D. melanogaster
Trio and C. elegans Unc73 were aligned using Clustal. Identified Ser/Thr and Tyr
phosphorylation sites conserved in both genes in all species are circled; sites conserved in
species with separate Kalrn and Trio genes are underlined; the remaining sites (bold) are
conserved in Kalrn but not in Trio. The only site unique to the Kal7 isoform is Thr652,
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