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Doublecortin (DCX) is a 40 kDa microtubule-associated protein
required for normal neural migration and cortical layering during
development. Mutations in the human DCX gene cause a disru-
ption of cortical neuronal migration. Defects in cdk5 (cyclin-
dependent kinase 5) also cause defects in neural migration and
cortical layering. DCX is a substrate for cdk5 in vitro and in vivo
and the major site of in vitro phosphorylation is Ser-297. We
used a highly developed MS strategy to identify the cdk5 phos-
phorylation sites and determine the major and minor sites. Several
phosphopeptides were identified from a tryptic digest of *2P-
labelled, cdk5-phosphorylated DCX using a combination of off-
line HPLC and matrix-assisted laser-desorption ionization-MS
with alkaline phosphatase treatment. Tandem MS/MS enabled
the identification of seven phosphorylation sites for cdkS. Moni-
toring of P label indicated that there was one major site, Ser-28,
at the N-terminus, and a major site, Ser-339, in the serine/proline-

rich domain at the C-terminus. Five other sites, Ser-287, Thr-289,
Ser-297, Thr-326 and Ser-332, were also found in the tail. Site-
directed mutagenesis largely supported these findings. Single
mutation of Ser-28 reduced but did not abolish phosphorylation.
Double, rather than single, mutation for Ser-332 and Ser-339
was required to reduce overall phosphorylation, suggesting an
interaction between these sites. Truncations of the tail produced
a significant reduction in cdk5 phosphorylation of DCX. These
results do not support Ser-297 as the major cdk5 phosphorylation
site in DCX, but indicate that DCX is subject to complex
multisite phosphorylation. This illustrates the importance of a
well-developed MS strategy to identify phosphorylation sites.
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INTRODUCTION

Doublecortin (DCX) is an X-linked, 40 kDa MAP (microtubule-
associated protein) [1-3], which is essential for migration of
neurons during the development of the cerebral cortex [4].
Mutations in the human DCX gene cause lissencephaly in males
and the milder (X-linked) subcortical laminar heterotopia (or
double-cortex syndrome) in females [5,6]. Lissencephaly is a
severe cortical malformation disorder with massive disorga-
nization of neurons. The affected cortex has a disordered four-
layered structure with neurons that either fail to begin or complete
migration. Females develop double cortex due to X-inactivation
leading to two populations of migrating neurons. One population
expresses the normal allele and migrates correctly, whereas the
other expresses the mutant allele and terminates migration to form
the heterotopic band of neurons. Both lissencephaly and sub-
cortical laminar heterotopia are associated with severe cognitive
impairment and epilepsy [4].

Disruption of one allele of the LIS/ gene also causes lissen-
cephaly. LIS1 is a 45 kDa ubiquitously expressed protein with
seven WD40 repeats that mediate protein—protein interactions.
LIS1 associates with NUDEL (nudE-like), a brain-enriched
homologue of the Aspergillus nidulans nuclear disruption factor
nudE found at centrosomes and neuronal growth cones, and which
interacts with cytoplasmic dynein. NUDEL is a substrate of cdk5
(cyclin-dependent kinase 5), a proline-directed serine/threonine
kinase that is abundant in brain and is critical for neuronal
migration [7,8]. Phosphorylation increases its association with the
14-3-3 epsilon protein, which protects it from dephosphorylation
and sustains the effects of cdk5 phosphorylation [9].

The discovery that mutations in LIS1 and DCX cause almost
indistinguishable phenotypes in humans raises the question of
their molecular connection. Both proteins are involved in micro-
tubule regulation. Two tandem repeats of DCX form a functional
microtubule-binding domain [10,11]. LIS1 purifies with poly-
merized microtubules from brain, binds tubulin and inhibits
microtubule catastrophe events [12]. It also binds DCX and
the two proteins enhance tubulin polymerization in an additive
manner [13]. This was the first identified interaction between two
of the prominent pathways that regulate neuronal migration.

Mutations in other human or mouse genes have also been
found to cause defects in cortical neuronal migration. These
include Reelin, Disabled, cdk5 and others. Reelin is a protein
secreted into the extracellular matrix by the earliest neurons
in brain. It often appears to act as a stop signal for neuronal
migration [14]. Reelin mutations in humans cause lissencephaly
and cerebellar malformations [14], suggesting strong links with
the other lissencephaly genes. Lis1 has recently been shown to
be a downstream target of Reelin signalling [15]. Mutations in
the Disabled (Dabl) gene in the mouse show phenotypes that
are indistinguishable from the Reelin mutation [16]. Dabl is a
cytoplasmic adaptor protein in the Reelin-signalling pathway and
is also a substrate for cdk5 [17-19].

A potential common link between all these neuronal migration
defects is cdk5. Mutations to the cdk5 gene result in disruption of
neuronal migration [20]. It is an attractive candidate for regulating
DCX or LIS1 phosphorylation and function and for the proteins
of the Reelin/Dab1 pathway. CdkS5 binds with and is activated by
a neuronal-specific activator, p35, which also plays a number of
roles in both neuronal development and degeneration. Targeted
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disruption of the p35 gene also causes serious neuronal migration
defects in mice [21]. CdkS5 phosphorylates a number of MAPs and
many proteins involved in neuronal migration. It was proposed
that cdk5 might phosphorylate LIS1 or DCX in addition to
NUDEL [7] and Dabl [22].

DCX was initially found to be a phosphoprotein [1,2], since
treatment of DCX with alkaline phosphatase caused a downward
mobility shift of an SDS/PAGE band detected by a DCX antibody
[1]. Sequence analysis has suggested that DCX has a potential
Abl tyrosine kinase site near the N-terminus and several mitogen-
activated protein kinase sites near the C-terminus within a region
rich in Ser-Pro and Thr-Pro motifs [6]. Protein kinase C and casein
kinase II have also been suggested as possible kinases involved in
DCX phosphorylation [5]. However, there has been no evidence
that DCX is a substrate for any of these kinases. Owing to the
similarity in disease phenotypes, cdkS has been often linked
indirectly to DCX [22-25]. Three recent reports have revealed
the kinases that phosphorylate DCX. MAP/microtubule affinity
regulator kinase and protein kinase A phosphorylate DCX at
Ser-47 [26] and JNK (c-Jun N-terminal kinase) phosphorylates
DCX on Thr-321, Thr-331 and Ser-334 (which are in the
equivalent positions to Thr-326, Thr-336 and Ser-339 in the mouse
sequence used in the present study) in the C-terminus [27]. DCX
was also shown to be a substrate for cdk5 [28]. Ser-297 was
identified as the sole major site by MS analysis of a tryptic digest
from an in vitro phosphorylation. No other site was observed using
this simple screening method and it was therefore claimed that it
indicated Ser-297 as the major site. Utilizing a phospho-specific
antibody and cdk5~/~ as well as dex™/~ mice, Ser-297 was also
found to be phosphorylated on this site in vivo.

In contrast with the discovery of Ser-297 as the major cdkS5 site
in DCX, the discovery of a phosphorylation site in a protein does
not usually reveal whether it is the sole or major site. Detection of
phosphorylation by MS remains a challenging process because
of the low ionization efficiency of some phosphopeptides [29].
Non-phosphopeptides present in tryptic digests may suppress
the ionization of the phosphopeptides because of a higher gas-
phase proton affinity [30]. Separation of the phosphopeptides
from interfering non-phosphopeptides improves phosphopeptide
detection [31]. Off-line HPLC separation was recently shown to
be more effective for the enrichment of phosphopeptides [32],
when compared with the more widely used immobilized metal-
affinity chromatography [31]. The use of *P labelling, where
possible, reduces the number of collected fractions that need to
be analysed and also provides information on the relative amounts
of incorporated phosphate. Radioactive fractions can be analysed
by Edman degradation [33] or MS [34]. In the present study, we
incorporated these methodologies into a well-developed strategy
aimed at determining whether Ser-297 is the sole or major in vitro
site for cdkS.

In this study, we confirm the phosphorylation of Ser-297 in
DCX by cdk5, but demonstrate that it is not the major site and
that cdk5 phosphorylates six additional sites. The phosphory-
lation sites were identified using a combination of off-line HPLC,
radioactive detection and hybrid QqTOF-MS/MS (quadrupole
time-of-flight tandem mass spectrometry) after in vitro phos-
phorylation of DCX with cdk5 using [y-**P]ATP. Six sites were
found in the serine/proline-rich domain near the C-terminus and
a single site was near the N-terminus. The N-terminal Ser-28
and one of the C-terminal sites, Ser-339, were particularly good
substrates, as observed from incorporation of **P. The effect of
site-directed mutagenesis at Ser-28 was supportive of the MS
data, but for Ser-339 the result indicated that an interaction
with an adjacent phosphorylation site(s) was also important. The
results significantly expand on those found previously [28] and
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define novel phosphorylation sites in DCX. The results illustrate
that direct examination of a tryptic digest [28] is inappropriate
for finding the major phosphorylation sites, and we illustrate
an appropriately developed strategy for the identification of
phosphorylation sites in DCX.

METHODS
Chemicals and DNA constructs

All chemicals were of analytical grade or higher. MilliQ water
was used in all experiments (MilliQ UF PLUS; Millipore,
Billerica, MA, U.S.A.). Tris was from Amresco (Solon, OH,
U.S.A.). Hydrochloric acid, magnesium sulphate and formic acid
were from BDH Laboratory Supplies (U.K.). EGTA, Tween
80, ATP, ammonium bicarbonate, TFA (trifluoroacetic acid) and
activated charcoal were from Sigma (St. Louis, MO, U.S.A.).
[y-323P]ATP was from PerkinElmer Life Sciences (Boston,
MA, U.S.A.) and trypsin (Gold-MS grade, porcine) was from
Promega (Madison, WI, U.S.A.). Restriction enzymes and calf
intestinal alkaline phosphatase were from New England Biolabs
(Beverly, MA, U.S.A.). The acetonitrile was from Burdick
and Jackson (Muskegon, MI, U.S.A.). GST (glutathione S-
transferase)-cdkS plasmid was from J. Wang (Hong Kong
University, Hong Kong) and the GST-p25 plasmid was from L.-H.
Tsai (Harvard, U.S.A.) as we have described previously [35].

Isolation and cloning of murine DCX

A murine DCX clone was isolated from a foetal mouse (embryonic
day 19) cDNA library by OriGene (OriGene Technologies,
Rockville, MD, U.S.A.) by screening with DCX-specific
primers F408 (5-AGCCAGAGAGAACAAGGAC-3') and F409
(5'-GGACCACAAGCAATGAAC-3'). The isolated DCX clone
(CDAO0O1 in a pCMV6-XL3 vector) was digested with Sacl and
Kpnl to produce a 3 kb fragment of the DCX coding region
with approx. 2 kb of 3’ untranslated region. This fragment was
subcloned into the Sacl and Kpnl sites of a pGEM-3Z vector (Pro-
mega). The translated amino acid sequence of this clone has up
to two amino acid differences and is one amino acid longer
(GenBank® accession number AY560329) than other published
sequences, probably representing polymorphisms. The full-
length coding region of DCX (approx. 1.1 kb) was am-
plified from the pGEM-3Z-DCX clone using primers F439
(5'-AAAAGTTGCCGCGGTTCCAC-3) and F440 (5'-GGCT-
TGAATTCAGCCTATCATC-3'), which introduce Sacll and
EcoRlI sites respectively. The PCR contained 5-10 ng of template
DNA, 1 unit of Tag DNA polymerase (Roche, Basel, Switzerland),
enzyme buffer supplied by the manufacturer, 0.2 mM of each
dNTP, 0.4 uM of each primer and amplified on a Hybaid PCR
Express thermocycler (Thermo Hybaid, Middlesex, U.K.) using
the following parameters: initial denaturation at 93 °C for 3 min;
30 cycles at 93 °C for 30 s, 55 °C for 30 s and 72 °C for 45 s
and a final extension at 72 °C for 5 min. The PCR product
was subcloned into a pGEM-T-Easy (Promega) vector, which
takes advantage of the adenosine overhangs on the PCR products
introduced during amplification by Tag DNA polymerase.

Generation of GST-fusion constructs with wt (wild-type)
and mutant DCX

DCX, full-length and C-terminal truncations were cloned into a
GST vector to express a GST-fusion protein. The full-length DCX
and the DCX 3y truncation were subcloned from the pGEMT-
DCX plasmid by digestion with Sacll and EcoRI (full-length)
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or Sacll and Bpml (DCX, ), the overhangs were modified to
blunt ends with the Klenow fragment of DNA polymerase I
(Promega), according to the manufacturer’s instructions. These
fragments were cloned into a pGEX-6P-3 vector (Amersham
Biosciences, Uppsala, Sweden) that had been linearized with
the blunt-end cutter Smal. The DCX,_,;, and DCX 35 fragments
were amplified from the pGEMT-DCX plasmid using the fol-
lowing primers: DCX, ,;, with F439 and F436 (5'-TGTGGGTG-
TAGAGATAGGAG-3') primers and DCX, ,;, with F439 and
F441 (5'-ATGGAGACAGTCGACCTGCT-3') primers. The PCR
conditions were as those described above, except that a high-
fidelity polymerase, Pfu DNA polymerase (Stratagene, La Jolla,
CA, U.S.A)), was used. PCR products were digested with
Sacll and Rcal for DCX, 74, and Sacll and Sall for DCX, ;3.
The overhangs were modified to blunt ends by incubation
with Klenow fragment and cloned into a pGEX-6P-3 vector
linearized with Smal. Plasmids containing GST-fusion constructs
were transformed into BL21(DE3) competent cells, containing a
thioredoxin expression plasmid (pT-Trx) [36].

Key cdk5 phosphorylation sites were mutated to alanine in the
pGEX-DCX(wt) vector using Stratagene’s QuikChange™ Muta-
genesis kit (Stratagene) according to the manufacturer’s instruc-
tions. The complete coding region for GST-DCX was sequenced
in each of the mutant plasmids (Westmead DNA, Westmead,
NSW, Australia). This ensured that the target site was mutated
and that there were no undesirable mutations at other locations in
the sequence introduced by the PCR-based mutagenesis.

Purification of recombinant GST-fusion proteins

The bacterial cells were induced to express GST-fusion proteins
by incubation with 0.2 mM isopropyl S-D-thiogalactoside for 2—
4 h at 30 °C. Recombinant protein was purified on GSH (reduced
glutathione)-Sepharose beads (Amersham Biosciences). For
cdk$, bacterial pellets from BL21/Trx cells expressing GST-cdk5
and GST-p25 were combined before purification of the fusion
proteins on GSH—Sepharose beads. Bacterial cells were lysed with
100 wg-ml™!' lysozyme in the presence of proteinase inhibitors
[20 wg-ml™" leupeptin, 1 mM PMSF and Roche EDTA-free
Complete proteinase inhibitor tablet (1 tablet/litre of culture)]
followed by three rounds of freeze and thaw, and sonication
using a Branson Sonifier 250 (Branson Ultrasonics, Danbury,
CT, U.S.A.). Triton X-100 at a final concentration 1 % (v/v) was
added to the lysate at 4 °C for 30 min, followed by centrifugation
at 20000 g for 30 min. GSH-Sepharose beads (500 ul bead
volume/litre of culture) were added to the supernatant, incubated
with mixing at 4 °C for 1 h and then the beads were washed three
times in an excess volume of PBS. Beads with recombinant protein
were stored at —20 °C in 30% (v/v) glycerol. Recombinant
fusion proteins were eluted with several washes of GSH buffer
(20 mM GSH/100 mM Tris/HCI, pH 8/120 mM NaCl). GST-
cdk5/p25 was dialysed and concentrated using Microcon YM10
spin columns (Millipore) against the phosphorylation buffer
(30 mM Tris/HCI, pH 7.4/1 mM magnesium sulphate/1 mM
EGTA, pH 7.4).

Phosphorylation of GST-DCX

GST-DCX(wt) and GST-DCX(mutant) proteins were phos-
phorylated at 37 °C with GST-cdk5/p25 in 15-80 ul of reaction
volume for 5-90 min (depending on individual experiments) us-
ing the following conditions: substrate protein (0.1-4 pg), 1:100
to 1:250 dilution of the prepared GST-cdk5/p25 [each fresh batch
was tested for optimal activity against GST-DCX(wt) protein]

and phosphorylation buffer (as described above), 0.05 % (v/v)
Tween 80/40 uM ATP/0.063-0.125 pCi- ul™" [y-2"*P]ATP.
Reactions were stopped by the addition of 0.5 vol. of 3x
SDS sample buffer [0.2 M Tris/HCl, pH 6.8/28 % glycerol/6 %
(w/v) SDS/0.07 % (w/v) Bromophenol Blue/12% (v/v) 2-
mercaptoethanol] and the samples were heated in a boiling
water bath for 5 min. Samples were analysed by SDS/PAGE and
autoradiography.

Phosphorylation of wt GST-DCX with GST-cdk5/p25 for MS

GST-DCX (4 ng) was phosphorylated for 10 min by GST-
cdk5/p25 in an 80 pl volume as described above. Four samples of
the same amount of GST-DCX were phosphorylated for 90 min
in the absence of [y-**P]ATP with increased concentrations of
magnesium sulphate and ATP (20 mM and 800 M respectively).
Acrylamide was added to a final concentration of 2 % (w/v)
to alkylate reduced cysteine residues and the samples were
incubated at room temperature (20-22 °C) for 30 min and then the
proteins were resolved by SDS/PAGE. Gels were stained with zinc
[37].

Relative phosphorylation of wt and mutant GST-DCX

Approx. 1 pg of wt or mutant GST-DCX fusion protein was
phosphorylated by GST-cdk5/p25 in the presence of radiolabelled
ATPfor5 minina 15 ulreaction volume. Samples were separated
by SDS/PAGE (10 % gel) and stained with Coomassie Brilliant
Blue. Protein loading was assessed using the GS-800 Calibrated
Densitometer and using QuantityOne v4.2.2 software (Bio-Rad
Laboratories, Hercules, CA, U.S.A.). Dried gels were exposed to
a phosphorimaging screen and the incorporated radioactivity was
quantified on a STORM 860 Phosphorlmager using ImageQuant
v5.2 software (Molecular Dynamics; Amersham Biosciences).
Incorporation of **P was corrected for protein loading and an
additional correction was made for the truncations for equimolar
representation of the data.

Tryptic digestion and HPLC

Gel bands containing DCX were cut out after zinc staining
and destained in 150 ul of 1 x Tris/glycine/SDS buffer (Bio-
Rad Laboratories). Each band was washed four times in 1 ml
of water for 10 min before incubation with 0.3 pg of trypsin in
30 pul of 50 mM ammonium bicarbonate (pH 8.0) for 16 h at
37 °C. The digestion solution from each sample was removed and
combined. A second extraction of tryptic peptides was performed
using 30 ul of 5% (v/v) formic acid in acetonitrile. The two-
step extraction collected approx. 85 % of the phosphopeptides
in the gel piece, as determined by measuring the Cerenkov
radiation. The combined solution was concentrated to <5 ul
in a rotary vacuum concentrator (ALPHA-IR RVC, Christ,
Germany) and then made up to 50 ul with 0.1 % (v/v) TFA
aqueous solution before injection on to a HPLC (SMART
system; Amersham Biosciences, Little Chalfont, Bucks., U.K.).
The peptides were separated by reversed-phase chromatograph
using a 2.1 mmx 100 mm column [uRPC C2/C18, 3 um, 120 A
(1 A=0.1 nm); Amersham Biosciences] at 100 l-min~'. The
gradient was from 100 % phase A (0.1 % TFA aqueous solution)
to 40 % phase B (0.1 % TFA in acetonitrile) in 25 min and then to
100 % phase B in 10 min. Fractions (50 ul) were collected every
30 s. Cerenkov radiation emitted from each fraction was measured
using a Minaxi Tricarb 4430 scintillation counter (PerkinElmer
Packard Instruments, Boston, MA, U.S.A.). Fractions were then
dried to <5 ul.
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Alkaline phosphatase treatment and MALDI (matrix-assisted
laser-desorption ionization)-MS

To 500 nl of each sample, 2 ul of a solution containing
50 mM ammonium bicarbonate, 1 mM magnesium sulphate and
0.25 unit- ul™" of alkaline phosphatase was added. The sample
was incubated for 3 h at 37 °C. Analysis of the samples before
and after alkaline phosphatase treatment was performed on a
Voyager DE-Pro MALDI-MS (Applied Biosystems, Boston, MA,
U.S.A.). On a MALDI plate, 500 nl of each sample or 2.5 ul of
alkaline-phosphatase-treated sample was spotted, followed by 500
nl of matrix solution [0.3 % TFA, 60 % (v/v) acetonitrile aqueous
solution containing 10 mg - ml™" «-cyano-4-hydroxycinnamate].
Samples were analysed in linear or reflectron mode using external
calibration.

Tandem MS/MS

Peptide fragmentation was performed using a QSTAR XL
QqTOF MS (Applied Boisystems/MDS Sciex, Concord, ON,
Canada) with either the NanoSpray™ or o MALDI2™ ion sources.
Samples analysed using the NanoSpray™ were made up to
0.1 % formic acid, 50 % acetonitrile aqueous solution and were
sprayed off-line using a 1 um inside diameter EconoTip™
(New Objective, Woburn, MA, U.S.A.). The ion spray voltage
was 1000-1200 V. Samples analysed using oMALDI2™ were
made up to 2% formic acid solution and concentrated using
a microcolumn manufactured from a GELoader™ (Eppendorf,
Hamburg, Germany) pipette tip [38]. The microcolumn was
packed with the hydrophobic resins POROS R2, POROS R3
(Applied Biosystems) or with activated charcoal [39], depending
on the hydrophilicity of the peptides. After loading the sample in
10 w1, the microcolumn was washed with 10 ul of 2 % formic
acid solution and the bound material was eluted on to a MALDI
plate in matrix solution.

Statistical analysis

A two-tailed ¢ test that assumed unequal variance was performed
on the phosphorylation by cdk5 of GST-DCX mutants and wt.
Values greater than 2 S.D. from the mean were omitted from the
analysis. P < 0.05 was considered significant.

RESULTS

Phosphorylation of DCX

Recombinant DCX (murine sequence) was phosphorylated by
incubation with cdk5 in the presence of [y-*P]ATP. Auto-
radiography of the dried gel confirmed the incorporation of
phosphate (Figure 1a). Phospho-amino acid analysis by thin layer
electrophoresis [40] revealed that cdk5 phosphorylation is pre-
dominantly on serine residues (93 %) relative to threonine (7 %)
or tyrosine (0 %, results not shown). CdkS5 is a proline-directed
serine/threonine protein kinase [41]; therefore examining the
DCX protein sequence for Ser-Pro or Thr-Pro motifs indicated
the presence of nine potential cdk5 phosphorylation target
residues (Figure 1b), one at the N-terminus preceding the tandem
DCX domains and eight in the serine/proline-rich region at the
C-terminus. The requirement of nearby basic residues was not
strictly applied in arriving at this number. However, all the sites
have at least one basic residue within five residues of the serine/
threonine residue.

MS analysis of cdkb phosphorylation sites on wt DCX

Initially, a tryptic digest of DCX phosphorylated with cdk5
was directly examined by MALDI-MS, using both POROS R2
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Figure 1 DCX is a substrate for phosphorylation by cdk5 on multiple sites

(@) In vitro phosphorylation of DCX. GST-DCX was phosphorylated for 10 min at 37 °C in
the presence of GST-cdk5/p25. The upper panel shows an autoradiograph, whereas the lower
panel shows the Coomassie Brilliant Blue (CBB)-stained gel from the same experiment. DCX
was incubated without any protein kinase (lanes 1 and 2) or with cdk5 (lanes 3 and 4). Results
are shown in duplicate from one of six experiments. (b) Schematic representation of mouse
DCX, indicating the location of R1 and R2 domains and the serine/proline-rich region. Arrows
indicate the location of potential cdk5 phosphorylation sites and those identified in the present
study are shown in bold text.

and graphite microcolumns packed in GELoader™ tips for de-
salting [38] (results not shown). No phosphopeptides of significant
intensity matching the DCX sequence were identified. Next,
immobilized metal-affinity chromatography [31] was used before
microcolumn cleanup. Three possible phosphopeptides were
found in the MALDI-MS spectra using this method and an
extra phosphopeptide was implicated after alkaline phosphatase
treatment (results not shown). However, it was clear from the
spectra that many non-phosphopeptides derived from DCX were
still present in the sample. The presence of these peptides added
ambiguity to the results of the alkaline phosphatase treatment,
made selection of ions for tandem MS/MS difficult and was
suspected of being responsible for suppression of ionization of
the observed phosphopeptides and others still hidden.

To overcome these problems, a combination of approaches
was used to identify the phosphorylation sites. DCX was
phosphorylated to high stoichiometry with unlabelled ATP, but the
samples were ‘spiked’ with low stoichiometry radiolabelled DCX
to trace the peptides containing the maximum **P incorporation.
Thus DCX was first phosphorylated by cdk5 in vitro using
[y-**P]ATP for 10 min. Another aliquot of DCX was then phos-
phorylated with a higher concentration of Mg** and unlabelled
ATP for 90 min to maximize the incorporation of phosphate. The
phosphorylated DCX from both the reactions was pooled after
SDS/PAGE and trypsin digestion. This spiked sample approach
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Figure 2 Distribution of the cdkb phosphorylation sites in DCX

(a) DCX was phosphorylated for 10 min in the presence of [-*PJATP and for 90 min in the presence of excess non-radioactive ATP and the samples were mixed. After SDS/PAGE, DCX was digested
with trypsin and the fragments were separated by HPLC. A plot of Cerenkov radiation versus fraction number for the reversed-phase HPLC separation is shown. The percentage concentration of the
organic phase (phase B) is also shown on the right axis. The fractions that showed a specific increase in phosphorylation were pooled into seven (i—vii) samples. (b—e) Part of the MALDI-MS spectra
of samples v and vi before (Control) and after their treatment with alkaline phosphatase to dephosphorylate the peptides. Sample v before (b) and after (¢) dephosphorylation. An 80 Da mass shift
from m/z 1507.70 to 1427.75 and m/z 1490.64 to 1410.64 indicates the loss of a phosphate group. The dephosphorylated peptides match the mass of DCXas1-244 and the N-terminal pyroglutamic
acid modified DCXa31-344 respectively. A region of the MALDI-MS spectra from sample vi is shown before (d) and after (e) alkaline phosphatase treatment. The 80 Da mass shift from m/z 2072.82 to
1992.87 and m/z 2056.81 to 1976.86 indicates loss of a phosphate group. The dephosphorylated peptides match oxidized and non-oxidized DCXp3-39 respectively.

provided key information on the level of **P incorporation during
the short reaction time, but also supplied a relatively high
stoichiometry of incorporated phosphate for the MS analyses. The
DCX phosphorylation sites that are most important under physio-
logical conditions are probably the same sites that incorporate
most of the *P in an in vitro reaction with the conditions of
limited Mg and ATP in a short reaction time. In contrast, long
phosphorylation times under optimal in vitro conditions, probably
produce sites not necessarily of in vivo relevance.

To separate the phosphopeptides derived from phospho-
DCX, the trypsin-digested sample was applied to reversed-
phase HPLC and each eluted fraction was counted for *?P
(Figure 2a). Significant amounts of radiation were detected across
the elution profile, indicating multiple phosphorylation sites in
DCX. Fourteen fractions containing high counts were combined

into seven pools, i—vii (Figure 2a), which probably contain a single
phosphopeptide each. Each pooled sample was concentrated in
a rotary vacuum concentrator. Samples prepared for MALDI-
MS/MS were further concentrated by applying them to reversed-
phase microcolumns packed in GELoader™ tips. Although the
fractions from the first reversed-phase separation are purified,
the extra step allows the concentration of the sample to < 500 nl,
resulting in an improved signal-to-noise ratio. Each of the pooled
samples was examined by MALDI-MS before and after alkaline
phosphatase treatment. When dephosphorylation was observed
(a decrease in mass of 80 units on the m/z scale), the peptide
was chosen for further analysis by tandem MS/MS. Figures 2(b),
2(c) and 2(d), 2(e) show two examples of MALDI-MS spectra
from samples v and vi before and after alkaline phosphatase
treatment respectively. Samples i—iv and vii are not shown.
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Figure 3 Direct sequencing of the phosphorylation sites using tandem MS/MS

(@) ESI-MS/MS spectrum of the fragmentation of the singly charged peptide at m/z 808.35 from sample i (Figure 2a). Two separate, and complete, series of y ions describe the phosphopeptides
DCXag6-202, Where either Ser-287 or Thr-289 is phosphorylated. lons marked with a prime are exclusive to the sequence containing phospho-Ser-287. The rest of the y ions are overlapping. lons
demonstrating neutral loss of phosphoric acid (— 98 Da) are also shown (indicated by [(M-98)H]*). (b) ESI-MS/MS spectrum of the fragmentation of the triply charged m/z 782.32 from sample iii
(Figure 2a). The spectrum matches the sequence for DCXso6-38, Where Thr-326 is phosphorylated and Asn-317 has been deamidated. (¢) ESI-MS/MS spectrum of the fragmentation of the doubly
charged m/z 754.41 from sample v (Figure 2a). The sequence derived from this spectrum matches DCXas31-344, Where Ser-339 is phosphorylated. There is also a second very low abundance y ion
series in the spectrum (marked with *). This series best describes DCXss1-334, where Ser-332 is phosphorylated. (d) MALDI-MS/MS spectrum of the singly charged parent ion at m/z 2072.86 from
sample vi (Figure 2a). The spectrum reveals the sequence of DCXo3.39, Where Met-23 is oxidized (oM), Asn-24 has been deamidated, Cys-35 has been modified by acrylamide (aC) and Ser-28 is
phosphorylated. The neutral loss of phosphoric acid and the abundant further neutral loss of methane sulphenic acid (CH;SOH, — 64 Da) are also shown.

This approach revealed five distinct phosphopeptides from DCX.
However, the sequence of each peptide (except ii) contained
more than one serine or threonine and hence it was not possible
to assign specifically the phospho-acceptor site in most of the
cases. Therefore each pooled fraction was further analysed by
tandem MS/MS using either nanoESI (electrospray ionization) or
MALDI, depending on which ionization method gave the highest
intensity or least interference from other peptides or impurities.
Tandem MS/MS unequivocally identified the phospho-acceptor
site in each case.

Samplei

MALDI-MS analysis of sample i showed no peaks that could
match any theoretical DCX phosphopeptide. However, after
alkaline phosphatase treatment, a new peak appeared at mi/z
728.45 (results not shown). This peak matched the mass of
the pseudo-molecular ion ([M + H]*) of ASPTPQK in DCX
(theoretical m/z 728.39). The sample was further analysed by ESI—-
MS/MS. The singly charged ion at m/z 808.35, corresponding
to the phosphorylated form (+ 80 Da) of the above sequence
(theoretical m/z 808.36), but not present in the MALDI-MS
spectrum was observed in the ESI-MS spectrum. This ion was
selected for fragmentation to produce the product ion spectrum
shown in Figure 3(a), which has peaks corresponding to two sepa-
rate, and complete, series of y ions. The two series correspond
to both possible phosphopeptides of DCXyg.00, ApSPTPQK
and ASPpTPQK, where pS or pT represent phospho-serine or
phospho-threonine respectively. These phosphopeptides share an
overlapping ion series for y, to y; and also share y,, but differ in
the mass of their y, and y; ions. In Figure 3(a), the transition that
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shows the phospho-Thr-289 (181.0 Da) is from y; to y,, whereas
the transition that shows phospho-Ser-287 (167.0 Da) is from
ys' to ys. This result shows that both Ser-287 and Thr-289 are
phosphorylated by cdkS. No doubly phosphorylated peptide was
observed; however, the result does not reveal whether this peptide
may be doubly phosphorylated. Ion intensities in mass spectra
do not reflect the amounts of molecules present in the original
sample, due to differences in the efficiency of ionization and the
transition from solution phase (ESI) or solid-phase (MALDI) to
gas-phase ions. Therefore it is not possible to determine which
phosphorylated species was more abundant [29].

Sample i

MALDI-MS analysis of sample ii showed peaks at m/z 724.29 and
740.28 that could be dephosphorylated to m/z 644.32 and 660.30
respectively. The latter corresponded to DCX,9;30, (SPGPMR)
and its oxidized form respectively (theoretical m/z 644.32 and
660.31). This sequence contains a single residue that can be
phosphorylated, Ser-297. This site has recently been identified
as a cdk5 phosphorylation site by Tanaka et al. [28]. This sample
was analysed by ESI-MS/MS. Selecting the parent ion at m/z
724.34, the phosphopeptide was confirmed as having the sequence
PSPGPMR (results not shown).

Sample ii
MALDI-MS analysis of sample iii showed a peak at m/z
234491 that could be dephosphorylated to mi/z 2265.94. This

peak is approx. 1 unit larger than the phosphorylated peptide
DCX;06.38 (SPADSGNDQDANGTSSSQLSTPK, theoretical m/z
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2263.96). When an asparagine residue is followed by a glycine,
the asparagine is highly susceptible to deamidation to aspartic
acid or iso-aspartic acid under alkaline conditions [42]. The
phosphopeptide was probably deamidated during the weakly
alkaline conditions of the tryptic digestion, resulting in an overall
increase in mass of 1 Da. The phosphopeptide was fragmented
using ESI-MS/MS. The triply charged parent ion at mi/z 782.32
was selected to produce the product ion spectrum shown in Fig-
ure 3(b). This shows a series of y ions describing half of the
C-terminus and a series of b ions describing nearly half of
the N-terminus of the phosphopeptide DCX ;4 3,5 (SPADSGNDQ-
DADGTSSSQLSpTPK). The transition from y;; to y;, matched
an aspartic acid residue. This shows that Asn-317 had been
deamidated. Alternatively, the transition may also be to an iso-
aspartic acid residue, since they are not distinguishable by MS.
The y ions from y, to y; describe the loss of phospho-Thr-326.
There was no evidence that any of the other serine or threonine
residues were phosphorylated, including the N-terminal serine,
which matches the motif for cdk5 substrates. Therefore Thr-326
is phosphorylated by cdk5.

Sample iv

MALDI-MS of sample iv revealed a peak at m/z 1635.80, which
could be dephosphorylated to m/z 1556.86 (results not shown).
The latter peak matches DCXi3,345 (QSPISTPTSPGSLRK,
theoretical m/z 1555.84), containing a single trypsin mis-cleavage.
Using MALDI-MS/MS, fragmentation of the parent ion at
mfz 1635.79 produced a product ion spectrum, which was
consistent with singly phosphorylated DCXs3,.545 (results not
shown). However, the site of phosphorylation was ambiguous
due to the low abundance of the spectrum.

Sample v

The MALDI-MS spectrum of sample v, before and after alkaline
phosphatase treatment, is shown in Figures 2(b) and 2(c). There
are two peaks at m/z 1507.70 and 1490.64, which could be dephos-
phorylated to m/z 1427.75 and 1410.72 respectively. The peak
at m/z 1427.75 matched the peptide DCXi3,344 (QSPISTP-
TSPGSLR, theoretical m/z 1427.75), whereas that at m/z 1410.72
could not be directly matched to DCX (but is probably the same
peptide with an N-terminal glutamine modified to pyroglutamic
acid, see below). Sample v was analysed by ESI-MS/MS. The
doubly charged parent ion at m/z 754.41, corresponding to
the peak detected at m/z 1507.70, was fragmented to produce the
product ion spectrum as shown in Figure 3(c). The spectrum
shows a complete y ion series for the predicted phosphopeptide
DCX33,.344. The transition from ys; to ys shows the loss of phospho-
Ser-339. Therefore Ser-339 is phosphorylated by cdk5. However,
there is also a second low intensity, but nonetheless high signal-to-
noise (ranging from 5 to 20) y ion series in the spectrum (marked
with asterisks). This very low abundance series best describes
DCX331.334, Where Ser-332 is phosphorylated. Since many of the
possible assignments have overlapping theoretical ion series, it
is not possible to rule out that phospho-Ser-335, Thr-336 and
Ser-338 may also be present at very low abundance.

The phosphopeptide at m/z 1490.64 (and its dephosphorylated
counterpart at m/z 1410.72) does not match the mass of any
peptide predicted from the DCX sequence. However, a simple
explanation is that the peptide QSPISTPTSPGSLR may have
had its N-terminal glutamine modified to pyroglutamic acid,
accounting for the mass shift of —17 Da (http://www.abrf.org/
index.cfm/dm.home?AvgMass=all). This common modification
occurs under the same alkaline conditions as deamidation [42].

Sample vi

The MALDI-MS spectrum of sample vi before and after alkaline
phosphatase treatment is shown in Figures 2(d) and 2(e). Two
peaks at m/z 2072.82 and 2056.81 could be dephosphorylated to
mfz 1992.87 and 1976.86 respectively. These latter peaks exactly
match oxidized DCXy3 (MNGLPSPTHSAHCFYR) and its
non-oxidized form respectively, where the Asn-24 has been
deamidated (4 1 Da, similar to sample iii above) and Cys-35 has
been modified by acrylamide (4 71 Da, this modification was
performed before SDS/PAGE, see the Methods section): MDGL-
PpSPTHSAHaCFYR =1904.85 (M +H]")+71.04+0.98 +
79.97 =2056.84 and MoxDGLPpSPTHSAHaCFYR + 2056.84+
16.00 =2072.84. Using MALDI-MS/MS, the larger, oxidized
parent ion at m/z 2072.82 was selected for fragmentation to
produce the product ion spectrum in Figure 3(d). A nearly
complete y ion series was detected to identify unambiguously the
peptide as oxidized DCX,;39, where Ser-28 is phosphorylated
and Met-23 is oxidized. The transition from y;, to y;, shows the
loss of phospho-Ser-28. A feature of this spectrum is a strong
peak showing the neutral loss of phosphoric acid (—98 Da). A
more abundant peak showing a further neutral loss of methane
sulphenic acid (CH;SOH, — 64 Da) is a signature mass shift for
an oxidized methionine [43,44]. The peak matching non-oxidized
DCX,;.39 (m/z 2056.81) was not examined further.

Sample vii

MALDI-MS analysis of sample vii showed a peak at m/z 2054.94,
which could be dephosphorylated to m/z 1974.99 (results not
shown). The latter peak did not match any predicted DCX
tryptic peptide. However, MALDI-MS/MS analysis revealed that
the phosphopeptide matched the sequence DCX,; 39, where both
Met-23 is oxidized (416 Da) and Asn-24 has been converted
into a succinimide intermediate (— 17 Da), resulting in an
overall loss in molecular mass of —1 Da (results not shown).
The formation of succinimide is a result of deamidation of
asparagine and this intermediate is stable at low pH [45] (see also
http://www.abrf.org/index.cfm/dm.home?AvgMass=all). It was
probably able to persist due to the acidic sample storage conditions
(0.1 % formic acid aqueous solution) used in the present study.

A relatively small amount of Cerenkov radiation was observed
in fraction 35 (Figure 2a). This fraction was analysed using the
same treatment as for samples i—vii. A phosphopeptide was
detected at m/z 1895.98. This ion was sequenced by MALDI-
MS/MS (results not shown). The sequence was unambiguously
determined to be SDLEVLFQGPLGpSPNSR. Although this
phosphopeptide is part of the GST-DCX sequence, it does not
include any specific DCX sequence, but is derived from the
multiple cloning site of the pGEX-6P-3 vector in which DCX
was cloned to produce the GST-DCX fusion protein.

The tandem MS/MS peptide sequencing, combined with the
Cerenkov radiation measurements, allowed the determination
of the DCX phosphorylation sites that were most readily
phosphorylated by cdk5. The identified phosphorylation sites and
the amount of Cerenkov radiation associated with those sites are
shown in Table 1. Cerenkov radiations from samples iv and v were
summed, since they are associated with the same phosphorylation
site. Similarly, counts for samples vi and vii were also summed.
The counts from fraction 23, which eluted between samples v and
vi, were equally divided between the two phosphorylation sites
(arbitrarily). The counts indicated that Ser-339 (43 %) and Ser-28
(24 %) are the major phosphorylation sites for cdkS5 in vitro. Since
the duration of the phosphorylation with radiolabelled ATP was
short, these sites may be important for the in vivo phosphorylation
of DCX. It is important to note that in the present study, we used
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Table 1

Incorporation of 2P into specific in vitro phosphorylation sites in DCX by cdk5

Cerenkov radiation (c.p.m.) % C.p.m. Summed fractions Phosphorylation site Sequence (phospho-site in bold) HPLC fraction (Figure 2a)
4360 43 17-23(1/2) Ser-339, Ser-332 (minor)  ...KSKQSPISTPTSPGSL... v, v
2399 24 23(1/2)-28 Ser-28 ..NGLPSPTHS... vi, vii
1289 13 4-5 Ser-287, Thr-289 ...GPKASPTPQKT... i
1269 13 8-10 Ser-297 ...TSAKSPGPM... ii
783 8 12-14 Thr-326 ...SQLSTPKSK... iii
140 o of the identified sites, whereas both the DCX, ,;, and DCX, 5

=2
,_|_<

11

WT ' S28A S287A S207A S332A S330A SIIZA+ 1300 1274  1-235
S339A
Mutations

=2 3

DGX Phosphorylation (% of wild type)
2

=

Figure 4 Comparative phosphorylation of wt and mutant DCX by cdk5

GST-fusion protein (approx. 1 @) of wt DCX, serine to alanine mutants and DCX truncations was
phosphorylated by recombinant GST-cdk5/p25 in the presence of [y-32°"33PJATP for 5 min at
37 °Candthen analysed by SDS/PAGE and autoradiography. Phosphorylation was quantified by
a STORM Phosphorlmager. Results are represented as a percentage of wt DCX for the corrected
activity (see the Methods section). Means + S.E.M. for six or seven replicated reactions per
protein are presented.

GST-tagged DCX and cdk5/p25 and that these tags may have
introduced non-native steric interactions.

In vitro phosphorylation of mutant DCX by cdk5

The significance of key in vitro cdk5 target residues in DCX
was further assessed by mutating these sites to alanine by site-
directed mutagenesis. Mutation of any of the putative cdk5
target threonines (Thr-289, Thr-326 or Thr-336) to alanine did
not show significant changes in the level of phosphorylation
(results not shown). This is consistent with the low ratio
of phosphorylated threonine to serine in DCX (Table 1 and
phosphoamino acid analysis). Key serine residues shown to be
significantly phosphorylated using MS were also mutated and
the proteins were phosphorylated in vitro for 5 min with cdk5
(Figure 4). The single mutations S287A (Ser-287-Ala), Ser-297-
Ala or Ser-332-Ala did not significantly reduce phosphorylation.
However, the single mutations of Ser-28-Ala or the double
mutation of Ser-332-Ala plus Ser-339-Ala showed significant
reduction in phosphorylation to 75% (P =0.006) and 64 %
(P <0.0001) of wt phosphorylation respectively (Figure 4). These
results are highly consistent with the results in Table 1, except that
a greater loss in phosphorylation of Ser-339-Ala was expected.
Truncated forms of DCX were also assessed, since C-terminal
truncations show a severe phenotype in patients (e.g. R303X and
Q235X, where X is the introduction of a stop codon) [6]. All the
truncated proteins showed significantly reduced phosphorylation
by cdk5 (Figure 4), consistent with the loss of a number of
putative cdk5 target sites. The DCX, 3y truncation loses three
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truncations lose six identified sites. Comparison of the DCX 3,
with the Ser-332-Ala plus Ser-339-Ala double mutant showed no
significant difference in the level of phosphorylation (Figure 4).
This indicates that the loss of Ser-332 and Ser-339 is sufficient
to account for the reduction in this truncation. Comparison
between the truncations showed that there was a further significant
reduction in phosphorylation when DCX was truncated further to
either DCX, ,;, or DCX 54 (P =0.03), indicating that Ser-287,
Thr-289 or Ser-297 contributed to phosphorylation in vitro. The
results support the MS sequencing data and show that when all
cdk5 phosphorylation sites in the C-terminal tail are removed,
Ser-28 at the N-terminus is still accessible.

DISCUSSION

We used a well-developed MS strategy that was capable of
detecting and identifying multiple phosphorylation sites for cdk5
in DCX. First, the strategy was tailored to overcome common
problems associated with detection of phosphopeptides by MS,
i.e. signal suppression and low efficiency of ionization. The
phosphopeptides were separated into fractions so that the number
and amount of interfering non-phosphorylated peptides were
decreased. This reduces the suppression of ionization of phos-
phopeptides and increases their intensity. Also, phosphopeptides
can be selected for MS/MS without unintentional selection of
another peptide with similar m/z. The samples were highly
concentrated first by simply reducing the volume of the fractions
and secondly by using microcolumns before MS. This enables
high-quality MS/MS spectra to be obtained, with an increased
signal-to-noise ratio for y or b ions, reducing the ambiguity
of assignment of phosphorylation sites. Secondly, non-radio-
labelled-phosphorylated DCX was run simultaneously with
radiolabelled DCX both to increase the amount of phosphopeptide
available for MS and to reveal the relative abundance of each
phosphopeptide by direct counting of radiation. Using this
strategy, we have confirmed that DCX is a substrate for cdk5
in vitro and showed that DCX is phosphorylated on seven sites
(of nine predicted sites) by cdk5 in vitro (Figure 1b, sites in bold),
rather than on one as reported previously. Six of the sites are in the
serine/proline-rich C-terminal tail region, whereas one site is near
the N-terminus. Five of the seven sites are phospho-Ser, which
correlates with phospho-amino acid analysis data.

The relative abundance of an ionized peptide in a mass spectrum
is not a quantitative measure of the relative amount of that peptide
in a sample, nor is the absence of an ion definitive evidence for the
absence of that peptide in a sample. This is due to the effects of
suppression and differing efficiencies of ionization and detection.
To address this limitation, we measured the **P incorporation into
each fraction from the HPLC and sequenced the phosphopeptides
in that fraction. Since only one unique phosphorylation site was
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found in most fractions, the relative level of phosphorylation of
each site could be estimated.

Mutational analysis in an in vitro assay is sufficient to show
whether a residue is a potential target for a particular kinase,
but on the face value, not its importance. Tanaka et al. [28]
showed that more than one residue was phosphorylated when
these sites were individually mutated to alanine, co-transfected
with cdk5/p35 into 293T cells and cell lysates examined for a shift
in DCX mobility on gel electrophoresis. However, 293T cells have
been shown to express endogenous JNK under stress conditions
[46] and JNK is known to target some of the same residues as
cdkS5 [27]. INK expression or the potential expression of other
mitogen-activated protein kinases that are known to be proline-
directed serine/threonine protein kinases and target DCX (T. C.
Tan and P. J. Robinson, unpublished work), would give a similar
result in this type of experiment. This group also mutated DCX,
so that there was a single residue remaining as the target in an
in vitro cdk5 phosphorylation assay. However, as the authors point
out, mutation of a large number of residues in a single protein,
potentially changes the conformational structure of that pro-
tein and therefore the efficiency of phosphorylation by a kinase;
hence it cannot be the sole measure of the relative importance
of a particular site. By measuring the change in signal intensity
from *?P incorporation as a function of individual or double site-
directed mutations (Figure 4) and comparing these with measured
Cerenkov radiation from tryptic peptides of wt DCX (Table 1), we
have established the relative importance of each of the potential
cdkS5 phosphorylation sites in vitro.

We provide evidence to suggest that Ser-339 at the C-terminus
is the major in vitro phosphorylation site. The peptide containing
this site had the highest level of Cerenkov radiation, and tandem
MS/MS sequencing clearly identified a phospho-Ser-339 residue,
whereas there was very low signal-to-noise ratio on other potential
phospho-residues on that peptide (namely phospho-Ser-332)
even though the sample was phosphorylated to maximum levels
(90 min incubation in the presence of high ATP and Mg). Whereas
the mutation of Ser-339-Ala alone did not show a significant
reduction in phosphorylation, mutation of both Ser-332 and
Ser-339 to alanine significantly lowered the level of phosphory-
lation by cdk5 compared with wt DCX. The apparent redundancy
of Ser-339 strongly suggests a hierarchy of phosphorylation sites,
where the next site in the hierarchy can be highly phosphorylated
if a more favourable site is phosphorylated first, or in this case,
mutated. The result may also be explained by conformational
changes in DCX as a result of the mutation that may increase
access of other cdkS5 target residues, including Ser-28, resulting
in a compensatory increase in phosphorylation of these other sites.
Other sites found by MS were phosphorylated to a lesser extent (as
determined by *?P incorporation) and, in the mutational analysis,
did not significantly alter the level of DCX phosphorylation when
substituted with alanine. Our results do not exclude an in vivo role
for these sites.

It has been shown that phosphorylation of DCX with cdk5 or
microtubule affinity regulator kinase/protein kinase A reduces
its ability to polymerize microtubules in vitro, decreases its
affinity for microtubules both in vitro and in vivo and affects
neuronal migration [26,28]. Phosphorylation with JNK increases
the velocity and reduces pause time for migration in primary
cerebellar neurons [27]. JNK is reported to phosphorylate DCX
in the tail region on Thr-321, Thr-331 and Ser-334 (which are in
equivalent positions to Thr-326, Thr-336 and Ser-339 in the mouse
sequence used in the present study) [27]. Phosphorylation of these
sites was also demonstrated in cultured neurons, supporting the
physiological relevance of these sites. Ser-339 was also a major
site for cdk5 in this study. Therefore Ser-339 may be a target

for at least two protein kinases, cdk5 and JNK. Of the two
other nearby sites phosphorylated by JNK, Thr-326 is also a
cdkS substrate, whereas Thr-336 was not. This suggests that the
integration of different signal-transduction pathways may occur
in the regulation of DCX function. Phosphorylation of Ser-339 by
JNK had clear effects on neurite outgrowth and velocity and pause
time of migrating neurons [27]. Results from our study raise the
possibility that cdk5 may produce similar functional effects via
this site.

The identification of the Ser-28 site at the N-terminus as the
second most prominent site of **P incorporation was highly
correlative between the MS data, the level of Cerenkov radiation
from DCX phosphopeptides and mutational analysis. In a recent
work by Tanaka et al. [28], mutation of eight out of nine
putative cdk5 sites, while leaving Ser-28 as the sole target for
cdks$, resulted in levels of phosphorylation of the mutant protein
that were slightly reduced. This drop was not quantified, but
matches our observations. It remains unknown whether this site
may be phosphorylated in vivo. The in vitro phosphorylation
sites identified by this study may also have implications for the
regulation of DCX function in microtubule polymerization and
stability. Co-assembly of DCX with taxol-stabilized microtubules
is increased by 1-268 fragments of DCX compared with wt
or 47-260 fragments [11]. In addition, the 1-171 fragments
containing the R1 domain as well as the first 46 amino acids also
showed evidence of weak co-assembly with microtubules [11].
This suggests that the 1-46 region preceding the microtubule-
binding domains R1 and R2, where the putative phospho-Ser-28
resides, may regulate binding to microtubules.

An MAP with similar spatial and temporal expression
compared with DCX is present in mammalian brain [47,48]. This
MAP has similarity with DCX and Ca?"/calmodulin-dependent
protein kinase and is known as doublecortin-like kinase. DCX-
like kinase associates with microtubules in cultured neuronal cells
at the growth cone and increases microtubule polymerization
[48,49]. The DCX-like region has >80 % amino acid sequence
similarity [47], which includes a very high degree of sequence id-
entity at sites shown to be major cdkS5 target sites in DCX (results
not shown). Of the seven sites identified in this study, five are
conserved (Ser-28, Ser-297, Thr-326, Ser-332 and Ser-339) and
two are not (Ser-287 and Thr-289). This raises the possibility
that DCX-like kinase may also be a target for cdk5 phosphory-
lation.

The process of neuronal migration involves a number of steps.
Post-mitotic neurons must leave the ventricular zone, migrate
along radial fibres, pass previous waves of migrated neurons then
find their position in the cortex [4]. The present study shows
that cdk5 may act as the controller for a number of processes in
neuronal migration. It has been established that cdkS5 is involved
in positioning of neurons with its involvement in the Reelin-
signalling pathway. Cdk5- or p35-deficient mice has a reeler-
like phenotype [20,21] and cdk5 has recently been shown to
phosphorylate Dabl in vivo, a down-stream target of Reelin
signalling [18]. Cdk5/p39 phosphorylates tau, another MAP,
during brain development, reducing its affinity for microtubules
[50]. CdkS5 also phosphorylates NUDEL [7], which interacts
with Lisl. A direct relationship between DCX and cdk5 is of
major significance in understanding the neuronal migration and
development of the brain. A significant reduction in the level
of phosphorylation was evident when we phosphorylated DCX
truncated at residue 300. The truncation mutation R303X, where a
stop codon replaces the arginine codon at amino acid position 303,
is found in a number of unrelated patients and results in a severe
phenotype both in males (agyria) and females (thick heterotopic
band and parchygyria), resulting in severe mental retardation and
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epilepsy [51,52]. The R303X mutation would result in the loss of
the putative cdk5 phosphorylation sites Ser-332 and Ser-339.

Our results highlight the importance of a well-designed strategy
for the identification of phosphorylation sites by MS. In particular,
it reinforces the concept that failure to detect a phosphopeptide
in a tryptic digest is an insufficient criterion for concluding that
the remaining site is the major one. Additional results, such as
comparison with **P counts, are essential. We have shown that
DCX is multiply phosphorylated by cdk5 in vitro and postulate
that phosphorylation of these sites in vivo controls neuronal
locomotion and potentially other processes. Phosphorylation
of DCX affects its interaction with microtubules in vitro and
displaces it from microtubules in cultured neurons [26]. Further
work is required to determine if the novel sites identified in the
present study affect microtubule polymerization and stability, as
well as to establish their effect on neuronal migration.
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