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SUMMARY
All known protein kinases, except CASK, require Mg2+ to stimulate phosphotransfer from ATP to
a protein substrate. The CaM-kinase domain of CASK exhibits activity in the absence of Mg2+,
moreover it is inhibited by divalent ions including Mg2+. Here, we converted the Mg2+-inhibited
wild type CASK kinase (CASKWT) into a Mg2+-stimulated kinase (CASK4M) by substituting four
residues within the ATP-binding pocket. Crystal structures of CASK4M with and without bound
nucleotide and Mn2+, together with kinetic analyses demonstrate that Mg2+ accelerates catalysis of
CASK4M by stabilizing the transition state, enhancing the leaving group properties of ADP and by
productive positioning the γ-phosphate of ATP. Phylogenetic analysis revealed that the four
residues conferring Mg2+-mediated stimulation were lost from CASK during early animal
evolution, converting a primordial, Mg2+-coordinating CASK into a Mg2+-inhibited kinase. This
emergence of Mg2+-sensitivity conferred divalent ion-driven regulation to CASK, in parallel with
the evolution of animal nervous systems.

INTRODUCTION
Protein kinases comprise approximately 1.7 % of the protein-coding genes in the human
genome (1) and are valuable targets for therapeutics (2). Structural and functional
similarities among diverse eukaryotic protein kinases suggest that they evolved from a
common ancestor. Thus, protein kinases exhibit an N-terminal lobe, comprised of five-
stranded, antiparallel β-sheet and a regulatory helix, αC, and a largely α-helical C-terminal
lobe (3). The enzymes employ a number of highly conserved functional motifs to exert
substrate peptide binding, nucleotide binding and catalysis (3). These motifs include an Asp-
Phe-Gly (DFG) sequence at the beginning of the activation segment and a conserved
asparagine in the catalytic loop of the C-terminal lobe, which are involved in Mg2+-binding
and were believed to be indispensable for the catalysis of phosphotransfer by kinases (4,3,5).
During evolution, some kinases acquired mutations in some of the conserved functional
motifs. Non-canonical motifs may satisfy unique functional requirements in particular
kinases, such as an unusual substrate specificity, or confer particular catalytic properties
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(6,7). Some changes may also be detrimental to catalysis and about 10 % of the human
protein kinases bearing such changes are presently classified as “pseudokinases” (8).
However, despite their presumed catalytic inactivity, most pseudokinases, for example
Her-3, Jak-2, CCK4 and IRAK2, are essential and are thought to regulate the function of
other active kinases.

Many protein kinases bear additional domains or regions, which can regulate a kinase via
autoinhibition, oligomerization or recruitment of substrates (9). Thus, while a fundamental
level of regulation is implemented via the conserved functional motifs within the kinase
domain, additional domains provide another layer of regulation from outside of the kinase
core.

CASK is an essential protein that contains an N-terminal protein kinase domain, followed by
elements characteristic of membrane-associated guanylate kinases (MAGUKs), including a
PDZ-, an SH3- and an inactive guanylate kinase domain. CASK is highly enriched in brain
where it binds to cell-adhesion molecules, including neurexins (10), syndecans (11,12,13)
and SynCAM (14). In mice, genetic disruption of CASK causes a cleft palate, synaptic
dysfunction and lethality (15). In humans, mutations in the CASK gene also produce a cleft
palate syndrome with optic atrophy and mental retardation (16,17,18,19,20).

The N-terminal kinase domain of CASK most closely resembles members of the sub-family
of Ca2+/calmodulin (CaM)-dependent protein kinases. However, human CASK exhibits a
Gly162-Phe163-Gly164 (GFG) instead of the Mg2+-binding DFG motif and a cysteine
(Cys146) instead of the conserved, Mg2+-binding asparagine in the catalytic loop.
Consistent with these substitutions, Mg2+-binding in CASK is disrupted (21). Since Mg2+

was considered an indispensable cofactor for catalytic phosphotransfer, CASK was
categorized as a pseudokinase (Boudeau et al., 2006). Recently, however, we found that
CASK binds ATP and catalyzes phosphotransfer to the synaptic adhesion molecule
neurexin-1, even in the absence of Mg2+ (21). Indeed, CASK is fully active only in the
absence of divalent cations such as Mg2+ and Ca2+ (21). The inhibition of CASK by divalent
metal ions would provide an effective mechanism to allow CASK activity in inactive
neurons (low divalent ion concentration) and to shut down the enzyme in active neurons
(high divalent ion concentration) (21).

To gain insight into how the unique Mg2+-sensitive catalytic activity of CASK evolved, we
have carried out systematic mutagenesis, mechanistic and structural studies. We found that
substitutions of four residues, generating CASK4M, turn CASK into a Mg2+-stimulated
kinase. However unlike conventional kinases, CASK4M retained significant Mg2+-
independent phosphotransfer activity. Structural analysis revealed that in CASK4M, Mg2+

accelerates catalysis by stabilizing the transition state, by enhancing the leaving group
properties of ADP and by indirectly positioning the γ-phosphate of ATP, suggesting a
similar role for Mg2+ in conventional protein kinases. Although strongly stimulated by
Mg2+, CASK4M exhibited the comparable activity towards neurexin-1 as CASKWT in vivo,
suggesting that the divalent ion-sensitive kinase activity of CASK is an adaptive innovation
that serves to convert CASK from a general kinase into a kinase specific for substrates that
are recruited via its MAGUK domains. Strikingly, evolutionary comparison of CASK
sequences demonstrates that CASK initially emerged as a Mg2+-utilizing kinase, and later
became Mg2+-sensitive. The amino acid substitutions that rendered CASK sensitive to Mg2+

occurred during early animal evolution, in parallel with the appearance of the nervous
system. Thus, CASK represents a case, in which apparently detrimental changes in
conserved functional motifs do not lead to the loss of catalytic activity but instead may have
implemented a novel regulatory mechanism.
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RESULTS
Designing a Mg2+-coordinating version of CASK

The CASK CaM-kinase domain is highly homologous to the corresponding domains of
canonical CaM-kinases, such as CaMKI ( ≈ 37% identity) and CaMKII (≈ 44% identity)
(1). CaMKI and CaMKII need Mg2+ and Ca2+ for optimal activity. Mg2+ activates
phosphotransfer from ATP, while Ca2+ is required for activation of calmodulin, which
counteracts autoinhibition of the enzymes. In contrast, the CASK CaM-kinase domain is
inhibited by Mg2+ or Ca2+ and no metal ion was found in crystal structures of the CASK
CaM-kinase domain in complex with adenine nucleotides (21).

Sequence alignments of vertebrate CASKs with human CaMKI and CaMKII reveal
substitutions in CASK of residues that are highly conserved in canonical CaM-kinases; i.e.
the Mg2+-coordinating aspartate of the DFG motif is replaced by a glycine (Gly162), and the
Mg2+-binding asparagine of the catalytic-loop is replaced by a cysteine (Cys146). In
addition to coordinating Mg2+, this Asn is known to position an essential aspartate of the
catalytic loop (22,23). We hypothesized that amino acid changes at these two positions are
responsible for the loss of Mg2+-binding by CASK, following the initial merger of a Mg2+-
coordinating CaM-kinase domain with the MAGUK domains during evolution. To test this
hypothesis, we converted Gly162 and Cys146 of CASK to the canonical Asp and Asn
residues, respectively, and tested binding of the mutants to an ATP analog (TNP-ATP) in
the absence and presence of Mg2+. TNP-ATP becomes fluorescent when inserted into the
hydrophobic ATP-binding pocket of protein kinases (24). However, neither the single
Gly162Asp or Cys146Asn mutants nor the double mutant conferred Mg2+-TNP-ATP
binding onto CASK (Figure 1).

Upon further sequence analysis, we observed two additional deviations from canonical
CaM-kinases in residues that line the nucleotide-binding pocket of CASK, and could affect
Mg2+-ATP binding. First, Pro22 (which corresponds to a conserved alanine in standard
CaM-kinases) could stiffen the Gly-rich loop of CASK, which as a consequence may lack
sufficient flexibility to accommodate the Mg2+-ATP complex. Moreover, Pro22 is unable to
form a hydrogen bond with ATP phosphates, as it lacks a backbone NH group. Second,
His145 in CASK replaces a negatively charged glutamate in the catalytic loop of standard
CaM-kinases immediately preceding the Mg2+-coordinating Asn.

To examine whether these additional changes in conserved residues contribute to the loss of
Mg2+-coordination in CASK, we reverted Pro22 and His145 to the canonical Ala and Glu
residues, respectively, in addition to the initial Gly162Asp and Cys146Asn mutations. A
CASK mutant containing Gly162Asp, Cys146Asn, and Pro22Ala was still incapable of
coordinating TNP-ATP in the presence of Mg2+ (Figure 1). Only the quadruple mutant
containing Gly162Asp, Cys146Asn, Pro22Ala and His145Glu, which we termed CASK4M,
displayed TNP-ATP binding in the presence of Mg2+ (Figure 1). The increase in
fluorescence upon interaction of TNP-ATP with the CASK4M CaM-kinase domain was
completely inhibited in the presence of excess ATP, indicating that TNP-ATP specifically
mimics ATP (Supplemental Figure S1A).

Comparison of the catalytic properties of CASKWT and CASK4M

ATP binding of CASK4M in the presence of Mg2+ suggested that it may behave catalytically
like a conventional, Mg2+-dependent CaM-kinase. To test this notion, we probed CASK
mutants for kinase activity in the presence of Mg2+-ATP and excess autocamtide-2 (a
synthetic peptide substrate for CaMKII). Consistent with the results from Mg2+-ATP
binding, only the quadruple CASK4M mutant exhibited ATP-consumption in the presence of
Mg2+ and substrate (Figure 2A) and an increase in autophosphorylation in presence of Mg2+
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(about threefold increase under saturating conditions; Figure 2B; about 30-fold increase
under limiting conditions compared to the reactions without Mg2+; Supplemental Figure
S2A). Interestingly, all CASK mutants, including CASK4M, still bound to ATP (Figure 1)
and autophosphorylated (Figure 2B) in the absence of Mg2+, retaining a unique activity of
CASK not present in canonical CaM-kinases. Thus, CASK4M appears to bridge the Mg2+-
stimulated activity of classical CaM-kinases and the Mg2+-independent activity of
CASKWT. It, therefore, represents a valuable tool to decipher the catalytic roles of the
divalent metal ions in kinase reactions.

Mg2+ enhances the catalytic efficiency of CASK4M

Various functions have been suggested for Mg2+ in kinase catalysis, including nucleotide
binding, association and/or dissociation of the substrate peptide, and stabilization of the
phosphotransfer transition state (22,25,26,27). To clarify the contribution of Mg2+ to
phosphotransfer catalysis, we first tested whether the Mg2+ coordinating ability of CASK4M

alters ATP binding (represented by interaction with the analog TNP-ATP).

TNP-ATP binding to CASK4M was similar with or without Mg2+ (Figure 2C) and similar to
that of CASKWT without Mg2+ (Supplemental Figure S3A). However, ATP competed with
TNP-ATP for binding to CASK4M better in the presence of Mg2+, indicating that Mg2+

alters the affinity of ATP to CASK4M (Supplemental Figure S3B). We surmise that the
effect of Mg2+ on ATP affinity is comparatively small; as it is masked in direct TNP-ATP
affinity measurements, perhaps by additional contacts of the ATP analog. We also examined
the enzymatic parameters of CASK4M-mediated phosphotransfer in the absence and
presence of Mg2+. Efficient autophosphorylation was achieved in the presence of Mg2+

(Supplemental Figure S4). Moreover, catalysis, as measured by phosphate transferred onto
autocamtide-2 by CASK4M was robustly enhanced by Mg2+ (Figure 2D). It is unlikely that
the strong enhancement of catalytic efficiency of CASK4M in the presence of Mg2+ is due to
the mild effect of Mg2+ on the nucleotide affinity we observed (see above). Therefore, our
results suggest additional roles for Mg2+ downstream of ATP binding.

Overall structural comparison of CASKWT, CASK4M and CaMKII
In order to trace the sources of the mechanistic differences in CASKWT, CASK4M and
CaMKII, we conducted crystal structure analyses. We crystallized the CaM-kinase domain
of CASK4M under similar conditions as the CaM-kinase domain of CASKWT, and solved
the structure by molecular replacement at 2.0 Å resolution (Table 1). The CASK4M CaM-
kinase domain exhibits a typical protein kinase fold, with an N-terminal lobe dominated by a
five-stranded β-sheet and a primarily α-helical C-terminal lobe (Figure 3A). The C-terminal
lobe is followed by a loop (residues 286-288) and an α-helix, αR1 (residues 289-303; Figure
3A, B), which are not part of the canonical kinase core. The overall structure of CASK4M

CaM-kinase domain is significantly closer to that of CASKWT (PDB IDs 3C0G and 3C0I;
RMSD 0.43-0.61 Å for 302 matching Cα atoms; (21)) than to that of CaMKII crystallized in
an autoinhibited conformation (PDB ID 2BDW; RMSD 1.47-1.95 Å for 260-276 matching
Cα atoms; (28)) (Figure 3A-C). Therefore, the four amino acid substitutions that confer
Mg2+-stimulated kinase activity onto CASK4M do not alter the overall structure of the CaM-
kinase domain.

Divalent metal ions alter the positioning of the ATP phosphate moieties
To investigate the presumed additional role of Mg2+ beyond nucleotide binding, we
determined the crystal structures of CASK4M in complex with either Na+-AMPPNP or
Mn2+-AMPPNP (Table 1). AMPPNP is a non-hydrolyzable analog of ATP. Mn2+ is
considered a stereochemical equivalent of Mg2+ (22,23). Consistent with the TNP-ATP
binding data (Figures 1and 2C), CASK4M coordinated AMPPNP even in the absence of
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divalent metal ions (Figure 4A). Conversely, after soaking CASK4M crystals with Mn2+

solution, we failed to discern a bound divalent ion in the absence of AMPPNP
(Supplemental Figure S5A), suggesting that Mg2+ is coordinated only when complexed with
the nucleotide.

The overall orientation of the adenosine moiety of AMPPNP was similar in the presence or
absence of Mn2+ (Figure 4A, B) and AMPPNP could be modeled in a similar orientation
into the nucleotide-binding pocket of CASKWT without steric clashes, suggesting that the
global positioning of ATP and the orientation of the base moiety is not affected by the
divalent cation. However, the orientation of β- and γ-phosphates of AMPPNP was
specifically altered by Mn2+ in CASK4M (Figure 4A, B). We therefore conclude that Mg2+

positions the phosphates of ATP in the nucleotide-binding pocket of CASK4M independent
of the positioning of the adenosine moiety, which is consistent with previous studies on
PKA (29,30).

Role of Mg2+ in kinase catalysis
Kinases vary in the manner by which Mg2+ ions bind the ATP phosphates in their active
sites (22,31). In order to unequivocally locate divalent metal ion(s) in the Mn2+-AMPPNP
complex of CASK4M CaM-kinase domain, we measured diffraction at an X-ray wavelength
of 1.88 Å, where Mn2+ exhibits a measurable anomalous signal, and calculated anomalous
difference Fourier maps. This procedure unequivocally revealed a single coordinated Mn2+

ion in the Mn2+-AMPPNP co-crystal structure of CASK4M CaM-kinase domain (Figure
4C).

Similar to some conventional kinases, such as DAPKI and MEK1, (32,33) the Mn2+ ion in
the CASK4M CaM-kinase domain, coordinates the β-phosphate and indirectly orients the γ-
phosphate in a puppet-master fashion (Figure 4C). Therefore, we surmise that the role of
Mg2+ in enhancing kinase catalysis is to position the γ-phosphate in proximity of the
conserved Lys41, as well as to stabilize the transition state. Mg2+ may also enhance the
leaving group properties of ADP by compensating for additional negative charge that
evolves at the β-phosphate during the reaction. Taken together, our observations are
consistent with the notion that Mg2+ coordinates the ATP phosphates to favor a catalytically
productive kinase-ATP complex (22,25,23,34,35).

His145 may act as a Mg2+ sensor in CASKWT

The conformation of residues lining the ATP-binding pockets of the CASK4M (this work)
and CASKWT (21) kinase domains are very similar. Differences are strictly limited to the
four amino acid exchanges. Ala22 and Asn146 in CASK4M adopt very similar
conformations as the corresponding Pro22 and Cys146 in CASKWT. Apart from the
introduction of the Asp162 side chain (instead of Gly162 in CASKWT), the most
pronounced difference is a change in side chain orientation of Glu145 in CASK4M compared
to the corresponding His145 in CASKWT (compare Figure 4A with D). In CASKWT, His145
protrudes into the nucleotide-binding pocket (Figure 4D) and spatially overlaps with a water
molecule in the coordination sphere of the Mn2+ ion bound in the CASK4M-Mn2+-AMPPNP
co-crystal structure (Figure 4B, C). In CASK4M, Glu145 is sequestered by Arg302 from the
C-terminal extension and is thereby turned away from the ATP pocket (Figure 4A, B and
Supplemental Figure S5A, B). A similar situation is seen in CaMKII (28). Since the triple
mutant Gly162Asp/Cys146Asn/Pro22Ala of CASK is still inhibited by Mg2+ (Figure 2B),
these observations suggest that His145 is not tolerated in the coordination sphere of the
divalent metal ion. TNP-ATP binding to CASKWT is partially inhibited by Mg2+ at pH 8.8,
where most His side chains are expected to be neutral (Supplemental Figure S1B). However,
the local pH is difficult to estimate and His145 may still be protonated within the CASKWT
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ATP-binding pocket. Thus, our data suggest that His145 does not allow metal coordination
in CASKWT by invading the coordination sphere of the in-coming metal ion.

Additional features supporting the Mg2+-independent activities of CASKWT and CASK4M

Although the phosphorylation activity of the CASK4M CaM-kinase domain is strongly
stimulated by Mg2+, the enzyme still exhibits catalytic activity in the absence of Mg2+

(Figure 2B). Similarly, CASKWT binds ATP and performs phosphotransfer in the absence of
Mg2+ (21). Therefore, CASK must have undergone evolutionary adaptions, which are
retained in CASK4M and which allow catalysis without Mg2+. As one possibility, CASK
may have acquired features that promote the kinase-ATP-substrate ternary complex
formation and elevate substrate phosphorylation under chemically sub-optimal conditions
(i.e. in the absence of Mg2+).

Both CASKWT (21) and CASK4M CaM-kinase domains retained bound nucleotide during
purification and crystallization in the absence of added nucleotides (Figure 4D and
Supplemental Figure S5B), unlike other constitutively active kinases such as casein kinase II
and PIM1, which are purified in their apo-forms (36,37). We modeled this nucleotide as an
adenosine-3′-phosphate molecule (3′-AMP), likely a product of bacterial RNA degradation
during cell rupture. The binding mode of 3′-AMP clearly differs from the binding of
AMPPNP in either enzyme (compare Figure 4A, B with Figure 4D and Supplemental Figure
S5B), and 3′-AMP is easily detached from the pocket since no residual electron density was
discerned in the nucleotide-binding pocket of CASK4M after washing of the crystals in
Mn2+-containing buffer (see above; Supplemental Figure S5A). Nevertheless, co-
purification of the nucleotide attests the general accessibility of the nucleotide-binding
pockets of CASKWT and CASK4M. These observations indirectly support the idea that
CASKWT and CASK4M adopt a nucleotide-receptive fold that ensures an unregulated
occupancy of their nucleotide-binding pockets by ATP even in the absence of Mg2+. A
constitutive supply of ATP may partly compensate for the inability of CASKWT to utilize
the co-factor Mg2+.

Features supporting the Ca2+-independent activities of CASKWT and CASK4M

In their active states, protein kinases adopt a conserved conformation of the two lobes, in
which their functional elements are poised for substrate binding and catalysis (3,38). By
default, archetypical CaM-kinases adopt autoinhibited conformations (39,28). The activation
of CaM-kinases requires binding of Ca2+/CaM to the autoregulatory domain leading to their
detachment from the kinase domain and restoration of the active conformation. Therefore,
Ca2+ is required for optimal catalysis by CaM-kinases (39,28).

Immediately following the kinase domain, CASK contains a sequence homologous to the
autoregulatory domain of CaMKII (residues 281-310) which binds to Ca2+/CaM (10).
Similar to CaMKI and CaMKII, residues 289-302 of CASK form a helical extension (αR1)
which packs against the C-terminal lobe (Figure 3 and Supplemental Figure S6). However,
neither in CASKWT (21) nor in CASK4M, helix αR1 or its C-terminal extension engages in
direct contacts with residues of the ATP-binding cleft (Figure 3A)(39). Also, CASK
displays an arginine to leucine substitution in the RXXT/S motif of its autoregulatory
domain. A similar mutation in the CaMKII autoinhibitory segment can reduce the affinity of
the autoinhibitory segment to the substrate-binding site by up to 200-fold (40,41). As a
consequence, the CASKWT and CASK4M CaM-kinase domains, including the putative
autoinhibitory regions, remain compatible with constitutive substrate binding. This allows
increased formation of the ternary kinase-ATP-substrate complexes, which partly
compensates for the failure of CASKWT to utilize Mg2+.
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Since CASK4M is not inhibited by divalent ions, we were able to directly test the effect of
Ca2+/CaM on the rate of catalysis. We first measured the Mg2+-stimulated catalytic kinetics
of CASK4M towards autocamtide-2 (a CaMKII specific substrate) in absence of Ca2+/CaM.
Under these conditions, CASK4M has a maximum velocity of ≈ 1 μmol/μmol/min and
Michaelis constant for ATP is ≈ 70 μM (Figure 5A). These parameters are comparable with
those of Ca2+/Calmodulin-activated CaMKIV for Synapsin I (also a CAMKII substrate)
(42). Importantly, addition of Ca2+/CaM had no stimulating effect on the kinase activity of
CASK4M (Figure 5B). Together, the structural and the enzymological data suggest that
CASK retains a non-functional autoinhibitory domain, possibly as an evolutionary vestige of
its CaM-kinase ancestors. Correspondingly, both CASKWT and CASK4M exhibited
autophosphorylation activity in complete absence of divalent ions, unlike CaMKII
(Supplemental Figure S2C). Whether Ca2+/CaM binding to CASK has another physiological
role remains to be tested.

CASKWT and CASK4M show similar intracellular kinase activities
The CASK4M activity was stimulated by Mg2+ and was considerably higher than the activity
of CASKWT in the presence or absence of Mg2+ in vitro (Figure 2B, D and Supplemental
Figures S2A, B). In cells, the majority of ATP is bound to Mg2+. We therefore asked
whether in a cytosolic milieu, full-length CASK4M would also yield higher levels of
phosphorylated target compared to full-length CASKWT. Apart from CASK itself,
neurexin-1 is presently the only characterized in vivo substrate of CASK (21). Neurexin-1
was co-transfected with full-length CASKWT and CASK4M into HEK 293T cells, and the
steady-state phosphorylation status of neurexin-1 was quantified (Figure 5C, D). As a
control, we used tCASKWT, in which amino acids 1-161 have been deleted, thus severely
truncating the kinase domain but leaving the MAGUK domains intact. Surprisingly, neither
autophosphorylation nor neurexin-1 phoshorylation levels at steady state level were
significantly augmented in CASK4M compared to CASKWT (Figure 5C, D). Thus in the
cytosol, CASK activity seems sufficient for maximum neurexin-1 phosphorylation. Most
likely, the PDZ domain of CASK, which binds neurexin-1 (10), ensures a constant supply of
substrate (21).

Based on the above observations, we suggest that the MAGUK scaffolding domains of
CASK spatially constrain the CASK kinase activity to the vicinity of the membrane-bound
cell adhesion protein complexes, to which CASK binds. This scaffolding interaction not
only raises the local substrate concentration and specificity, but also sustains stoichiometry
between CASK and its substrate.

Evolution of CASK from a Mg2+-coordinating kinase
The inability of Mg2+-coordinating CASK4M to increase neurexin-1 phosphorylation in a
cellular environment raises the possibility that the original CaM-kinase domain, which
merged with a MAGUK to give rise to an ancestral CASK kinase, could have been a
canonical Mg2+-coordinating enzyme. Thus, we searched for CASK-like sequences in
evolutionarily ancient metazoan and animal species (Supplemental Figure S7).

We detected the most ancient CASK proteins in metazoans that characterize the emergence
of animals in evolution. A CASK ortholog was detected in the placozoan Trichoplax
adherens, (Figure 6B) which lacks tissue differentiation but contains multiple neuronal
proteins (43). Placozoan CASK exhibits canonical residues at three of the four positions, we
investigated herein as a source of Mg2+-sensitivity in vertebrate CASK; at the 145-
equivalent position in the catalytic loop, where vertebrate CASK carries a histidine instead
of a glutamate, placozoan CASK features a glutamine. A similar Glu-to-Gln exchange is
found in some active human CaM-kinases, e.g. DRAK-1 or -2, and is therefore compatible
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with a canonical Mg2+-dependent kinase mechanism. Thus, placozoan CASK resembles
CASK4M and may represent a Mg2+-stimulated evolutionary CASK relic.

Cnidarians like Nematostella vectensis, the sea anemone, contain differentiated tissues,
including neuronal tissue. The CASK ortholog of the sea anemone exhibits a single Glu to
His substitution in the catalytic loop (Figure 6A). Our CASK triple mutant (Gly162Asp/
Cys146Asn/Pro22Ala), which is not stimulated by Mg2+ (Figure 1) is most similar to the
Cnidarian CASK.

All four of the amino acid changes we have investigated herein first appear together in the
subkingdom bilateria, as seen in platyhelminthes (Schistosoma japonicum), and are
conserved thereafter. Curiously, ecdysozoans (moulting animals) like nematodes
(Caenorhabditis elegans) and arthropods (Drosophila melanogaster) exhibit sporadic
variations in these substitutions (Figure 6A), whose functional implications remain to be
investigated.

Taken together, our phylogenetic analysis indicates that CASK arose from the fusion of a
Mg2+-coordinating CaM-kinase domain with a membrane palmitoylated protein (MPP)-like
scaffolding MAGUK. This fusion happened concurrently with the development of the basal
metazoans. The substrate-scaffolding function provided by the MAGUK domains then could
have allowed CASK to gradually shed its dependence on Mg2+. These changes rendered
CASK completely dependent on substrate recruitment via its MAGUK domains, such as on
the PDZ-domain-dependent binding of neurexins.

DISCUSSION
Mammals contain at least 22 MAGUK proteins that vary in size and domain structure (44).
MAGUKs are absent from bacterial, plant, fungal and protozoan genomes, suggesting that
their evolution coincides with the emergence of animals. CASK, the only MAGUK bearing
a CaM-kinase domain at its N-terminus, first appeared evolutionarily either simultaneous to,
or shortly after, the emergence of MAGUKs in basal metazoans. Mutations in CASK are
associated with numerous human developmental anomalies (16,17,18,19,20,45) and the
CASK gene is essential in mice (15). Although CASK was considered a pseudokinase due to
its lack of Mg2+-binding (8,1), we recently found that CASK is an active kinase, and
represents the first known kinase inhibited by Mg2+, a co-factor of conventional kinases
(21). In the present study, we examined the structural mechanism that confers onto CASK
its unique Mg2+-sensitivity. We identified four evolutionarily conserved residues that
determine this property, and show that mutation of these residues converts Mg2+-inhibition
of CASK into Mg2+-stimulation.

Pseudokinases constitute 10 % of the human kinome. Many pseudokinases perform critical
cellular functions, although prior to the identification of kinase activity in CASK, no
pseudokinase was shown to be catalytically active. Moreover, prior to the current study,
back mutation attempts to convert pseudokinases into standard kinases had failed, possibly
due to incomplete understanding of the precise evolutionary changes involved (46,47).
Indeed, there are other pseudokinases (such as the Trb-family of Ser/Thr kinases, and CCK4
tyrosine kinase) with substitutions in the Mg2+-binding motifs analogous to those observed
in CASK (8), and it is possible that these other pseudokinases may also be catalytically
active under defined conditions. The mutations described here for CASK4M may also
convert these other enzymes into Mg2+-dependent kinases. Thus, similar to CASK, these
atypical kinase domains may have accumulated changes, which specialize them for a
particular physiological niche.
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Mg2+ has been postulated to promote kinase catalysis in multiple ways, including nucleotide
binding, γ-phosphate positioning and stabilization of the transition state. Our ability to
generate a Mg2+-coordinating mutant of CASK, CASK4M, in which Mg2+ strongly
accelerated phosphotransfer, allowed us to directly address the mechanisms of Mg2+-
dependent catalytic enhancement. Analysis of crystal structures together with enzymatic
studies strongly suggested that Mg2+ acts primarily downstream of ATP binding, and
positions the γ-phosphate of bound ATP optimally for catalysis by binding to its ß-
phosphate. In addition, direct binding to the ß-phosphate suggests that stabilization of the
transition state and compensation of the additional negative charge evolving at the ß-
phosphate during phosphate transfer (thus enhancing the property of ADP as a leaving
group) are also possible roles of Mg2+ during catalysis.

Phylogenetically, the CASK CaM-kinase domain falls near the CaMKII cluster (1), whose
members are autoinhibited by a Ca2+/CaM dependent regulatory domain (28). Yet, unlike
CaMKII, a Arg-to-Leu substitution that is seen even in the most primitive placozoan CASK
leaves its autoregulatory segment suboptimal for competing with substrate binding.
Moreover, unlike CaMKII (28), CASK exhibits no dimerization of the autoregulatory
domain and constitutively adopts an active, closed conformation. This conformation permits
uninterrupted ATP-binding to the nucleotide-binding pocket of CASK possibly in part
compensating for the suboptimal, Mg2+-independent phosphotransfer chemistry that the
enzyme employs.

Moreover, the merger of an ancestral CASK kinase domain with a MAGUK linked the
enzyme activity to the MAGUK scaffolding domains, which could recruit its substrate,
thereby a) facilitating phosphotransfer by increasing the local substrate-concentration, b)
increasing substrate-specificity (9) and c) eliminating the need for fast catalytic turnover
(Figure 6C). Based on the above features, CASK enjoys continuous access to both ATP and
its protein substrate, rendering the enzyme independent of both Mg2+ and Ca2+.

The presence of Mg2+-coordinating residues in placozoan CASK suggests that the lack of
stimulation of CASK by Mg2+ was acquired following, and possibly as a result of, its
independence from divalent ions. The primary change in this direction seems to be the
acquisition of a His145-equivalent in the nucleotide-binding pocket, which appears to be
critical to counteract Mg2+ coordination. This change may have caused a lack of
evolutionary pressure to maintain a flexible glycine-rich (GR) loop or Mg2+-coordinating
residues elsewhere in the domain, thus inviting secondary changes in the nucleotide-binding
pocket. Once optimized over the evolutionary time scale, this domain architecture was
maintained in all Chordates.

Why was CASK transformed from a putative Mg2+-stimulated to a Mg2+-inhibited kinase
early in evolution? One possibility is that Mg2+ was simply unnecessary in the context of the
substrate recruiting mechanism implemented by the MAGUK domains of CASK (21).
Consistent with this idea, our experiments in cells (Figure 5C) demonstrate that Mg2+-
stimulation does not confer increased steady state phosphorylation in a cellular context when
the substrate is recruited by the PDZ-domain. An additional possibility is that divalent ion-
sensitivity evolved with emergence of excitable cells like those in the nervous tissue, as a
mechanism of negative regulation. Localized influx of divalent ions might significantly
reduce the free ATP concentration at a synapse, thereby negatively regulating the catalytic
rate of CASK (Figure 6C). Taken together, it appears that the multi-domain structure of
CASK allowed the CaM-kinase domain to shed its Mg2+ dependence, which led to evolution
of CASK into a hybrid kinase, exhibiting a substrate recruitment module (PDZ domain)
fused to a slow, regulated catalytic module (CaM-kinase domain).
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Figure 1. Designing a Mg2+-coordinating version of CASK CaM-kinase domain
Fluorescence emission spectra of TNP-ATP in the presence of WT and mutant CASK. The
protein analyzed (WT or mutant) is indicated in the upper right corner. Dark blue trace:
Control spectrum of TNP-ATP (1 μM) in Tris-HCl buffer (pH 7.0) with EDTA (4 mM).
Green trace: Spectra of samples containing 1 μM of the indicated recombinant CASK CaM-
kinase domain, TNP-ATP (1 μM) and EDTA (4 mM) in Tris-HCl buffer (pH 7.0). Magenta
trace: Spectra of samples containing 1 μM of the indicated recombinant CASK CaM-kinase
domain, TNP-ATP (1 μM) and 100 μM MgCl2 in Tris-HCl buffer (pH 7.0). Samples were
excited at 410 nm, and spectra were recorded between 500 and 600 nm. The spectra are
representatives of experiments repeated three times with essentially identical results.
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Figure 2. Effect of divalent ions on nucleotide-binding and hydrolysis
A. ATP consumption by WT or mutant CASK CaM-kinase domain. In Tris-HCl buffer (pH
7.0) supplemented with Ca2+ (1 mM), CaM (4 μM), and Mg2+ (2 mM), indicated variant of
CASK CaM-kinase domain (1 μM), Autocamtide-2 (100 μM) and ATP (50 μM) were
incubated for 60 min. The amount of ATP remaining was detected with KinaseGlotm. Data
represents means ± standard deviation of three independent experiments.
B. Autophosphorylation of WT and mutant CASK CaM-kinase domains. The indicated
variants of CASK CaM-kinase domain (1 μM) were incubated in Tris-HCl buffer (pH 7.0)
with Na+-γ32P-ATP (50 cpm/pmol; -Mg2+) or 10 mM Mg2+-ATP (+Mg2+) at 30°C with
shaking for 2 h. The proteins were separated by SDS-PAGE, transferred onto a
nitrocellulose membrane, and visualized by phosphorimager scanning (upper panel).
Ponceau staining was used for loading control (lower panel). Mean stoichiometry of
phosphate incorporation (phosphates/CASK molecule) from three independent experiments
are shown between the panels.
C. TNP-ATP binding. Increasing amounts of TNP-ATP were added to cuvettes containing
10 mM Tris-HCl pH 7.0, 1 μM CASK4M, and either 4 mM EDTA (magenta symbols) or
200 μM Mg2+ (green symbols). The TNP-ATP fluorescence of the samples (excitation: 410
nm; emission: 541 nm) is plotted after subtracting background TNP-ATP fluorescence
obtained with parallel samples, which contained the same TNP-ATP, Tris-HCl, EDTA, or
Mg2+ concentrations but lysozyme instead of CASK. The plot is a representative of three
independent experiments.
D. Effect of Mg2+ on kinase activity of CASK4M. Indicated variants of CASK CaM-kinase
domain (2 μM), autocamtide-2 (100 μM) and γ32P-ATP (250 μM; 250 cpm/pmol) in Tris-
HCl buffer (pH 7.0) were incubated for 10 min with increasing amounts of Mg2+. Amount
of phospho-autocamtide-2 generated was estimated by scintillation counting of dot-blots on
nitrocellulose membrane. Data shown are means ± standard errors of the means (SEMs;
n=3).
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Figure 3. Overview of the CASK4M-Mn2+-AMPPNP crystal structure
A. Orthogonal ribbon plot of CASK4M CaM-kinase domain with landmark functional
elements colored. Gly-rich loop (GR-loop) - brown, catalytic loop (C-loop) - yellow; DFG
motif of the Mg2+-binding loop - orange; activation segment - green; C-terminal Ca2+/CaM-
binding element - red. AMPPNP and residues Asn146 and Asp162, which coordinate the
Mn2+ ion, are shown as sticks and colored by atom type. Carbon - beige; oxygen - red;
nitrogen - blue; phosphorus - pink. B. Structure of CASK CaM-kinase domain in complex
with AMPPNP (sticks) lacking a divalent metal ion (β and γ phosphates disordered; pdb ID
3C0H; (21)) in the same orientation as the CASK4M CaM-kinase domain in A. Cys146 is
shown as sticks. Functional elements are colored as in A. C. Structure of CaMKII (pdb ID
2BDW; (28)) in the same orientation as the CASK4M CaM-kinase domain in A. Asn140 and
Asp156, whose equivalents in CASK4M coordinate the Mn2+ ion, are shown as sticks.
Functional elements are colored as in A.
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Figure 4. Nucleotide-binding pocket of the CASK4M CaM-kinase domain
A. CASK4M CaM-kinase in complex with AMPPNP without a divalent metal ion.
B. CASK4M CaM-kinase in complex with AMPPNP-Mn2+. Residues of the Mg2+-binding
loop are shown in orange, residues of the catalytic loop are in yellow and residues of the C-
terminal Ca2+/CaM-binding element are in red (as in Figure 3). Selected residues and the
nucleotides are shown as sticks and colored by atom type; carbon - as the respective
fragment; oxygen - red; nitrogen - blue; phosphorus - pink. Water molecules (cyan) and the
Mn2+ ion (purple) are shown as spheres. The orientations are the same as in Figure 3A left
panel. The orientations of the AMPPNP β and γ-phosphates differ in the complexes without
and with Mn2+ (compare panels A and B).
C. Stereo plot showing the final 2Fo-Fc electron density around the AMPPNP-Mn2+

complex contoured at the 1 σ level (gray mesh) and the anomalous difference Fourier map
contoured at the 5 σ level (green mesh), indicating the position of the Mn2+ ion. AMPPNP is
shown as sticks and colored by atom type as before. The Mn2+ ion (purple) and two
coordinating water molecules (cyan) are shown as spheres. The orientation is the same as in
Figure 3A left panel.
D. CASKWT CaM-kinase domain in complex with co-purified 3′-AMP (21). Color-coding
as above. The orientations are the same as in Figure 3B left panel.
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Figure 5. Compensation for slow kinetics in CASK kinase activity
A. Catalytic kinetics of CASK4M. Purified CASK4M CaM-kinase domain (2 μM) was
incubated with increasing amount of γ32P-ATP (400 cpm/pmol) in Tris-HCl buffer pH 7.0,
containing Mg2+ (10 mM) and autocamtide (100 μM) as the substrate peptide for 10 min at
30°C. Amount of phospho-Autocamtide-2 generated was estimated by scintillation counting
dot-blots on nitrocellulose membrane. Data shown are means ± SEMs (n=3). Michaelis
constant (K ATP m ) and Vmax were calculated using Graph-Pad Prism software. Data
shown are means ± SEMs (n=3).
B. Effect of Ca2+/CaM on the catalytic rate. CASK4M CaM-kinase domain (2μM) was
incubated with γ32P-ATP (200 μM, 800 cpm/pmol) in Tris-HCl buffer (pH 7.0)
supplemented with Mg2+ (2 mM) and autocamtide-2 (100 μM), for 2 min in the presence or
absence of Ca2+ (1 mM) and CaM (10 μM). Amount of phospho-autocamtide-2 generated
was estimated with scintillation counting of dot blots on a nitrocellulose membrane. Data are
represented as means ± SEMs, n = 3. n.s. (not significant)
C, D. Neurexin phosphorylation. HEK293T cells were transfected with Flag epitope-tagged
neurexin and either EGFP-CASK, EGFP-CASK4M or truncated EGFP-tCASK. 48 h later,
transfected cells were labeled with 32Pi, followed by anti-Flag immunoprecipitation of
neurexin. Immunoprecipitates were separated by SDS-PAGE and visualized by
phosphorimager scanning. Autophosphorylation of the co-precipitated CASK (Autophos.)
and phosphorylated neurexin (Neurexin) are shown. Immunoblotting (IB) for neurexin and
CASK was performed to show expression. Bar-graph depicts the comparison of
autophosphorylation or neurexin phosphorylation levels in cells co-expressing the indicated
CASK variants. Data are represented as means ± SEMs, n = 3; asterisks indicate P < 0.05.
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Figure 6. Evolution of CASK
A. Evolutionary changes in the nucleotide-binding pocket of CASK CaM-kinase domain.
CASK CaM-kinase domain sequences from various animal species were aligned, and the
residues corresponding to those mutated in CASK4M were identified and are shown.
Corresponding human CaMKIIα residues are shown on the left for comparison.
B. Sequence conservation (identities) of CASK domains between human and placozoan
CASK (from T. adhaerens). See Supplemental Figure S7 for a full sequence alignment.
C. Model comparing CASK and CaMKII catalytic cycles. Typically, CaM-kinases are held
in an autoinhibited conformation by the autoregulatory domain (yellow) with an open,
inactive nucleotide binding cleft. Upon binding of Ca2+ (purple)/CaM (green), this
autoinhibition is released and the enzyme attains an active closed conformation amenable to
Mg2+ (yellow)/ATP (blue) binding and substrate binding (lower panel). CASK CaM-kinase,
on other hand, constitutively binds ATP, and is regulated by the recruitment of its substrates
via the MAGUK scaffolding domains, especially the PDZ-domain.
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Table 1

Crystallographic Data and Refinement

Data Collection Native AMPPNP Mn2+ AMPPNP-Mn2+

Wavelength (Å) 0.91841 0.91841 1.87856 1.87856

Temperature (K) 100 100 100 100

Space Group P212121 P212121 P212121 P212121

Unit Cell (Å) a, b, c 58.7, 61.8, 100.2 59.0, 62.2, 97.9 58.9, 61.8, 101.5 58.9, 62.0, 100.6

Resolution (Å) 30.0-1.95 50.0-2.05 50.0-2.20 20.0-2.30

(1.98-1.95)a (2.09-2.05) (2.24-2.20) (2.36-2.30)

Reflections

 Unique 26982 (1269) 22576 (1094) 35224 (1513)b 31058 (1968)b

 Completeness (%) 98.4 (94.7) 97.7 (97.4) 96.9 (84.4) 98.2 (83.8)

 Redundancy 6.7 (6.1) 5.2 (4.9) 4.7 (2.7) 4.5 (2.7)

I/σ(I) 29.0 (1.9) 15.9 (2.3) 11.3 (1.3) 14.4 (2.2)

Rsym(I) c 3.6 (68.4) 5.7 (66.4) 9.0 (56.8) 6.3 (49.7)

Refinement

Resolution (Å) 30.0-2.00 30.0-2.10 30.0-2.20 20.0-2.30

(2.05-2.00) (2.15-2.10) (2.26-2.20) (2.36-2.30)

Reflections

 Number 24959 (1727) 21153 (1516) 18858 (1180) 16714 (1046)

 Completeness (%) 98.6 (94.3) 97.7 (96.6) 97.0 (84.2) 100.0 (100.0)

 Test Set (%) 5.1 5.1 5.1 5.0

Rwork d 19.6 (24.8) 21.9 (29.7) 21.0 (28.5) 17.9 (20.9)

Rfree d 24.1 (31.5) 26.8 (29.6) 27.0 (39.9) 23.4 (30.9)

ESU (Å)e 0.14 0.20 0.19 0.17

Refined Atoms

 Protein 2461 2446 2422 2430

 Water 235 199 141 196

 Ligands 19 31 - 32

Mean B-Factors (Å2)

 Wilson 30.4 33.7 35.1 51.1

 Protein 38.0 46.1 35.6 43.1

 Water 46.2 46.3 38.5 46.9

 Ligand 65.5 63.5 - 54.2

Ramachandran Plot (%) f

 Favored 96.0 94.4 97.0 95.7

 Outliers 1.0 1.0 0.7 1.0

RMSDa Target Geometry

 Bond Lengths (Å) 0.011 0.011 0.010 0.010
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Data Collection Native AMPPNP Mn2+ AMPPNP-Mn2+

 Bond Angles (°) 1.322 1.209 1.248 1.324

RMSD B-Factors (Å2)

 Main Chain Bonds 0.661 0.437 0.549 0.589

 Main Chain Angles 1.064 0.741 0.942 1.033

 Side Chain Bonds 1.554 1.099 1.316 1.523

 Side Chain Angles 2.277 1.719 2.110 2.493

PDB ID XXXX XXXX XXXX XXXX

a
Data for the highest resolution shell in parentheses

b
Mn2+ and AMPPNP-Mn2+ data sets were processed without merging Friedel pairs

c
Rsym(I) = ∑hkl∑i∣Ii(hkl) - <I(hkl)>∣ / ∑hkl∑i∣Ii(hkl)∣; for n independent reflections and i observations of a given reflection; <I(hkl)> - average

intensity of the i observations

d
R = ∑hkl∥Fobs∣ - ∣Fcalc∥ / ∑hkl∣Fobs∣; Rwork - hkl ∉ T; Rfree - hkl ∊ T; T test set

e
ESU - estimated overall coordinate error based on maximum likelihood

f
Calculated with MolProbity (http://molprobity.biochem.duke.edu/)

g
RMSD - root-mean-square deviation
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