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Substrate recognition by casein kinase-II: the role of histidine-160
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Abstract Casein kinase-II (CK-II) belongs to the protein kinases recognizing serine/threonine in proximity to acidic residues in protein substrates.
Crystallography and mutagenesis studies on the cAMP-dependent protein kinase (PKA) disclosed that glutamic acid-170 (E170), is important for
interaction of substrates with the enzyme. At a position corresponding to E170 in PKA most Ser/Thr kinases have an aspartic or glutamic acid, while
CK-II has a histidine residue (H160). In order to examine the relevance of this substitution for CK-II substrate specificity, a mutant of the catalytic
@ subunit (H160D), in which H160 was changed to aspartic acid, was made. Our results show that H160 is not primarily involved in canonical substrate
recognition, but does interact with an acidic residue located at position —2 with respect to the target Ser/Thr.
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1. Introduction

Most of the Ser/Thr protein kinases can be divided into three
groups according to the nature of the residues playing a major
role in determining their substrate recognition sites [1]. The
largest group includes the ‘basophilic’ enzymes that specifically
recognize positively charged side chains, either arginine or ly-
sine. Among these are cAMP-dependent protein kinase (PKA),
protein kinase C (PKC) and essentially all other second messen-
ger-dependent protein kinases. Then, an increasing number of
Ser/Thr PKA, notably cyclin-dependent protein kinases (e.8.
cdc2, cdk2) and mitogen-activated protein kinases (MAPKs)
[2-5] have been shown to recognize sites specified by prolyl
residue(s). Finally, six known Ser/Thr protein kinases are ‘aci-
dophilic’ in that they recognize acidic determinants, namely the
ubiquitous and pleiotropic casein kinases-I and -II (CK-I and
CK-II), the Golgi mammary gland casein kinases (GEF-CKs;
committed to the phosphorylation of newly synthesized casein),
glycogen synthase kinase-3 (GSK-3), and the structurally re-
lated SARK and rhodopsin kinases [6-8].

Among the acidophilic Ser/Thr protein kinases, CK-II, a plei-
otropic enzyme playing an important role in cellular regulation
[9-11], is the one for which the site specificity has been studied
in greatest detail [9]. While its minimum consensus sequence
(S/T-X-X-acidic) is determined by a negatively charged residue
at the +3 position (D, E, (P)Y or (P)S), it has been shown that
additional acidic residues play a favorable role at other posi-
tions between —2 and +7 [7,8] or even further downstream [14].
Three acidic residues, preferentially phosphorylated residues, at
positions —2, ~1 and +1, can create an alternative consensus
sequence even if the canonical one (S/T-X-X-acidic) is lacking [15].

Elucidation of the crystal structure of the catalytic subunit
of PK A [16], in conjunction with systematic mutational analysis
[17], disclosed a number of acidic residues that are responsible
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for interactions with the basic residues that specify the targeting
of protein/peptide substrates by PKA. A prominent role is
played by E170 [17-19], which binds one of the two crucial
basic residues determining the consensus sequence of PKA, i.e.
the arginine at position -2 relative to serine. The acidic residue
(D or E), corresponding to E170 in PKA, is conserved in most
Ser/Thr protein kinases. It is replaced by a histidine (H160),
however, in the catalytic subunits (either a or a’ of CK-II. Such
a substitution could, at least partially, account for the acido-
philic properties of CK-II, in contrast to the basophilic proper-
ties of PKA and other related Ser/Thr protein kinases, assum-
ing that the functional folding of all protein kinases is similar,
as is suggested by their homology in primary structure. Such
an assumption was confirmed by crystallography and modeling
of the structures of such distantly related kinases as CDK2 [20],
myosin light chain kinase [21], the EGF receptor [22] and MAP
kinase [23].

In order to assess the actual role of H160 in determining the
site specificity of CK-II, a mutant of CK-II @ subunit, in which
H160 is replaced by an aspartic acid, was made. A number of
peptide substrates varying with respect to the position of acidic
residues were assayed for their ability to be phosphorylated
either by the H160D mutant or by wild-type a subunit.

2. Materials and methods

2.1. Cells
Spodoptera frugiperda (Sf9) cells were maintained in TNM-FH me-
dium with 10% fetal calf serum.

2.2. Site-directed mutagenesis

Site-directed mutation was carried out using a polymerase chain
reaction (PCR) method [24] consisting of 3 sequential PCRs. In two
primary reactions two products were created, which overlapped in
sequence, and contained the mutation (H160D) introduced as a part of
the PCR primers. In each of them, template-Bluescript SK*, carrying
the full-length human CK-Ila cDNA [25] introduced into the BamH]1
site, was amplified over 20 cycles. The following primers were used: in
the first reaction the 5’ primer (sense) was ACCCGTGCCAAG-
CAGGGCCAGAGT, corresponding to nucleotides 8-31 of the CK-
I coding sequence, and the antisense primer with an introduced mu-
tation was ATGATCAATCATGACATTATCGGGCTTGACATCT-
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CTGT; in the second reaction the sense primer was complementary to
the mutated primer used in the first reaction, i.e. ACAGAGATGTC-
AAGCCCGATAATGTCATGATTGATCAT, and the antisense 3’
primer was ATCGCTTTCGAGAGTGTCTGCCCA, corresponding
to the nucleotides 697-675 of CK-Ila cDNA (nucleotides introducing
the H160D mutation are underlined). The overlapping primary prod-
ucts that were obtained were purified with Gene Clean Il Kit, denatured
and allowed to reanneal producing a heteroduplex product that was
amplified by the third PCR (20 cycles) using the same flanking 5" and
3’ oligonucleotide primers that were used in the primary reactions. The
final product was cut at unique restrictions sites (AsuII and Ncol), and
after purification with Gene Clean II Kit, a 573 bp DNA fragment
carrying the introduced mutation was used to replace the analogous
fragment in the wild-type CK-Ila Bluescript SK* using standard proce-
dures [26]. To verify that only the desired H160D mutation was intro-
duced during PCR amplification, the subcloned part of the DNA was
sequenced.

2.3. Cloning, expression and purification of human wild-type and H160D
mutant CK-1I a subunit

CK-II o subunit wild-type and H160D mutant were expressed in Sf9
cells using the baculovirus expression system [27]. Standard techniques
were used to generate the expression constructs [26]. Each of the clones
(¢cDNA encoding wild-type and mutant H160D CK-IIa) was inserted
into a modified viral polyhedrin locus contained in the transfer vector
pVL941. The cDNAs were ligated into the BamH]1 site placed between
the polyhedrin promoter and the polyadenylation signal. Each of the
modified transfer vectors (carrying CK-Ila or CK-IIaH160D) and a
Bsul-digested Bac PAK 6 viral DNA (Clontech) were co-transfected
into insect cells (Sf9 cells). Generation and purification of recombinant
viruses was done according to the Clontech manufacturer protocol.
Purified recombinant viruses were used to express enzymatic proteins.

S cells (5 x 107 cells) were infected with either wild-type or mutant
(H160D) CK-Ila recombinant virus at a multiplicity of infection (MOI)
of 10 and grown in 100 ml culture at 27°C. After 48 h the cells were
centrifuged at 2000 x g for 10 min, washed 2 times with 10 ml of ice-cold
PBS, and resuspended in 5 ml of homogenization buffer (50 mM Tris-
HCI, pH 7.5, 0.25 M NaCl, 2 mM EDTA, 50 mM NaF, 0.25 M sucrose,
2 mM DTT, 1 mM PMSEF, 10% glycerol, 0.05% Triton X-100, 10 ug/ml
leupeptin). Cells were sonicated 3 times for 20 s on ice, and the sonicates
were centrifuged at 12,000 x g at 4°C for 30 min. The supernatants were
diluted to a final concentration of 0.3 M NaCl and applied to 10 ml
phosphocellulose columns previously equilibrated with buffer A (50
mM Tris-HCI, pH 7.5, 10% glycerol, 2 mM EDTA, 0.1 mM PMSF,
1 uM leupeptin) containing 0.3 M NaCl. The columns were washed
with 100 ml of equilibration buffer. The enzymes were step eluted by
buffer A containing 1 M NaCl. Fractions with the highest CK-II activ-
ity were pooled, diluted to a concentration of 0.25 M NaCl and applied
to 2 ml heparin-agarose columns preequilibrated with buffer B (buffer
A containing 0.25 M NaCl). The columns were washed with 20 ml of
buffer B and CK-Ilx and H160D were step eluted by 1 M NaCl in
buffer A. Fractions containing CK-II activity were concentrated and
applied to a Sephacryl S-200 (2.4 X 92 cm) column equilibrated with
buffer C (100 mM Tris-HCI, pH 7.5, 0.5 M NaCl, 10% glycerol, 2 mM
EDTA, 0.1 mM PMSF, 1 #M leupeptin). Gel filtration was performed
in buffer C at a flow rate of 10 ml/h. CK-Ile and H160D were eluted
as single peaks of CK-II activity (M, 45,000). The specific activities of
CK-la and of H160D were 300 nmol/min/mg and 278 nmol/min/mg,
respectively. The preparations were more than 95% pure as judged by
SDS-PAGE followed by silver staining. The enzymes were concen-
trated, dialyzed against buffer A, aliquoted and stored at —70°C.

2.4. Peptide synthesis

The peptides SEEEEE, SEEAEE and SAAEEE [12] were kindly
provided by Prof. F. Marchiori (Padova, Italy). The phosphopeptides
AcSpSpSSp and AcASpSSp [15] were provided by Dr. J.W. Perich
(Melbourne, Australia). The peptides SEEKEE, AcDDSD, DDSD,
DSD and RKMKDTDSEEEIR were synthesized by a manual synthe-
sizer (Model Biolinx 4175, LLKB) using the continuous flow variant of
the Fmoc-polyamide method on Kieselguhr-supported polydimethyl-
acrylamide resin functionalized with 4-hydroxymethylphenoxy-acetic
acid (NovaSyn KA-Novabiochem AG) essentially following the proce-
dure described in [28). The synthesis of the peptides RRRAADSDDD-
DD and RRRADDSDDDDD has been reported in [29].
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2.5. CK-II assay

CK-II activity was measured routinely as described earlier [13,30]
except that 20 mM instead 150 mM NaCl was used in the reaction
mixture. As a substrate for enzyme purification the peptide
RRRDDDSDDD (100 uM) was used. Incubation was for 10 min at
30°C.

2.6. Peptide phosphorylation

Reaction conditions for peptide phosphorylation experiments were
as described earlier [15] except that 100 uM [y-?P)ATP instead of 25
UM was used. In most instances isolation of radioactive amino acids
after partial acid hydrolysis of phosphorylated peptide (6 N HC], 4 h,
105°C) was performed as detailed in [15]. After high voltage electropho-
resis and autoradiography the amount of incorporated 2P was esti-
mated by densitometric analysis and by counting radioactive (P)S and
(P)T spots in a scintillation counter. Each experiment was carried out
at least 3 times and the results averaged.

2.7. Protein determination
Protein concentration was determined by the Bradford method [31]
using BSA as a standard.

3. Results

The effect of changing histidine-160 to aspartic acid was first
examined using synthetic peptide substrates in which glutamic
acid residues carboxy-terminal (‘downstream’) of the serine
were altered. As shown in Table 1 the replacement of the critical
glutamic acid at position +3 with either alanine or lysine in the
peptide substrate SEEEEE was identically detrimental with
either the wild-type CK-Ila or its mutant H160D. Essentially
the same result was obtained using the peptide substrate
SAAEEE, which was phosphorylated similarly by either wild-
type CK-Ila of the H160D mutant (Table 1). These results were
consistent with the finding that the pseudosubstrate peptide,
YEEEEE, displayed superimposable inhibition curves with ei-
ther wild-type or mutated o subunits (Fig. 1), showing that it
interacted equally well with the two forms.

As mentioned earlier (see above), it is known that acidic
amino acids amino-terminal to the serine (‘upstream’) also play
a positive role in substrate recognition by CK-II [15]. The
positive role of an acidic residue at position -2 is illustrated by
comparing the phosphorylation rates of the peptides,
RRRADDSDDDDD and RRRAADSDDDDD, by wild-
type CK-Ila, the former being preferred over the latter (see

Table 1
Phosphorylation of synthetic peptide substrates by wild-type and mu-
tated @ subunit

Peptide (1 mM)

Relative phosphorylation rate (%) with

aw: aHl&)D

SEEEEE 100 100
SEEAEE 6 6
SEEKEE 3 4
SAAEEE 31 46
AcDDSD 100 100
DDSD 18 50
ADSD 8 33
KDSD 0.7 7.5
RRRADDSDDDDD 100 100
RRRAADSDDDDD 24 43
Ac Sp Sp S Sp 100 100
AcA Sp S Sp 41 63
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Fig. 1. Inhibitory effect of YEEEEE peptide on CK-Ila wild-type and
mutant H160D. CK-II activity of both wild-type and mutated o subunit
was assayed as described in section 2 using the peptide DSD (100 uM)
as the phosphorylatable substrate

Table 1). In previous work it was determined that the favoura-
ble influence of an acidic residue at position —2 is even more
evident with those peptide substrates of CK-II that are atypical
in that they lack the critical acidic determinant at position +3.
The phosphorylation of these substrates by wild-type CK-Ila
appears to depend on the presence of three acidic residues
flanking serine, at positions —2, —1 and +1 [15], and the impor-
tance of an acidic residue at position —2 was emphasized in
experiments that compared the phosphorylation rates of
AcSpSpSSp vs. AcASpSSp and AcDDSD vs. DDSD, respec-
tively. As shown in Table 1, in each instance the peptide bearing
a net negative charge on the residue at position -2 is clearly
preferred over the one lacking this feature. It should be noted,
in fact, that the peptide DDSD bears both a negative and
positive charge on its N-terminal aspartyl residue, i.e. on the
¥ and a carboxyl and amino groups, respectively, while only
the negative charge is present in its N-acetylated derivative. The
relevance of the charge residing on the residue on position —2
is further outlined by phosphorylation rates of ADSD (slower
than that of DDSD) and of KDSD (even slower than that of
ADSD) (Table 1).

Whenever the peptides differing in the charge residing on
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their residue at position —2 are phosphorylated by mutated
CK-Ila (Table 1, right column) it turns out that the presence
of a negative charge on the residue at position —2 is invariably
perceived as a less-essential feature than it is by wild-type CK-
ITa. Such a different behaviour appears to be mostly accounted
for by the K, as shown in Table 2 for the peptides
RRRAADSDDDDD and RRRADDSDDDDD. The addi-
tional acidic residue at position ~2 increases the K, values
4- and 2-fold for wild-type CK-Ila and mutant H160D, respec-
tively.

Additional evidence that His-160 of CK-Ila plays a relevant
role in substrate recognition came from experiments with the
tridecapeptide substrate RKMKDTDSEEEIR, based on the
main calmodulin site affected by CK-II. The threonyl (T79) and
the seryl (S81) residues are phosphorylated by CK-II in calm-
odulin [32] as well as in the derived peptide [33]. Both T79 and
S81 display the minimum structural requirement for being
phosphorylated, by virtue of an acidic residue at position +3.
They differ, however, in a number of additional features, and
notably for the presence of a positively charged lysine two
residues upstream from T79, which can be expected to hinder
the phosphorylation of this residue more effectively than that
of S81. As shown in Fig. 2A, if the calmodulin peptide is
phosphorylated by wild-type CK-Ile, its seryl residue is sub-
stantially preferred over the threonyl residue. The opposite is
observed if the phosphorylation is performed with H160D (Fig.
2B). With the wild-type enzyme S81 displayed a two-fold higher
Vaax and a lower K, values as compared to T79. Such differ-
ences disappear with the mutant, which exhibited similar V,,,,
toward either T79 or S81, and in this case a lower K, toward
T79 (Fig. 3).

All the observed differences between CK-Ila wild-type and
H160D are consistent with the concept that H160 is implicated
in the recognition of an acidic residue located at position —2
relative to serine; however, the replacement of H160 with aspar-
tic acid does not confer any increased catalytic efficiency to-
ward substrates bearing a basic residue at position —2. KDSD
was a worse substrate than DDSD also for H160D (see Table
1). One possible explanation could be that the peptide’s overall
charge was drastically changed by the introduced lysine, and
this could negatively influence the other, more critical, sub-
strate determinants (especially at position +1). The above find-
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Fig. 2. Time—courses of serine and threonine phosporylation in the peptide RKMKDTDSEEEIR by wild-type (A) and mutated H160D (B) a subunit.
Peptide (1 mM) phosphorylation and phosphoamino acid analysis were performed as described in section 2.
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ing also supports the concept that some other residues, besides
H160, recognize the amino acid at position -2 in the CK-II
substrate.

4. Discussion

As mentioned earlier, the tertiary structure of the PKA cata-
lytic subunit showed that E170 cooperates in the binding of the
arginyl residue at position ~2 [19] in the consensus sequence of
PKA, R-R-X-S/T [34]. Assuming a high degree of conservation
throughout the catalytic domains of all protein kinases it was
conceivable that H160 (homologous to PKA E170) might par-
ticipate in CK-II substrate specificity. It should be recalled in
this respect that the targeting by CK-II is primarily determined
by multiple acidic residues located downstream from serine/
threonine, the residue at position +3 playing an especially crit-
ical role by generating the canonical consensus sequence S/T-X-
X-Acidic; acidic residues have, nevertheless, been shown to
display a favourable effect also at positions -1 and -2
[12,13,15].

The data presented here show that H160 is not primarily
involved in recognition of the acidic residues of the substrate,
situated on the C-terminal side of the target serine, but is capa-
ble of interacting with the residue located at position -2, thus
accounting at least partially, for the positive role exerted by an
acidic amino acid in this position. While in fact the mutation
of H160 to an aspartic acid does not affect the specificity of
CK-1Ia towards peptide substrates having C-terminal modifi-
cations, it significantly alters the responsiveness to changes
occurring at position —2 in the peptide substrate. The observed
alterations are quite consistent with a positive role for H160 in
binding an acidic residue at position —2 since the suppression
of a negative charge and/or the inclusion of a positive charge
at position —2, which are invariably perceived as very negative
determinants by the wild-type enzyme, are less detrimental to
the CK-Ila mutant in which H160 has been replaced by an
aspartic acid.

It should be noted, on the other hand, that a lysyl residue
replaced for an acidic one at position —2 fails to improve the
phosphorylation efficiency by the H160D mutant, but is less
detrimental than it is with the wild-type enzyme. This finding
strongly suggests that additional residue(s) might cooperate
with H160 in binding position —2 of the peptide substrate. This
would also be consistent with the observation that in PKA
other acidic residue(s) besides E170, namely E230, and, under
certain circumstances, E203, are implicated in the binding of
the basic residue at position —2 of the peptide substrate [19].
It is quite conceivable therefore that additional residue(s) are
also involved in the recognition of the same position by CK-II
as well.

The homologue residue to E230 in human CK-IIg would be

Table 2
Kinetic constants of peptide substrates for wild-type and mutated a
subunit

Peptide Koy K,

(min™) (mM)

wt H160D wt H160D
RRRAADSDDDDD 4.6 54 0.050 0.036
RRRADDSDDDDD 19.2 108 0.047 0.031
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Fig. 3. Double-reciprocal plots for serine and threonine phosphoryla-
tion by CK-lla wild-type (A) and mutant H160D (B) in the peptide
RKMKDTDSEEEIR. Phosphorylation conditions and phosphoamino
acid analysis are described in section 2. Peptide concentration ranged
from 0.02 to 0.5 mM.

E224 which, however, is not conserved in CK-Ila from yeast
(CK2A) [35], Dictiostelium discoidem [36] and Zea mays [37].
Therefore it is possible that amino acid(s) with cationic side
chain(s), which are not exactly homologous to PKA E230,
might cooperate with H160 in the binding of an acidic residue
at position —2 in the peptide substrates of CK-II. A reasonable
candidate could be R228, quite close to $224. Arginine-228, in
fact, lacks an homologous counterpart in PKA as well as in
most other protein kinases, while it is conserved or conserva-
tively replaced by lysine in ail known CK-Ila and -a’ subunits,
with the one exception being the a subunit from the amoeba
Dyctiostelium discoideum [36]. Quite intriguingly CK-Ila from
Dictostelium discoideum displays the unique feature of having
a seryl residue substituted for H160, which is otherwise con-
served in higher animals and plants, in one of the yeast CK-Ila
subunits and even in T parva, a protozoan much more recently
developed than Dyctiostelium as a parasite of mammals.

It is conceivable, therefore, that the ability to recognize an
acidic residue at position —2 as a positive determinant of spec-
ificity may have appeared throughout evolution in parallel with
the necessity for phosphorylating protein targets, exhibiting
such a feature, more efficiently. It is worth noting in this respect
that only a relatively small number of known CK-II targets
possess acidic residues upstream of the phosphorylatable
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amino acid, as opposed to acidic residues downstream (with
special reference to position +3) which are a recurrent feature
of all known CK-II sites.

In a compilation of 27 sites affected by CK-II [9}], only 5 of
them include an acidic residue at position —2, namely acetyl-
coA carboxylase, inhibitor-2 of protein phosphatase-1 (only
one site), hsp90 (two sites), and DARPP-32. It is tempting to
speculate that the functional targeting of these proteins by
CK-II evolved in parallel with the capability of CK-II to recog-
nize an acidic residue at position —2 as a positive specificity
determinant. Regardless of the validity of this hypothesis, our
data unambiguously show that H160 plays a role in the recog-
nition of this structural element, which is rather infrequent
among CK-II targets.
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