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Abstract We have previously found that both CaMKII-
mediated phosphorylation and calmodulin (CaM) binding
to the channels are required for maintaining basal activity
of the Cav1.2 Ca®" channels. In this study, we investigated
the hypothetical CaMKII phosphorylation site on Cavl.2
that contributes to the channel regulation. We found that
CaMKII phosphorylates the Thr1603 residue (Thr1604 in
rabbit) within the prelQ region in the C-terminal tail of the
guinea-pig Cavl.2 channel. Mutation of Thr1603 to Asp
(T1603D) slowed the run-down of the channel in inside-out
patch mode and abolished the time-dependency of the
CaM’s effects to reverse run-down. We also found that
CaMKII-mediated phosphorylation of the proximal C-ter-
minal fragment (CT1) increased, while dephosphorylation
of CT1 decreased its binding with CaM. These findings
suggest that CaMKII regulates the CaM binding to the
channel, and thereby maintains basal activity of the Cav1.2
Ca”* channel.
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Introduction

L-type Ca?" channels support Ca>" entry into cells trig-
gering cardiac contraction, hormone secretion and gene
expression [2, 14]. Activity of the L-type Ca®" channels is
regulated by intracellular Ca®" through feedback mecha-
nisms. Increasing intracellular concentrations of Ca®"
([Ca**],) result in Ca®"-dependent facilitation (CDF) and
inactivation (CDI) [14, 24, 31, 32]. Recent studies indicate
that calmodulin (CaM) plays an important role as a Ca®"
sensor for both CDF and CDI [3, 12]. CaM is suggested to
be associated with IQ-motif region and/or prelQ region (or
CB domain) in the C-terminal tail of the «1 subunit and
promotes Ca>*-dependent conformation changes of the
channel during CDF and CDL

Other lines of evidence support that the Ca®>™/CaM-
dependent protein kinase II (CaMKII) mediates CDF via
phosphorylation of a certain site in the channel. CaMKII
inhibitors suppress CDF, and application of exogenous
CaMKII enhances activity of Cavl.2 Ca®" channels [1, 4,
7, 9, 13, 21, 25, 26]. However, the roles of CaM and
CaMKII and their interactions in the regulation of the
Cav1l.2 channels are still controversial and remain to be
established.

In our recent studies, we have found that CaM applied
with ATP can reactivate (reprime) the channels in a run-
down state in inside-out mode, suggesting important roles
of CaM not only in CDF and CDI, but also in basal activity
of the channels [27]. We have also reported that CaM
inhibitors abolish both CDF and CDI, while CaMKII
inhibitors delay the development of CDF in Ca*'-over-
loaded myocytes. These findings support the hypothesis
that CaM and CaMKII have distinct roles in CDF and CDI:
CaM is a key molecule to bifurcate the Ca*" signal to CDF
and CDI, while CaMKII plays a modulatory role in CDF
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[18]. However, the phosphorylationa site responsible for
the modulation of the CaM’s effect remains to be
established.

There are many potential phosphorylation sites in the
Cavl.2 channel based on the consensus sequence for
CaMKII-mediated phosphorylation. Phosphorylation of
the f2a subunit responsible for CaMKII-mediated facili-
tation of the channel has been found [7], and it is
suggested that this phosphorylation modulates the inter-
action between the f subunit and the C-terminal tail of
the ol subunit, thereby manifesting CDF [7, 21, 29]. On
the other hand, a site in I-II loop (rabbit Ser439) and two
sites in CT1 (rabbit Ser1517 and 1575) have been shown
to be functionally phosphorylated by CaMKII [5, 13]; the
roles of these sites in the Ca*"-dependent regulations are
not clear. In this study, we have focused on the potential
phosphorylation sites within the CaM-binding regions in
the C-terminal tail of the o1C subunit and explored its
possible role in the regulation of channel activity. It has
been found that Thr1603 in a CaM-binding region (prelQ
region) can be phosphorylated by CaMKII, and this
phosphorylation modulates the interaction between CaM
and the channel.

Methods
Preparation of fragment peptides of the Cav1.2 channel

The cDNAs corresponding to three C-terminal fragments
of guinea-pig Cavl.2 channel (CT1, a.a.1509-1789; CT2,
a.a.1778-2003; CT3, a.a.1942-2169; GenBank AB016287)
were expressed as glutathione-S-transferase (GST) fusion
proteins in E. coli BL21 (Stratagene, La Jolla, CA). For
purification of GST-CT2 and CT3, E. coli suspension in
Tris buffer was freeze-thawed (ten cycles) and centrifuged
(15,000x g, 10 min). The fusion proteins were retrieved by
glutathione-Sepharose-4B beads (GE Healthcare, Uppsala,
Sweden). After dissolving with Tris buffer containing
10 mM glutathione, GST-CT2 and CT3 were quantified by
the Bradford method using bovine serum albumin (BSA) as
standard.

Since GST-fusion CT1 was insoluble [11], we applied
the glutathione beads directly into the freeze-thawed lysate
without centrifugation, and the washed beads were stocked
in Tris buffer. GST-CT1 was quantified by densitometry on
the gel of SDS-PAGE using BSA as standard.

Preparation of CaMKIIT286D and CaM

With the rat CaMKIlo cDNA in pGEX-6p-1 as template,
the CaMKIlo mutant Thr286Asp (CaMKIIT286D), a
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constitutively active type in the absence of CaM and Ca**,
was created with QuickChange site-directed mutagenesis
kit (Stratagene). CaM was cloned from HEK293 cells.
CaMKII and CaM were expressed as GST-fusion proteins,
affinity purified, and the GST region was cleaved by Pre-
Scission™ protease (GE Healthcare). CaMKII and CaM
were quantified by the Bradford method using BSA as
standard.

Phosphorylation and dephosphorylation of GST-fusion
proteins

The immobilized GST-fusion proteins were phosphory-
lated in an assay reaction (0.4 pM CaMKIIT286D and
1 mM Mg?tATP or 1.85 MBq [y-*?P]-ATP) for 30 min at
30°C in Tris buffer. Phosphorylation was detected either by
*2P_autoradiography or by immunoblot using the anti-
phospho-threonine antibody Q7 and the anti-phospho-serine
antibody Q5 (Qiagen, Hilden, Germany). Dephosphoryla-
tion was done with 5 unit/ml calf intestinal alkaline
phosphatase, (CIP, New England Biolabs, Ipswich, MA) in
Tris buffer for 30 min at 37°C.

CaM pull-down assays

The GST-CT1 immobilized to glutathione-Sepharose beads
were incubated with CaM (0.2-3 pM) at 4°C overnight in
Tris buffer containing protease inhibitor cocktail (Roche,
Mannhein, Germany) at | mM [Ca”*"]. After washing three
times with the same buffer containing 0.05% Tween-20,
bound CaM was eluted with 1 x SDS sample buffer and
resolved by SDS-PAGE (12.5% gel) [20]. Protein bands of
GST-CT1 and CaM, stained by Coomassie blue, were
scanned and quantified using concentration-density cali-
bration curves using BSA as standard.

Site-directed mutagenesis and expression
of Ca®" channels

CTIT1603A, a1Cri603a and a1Cryg03p Were created by the
site-directed mutagenesis with wild-type CT1 and «1C as
templates, respectively. Chinese hamster ovary (CHO)-K1
cells were cultured under 5% CO, at 37°C at a density of
2 x 10° cells/dish (35 mm) in Ham’s F12 containing 10%
fetal bovine serum, 50 U/ml penicillin, 50 pg/ml strepto-
mycin and 10 mM Hepes. The wild type or mutant o1C
together with f2a (total 0.3 pg) were cotransfected into
CHO-K1 cells (x1C:f2a = 10:7) by using the Transfast
transfection kit (Promega, Madison, WI). Cotransfection
with 1 pg green fluorescent protein (GFP) expression vector
was used for identification of the transfected cells.
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Patch-clamp and data analysis

Patch-clamp technique was used to monitor Ca®" channel
activity [8, 10, 27]. The patch pipettes (2—-4 MQ) contained
(in mM) 50 BaCl,, TEA Cl 70, EGTA 0.5, Bay K8644
0.003 and Hepes—CsOH buffer 10 (pH 7.4). Channel
openings elicited by repetitive depolarizing pulses to 0 mV
at 0.5 Hz were recorded first in the cell-attached and then
in the inside-out mode in the basic internal solution con-
sisting of (mM): K-aspartate 90, KC1 30, KH2PO, 10,
MgCl, 0.5, EGTA 1, CaCl, 0.5 (free [Ca®*] 80 nM), and
Hepes—KOH buffer 10 (pH 7.4). The NP, value (N: number
of channels, P,: time-averaged open probability) was cal-
culated as a measure of channel activity. During
application of CaM, NP, values of 3-min span (90 traces)
were averaged every 1 min, and the maximum average
value was taken as the effect of CaM.

Student’s ¢ test was used to estimate statistical signifi-
cance, and P values less than 0.05 were considered as
significant.

Results

Thr1603 of Cavl.2 channel is phosphorylated
by CaMKII

We first examined whether the C-terminal tail of the gui-
nea-pig Cavl.2 channel was phosphorylated by CaMKII.
Three GST-fusion peptides derived from the C-terminal
tail, CT1, CT2 and CT3 (Fig. la) were incubated with
permanently active CaMKII (CaMKIIT286D), and phos-
phorylation was detected with antibodies against phospho-
threonine and -serine. CT1 and CT2, but not CT3 and GST
(control), were recognized by the antibodies (Fig. 1b).
Both phospho-threonine and -serine residues were detected
in CT2, whereas only the phospho-threonine residue was
detected in CT1 (Fig. 1b). CT1 contained EF-hand region
and prelQ-IQ region, the latter of which was known to
interact with CaM and thus to be important for the Ca®'-
mediated regulation of the channel [6, 11, 12, 14, 17, 19,
20, 22-24, 31, 32]. There are five serine sites (Ser1516,
Ser1574, Ser1626, Ser1699, and Ser1720) and only one
threonine site (Thr1603) in the CT1 based on the consensus
sequence of Arg-X-X-Ser/Thr and Ser-X-Asp for CaMKII
phosphorylation. Thus, it was likely that Thr1603 was
phosphorylated by CaMKII. Interestingly, Thr1603 is
located within prelQ region, a CaM-binding site.

To verify that Thr1603 was actually phosphorylated by
CaMKII, we examined phosphorylation of a CT1 mutant,
CTIT1603A. As expected, CTITI603A was not phos-
phorylated with CaMKIIT286D (Fig. 1c), confirming that
Ser residues were not phosphorylated. The result strongly
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Fig. 1 Thr1603 of Cavl.2 channel is phosphorylated by CaMKII.
a Schematic diagram of the C-terminal tail of the guinea-pig cardiac
Cavl.2 channel. EF-hand, prelQ and IQ-motif regions are shown.
Fragment peptides, CT1, CT2 and CT3, are shown with a.a. numbers.
b CaMKII-mediated phosphorylation of GST-fusion CT1, CT2 and
CT3 and GST (negative control) detected with immunoblot blot
analysis using anti-phospho-threonine (upper panel) and anti-
phospho-serine (middle panel) antibodies. The bottom panel shows
Coomassie staining of the gel. ¢ Phosphorylation of CT1 and its
mutant CT1T1603A detected by anti-phospho-threonine antibody
(upper panel) and autoradiography (middle panel). Coomassie
staining is in bottom panel. Each experiment was performed at least
three times with equivalent results

suggested that Thr1603 was the unique site for CaMKII-
mediated phosphorylation in the prelQ-IQ region. There-
fore, we hereafter focused our investigation on Thr1603 in
the C-terminal tail.

CaMKII phosphorylation is essential for basal activity
of Cavl.2 channel

It has been shown that CaM produces activity of the Ca®"
channel in inside-out patches [27]. We examined interac-
tions in the effects of CaM and CaMKII in inside-out
patches, where CaM and CaMKII could be applied in a
controlled manner. First, the effects of CaM on the Cavl.2
channels were re-examined in inside-out patch mode. As
shown in Fig. 2, channel activity (evaluated by NP,)
decreased rapidly in the inside-out mode due to run-down,
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Fig. 2 CaMKII facilitates CaM’s effect on channel activity. Ca*"
channel activity was recorded in CHO cells expressing wild type
(w.t.) «1C and f2a in the cell-attached and inside-out mode. The
open-state probability (NP,) of the channels for each repetitive
depolarization was plotted against time. A Application of CaM
(1 uM) + ATP (3 mM) 1 min after patch excision (shown by i.0. and
an arrow) restored channel activity. B Channel activity was relatively
low when CaM + ATP were applied 5 min after patch excision,
indicating time-dependent attenuation of the CaM’s effect. C
Application of CaMKIIT286D (1 uM) + ATP (3 mM) in the
inside-out mode produced channel activity at a low level and retained
the CaM’s effect. Examples of current traces recorded in the cell-
attached mode (a) and during application of CaMKIIT286D + ATP
(b) and CaM + ATP (c) in the inside-out mode are shown

and activity of the wild type channel decayed to nearly null
(NP, = 0.8 &+ 0.4%, n = 8, relative to that in the cell-
attached mode; cf. Fig. 3A) at 5 min after patch excision.
CaM (1 pM) + ATP (3 mM), when applied at 1 min after
run-down, produced relative NP, of 177 £ 26% (n = 8,
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Fig. 2A). However, when applied at 5 min, CaM produced
the relative NP, of only 17 & 2% (n = 5, Fig. 2B), con-
firming the time-dependent attenuation of the CaM’s effect
[27]. Then, we examined the effect of CaMKII. As shown
in Figs. 2C, 1 M CaMKIIT286D and 3 mM ATP, applied
at 1 min after patch excision, produced channel activity of
alow level (25 £ 12%, n = 9), and subsequent application
of CaM + ATP produced the relative NP, of 149 &+ 16%
(n = 6, Fig. 2C). These results suggested that CaMKII-
mediated phosphorylation of the channel could produce
channel activity in inside-out patches and counteracted the
time-dependent attenuation of the CaM’s effect.

o1Cr1603p abolishes the time-dependency of the CaM’s
effect on run-down

To assess the role of phosphorylation of Thr1603, the
unique phosphorylation site for CaMKII in the prelQ-1Q
region, we examined channel activity of two mutants,
%1Cri603a and alCrje0sp, and the CaM’s effects on these
mutants. The wild type channels showed marked run-down
in the inside-out patch mode (Fig. 3A), and a1Crjeo34 also
showed a similar time course of run-down (figure not
shown). On the other hand, the o1Cr;693p channel showed
a low but certain activity of 4.9 &+ 1% (n = 10) at 5-8 min
after patch excision, and it was significantly higher com-
pared with 0.8 & 0.4% (n = 8) for the wild-type channels
(Fig. 3B, inset). Thus, the result implied that the negative
charge at Thr1603 seemed to promote channel activity to
some extent, although the T1603D mutation itself did not
produce full channel activity without CaM in the inside-out
mode.

We then examined the effects of CaM on the mutant
channels. Application of CaM (1 uM) at 5 min after patch
excision induced o1Crg03p channel activity with relative
NP, of 121 £ 23% (n = 6, Fig. 3C). However, CaM
induced o1Ctigp3a channel activity of 19 + 2% (n = 8,
Fig. 3D), comparable to that for the wild type (Fig. 2B).
These results suggested that the negative charge at a.a.
1603 was important for the facilitatory effect of CaM on
the channel.

Phosphorylation of CT1 increases CaM binding
to the channel

Based on the above results, we hypothesized that CaMKII-
mediated phosphorylation at Thr1603 might affect the
CaM-binding to a site near Thr1603, i.e., prelQ-IQ region.
We therefore examined effects of CaMKII-mediated
phosphorylation of the C-terminal peptides on its binding
with CaM. CT1, but not CT2 or CT3 peptide bound to CaM
(Fig. 4a), consistent with previous reports [20, 23, 31, 32].
Phosphorylation of CT1 with CaMKIIT286D increased the
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Fig. 3 Mutant channel o«1Crjgo3p is resistant to the slow run-down.
Representative time courses of run-down for the wild-type (A) and
o1Cri603p (B) channels coexpressed with f2a in CHO cells. Inset
graph in b shows relative NPo values for the wild-type and the mutant
channels in the inside-out mode. Effects of CaM on a1Crgp3p (C)
and 21Cri03a (D) channels in the inside-out patch mode. CaM
(1 M) + ATP (3 mM) produced marked channel activity in
a1Cri603p, but little in a1Cri03a. Representative current traces
recorded in the cell-attached mode (a) and in the inside-out mode
before (b) and after (c) application of CaM + ATP are shown in (C)

CaM binding to this peptide, while treatment of CT1 with
an alkaline phosphatase CIP decreased the CaM binding at
I mM [Ca®"] (Fig. 4b). A similar tendency was also
observed at 80 nM [Ca’"] (data not shown), although

dependent binding of CaM to GST-CTI1 treated with CaMKII
(squares), none (control, circles) and CIP (triangles). Data were
from three independent experiments

amounts of bound CaM were relatively low. Treatment of
CT1 first with CIP and then with CaMKIIT286D increased
CaM binding (Fig. 4b), supporting that these effects are
mediated by phosphorylation or dephosphorylation of the
peptide. Figure 4c shows the concentration-dependent
binding of CaM to CT1, indicating that the treatment with
CaMKIIT286D increased, while the treatment with CIP
decreased an apparent maximum binding (B,,,) of CaM
(P <0.01 and <0.05, respectively). The B.x for the
kinase-treated CT1 was approximately 2 mole/mole, sug-
gesting that two (or more) CaM molecules might bind to
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CT1. A change in the apparent dissociation constant (0.02—
0.2 uM) was implied, but it was not examined intensively.

Discussion

This study shows that CaMKII phosphorylates the Thr1603
residue within the prelQ region, a CaM-binding region of
the Cavl.2 channel, and this phosphorylation modifies the
CaM’s effect on channel activity. This finding may provide
a molecular mechanism by which CaMKII regulates the
Cavl.2 channel.

Roles of CaM and CaMKII phosphorylation
in the regulation of Ca®" channel

CaM modulates, through direct binding to channel pro-
teins, various types of ion channels, including Ca®"
channels [14, 15, 21, 31, 32]. In the L-type Cavl.2 chan-
nels, many reports have suggested that CaM is tethered to
the channel and functions as a Ca’" sensor for Ca®'-
dependent facilitation (CDF) and inactivation (CDI). It has
been shown that CaM binds to regions in the N-terminal
tail, I-II linker, and the C-terminal tail (prelQ and IQ
regions) in vitro [3, 6, 11, 12, 14, 17, 19, 20, 22, 24]. We
have suggested, however, that CaM may not be tightly
associated with the channel, but dynamically interacts with
its site, based on the finding that CaM produces channel
activity in a concentration-dependent manner in inside-out
patches [27]. We think that precise mechanisms for CDF
and CDI are still to be established. It is also unclear
whether CaM binding to the channels is modulated by any
signaling systems, such as phosphorylation.

CaMKII is also shown to modulate cardiac L-type Ca®*
channels, and this is suggested as an underlying mechanism
of CDF [1, 4, 7, 9, 21, 25, 26, 28, 29]. A phosphorylation
site for CaMKII responsible for CDF has been identified in
the f2a subunit [7]. Furthermore, CaMKII is shown to
associate with the ff2a and the C-terminal tail of the ol
subunit of the channel [7, 9, 21]. However, possible
involvement of phosphorylation of the C-terminal tail of
the 1C subunit was to be examined. There are 17 potential
phosphorylation sites in the C-terminal tail of the guinea-
pig Cavl.2 channel, based on the consensus sequences
Arg-X-X-Ser/Thr and Ser-X-Asp. Erxleben et al. [S] have
reported that CaMKII phosphorylates Ser439 in I-II loop
and Serl517 in CT1 (proximal region of the C-terminal
tail), thereby promoting mode 2 activity in the rabbit car-
diac Cavl.2 channel. Lee et al. [13] have also reported that
CaMKII phosphorylates Ser1512 and Ser1570 (Ser1575 in
cardiac type) in the C-terminal tail of the rabbit smooth
muscle Ca®" channel and thereby promotes voltage-
dependent facilitation. However, phosphorylation of
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Ser1512/1517 or Ser1570/1575 was not detected by
another study [9]. In this study, we failed to detect phos-
phorylation of Ser1516 and Ser1574 (rabbit Ser1517 and
1575), but found that Thr1603 (rabbit Thr1604) was
phosphorylated by CaMKII. Although the reason for this
discrepancy is not clear, we speculate that a difference in
the higher structure of CT1 might be involved, considering
that CT1 is poorly soluble in water [11].

In addition to the phosphorylation of Thr1604, we found
that CaMKII phosphorylated at least one Ser and one Thr
site in CT2, while the distal C-terminal region (CT3) was
not phosphorylated. Since there were eight potential sites in
CT2 and homology in this region among species was not so
high, we did not explore identifying these sites in this
study.

In our previous study, CaMKII inhibitors (KN-62 and
AIP) delayed the development of facilitation and inhibition
produced by elevating bulk [Ca2+],-, but did not depress
either of them [18]. We therefore hypothesized that CaM-
KII might play a modulatory role in CDF and CDI. Our
present finding that CaMKII-mediated phosphorylation
enhances the effect of CaM on channel activity may provide
a possible molecular mechanism for this hypothesis.

A molecular mechanism for CaMKII regulation
of the Cavl.2 channel

The phosphorylation of Thr1603 enhanced the CaM’s
effect on Cav1.2 channel activity. Several possibilities are
raised to account for this finding. The phosphorylation (1)
enhances an affinity of the channel for CaM, (2) increases
the number of CaM molecules bound to the channel, and
(3) facilitates the putative machinery to link CaM-binding
region to the channel-gating region. It is suggested that one
molecule of CaM tethers to the Cav1l.2 channel and regu-
lates the channel function [16]. However, since there are at
least four CaM-binding sites in the channel [3, 30], the
possibility that multiple molecules of CaM bind to the
channel may not be excluded. In this study, we found that
the CT1 peptide increased the number of bound CaM
molecules to 2 mol/mol after its phosphorylation. There-
fore, it is suggested that phosphorylation of Thr1603 in the
prelQ region increases the number of CaM molecules
bound to prelQ-IQ region and/or enhances the interaction
of CaM with prelQ-IQ, and thereby facilitates opening of
the Cav1.2 channel.

It should be noted, however, that there are several
CaMKII phosphorylation sites beside Thr1603, such as
rabbit Ser439 in I-II loop and Ser1517 and 1575 in the
C-terminal tail as mentioned above [5, 13]. It is possible
CaMKII phosphorylates multiple sites of the channel
depending on the conformation of the channel and finely
regulates channel activity.
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A model for basal activity of the Cav1l.2 channel

We have previously found that basal activity of the
channel is supported by CaM and ATP, and their washout
leads to run-down of the channel. In addition, the run-
down consists of the initial and late phases [8], and
CaM + ATP effectively reverse the initial phase, but not
the late phase [27]. In this study, we have found that
CaMKII counteracts this attenuation of the CaM’s effect.
Since CaM binding to CT1 is increased by CaMKII
treatment and mutation of Thr1603 to aspartate mimicked
the CaMKII effect, it is suggested that CaMKII-mediated
phosphorylation of Thr1603 facilitates or supports the
CaM'’s effect on channel activity.

Based on the previous and present findings, a hypothesis
for the mechanism underlying basal activity of the Cavl1.2
channel may be proposed. CaMKII-mediated phosphory-
lation of certain site(s) (including Thr1603) facilitates the
interaction of the channel with CaM and thereby produces
basal activity of the channel. It is possible that binding of
CaM to the phosphorylated channel prevents or decelerates
dephosphorylation of the site(s). Clearly, further studies are
needed to completely understand the role of CaMKII in the
regulation of Cavl.2 channels.
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