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Summary

Ca?*-dependent inactivation (CDI) of L-type voltage-
gated Ca?" channels limits Ca?" entry into neurons,
thereby regulating numerous cellular events. Here we
present the isolation and purification of the Ca?**-sen-
sor complex, consisting of calmodulin (CaM) and part
of the channel’s pore-forming a,¢ subunit, and demon-
strate the Ca*'-dependent conformational shift that
underlies inactivation. Dominant-negative CaM mu-
tants that prevent CDI block the sensor’s Ca%*-depen-
dent conformational change. We show how lle1654 in
the CaM binding 1Q motif of ayc forms the link between
the Ca?* sensor and the downstream inactivation ma-
chinery, using the ;¢ EF hand motif as a signal trans-
ducer to activate the putative pore-occluder, the ;¢
I-1l intracellular linker.

Introduction

Ca?* entry through members of the family of neuronal
high voltage-activated calcium channels is limited by
Ca?"-dependent inactivation (CDI), a process that de-
pends on constitutively bound CaM (Liang et al., 2003).
This obligate channel subunit forms part of the Ca?*
sensor that triggers inactivation and thereby controls
many neuronal processes regulated by Ca?*, such as
gene expression and synaptic vesicle release, at the
point of Ca?* influx. Since CDI is most prominent in
L-type (Cay1.2) Ca?* channels, dissection of its molecu-
lar mechanisms has guided much of this work (Budde
et al., 2002).

A major part of this effort has been attempts to under-
stand how CaM and the channel form the Ca?*-sensing
apparatus. Components in the channel include an IQ
motif (IQ) in the C terminus of the pore-forming ;¢ sub-
unit (Zuhlke and Reuter, 1998) that acts as a Ca?*/CaM
effector site (Peterson et al., 1999; Ziihlke et al., 1999)
and a putative EF hand (EF), located more proximal in
the C terminus (Babitch, 1990). EF was originally sug-
gested as the Ca?* binding site (de Leon et al., 1995),
but subsequent studies ruled this out (Zhou et al., 1997),
suggesting instead that EF contributes to the down-
stream signal transduction process (Peterson et al.,
2000). EF may also regulate voltage-dependent inactiva-
tion (VDI) (Bernatchez et al., 1998). Studies with Ca2*-
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insensitive CaM mutants (Peterson et al., 1999; Zuhlke
et al., 1999), which acted as dominant negatives, high-
lighted that oyc must also harbor an apoCaM binding
site. A variety of biochemical (Mouton et al., 2001; Pate
et al., 2000; Pitt et al., 2001; Romanin et al., 2000) and
imaging (Erickson et al., 2003) techniques pinpointed a
~110 amino acid domain between EF and 1Q, although
the details of apoCaM interaction remain controversial.

Three smaller regions within this domain have received
particular attention based on their ability to interact with
CaM in low [Ca?*] or with Ca?*-insensitive CaM mutants
(Figure 1). Most amino-terminal is the region surrounding
amino acids 1588-1609, labeled peptide A (Pitt et al.,
2001) or LM1 (Romanin et al., 2000), which can bind to
CaM in the absence of Ca?*. The second region, labeled
peptide C (Pitt et al., 2001) or CB (Pate et al., 2000),
binds CaM with a k,, for Ca*" of <90 nM (Pitt et al.,
2001), can form a ternary complex with CaM and the IQ
motif (Mouton et al., 2001), and contains determinants
necessary for interaction with a Ca?*-insensitive CaM
mutant (Erickson et al., 2003). Finally, two-hybrid FRET
analysis has shown that a sequence surrounding the 1Q
motif can also interact with a mutant CaM (Erickson et
al., 2003). Together, these studies support a model in
which noncontiguous sequences in this proximal portion
of the ayc C terminus form the apoCaM tethering site
(Erickson et al., 2003; Pitt et al., 2001). The specific
boundaries of the apoCaM interaction site remain con-
troversial, however, preventing a molecular understand-
ing of how CaM forms the Ca?* sensor apparatus and
how it participates in gating of Ca?* channels.

Not only how these components form a Ca®* sensor
but also how the sensor triggers channel inactivation
remain unknown. Understanding this process would re-
veal important insights not only into CDI but also into
the general mechanism of Ca?" channel gating, since
several reports have suggested that CDI and VDI utilize
the same machinery, with the o cytoplasmic I-ll linker
forming a blocking particle as the common endpoint
(Cens et al., 1999; Stotz et al., 2000). Where these path-
ways intersect is unclear, but common components may
include not only EF (Bernatchez et al., 1998), but also
CaM and its interaction sites in the a,c C terminus, since
apoCaM and/or the apoCaM tethering site(s) have been
suggested as regulators of VDI (Pitt et al., 2001). Al-
though a recent report supports this role for apoCaM
tethering (Erickson et al., 2003), definitive proof for this
model is lacking, as apoCaM tethering sites outside of
the multifunctional 1Q have not been tested.

Here we report the in vitro isolation and purification
of the Ca?* sensor and signal transduction apparatus
responsible for inactivation, a complex between CaM
and the proximal portion of the a,c C terminus. We show
that the sensor undergoes Ca*"-dependent conforma-
tional changes that predict CDI. Using this complex to
probe apoCaM interaction, we also demonstrate how
CaM and the oy C terminus regulate VDI. Further, we
present data and a model showing how both modes of
inactivation utilize the I-1l linker as a blocking particle.
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Figure 1. Schematic Diagram of a,c, with EF, Peptide A, Peptide C, 1Q, PrelQ;+1Q Region, and Sequence Details Indicated

The EF hand (Babitch, 1990), peptide A and peptide C (Pitt et al., 2001), 1Q (Zuhlke et al., 1999), and PrelQ;+1Q region (Erickson et al., 2003)
have been previously identified. Amino acids mutated for biochemical and functional studies are shaded. The darker gray box denotes the

CIRP (amino acids 1507-1669), and the lighter gray box indicates the aa 1558-1669 construct.

Results

Isolation and Purification

of the Ca?*-Sensing Complex

To investigate the function of the Ca**-sensing appara-
tus responsible for CDI, we attempted to obtain material
suitable for in vitro analyses. To optimize chances that
we would be able to infer that results from biochemical
analyses on a part of the channel were applicable to
the understanding of integrated channel function, we
established as a primary criterion that the material
needed to be soluble in detergent-free conditions. The
major assumption underlying this principle derived from
the observation that CDI and VDI utilize common molec-
ular determinants (Cens et al., 1999). This implied that
the sensing apparatus should function as a semi-inde-
pendent entity, transmitting its information to the down-
stream inactivation machinery in order to accelerate the
rate of inactivation compared to that produced by volt-
age alone. Thus, the Ca?*-sensing apparatus should be
able to be isolated as a soluble component. We therefore
co-expressed CaM and a Hisx6-tagged fragment of the
a;c C terminus in bacteria and purified the resultant
complex via metal affinity chromatography. Initially, we
obtained no material with or without CaM co-expression
in attempts to express aa 1558-1669 (Figures 1 and 2A),
a segment that contained all of the C-terminal domains
reported to contribute to CaM interaction, starting after
EF and continuing through 1Q (Mouton et al., 2001; Pate
et al., 2000; Peterson et al., 1999; Pitt et al., 2001; Ro-
manin et al., 2000; Zuhlke et al., 1999). This result was
consistent with the reduced expression of a,¢c seen when
EF was deleted (Zhou et al., 1997). We therefore tested
whether the presence of EF, a putative CDI signal-trans-
ducing element (Peterson et al., 2000), was necessary
with a construct containing amino acids 1507-1669. This
fragment extended from the end of IVS6 through 1Q
(Figure 1A) and corresponded closely to the Cl region
(CIR) that can transfer robust CDI from a;c to aqe (de
Leon et al., 1995). Indeed, an «¢ subunit truncated after
aa 1669 displayed CDI that was indistinguishable from
a full-length wt «4c subunit (Figure 2B). While we could

express this CIR peptide (CIRP), we only obtained insol-
uble material in the absence of CaM co-expression (Fig-
ure 2A). Further, when we purified this material from the
bacterial pellet under several denaturing conditions, we
were unable to detect binding to CaM, even after the
removal of the denaturants (data not shown). This shows
that, in the absence of CaM co-expression, CIRP does
not attain the critical structure necessary for CaM inter-
action. With CaM co-expression, we obtained a soluble
CIRP/CaM complex in a detergent-free buffer in which
the components copurified in a 1:1 stoichiometric ratio
(Figure 2A).

The CIRP/CaM complex underwent a significant Ca?*-
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Figure 2. CaM and CIRP Form a Stable Complex

(A) Coomassie-stained gel showing purification of the CIRP/CaM
complex. Lanes 1 and 2, crude bacterial extract showing absence
of expression of the 1558-1669 construct, with or without CaM co-
expression. Lanes 3 and 4, in the absence of CaM co-expression,
CIRP is present in the crude extract (Ex) but not in the supernatant
(Sup) after a 100,000 X g ultracentrifugation. Lanes 5 and 6, co-
expression with CaM results in soluble CIRP. Lane 7, purified CIRP/
CaM complex.

(B) Representative /g, (black) and /¢, (gray) traces recorded from ;¢
wt and a4 truncated after aa 1669 (1669 trunc) expressed in Xenopus
oocytes during 400 ms test pulses of V, from —90 to +20 mV.
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Figure 3. CaM and CIRP Form a Ca*" Sensor

Gel filtration analysis of the CIRP/CaM (top) and CIRP/CaM, (bot-
tom) complex in 10 uM Ca?' (gray) or 5 mM EGTA (black). The
dashed line represents the peaks for CIRP/CaM,,;,. Inset shows a
Coomassie-stained gel of the peak fraction (CIRP/CaM) collected
off of the gel filtration column.

dependent conformational change. The complex mi-
grated over a gel filtration column in the presence of
Ca?* as a single species with an apparent M,, of about
40 kDa, the predicted M,, for the sum of CaM plus CIRP
(Figure 3 and Table 1). CIRP also associated with apo-
CaM. Since free [Ca%*]; in E. coli is maintained at ~90
nM (Gangola and Rosen, 1987), the ability to isolate a
complex indicated that the interaction between CaM
and CIRP was stable at levels approximating free [Ca?*];
in resting cells. Moreover, the CIRP/CaM complex mi-
grated on the gel filtration column in the presence of
EGTA as a single peak, albeit slower than with added
Ca?* (Figure 3 and Table 1). The change in elution volume
between the conditions far exceeded the difference at-
tributable to the apparent M,, of four Ca?* ions, indicating
that the CIRP/CaM complex underwent a significant
conformational change while remaining associated over
the entire dynamic range of [Ca?'].

We also examined the interaction of CIRP with CaM 3,4,

Table 1. Summary of Gel Filtration Data

Complex Ca*" EGTA
Wild-type/CaM 16.0 17.2
Wild-type/CaM; 34 16.8 16.8
WTee 16.1 171
I/A 16.2 171

For each gel filtration profile shown in the figures, the peak in either
10 pM Ca?" or 5 mM EGTA containing buffer is shown. The peak
was detected with the AKTA Unicorn software. For internal consis-
tency, data for each complex shown in the Figures and in the Table
were obtained from a single preparation. Data were first collected
in the presence of Ca**. The peak fraction was collected and then
reapplied to the column after pre-equilibration with EGTA. Each
complex was purified at least three times with similar results.

a CaM mutant in which all four EF hands are unable to
bind Ca?* that acts as a dominant negative to block CDI
(Alseikhan et al., 2002; Peterson et al., 1999; Pitt et al.,
2001). Migration of this complex on a gel filtration col-
umn was unaffected by Ca?*, and the elution profiles
were virtually indistinguishable from that of the wt CaM-
containing complex when run in EGTA (Figure 3 and
Table 1). This result suggested that the structure of
CIRP/CaM, 3, complexin either Ca?* or EGTA resembled
closely the CIRP/apoCaM complex, offering a biochemi-
cal confirmation of the proposed mechanism for the
dominant-negative effects of CaM; 3, upon the CDI Ca?*-
sensing apparatus.

Identification of Domains that Contribute
to apoCaM Tethering
The ability to obtain a stable, pure CIRP/apoCaM com-
plex allowed us to probe the determinants of apoCaM
tethering, focusing on the ~110 amino acid domain be-
tween EF and 1Q, which contains peptides A, C, and 1Q
(Figure 1). We first analyzed the contribution of peptide A
by alanine scanning mutagenesis of 1S*'TLF'5%, 1595 VR1%%7,
and '%?|KT'%% (designated TLF,, LVR,, and IKT,, respec-
tively) in CIRP (Figure 1A). The IKT, sequence sits at the
amino-terminal border of the recently proposed apo-
CaM binding region, while the TLF, and LVR, sequences
lie farther N-terminal (Erickson et al., 2003). All three
mutants displayed markedly decreased affinity for apo-
CaM; almost all of the CIRP present in the crude lysate
did not copurify with CaM and was lost after ultracentrif-
ugation at 100,000 X g, while the co-expressed CaM
remained soluble (Figure 4A). The small amount of IKT,
that remained soluble eluted in the void volume on the
gel filtration column (exclusion limit = 1300 kDa), sug-
gesting that it was highly aggregated (Figure 4B). To
confirm that the defect was a reduced affinity for apo-
CaM and not only for Ca?*/CaM, we also co-expressed
TLFA with CaM,4, and again found almost no soluble
CIRP (data not shown). The result with TLF, and LVR,
indicated that components responsible for the apoCaM
tethering domain extend more proximal than the re-
cently proposed PrelQ; border (Erickson et al., 2003).

Having extended the boundary for apoCaM interac-
tion, we then tested whether the essential requirement
of EF both for expression of CDI (Zuhlke and Reuter,
1998) and to obtain soluble CaM/CIRP complex (Figure
2A) implied a contribution to apoCaM tethering. Func-
tional analysis of EF chimeras, in which residues were
changed to their counterparts in o, subunits that display
less robust CDI, had pinpointed "*#VVT'** as critical for
CDI (Peterson et al., 2000). We therefore tested whether
mutation to the asg sequence MFE (VVTg) disrupted apo-
CaM interaction. We obtained soluble VVT CIRP/CaM
complex from which CaM copurified with CIRP, showing
that this mutation does not affect CaM interaction (Fig-
ures 4A and 4B and see below). In conjunction with the
requirement for EF as demonstrated in Figure 2B, these
data suggested that the EF hand helps stabilize and is
a necessary part of the CIRP/CaM complex rather than
contributing to CaM interaction.

Peptide C has also been reported to play a major role
in apoCaM tethering (Erickson et al., 2003; Mouton et
al., 2001; Pate et al., 2000; Pitt et al., 2001), but we found
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Figure 4. Mutations in Peptide A, Peptide C, and 1Q Affect CIRP/CaM Complex Formation, CDI, and VDI

(A) Coomassie-stained gel of various mutant complexes, showing the region where CIRP and CaM appear. For each pair, the whole-cell
extract (Ex) and high-speed supernatant (Sup) are shown.

(B) Semiquantitative assessment of effects of the mutations shown in (A): +++, the purified material migrated as a single species of ~40
kDa apparent My, on the gel filtration column in a Ca?"-containing buffer; ++, >50% of the purified material was aggregated (apparent My, >
1300 kDa); +, all of the purified material was aggregated; —, no soluble material was obtained for purification. Each mutant complex was
expressed and purified at least twice.

(C) Representative /g, (black) and /., (gray) traces recorded from «yc wt (dashed) and mutants (solid) expressed in Xenopus oocytes during
400 ms test pulses of V, from —90 to +20 mV.

(D) Residual fraction of currents (r,) remaining at the end of the test pulses for Ba?* and Ca*" (n = 5-11, *p < 0.01 versus wt for Ba**, **p <

0.01 for Ca?*).
(E) CDI index for wt and mutants (n = 5-11, *p < 0.01 versus wt).

a more modest contribution compared to peptide A.
When we analyzed the effects of mutating key residues
in peptide C, '6"1IK'®? and '2’SMK'%%, to alanines (desig-
nated IIK; and SMK¢, respectively), we observed that a
significant portion of the CIRPs did not copurify with
CaM and was lost after ultracentrifugation. Some mate-
rial remained soluble and, after purification, IIK; mi-
grated as a single species on the gel filtration column
(Figures 4A and 4B and data not shown). Although this
confirmed results showing peptide C’s contribution to
apoCaM tethering (Erickson et al., 2003), the more mod-
est effects of the mutations fit well with predictions
based on the Ca?>* dependence of CaM interaction with
peptide C (Pitt et al., 2001).

We next explored 1Q, as its role in apoCaM tethering
has been controversial (Erickson et al., 2003; Pitt et al.,
2001). We tested the mutations 11654A (I/A) and I1654E
(I/E), since they have nearly identical effects on channel
inactivation (Zuhlke et al., 1999), but only I/E affected
the interaction of an 1Q peptide for CaM (Zihlke et al.,
2000). Consistent with those results, the I/A mutation
had no obvious effect upon CIRP/CaM complex forma-
tion, while almost none of the I/E mutant CIRP co-
expressed with CaM was recovered in the supernatant
after ultracentrifugation (Figures 4A and 4B). The result

with I/E confirmed a recent report that IQ contributes
to apoCaM tethering (Erickson et al., 2003). However, the
maintenance of apoCaM interaction with I/A conflicted
with the proposal (Erickson et al., 2003) that accelerated
voltage-dependent inactivation (VDI), as seen with I/A
(Zuhlke et al., 1999), is a functional hallmark of channels
that have lost apoCaM tethering.

Mutations that Affect CaM Interaction Either
Accelerate or Slow VDI

Identification of several apoCaM tethering mutants
throughout CIRP allowed us to test formally the hypothe-
sis that disruption of apoCaM tethering accelerates VDI
and additionally to assess the effects of these mutants
upon CDI. We generated the same mutations tested
above in full-length ;¢ for expression in Xenopus oo-
cytes along with accessory subunits (3; and «,5. Repre-
sentative /g, and /¢, traces recorded during 400 ms test
pulses to +20 mV from V,, = —90 mV are shown in Figure
4C. Pooled data were analyzed using the ratio of the
current values at 400 ms and at the initial peak (residual
current at 400 ms, or ry [Zlhlke et al., 1999]) as an
index of inactivation (Figure 4D). We then calculated the
CDI index as the difference between the r, for Iz, and
the ryy for I, (Figure 4E).
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Table 2. Kinetics of Ig, and /¢, Inactivation at +20 mV

Barium Time Constants of Inactivation

p Value versus

p Value versus

Channel 71 (MS) Wild-Type 74 T, (MSs) Wild-Type 1, Fraction of I, (%) n

Wild-type 1069 + 53.9 - 154 = 10.0 - 72.3 = 3.27 7
VVTee 1129 = 85.1 0.56 250 + 14.2 <0.01 55.1 + 1.51 7
TLF, 110 + 6.33 <0.01 - <0.01* - 8
LVR, 667 + 81.8 <0.01 147 £ 16.5 0.71 65.2 + 4.36 4
IKT, 387 + 36.3 <0.01 60.8 = 5.27 <0.01 61.3 = 3.02 6
1K 1046 = 101 0.82 253 + 23.8 <0.01 724 + 2.27 7
SMK¢ 983 + 85.9 0.43 185 + 5.74 0.03 78.0 + 2.10 4
I/A 134 £ 7.22 <0.01 - 0.05* - 5
I/E 110 = 4.30 <0.01 - <0.01* - 12
Calcium Time Constants of Inactivation

p Value versus p Value versus

Channel T (Ms) Wild-Type T, (MS) Wild-Type T, Fraction of I, (%) n

Wild-type 186 + 2.10 - 31.8 =3.09 - 52.0 = 2.10 6
VVTee 532 + 13.9 <0.01 94.8 + 3.65 <0.01 43.5 + 212 6
TLF, 176 £ 12.2 0.59 - <0.01* - 4
LVR, 300 + 22.2 <0.01 55.0 = 2.75 <0.01 69.6 + 5.39 5
IKT, 189 + 24.2 0.90 56.1 = 5.02 <0.01 55.9 + 3.21 7
K 317 £17.9 <0.01 52.7 =1.85 <0.01 54.9 = 2.10 5
SMK;¢ 192 = 9.20 0.06 29.8 +1.41 0.57 47.8 = 3.1 9
I/A 201 +10.9 0.24 - <0.01* - 6
I/E 190 + 6.82 0.67 - <0.01* - 11

During a 400-2000 ms test pulse to +20 mV, inactivation time constants were estimated by fitting the inactivating component of the current
trace to the following equation: I = I, + I, exp (—t/1)) + I, exp (—t/1,), except the TLF,, I/A, and I/E mutants, which were best fit by a single
exponential. /, is the residual current amplitude at equilibrium; /; and I, are the amplitudes of the current components. Fraction of /, is percent
contribution of 7, to total inactivation, calculated as I,/(l; + I,). Values are means = SEM. n = number of tested oocytes.

*Mutant 1, versus wt 1,

Consistent with our ability to generate a soluble CIRP/
CaM complex with the VVTg mutation (Figures 4A and
4B), we observed that the VVT mutant still displayed
robust CDI (Figures 4C-4E), as measured by the CDI
index, although it was significantly reduced compared
to wt. This reduction was almost entirely due to a marked
increase of the r,, for Ca?". Thus, the CDI defect caused
by this mutation in EF is more likely attributable to ineffi-
cient signal transduction between the Ca** sensor and
the inactivation machinery, consistent with EF’s pro-
posed role in signal transduction (Peterson et al., 2000),
rather than a defect in apoCaM tethering.

Mutations within peptide A that disrupted apoCaM
tethering showed varied effects upon VDI and CDI. The
TLF, and IKT, mutations reduced CDI by decreasing the
40 for Ba?* while having no appreciable effect upon the
rao for Ca?t (ry for wt = 12% = 0.63%; for TLF, =
9.4% * 1.3%; for IKT, =11% = 4.1%;p=.11andp =
.89 compared to wt, for TLF, and IKT,, respectively). In
contrast, the LVR, mutation modestly decreased the ry,
for Ba?™ (ry for wt = 62% + 2.1% and for LVR = 48% +
3.9%, p = 0.022) and modestly increased the r,y, for
Ca?" (ry for LVR = 18% *+ 1.5%, p = 0.012) compared
to wt (Figure 4D). As a result, CDI was reduced. Thus,
all three apoCaM tethering mutants in the peptide A
region reduced CDI, but the loss of apoCaM tethering
did not consistently cause isolated and dramatic accel-
eration of VDI.

Mutations in peptide C that affected apoCaM teth-
ering did not accelerate VDI. The Ba?* r,, values for
lIK; and SMK. were indistinguishable from wt (Figures
4C-4E), although further analysis indicated that VDI was

slowed (see below and Table 2). As the r,y, values for
Ca?* were equally unaffected, the CDI index for each of
the peptide C mutants was similar to wt.

We obtained data consistent with previous results
(Zuhlke et al., 1999) for mutations within 1Q, showing
that the r,y for Ba?* is nearly equal to the r,y, for Ca**
for both 1Q mutants (Figures 4C and 4D). The net effect
was a complete loss of CDI (Figure 4E). These data
demonstrated that the I/A mutation caused accelerated
VDI even when apoCaM interaction remained intact (Fig-
ure 4A). Thus, the I/A mutation along with the peptide
C mutations showed that loss of apoCaM tethering is
neither necessary nor sufficient for producing acceler-
ated VDI.

Analysis of the kinetics of I, inactivation for the mu-
tants that affected CaM interaction with o, demon-
strated that the CIRP/CaM complex does contribute to
regulation of VDI. Parameters derived from fits of the
decay phase of Iz, were determined for wt and for
the mutants during test pulses for 400-2000 ms from
V, = —90 mV to V, = +20 mV and are shown in Table
2. The decay phase of I, for the wt channel was best
fit with two exponentials. Several of the mutants showed
significant differences from wt, although the effects
upon VDI were not consistent. The peptide A mutations,
which had the most pronounced effect upon CaM inter-
action, decreased both 7, and 1,. In fact, the decay phase
of TLF,, which displayed the fastest Iz, inactivation,
could be fit well with a single exponential. In contrast,
the peptide C mutants, which have a moderate effect
upon CaM interaction, increased 7, and had little effect
upon 7;. Particularly revealing were the results for the
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1Q mutants, as the Iz, decay phases for both I/A and I/E
could be fit well with a single exponential. Since I/A did
not affect CaM interaction with CIRP, the changes in
inactivation kinetics for the 1Q mutations likely do not
result from alterations in CaM interaction (see below).

lle1654 Couples the CIRP/CaM Complex

to the Inactivation Machinery

Since the CIRP/CaM complex influenced both CDI and
VDI, we hypothesized that it must control a common
component of the inactivation machinery. The cyto-
plasmic linker between domains | and Il on o4 forms a
putative blocking particle that mediates both CDI and
VDI (Cens et al., 1999; Stotz et al., 2000), and analysis
of chimeras between «yc and a4s had also implicated the
I-1l loop in CDI (Adams and Tanabe, 1997), making it an
attractive candidate for the common component of the
CDI and VDI signal transduction pathways. We therefore
tested whether the CIRP/CaM complex interacted with
the I-ll loop. As shown in Figure 5A, the complex specifi-
cally bound to the I-1l loop in a Ca?*-dependent manner.
Even with a large excess input of CIRP/CaM complex
in this GST pull-down assay, we detected almost no
interaction with the I-1l loop in EGTA-containing buffer.
We also tested the interaction of the VVTg mutant com-
plex with the I-ll loop, as the slower I, inactivation kinet-
ics suggested this mutant might be deficient in signal
transduction between the Ca?* sensor and the inactiva-
tion machinery. While the mutant complex also showed
a Ca?*-dependent interaction with the I-Il loop, it ap-
peared weaker than wt (Figure 5A).

We then considered whether the decreased interac-
tion seen with the VVTg: mutant complex was due either
to the direct or indirect alteration of critical contact sites
or to the inability of the VV T mutant complex to undergo
the Ca?*-dependent confirmation conducive to interac-
tion. To test between these possibilities, we analyzed
the migration of the purified VVT CIRP/CaM complex
on the gel filtration column. As shown in Figure 5B (and
Table 1), it retained the Ca?*-dependent shift in mobility,
demonstrating intact Ca?* binding and preserved ability
to undergo the Ca**-dependent conformational change.
Thus, the defect in the interaction of the VVTg: complex
with the I-1l loop appears to involve direct or indirect
changes in the necessary contact sites.

To further probe the signal transduction pathway be-
tween the Ca?* sensor and the inactivation machinery,
we next focused on lle1654, as further analysis of the
effects of the I/A mutation on both /., and /g, kinetics
suggested that lle1654 serves as a critical link between
the CIRP/CaM complex and action of the blocking parti-
cle. The first indication came from an attempt to under-
stand the mutant’s similar kinetics of inactivation for
Ba?*" and Ca?* (Figures 4C-4E), as that result implied
either that the channel’s inactivation sensor could not
distinguish between Ba?" and Ca?* or that the coupling
between the sensor and the inactivation machinery was
diminished. To test between these possibilities, we ex-
amined whether the I/A mutation perturbs the Ca*" sen-
sor. As shown in Figure 5C (and Table 1), the I/A CIRP/
CaM complex, like the VVTg: complex, also retained the
Ca?"-dependent shift in mobility on the gel filtration col-
umn, demonstrating intact Ca?* binding and preserved
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Figure 5. lle1654 and EF Link the CIRP/CaM Complex to the Inacti-
vation Machinery

(A) Immunoblot with an anti-6xHis antibody of a GST pull-down
assay with GST-I-ll loop or GST control and purified 6xHis CIRP/
CaM or purified 6xHis CIRP/CaM with the VVTg: mutation. In the top
panel, 1 mM Ca?" was added to binding and wash buffers and the
input lane shows 100% of the added CIRP/CaM complexes. In the
bottom panel, binding and wash buffers contained 2 mM EGTA with
no added Ca?", and the input lane shows 25% of the added CIRP/
CaM complexes. Ponceau staining of the nitrocellulose filters con-
firmed that the fusion proteins were equally loaded.

(B) Gel filtration analysis of the VVTg: CIRP/CaM complex overlaid
on the wt traces.

(C) Gel filtration analysis of the I/A CIRP/CaM complex overlaid on
the wt traces.

(D) Coomassie-stained nondenaturing, nonreducing polyacrylamide
gel of CaM with or without added 1Q peptide (wt or I/C) in the
presence or absence of hydrogen peroxide or DTT, showing that
the 11654 position remains exposed when 1Q is bound to CaM.
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ability to undergo the Ca?*-dependent conformational
change. Support for the alternative uncoupling hypothe-
sis was then found in the reconsideration of two previous
results. First, I/A channels revealed an overt Ca*"-
dependent facilitation (Zihlke et al., 1999) that is
masked in wt channels by a competing inactivation pro-
cess (Zuhlke et al., 2000). Second, dominant-negative
CaM mutants, which lock the sensor in the apoCaM
conformation (Figure 2C), failed to affect either /g, or Ic,
in I/A channels (Zuhlke et al., 1999). Interpretation of
those results in this context is consistent with ineffective
or uncoupled signal transduction between the Ca?* sen-
sor and the inactivation machinery.

For 11654 to couple the sensor to the inactivation
machinery, it must be accessible when CaM is bound
to 1Q. Previous analysis of an extensive set of 11654
mutations hinted at this possibility, identifying a require-
ment for a bulky hydrophobic side chain in that position
for expression of CDI (Zuhlke et al., 2000). Therefore,
we probed the accessibility of the 11654 side chain when
CaM was bound to 1Q by exploring the redox potential of
the well-characterized I/C mutant, which largely spares
CDI and has minimal effects upon CaM interaction with
1Q (Zuhlke et al., 2000). In a gel shift analysis of CaM
plus the I/C mutant 1Q peptide, we observed a slower
migrating species if the preformed complex was sub-
jected to oxidizing conditions (Figure 5D) but not reduc-
ing conditions. Since there are no other cysteine resi-
dues in the mutant 1Q peptide and none within CaM,
this must result from a disulfide bond formed between
two mutated IQ peptides. Further, since we did not visu-
alize any bands when the same amount of this icosapep-
tide was run in the absence of CaM, under oxidizing or
reducing conditions (data not shown), the slower migrat-
ing species must represent a (CaM/peptide), dimer,
formed by the single disulfide bond between the two
cysteine residues on the 1Q peptide. Dimer formation is
specific to the presence of the Cys residue, as we tested
nine other mutant 1Q peptides that did not contain Cys
in addition to the wt peptide shown, and none of them
produced the supershift seen with I/C peptide. Thus,
these data showed that the isobutyl group on 11654
must be exposed when bound to CaM, consistent with
the possibility that it provides the critical hydrophobic
contacts that couple the CIRP/CaM complex to the inac-
tivation machinery.

Discussion

A Unified Model for VDI and CDI

Isolation and characterization of the Ca*" sensor and
recognition of its interaction with the putative blocking
particle allowed us to propose a model to explain how
CDI and VDI utilize the same molecular determinants for
inactivation (Figure 6A). While interpretation of our data
could lead to several independent models, we propose
one to stimulate further study. In its role as the putative
signal transducer (Peterson et al., 2000), we hypothesize
that EF sits between the CaM binding domain and the
I-1l loop and prevents the I-ll loop, either directly or
indirectly, from blocking the channel. Although we do
not detect a Ca?"-independent interaction between the
CIRP/CaM complex and the I-1l loop, we hypothesize its

presence to explain slow Ca?"-independent inactivation
(VDI). We attribute our inability to detect this interaction
to the absence of other critical components in our assay.
Candidate components include the Ca,f subunit, which
has a prominent role in regulating the kinetics of inacti-
vation (Catterall, 2000), and/or portions of the other in-
tracellular loops, some of which have known roles in
Ca?" channel inactivation (Geib et al., 2002). The other
stabilizing interactions in the resting state are the hy-
drophobic contracts formed by lle1654. Together, these
prevent the I-Il loop from occluding the pore. In the
absence of Ca?*, the proximity of EF to IVS6 allows
the voltage-dependent conformational changes in the
transmembrane segments to be translated to EF and
slowly relieve this inhibition, permitting the I-Il loop to
initiate inactivation. Ca?* accelerates inactivation by in-
ducing a Ca*"/CaM-dependent conformational change
in the Ca®"-sensor apparatus, removing the lle1654-
mediated inhibition. Not only does this disinhibit the I-II
loop, but Ca?" also allows a productive interaction of
the CIRP/CaM complex with the I-lIl loop to accelerate in-
activation.

The actions of the I/A mutant (Figure 6B) can then be
understood as the loss of the lle1654-mediated inhibi-
tion; substitution of the isobutyl group on isoleucine
for the smaller methyl group of alanine causes loss of
hydrophobic contacts necessary to link the CIRP/CaM
complex to the inactivation machinery. Since the CIRP/
CaM complex no longer hinders the I-ll loop, the re-
sponse to a voltage-dependent conformational change,
inthe absence of Ca?", proceeds rapidly. In the presence
of Ca?", rapid inactivation occurs even as the Ca?* sen-
sor undergoes a futile Ca?*-dependent conformational
change. While it may be premature to assign specific
conformational changes to individual rate constants, it
is interesting to note that the kinetics of inactivation in
both Ba?" and Ca?* for the I/A mutant are best described
by a single exponential rather than the two exponentials
required for wt. Perhaps the loss of one rate constant
reflects the uncoupling process.

Further, this model can also explain the slower CDI
observed with the VVT mutant as a consequence of an
inefficient interaction between the CIRP/CaM complex
and the I-ll loop, as suggested by the data presented
in Figure 5. Finally, this model also allows us to predict
that those mutations that markedly decreased the affin-
ity for apoCaM, for which we were unable to obtain
suitable material for biochemical analysis, would affect
inactivation by altering the Ca?* sensor’s conformation
and/or coupling with EF.

Inherent in this model is that measures of VDI and
CDI would be difficult to separate experimentally, as
attempts to affect one process may invariably alter the
other. Previous assessments of CDI have used parame-
ters measuring differences in inactivation kinetics be-
tween conditions with Ca?*-containing solutions and
solutions containing another permeant divalent cation
such as Ba?*. Thus, the interpretation of the effects of
certain mutations in Figure 4 on CDI needs to consider
that the primary process altered may have been VDI,
thus precluding the expression of CDI even if the mecha-
nisms for Ca?' responsiveness remain intact.
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Figure 6. Model for CDI and VDI

(A) Model showing mechanism of inactivation for wt channel. Open channel is shown in the middle box. Voltage induces a slow conformational
change that allows the I-1l loop to interact with the pore (left). Ca?* influx causes a Ca?*/CaM-induced conformational change that then relieves
the EF-mediated inhibition of the I-1l loop, allowing an accelerated interaction of the I-Il loop with the pore (right).

(B) Model showing mechanism of uncoupling due to 11654A mutation. Loss of the bulky isobutyl side chain at aa 1654 uncouples the Ca?*
sensor from EF, relieving the EF-mediated inhibition of the I-Il loop. In Ba?" (left) or Ca?* (right), inactivation proceeds rapidly.

CaM Tethering and Effector Domains
Are Inseparable
CaM is pictured as interacting with the A-IQ domains in
both its Ca?"-loaded and Ca?'-free states. Indeed, a
primary finding here is that the o;c C-terminal apoCaM
tethering domains and Ca?*/CaM effector domains that
regulate CDI are inseparable. Analysis of CIRP mutants
showed that the peptide A region, the peptide C region,
and 1Q not only contribute to apoCaM tethering but also
contribute to Ca?*/CaM effector functions. The identical
features—loss of CDI and disruption in CaM interac-
tion—that defined the I1Q motif as a Ca?"/CaM effector
domain were characteristic of mutations in the regions
analyzed in this study. Previous models for CDI based
upon assignment of apoCaM tethering or Ca?*/CaM ef-
fector domains to specific regions within the proximal
portion of the a;c C terminus need to be reassessed.
The disparities between the results obtained with
smaller peptides (Erickson et al., 2003; Pitt et al., 2001;
Tang et al., 2003) and those obtained with the entire
proximal portion of the a;; C terminus (data from this
study) likely reflect altered binding properties displayed
by the smaller peptides, which may only contribute a
part of the binding energy inherent to the whole CaM
binding site. For example, we observed moderate ef-
fects of the peptide C mutations upon CaM interaction
with CIRP, in contrast to the results obtained with nearly
identical peptide C mutations analyzed with FRET two-
hybrid mapping (Erickson et al., 2003). Consistent with
our findings, the peptide C mutations also had moderate
effects upon inactivation kinetics; the effects of the mu-

tations analyzed by Erickson et al. (2003) on inactivation
were not assessed.

The generation of a stable, soluble complex between
CaM and this fragment of the o,c terminus inclusive of
all the regions previously identified as essential for CDI
was a critical step in establishing this model. Purification
of the complex and its use in a cell-free system offered
several advantages over the previous assays used for
analyzing the interaction between CaM and «;c C-ter-
minal fragments. First, we were able to assess the inter-
action between CaM and its a;¢ binding target at the
two extremes of [Ca®*]. Second, this approach avoided
spurious interactions due to coincident subcellular tar-
geting of CaM and the o,c C terminus mutants that can
take place with in vivo assessment of protein-protein
interactions. Indeed, we have observed that certain frag-
ments of the a,c C terminus abnormally aggregate in
subcellular compartments when expressed in mamma-
lian cell culture (data not shown). Third, we assessed
direct binding between «;¢ C terminus mutants and CaM,
avoiding the complexities and constraints of an interpre-
tation based on interactions between protein tags such
as GFP. Finally, our material is pure and aggregation-
resistant in a detergent-free system. This represents
clearing of a significant hurdle in the biochemical char-
acterization of this interaction, as certain fragments of
ayc have proven difficult to express in bacteria as soluble
material in the absence of detergent (De Waard et al.,
1995; Pitt et al., 2001). This allowed us to avoid the
concerns that our protein is improperly folded, or that
it could act as a nidus for nonspecific interactions or
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protein aggregation, which would preclude accurate as-
sessment of binding.

This new model for CaM interaction with the o;c C
terminus contributes to the expanding repertoire used
by CaM to recognize target proteins. A canonical CaM
recognition site is an unlikely contributor here, as the
CaM binding pocket in the a4 C terminus extends over
at least 80 amino acids. The formation of a CaM binding
site from the contribution of multiple, noncontiguous
regions on the SK channel provides a basis for compari-
son (Schumacher et al., 2001), and analysis of CaM inter-
action with the B. anthracis edema factor (Drum et al.,
2000) may also offer insight, as the contact region be-
tween the two proteins extends over 6000 A (Liddington,
2002). It is interesting to note that canonical 1-8-14 and
1-5-10 CaM binding sequences (Rhoads and Friedberg,
1997) originally identified in edema factor do not contrib-
ute to CaM contact sites when viewed in the crystal
structure (Drum et al., 2002). Whether peptide A, peptide
C, or the 1Q motif will suffer the same fate remains to
be determined, but this observation underscores the
problems in trying to predict CaM contact sites from
sequence analysis.

Experimental Procedures

Construction of cDNA Plasmids

The plasmid encoding the ¢ subunit used for expression in Xeno-
pus oocytes, pPCARDHE, was a generous gift of W. Sather (U. of
Colorado). Mutagenesis was performed with QuikChange (Stra-
tagene) on an EcoRV-Xmal fragment encoding the a;c C terminus
that had been subcloned into the pSP70 shuttle vector. After muta-
genesis, the entire fragment was sequenced and then subcloned
into pPCARDHE. The plasmid encoding the o;c 1507-1669 fragment
(CIRP) and 1558-1669 fragment were generated by amplifying the
appropriate DNA by PCR with primers containing endonuclease
restriction sites. Products were digested with the appropriate en-
zymes and ligated into pET28a+ (Novagen). Mutations were gener-
ated with QuikChange. The CaM wt and CaM; 3, expression plasmids
were generated by subcloning bovine CaM (wt) or a mutated rat
CaM (CaM,3,) into pSGCO02 (Ghosh and Lowenstein, 1996).

Electrophysiology

In vitro transcription and microinjection into Xenopus oocytes of a;¢
and the auxiliary Ca?* channel subunits g, (Ruth et al., 1989) and
ad (Singer et al., 1991) were performed generally as previously
described (Zuhlke et al., 2000). In brief, in vitro transcription was
performed using mMessage mMachine (Ambion) after linearizing
the cDNA vector with the appropriate enzyme. 46 nl of a cRNA
mixture, containing 10-50 fmol/pl of ayc and 5-10 fmol/p.l of B, and
.9 subunits, was microinjected into stage V or VI Xenopus oocytes,
which were then kept at 17°C-19°C in a sterile Barth’s medium
supplemented with penicillin and streptomycin (Specialty Media)
and used for recordings 3-7 days later. Before recording whole-cell
I, or Ic,, oocytes were injected with 25-50 nl of 100 mM BAPTA
solution (pH 7.4) to minimize contaminating Ca?*-activated CI~ cur-
rents. During /g, recordings, oocytes were constantly superfused
with a solution containing 40 mM Ba(OH),, 50 mM NaOH, 1 mM
KOH, and 10 mM HEPES (adjusted to pH 7.4 with methanesulfonic
acid). To evoke I, the bath solution was switched to a solution
containing Ca(NQ,), instead of Ba(OH),. Recordings were performed
with a standard two-electrode voltage clamp configuration using
an oocyte clamp OC-725C amplifier (Warner Instrument Corp.) con-
nected through a Digidata 1322A A/D interface (Axon Instruments)
to a personal computer. lonic currents were filtered at 1 kHz by an
integral 4 pole Bessel filter and sampled 10 kHz and analyzed with
Clampfit 8.1.

Protein Expression and Purification
The oy 1507-1669 with and without the CaM or CaM; 3, expression
plasmids were transformed into BL-21 cells by electroporation. Cells

were grown to an ODg,, = 0.3 and then expression was induced with
the addition of IPTG for 72 hr at 16°C. Cell extracts were prepared by
passage through a French pressure cell. The lysates were then
centrifuged at 100,000 X g for 90 min, and the supernatants were
then applied to Talon metal affinity resin (Clontech). The CaM/ay¢
1507-1669 complex was eluted with 250 mM imidazole, aliquoted,
and stored at —20°C in 25% glycerol for further use. Gel filtration
was performed over a Superdex 200 HR 10/30 column on an AKTA
FPLC (Amersham Biosciences) in 500 mM NaCl, 5 mM imidazole,
20 mM Tris, 25% glycerol (pH 7.5), supplemented with either 10 uM
CaCl, or 5 mM EGTA. Generation of the GST fusion protein con-
taining the I-1l intracellular loop has previously been described (Pitt
et al., 2001).

GST Pull-Down Assay

The GST I-Il loop fusion protein and the GST control were bound
to glutathione sepharose 4B (Amersham) and washed extensively,
and samples were then run on SDS-PAGE for quantification. To
remaining aliquots of both bound GST I-Il loop fusion protein and
GST, wt, or mutant CIRP complex was incubated for 60 min at 25°C
in 150 mM NaCl, 50 mM Tris, 0.1% Triton (pH 7.4) supplemented
either with 1 mM Ca?* or 2 mM EGTA. The bound complexes were
then washed extensively in the same buffer, eluted in SDS sample
buffer, and separated by SDS-PAGE. Proteins were transferred to
nitrocellulose, and immunoblotting was performed with a polyclonal
anti-6xHis antibody (Covance).

Gel Shift Analysis

Calmodulin, purified as described (Pitt et al., 2001), was allowed to
interact with an 1Q peptide containing the I/C mutation (Ziihlke et
al., 2000), and the complex was then run on a nondenaturing, nonre-
ducing polyacrylamide gel (15%) as described (Zuhlke et al., 1999),
in the presence of 10 mM dithiothreitol or 0.1% hydrogen peroxide,
as indicated. Calmodulin was visualized by Coomassie blue staining.
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