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inactivation or deactivation?
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Upon opening, many ion channels spontaneously close
by inactivation processes. As a form of negative feed-
back regulation, inactivation of ion channels helps to
define a variety of physiological functions. The opening
of voltage-gated Ca** (Cay) channels generates and
maintains action potentials and permits Ca®' ions to
enter the cell and signal downstream biological events.
Subsequently, Cay channels inactivate in response to
both voltage (voltage-dependent inactivation [VDI]) and
intracellular Ca®* binding (Ca*-dependent inactivation
[CDI]). VDI also occurs in voltage-gated K' (Ky) and
Na* (Nay) channels, which is due to either the block of
the open-channel pore by a structural component of
the channel protein (Armstrong and Hille, 1998) or the
collapse of the pore structure (Yellen, 2002). Channel
opening exposes a receptor site for the intrinsic blocker
(Zhou et al., 2001) and sets in motion a series of confor-
mational changes that lead to pore closure (Cordero-
Morales et al., 2007). CDI, on the other hand, is unique
to Cay channels. Ca*" entering the cell via open Cay
channels binds to a calmodulin (CaM) molecule that is
associated with the channel and causes inactivation (Lee
et al., 1999; Peterson et al., 1999; Qin et al., 1999;
Zuhlke et al., 1999). Although the fascinating molecular
details of Ca?! sensing by Cay channel-associated CaM
have been unveiled in the past decade, the downstream
events of how the Ca*-CaM complex reduces channel
opening are not known. An overarching question is
whether CDI and VDI share the same molecular end-
points, i.e., by pore block/collapse. In two papers pub-
lished in the March 2010 issue of The Journal of General
Physiology, Tadross et al. (Tadross et al. and Tadross and
Yue) have studied both VDI and CDI in Cay1.3 channels
and have provided some critical stepping-stones along
the path of answering these questions.

VDI: a hinged-lid model of pore block

The pore-forming al subunit of Cay channels contains
four repeated structural domains (I-IV), each containing
six transmembrane segments (S1-S6; Fig. 1 A). S5 and
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S6 from all four domains form a central pore across the
membrane, with S6 lining the inner face. S1-S4 of each
domain form a voltage-sensing domain at the rim of the
pore. This membrane topology and general structure
are also shared by Nay and Ky channels, except that Ky
channels are formed by four identical subunits, with
each subunit analogous to one Cay domain. At rest, the
S6 helices form a bundle crossing that occludes the pore
at the cytoplasmic side. Upon activation of the voltage
sensor by depolarization, an outward movement of the
S4 segments across the membrane triggers the S6 helices
to move apart, thereby opening the pore (Swartz, 2004).
Thus, S6 also serves as an activation gate.

One form of VDI in voltage-gated channels can be
mimicked by the block by quaternary ammonium or
channel peptides applied to the cytoplasmic side, and
can be eliminated by intracellular protease digestion
(Armstrong, 1971; Armstrong et al., 1973; Hoshi et al.,
1990; Zagotta et al., 1990). A “ball and chain” model
was proposed for VDI, i.e., a structural component of
the channel protein attached by a peptide chain acts as
a ball to plug the open-channel pore (Bezanilla and
Armstrong, 1977). The structure of ball and chain in Ky
channels was subsequently identified as the N terminus
of each a subunit (Hoshi et al., 1990; Zagotta et al.,
1990). In Nay channels, three hydrophobic residues in
the loop between domains III and IV (III-IV loop) were
found to block the channel, resulting in VDI. This
mechanism is called a “hinged-lid model” (West et al.,
1992). A hinged lid in Cay channels was identified as
the I-II loop (Fig. 1 A) based on the result that muta-
tions in this region alter VDI (Stotz et al., 2004). The
B subunits of Cay channels also affect VDI by interact-
ing with a segment called the AID within the I-II loop
(Fig. 1 A).

The intrinsic peptide blockers, whether “ball” or “lid,”
dock on a receptor site formed by residues in the S6 he-
lices to block the channel (Zhou etal., 2001). In Fig. 7E
of Tadross et al. (2010), the authors showed three muta-
tons in I and II S6 that reduced the rate of VDI. These
residues, which correspond to those in the receptor site
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B subunit

of Cayl.2, are located above the putative bundle crossing
and become exposed to the cytosol upon channel open-
ing (Fig. 7 G in Tadross et al., 2010). Thus, these residues
are likely to form the receptor site in Cayl.3, supporting
the hinged-lid model for VDI.

Tadross et al. (2010) also revealed a twist in the
hinged-lid model in Cayl.3, i.e., a “shield” that obstructs
the hinged lid from closing, thereby reducing VDI. The
shield concept is based on two observations. First, al-
though the receptor site is located above the putative
bundle crossing, a proline scan of S6 in all four domains
shows that mutations producing the greatest alterations
in VDI all cluster below the bundle crossing (Fig. 6 A in
Tadross et al., 2010), forming a “hotspot” in between
the hinged lid and its receptor site. Second, these hot-
spot mutations all increase VDI (Fig. 3 in Tadross et al.,
2010), as if the mutations were removing an obstruction
of VDI. To further demonstrate the shield phenome-
non, the authors studied Cayl.3 coexpressed with either
the Bo, or By, subunit, both of which interact with the
hinged lid but show divergent effects on VDI when co-
expressed with other Cayl or Cay2 channels. Such a di-
vergence of 3 subunit effects disappears with wild-type
Cay1.3 but is unmasked by hotspot mutations. This indi-
cates that the proposed shield structure reduces VDI,
making it oblivious to the modulations by 8 subunits in
the wild-type Cayl.3 channels (Fig. 6, D and E, in Tadross
etal., 2010).

298 CDI of Cay channels

RCK Figure 1. Cartoon of the a1 and 3 sub-
units of Cay (A), SK (B), and MthK (C)
channels.

CDI: reduction of activation gating

CaM binds to the IQ domain (Fallon et al., 2005; Van
Petegem et al., 2005; Mori et al., 2008), which is located
in the cytoplasmic C-terminal tail of the al subunit
(Fig. 1 A). Upon Ca* binding, the Ca**~CaM complex
interacts with channel effector sites (Tadross et al., 2008),
leading to CDI. Despite the distinction between the ini-
tiation of CDI and VDI, whether CDI eventually reduces
channel activity via the same inactivation gate as VDI is
unknown. Early on, it was proposed that the mecha-
nisms for CDI and VDI are different based on observa-
tions that VDI is accompanied by a reduction in gating
currents, whereas photorelease of intracellular Ca? jons
using photolabile Ca** chelators causes CDI with no
change in gating currents (Hadley and Lederer, 1991).
This result was recently confirmed by using physiological
Ca* entering through Cay channels to drive CDI (Barrett
and Tsien, 2008). Gating charge immobilization is
commonly observed in VDI of voltage-gated channels.
Therefore, these results are consistent with the hinged-
lid model for VDI, while indicating that CDI may use a
different mechanism. Moreover, the same study showed
mutations that alter the kinetics of VDI but do not affect
CDI, suggesting the dissociation of the two mechanisms
(Barrett and Tsien, 2008). However, even if CDI and VDI
share the same endpoint, the pathways leading to it may
differ; on the other hand, the pathways for CDI and VDI
may converge at certain points, although they eventually

620z Jequeoa( g0 uo 3senb Aq 4pd'1.z¥01010Z dbl/LG6vELL/L62/vISE L/spd-alonie/dbl/Bio sseidny//:dny wouy pepeojumoq



diverge to different endpoints. This data cannot deci-
sively exclude either of these possibilities. Substantiating
this concern, B subunits and mutations in the I-II loop
affect both VDI and CDI, which have been used to argue
for a shared mechanism underlying both forms of inacti-
vation (Cens et al., 1999; Findeisen and Minor, 2009).
Thus, to show independent mechanisms for CDI and
VDI, a unique endpoint for CDI needs to be identified.

In Tadross et al. (2010), the authors considered two
general models for the mechanism of CDI: one by pore
block/collapse, as in VDI, and the other by an allosteric
reduction of activation gating, a model that originates
from a previous single-channel study in the Yue labora-
tory (Imredy and Yue, 1994). Structural perturbations
may alter the free energy between the closed and open
state of the activation gate, AA Ga. Theoretical deriva-
tions of the two models predict distinctive relationships
between CDI and AA Ga (Fig. 1 in Tadross et al., 2010).
For the first model, CDI depends only on Ca** concen-
tration. Perturbations that favor channel opening will
allow more Ca®* ions to enter the cell and bind to CaM,
which increases CDI until Ca** binding saturates. There-
fore, CDI depends on AA Ga following a saturating curve.
For the second model, CDI depends on both Ca* con-
centration and the changes in activation gating. Pertur-
bations that favor channel opening allow more Ca** to
enter the cell and bind to CaM, but at the same time,
this bias toward the open state directly opposes the allo-
steric mechanism of CDI. As a result, CDI dependence
on AA Ga follows a bell-shaped curve.

Two sets of structural perturbations are used to test
these models. The first set is a tour de force proline
scan of the S6 segments in all four domains (Fig. 3 in
Tadross et al., 2010). These mutations in the activation
gate produced a broad spectrum of changes in AAGa
that span the important parts of the CDI-AA Ga rela-
tionship. The data fit the prediction of the allosteric
model and demonstrate an unambiguous decline of CDI
as AA Ga increasingly favors the opening of the activa-
tion gate, strongly arguing for the idea that CDI reduces
channel activity through allosteric hindrance of activa-
tion gate opening (Fig. 4 in Tadross et al., 2010). In the
second set of perturbations, Bay K 8644 is applied to the
wild-type Cayl.3 and several S6 mutants. Bay K 8644,
which is known to interact with S5/S6 regions to en-
hance channel opening, also alters CDI in the direc-
tion predicted by the allosteric model (Fig. 5 in Tadross
et al., 2010).

Supporting the idea that CDI and VDI have different
endpoints, divergent behaviors of CDI and VDI are also
demonstrated. A majority of proline scan mutations
affect CDI but not VDI, whereas some affect VDI but
not CDI. Only a handful of mutations alter both CDI
and VDI (Fig. 5 in Tadross et al., 2010). A caveat for this
comparison is that a “shield” largely reduces VDI in
Cayl.3. In cases where VDI does not show a change by

mutations, it is not clear whether the mutations genu-
inely do not affect VDI or the effect is shielded. In the
second paper, Tadross and Yue (2010) analyzed the state
dependence of VDI and CDI and found that VDI pro-
ceeds only from the open state, whereas CDI proceeds
from the open as well as nearby closed states. With re-
gard to VDI, the results suggest that the hinged lid can
dock onto the receptor site only after channel opening
exposes it. For CDI, inactivation from nearby closed
states is consistent with the idea that CDI affects activation
gating. Surprisingly, these results seem to suggest that
apoCaM may cause CDI even before Ca* ions can enter
the cell. Alternatively, it is also possible that Ca* influx
through the neighboring Cay channel could bind CaM
to drive CDI from the closed states (Tadross et al., 2008).

What is the molecular mechanism of CDI?

Since Hodgkin and Huxley elucidated the ionic basis of
action potentials, experimental results as well as text-
books have taught us that activation and inactivation
gating are distinctive molecular processes. The current
papers seem to have blurred this distinction. Conse-
quently, a possibility is now open that CDI may share
mechanistic similarities with Ca*-dependent allosteric
gating of other ion channels, such as the small-conduc-
tance Ca*-activated K* (SK) channels and the calcium-
activated prokaryotic K' channel, MthK (Fig. 1, B and C).

SK also uses CaM as a Ca®" sensor to modulate its ac-
tivity (Xia et al., 1998). CaM binds to the CaM-binding
domain (CaMBD) in its cytoplasmic C terminus. Upon
Ca* binding, the CaMBD-CaM complex from two SK
subunits forms a dimer, thereby pulling open the S6 ac-
tivation gate (Schumacher et al., 2001). The Ca*-binding
sites of MthK reside in its cytoplasmic C terminus, called
the RCK domain. In each MthK channel, four RCK do-
mains tethered to the pore and another four isolated
RCK domains from an alternative initiation codon form
a complex called the gating ring (Jiang et al., 2002).
Ca binding triggers an expansion of the diameter of
the gating ring that pulls the inner pore helices to open
the activation gate (Jiang et al., 2002; Ye et al., 2006).

Is it possible that the Ca**~CaM complex in Cay chan-
nels uses a similar mechanism to alter activation gating,
i.e., by causing a conformational change to tug the acti-
vation gate? Unlike tetrameric K channels, in which each
subunit contains a CaMBD or CaQ*-binding site, Cay
channels have only one IQ) domain for CaM binding.
A tug by the Ca**~CaM complex would only directly af-
fect IV S6. Nevertheless, the four domains are coopera-
tive during gating, and the final gate opening may involve
a concerted movement of all four S6 helices (Zagotta
etal., 1994). Therefore, a tug on IV S6 has the potential
to modulate the movement of the entire activation gate.
On the other hand, in Cay channels, the Ca*~CaM com-
plex can also enhance channel activity, a phenomenon
known as Cag*-dependent facilitation (CDF). CDI and
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CDF can occur in the same channel, driven by Ca* bind-
ing to the N and C lobe of CaM, respectively (DeMaria et
al., 2001). It will be fascinating to elucidate the similari-
ties and differences in the structures and mechanisms
mediating CDI and CDEF, which will shed light on the
principles of Ca*-dependent allosteric gating of ion
channels.

Finally, although CDI and VDI may have different end-
points, ample opportunities exist for crosstalk between
the two. For instance, S6 harbors the receptor site for
VDI and also serves as the activation gate that is affected
by CDI. Additionally, IQ-CaM may interact with the I-II
loop (Kim et al., 2004). Therefore, perturbations of VDI
may affect CDI by either a direct interaction or an allo-
steric connection via S6 movements, and vice versa.
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