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Abstract

A kinetic model of Ca2+-dependent inactivation (CDI) of L-type Ca2+ channels was developed. The model is based on the hypothesis that

postulates the existence of four short-lived modes with lifetimes of a few hundreds of milliseconds. Our findings suggest that the transitions

between the modes is primarily determined by the binding of Ca2+ to two intracellular allosteric sites located in different motifs of the CI

region, which have greatly differing binding rates for Ca2+ (different kon). The slow-binding site is controlled by local Ca
2+ near a single open

channel that is consistent with the ‘‘domain’’ CDI model, and Ca2+ binding to the fast-binding site(s) depends on Ca2+ arising from distant

sources that is consistent with the ‘‘shell’’ CDI model. The model helps to explain numerous experimental findings that are poorly understood

so far.
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1. Introduction

High-threshold voltage-dependent L-type Ca2+ channels

play a key role in the contraction of smooth and cardiac

muscles, neuroendocrine secretion, and many other vital

functions of the organisms. They are regulated by a great

number of factors of different physicochemical nature [1,2].

Among the most important are hormones and neurotrans-

mitters, which bring about a relatively slow regulation (up to

a few tens of seconds), and membrane potential (V) and

intracellular calcium, which accomplish a fast regulation (of

the order of hundreds of milliseconds). The slow regulation

is mainly related to chemical modification, including

(de)phosphorylation of channels, which is associated with

cascades of enzymes whose activity is modulated by
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hormones and neurotransmitters [1]. The fast regulation is

determined by voltage- and Ca2+-dependent conformational

transitions in the channel.

The L-type Ca2+ current that develops in response to

membrane depolarization can be divided into the following

components: voltage-dependent activation, Ca2+-dependent

inactivation (CDI), voltage-dependent inactivation (VDI),

and residual current [1,3]. The inactivation of the channel

with time t is usually described by the double-exponential

function I(t)=ACa Iexp(� t/sCa)+AV Iexp(� t/sV)+ I0, where
ACa and AV are the amplitudes, sCa and sV are the time

constants of CDI and VDI, respectively, and I0 is the residual

current. Despite the simple kinetics of the L-type Ca2+ current

and abundant experimental evidence that has accumulated

over a period of more than 25 years, both the molecular and

kinetic mechanisms of regulation of the current are not yet

completely understood to explain the dependencies of

amplitudes and time constants of different inactivation

components on V and intracellular Ca2+ concentration.

In the last decade, considerable progress has been made

towards understanding the molecular mechanism of CDI.
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The critical determinants of Ca2+ inactivation have been

localized in the C-terminal tail (residues 1520–1732) of

the pore-forming a1-subunit of L-type Ca2+ channel [4,5]

referred to as the Ca2+ inactivation (CI) region [6]. It was

shown that replacing the CI region with the homologous

segment of the Ca2+-insensitive a1E-subunit of Ca2+

channel results in a complete suppression of CDI [4].

Further experiments with the substitution or deletion of

amino acid sequences and individual amino acids in the

CI region [6–14] made it possible to identify several

narrow regions responsible for CDI, the most important of

which are the consensus EF hand motif, a region

designated peptide LM1 [11] or peptide A [12], and the

IQ-like motif. It was shown that the binding of Ca2+ to the

peptide A and IQ-like regions occurs via calmodulin

(CaM) [6,10,12–17].

Despite significant advances in the localization of sites

responsible for CDI and proposed molecular mechanisms

for CDI [15,18], there is only one report [11] using recent

molecular experimental data in which an attempt was made

to analyze quantitatively the sequence of transitions of the

channels from one state to another. As before, a lot of the

experimental data on the kinetics of L-type Ca2+ currents in

native membranes, obtained over a period of more than two

decades, remain unexplained. A quantitative description of

the L-type Ca2+ currents in rat ventricular myocytes [19] is

rather phenomenological.

One of the difficulties in interpreting the experimental

data is that the kinetics of CDI is largely affected not only

by conformational changes in the channel but also by

changes in intracellular Ca2+ concentration near the mem-

brane, which significantly vary near open and closed

channels. To explain the dependence of CDI kinetics on

Ca2+ arising from both local and distant sources [20], the

analysis of CDI must take into account a highly variable

distribution of intracellular Ca2+ along the inner membrane

surface.

The most popular models of CDI of L-type channels,

which account for changes in Ca2+ concentration near the

membrane, are the shell [21] and the domain [22] models.

The shell model postulates that inactivation is driven by

Ca2+, which is uniformly distributed in a thin layer (up to 1

Am) adjacent to the intracellular membrane surface. The

concentration of Ca2+ in this layer is determined by the

whole-cell integral Ca2+ current and the intracellular Ca2+

buffer [21]. The transition of the channel into the inactivated

state occurs when Ca2+ binds to the allosteric sites of both

the open and closed channels. By contrast, the domain

model assumes that the transition to the inactivated state

occurs if local Ca2+ binds to the allosteric site of the open

channel only [22]. Both models have some shortcomings,

which were discussed in the literature [22,23]. Thus, the

shell model cannot explain the experimentally observed

CDI in single channels, while the domain model ignores the

role of the concentration of Ca2+ near closed channels, that

is Ca2+ arising by lateral diffusion from distant open
channels, and consequently does not account for the

experimentally observed effect of intracellular Ca2+-binding

buffer on the kinetics of channel inactivation [21]. In view

of this, the development of a general kinetic model of CDI,

which could explain a wide variety of experimental data on

the kinetics of integral and gating currents and on single

channels is an important task.

The finding that voltage- and Ca2+-dependent transitions

of L-type channels are independent processes significantly

contributed to understanding the mechanism of intrachannel

conformational changes leading to the CDI of channels. The

analysis indicated that the movement of activating [24] and

inactivating gating currents [25,26] does not depend on

intracellular Ca2+ concentration. This was an essential

premise to the modal hypothesis of Ca2+-dependent

inactivation of Ca2+ channels proposed by Imredy and

Yue [27]. The hypothesis is based on the assumption that

intracellular calcium both induces inactivation and causes

the channel to adopt a new conformation characterized by

another mode of openings and closings of the channel,

namely, mode MCa. The MCa mode is characterized by a

larger first latency [27,28]. Based on this, the authors

proposed a kinetic model of CDI with two modes (basal

mode, M1, and MCa) in which brief transitions of gating are

solely determined by voltage. However, the authors

restricted themselves to a detailed description of the

stationary kinetics of channel opening in both modes and

did not analyze possible mechanisms of Ca2+-dependent

transitions. The dependence of the kinetic characteristics of

L-type current on intracellular Ca2+ concentration was not

investigated.

In this study, we propose a refined kinetic model, which

accounts more accurately for the CDI of L-type channel at

both the whole-cell and single-channel levels. The model is

based on the hypothesis that postulates the existence of four

short-lived modes with lifetimes of a few hundreds of

milliseconds. Our findings suggest that the transitions

between the modes is primarily determined by the binding

of Ca2+ to two intracellular allosteric sites located in

different motifs of the CI region, which have greatly

differing binding rates for Ca2+ (different kon). The slow-

binding site is controlled by local Ca2+ near a single open

channel, and Ca2+ binding to the fast-binding site(s)

depends on Ca2+ arising from distant sources.
2. Model development

2.1. A kinetic scheme of voltage-dependent transitions in

one mode

2.1.1. Voltage-dependent activation

There is substantial evidences that four most extracell-

ularly located basic residues of the S4 segment of the a1

subunit serve as the voltage sensors for activation of the

Ca2+ channel [29,30]. These sensors move outward and
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rotate at membrane depolarization, initiating a conforma-

tional change that opens the channel. The simplest and most

widely accepted kinetic model of voltage-dependent activa-

tion of Ca2+ channels is a scheme with two closed (C1 and

C2) and one open (O) states [31,32]:

C1 S
kþ1

k�1

C2 S
kþ2

k�2

O ð1Þ

According to this scheme, only the rate constants k+1 and

k�1 of step 1 are voltage-dependent, and the rate constants

k+2 and k�2 are weakly dependent on voltage. The

existence of two short-lived closed states is supported by

the biexponential dependence of the closed time distribution

in the mllisecond range [32,33]. Surely, the assumption of

two closed states is oversimplified. The number of closed

states may be much greater; it may be even infinitely large,

as proposed by Shirokov et al. [34] who described the

kinetics of channel opening and inactivation using equations

of electrodiffusion. However, based on the above data, one

can say with a fair degree of confidence that there are two

high potential barriers to the transition of the channel from

the first closed state to the open state, i.e., there are two

stable closed states.

The assumption that the second step (opening) is

voltage-independent is supported by data showing that

the duration of the channel open state is independent of

potential [35,36]. There are some objections against this

scheme [33], which are based on the fact that tail currents

arising during membrane repolarization are very fast. In

reality, they are limited by the rate of voltage clamp.

Therefore, it is assumed that the potential-independent

closing of the channel cannot account for the rapid

deactivation at hyperpolarizing voltages. In addition, there

is evidence that the open state duration depends on

potential [37]. At first sight, the conflicting data on the

voltage dependence of the open channel duration can be

reconciled by assuming that, at voltages above �30 mV,

the open channel duration depends weakly on voltage, and

a strong dependence on V is observed only at more

negative potentials. If so, then there should exist an

activation gating charge associated with the C2SO

transition. This gating charge is distributed according to

the Boltzman equation in a strongly negative range of

potentials and has a time constant of a few milliseconds.

However, a detailed analysis of gating currents in the

range of potentials up to �150 mV [25,26] shows the

absence of the gating currents associated with the

activation of Ca2+ channels. In addition, if both activation

steps were voltage-dependent, there would be a strong

difference in the slope (K) of the Boltzman distribution

with respect to the value of the gating charge and channel

conductance (the open probability). However, simultaneous

measurements of integral and gating currents in cardiocytes

[38] demonstrate approximately equal slopes for both

characteristics (K�11 mV). Therefore, in what follows,

only the C1SC2 transition is taken to be potential-
dependent. The discrepancy in the experimental data on

the voltage dependence of the open channel duration in

this case can be explained by the existence of several open

states in different modes, which are in a voltage-dependent

equilibrium.

2.1.2. Voltage-dependent inactivation

VDI of L-type Ca2+ channels is actually a complex

process [39–41], which may consist of several different

Ca2+-independent components with a duration from about

10 ms [42] to a few seconds [43], depending on

conditions. For instance, the VDI of native cardiac L-type

channels shows fast (sf¨30 ms) and slow (ss¨300 ms)

components related to the phosphorylation of channels

[41]. The molecular determinants of VDI have been

intensively studied and appear to be located in the

transmembrane segments S6 in repeats I–IV [42] and I–

II linker [40] of the a1 subunit and also include the h
subunit [44] of the L-type Ca2+ channel. In this paper, we

will follow the classical view according to which VDI is a

slow component of ICaL.

The most important feature of VDI of L-type Ca2+

channels is the presence of two inactivated states and a

gating charge that determines the transition between these

states [25,26]. This gating charge was detected and

characterized by Shirokov et al. [25,26] and named charge

2 to differentiate it from activating charge 1. Charge 2 has

the same valence as charge 1 but is distributed according to

the Boltzman equation in the range of more negative

potentials (potential of half-activation, V, ��90 mV) and

has a time constant of �10 ms. It was suggested that the

following kinetic model of interconversions of charges 1

and 2 [26]

I1 Scharge 2 I2
� �
C Scharge 1 O

ð2Þ

Here C, O, I1 and I2 are the closed, open, and inactivated

states, respectively. The transfer of the activating gating

charge 1 occurs during the CSO transition, and charge 2 is

transferred during the I1S I2 transition. The voltage-

independent stage OS I2 determines the time constant of

VDI of the L-type Ca2+ current.

2.1.3. A general scheme of voltage-dependent switches of L-

type Ca2+ currents within one mode

Based on the schemes of activation (1) and inactivation

(2), the following schemes of voltage-dependent switches of

the Ca2+ channel within active, MB and MF (Fig. 1A), and

inactive, MI and MCa (Fig. 1B), modes were proposed (see

also Fig. 2). In inactive modes in Fig. 1B, an inactivated

state I3 was introduced instead of the open state O in Fig.

1A. Stages C1SC2 and I1S I2 are voltage-dependent. The

other steps, including transition C2S I3, are independent on

voltage. It should be noted that the scheme in Fig. 1A is



Fig. 1. Voltage-dependent transitions in active (A) and inactive (B) modes. Every gating mode comprises five states labeled by superscripts X (X=B, F) or Y

(Y=I, Ca). C1 and C2 are closed, I1 and I2 are voltage-dependent inactivated, I3 is Ca
2+-dependent inactivated, and O is open states of the channel, respectively.

X denotes active, basal (MB) and flickering (MF), modes. States in inactive, intermediate (MI) and calcium (MCa) modes are labeled by superscripts Y. For

detailed mode description, see Fig. 2 and text.

N.I. Markevich et al. / Biophysical Chemistry 117 (2005) 173–190176
analogous to the scheme of voltage-dependent switches of

T-type Ca2+ channels suggested by Chen and Hess [45].

According to this scheme, the transition to the inactivated

state I2 occurs from the closed state C2. In principle, an

alternative scheme is also possible in which the transition to

I2 occurs from the open state O [45]. However, there is

evidence that the transition of L-type Ca2+ channels to the

inactivated state during membrane depolarization occurs

from the closed state [46]. Therefore, in further analysis, we

will use the kinetic schemes in Fig. 1A and B as the basic

models of channel voltage-dependent switches within the

active mode MX (X=B, F) and the inactive mode MY (Y=I,

Ca), respectively (all modes will be described below). A

detailed scheme of all intramodal transitions is given in

Appendix A.

2.2. A kinetic scheme of Ca2+-dependent transitions

between different modes

The simplest scheme of Ca2+-dependent transitions of

channels from one mode to another is the scheme of Imredy

and Yue [27], which involves two conformations corre-

sponding to two modes of Ca2+-dependent inactivation of L-
Fig. 2. A scheme of intermodal Ca2+-dependent transitions in L-type Ca2+

channels. MB, MI, MF, MCa denote the basal active, intermediate inactive,

flickering active, and calcium inactive modes of the channel. Casch
(subchannel) and Casm (submembrane) are the intracellular calcium

concentrations near the mouths of the open and closed channels,

respectively.
type Ca2+ channels, the basal mode M1 and the calcium-

dependent mode MCa.

M1 S
Ca2þ

MCa ð3Þ

According to this scheme, intracellular Ca2+ binds to the

channel (the mechanism of binding is not specified) and

induces a transition from the active mode M1 to the inactive

Ca2+-dependent mode MCa. Openings and closings of the

channel in each mode are described by identical kinetic

schemes with two closed and one open states (scheme 1). In

order that the condition of independence of the activation

gating current from the intracellular Ca2+ concentration is

met, it is assumed that the rate constants of the potential-

dependent C1SC2 transition in both modes are equal. The

main difference between the modes is the decrease in the

rate constant of the entry of channels into the open state (k+2
in Scheme (1)). It was assumed that, upon transition to MCa,

k+2 decreases by two orders of magnitude and becomes

equal to �0.005 ms�1. The rate constant (k�2) for the exit

from the open state increases only slightly. Using this

hypothesis, the authors explained their own experimental

data on two-pulse stimulation of single channels, in

particular, a substantial decrease in the time of the first

opening of the channel after its preliminary stimulation by

membrane potential, i.e., after the transition to MCa.

However, this simple scheme of intermodal switches (3)

does not completely describe the reported experimental

data. Indeed, if the channel is in MCa (k+2�0.005 ms�1),

the time of the first opening will be very long (more than

100 ms), which agrees well with the data of the authors.

However, after the first opening, the channel closes, and

more than 100 ms are needed in order that the channel

reopens. Consequently, the channel in MCa is able to

generate only rare single openings with a period of about

100 ms. This pattern of openings is observed in experiments

and is conventionally called the active mode 0a. However, in

the experiments of Imredy and Yue, the first opening of the

channel, which occurs with a long latency, is almost always

followed by frequent openings and closings in the form of

short pulse bursts [27]. Similar, though more rare, pulse

bursts in single channels are also observed at very high Ca2+

concentrations of up to tens of micromolar [28]. Therefore,
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it is reasonable to suggest that the delayed first opening of

the channel upon repeated membrane depolarization results

from a slow transition from inactive mode MCa to a second

active mode rather than from a slow entry into the open

state. The occurrence of one more active mode (to which the

channel transits during membrane depolarization) is indi-

rectly supported by abundant experimental data on residual

currents through L-type Ca2+ channels. Below this mode

will be referred to as the flickering mode (MF), by analogy

with the term ‘‘flickering state’’ introduced by Mazzanti et

al. [37] to describe residual currents. Taking this into

account, we propose the following modification of the

kinetic model of intermodal transitions, which, in addition

to three above-cited modes, mode M1 (the basal mode MB),

mode MCa, and mode MF includes an inactive intermediate

mode MI (Fig. 2).

MB denotes the basal active mode, which is an analogue

of the M1 mode in the model of Imredy and Yue [27]; Casch
(subchannel) and Casm (submembrane) are the intracellular

calcium concentrations near the mouths of the open and

closed channels, respectively. Our preliminary analysis

indicated that the model involving only three modes, MB,

MCa, and MF, is inconsistent with the experimental data.

Thus, it predicts a proportional change in the amplitudes of

peak and residual currents upon variations of intracellular

Ca2+ concentration, whereas in the experiments, a strong

change in the residual current is observed at a virtually

invariant amplitude of the peak current in the presence of

the Ca2+-binding buffer [21,47]. Based on this, we

suggested that there are four modes of which two modes,

MB and MF, are active, and modes MCa and MI are inactive.

The model postulates that the channel has two, a fast and

a slow, allosteric sites for Ca2+ binding with different

association constants kon, which are responsible for CDI.

The binding of Ca2+ to the allosteric sites occurs in a strict

order. Initially, immediately after the channel opening in the

MB mode, Ca2+ binds only to the slow site having a very

low association constant for Ca2+(kon
slow�106 M�1 s�1).

The second allosteric site with a high association constant is

not accessible for Ca2+ binding. As a result, the channel

switches from MB to the intermediate mode MI.

Very low values kon
slow are required to explain the gradual

dependence of the time constant (sCa) of CDI on very high

local Ca2+ concentration Casch which is determined by the

value of the single channel current [48–51]. Only after the

transition to the inactive mode MI, the second site(s) with a

high affinity for Ca2+(Kd2�10�7–10�6 M) becomes

exposed and the second calcium ion binds to them. In this

case, the channel switches from MI to MCa. A high-affinity

allosteric site is required to explain the dependence of CDI

on submembrane Ca2+ concentration Casm (10�7–10�6 M)

near closed channels and in Ca2+-binding buffer. If the

second calcium ion does not bind to the second allosteric

site, the channel can spontaneously switch from MI to MF. It

is assumed that transitions from MI to MCa occur in two

steps: the first step is Ca2+-dependent, and the second step
does not depend on intracellular Ca2+. That is, the channel

first transits from MI to MCa1 after the calcium ion binds to

the site having a high affinity for Ca2+, and then the channel

spontaneously transits from MCa1 to MCa2. The Ca2+-

independent step in the transition from MI to MCa is

necessary to explain the saturation effect in the inactivation

of Ca2+ channels by very high (tens of micromolar) Ca2+

concentrations [28]. A detailed scheme of all intermodal

transitions is given in Appendix A.

The schemes of voltage- and Ca2+-dependent transitions

presented in Figs. 1 and 2 completely describe the proposed

kinetic model of VDI and CDI in L-type Ca2+ channels. In

order that the condition of independence of activating and

inactivating gating currents on intracellular Ca2+ concen-

tration is met, it is proposed that all the modes have identical

kinetic parameters of the voltage-dependent steps. Thus, the

modes differ from each other only by voltage-independent

steps. Besides, channels in inactive modes, MI and MCa,

may exist in the Ca2+-induced inactivated state, I3, as

distinct from active modes MB and MF in which channels

may be in the open state O (Fig. 1). The absence of the open

state in the intermediate mode MI is of fundamental

importance. This postulate derives from the assumption that

the transition from MI to MCa is regulated only by

intracellular Ca2+ arising from distant sources, i.e., Ca2+

near closed channel, Casm, whose concentration is not very

high (up to a few micromolar) and is determined by the

integral Ca2+ current through the membrane and by the

Ca2+-binding buffer. This Ca2+ inactivation step has features

typical of CDI in the shell model [21]. Although the

possibility exists that channels in MCa can be open [27], we

assumed for simplicity that all channels in mode MCa are

closed.

Besides, it is proposed that not only Ca2+ at the mouth of

open channels (Casch) is involved in the regulation of the

transition from MB to MI. The switches of channels in

closed states (C1 and C2) between these modes are also

regulated by Ca2+ concentration near closed channels

(Casm). It is very important that the dissociation constant

for Ca2+ binding in all states, open and closed, is the same to

keep independence of gating currents on the intracellular

Ca2+ concentration [24]. These switches are presented in a

detailed scheme of intermodal transitions (Appendix A).

However, since local Casch is incomparably higher than

Casm, the entry of the channel into CDI after the

depolarization-induced activation of the channel is regulated

only by Casch, as it is shown in Fig. 2. The regulation of CDI

by local Ca2+ is consistent with the domain model of CDI

[22] in which Ca2+ binds only to the open channel. The

involvement of Casm in the regulation of transitions of

channels in closed states between these modes is crucial

when the channel exits from the CDI induced by membrane

hyperpolarization.

According to the model, the charge transfer in the

membrane occurs only during C1SC2 and I1S I2 tran-

sitions; therefore, the rate constants kC1,C2, kC2,C1, kI1,I2, and
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kI2,I1 depend on membrane potential. The dependence of

these constants on membrane potential is given by the

following expressions [26]:

kC1;C2
¼ a1exp

V � V1ð Þ
2K

� 0:1
V � V1ð Þ
2K

�� 2
! 

kC2;C1
¼ a1exp

V1 � Vð Þ
2K

� 0:1
V � V1ð Þ
2K

�� 2
! 

kI1;I2 ¼ a2exp
V � V2ð Þ
2K

� 0:1
V � V2ð Þ
2K

�� 2
! 

kI2;I1 ¼ a2exp
V2 � Vð Þ
2K

� 0:1
V � V2ð Þ
2K

�� 2
! 
: ð4Þ

Here K characterizes the slope of the voltage dependence

of the gating charge being transferred (if the valencies of the

activation [z1] and inactivation [z2] charges are equal and

are approximately z1=z2=z, then K=RT/Fz). V1 and V2 are

the potentials at which half the maximum gating charge is

transferred; a1 and a2 are the rate constants at V=V1 and

V=V2, respectively.

2.3. Some molecular aspects of CDI of L-type Ca2+

channels

Recent experimental studies revealed the molecular

determinants for CDI [5–15] and made it possible to

localize the regions of the channel that correspond to the

allosteric sites. A very attractive candidate for the first

allosteric site sensitive to very high local Casch could be the

consensus EF hand motif [5] which has a low affinity (10–

50 AM) for Ca2+ [52]. CaM is not involved in the binding of

intracellular Ca2+ to this site. If it was the case, the second

site regulated by Casm arising from distant open Ca2+

channels would be located on CaM tethered to the IQ-like

motif [6,10,13–16] or/and CaM tethered to the CI region

designated peptide LM1 [12] or peptide A [13].

However, the experimental data [11,53,54] do not

support that hypothesis. Yue et al. [5,11] were the first to

suggest that the consensus EF hand motif of the a1C subunit

(EF hand) is the critical molecular determinant for CDI.

First, using their own experimental data, they proposed that

the EF hand was a Ca2+ sensor for CDI [5]. However, a

detailed analysis of mutations in the Ca2+-coordinating

center of the EF hand showed that the mutations have a

modest influence on CDI [11,53,54]. Therefore, Peterson et

al. [11] reconsidered the hypothesis that the EF hand serves

as a contributory Ca2+ inactivation sensor and suggested a

kinetic model based on the hypothesis that the EF hand may

only support the transduction of Ca2+-CaM binding into

channel inactivation. According to the hypothesis of

Peterson et al. [11], Ca2+ binds only to CaM tethered to
the IQ-like region, and only after the binding of Ca2+, a

conformational change in the EF region takes place, which

supports CDI.

Following the hypothesis of Peterson et al. [11], we may

propose that the first allosteric site, which is regulated by

local Casch, is located on CaM tethered to the IQ-like motif.

However, in this case the following paradox arises [11].

How can high-affinity Ca2+ binding to CaM (the submicro-

molar range) [55] be gradually regulated by very high

concentrations of local Casch (submillimolar range)?

There are several possible explanations for the unsatu-

rated binding of Casch to CaM to induce CDI. The simplest

explanation proposed in our model is a very slow binding of

Ca2+ to the first allosteric site:

O� CaMþ CaS
k1

k�1

I� CaM� Ca ð5Þ

where O-CaM and I-CaM are the complexes of CaM with

the IQ motif in open and inactivated conformations of the

channel.

It is suggested that the association constant (k1) of Ca
2+

binding to CaM tethered to the IQ motif is very low

(k1 I [Casch]<0.1 ms�1 or k1<10
6 M�1 s�1 (10�3 AM�1

ms�1) at Casch¨100 AM) to explain the dependence of the

time constant (sCa) of CDI on single channel current, which

determines Casch [48–51]. Another possibility suggested by

Peterson et al. [11] is that slow binding of Ca2+ to CaM is

followed by fast Ca2+-independent inactivation of the

channel:

O� CaMþ CaS
k1

k�1

O� CaM� CaS
k2

k�2

I� CaM� Ca ð6Þ

where O-CaM-Ca is the open state of the channel.

In this case, the slow first step determines sCa. It should
be noted that, with very fast Ca2+-independent second step,

this scheme turns to scheme (5). The experimental data

show accelerated Ba2+ inactivation at different mutations in

the IQ region [8,13–15,56] and support that hypothesis

about the fast Ca2+-independent transition following Ca2+

binding to CaM. Moreover, it was shown [42] that the time

constant of the fast Ca2+-independent component of

inactivation may be as low as 10 ms.

Another reason for the gradual regulation of sCa by local

Casch could be the dependence of the apparent dissociation

constant for Ca2+/CaM binding on CaM/IQ motif inter-

action. This may be the case if Ca2+ binding to CaM occurs

in two steps. First, Ca2+-free CaM (apoCaM) binds to the IQ

motif and only then Ca2+ binds to CaM tethered to the IQ

motif. This hypothesis is supported by numerous exper-

imental data on binding of apoCaM to the IQ-like region

[12–15].

Let us consider the following two-step scheme:

Oþ CaMS
k1

k�1

O� CaM

O� CaMþ CaS
k2

k�2

I� CaM� Ca ð7Þ
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To show explicitly the dependence of the kinetic parameters

of Ca2+ binding to CaM on CaM/IQ interaction, we suggest

that the first step is faster than the second. In the simplest

case of fast equilibrium between O and O-CaM (if

k2 I [Casch], k�2<k1, k�1), the two-step scheme (7) becomes

O4þ CaS
k24

k�2

I� CaM � Ca ð8Þ

where O*=O+O-CaM; O=O*/(1+[CaM]/K1); O-CaM=O I
[CaM]/K1; K1=k�1/k1;

k24 ¼ k2
CaM½ �=K1

1þ CaM½ �=K1ð Þ :

In this case, the apparent constant (K2*) of Ca2+

dissociation from CaM depends on the dissociation constant

K1 and concentration of CaM as follows:

K24 ¼ k�2=k24 ¼ k�2 1þ CaM½ �=K1ð Þ
k2 CaM½ �=K1

:

If the first allosteric site is actually CaM tethered to IQ

motif, then the second site(s) regulated by Ca2+ from distant

open channels (Casm) may be the consensus EF hand motif

or/and the peptide A region [13]. However, alternative

possibilities that different Ca2+-binding domains are the first

or second allosteric sites for CDI cannot be excluded. The

question is which of them (EF hand or CaM tethered to the

peptide A or IQ-like motif) is the first site(s) and which is

the second.

2.4. Changes in intracellular Ca2+ concentration near the

membrane

Let us consider in more detail how the intracellular Ca2+

concentration near the membrane changes when calcium

ions enter L-type Ca2+ channels. Note that when the channel

is open, the concentration of Ca2+ strongly increases near

the internal mouth of the open channel and moderately

increases in a thin layer adjacent to the intracellular

membrane surface near closed channels because of the

lateral diffusion while the Ca2+ concentration in the cytosol

changes little. Below the variable concentration of Ca2+ near

open channels will be referred to as the microdomain

(subchannel) concentration (Casch), and the concentration of

Ca2+ near closed channels will be referred to as the

macrodomain (submebrane) concentration (Casm).

2.4.1. Distribution of microdomain Ca2+

Chad and Eckert [57] were the first to note that not only

the calcium near the membrane but also perimembrane Ca2+

localized in domains adjacent to open channels is involved

in CDI of Ca2+ channels. The Ca2+ concentration in these

local domains is determined not by integral current but by

the current through a single channel [57]. A theoretical

analysis of the distribution of Ca2+ near the inner face of the

membrane predicted that Ca2+ concentration in a local
domain, a semisphere with a radius r with the center in the

mouth of the open channel, can be hundreds of AM [58].

The Ca2+ concentration strongly increases to a stationary

value when the channel opens and returns to bulk values

when the channel is closed within as few as several

microseconds at r of up to tens of nanometers. Later, these

theoretical predictions received experimental support. It was

shown using a low-sensitivity Ca2+ indicator that Ca2+

concentration in microdomains near open channels reaches

values of 200–300 AM [59]. The distribution of Ca2+ near

the open channel is most frequently described by the Neher

equation [60]. Neher showed that in the presence of a

mobile Ca2+-binding buffer with a limited rate of calcium

binding, the stationary distribution of Ca2+ concentration (c)

with respect to the distance from the channel r is described

by

c rð Þ ¼ cV þ iexp � r=kð Þ
4pFDr

ð9Þ

where cV is the concentration of Ca2+ throughout the

volume of the cytoplasm, i is the amplitude of the current

through a single channel, F is the Faraday constant, D is the

coefficient of Ca2+ diffusion in the cytoplasm, and k is the

effective length of Ca2+ buffering. k� [D2/(kon IB)]
1/2,

where kon is the constant of Ca2+ association with the

buffer, B is the concentration of the mobile Ca2+ buffer. This

equation was derived under the assumption that relative

changes in the concentration of the buffer, free and bound to

Ca2+ , are low compared with the changes in free Ca2+ and

can be used under the conditions being of practical interest.

More accurate solutions of the equations of diffusion in the

case of a mobile Ca2+-binding buffer were derived by Stern

[61].

We shall describe the current through a single channel i

by the Goldman–Hodgkin–Katz equation [62] unless

otherwise indicated:

i ¼ PCaF
F

RT

��
2V

Caoutexp � 2VF

RT

��
� Cain

exp � 2VF

RT

��
� 1

: ð10Þ

Here Caout and Cain (Cain
2+
KcV) are invariable Ca2+

concentrations outside the cell and in the bulk of the

cytoplasm, respectively, V is the membrane potential, PCa is

the permeability coefficient of the single channel, F, R, and

T have a common meaning. The potential outside the cell is

taken as zero; therefore, the outward current will be

considered as positive.

2.4.2. Distribution of macrodomain (submembrane) Ca2+

For an infinite planar membrane, the stationary concen-

tration of Ca2+ near the closed channel, which is determined

by the lateral diffusion of Ca2+ from all adjacent open

channels [63], can be calculated by integrating Eq. (9) with

respect to r throughout the membrane surface. To do this, let
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us assume that the closed channel is in the center of a

membrane ring with a radius r and thickness dr. Then the

stationary concentration of Ca2+ near that closed channel

(csm(r)) will be determined by single currents ir through Nr

open channels in this ring by Eq. (4) in which ir=Nr I i
should be introduced instead of i. That is,

csm rð Þ ¼ cV þ Nriexp � r=kð Þ
4pFDr

ð11Þ

Here Nr=rp02krdr, where r is the number of functionally

active channels per 1 Am2 of membrane surface, and p0 is

the channel open state probability.

The expression for the stationary concentration of Ca2+

near a closed channel (csm) at the expense of integral current

through all open channels has the following form:

csm ¼ cV þ
Z V

0

Nriexp � r=kð Þ
4pFDr

¼ cV þ rp0ik
2FD

: ð12Þ

It should be emphasized that this expression was derived

for the case of uniform distribution of channels along the

membrane surface. If the channels exist as clusters (‘‘hot

spots’’) largely separated from each other, as it is the case in

L-type Ca2+ channels in cardiocytes [64], and the radius of a

cluster R is less than k, the equation for csm has the form

csm ¼ cV þ rp0ik 1� exp � R=kð Þð Þ
2FD

ð13Þ

or approximately

csm ¼ cV þ rp0iR
2FD

ð14Þ

In this case, macrodomain concentration csm does not

dependent on k.
In further calculations, the following values of the fixed

parameters were used: Caout=2000 AM; r=1 nm. The other

parameters (D, k, Cain, and r) and the rate constants of

channel switches were calculated by minimizing the

deviations between the experimental and theoretical data.

It was assumed in the calculations that Ca2+ concentration

near open channels Casch (CaschKc(r)) at a distance of 1 nm

quickly (within a few microseconds) takes a stationary value

equal to c(r) at r=1 nm, which is determined by Eq. (9),

where, instead of cV, the concentration of Ca2+ near the

close channel, Casm, is used. The variations of Casm
(CasmKcsm) with time were described by the following

expression:

d Casmð Þ
dt

¼

� rkip0
2FD

þ Cain � Casm

��
D

k2
: ð15Þ

Where D/k2 is the time constant for changes in Ca2+

concentration due to diffusion. This equation was derived

for the following reason. The stationary value of Casm
satisfies Eq. (12), except that current i has the negative sign

since this is an outward current. k2/D is the time constant of

the diffusion process.
2.5. Computer simulations of the model

All computer simulations, including the solution of

systems of differential and algebraic equations and fitting

the experimental data to the model, were performed using

the biochemical kinetics software packages Dbsolve [65].

The kinetic parameters for the model were calculated from

the data on the time-course of either the whole-cell Ca2+

current [21] or the open state probability of single channels

[66] using the non-linear least-squares method of minimi-

zation [67] implemented in the software package Dbsolve

[65].

2.5.1. Initial conditions

In all simulations, to adjust the initial conditions, the

system of differential equations was allowed to equili-

brate at a holding potential. Model simulations of early

and late openings [66] were performed using different

initial conditions according to the experimental procedure

of separation of all sweeps into early and late and by the

normalization of open probability of all sweeps. The

general initial condition in the system of equations

describing the experiment [66] (Appendix B) corresponds

to the steady state in this system at a holding potential of

�50 mV. In this case, the total probability of all channel

states is equal to unity. Early openings were calculated

on assumption that the channel occurs initially only in

active modes MB and MF; i.e., the probabilities of all

states in inactive modes MI, MCa1, and MCa2 were taken

to be equal to zero. The probabilities of all states in

active modes MB and MF during late openings were

assumed to be equal to zero. Thus, the total probability

of being in all active and inactive modes was always

equal to unity.
3. Results

Let us consider the key properties of the model based on

the modal hypothesis of Ca2+- and voltage-dependent

transitions in the L-type Ca2+ channel. First of all, the

model describes quantitatively whole-cell Ca2+ currents in

molluscan neurons [21] in the control and in response to

EGTA at different test potentials, i.e., at simultaneous

changes in the membrane potential and intracellular Ca2+

concentration (Fig. 3).

The parameters of the model for which there is a good

quantitative agreement between the experimental and

simulation data are given in Table 1. All parameters,

except k and Cain, were the same in the control and in

the presence of EGTA. In the control: k=1 Am and

Cain=50 nM. In the presence of EGTA, k=0.012 Am and

Cain
2+=1.4 nM.

To better understand the relationship between Ca2+

currents and the modes of channel behavior, Fig. 4 presents

changes in the open state probability of the channel in



Fig. 3. Quantitative description of the experimental data on the kinetics of integral Ca currents in molluscan neurons [21]. Curves were obtained at different

values of the test potential (0, �10, �20 mV) using the model of Ca-dependent inactivation. The holding potential is �40 mV. Circles, triangles, and squares

represent experimental data, and solid lines denote the results of simulation. (A) Control; (B) in the presence of the Ca-binding buffer EGTA.
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different active modes (MB and MF) and the redistribution

between the modes at membrane depolarization. It is evident

from Fig. 4A and B that the contributions of different modes

to the total open state probability strongly depend on the

concentration of the Ca2+ buffer. In the control, the total

open state probability is almost entirely determined by the

basal mode (Fig. 4A) since the contribution of the flickering

mode is very small. After membrane depolarization,

channels mainly switch to MCa (Fig. 4C). In the presence

of EGTA, the contributions of both active modes (MB and

MF) to the total open state probability of the channel

become comparable (Fig. 4B) since, after membrane

depolarization, the channels switch predominantly to the

MF mode (Fig. 4D). Here, it should be noted that, at low

Ca2+ concentrations (EGTA), a slight slowing down of Ca2+

inactivation takes place. In this case, the inactivation time

constant in the basal mode remains unchanged. The slowing

down occurs due to a parallel increase in FO. Presumably,

this is just the cause of the increase in the time constant of

CDI, which is observed as Ca2+ concentration decreases in

the nanomolar Ca2+ concentrations range [47,68]. At higher

Ca2+ concentrations, the contribution of FO decreases, and

the time constant of CDI does not change with increasing

Ca2+ concentration, in full agreement with the experimental

data.

To simulate the experimental data on mutations of

different Ca2+-binding domains in the CI region, we

investigated Ca2+ currents at different values of association

constant (kon) of Ca2+ binding to the first and second

allosteric sites. The results of simulation are presented in

Fig. 5 and Table 2. One can see that the greatest changes

in CDI result from changes in kon of the first site (Fig.

5A). The 10-fold decrease in kon (curve 2, Fig. 5A) results

in a drastic (about sixfold) decrease in the time constant

(sCa) of CDI (Table 2). Further decrease in kon (curves 3

and 4) results in a very slow inactivation of the channel. A

saturation effect is observed at 100–1000-fold changes in

kon and the inactivation of the channel in this case can be
described by the single slow component. The slowing

down of CDI at mutations of the first allosteric site results

from a very slow intermodal transition from the basal

mode MB to the inactive mode MCa at membrane

depolarization (inset in Fig. 5A). By contrast, the

simulation results show that 10-fold and greater changes

in kon of the second site lead to rather modest changes in

CDI and drastic changes in VDI (Fig. 5B and Table 2).

This interesting result is consistent with experimental data

on the mutation of the consensus EF hand motif reported

by Bernatchez et al. [54]. The strong slowing down of

VDI results from the intermodal transition from MB to the

flickering mode MF, which is believed to have very slow

VDI (inset in Fig. 5B).

In addition, the model describes quantitatively two types

of channel openings (Fig. 6): early openings (immediately

after depolarization) with rapid inactivation and residual

current and late openings (with a delay of a few tens of

milliseconds) without inactivation. These patterns of chan-

nel opening were reported for single Ca2+ channels in

cardiocytes [66] and have not yet been explained. The

parameters of the model for which there is a good

quantitative agreement between the experimental and

simulation data are given in Table 1.

To better understand early and late openings in different

modes, we analyzed experiments with double-pulse stim-

ulation (Figs. 7–9) using the parameter values obtained by

Rose et al. [66]. Initially, a prepulse from Vh=�50 mV to

Vm=�10 mV of 1000-ms duration was applied (pulse 1),

then the voltage was decreased to �100 mV for 20 ms

before being returned to �10 mV (pulse 2).

Changes in the open state probability (the sum of early

and late openings) in different modes during double-pulse

stimulation are presented in Fig. 7. Fig. 7C shows that all

openings in both active modes MB and MF during pulse 2

have lower amplitudes and a slower activation than during

pulse 1. This is due to a strong fall of the amplitude in

mode MB (Fig. 7A) and an increased contribution of



Table 1

A detailed scheme of intra- and intermodal transitions in L-type Ca2+ channels

A detailed scheme of intramodal transitions

Equations for intramodal transitions Description of experimental data [21] Description of experimental data [66]

Constants of direct

transition (ms�1)

Constants of reverse

transition (ms�1)

Constants of direct

transition (ms�1)

Constants of reverse

transition (ms�1)

Mode B
BC1S

BC2
BkC1,C2

Ba1=0.2
BkC2,C1

Ba1=0.2
BkC1,C2

Ba1=0.091
BkC2,C1

Ba1=0.091
BC2S

BO BkC2,O=2.5
BkO,C2=0.63

BkC2,O=0.22
BkO,C2=1

BC1S
BI1

BkC1,I1=1.5�10�3 BkI1,C1=1
BkC1,I1=0.01

BkI1,C1=1.25
BC2S

BI2
BkC2,I2=3�10�3 BkI2,C2=1.6�10�6 BkC2,I2=3.8�10�3 BkI2,C2=5.5�10�4

BI1S
BI2

BkI1,I2
Ba2=0.04

BkI2,I1
Ba2=0.04

BkI1,I2
Ba2=0.065

BkI2,I1
Ba2=0.065

Mode I
IC1S

IC2
IkC1,C2

Ia1=0.2
IkC2,C1

Ia1=0.2
IkC1,C2

Ia1=0.91
IkC2,C1

Ia1=0.091
IC2S

II3
IkC2,I3=2.5

IkI3,C2=0.63
IkC2, I3=0.22

IkI3,C2=1
IC1S

II1
IkC1,I1=1.5�10�3 IkI1,C1=1

IkC1,I1=0.01
IkI1,C1=1.25

IC2S
II2

IkC2,I2=3�10�3 IkI2,C2=1.6�10�6 IkC2,I2=3.8�10�3 IkI2,C2=5.5�10�4

II1S
II2

IkI1,I2
Ia2=0.04

IkI2,I1
Ia2=0.04

IkI1,I2
Ia2=0.065

IkI2,I1
Ia2=0.065

Mode F
FC1S

FC2
FkC1,C2

Fa1=0.2
FkC2,C1

Fa1=0.2
FkC1,C2

Fa1=0.91
FkC2,C1

Fa1=0.091
FC2S

FO FkC2,O=0.63
FkO,C2=0.75

FkC2,O=5
FkO,C2=1.5

Mode Ca
Ca1C1S

Ca1C2
Ca1kC1,C2

Ca1a1=0.2
Ca1kC2,C1

Ca1a1=0.2
Ca1kC1,C2

Ca1a1=0.91
Ca1kC2,C1

Ca1a1=0.091
Ca1C2S

Ca1I3
Ca1kC2,I3=2.5

Ca1kI3,C2=0.63
IkC2, I3=0.22

Ca1kI3,C2=1
Ca1C1S

Ca1I1
Ca1kC1,I1=0.2

Ca1kI1,C1=0.1
IkC1,I1=0.01

Ca1kI1,C1=1.25
Ca1C2S

Ca1I2
Ca1kC2,I2=8�10�3 Ca1kI2,C2=3�10�8 Ca1kC2,I2=3.8�10�3 Ca1kI2,C2=5.5�10�4

Ca1I1S
Ca1I2

Ca1kI1,I2
Ca1a2=0.04

Ca1kI2,I1
Ca1a2=0.04

Ca1kI1,I2
Ca1a2=0.065

Ca1kI2,I1
Ca1a2=0.065

Ca2C1S
Ca2C2

Ca2kC1,C2
Ca2a1=0.2

Ca2kC2,C1
Ca2a1=0.2

Ca2kC1,C2
Ca2a1=0.91

Ca2kC2,C1
Ca2a1=0.091

Ca2C2S
Ca2I3

Ca2kC2,I3=2.5
Ca2kI3,C2=0.63

Ca2kC2,I3=0.22
Ca2kI3,C2=1

Ca2C1S
Ca2I1

Ca2kC1,I1=0.2
Ca2kI1,C1=0.1

Ca2kC1,I1=0.01
Ca2kI1,C1=0.95

Ca2C2S
Ca2I2

Ca2kC2,I2=8�10�3 Ca2kI2,C2=3�10�8 Ca2kC2,I2=3.8�10�3 Ca2kI2,C2=3�10�4

Ca2I1S
Ca2I2

Ca2kI1,I2
Ca2a2=0.4

Ca2kI2,I1
Ca2a2=0.4

Ca2kI1,I2
Ca2a2=0.065

Ca2kI2,I1
Ca2a2=0.065

A detailed scheme of intermodal Ca2+-dependent transitions

Equations for intermodal transitions Description of experimental data [21] Description of experimental data [66]

Constants of direct

transition (AM�1 ms�1)

Constants of reverse

transition (ms�1)

Constants of direct

transition (AM�1 ms�1)

Constants of reverse

transition (ms�1)

BC1+CasmS
IC1

C1lB,I=1.5�10�4 C1lI,B=0.45
C1lB,I=2.2�10�4 C1lI,B=0.22

BC2+CasmS
IC2

C2lB,I=1.5�10�4 C2lI,B=0.45
C2lB,I=2.2�10�4 C2lI,B=0.22

BO+CaschS
II3

OlB,I=1.5�10�4 OlI,B=0.45
OlB,I=2.2�10�4 OlI,B=0.22

IC1+CasmS
Ca1C1

C1lI,Ca1=10
C1lCa1,I=10

C1lI,Ca1=10
C1lCa1,I=1

IC2+CasmS
Ca1C2

C2lI,Ca1=10
C2lCa1,I=10

C2lI,Ca1=10
C2lCa1,I=1

II3+CasmS
Ca1I3

I3lI,Ca1=10
I3lCa1,I=10

I3lI,Ca1=10
I3lCa1,I=1

A detailed scheme of Ca-independent intermodal transitions

Equations for intermodal transitions Description of experimental data [21] Description of experimental data [66]

Constants of direct

transition (ms�1)

Constants of reverse

transition (ms�1)

Constants of direct

transition (ms�1)

Constants of reverse

transition (ms�1)

IC1S
FC1

C1lI,F=0.5
C1lF,I=3.3�10�3 C1lI,F=0.8

C1lF,I=0.053
IC2S

FC2
C2lI,F=0.5

C2lF,I=3.3�10�3 C2lI,F=0.8
C2lF,I=0.053

II3S
FO I3lI,F=0.5

I3lF,I=3.3�10�3 I3lI,F=0.8
I3lF,I=0.053

Ca1C1S
Ca2C1

C1lCa1,Ca2=4
C1lCa2,Ca1=0.023

C1lCa1,Ca2=44
C1lCa2,Ca=0.11

Ca1C2S
Ca2C2

C2lCa1,Ca2=4
C2lCa2,Ca1=0.023

C2lCa1,Ca2=44
C2lCa2,Ca1=0.11

Ca1I3S
Ca2I3

I3lCa1,Ca2=4
I3lCa2,Ca1=0.023

I3lCa1,Ca2=44
I3lCa2,Ca1=0.11

The rest parameters are: For data Chad et al. [15]: V1=4.6 mV; V2=�70 mV; K=5.33 mV; PCa*F=10�5 pA/AM; DCa=0.6 Am2 ms�1; r=5.8 Am�2;

S=1.2�106 Am2.

For data Rose et al. (1992): V1=�22.8 mV; V2=�70.2 mV; K=7 mV; gCa=6.9 pS; DCa=0.15 Am2 ms�1.
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Fig. 4. Changes in the channel open state probability with time and the kinetics of different mode probability in the control (A, C) and in the presence of EGTA

(B, D). Total open state probability po=
BO+FO is the sum of two open state probabilities, BO and FO, while MB, MF and MCa are the sums of all the state

probabilities in respective modes. The conditions are as in Fig. 3.
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openings in mode MF (Fig. 7B). More detailed changes in

channel opening during the prepulse are seen in Figs. 8

and 9, which show early and late openings in different
Fig. 5. Ca2+ currents at simulation of mutations of the first and second allosteic site

binding to the first (A) and second (B) sites: (A) OlB,I=
C1lB,I=

C2lB,I=1.5�10�4, 1

respectively. (B) I3lI,Ca1=
C1lI,Ca1=

C2lI,Ca1=10, 1, 0.1, and 0.01 AM�1 ms�1 for cu

as inserts. Inset in (A) corresponds to curve 2, and in (B) curve 4. Curve 1 in (A
modes. It is interesting that the late openings can be

accounted for by intermodal transitions of the channel. A

delay in the late openings results from the slow transition
s. Curves were obtained at following values of association constant of Ca2+

.5�10�5, 1.5�10�6, and 1.5�10�7 AM�1 ms�1 for curves 1, 2, 3, and 4,

rves 1, 2, 3, and 4, respectively. Time course of modes probability is shown

) and (B) corresponds to control parameter values.



Table 2

Kinetics of ICa inactivation at simulation of mutation of allosteric sites

Association constant

(AM�1 ms�1)

ACa (AA) sCa (ms) AV (AA) sV (ms) I0 (AA)

Simulation of mutation of the first allosteric site

1.5�10�4 0.29 56 0.12 403 0.014

1.5�10�5 0.20 297 0.30 689 0.014

1.5�10�6 – – 0.48 1313 0.04

1.5�10�7 – – 0.48 1668 0.04

Simulation of mutation of the second allosteric site

10 0.29 56 0.12 403 0.014

1 0.26 63 0.12 565 0.011

0.1 0.27 70 0.06 840 0.18

0.01 0.27 72 0.06 1737 0.19

Inactivation kinetics of ICa were fitted with the double-exponential

function: � ICa(t)=ACa�exp(� t/sCa)+AV�exp(� t/sV)+ I0, except the

simulation of mutations of the first site at association constants
OlB,I=

C1lB,I=
C2lB,I=1.5�10�6, 1.5�10�7 AM�1 ms�1. These simulation

mutations corresponding curves 3 and 4 in Fig. 5Awere well described by a

single exponential.
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from the inactive modes MCa and MI to the active modes

MB and MF. The main conclusion that can be derived from

these figures is the following. In the control (pulse 1), late

openings are related to intermodal transitions from the

inactive modes MI and MCa to the active mode MF since

the amplitude of late openings in mode MB is neglected

(Fig. 9A). After the prepulse, the number of early openings

during pulse 2 drastically diminishes due to a decrease in

the probability of openings in mode MB (Fig. 8A). The

amplitude of late openings during pulse 2 strongly

increases due to an increase in the probability of openings

in mode MF (Fig. 9B).

It is interesting that the calculated rate constant for the

entry of the channel into the open state in cardiocytes (see

Table 1) in mode MF is much higher than the analogous

rate constant in mode MB (FkC2,O=5,
BkC2,O=0.22 ms�1).

The rate constant kO,C2 changes only slightly in these

modes. This means that the channel open probability in

mode MF is much higher than in mode MB at equal

conditions. Thus, mode MF may be considered as a

facilitation mode [1].
Fig. 6. Quantitative description of the experimental data on the kinetics of elemen

the theoretical data, and thin lines denote experimental data. The holding potential

Appendix B. Most of the parameter values are given in Table 1. The remaining

ms�1; gCa=6.9 pS; Cain=40 nM; k=1 Am; r=1.7 Am�2.
4. Discussion

Initially, the hypothesis of the presence of two different

allosteric sites and a strict order of binding of Ca2+ to

these sites was based on experimental data on the kinetics

of inactivation of L-type Ca2+ currents. Recent investiga-

tions in molecular biology supported the hypothesis that

there are at least two different Ca2+-binding sites that

determine the CDI in the C-terminal tail (residues 1520–

1732) of the pore-forming a1-subunit of L-type Ca2+

channels [5–15]. Based on the hypothesis of Peterson et

al. [11], we proposed that the first site, which binds local

Ca2+ immediately after the channel opening, is CaM

tethered to the IQ-like motif. In this case, the second

site(s) regulated by Ca2+ from distant open channels (Casm)

may be the consensus EF hand motif or/and CaM tethered

to the CI region labeled peptide LM1 [12] or peptide A

[13].

In principle, we do not insist on this distribution of roles

among allosteric sites. For example, EF hand might be the

first allosteric site. In this case, the binding of Ca2+ to CaM

tethered to the IQ-like or peptide A motif may fulfil an

auxiliary function, stabilizing the inactivated state and

completing the CDI process. One reason for the modest

influence of mutations in the Ca2+-coordinating center of the

EF hand on CDI might not be the classical mechanism of

binding Ca2+ to the consensus EF hand motif [52]. That is

why it is difficult to evaluate a decrease in the Ca2+

dissociation constant upon the mutations.

Besides, an alternative hypothesis about the first allos-

teric site regulated by local Ca2+ could be that a very

attractive target for local Casch is also CaM tethered to

1591TLF1593 and 1595LVR1597 sequences of the peptide

A of the CI region [15]. It is very important that these

sequences can bind Ca2+-free CaM (apoCaM) and drasti-

cally change CDI. Besides, these domains are located near

the consensus EF hand motif and this proximity can provide

the development of fast CDI if the EF hand actually only

supports CDI [11].

The results of our mutation simulation show that

mutations in the first site, regulated by local Casch, lead to
tary currents on single Ca2+ channels of cardiocytes [66]. Solid lines denote

is �50 mVand test potential is �10 mV. Differential equations are given in

parameters are V1=�22.8 mV; V2=�70.2 mV; j=7 mV; DCa=0.15 Am2



Fig. 7. Simulation results on open probability of all openings in different modes during double-impulse stimulation. Curves 1 and 2 correspond to prepulse

from Vh=�50 mV to Vm=�10 mV of duration of 1000 ms and test pulse, respectively. The conditions are as in Fig. 6.
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drastic changes in the time constant of CDI (Fig. 5A). By

contrast, mutations in the second site result inmodest changes

in CDI, whereas VDI changes very strongly (Fig. 5B).

We believe that these simulation results can help solve the

question as to which of Ca2+-binding sites is the first site(s)

and which is the second. It is very important that binding of

local Casch to the first site initiates CDI and determines its

time constant. Therefore, experimental mutations in the first

site should primarily lead to changes in the CDI time

constant. The binding of Ca2+ to the second site occurs only

after the inactivation of the channel. In this case, the binding

of Ca2+ to the second site stabilizes CDI. Thus, experimental

mutations of the second site should result in modest CDI

changes and drastic VDI changes. Therefore, it is very useful

to compare our simulation results with experimental data on

mutations of different CI domains. Our results on the

simulation of mutations of the second allosteric site (Fig.

5B) are consistent with experimental mutations of the EF

hand motif [11,54] and the 1595LVR1597 domain of peptide

A region [15]. These simulation and experimental data show,

first, mutations have a modest influence on CDI and, second,

they influence mainly the amplitude of CDI but not the time

constant. Therefore, these data support the hypothesis that

the EF hand and the 1595LVR1597 domain are the second

allosteric site for CDI. Besides, our results on simulation of

mutations of the first allosteric site (Fig. 5A) are compatible

with the experimental data on mutations of the IQ motif

[9,10,16,56] and support the hypothesis that the IQ is the first
Fig. 8. Simulation results on open probability of early openings in different
allosteric site. However, the experimental data on mutations

of different amino acid residues of the IQ region show a more

complicated influence on the inactivation of the L-type Ca

channel. These mutations can also give rise to changes in

Ca2+-dependent facilitation [16,56] and acceleration of Ba2+

inactivation [8,14,15,56]. Therefore, our description of the

initial step of CDI as a simple binding of local Casch to the

first allosteric site (IQ motif) to induce CDI is oversimplified.

Presumably, there are other key kinetic steps including

facilitation and fast Ca2+-independent inactivation accom-

panying CDI, which are not considered in our model.

Some concern may be because of our attempt to combine

the two models, ‘‘shell’’ and ‘‘domain,’’ in a single kinetic

mechanism. Actually, the ‘‘shell’’ model was proposed

mostly for Ca2+ channels in invertebrates, while the

‘‘domain’’ model was used to describe the main features

of inactivation in Ca2+ channels of higher animals. For

instance, in Aplysia neurons, inactivation of whole cell

calcium currents is significantly accelerated by intracellular

calcium in the 1 AM range, while in vertebrates, this effect is

much less pronounced, or it requires much higher concen-

trations [69]. However, these differences can be explained in

the frame of our combine model. Our calculations show (Eq.

(14)) that the macrodomain Ca2+ concentration does not

dependent on even fast chelators of Ca2+ if the channels

exist as clusters (‘‘hot spots’’), as it is the case in L-type

Ca2+ channels in cardiocytes [64]. That is why CDI of L-

type Ca2+ channels in vertebrates can show insignificant
modes at double-impulse stimulation. The conditions are as in Fig. 7.



Fig. 9. Simulation results on open probability of late openings in different modes at double-impulse stimulation. The conditions are as in Fig. 7.
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dependence on Ca2+-binding buffer concentration and have

the purely ‘‘domain’’ model features.

Anyway, the suggested kinetic model explains the

following important kinetic features of rapid voltage- and

Ca2+-dependent regulation of Ca2+ channels, which were

thus far unclear or have been misinterpreted.

(1) It was shown experimentally that the acceleration of

inactivation of Ca2+ channels induced by increasing

intracellular Ca2+ concentration is not due to a

decrease in the time constants of Ca2+- and poten-

tial-dependent inactivation (sCa and sV), but mainly

to a greater contribution of fast inactivation com-

pared to slow inactivation, i.e., an increase in the

ACa/(ACa+AV) ratio, where ACa and AV are the

amplitudes of Ca2+- and potential-dependent inacti-

vations [47,68]. As Ca2+ concentration was increased

from 1 nM to about 50 nM, sCa decreased only

slightly and then remained unchanged on further

increase in Ca2+ concentration. This is in complete

agreement with our model in which sCa depends only
on Casch, and ACa depends on Ca2+sm. A decrease in

the time constant of CDI in the nanomolar Ca2+

concentrations range can be explained by the fact

that CDI occurs parallel with the increase in open

probability (FO) in the flickering mode MF (Fig. 4).

At higher Ca2+ concentrations, the contribution of FO

decreases, and TCa does not change with increasing

Ca2+ concentration, in full agreement with the

experimental data.

(2) The experimental data show that the amplitude of

CDI, ACa, increases with increasing density of

channels in the membrane [37,70]. The model

explains this finding as follows. ACa depends on the

concentration of Ca2+ arising from distant open

channels (Casm,) and increases with increasing chan-

nel density.

(3) In the case of the two-pulse stimulation protocol, the

exit from channel inactivation during membrane

hyperpolarization after the prepulse slows down

strongly as intracellular Ca2+ concentration increases
[3]. The model explains this finding as follows. As

intracellular Ca2+ concentration increases, the inacti-

vation proceeds by the Ca2+-dependent mechanism,

i.e., through the transition from MB to MI and then to

MCa. The recovery from inactivation is associated

with the reverse transition from MCa to MB, which

proceeds much more slowly (hundreds of milli-

seconds) at high Ca2+ concentration.

(4) After the second impulse, which is preceded by a

prepulse, the Ca2+ current has a low amplitude

(channels are partly inactivated) and is inactivated

mainly by the mechanism of slow potential-depend-

ent regulation. It follows from the analysis of our

model that it is not quite correct to relate slow

inactivation only to the slight increase in intracellular

Ca2+ concentration at a small amplitude of Ca2+

current. The calculations show that the fast inacti-

vation component can also be observed at very low

intracellular Ca2+ concentrations. For this to occur,

the rate constants of transition between MI and MF

should favour the transition to MF. Channels with

such a high equilibrium constant exhibiting a higher

level of residual current. In this case, the transition

from MB to MF during membrane depolarization

proceeds via the inactive intermediate mode MI, and

consequently, the fast inactivation component will be

present, though with a low amplitude, even at a very

low Ca2+ concentration. Experiments with barium as

a carrier of current through L-type Ca2+ channels

revealed a fast inactivation component related to

phosphorylation of the channels [41]. Therefore, the

model proposes a different explanation for the data

using a two-pulse stimulation protocol. After a

prepulse, the channels transit from MB to MI and

MCa. After a short (about 10 ms) hyperpolarizing

pulse before the second depolarizing pulse, the

equilibrium between MCa, MI, and MB remains

practically unchanged because the reverse transition

requires a few tens of milliseconds. It is for this

reason that no changes in the redistribution of

channels between modes MB, MI, and MCa (these



Table A1

A detailed scheme and equations for intra- and intermodal transitions in L-

type Ca2+ channels

Number Elementary steps Equations for transition rates

Intramodal transitions

Mode B

1 BC1S
BC2 v1=

BkC1,C2 I
BC1�BkC2,C1 I

BC2

2 BC2S
BO v2=

BkC2,O I
BC2�BkO,C2 I

BO

3 BC1S
BI1 v3=

BkC1,I1 I
BC1�BkI1,C1 I

BI1
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modes are in equilibrium) occur after repeated

depolarization. Consequently, no CDI takes place,

and the channels are inactivated only by the slow

potential-dependent mechanism within one mode,

MB.

(5) Single channels exhibit two patterns of opening:

early openings with rapid inactivation and residual

current, which occur immediately after depolariza-

tion, and later openings without inactivation, which

occur with a delay of several tens of milliseconds

after the onset of depolarization (Fig. 6). Some

authors relate these patterns of channel behavior to

different degrees of channel phosphorylation. Our

model quantitatively describes the probability of

early and late openings of open channels. Early

openings are determined by the total channel

opening probability in active modes MB and MF,

where the channel originally exhibits these modes

of behavior. Late openings are determined by the

initial total probability of channel being in inactive

modes MCa and MI. The first latency is just

associated with the transition from inactive modes

to MF. The results of the calculations suggest that

the channel states characterized by early and late

openings can be considered as different short-lived

modes and the transitions between these modes

Ca2+-dependent.

(6) Experiments with two-pulse stimulation of single

Ca2+ channels also showed that during depolariza-

tion, channel opening that follows a prepulse

occurs after a substantial delay (up to a few tens

of milliseconds) [27]. It is on the basis of these

experiments that the hypothesis of Ca2+-dependent

inactivation with two modes of channel behavior,

MB (basal mode) and MCa (Ca2+-dependent mode)

was proposed. The model with two modes does not

explain the results of the experiments in which the

first opening of the channel (which proceeds with a

great delay) is practically always followed by

frequent openings and closings in the form of

short bursts of pulses. In our model, these data are

accounted for by a slow transition from the inactive

mode MCa to the flickering mode MF.

4 BC2S

BI2 v4=
BkC2,I2 I

BC2�BkI2,C2 I
BI2

5 BI1S
BI2 v5=

BkI1,I2 I
BI1�BkI2,I1 I

BI2
Mode I

6 IC1S
IC2 v6=

IkC1,C2 I
IC1�IkC2,C1 I

IC2

7 IC2S
II3 v7=

IkC2,O I
IC2�IkO,C2 I

II3
8 IC1S

II1 v8=
IkC1,I1 I

IC1�IkI1,C1 I
II1

9 IC2S
II2 v9=

IkC2,I2 I
IC2�IkI2,C2 I

II2
10 II1S

II2 v10=
IkI1,I2 I

II1�IkI2,I1 I
II2

Mode F

11 FC1SFC2 v11=
FkC1,C2 I

FC1�FkC2,C1 I
FC2

12 FC2SFO v12=
FkC2,O I

FC2�FkO,C2 I
FO

Mode Ca

13 Ca1C1SCa1C2 v13=
Ca1kC1,C2 I

Ca1C1�Ca1kC2,C1 I
Ca1C2

14 Ca1C2SCa1 I3 v14=
Ca1kC2,O I

Ca1C2�Ca1kO,C2 I
Ca1 I3

(continued on next page)
4.1. Predictions

Let us now dwell on the predictions of the kinetic

model of fast regulation. The model predicts that delayed

openings of a single channel during depolarization without

prepulse are mainly associated with the transition from

mode MCa to MF. By varying the initial values of Ca2+

concentration in MCa, it is possible to change the

probability of late openings. Delayed openings will not

be observed at least in two cases. First, if the holding

potential is about �100 mV, the channel will be originally

in mode MB, and only early openings with fast inactiva-
tion and residual current will be generated under

depolarization. Second, at very low Ca2+ concentrations

(a few nanomoles), the probability for the channel being

in mode MCa is also very low, and delayed openings will

not occur.

The occurrence of intermodal transitions from MCa to

MF can also be established also on integral currents by

regulating the portion of channels being in mode MCa. The

model predicts that only channels that are originally in

mode MB can be inactivated by the Ca2+-dependent

mechanism. Therefore, after applying a depolarizing

prepulse from the holding potential of �100 mV where

all channels are in mode MB and are not inactivated at

high intracellular Ca2+ concentration, almost all channels

will switch from mode MB to mode MCa. The second

pulse applied after a short (10 ms) hyperpolarization

restores channels in MCa from potential-dependent inacti-

vation, which should only lead to a slowly increasing

current related to slow transition of the channel from mode

MCa to MF.
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Appendix A. Intra- and intermodal transitions in L-type

Ca2+ channels



Table A1 (continued)

Number Elementary steps Equations for transition rates

Intramodal transitions

Mode Ca

15 Ca1C1SCa1I1 v15=
Ca1kC1,I1 I

Ca1C1�Ca1kI1,C1 I
Ca1I1

16 Ca1C2SCa1I2 v16=
Ca1kC2,I2 I

Ca1C2�Ca1kI2,C2 I
Ca1I2

17 Ca1I1SCa1I2 v17=
Ca1kI1,I2 I

Ca1I1�Ca1kI2,I1 I
Ca1I2

18 Ca2C1SCa2C2 v18=
Ca2kC1,C2 I

Ca2C1�Ca2kC2,C1 I
Ca2C2

19 Ca2C2VCa2I3 v19=
Ca2kC2,O I

Ca2C2�Ca2kO,C2 I
Ca2 I3

20 Ca2C1VCa2I1 v20=
Ca2kC1,I1 I

Ca2C1�Ca2kI1,C1 I
Ca2I1

21 Ca2C2SCa2I2 v21=
Ca2kC2,I2 I

Ca2C2�Ca2kI2,C2 I
Ca2I2

22 Ca2I1SCa2I2 v22=
Ca2kI1,I2 I

Ca2I1�Ca2kI2,I1 I
Ca2I2

Intermodal Ca2+-dependent transitions

23 BC1+CasmS
IC1 v23=

C1lB,I I
BC1 ICasm�C1lI,B I

IC1

24 BC2+CasmS
IC2 v24=

C2lB,I I
BC2 ICasm�C2lI,B I

IC2

25 BO+CaschS
II3 v25=

OlB,I I
BO ICasch�OlI,B I

II3
26 IC1+CasmS

Ca1C1 v26=
C1lI,Ca1 I

IC1 ICasm�C1lCa1,I I
Ca1C1

27 IC2+CasmS
Ca1C2 v27=

C2lI,Ca1 I
IC2 ICasm�C2lCa1,I I

Ca1C2

28 II3+CasmS
Ca1I3 v28=

I3lI,Ca1 I
II3 ICasm�I3lCa1,I I

Ca1I3

Ca2+-independent intermodal transitions

29 IC1S
FC1 v29=

C1lI,F I
IC1�C1lF,I I

FC1

30 IC2S
FC2 v30=

C2lI,F I
IC2�C2lF,I I

FC2

31 II3S
FO v31=

OlI,F I
II3�OlF,I I

FO

32 Ca1C1S
Ca2C1 v32=

C1lCa1,Ca2 I
Ca1C1�C1lCa2,Ca1 I

Ca2C1

33 Ca1C2S
Ca2C2 v33=

C2lCa1,Ca2 I
Ca1C2�C2lCa22,Ca1 I

Ca2C2

34 Ca1I3S
Ca2I3 v34=

OlCa1,Ca2 I
Ca1O�OlCa22,Ca1 I

Ca2O
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Here, the rate constants for intramodal switches within

mode X (X=B, I, F, Ca1, Ca2) are designated by symbols
Xk and the rate constants for intermodal switches are

designated by Yl, where Y=C1, C2, O, I3. The model

assumes that BkC2,O=
IkC2,O,

BkO,C2=
IkO,C2,

C1lI,F=
C2lI,F,

C1lF,I=
C2lF,I,

Ba1=
Ia1=

Fa1=
Caa1,

Ba2=
Ia2=

Fa2=
Caa2.

For simplicity, it is assumed that intermodal transitions of

inactivated states (I1 and I2) are very slow, and they are not

considered in this work. In addition, limitations are imposed

on other rate constants for transitions representing closed

cycles:

FkC2 ;O4
C1 lI ;F4

OlF;I4
I kI;C2

4FkO;C2
4C1lF;I4

OlI;F4
I kC2 ;I

X kC2I24
X kI1;C1

4exp
V2 � V1

K

��
¼ X kI2;C2

4X kC1;I1 ;

where X ¼ B; I ;Ca1;Ca2:
Appendix B

Differential equations describing intra- and intermodal

transitions in L-type Ca2+ channels:

d BC1ð Þ
dt

¼ � V1 � V3 � V23

d BC2ð Þ
dt

¼ � V1 � V2 � V4 � V24

d BI1ð Þ
dt

¼ V3 � V5
d BI2ð Þ
dt

¼ V4 � V5

d BOð Þ
dt

¼ V2 � V25

d IC1ð Þ
dt

¼ � V6 � V8 � V26 � V29

d IC2ð Þ
dt

¼ V6 � V7 � V9 � V27 � V30

d I I1ð Þ
dt

¼ V8 � V10

d I I2ð Þ
dt

¼ V9 � V10

d I I3ð Þ
dt

¼ V7 � V28 � V31

d FC1ð Þ
dt

¼ V29 � V11

d CC2

� �
dt

¼ V11 � V12 þ V30

d FOð Þ
dt

¼ V12 þ V31

d Ca1C1

� �
dt

¼ V26 � V13 � V15 � V32

d Ca1C2

� �
dt

¼ V27 � V13 � V14 � V16 � V33

d Ca1 I1
� �
dt

¼ V15 � V17

d Ca1 I2
� �
dt

¼ V16 þ V17

d Ca1 I3
� �
dt

¼ V28 þ V14 � V34

d Ca2C1

� �
dt

¼ V32 � V18 � V20

d Ca2C2

� �
dt

¼ V33 þ V18 � V19 � V21

d Ca2 I1
� �
dt

¼ V20 � V22
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d Ca2I2
� �
dt

¼ V21 þ V22

d Ca2 I3
� �
dt

¼ V34 þ V19

d Casmð Þ
dt

¼
� rkip0

2FD
þ Cain � Casm

��
D

k2
; ðB1Þ

where open probability p0=
BO+FO.

Single (i) and integral (ICa) Ca
2+ currents in whole-cell

voltage-clamp experiments [21] were described as follows:

i ¼ PCaF
F

RT

��
2V

Caoutexp � 2VF

RT

��
� Cain

exp � 2VF

RT

��
� 1

ðB2Þ

ICa ¼ irSp0; ðB3Þ

where S is the area of the entire membrane.

Single channel Ca2+ currents in whole-cell configuration

of voltage-clamp experiments [66] was described by the

following linear function:

i ¼ 10�3gCa V � 37ð Þ; ðB4Þ

where 10�3 is the normalizing factor, which was

introduced to bring the units of measurement into

correspondence.

All variables and parameters are explained in the main

text.
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