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ABSTRACT Large-conductance Ca-activated potassium channels (BK channels) are uniquely sensitive to both
membrane potential and intracellular Ca?*. Recent work has demonstrated that in the gating of these channels
there are voltage-sensitive steps that are separate from Ca?* binding steps. Based on this result and the macro-
scopic steady state and kinetic properties of the cloned BK channel mslo, we have recently proposed a general ki-
netic scheme to describe the interaction between voltage and Ca?* in the gating of the mslo channel (Cui, J., D.H.
Cox, and R.W. Aldrich. 1997. J. Gen. Physiol. In press.). This scheme supposes that the channel exists in two main
conformations, closed and open. The conformational change between closed and open is voltage dependent.
Ca?* binds to both the closed and open conformations, but on average binds more tightly to the open conforma-
tion and thereby promotes channel opening. Here we describe the basic properties of models of this form and test
their ability to mimic mslo macroscopic steady state and kinetic behavior. The simplest form of this scheme corre-
sponds to a voltage-dependent version of the Monod-Wyman-Changeux (MWC) model of allosteric proteins. The
success of voltage-dependent MWC models in describing many aspects of mslo gating suggests that these channels
may share a common molecular mechanism with other allosteric proteins whose behaviors have been modeled us-
ing the MWC formalism. We also demonstrate how this scheme can arise as a simplification of a more complex
scheme that is based on the premise that the channel is a homotetramer with a single Ca** binding site and a sin-
gle voltage sensor in each subunit. Aspects of the mslo data not well fitted by the simplified scheme will likely be
better accounted for by this more general scheme. The kinetic schemes discussed in this paper may be useful in

interpreting the effects of BK channel modifications or mutations.
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INTRODUCTION

Large conductance Ca-activated potassium channels
(BK channels) sense changes in both intracellular Ca%*
concentration and membrane voltage. They therefore
can act as a point of communication between cellular
processes that involve these two common means of sig-
naling. Although progress has been made in under-
standing the Ca-dependent properties of BK channel
gating (McManus and Magleby, 1991; for review see
McManus, 1991), the relationship between the mecha-
nism by which Ca?* activates the channel, and that by
which voltage activates the channel is less clear. To un-
derstand this relationship further, we have recently ex-
amined the macroscopic steady state and kinetic prop-
erties of the BK channel clone mslo over a wide range of
Ca?* concentrations and membrane voltages (Cox et
al.,, 1997; Cui et al., 1997). From these studies, and
work from other laboratories, several conclusions can
be drawn. (@) There are charges intrinsic to the chan-
nel protein that sense changes in the transmembrane
electric field, and thereby confer voltage dependence
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on mslo gating (Methfessel and Boheim, 1982; Blair and
Dionne, 1985; Pallotta, 1985; Singer and Walsh, 1987;
Wei et al., 1994; Meera et al., 1996; Cui et al., 1997). (b)
The mslo channel can be nearly maximally activated
without binding Ca?* (Cui et al., 1997). (¢) At most
Ca?' concentrations and membrane voltages, Ca’*
binding steps equilibrate rapidly relative to those that
limit the channel’s kinetic behavior (Methfessel and
Boheim, 1982; Moczydlowski and Latorre, 1983; Cui et
al., 1997). (d) Atleast 3 Ca?* binding sites are involved
in activation by Ca%?* (Barrett et al., 1982; McManus et
al., 1985; Golowasch et al., 1986; Cornejo et al., 1987;
Oberhauser et al., 1988; Carl and Sanders, 1989; Rein-
hart et al., 1989; Mayer et al., 1990; McManus and Ma-
gleby, 1991; Markwardt and Isenberg, 1992; Perez et
al., 1994; Art et al., 1995; Cui et al., 1997). (¢) Gating
steps that do not involve Ca%?* binding are highly coop-
erative (Cui et al., 1997).

To test these conclusions, as well as to gain new in-
sights into BK channel gating, we have attempted to de-
velop a physically reasonable kinetic model that is con-
sistent with these conclusions and can mimic the Kki-
netic and steady state behavior of mslo macroscopic
currents. In previous work, we proposed a general ki-
netic scheme for the gating of the mslo channel (Cui et
al., 1997). Here we demonstrate how this scheme is a
simplification of a more complex scheme based on sim-
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ple assumptions about the structure of the channel. We
describe the basic properties of models of the simpli-
fied form, and we examine their ability to mimic mslo
macroscopic currents.

METHODS

Electrophysiology

All experiments were performed with the mbrb clone of the
mouse homologue of the slo gene (mslo), which was kindly pro-
vided by Dr. Larry Salkoff (Washington University School of Med-
icine, St. Louis, MO). mbrb cRNAs were expressed in Xenopus laevis
oocytes and recordings were made in the inside-out patch clamp
configuration from excised membrane patches as described pre-
viously (Cox et al., 1997). The solution in the recording pipette
contained the following (mM): 140 KMeSOs, 20 HEPES, 2 KCl,
and 2 MgCly, pH 7.20. Internal solutions were prepared as de-
scribed previously (Cox et al., 1997) and contained the following
(mM): 140 KMeSO;, 20 HEPES, 2 KCI, 1 HEDTA, and CaCl, to
give the indicated free Ca®* concentrations ([Ca]), pH 7.20. Fi-
nal free Ca2* concentrations ([Ca]) were determined with a Ca-
sensitive electrode. HEDTA was not included in the internal solu-
tions, which contained 490 and 1,000 pM [Ca]. 1 mM EGTA was
substituted for HEDTA and no CaCl, was added to the internal
solution containing ~2 nM [Ca]. At this [Ca], mslo channels can
be activated by depolarization without binding Ca?* (Meera et
al., 1996; Cui et al., 1997). Solutions bathing the cytoplasmic face
of the excised patch were exchanged using a sewer pipe flow sys-
tem (DAD 12; Adams and List Associates Ltd., Westbury, NY) as
described previously (Cox et al., 1997). Unless otherwise indi-
cated, all currents were filtered at 10 kHz with a four pole low
pass Bessel filter. Experiments were performed at 23°C. G-V rela-
tions were determined from the amplitude of tail currents 200
us after repolarization to a fixed membrane potential (—80 mV)
after 20-ms voltage steps to the indicated test voltages. Each mslo
G-V relation was fitted with a Boltzmann function (G = G,/ (1 +
eF(V1/2 — V)/RT)) and normalized to the peak of the fit. The pro-
cedures used for the recording and analysis of mslo macroscopic
currents minimized problems with permeation-related artifacts
(see Cox et al., 1997).

Modeling

Voltage-dependent Monod-Wyman-Changeux (MWC)! models
were fitted to mslo conductance voltage (G-V) relations at several
[Ca] simultaneously using Eq. 5 and Table-Curve 3D software
that employs an 80-bit Levenburg-Marquardt algorithm (Jandel
Scientific, San Rafael, CA). Paramater standard errors were esti-
mated by the curve-fitting algorithm. Similar fits were also found
by eye. Parameters from fits to the steady state data constrained
the rate constants used in fitting the kinetic data. The best over
all steady state parameters were chosen as those that allowed for
the best subsequent fit to the kinetic data. Four free parameters
were involved in fitting voltage-dependent MWC models to the
mslo G-V data. mslo G-V data were fitted to the general form of
scheme II using Egs. 2 and 3 and to two-tiered Koshland-Neme-
thy-Filmer (KNF) models using the following equation:

VAbbreviations used in this paper. CNG, cyclic nucleotide-gated; KNF,
Koshland-Nemethy-Filmer; MWC, Monod-Wyman-Changeux.
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To fit the macrosopic relaxation kinetics of mslo with voltage-
dependent MWC models, simulated currents were generated us-
ing “Big Channel” kinetic modeling software written by Dr. Toshi
Hoshi (University of Iowa, Iowa City, IA) and adapted to be com-
patible with “Igor Pro” curve fitting software (Wavemetrics Inc.,
Lake Osewgo, OR) by Dorothy Perkins (Howard Hughes Medical
Institute, Stanford University). The activation and deactivation
time courses of both real and model currents were then fitted with
single exponential functions, and the time constants of these fits
were compared. In both cases, fitting started 200 ps after initia-
tion of the voltage step. Specific rate constants for fitting the
model time constants to those of the mslo data were found by eye,
but were aided by fitting to the relaxation time constants pre-
dicted by Eq. 9, which approximates the kinetic behavior of volt-
age-dependent MWC models under the conditions employed.
Many of the rate constants of the models were constrained by the
parameters determined from fitting the steady state data. To
make the kinetic behavior of the models as exponential as possi-
ble, high Ca?* binding rate constants were used. For each sub-
unit, the Ca®?* binding rate constant was fixed at 10° M~1s7! in
both open and closed conformations. With this restriction, fitting
the mslo kinetic data with voltage-dependent MWC models in-
volved 10 free parameters. The general form of scheme II (see
Fig. 3 A) was fit to the kinetic data of patch 1 in the same manner
as was the voltage-dependent MWC model. For each subunit, the
Ca?* binding rate constant was fixed at 10° M~!s™! in both closed
and open conformations. Ca?* unbinding rate constants were
then determined from fits to the G-V data, and vertical rate con-
stants were found by eye with the aid of Eq. 9. Fitting the mslo ki-
netic data to the general form of scheme II (see Fig. 3 A) in-
volved 16 free parameters.

Statistical comparisons between voltage-dependent MWC, two-
tiered KNF and general 10-state models were performed as de-
scribed by Horn (1987). The statistic 7, defined as

. (SSE;— SSE,) D(n— k)

SSE, ke

was calculated and compared with the Fdistribution with kand n —
ky degrees of freedom at the desired level of significance. Here,
SSE; represents the residual sum-of-squares for the fit with model
f, which is a subhypothesis of model g; SSEg represents the resid-
ual sum-of-squares for the parent model g, n represents the num-
ber of data points, and k;and k, represent the number of free pa-
rameters in models f and g, respectively.

The data from three representative patches were fitted inde-
pendently (see Tables I, II, and III). For each of theses patchs,
steady state and activation kinetic data were recorded at 8 or 9
[Ca] and at a large number of membrane voltages. Data from 19
additional patches recorded over more limited ranges of [Ca]
and voltage behaved similarly. To increase the signal to noise ra-
tio, typically four current families were recorded consecutively
under identical conditions and averaged before analysis and dis-
play. Due to the long times necessary to acquire these data from a
single patch deactivation, voltage families at a sufficiently large
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number of [Ca] were recorded only from patch 1. In fitting
patches 2 and 3, the deactivation kinetics of patch 1 were used to
constrain the kinetic fitting.

RESULTS

For simplicity, in modeling mslo macroscopic currents
we have made the following assumptions about the struc-
ture of the channel.

(a) When expressed alone, mslo a subunits form homotet-
rameric channels. The work of Shen et al. (1994) sup-
ports this assumption. When they coexpressed mutant
and wild-type dslo RNAs in Xenopus oocytes, they ob-
served four different channel phenotypes at the single
channel level that might reasonably correspond to chan-
nels with either zero, one, two, or three mutant subunits
if each of four subunits contribute equally to the free
energy of TEA binding. Also, over the first ~1/3 of their
sequence, a region that includes the putative pore re-
gion, slo channels are structurally homologous to ho-
motetrameric K* channels (Atkinson et al., 1991; Adel-
man et al., 1992; Butler et al., 1993; Tseng-Crank et al.,
1994; McCobb et al., 1995).

(b) Each mslo o subunit contains a single Ca?* binding
site. There are many reports of Hill coefficients for
Ca?" activation >2.0 for both native and cloned BK
channels (see McManus, 1991 and references given in
INTRODUCTION) indicating that at least three Ca2*
binding sites contribute to channel activation. We have
observed Hill coefficients >2.0 for the mslo channel as
well (Cui et al., 1997). Given that the Hill coefficient in
all but the most extremely cooperative case represents
an underestimate of the true number of binding sites,
and that the channel is likely to be a homotetramer, it
seems reasonable to suppose that the channel has four
Ca?* binding sites, one on each subunit. However, we
can not rule out more than four, particularly consider-
ing reports of Hill coefficients >4 for skeletal muscle
BK channels in the presence of millimolar internal
Mg?* (Golowasch et al., 1986; Oberhauser et al., 1988).

(c) Each mslo a subunit contains a single voltage-sensing el-
ement. Supporting this assumption, each mslo a subunit
has a partially charged putative membrane spanning re-
gion (S4), whose counterparts in purely voltage-gated
K" channels are thought to form, at least in part, each
of four voltage-sensing elements (Liman et al., 1991;
Lopez et al., 1991; Papazian et al., 1991; Logothetis et
al., 1993; Sigworth, 1994; Yang and Horn, 1995; Aggar-
wal and MacKinnon, 1996; Larsson et al., 1996; Man-
nuzzu et al., 1996; Seoh et al., 1996; Yang et al., 1996).
Also, certain properties of the voltage dependence of
mslo macroscopic and gating currents suggest that the
channel multimer can undergo more than one voltage-
dependent conformational change (see Horrigan et
al., 1996; Ottolia et al., 1996; Toro et al., 1996; Cui et
al., 1997, and piscussIoN). It is possible, however, that
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each subunit can undergo more than one voltage-
dependent conformational change. If this is the case,
the main conclusions of this paper are not affected.

Assumptions b and ¢ allow us to consider each sub-
unit of the mslo channel as being able to reside in four
physically distinct conformational states (Fig. 1 A): (a)
Ca?* bound, () voltage activated, (¢) both Ca®>" bound
and voltage activated, and (d) neither Ca?* bound nor
voltage activated. A channel comprised of four subunits
(assumption a) then could reside in 4* or 256 states.
However, without 3 subunit expression, each of mslos
subunits are identical. Some of these states will not be
physically distinct. How many are redundant will de-
pend upon the symmetry of the tetramer. If the chan-
nel were to have twofold rotational symmetry such as is
shown in Fig. 1 B, then it could occupy 73 physically dis-
tinct states. Several crystallized tetrameric proteins have
been found to display this sort of symmetry (Dittrich,
1992). However, the mslo channel is thought to have a
single pore, and its homology with shaker K* channels
suggests that the same portion of each subunit contrib-
utes to the pore’s structure (MacKinnon, 1991; Hegin-
botham and MacKinnon, 1992; MacKinnon et al.,
1993). It is more likely, therefore, that the channel has
fourfold rotational symmetry (Fig. 1 C). If this is the
case, then there are 55 distinct channel states. These
states are represented schematically in Fig. 2 A. Those
states with a common number of bound Ca?" are
grouped. Notice that to be true to the physical picture
(fourfold rotational symmetry), a distinction must be
made between a channel with two Ca?" bound to adja-
cent subunits and two Ca%* bound to subunits, one di-
agonally across from the other. Similarly, there is a nat-
ural distinction between a channel with two voltage
sensors activated in adjacent as opposed to diagonally
opposite subunits. If the mslo channel exists as a ho-
motetramer with a single Ca?* binding site and a single
voltage sensor in each subunit, then the states dis-
played in Fig. 2 A represent the smallest number that
must be considered to describe the gating of the chan-
nel accurately.

Working with a 55-state kinetic model poses prob-
lems. First, due to the large number of equations neces-
sary to represent such systems mathematically, testing
them can be slow. Second, if there are energetic inter-
actions between subunits (conclusion ¢, INTRODUCTION),
then the number of parameters necessary to define the
system’s behavior can be very large, far larger than can
be constrained by our data. And third, large kinetic
models tend to lose their explanatory power as the sys-
tem grows more complex. Even if one is able to find pa-
rameters by which a highly complex model fits the data
well, it may not be easy to discern from these parame-
ters why the model behaves as it does. For these rea-
sons, we have taken two further steps to reduce the
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Ficure 1. (A) Schematic representation of the four states of a
channel subunit, which follow from assumptions 2 and 3. The
filled circles represent the binding of a Ca** ion. The change in
color from white to grey represents a voltage-dependent conforma-
tional change. These conventions are also followed in Figs. 2 and
3. (B) Illustration of an arrangement of four identical subunits that
have twofold rotational symmetry about an axis perpendicular to
the page passing through the point represented by the black dot.
(C) Nlustration of an arrangement of four identical subunits that
have fourfold rotational symmetry about an axis perpendicular to
the page passing through the point represented by the black dot.

number of kinetic states in the mlso model before trying
to examine its performance. In doing so, however, we
are aware that in terms of the idea represented in Figs.
1 A and 2 A we are over simplifying the system and may
lose the ability to mimic certain important channel be-
haviors.

The first simplification is to make no distinction be-
tween two voltage- or Ca®*-activated subunits that are
adjacent to one another and two voltage- or Ca?*-acti-
vated subunits diagonally opposed to one another. Ex-
amples of equivalent states under this assumption are
shown in Fig. 2 B. The total number of conformations
the channel may reside in then reduces to the 35
shown in Fig. 2 C (scheme I). Horizontal transitions
represent Ca’?* binding and unbinding steps. Vertical
transitions represent the movement of voltage-sensing
elements. The states in each vertical grouping have a
common number of Ca2" ions bound. To avoid confu-
sion, most of the allowable horizontal transitions are
not represented; however, at all voltages the channel
must bind four Ca?" ions (undergo four horizontal

transitions) to move from the leftmost column of states
to the rightmost column.

To use scheme I to model channel gating, each state
must be designated as open or closed. The states in the
uppermost tier (horizontal row) may be designated closed,
as even at high Ca?* concentrations strong hyperpolar-
ization reduces the channel’s open probability to very
low levels (Latorre et al., 1982; Moczydlowski and Latorre,
1983; Adelman et al., 1992; Wei et al., 1994; DiChiara
and Reinhart, 1995; Cox et al., 1997; Cui et al., 1997).
The states in the lowermost tier may be designated
open, as strong depolarization can bring the mslo chan-
nel to very high open probabilities (>0.9) with or with-
out bound Ca?* (Cox et al., 1997; Cui et al., 1997).
Which intermediate states (those inside the box in Fig.
2 () are open is not obvious. Bearing on this issue, the
mslo G-V relation can be approximated by a simple
Boltzmann function over a wide range of Ca?* concen-
trations (Butler et al., 1993; Wei et al., 1994; Cui et al.,
1997),%? and simulations indicate that for scheme I to
predict Boltzmann-like G-V relations, the voltage-
dependent transitions that link the uppermost closed
tier to the lowermost open tier must be highly con-
certed. By concerted we mean that the change in stan-
dard free energy associated with the last gating step be-
fore opening is much larger than the previous steps
such that the probability of the channel occupying an
intermediate state at equilibrium is low at most Ca?*
concentrations and membrane voltages (conclusion ein
INTRODUCTION). If this is the case, we can approximate
scheme I by scheme II, shown in Fig. 3 A. Here the
four voltage-dependent steps in scheme I are repre-
sented by a single, and therefore completely concerted,
voltage-dependent step. Which intermediate states are
open is no longer an issue. Further suggesting that
there is a single conformational change that is limiting
the rate of current relaxations under most circum-
stances (see below), macroscopic mslo kinetics are
nearly exponential over a wide range of Ca?" con-
centrations and membrane voltages (see Fig. 9 and Cui
et al., 1997). Condensation of intermediate voltage-
dependent steps to a single step, therefore, at least as a
first approximation, may be reasonable, although de-
partures from strictly single exponential behavior are
known (Toro et al., 1996; Cui et al., 1997).

The hypothesis represented by scheme II may be de-
scribed as follows. The channel can exist in two main
conformations, closed and open. The equilibrium be-
tween closed and open is voltage dependent, having as-
sociated with it a gating charge Q. The channel has
four identical Ca*" binding sites, and the binding of

2Although a single Boltzmann function often appears to fit the data
well, somewhat better fits can be achieved by fitting to a Boltzmann
function raised to a power >1 (Cui et al., 1997).
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FiGure 2. (A) Schematic repre-
sentation of the 55 states of a four-
fold symmetric homotetrameric
channel that follow from the state
diagram for each subunit in Fig. 1
A. These states, as well the 73 phys-
ically distinct states that a twofold
symmetric homotetrameric chan-
nel can occupy (not shown), were
found by enumeration. Each
grouping of states represents those
with a different number of Ca*"
ions bound as indicated. (B) Illus-
tration of some equivalent states
when no distinction is made be-
tween two activated subunits adja-
cent to one another and two acti-
vated subunits diagonally opposed
to one another. (C) Scheme I, 35-

state channel gating scheme that
follows from assumptions 1, 2, and
3 if the simplifying assumption il-
lustrated in B is made. In general,
when subunit position is not taken
into consideration, the number of
states of a homomultimer with r
subunits, each subunit of which
can exist in 7 states, is given by the
binomial coefficient (n + r — 1:
n — 1) (Feller, 1968). Horizontal
arrows represent Ca’" binding
steps. For simplicity, not all hori-
zontal steps are represented. Each

B
C
0 Caz* 1 Ca2+ 2 Caz+ 3 Ca> 4 Caz+
Closed EHHEH*—’EEI‘—’BEH
WL 7N N
H-EHHE M
N NV AVAN
V)
Open

SCHEME I

Ca?* shifts the closed-to-open equilibrium towards open.
The simplest physical picture that corresponds to scheme
II is one in which, in either of the two main conforma-
tions of the protein, the Ca?* binding sites act indepen-
dently. The binding of one Ca?* ion does not influence
the binding of subsequent Ca%* to that same conforma-
tion; only undergoing the closed-to-open conforma-
tional change affects Ca?" binding affinity, and then all
sites are affected equally. In this case, scheme II corre-
sponds to a voltage-dependent version of the Monod-
Wyman-Changeaux model originally proposed to de-
scribe the binding of oxygen to hemoglobin (Monod et
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vertical grouping includes states
with a given number of bound
Ca?* as indicated. Each horizontal
tier represents a different number
of activated voltage sensors.

al., 1965). Here, the usual R and T nomenclature is re-
placed by O and C, and the central conformational
change is made voltage dependent. MWC models have
been used to describe the equilibrium behavior of many
of the best studied allosteric proteins (Dittrich, 1992),
particularly tetrameric proteins: hemoglobin, phospho-
fructokinase, and fructose-1,6-bisphosphatase for ex-
ample. However, unlike in the study of most allosteric
proteins, in studying channel gating we are better able
to measure the fraction of channels in the R, or open
state, than the fraction of binding sites occupied by
ligand. Nevertheless, the fact that an examination of



A

Ficure 3. (A) Scheme II, two-tiered gating
scheme that follows from scheme I if it is supposed
that the voltage sensors from each subunit move in
a highly concerted way such that their movement
can be represented by a single voltage-dependent
conformational change. This scheme is derived
from scheme I by eliminating the states in the black
box in Fig. 2 C. Those states in the upper tier are
designated closed. Those states in the lower tier are
designated open. K¢y, Ko, Ko, Koy represent Ca®*
dissociation constants in the closed conformation.
Kor, Koo, Kos, Koy represent Ca®* dissociation con-
stants in the open conformation. When K; =
Koy = Koz = Koy and Ko = Koy = Koz = Koy,
scheme II represents a voltage-dependent version
of the Monod-Wyman-Changeaux model of allo-
steric proteins (Monod et al., 1965). (B) Scheme
I, two-tiered KNF model. The binding of Ca?* to
each tier is supposed to affect the dissociation con-

4Ky (BI2)Ke,  (23)/Kgy (1/4)/K¢,
Closed EH‘—’EH‘—’EH‘——’EH‘ ,
Co C C, C4 C,
LV) | w1 W] W) ) V)
Open
0; (1/4)/Koy 04
SCHEME II
B
4/(KCA) 1/(4KCC)
Closed
Cy
L(V)
Open

SCHEME III

03 1/(4K )

stants of the sites on adjacent subunits. Kz, repre-
Oy sents the dissociation constant of a subunit with no
neighbors occupied, K¢ represents the dissociation
constant of a subunit with one neighbor occupied.
K¢ represents the dissociation constant of a sub-
unit with two neighbors occupied and is deter-

mined by Kep®/ Kea. Ko, Kop, and Ko are similarly
defined for the open tier.

the gating behavior of mslo leads to models of the form  FPopen =
of scheme II suggests that perhaps this channel has 1
something mechanistically in common with these other [ Ca] 4 4] Ca] 5 5 [ Ca] 2, [ Ca]

. . . . + + + +
allosteric proteins. As described below, we examined Ko KeoKesKey Ko KeoKes Koy Keo -
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the ability of voltage-dependent MWC models to pre- [Ca] 4] Cal 3 L6lcal 2, [ Cal
dict th ic behavior of mslo channels. In ad- + * 1 (2

ict the macroscopic behavior of mslo channels. In a KorKosKosKos  Ko1KorKos KOlKOZ Ko, (2)

dition, we have examined the general characteristics of
models that do not conform to the MWC constraint
that each binding site acts independently but are of the
form of scheme II.

mslo Steady State Behavior

Assuming that Ca?* binding is not voltage dependent
(see Cui et al., 1997), the equilibrium open probability
(Popen) of models of the form of scheme II can be writ-
ten as the following function of [Ca] and voltage:

where K is the dissociation constant for the subunit
binding the ith Ca?* in the closed conformation, Ky; is
the dissociation constant for the subunit binding the
ith Ca?* in the open conformation, and L(V) is the
open-to-closed equilibrium constant ([Cy]/[O,]) when
no Ca?" ions are bound to the channel. If we assume
that the free energy of the channel varies linearly with
voltage, as is likely to be the case at moderate voltages
(Stevens, 1978), then L(V) can be defined as:
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_gﬂ_/
L(V) = L(0)e" (3)

where, F'is Faraday’s constant, R is the universal gas
constant, 7" is temperature, V is voltage, and @ is the
equivalent gating charge associated with the closed-to-
open conformational change, and L(0) is the open-to-
closed equilibrium constant in the absence of bound
Ca?* at 0 mV. Combining Egs. 2 and 3, P,,., depends
on voltage in the form of a Boltzmann function:

_ 1
Popen - —QFV (40)
1+ BL(0)e ™
with
B=
4 3 2
[Ca] 4[Ca] ~ , 6[Ca] ", 4[Ca] +1
Ko Koo Kes Koy Koy KogKos Ko Keg Kei
2 3 2
[Ca] 4[Ca] ~ _ 6[Ca] " 4[Cq] +1
Ko1KogKosKos  KorKogKos  KoiKoy Ko
(40)

The steepness of this relation as a function of Vis deter-
mined solely by the value of Q, and is therefore inde-
pendent of [Ca]. Assuming no voltage dependence in
Ca?* binding, models of the form of scheme II will pre-
dict a G-V that does not change shape as [Ca] is varied.
The position of the G-V curve on the voltage axis, how-
ever, will be determined by BL(0), and therefore will
depend on L(0), [Ca], and all the Ca?* dissociation
constants for both the closed and open channel. For
voltage-dependent MWC models, where the microscopic
dissociation constants depend only on whether the chan-
nel is open or closed, Eq. 4 simplifies to

_ 1
open
(1+ ﬂ) —Qrv
1+ L(0)e™

(5)

Shown in each panel of Fig. 4 are data from 22 mac-
ropatches expressing mslo channels. These patches were
excised from Xenopus oocytes and superfused with solu-
tions of varying [Ca]. Each data point represents the
half maximal activation voltage (V] ) of the ionic cur-
rent in a particular patch at the indicated [Ca]. At each
[Ca], typically three to five current families were re-

C
(1+ 184,

corded and averaged before analysis. In three experi-
ments, it was possible to expose the patch to eight or
more Ca®' concentrations and determine complete
G-V relations. The V, 4 values from these patches are in-
dicated as filled circles in Fig. 4. (patch 1, Fig. 4 A;
patch 2, Fig. 4 B; patch 3, Fig. 4 C), and the full G-V re-
lations from these patches are shown in Fig. 5. Also
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FIGURE 4. V], vs. [Ca] plots highlighting the three patches dis-
played in Fig. 5. Each data point represents the voltage at which
the mslo G-V relation reached half maximal activation at the indi-
cated [Ca]. In A-C, the data are from the same 22 patches; how-
ever, in A the V  values for patch 1 (Fig. 5) are darkened, in B the
Vi /¢ values for patch 2 (Fig. 5) are darkened, and in Cthe Vj  val-
ues for patch 3 (Fig. 5) are darkened.

shown in Fig. 5 are voltage-dependent MWC model fits
to these data (solid lines) using Eq. 5.

The fits to each set of G-V curves are determined by
four parameters: the closed Ca?" dissociation constant
(K¢), the open Ca?* dissociation constant (Kp), and, as
already defined, L(0) and Q. Voltage-dependent MWC
models can fairly well describe the mslo G-V relation at
very low [Ca] (Fig. 5, A and B, open circles), as well as the
shifting behavior of the G-V relation as Ca?" is in-
creased to 124 pM. The calculated G-V curves displayed
in bold correspond to the following [Ca]: ~2 nM, 0.84,
1.7, 4.5, 10.2, 65, and 124 uM. The best fitting parame-
ters for each patch over this [Ca] range are listed in Ta-
ble I. At higher [Ca] (dimmed data and fits), the mslo
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FIGURE 5. mslo G-V relations determined from macroscopic cur-
rents at the following [Ca]: ~2 nM (O), 0.84 (@), 1.7 (*), 4.5 (O),
10.2 (M), 65 (A), and 124 uM (A). Data from three patches are
displayed (A-C). Solid lines represent best least squares voltage-
dependent MWC model fits to these data over the [Ca] range ~2
nM-124 pM. Parameters for these fits are listed in Table I. The
dashed lines represent best overall MWC model fits taking into ac-
count both kinetic and steady state data. Parameters for these fits
were found by eye and are listed in Table III. Two sets of data re-
corded with 1.7 pM [Ca] are displayed in A corresponding to the
beginning (*) and end () of this ~40-min experiment. The grey
symbols are data from 490 (V), and 1,000 pM (P<) [Ca]. Model
fits to these data are also included (grey solid and dashed lines). Patch
1 contained ~100 channels. Patch 2 contained ~70 channels.
Patch 3 contained ~80 channels. Similar data from patch 2 were
displayed in Cui et al. (1997; Fig. 5 A). Typically, three or four volt-
age families were recorded consecutively and averaged before
analysis.

G-V relation is not well fitted by voltage-dependent
MWC models. Possible reasons for this discrepancy will
be considered later in some detail. Two G-V relations
recorded with 1.7 pM [Ca] are included in Fig. 5 A,
one recorded at the beginning of this ~40-min experi-
ment and the other recorded at the end. The differ-
ence between these two data sets reflects the variability
in G-V position over time, and therefore provides some
assessment of how accurately we might expect the model
to fit the steady state data if it were known a priori that
such a model properly mimicked the underlying physi-
cal system. Given this variability, the model appears to
mimic mslo steady state behavior over the [Ca] range ~2
nM-124 uM fairly well.

In some previous experiments, however, at very low
[Ca] (~0.5 nM), the maximum slope of the mslo G-V
relation was more shallow than that observed at ~2 nM
[Ca] for patches 1 and 2 in Fig. 5, (mean Boltzmann fit
parameters: z = 0.87, V;,, = 195 mV, ~0.5 nM [Ca],
Cui et al., 1997), and it was more shallow than its value
at 10.2 uM [Ca] by ~30% (Cui et al., 1997). Also, some
variation in G-V curve steepness is observed throughout
the [Ca] range. On average, we have found this rela-
tion to be most steep at ~2 uM [Ca], and to become
somewhat more shallow at both higher and lower [Ca]
(Cui et al., 1997). For voltage-depedendent MWC mod-
els, the value of Q determines the G-V relations steep-
ness, and, supposing there is no voltage dependence in
horizontal transitions, dictates that the model G-V rela-
tion will have the same shape regardless of [Ca] (see
Fig. 6 for example). Variations in G-V curve shape as a
function of [Ca], therefore, cannot be accounted for
by these simplified models. Models of the form of
scheme I, however, could likely account for this behav-
ior as scheme I allows for differences in the cooperative
interactions between voltage sensing elements when
different numbers of Ca?* are bound to the channel.
Alternatively, adding a small amount of voltage depen-
dence to the Ca?* binding steps in scheme II, or assign-
ing a nonexponential voltage dependence to the cen-
tral closed-to-open conformational change can also give
rise to changes in G-V curve steepness as [Ca] is varied.

Properties of Scheme II Models

In Fig. 4 we used the voltage at which mslo currents are
half maximally activated (V,,,) as an index of the posi-
tion of the channel’s G-V relation on the voltage axis at
a given [Ca]. In the study of BK channel gating, this is
common practice (Wong et al., 1982; Wei et al., 1994;
DiChiara and Reinhart, 1995; McManus et al., 1995;
Wallner et al., 1995; Dworetzky et al., 1996; Meera et
al., 1996; Cui et al., 1997). For models conforming to
scheme II

V2 = g n(BL(O)) (6)
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Ficure 6. Equilibrium behavior of voltage-

dependent MWC models. (A) Model G-V curves at
0, 1, 10, 100, and 1,000 uM [Ca]. The parameters
used to generate these curves are indicated on the
figure, and are similar to those used to fit the mslo
data in Fig. 5 (Table III). (B) The effects of chang-
ing Q from 1.4 to 2.8. (C) The effects of changing
L(0) from 2,000 to 2. (D) The effects of changing

K¢ from 10 to 100 uM. (E) Plots of Vo vs. log[Ca]
for the conditions indicated in A (@), B (O), C (4),
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and D (O). (F) At higher voltages, fewer bound
Ca?* are necessary to achieve a given level of open
probability. Plotted is open probability (Fyp.,) as a
function of the mean number of Ca®?* ions bound
to the model channel. Each curve represents a dif-
ferent voltage as indicated. Model parameters were
the same as in A. Open probability was calculated
from Eq. 5. The mean number of Ca?* ions bound
to the model channel (M) was calculated from the

relation M = 4(L(Ko/Kc)([Cal/Ko)(1 + [Cal/

=~ 40 mv
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where B is given by Eq. 45, and is thus a function of
[Ca] and its dissociation constants. At constant Q and
[Ca], a decrease in L(0) decreases the change in free
energy required to open the channel, and the G-V rela-
tion moves leftward along the voltage axis. If L(0) and
[Ca] are held constant and Qis increased, more energy
is imparted to the central equilibrium by a given change
in voltage, and V], moves towards 0 mV. When [Ca]
equals 0, B equals 1, and the position of the G-V rela-
tion is determined only by Q and L(0). The effects that
changes in various voltage-dependent MWC model pa-
rameters have on model G-V relations at a series of
[Ca] are illustrated in Fig. 6.

The parameters that best fit the mslo G-V data (Table
I) suggest an intrinsic standard free energy difference
between open and closed at 0 mV of 4.6-5.4 kcal mol™!
at 23°C. However, the standard errors of estimates of
L(0) are large. The L(0) values could be further con-
strained by fits to kinetic measurements of gating. Smaller
values of Q, and therefore correspondingly smaller val-
ues of L(0), could give similar fits to the mslo G-V rela-
tions (dashed lines in Fig. 5), and, as will be discussed,
yielded better fits to the kinetic data. In fitting both
steady state and kinetic data, therefore, lower values of
L(0) were favored. Typically, values of L(0) between
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Ko)® + ([Cal/Ko) (1 + [Cal/Kp)?)/(L(1 + [Cal/
Ko)* + (1 + [Cal/Ky)*) where Lis given by Eq. 3.

1,500 and 2,000 were used (see Table III) correspond-
ing to an intrinsic free energy difference between closed
and open at 0 mV of 4.3—4.5 kcal mol~! at 23°C.

Taking the derivative of Eq. 6 with respect to L(0)
yields:

dVi,, _ RT
dL(0) ~ QFL(0)

(7)

The Ca-dependent factor Bin Eq. 6 does not appear in
Eq. 7. Therefore, the effects of changing L(0) are the
same at each [Ca], and as L(0) is varied, the G-V curves

TABLE I
Voltage-dependent MWC Model Parameters

Steady state fitting

Parameter Patch 1 Patch 2 Patch 3
L(0) 8959 * 2375% 6182 = 1504 2497 * 1015

Q 1.64 = 0.04¢ 1.54 = 0.04¢ 1.43 = 0.05¢
K 9.37 = 0.50 pM 10.22 = 0.52 pM 9.02 = 0.72 pM
Ky 0.62 = 0.03 pM 0.89 £ 0.05 uM 0.99 £ 0.13 M

Parameters are from least squares fits over the [Ca] range ~2 nM-124
wM, patches 1 and 2; and 0.84-1,000 wM, patch 3. *Parameter standard
error.



TABLE III
Voltage-dependent MWC Model Parameters

Steady state and kinetic fitting

Parameter Patch 1 Patch 2 Patch 3
Steady state parameters®
L(0) 1647 2029 1806
Q 1.40¢ 1.35¢ 1.37¢
K¢ 11.0 pM 8.68 pM 9.03 pM
Ko 1.1 pM 1.04 uM 1.08 uM
Kinetic parameters
Vertical rate constants
Closed to open*
Cy—- 0O,y 2.3957! 1.8s7! 2.0s7!
C, -0, 7.0s71 5.5s7! 5.0s7!
Cy— 0y 40571 29 57! 38 57!
C5- 04 295 571 130571 160 57!
Gy~ 0y 557 571 300 s~! 340 57!
Charge 0.73¢ 0.71e 0.71e
Open to closed
Op-GCy 3936 5! 3652 57! 361257t
0,-G, 1152571 1338 57! 1076 57!
0y~ Cy 659 s~ 846 57! 974 57!
0;,-C; 486 57! 490 57! 489 57!
0,-Cy 92571 126 571 124571
Charge —0.67¢ —0.64¢ —0.66¢

Horizontal rate constants

Ca?* on-rates equaled 10° M~1s™!* for each binding site in both open
and closed channel conformations and were adjusted appropriately
for the number of available sites.

Ca?* off-rates equaled (10°K;;) for each binding site in the closed
conformation and (10°K,,) for each binding site in the open
conformation, and were adjusted appropriately for the number of
bound Ca>*.

*These parameters are sufficient to define the kinetic behavior of these
models.

for a number of [Ca] move as a set along the voltage
axis maintaining the spacing between them (compare
Fig. 6, C to A). The shape of the Vj , vs. log[Ca] rela-
tion does not change (Fig. 6 E).

Unlike L(0), the value of Q influences the spacing of
the model G-V curves. For a given series of [Ca], in-
creases in Q bring the model curves closer together
(compare Fig. 6, B to A). This can be understood intu-
itively by considering that as the gating valence is in-
creased the free energy contributed to the central con-
formational equilibrium by a given size electric field in-
creases; therefore, smaller increases in the size of this
field are required to compensate for the free energy
contributed to this equilibrium by Ca?* binding. It can
also be understood mathematically by considering that
Q appears in the denominator of Eq. 6. A large Q value
will therefore mitigate the change in V; 4 brought about
by increases in [Ca]. The slope of the V], vs. log[Ca]
relation becomes more shallow as Q is increased (Fig. 6
E). The relative spacing of the model G-V relations, how-

ever, which we might define as the difference in V; ,; be-
tween the G-V curves for any two [Ca] divided by the dif-
ference in V, o for any other two [Ca], is unaffected by
changes in Q. This is a manifestation of the fact that a
plot of V; 5 vs. log[Ca] scales linearly with (1/Q) (Eq. 6).

To this point, our analysis has been based on equa-
tions for the general form of scheme II. The effects de-
scribed above are therefore not specific to voltage-depen-
dent MWC models, but rather are general to all models
of this form.

When Q and the number of binding sites are fixed,
the spacing of the G-V curves along the voltage axis as
[Ca] is varied is determined by all the Ca?* dissociation
constants in the system, K; and K, for voltage-depen-
dent MWC models. These constants reflect the change
in free energy that occurs as Ca?" binds to either con-
formation of the protein, and their ratio determines
the maximum shift in Vj,, as [Ca] is increased from 0
to a saturating value. Comparing Fig. 6 D to A for exam-
ple, as K¢ is increased from 10 to 100 M, the position
of the model G-V relation at high [Ca] shifts consider-
ably leftward due to an increase in the ratio K/ Ky. No-
tice that this large leftward shift is accomplished by de-
creasing the affinity of the channel for Ca’?" in the
closed state. Such shifts are therefore not necessarily in-
dicative of an increase in Ca?* binding affinity. The G-V
relation at 0 [Ca], is unaffected. Within the range be-
tween 0 and saturating [Ca], the specific values of the
Ca?t dissociation constants determine the spacing of
the G-V relations. In fitting mslo G-V relations to volt-
age-dependent MWC models, we consistently found
that to create the observed spacing the values of K and
Ko had to be close to 10 uM and 0.5-1 pM, respectively
(see Table I for standard errors). In terms of these
models, then, K and K, are well determined.

Accounting for the mslo G-V Relation at High [Ca]

As is evident in Fig. 5, the position of the mslo G-V rela-
tion at very high [Ca] is not well accounted for by volt-
age-dependent MWC models. The dimmed data points
in this figure were recorded with 490 (triangles) and
1,000 (bowties) pM [Ca]. Model fits are also shown (gray
lines). Both real and model G-V relations are close to-
gether at 65 and 124 pM [Ca], suggesting a saturation
of the effects of [Ca]. At higher [Ca], however, the mslo
G-V curve continues to move leftward, while the model
curve saturates. In fitting the data in Fig. 5, only the
[Ca] range, ~2 nM-124 uM, was included and, there-
fore, good fits at higher [Ca] might not be expected.
However, as shown in Fig. 7 A, when data recorded at
490 and 1,000 uM [Ca] are included in the fitting, volt-
age-dependent MWC models cannot account for the
position of the G-V curves at the highest [Ca]. Attempt-
ing to do so sacrifices fitting the data at lower [Ca]. In-
creasing the number of Ca?* binding sites did not im-
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FicUurRE 7. (A) Voltage-dependent MWC model, (B) general 10-
state model, and (C) two-tiered KNF model least squares best fits to
the steady state data of patch 2 (of Fig. 5), with data points at 490
and 1,000 uM included in the fitting. The parameters for the volt-
age-dependent MWC model fitare: K; = 13.28 pM, Ko = 1.17 uM,
L(0) = 3,052.5, Q = 1.44e. The parameters for the least squares
general 10-state model fit are listed in Table II. The parameters for
the two-tiered KNF model fit are: Ky, = 0.046 pM, K5 = 1.42 pM,
Ko = 43.90 M, Kop = 0.047 uM, Ko = 0.100 pM, Ko = 0.213
uM, Q = 1.46¢, L(0) = 4,328. The dashed lines in B represent a fit
to the general 10-state model with the following parameters: K, =
9.03 pM, Ky = 5.97 uM, K3 = 5.90 pM, Ky = 135.7 uM, Ky, =
0.68 pM, Koo = 0.85 uM, Kp3 = 1.19 pM, Koy = 1.65 pM, Q =
1.38¢, L(0) = 2,882.5.

prove model fits at high [Ca]. For each patch, the resid-
ual sum of squares increased as the number of binding
sites in the model was increased.

We also tried to fit the data at high [Ca] by relaxing
the MWC constraint that there are no interactions be-
tween Ca?" binding sites in either the closed or open
channel. The affinity constants K;; — K¢y and Ko, —
Koy in scheme II were allowed to vary independently.
In physical terms, relaxation of this constraint allows
each Ca?* binding to affect the affinities of the remain-
ing unoccupied sites. The sequential nature of each
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horizontal row in scheme II (Fig. 3 A), however, dic-
tates that all unoccupied sites are affected equally by
any binding event. As shown in Fig. 7 B (solid lines), re-
laxing the MWC independent binding constraint signif-
icantly improved model fits to the mslo G-V relations at
high [Ca] (P < 0.01 for each patch, tests for the superi-
ority of nested regression models where carried out as
described by Horn, 1987, see METHODS). The general
10-state model parameters that best fit patch 2 in Fig. 7
B are listed in Table II, as are the parameters that best
fit the G-V data from the two other patches in Fig. 5.
The dissociation constants from these fits suggest a
complex relationship between successive Ca®" binding
events in both the open and closed conformation. The
standard errors of these fit parameters, however, were
very large, sometimes several orders of magnitude larger
than the parameter values themselves. This result sug-
gests that many different parameter combinations could
produce similar fits, and therefore no emphasis should
be placed on any particular parameter combination. It
also underscores the inadequecy of steady state data for
constraining complex models, and the need for both
steady state and kinetic data to obtain reliable parame-
ter estimates.

A common property of each fit, however, is a large
K¢, value relative to the other closed state Ca2" dissoci-
ation constants. This decrease in the affinity of the last
Ca?* binding event in the closed conformation, cou-
pled with no change or an increase in the affinity of the
last Ca®* binding event in the open conformation, in-
creases the ratio (Kgy/Koy) and thereby the power of
the last binding event to push the G-V relation leftward
along the voltage axis. This effect can account for most
of the improvement over voltage-dependent MWC fits
at high [Ca]. This is demonstrated by the dashed lines
in Fig. 7 B, which represent a general 10-state model fit
to these data with parameters that are similar to the

TABLE I1I
General 10-State Model Parameters

Steady state fitting

Parameter Patch 1 Patch 2 Patch 3
L(0) 4865.3 3729.9 5896.7

Q 1.53¢ 1.42¢ 1.32¢
K 43.27 pM 26.10 M 10.59 uM
Koo 2.78 uM 18.55 uM 2.37 uM
Kes 1.17 uM 0.94 pM 3.44 pM
Koy 196.74 pM 204.72 pM 125.24 uM
Ko, 0.58 uM 0.31 pM 1.58 uM
Koo 1.81 pM 7.39 M 0.40 pM
Kos 0.91 puM 0.82 M 0.15 uM
Ko, 0.16 uM 0.70 pM 1.61 pM

Parameters are from least squares fits over the [Ca] range ~2 nM-1,000
M, patches 1 and 2; and 0.84-1,000 pM, patch 3.



voltage-dependent MWC model parameters for this
patch (Tables I and III), except for a large K., value
(for parameters, see legend to Fig. 7). It is possible,
therefore, that negative cooperativity between the third
and fourth Ca%* ions binding to the closed conforma-
tion, which is not present in the open conformation,
accounts for the position of the mslo G-V relation at
[Ca] > ~100 pM.

Another means by which we might relax the MWC
constraint that the binding sites are acting indepen-
dently is to suppose that in either the closed or open
conformations of the channel the affinity of a given
Ca?* binding site changes depending on whether the
binding sites on one or two adjacent subunits are al-
ready occupied. Scheme III in Fig. 3 B represents this
idea. In this scheme, each tier is formally equivalent to
a square version of the well known KNF model of allo-
steric interactions between subunits (Koshland et al.,
1966). These types of interactions were also considered
by Pauling (1935). Because under this idea there is a
difference in free energy between a channel with two
adjacent sites occupied and one with two diagonally op-
posed sites occupied, an additional state in each tier is
necessary. Once the dissociation constants for a site
with zero (Kyx,) or one (Kyxg) neighbor occupied are
defined, the dissociation constant for a site with two
neighbors occupied is determined (Kxc = Kxp?/Kxa)-
Two free parameters therefore determine the equilib-
rium binding of Ca?* to each tier of the model. Shown
in Fig. 7 Cis a fit of scheme III to the same data as
shown in Fig. 7, A and B. The dissociation constants for
this fit are K, = 0.046 pM, Kz = 1.42 pM, K¢ =
43.90 uM, Ky, = 0.047 pM, Koy = 0.100 pM, Ky =
0.213 uM. In general, two-tiered KNF models provide
some improvement over voltage-dependent MWC mod-
els in fitting the mslo data at [Ca] above 124 uM (P <
0.01 for all patches). These models, however, do not fit
as well as general 10-state models (P < 0.01 for all
patches), and the small dissociation constants often as-
sociated with the best fit (K, and K,, above) make it
difficult to fit the kinetic data (see below).

An alternative explanation for shifts in G-V curve po-
sition at very high [Ca] comes from the work of Wei et
al. (1994) (see also Solaro et al., 1995). In their experi-
ments they found that when 10 mM Mg?* was present
in the internal solution no further shifting of the mslo
G-V relation was observed with [Ca] above 100 pM.
They suggested that there is a second divalent cation
binding site(s) on the mslo channel that is less specific
for Ca%** over Mg?* than what might be considered the
primary site(s), and that at high [Ca] itis Ca?* binding
to this second site, perhaps screening a surface charge,
that is responsible for the leftward G-V curve shifts
above ~100 uM [Ca]. Under this hypothesis, 10 mM
Mg?* in the internal solution saturates this site and no

further effects of high [Ca] are expected. Clearly, more
investigation into this phenomenon will be important.
When the G-V data from [Ca] above 124 M were ex-
cluded from the fitting, each of the models discussed in
relation to Fig. 7 performed similarly, with somewhat
better fits produced as the number of free parameters
increased.?

P, as a Function of [Ca]

The steady state behavior of mslo and model channels
can also be compared by looking at P, as a function
of [Ca]. In Fig. 8, the data of Fig. 5 A are shown con-
verted to Ca?* dose-response form (filled circles). Simu-
lated voltage-dependent MWC model data are included
as well (open circles). Each curve represents a different
voltage. Both real data and simulated model points were
fitted (solid curves) with the Hill equation (Hill, 1910):

¢/G. = |a—2L — (8)
1+ O Ky,
UlCar™

The parameters for these fits are plotted in Fig. 8, C-F.
As over this [Ca] range there is a fairly good agreement
between the model and the data in Fig. 5 A, itis not sur-
prising that viewed in this way the real and simulated
data appear similar (Fig. 8, A and B). Fitting these data
with the Hill equation, however, serves to illustrate
some important characteristics shared by mslo and volt-
age-dependent MWC models. Both real data and simu-
lated voltage-dependent MWC model behavior suggest
that the maximum extent of channel activation de-
creases at negative potentials (Fig. 8 C). Both systems
produce Hill coefficients between 1.5 and 2.0 over a
broad range of voltages (Fig. 8 D); however, mslo Hill
coefficients closer to 3 are often observed at voltages
greater than +50 mV.* This is because the mslo dose-
response curves are slightly more sigmoid than the

3For each patch, the two-tiered KNF scheme fit significantly better
than the voltage-dependent MWC scheme (P < 0.01), and the gen-
eral 10-state scheme fit significantly better than the two-tiered KNF
scheme (P < 0.05).

*Models of the form of scheme II actually do not predict a change in
Hill coefficient as a function of voltage. The change in model Hill co-
efficient with voltage in Fig. 8 Dis due to a voltage-dependent shift in
the region of the dose-response curve emphasized in the fitting. The
true Hill coefficient, defined as the maximum slope of a plot of log
(Popen/ (Popen—max — Popen)) V8. log([Ca]), is a complicated function of
[Ca] and all the Ca%* dissociation constants in the model. It can be
found by setting the second derivative of the function representing
log (Pypen/ (Popen—max — Popen)) With respect to log([Ca]) equal to 0,
solving for [Ca], and substituting this value of [Ca] into the expres-
sion for the first derivative with respect to log([Ca]). For the model
in Fig. 8, this value is 2.10. As is well known, however, the model’s Hill
coefficient would change with L, and therefore voltage, if the fraction
of binding sites occupied by Ca** is measured instead of Py, (Wy-
man and Gill, 1990).
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mslo Voltage-dependent MWC model

FIGURE 8. mslo (A) and voltage-
dependent MWC model (B) Ca**
dose-response curves are plotted
for seven different voltages rang-
ing from —40 to +80 mV in 20-mV
steps (symbols). Each curve in A
and B has been fitted with the Hill
equation (Eq. 8) (solid curves) and

A
1.0 H
+80 mV
0.8 - (3
»
3 0.6
g
&}
5 04+
0.2 -40mv
0.0
T T T T 1 T
0.1 10 100 1000 0.1 1
[Ca] (uM)
C
35 .
_ 1o TTILL 20 .
i) o |
< 08 .o 2 25 ®e ©
o =204 288
06 [} =20 ° o 00o
E ) 2, [88002® ¢ oo
=044 8 o
502 o £
054
0.0 0.0

LI B S B S S e e | ISLBLEL A S e e

-50 -50

0 50 0 50
Test Potential (mV) Test Potential (mV)

model curves at these potentials (Fig. 8, A and B). Both
systems also demonstrate an increase in the apparent
affinity of the channel for Ca?* as voltage is increased
(Fig. 8 E) (Barrett et al., 1982; Moczydlowski and
Latorre, 1983; Markwardt and Isenberg, 1992; Cui et
al., 1997). This might appear to suggest that Ca** bind-
ing steps are voltage dependent (Moczydlowski and
Latorre, 1983; Markwardt and Isenberg, 1992). How-
ever, voltage-dependent MWC models predict this be-
havior without supposing voltage dependence in Ca%*
binding steps. This is because in the model both Ca?*
and voltage alter the free energy difference between
closed and open. As the voltage is increased, more en-
ergy is contributed to the central equilibrium by the
electric field, and, therefore, fewer Ca2t must bind to
the channel to bring it to a given Py,.,. This is illus-
trated in Fig. 6 £ where open probability is plotted as a
function of the mean number of Ca%" ions bound to
the model channel at several voltages.

Kinetic Behavior

A more demanding test of any gating model is to mimic
the nonstationary gating behavior of the protein being
studied. As described below, we attempted to fit mslo
macroscopic current kinetics with voltage-dependent
MWC models. To do so we had to reconcile the fact
that, but for a brief delay in the onset of activation,
both mslo current activation and deactivation can be de-
scribed by an exponential function over a wide range of
[Ca] and membrane voltages (Cui et al., 1997), yet the
solution of a 10-state Markov system has nine exponen-
tial components. Some of these components may be
relatively small in amplitude, and some may have simi-
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the parameters of these fits are

[Ca]l?pM) 1000 plotted as a function of voltage in
C, D (see footnote 4), and E. mslo

E . data and fit parameters are indi-
~ % cated with (@). Simulated data
%_ 60 and fit parameters are indicated
o 50 LI with (O). Data are from patch 1
é :g °, e (Fig. 5 A). The voltage-dependent
g °s MWC model parameters used for

20

& 0 Ooo these simulations are those listed
< 000, 0oo n Table III. Similar data from

patch 1 were displayed in Cui et al.

-50
(1997) (Fig. 13).

0 50
Test Potential (mV)

lar time constants. The challenge then is to find condi-
tions under which scheme II behaves like an apparently
more simple gating system.

It seems reasonable to suppose that the time course
of current relaxation reflects, in part, the vertical rate
of flux between open and closed, and, in part, the time
it takes for the channels to redistribute horizontally as
the net motion between closed and open draws chan-
nels away from one tier and to the other. It might be,
therefore, that if one of these processes was consider-
ably slower than the other, the kinetics of the system
would be dominated by the slower process. In fact, for
models of the form of scheme II it is possible to show
that in the limit that the equilibration of Ca®* binding
steps becomes very fast relative to the vertical transition
rates such that each horizontal elementary step can be
considered to be at equilibrium at all times, the kinetics
of scheme II become monoexponential (see Eigen,
1967; Wu and Hammes, 1973). The time-dependent so-
lution for scheme II in this limit becomes

_ a gr_a a 0 —(a+B)t
Popen (1) = [a +BL_ D[cx +BJ o [a + BJo o
(9a)
o = (Agfey + Oyfey + 0pfce + Ogfes +Uyfey)  (90)
B = (Bafoo * Bifor + Bafos + Bafos * Bafos) (90

where ay and By represent closed-to-open and open-to-
closed vertical rates constants, respectively, and fox and
Jox represent the fraction of closed (fcx) or open (fox)
channels occupying state x at a given [Ca]. The macro-
scopic time constant given by (1/a + B) is determined
by an average of all the vertical rate constants in the
scheme, weighted by the fraction of closed (for as) or
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FIGURE 9. mslo (left) and voltage-dependent MWC model (right)
traces determined at the indicated [Ca] and membrane voltages.
Voltage steps were 20-ms long from the following holding voltages:
0 (0.84 pM [Ca]), —100 (10.2 uM [Ca]), and —120 mV (124 pM
[Ca]). In each current family, the voltage increment was 10 mV.
Repolarizations were to —80 mV. For display, model and mslo cur-
rent families were scaled to have the same maximum amplitude at
+90 mV. Single exponential fits to the activation time courses are
superimposed on both the mslo and model traces. The fits to the
model traces are hard to discern as they follow closely the time
courses of activation. Data and model are from patch 1 (see Ta-
ble III).

open (for Bs) channels that precede each vertical tran-
sition. The simple kinetic behavior of mslo suggests some-
thing approximating this situation is occurring. If, on
the other hand, we suppose that voltage-dependent tran-
sitions are very rapid relative to Ca?* binding transi-
tions, the kinetics of scheme II do not converge to mono-
exponential behavior as is observed in the data (Cui et
al., 1997, and Fig. 9), but rather, each population of
channels with a given number of Ca?* bound would ap-
pear to gate independently, producing five exponential
components in the macroscopic current kinetics.

The kinetics of mslo macroscopic currents were fitted
to voltage-dependent MWC models using the following
procedure. The on rates for Ca?* binding to each sub-
unit were assumed to be at least as fast as is reasonable
(10° M~1s7!) given the diffusion limit for Ca?" binding
and the on rates reported for other Ca?* binding pro-
teins (Falke et al., 1994; Cui et al., 1997). Interactions

between Ca?" and surface charge could make the Ca%*
binding rates even faster. The Ca%" off rates were then
constrained by the dissociation constants determined
from fitting the steady state data. Likewise, for each ver-
tical step in the model one rate constant was free to
vary, while the other was then constrained by the steady
state fit. No other constraints were placed on the verti-
cal rate constants except that closed-to-open rate con-
stants were made to increase as the number of bound
Ca?* increased. The total gating charge associated with
the central conformational change was determined by
the steady state fit while the proportion of charge mov-
ing in forward and backward transitions was allowed to
vary within this constraint. To obtain reasonable fits to
the kinetic data, we found that the total gating charge
had to be less than that which produced the best fits to
the steady state data, this then required smaller L(0)
values as well. Good fits to the steady state data, how-
ever, were found with these parameters (Fig. 5, dashed
lines). The parameters used to model both mslo steady
state and kinetic behavior are listed in Table III.

Shown in Fig. 9 (left) are current families recorded
from the patch of Fig. 5 A at 0.84, 10.2, and 124 pM
[Ca]. On the right are traces generated from the volt-
age-dependent MWC model for this patch (Table III).
Each model trace was multiplied by a common factor
that made the amplitude of the model current at +90
mV equal to that of the data. Because under the condi-
tions employed, and over this voltage range, the mslo
single channel i-V relation is linear (Butler et al., 1993;
Cox et al., 1997), this normalization procedure is valid.
Clearly, there is a qualitative similarity between the data
and the model both in terms of kinetics and current
amplitude. The parameters for this fit are listed in Ta-
ble III (Patch 1). Similar fits were obtained with volt-
age-dependent MWC models for the two other patches
(Table III). In each case, model activation kinetics were
well described by a single exponential function. In Fig.
9, single exponential fits to the time courses of activa-
tion are superimposed on both model and mslo cur-
rents; however, the fits to the model currents are hard
to discern as they follow very nearly the activation time
course.

To compare better the kinetics of voltage-dependent
MWC models to those of mslo, data and model currents
were superimposed and scaled to have the same ampli-
tudes (Figs. 10 and 11). At high final open probabili-
ties, the data and model currents activate more rapidly
as the voltage is made more positive or [Ca] is increased
(Figs. 9 and 10). As understood through the model, the
effect of voltage is due to an increase in the magnitude
of all the closed-to-open rate constants as the voltage is
made more positive. At high open probabilities, these
rate constants are largely responsible for the overall ki-
netic behavior. The acceleration of the activation time
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FiGure 11. Comparison of mslo and voltage-dependent MWC

model macroscopic deactivation kinetics. mslo and model currents
are shown normalized to their values 200 ps after stepping to the
indicated voltage from a voltage at which the channels were near
maximally activated, and superimposed. Prepulse voltages were
+180 (0.84 uM [Ca]), +100 (10.2 uM [Ca]), and +90 mV (124
uM [Ca]). [Ca] are as indicated. Data and model are from patch 1
(see Table III).
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Ficure 10. Comparison of mslo
and voltage-dependent MWC model
macroscopic activation kinetics.
mslo and model traces are shown
normalized to their maximum val-
ues and superimposed. [Ca] and
membrane voltages are as indi-

-40 mV cated. Holding voltages for each
Lo [Ca] are as stated in the legend to
Fig. 9. Data and model are from

& patch 1 (see Table III).

course by [Ca] also can be understood through the
model. Considering Eq. 9, as more Ca®* ions bind to
the channel, the fast closed-to-open rate constants on
the right hand side of the model become more heavily
weighted than the slower closed-to-open rate constants
on the left. Faster macroscopic activation kinetics re-
sult. Deactivation of model currents to low final open
probabilities is dominated by the open-to-closed rates
constants. Depolarization decreases the magnitude of
these rate constants and slows deactivation (Fig. 11).
Increases in [Ca] also slow deactivation because as [Ca]
is increased, more weight is given to the slower open-to-
closed rate constants on the right hand side of the
model than to the faster open-to-closed rate constants
on the left.

While the time courses of mslo and voltage-depen-
dent MWC model currents are often similar, there is a
clear tendency for the model currents to be faster than
the data when current relaxations are very rapid (at
highly positive voltages and high [Ca] for activation,
and highly negative voltages and low [Ca] for deactiva-
tion). Also, at negative potentials and low [Ca], the
time course of model deactivation deviates from expo-
nential behavior. This is because under these conditions,
the open-to-closed transitions do not equilibrate slowly
enough relative to the Ca?* binding equilibria so as to
allow the Ca%* binding equilibria to always be very close
to steady state. In Fig. 11, for example, the model cur-
rent in the lower left panel (0.84 uM [Ca]; —120 mV)



Tau Activation (ms)

; 0.84 M [Ca) 17 UM [Ca]
24
0.1
T T T T T T T ™
0 40 80 120 160 200 0 40 80 120 160 200
105 10.
53 5
64 L ] ® 6
w ] Py .
g 7 ?
R
g la; 15
9 4.5uM [Cal : 10.2 pM [Ca]
L:é 4
= 2 2
0.1 0.1
T T L T T 1 T 1 T LA B | L B T T 1
-40 0 40 80 120 160 -40 0 40 80 120 160

Tau Activation (ms)

0.1

T - T T 1T [ B A P B
-80 40 0 40 80 -80  -40 0 40 80

Test Voltage (mV) Test Voltage (mV)

Ficure 12. Comparison of mslo and model macroscopic activa-
tion kinetics over a wide range of conditions. [Ca] are as indicated.
mslo (@), voltage-dependent MWC model (O), and general 10-
state model (solid lines) traces were fitted with exponential func-
tions starting 200 ps after the beginning of a voltage step to the in-
dicated test voltage. The time constants of these fits are plotted as a
function of test voltage. Two sets of data are displayed for 1.7 uM
[Ca], corresponding to data recorded at the beginning (@) and
the end (#) of the experiment. Notice the change in range of the
voltage axis as [Ca] is increased. Holding voltages were: —50
(0.84 uM [Cal), —80 (1.7 pM [Ca]), —100 (4.5 uM [Ca]), —100
(10.2 uM [Ca]), —120 (656 pM [Ca]), and —120 mV (124 pM
[Ca]). Data are from patch 1. The voltage-dependent MWC model
parameters are given in Table III. The general 10-state model pa-
rameters are as follows: L(0) = 1,647, Q = 1.40¢, K;; = 10.08 uM,
Koy = 5.22 pM, K¢y = 5.82 pM, Ky = 70.64 uM, K,y = 0.890 pM,
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is better fit by a double rather than a single exponen-
tial. The fast component of this fit has a time constant
of 34 ws. No such fast component is evident in the data.
However, in our experiments such a fast component, if
present, would have been difficult to distinguish from
the capacity transient, and would have been blunted by
the analogue filter employed (four pole low pass bessel,
10 kHz).
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Ficure 13. Comparison of mslo and model macroscopic deacti-
vation kinetics over a wide range of conditions. [Ca] are as indi-
cated. mslo (@), voltage-dependent MWC model (O), and general
10-state model (solid lines) currents were fitted with exponential
functions starting 200 ps after the beginning of a voltage step to
the indicated test voltage from a depolarized voltage where the
channels were near maximally activated. The time constants of
these fits are plotted as a function of test voltage. Prepulse poten-
tials were: +180 (0.84 uM [Ca]), +160 (1.7 uM [Ca]), +120 (4.5
uM [Ca]), +100 (10.2 uM [Ca]), +90 (65 pM [Ca]), and +90 mV
(124 uM [Ca]). Notice the change in range of the voltage axis as
[Ca] is increased. Data are from patch 1. The voltage-dependent
MWC model parameters are given in Table III. The general 10-
state model parameters are given in Fig. 12.

To compare mslo and model macroscopic kinetics
over a wider range of conditions, the relaxation time
courses of both model and mslo currents were fitted
with single exponential functions, and the time con-
stants of these fits are plotted as a function of voltage
for six different [Ca] in Figs. 12 (activation) and 13 (de-
activation). The major effect of an increase in [Ca] is to
shift both activation and deactivation 7-V curves left-
ward along the voltage axis (DiChiara and Reinhart,
1995; Cui et al., 1997) (notice the changes in the range
of the voltage axis in Figs. 12 and 13). As was evident in
Figs. 10 and 11, when relaxation is very rapid, the model
traces (time constants represented by open circles,
Figs. 12 and 13) often relax more quickly than the data
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(time constants represented by filled circles, Figs. 12
and 13). There appears to be something limiting the ki-
netic behavior of the mslo channel that is not accounted
for by the model. Also, the slowest activation time con-
stants are usually slower in the mslo data than predicted
by the model. Overall, however, voltage-dependent MWC
models do a fairly good job at mimicking the shifting
nature of the mslo -V curves as [Ca] is varied.

To examine whether the discrepancies between the
shapes of the mslo and voltage-dependent MWC model
7-V curves are due to the restrictions placed on the
Ca?* dissociation constants by the MWC assumption
that the Ca%?" binding sites act independently, the ki-
netic data from patch 1 was fitted with a general form
of scheme II. The results of this fit are shown as solid
curves on the graphs in Figs. 12 and 13. The general 10-
state model behaves very much like the voltage-depen-
dent MWC model. This result suggests that it is not the
assumption of binding site independence that leads to
the discrepancies between the kinetic data and voltage-
dependent MWC models, but, more likely, the assump-
tion that the channel’s voltage sensors move in a com-
pletely concerted manner may need to be relaxed.

DISCUSSION

We have approached the modeling of BK channel gat-
ing by first considering the most general system of
states that is required to conform to what is known, or
likely to be true, about the structure of these channels,
and then simplifying this system of states to a manage-
able number using adaptations of widely used models
for allosteric conformational changes. From the simple
premise that each subunit can bind one Ca?* molecule
and undergo one voltage-dependent conformational
change arises 55 physically distinct states that must exist
and therefore contribute to the kinetic behavior of the
channel. This large number of states is beyond what
can be dealt with analytically under non-steady state
conditions, and larger than Markov models typically
used to describe the gating of ion channels. The com-
plexity arises here because BK channels respond to two
stimuli, Ca?* and membrane voltage, and we have cho-
sen to model the effects of changes in these stimuli si-
multaneously. In such circumstances, very simple physi-
cal pictures lead to many allowable protein conforma-
tions. The fact that slo o subunits expressed alone form
homomultimeric channels helps to reduce the number
of distinct channel conformations. Even a homotet-
rameric slo channel, however, could have a conforma-
tional space comprised of many more than 55 states.
For example, if each subunit could undergo two se-
quential voltage-dependent steps instead of one, as has
been proposed for the shaker K* channel, even without
making distinctions based on subunit position, 126 dis-
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tinct conformations of the protein would result. This is
without considering conformational changes occurring
at or below the time resolution of electrophysiological
measurements. In the case of mslo, however, two obser-
vations suggest that voltage-dependent gating steps are
highly concerted and therefore might be modeled as a
single conformational change without losing a great
deal of ability to mimic channel gating. The first is that
macroscopic current kinetics are often well approxi-
mated by a single exponential function over a wide range
of conditions (Cui et al., 1997), suggesting a single rate
limiting step between closed and open. The second is
that the mslo steady state G-V relation can be approxi-
mated by a simple Boltzmann function at many [Ca]
(Butler et al., 1993; Wei et al., 1994; Cui et al., 1997).
While the data do not exactly conform to these func-
tions (as will be discussed below), the degree to which
they do conform suggests a concerted series of steps be-
tween closed and open. Combining the movement of
the channel’s four hypothetical voltage sensors into a
single step leads to models of the form of scheme II.

The simplest form of scheme II occurs when each
Ca?* binding site is independent in both the closed
and open conformations, and the opening of the chan-
nel changes the affinity of all Ca?* binding sites equiva-
lently. In this case, scheme II becomes a voltage-depen-
dent version of the well known MWC model of allo-
steric proteins (Monod et al., 1965). MWC models have
been used to model the conformational equilibria of
many of the best studied allosteric proteins (see Perutz,
1976; Neet, 1995). This prompted us to examine their
ability to mimic mslo gating. As discussed above, several
discrepancies between mslo gating and the behavior of
voltage-dependent MWC models were discovered: (a)
the models fail to predict the position of the mslo G-V
relation at very high [Ca], (b) under conditions in
which relaxations are very rapid, model traces often re-
laxed more rapidly than the data, (¢) the slowest activa-
tion time constants at a given [Ca] are usually slower in
the data than predicted by the model, (d) any changes
in the maximum slope of the mslo G-V relation as a
function of [Ca] are not accounted for by the models,
and (e) atlow [Ca] and negative potentials, the models
predict a fast component of deactivation that is not
clearly evident in the data. These discrepancies are cer-
tainly important, and are very likely pointing towards a
better understanding of the gating of BK channels than
can be gained from models of this form. Relaxing the
constraint that the binding sites act independently did
to some extent ameliorate the difficulty in fitting the
mslo G-V relations at high [Ca]; however, it did not im-
prove the kinetic fits.

On the other hand many aspects of mslo gating can
be understood through voltage-dependent MWC mod-
els: (@) monoexponential relaxation kinetics over a



wide range of conditions (Cui et al., 1997), () Boltz-
mann-like G-V relations, (¢) macroscopic activation rate
constants that increase with voltage and increase with
[Ca] to saturation (DiChiara and Reinhart, 1995; Cui
et al., 1997), (d) macroscopic deactivation rate con-
stants that decrease with voltage and decrease with
[Ca] to saturation (DiChiara and Reinhart, 1995; Cui
etal., 1997), (¢) the apparent Ca?" affinity of the chan-
nel, as judged by the channel’s steady state open proba-
bility, is strongly voltage dependent, while the apparent
affinity, as judged by saturation of the activation kinet-
ics, is less so (Cui et al., 1997), (f) at most potentials, it
takes less Ca®" to saturate the steady state conductance
than it does to saturate the macroscopic rate constant
of activation (Cui et al., 1997), (g) the channel can be
very nearly maximally activated by voltage without bind-
ing Ca?* (Cui etal., 1997), (h) plots of steady state con-
ductance vs. [Ca] are often best fit with Hill coefficients
close to 2 (Barrett et al., 1982; Methfessel and Boheim,
1982; Golowasch et al., 1986; Cornejo et al., 1987;
Oberhauser et al., 1988; Sheppard et al., 1988; MacKin-
non and Miller, 1989; Reinhart et al., 1989; Tabcharani
and Misler, 1989; Segal and Reuss, 1990; Markwardt
and Isenberg, 1992; Perez et al., 1994; DiChiara and
Reinhart, 1995), and (i) a nonlinear Vj, vs. log[Ca]
plot (Wei and Salkoff, 1986; DiChiara and Reinhart,
1995; Cui et al., 1997). In many respects, voltage-
dependent MWC models appear to provide a reason-
able general description of the channel’s gating behav-
ior and are useful in understanding the molecular
mechanisms of mslo gating.

The dose-response relationships of many allosteric
proteins have been modeled using the MWC formal-
ism, and putative T and R states of several of these pro-
teins have been crystallized. A list of these proteins
includes hemoglobin, aspartate transcarbamoylase, phos-
phofructokinase, glycogen phosphorylase, fructose bis-
phosphatase, pyruvate kinase, and others (for reviews
see Perutz, 1989; Dittrich, 1992; Neet, 1995). The allo-
steric behavior of some ion channels have also been
modeled in this way (Marks and Jones, 1992; Goulding
et al., 1994; Tibbs et al., 1995; Edelstein et al., 1996;
Galzi et al., 1996; Varnum and Zagotta, 1996). Of these,
the cyclic nucleotide—gated (CNG) channels of retina
and olfactory epithelium are most similar to mslo.
These channels are thought to be tetramers with a sin-
gle cyclic nucleotide binding site in each monomer
(Liu et al., 1996). Like mslo, their amino acid sequences
suggest they are structurally similar to voltage-gated ion
channels with a specialized domain attached to facili-
tate ligand binding (Kaupp et al., 1989). Also like mslo,
channel opening has been demonstrated in the ab-
sence of bound ligand (Tibbs et al., 1995), subunits ap-
pear to change conformation in a concerted manner as
the channel opens (Varnum and Zagotta, 1996), and

the cyclic nucleotide dose-response relations of CNG
channels can be fitted with MWC models (Goulding et
al., 1994; Varnum and Zagotta, 1996) (for a review of
cyclic nucleotide-gated channel properties see Zagotta
and Siegelbaum, 1996). These similarities suggest a com-
mon mechanism by which ligand binding is coupled to
channel opening. Studies of either channel type may
therefore contribute to the understanding of the other.

Unlike CNG channels, however, BK channels are sig-
nificantly voltage dependent. The equilibrium gating
of BK channels can therefore be examined under a
wider range of conditions than has been possible for
CNG channels. Determining the open probability of
mslo as a function of [Ca] at 10-mV increments span-
ning a 100-mV range (the experiment of Fig. 8) is in
many respects similar to measuring the substrate activa-
tion curve of a classic allosteric protein at many effector
concentrations. The main differences between these
experiments being that with channels we are in the un-
usual position of being better able to measure the frac-
tion of channels in the open conformation than the
number of ligands bound to the channel, and voltage,
unlike an effector, can influence equilibria in either di-
rection. Experiments involving both substrate and ef-
fector have contributed greatly to the functional under-
standing of many allosteric enzymes (for reviews see Pe-
rutz, 1989; Neet, 1995). The ability to manipulate mslo
gating with both Ca?* and voltage therefore holds
promise for a more detailed understanding of the gat-
ing of these proteins in the future. Also promising, with
voltage perturbations, the nonstationary kinetic behav-
ior of slo channels can be examined in detail both with
macroscopic currents, as was done here, and at the sin-
gle channel level. These types of data, however, put
greater demands on models of mslo gating than, for ex-
ample, the models used to describe the gating of CNG
channels. The degree to which voltage-dependent MWC
models fail to mimic the gating of mslo therefore may
not indicate that these models are less valid for mslo
than other allosteric proteins, but rather in some in-
stances the demands put on the models by the mslo data
are greater.

Often, careful examination of allosteric systems ini-
tially characterized as MWC systems reveals inconsis-
tences with this simple model. For example, two main
conformations of hemoglobin (R and T) have been
crystallized (Perutz, 1976). However, experiments us-
ing the irreversible ligand Fe(III)-CN have revealed
that once a ligand is bound to one subunit of an of
dimer, the protein is much more likely to convert to its
R conformation if the next ligand binds to a subunit of
the other af dimer rather than to the same dimer
(Holt and Ackers, 1995). This indicates the presence of
intermediate states between the T and R conformations
and violates the MWC postulate that binding to any one
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site affects all sites equivalently. Experimental evidence
also suggests that yeast pyruvate kinase can exist in an
intermediate state between T to R (Murcott et al., 1992).
The discrepancies between our data and voltage-depen-
dent MWC models are very likely indicating similar
complexities. As was shown, models based on the gen-
eral form of scheme II do at least as well as voltage-
dependent MWC models in fitting mslo macroscopic
current behavior and, in some respects, better. General
10-state models, however, have six more free parame-
ters than do voltage-dependent MWC models, and it
was often the case that for these models more than one
set of parameters could give reasonable fits to the
steady state data. As there are alternative explanations
for the leftward shifting of the mslo G-V curves at [Ca]
over ~100 pM (Wei et al., 1994; Solaro et al., 1995), we
are not yet in a position to distinguish between models
containing interactions between binding sites in a
given conformation and those that do not. In fact, an-
other model we have examined that conforms to
scheme II and contains only three free parameters (at
equilibrium) can fit the mslo data with some success, al-
though not as well as those described. This model is
based on the premise that the second Ca®" ion that
binds to the channel provides all of the free energy that
stabilizes the open conformation relative to the closed.
In the sense that a single binding event provides most
of the energy stabilizing the open state over the closed,
this model is similar to that proposed by McManus and
Magleby (1991) to account for the Ca-dependent prop-
erties of single skeletal muscle BK channels under
steady state conditions. Whether the binding of Ca?* to
some sites in the closed or open conformation affects
the affinities of the unoccupied sites will be important
to determine. However, even without supposing a devi-
ation from strict MWGC behavior, both the voltage-
dependent MWC models used here and the McManus
and Magleby model predict that three Ca?* ions must
bind to a channel at +30 mV before it is more likely to
be open than closed. Also, with a given number of Ca%*
ions bound, they both contain a single step between
closed and open.

Already, however, several lines of evidence indicate
that more than one voltage-dependent conformational
change is necessary for mslo channels to move from
closed to open, suggesting that better models of mslo
gating might be constructed if the intermediate states
in scheme I were not excluded. First, there is a brief de-
lay in activation of mslo macroscopic currents, which
can be seen at most [Ca], including very low concentra-
tions where the channels gate without bound Ca2*
(Toro et al., 1996; Cui et al., 1997). To account for this
delay, multiple steps need to exist between closed and
open. Second, gating schemes with a single voltage-
dependent conformational change between closed and
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open predict G-V relations described by a simple Boltz-
mann function, while better fits to higher powers of a
Boltzmann function are indicative of multiple voltage-
dependent steps (Sigworth, 1994; Zagotta et al., 19944,
19946). The mslo G-V relation often appears fairly well
fit by a Boltzmann function, but is usually best fit with a
Boltzmann function raised to a power between 1 and 3
(Cui et al., 1997). And third, recent gating current
measurements from slo channels indicate that gating
charge movement precedes channel opening (Horri-
gan et al., 1996; Ottolia et al., 1996). Models of the
form of scheme II predict that ionic and gating current
relaxations follow the same time course. In the future,
an examination of the properties of models of the form
of scheme I may be fruitful as this scheme allows for
gating charge movement before channel opening.

Relation to Single Channel Studies

Single channel analysis of both native (McManus and
Magleby, 1988, 1991; Art et al., 1995; Giangiacomo et
al., 1995; Wu et al., 1995) and cloned (DiChiara and
Reinhart, 1995; Lagrutta et al., 1996) BK channels has
revealed that these channels exhibit stationary gating
kinetics with at least five exponential components to
their closed time distribution and at least three expo-
nential components to their open time distribution.
How does a system display complex kinetic behavior at
the single channel level and relatively simple kinetic be-
havior when recorded from as a population? What sorts
of dwell time distributions do the voltage-dependent
MWC models presented here predict? To answer the
second question, the Q-matrix methods described by
Colquhoun and Hawkes (1981, 1982, 19955) were used
to solve for the open and closed time distributions pre-
dicted by the voltage-dependent MWC model for patch
1. As might be expected, results of these calculations in-
dicate that under most circumstances the distributions
are heavily dominated by a single component whose
time constant is well approximated by 1/a given by Eq.
906 for closed times and 1/f given by Eq. 9¢ for open
times. As discussed above, this is because, under most
conditions, model Ca?* binding steps equilibrate rap-
idly relative to the closed-to-open equilibrium. How-
ever, as can be seen in Fig. 14, preliminary results sug-
gest that when comparing model currents to the data,
voltage-dependent MWC models appear to mimic the
bursting of mslo, but fail to reproduce brief closures
during the bursts. Several studies indicate that these
brief closures contribute significantly to the complexity
of the single channel dwell time distributions. When
brief (as well as very long) closures are ignored in the
analysis, BK channel burst time distributions are domi-
nated by a single component (Methfessel and Boheim,
1982; Magleby and Pallotta, 1983; Moczydlowski and



mslo Voltage-dependent MWC model

1.7 pM [Ca]

4.5 uM [Ca]
(+50 mV)

124 uM [Ca]
(+50 mV)

LN LN L . |

Ficure 14. Comparison of mslo and voltage-
dependent MWC model single channel currents.
(Left) mslo data from a single membrane patch. The

voltage was held at +50 mV and currents were re-
corded at the indicated [Ca]. The traces displayed

are from consecutive 100-ms time increments. The
data were low base filtered at effectively 3.3 kHz be-
fore display. (Right) Simulated voltage-dependent

Latorre, 1983, although a smaller component of bursts
comprised of brief single openings is also evident, Ma-
gleby and Pallotta, 1983). The question then becomes,
how do these brief closures affect the time course of
macroscopic BK channel currents? This question has
been addressed by Colquhoun and Hawkes (19954) in
the context of the following system, which bursts per-
ceptibly when vy is large relative to o and 3.
o
G =— G — O

5 40

As pointed out, “when the gaps within bursts are brief,
noise and relaxation experiments will give a time con-
stant that corresponds approximately to the mean
burst length rather than the mean open time” (Colqu-
houn and Hawkes, 1995a). Some of the complexity of
channel gating is not evident in the macroscopic ki-
netic behavior. Thus, the observation that models de-
signed to mimic macroscopic mslo currents do not pre-

MWC model single channel currents generated for
the same conditions as the data on the left. The
model for patch 1 was used. For parameters see Ta-
ble III.

dict brief closures within bursts is not unexpected.
However, this does not excuse the fact that voltage-
dependent MWC models fail to predict this feature of
BK single channel recordings. What is the origin of
these brief closures? One possibility is suggested by
scheme I. If in this scheme voltage sensor movement is
highly cooperative (as the data suggests), then under
most circumstances the final vertical equilibrium pre-
ceding each open state will be heavily biased towards
opening, creating a situation in which the channel is
likely to close briefly to states that precede open, and
then reopen producing brief flickers closed such as are
observed. The inability of the models of the form of
scheme II we have described to account for the compli-
cated single channel kinetics of BK channels may be,
therefore, also a consequence of condensing several co-
operative voltage-dependent steps into a single step.
Another possibility is that brief closures represent so-
journs into closed states not involved in the activation
pathway (see for example Hoshi et al., 1994). Alterna-
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tively, McManus and Magelby (1991) have demon-
strated that a subset of scheme II composed of five
closed and three open states can account for most of
the Ca-dependent stationary gating properties of native
skeletal muscle BK channels at +30 mV, including the
flickering behavior. This demonstrates that models of
the form of scheme II are sufficient to generate such
complex single channel kinetics without supposing ad-
ditional states. However, as they did not study the volt-
age-dependent properties of these channels, it is not
clear how well models like those they proposed could
mimic the voltage-dependent kinetics of skeletal mus-
cle BK channel currents. Ultimately, models that can
account for both single-channel and macroscopic be-
havior over a wide range of [Ca] and membrane volt-
ages are desirable. To build such models for mslo, a de-
tailed kinetic analysis of single channel gating will be
necessary, and the existence of at least as many states as
shown in Fig. 2 will need to be taken into account.

Interpretation of Mutant Channel Behavior

Putting aside for the moment the problems with volt-
age-dependent MWC models, the success of these mod-
els in many respects suggests that they may be useful in
interpreting modifications or mutations of slo channels.
A common question, for example, might be: does a par-
ticular mutation that alters the apparent affinity of the
channel for Ca?* affect the affinity of Ca?* binding or
other conformational changes involved in gating? As
has become common in the recent literature, changes
in channel behavior are often characterized in terms of

Vy2 vs. log[Ca]

=]

QuppVirz (V)

Qupp Vi vs. loglCa]

changes in the relationship between V; ,, and log[Cal].
Eq. 6 indicates that changes in L(0), and therefore the
intrinsic free energy difference between open and closed,
will affect the apparent Ca?* affinity of the model chan-
nel, but will not affect the relative spacing of the G-V
curves determined at several [Ca]. A plot of V], vs.
log[Ca], therefore, will not change shape from wild
type to mutant. It will simply translate along the voltage
axis. This is demonstrated in Fig. 15 A, where V; 5 vs.
log[Ca] is plotted for a hypothetical wild-type voltage-
dependent MWC model channel (asterisks) and for the
case in which L(0) is reduced from 2,000 to 2 (trian-
gles). Also shown are the effects of changing other model
parameters. For comparison, in Fig. 15 C, the curves
from Fig. 15 A have been shifted so that they have the
same V) o value at 0 [Ca]. Here, the curves correspond-
ing to L(0) = 2,000 and L(0) = 2 superimpose, demon-
strating that they have the same shape. This result
would suggest that a mutation has not affected the ac-
tual affinity of Ca?* binding sites for Ca?*, but rather
L(0). On the other hand, according to scheme II, mu-
tations that do affect the shape of the mslo Vo vs.
log[Ca] relation could arise in two ways: (a) a change
in the voltage sensitivity of the channel Q (Fig. 15,
squares), or (b) a change in one or more Ca%" dissocia-
tion constants (Fig. 15, circles). As can be seen from Eq.
6, a change in @ scales a plot of V  vs. log[Ca] by a
constant factor, while a change in the affinity of Ca?*
binding sites will affect the spacing of the G-V curves in
a less predictable manner. One way to distinguish be-
tween these possibilities then is to multiply the appar-
ent gating charge of the channel determined from

Ficure 15. The effects of modifications or muta-
tions on model gating behavior. (A) Plots of V; 5 vs.
log[Ca] for a hypothetical wild-type voltage-depen-
dent MWC model channel (@), as well as after four
types of modification: an increase in Q to 2.8 (L), a
decrease in L(0) to 2 (A), an increase in K to 100
pM (O), and elimination of cooperative interac-
tions between voltage-dependent conformational
changes (). The parameters for the wild-type
model are as in Fig. 6 A. To simulate a loss of coop-
erativity between voltage-sensing elements, an ex-
pression for the equilibrium open probability of
scheme I was used with L(0) = (1/2,000)/4, Q =

(¢}
=]

0.35, K; = 10 uM, and K, = 1 pM where these pa-
rameters represent the properties of each individ-
ual subunit. No cooperativity between Ca?* binding
sites or voltage sensing elements was included. (B)
Plots of Q,;, V19 vs. log[Ca] for the same simulated
data as in A. Q,,, was determined from Boltzmann
fits to the G-V relations for each case. (C) The plots
in A have been shifted so as to have the same V; »
value as the hypothetical wild type at 0 [Ca]. (D)
The plots in B have been shifted so as to have the

—_ =y
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same V1,9 value as the hypothetical wild type at
0 [Ca].

aApp



Boltzmann fits by V] o, and then to plot this value vs.
log[Ca]. This corrects for changes in the shape of the
V1,2 vs. log[Ca] relation due to alterations in Q. Plots of
Q.pp V1 /2 vs. log[Ca] are shown in Fig. 15 B. Notice that
the wild type and increased Q plots superimpose, while
when K is altered, the shape of the Q,,, V1,5 vs. log [Ca]
plot differs from wild type. This type of plot would
therefore be preferable to a plot of V5 vs. log[Ca] for
differentiating changes in Ca?" affinity from changes in
the intrinsic energy difference between closed and open.
Another approach to interpreting channel modifica-
tions would be to examine the wild type and mutant
channel’s G-V relation at very low [Ca] where the chan-
nel is gating without binding Ca?* (Meera et al., 1996;
Cui et al., 1997). Here, according to scheme II, differ-
ences in the position of the G-V relation can only re-
flect changes in L(0) or Q. If it is only Q that has
changed, Q,,, Vi, will be the same for mutant and wild-
type channels, while if L(0) has changed, this will not
be the case (see Fig. 15 B). Of course, if a mutation
were to make the shapes of the mslo G-V relations at dif-
ferent [Ca] grossly different, this would indicate that
interpreting the effects of the mutation in terms of
models of the form of scheme II may not be valid.
Since scheme I may more generally represent mslo
gating behavior than does scheme II, we might ask how
modifications or mutations would affect the equilib-
rium properties of models of the form of scheme I? Re-
stricting the analysis to conditions in which the G-V re-
lations do not change shape as [Ca] is varied, simula-
tions of the behavior of scheme I indicate that, as for
scheme II, changes in the voltage-dependent equilib-
rium constant of each subunit (see Fig. 1 A) do not af-
fect the shape of the V, 5 vs. log[Ca] curve, only its posi-
tion along the voltage axis. Likewise, changes in the
charge associated with each voltage-dependent step can
to a very good approximation be compensated for by
multiplying V;, by the apparent gating charge deter-
mined from a simple Boltzmann fit, and then plotting
Q.ppV1/2 vs. log[Ca]. For models of the form of scheme
I, however, changes in the maximum slope of the G-V
curves can also come about through alteration of the
cooperative interactions between voltage-dependent
steps. A decrease in cooperativity will make the G-V
curves more shallow and less well approximated by a

Boltzmann function. The spacing of the G-V curves,
however, will not be affected by such a modification
and, therefore, a plot of V] o vs. log[Ca] will maintain
its shape. This is demonstrated in Fig. 15, A and C,
where the asterisks can be thought of as represent-
ing scheme I with highly cooperative voltage-dependent
conformational changes, and the diamonds represent
scheme I with no cooperativity between voltage sensors.
Although a plot of Vj, vs. log[Ca] will maintain its
shape after such a mutation, a plot of Q,,,V; » vs. log[Ca]
will not. It becomes more shallow as cooperativity de-
creases (Fig. 15, Band D). Also, unlike changes in Q or
K, a decrease in voltage sensor cooperativity causes a
change in the value of Q,,,Vi,» at 0 [Ca] (Fig. 15 B).

Considering the above discussion, according to scheme
I, modifications that directly affect Ca?* binding can be
distinguished from those affecting gating steps intrinsic
to the protein as follows. Given that the G-V curves have
a similar shape at each [Ca] after the modification, if
plots of both V5 vs. log[Ca] and Q,,, V1,2 vs. log[Ca]
change shape from wild type to mutant, the mutation is
likely to be having a direct effect on Ca?* binding con-
stants. Otherwise, it is more likely that the effect is on
conformational changes intrinsic to the protein. This is
evident in Fig. 15, Cand D where the only relation that
differs in shape from wild type in both plots is that for
changing K.

In conclusion, the work described here demonstrates
that many aspects of the gating of a BK channel can be
understood through kinetic models that are based on
the premise that the channel is a homomultimer with a
Ca?* binding site and voltage sensor in each subunit.
Of these, voltage-dependent MWC models are the sim-
plest, and yet they can mimic many aspects of mslo mac-
roscopic kinetic and steady state behavior. This sug-
gests that the allosteric mechanism of this channel may
be similar to those of other allosteric proteins whose be-
haviors have been modeled with the MWC formalism.
To gain a detailed understanding of mslo gating, how-
ever, more experimentation and more complex models
along the lines of scheme I, or even more complex
schemes, will be necessary. Very likely, such work will
contribute to our understanding of allosteric proteins
in general.
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