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N-Type Calcium Channel Inactivation Probed by Gating-Current Analysis
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ABSTRACT N-type calcium channels inactivate most rapidly in response to moderate, not extreme depolarization. This
behavior reflects an inactivation rate that bears a U-shaped dependence on voltage. Despite this apparent similarity to
calcium-dependent inactivation, N-type channel inactivation is insensitive to the identity of divalent charge carrier and, in
some reports, to the level of internal buffering of divalent cations. Hence, the inactivation of N-type channels fits poorly with
the “classic” profile for either voltage-dependent or calcium-dependent inactivation. To investigate this unusual inactivation
behavior, we expressed recombinant N-type calcium channels in mammalian HEK 293 cells, permitting in-depth correlation
of ionic current inactivation with potential alterations of gating current properties. Such correlative measurements have been
particularly useful in distinguishing among various inactivation mechanisms in other voltage-gated channels. Our main results
are the following: 1) The degree of gating charge immobilization was unchanged by the block of ionic current and precisely
matched by the extent of ionic current inactivation. These results argue for a purely voltage-dependent mechanism of
inactivation. 2) The inactivation rate was fastest at a voltage where only ~5 of the total gating charge had moved. This
unusual experimental finding implies that inactivation occurs most rapidly from intermediate closed conformations along the
activation pathway, as we demonstrate with novel analytic arguments applied to coupled-inactivation schemes. These results
provide strong, complementary support for a “preferential closed-state” inactivation mechanism, recently proposed on the

basis of ionic current measurements of recombinant N-type channels (Patil et al., 1998. Neuron. 20:1027-1038).

INTRODUCTION

Voltage-gated calcium channels provide a primary pathway
for Ca®" entry into neurons. As such, calcium channel
inactivation could produce widely variable depression of
Ca?”" influx according to the history of neuronal activity,
with many potential functional implications, including en-
hanced short-term depression of synaptic efficacy (e.g.,
Borst et al., 1997; Forsythe et al., 1998). Despite the enor-
mous physiological impact of such inactivation, the under-
lying mechanisms for neuronal calcium channels are still
incompletely understood. Two “classic” mechanisms have
been described (Hille, 1992). Like voltage-gated sodium
and potassium channels, certain neuronal calcium channels
(e.g., Zhang et al., 1994) inactivate by a voltage-dependent
mechanism in which the intrinsic voltage dependence of
certain gating transitions favors entry into inactivated states
upon depolarization (Hodgkin and Huxley, 1952; Arm-
strong and Bezanilla, 1977). Characteristic hallmarks of
conventional voltage-dependent inactivation include (Fox,
1981): 1) insensitivity of inactivation properties to the spe-
cies of charge carrier and 2) monotonic acceleration of
inactivation rate with increasing depolarization. Unlike so-
dium and potassium channels, some calcium channels ex-
hibit an alternative, calcium-sensitive form of inactivation,
in which the accumulation of intracellular calcium ions
speeds inactivation to provide physiological feedback (Eck-
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ert and Chad, 1984). For example, calcium channels in
Aplysia neurons (Brehm and Eckert, 1978) manifest the
following distinctive properties of calcium inactivation: 1)
the calcium-current magnitude (whether varied by voltage
or by external ion concentration) largely specifies the speed
of inactivation, resulting in a U-shaped dependence of in-
activation rate on voltage; 2) the charge carrier species
markedly affects the inactivation rate, with Ba?* being
much less effective than Ca®*; and 3) increased intracellular
buffering of divalent cations inhibits inactivation. These
two “classic” mechanisms are not mutually exclusive, as
snail neuron calcium channels may inactivate via both of
these two forms of inactivation (Gutnick et al., 1989).
However, many neuronal calcium channels exhibit prop-
erties that square poorly with the archetypal profile for
either of the “classic” mechanisms of inactivation. The
incongruities are particularly apparent for N-type channels,
which (along with P/Q-type channels) predominate in trig-
gering neurotransmitter release (Dunlap et al., 1995). Both
recombinant (Patil et al., 1998) and native (Kasai and
Aosaki, 1988; Jones and Marks, 1989; Cox and Dunlap,
1994) N-type calcium channels demonstrate a deep, U-
shaped dependence of inactivation rate upon voltage that is
indistinguishable with Ba?* or Ca* as charge carrier. Fur-
thermore, N-type channel inactivation is weakly sensitive or
completely insensitive to internal divalent cation buffering
in some systems (Jones and Marks, 1989; Patil et al., 1998,
respectively), although not in others (Kasai and Aosaki,
1988; Cox and Dunlap, 1994). These findings demonstrate
that N-type channels inactivate by an unorthodox mecha-
nism. Proposed explanations include variant schemes of
calcium-sensitive inactivation in which Ba** and Ca®" are
equipotent at accelerating inactivation (Kasai and Aosaki,
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1988; Cox and Dunlap, 1994), as well as differing, uncon-
ventional models of voltage-dependent inactivation (Jones
and Marks, 1989; Patil et al., 1998).

Defining the interrelation between inactivation and gating
currents arising from channel (de)activation could be criti-
cal to clarifying N-type channel inactivation, as has proved
to be the case for understanding inactivation in voltage-
gated sodium channels (Armstrong and Bezanilla, 1977;
Bezanilla et al., 1982; Vandenberg and Bezanilla, 1991);
potassium channels (Bezanilla et al., 1991; Fedida et al.,
1996; Olcese et al., 1997; Roux et al., 1998); and cardiac,
L-type (;¢) calcium channels (Bean and Rios, 1989; Had-
ley and Lederer, 1991a, b; Shirokov et al., 1992, 1993;
Ferreira et al., 1997). In particular, voltage-dependent inac-
tivation of sodium, potassium, and L-type calcium channels
partially “immobilizes” (Armstrong and Bezanilla, 1977)
the movement of charge-bearing voltage sensors that under-
lie channel activation, thereby reducing measurable gating
current. Such immobilization argues that voltage-dependent
inactivation and channel activation are mechanistically cou-
pled processes. In striking contrast, calcium-sensitive inac-
tivation of L-type (a,c) calcium channels, produced by
short depolarizing pulses that minimize voltage-dependent
inactivation, profoundly inhibits ionic current without af-
fecting gating-charge movement (Hadley and Lederer,
1991b; Shirokov et al., 1993). This result implies that cal-
cium-sensitive inactivation is largely independent of chan-
nel activation. Because voltage-dependent and calcium-sen-
sitive mechanisms of inactivation have been distinguished
by their contrasting effects on gating currents, correlative
examination of gating currents and inactivation might be
particularly useful in probing N-type calcium channel
inactivation.

The coexistence of multiple species of voltage-gated
channels in neurons has made it difficult to obtain such
information about neuronal calcium channels. Hence we
express recombinant N-type channels in mammalian HEK
293 cells to provide a homogeneous population of voltage-
gated channels, thereby facilitating measurements of pure
N-type channel gating current and its modulation by inac-
tivation. These experiments offer the first glimpse of how
inactivation of neuronal calcium channels affects the volt-
age sensor movement that supports channel activation. We
find that the degree of gating charge immobilization bears a
one-to-one correspondence to the extent of inactivation,
fitting with a voltage-dependent mechanism of inactivation.
The rate of inactivation is maximal at a voltage where only
~15 of the gating charge has moved from its fully resting
configuration. This unusual experimental result implies that
inactivation occurs most rapidly from intermediate closed
conformations along the activation pathway, as we demon-
strate with analytic arguments applied to coupled activation
schemes. These results provide strong, complementary sup-
port for a “preferential closed-state” inactivation mecha-
nism, recently proposed on the basis of ionic current mea-
surements of recombinant N-type channels (Patil et al.,
1998).
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MATERIALS AND METHODS
Expression of N-type channels

HEK 293 cells were transiently transfected with a total of 10 ug of o
(human «5_;; Williams et al., 1992), 10 ug of the a,8 subunit (Tomlinson
et al., 1993), and 10 ug of a B subunit (B,,, Pragnell et al., 1991; B,,,
Perez-Reyes et al., 1992; or B35, Castellano et al., 1993). Standard trans-
fection and culture methods were employed, as previously described in
Jones et al. (1998).

Electrophysiology

Whole-cell recordings were acquired, sampled, and filtered largely as
described in Jones et al. (1998). Series resistance averaged 4 M{) and was
compensated by 75—-85%. Average cell capacity was 17 pF. Voltage pulses
were delivered every 30—45 s for inactivation protocols and every 15-20
s for activation protocols, from a holding potential (HP) of —100 mV. Leak
and capacity currents were subtracted using a P/8 protocol for ionic
currents, and either a P/-5 or a P/-8 protocol for gating currents, all
delivered from —100 mV.

The base external solution contained (in mM) 155 N-methyl-D-gluca-
mine (NMG) aspartate; 10 HEPES; 10 4-aminopyridine; 0.1 EGTA (pH
7.4 with NMG, 280-300 mOsm with no added charge carrier). The internal
solution contained (in mM) 150 NMG-methanesulfonate (MeSO;); 1
MgCl,; 4 MgATP; 10 HEPES; 10 EGTA, 2 GDPS (pH 7.3 with NMG,
typically 280-290 mOsm). For experiments using 2 uM w-conotoxin
GVIA (w-CTX) (Alamone Labs), 0.05% (w/v) fatty-acid-free bovine se-
rum albumin (Sigma) was added to the external solution. External solution
flowed continuously at a rate of 1-2 ml/min during recording.

Tonic currents were measured with 2 mM CaCl, added to the external
solution. Calcium was chosen to reduce the surface charge shift between
solutions used in ionic and gating current measurements (see Figs. 4 4 and
5 B). To assay ionic current inactivation, a 100-ms depolarization to
potentials ranging from —80 mV to 60 mV was followed by a test pulse to
the peak of the current-voltage relation (typically —10 mV) to determine
the fraction of noninactivated current. In most cases, before the prepulse,
we included a 10-ms normalizing depolarization to —10 mV (see Fig. 2 4,
top), which provided a normalizing current that could be used to factor out
any slow drift in current levels. The degree of inactivation was calculated
by normalizing test-pulse ionic currents by the test-pulse current after a
hyperpolarizing prepulse to —80 mV, before averaging across cells. For
channels containing (3;, where a prepulse to —80 mV produces significant
inactivation, this method for normalization may result in an underestimate
of the true degree of inactivation.

Activation curves for ionic current (G-V relations) were measured using
30-ms test depolarizations ranging from —80 to +60 mV. Subsequent
repolarization was to —50 mV to allow good resolution of tail currents. For
each cell, plots of peak tail current at —50 mV (/,;) versus test-pulse
voltage (V) were normalized by an estimate of maximum peak tail
current (i max)- Lairmax Was taken as the saturating value of a Boltzmann
fit to the /,,;- Vi data. The resulting normalized relations are equivalent to
normalized P, -V relations and are referred to as G-V curves. G-V curves
were averaged across cells.

For gating currents, ionic currents were blocked by an external solution
containing 0.2 mM LaCl;/2 mM MgCl, (Jones et al., 1998). The effective
free La®" concentration was 0.1 mM because of the presence of 0.1 mM
EGTA in all external solutions. Gating charge moved during a voltage
jump was calculated as the integral over the epoch, taking as baseline the
last 3 ms of the test pulse, and is referred to as O, or QO for depolarizing
and hyperpolarizing voltage jumps, respectively. To test for effects of
inactivation on gating-charge mobility, the voltage protocol was identical
to that used for characterizing ionic-current inactivation, except that the test
pulse was typically to +45 mV (Figs. 3 and 5) to allow measurement of
O max (maximum amount of mobile charge). The normalizing test pulse was
to +45 mV for B;. The degree of gating charge immobilization was
determined by normalizing the charge moved during the test pulse (O, tcst)
by the O, (. after a prepulse to —80 mV, before averaging across cells.
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The voltage dependence of charge movement (Q-V relations; Fig. 4)
was measured using a protocol identical to that used for G-V relations,
except that hyperpolarization was to —100 mV after the test pulse. For each
cell, Q,,-V and Q ¢V curves were normalized by an estimate of maximum
mobile charge (O,,.,), taken as the saturating value of a Boltzmann fit to
the Q,,-V. Such normalized Q,,-V and Q -V curves were averaged across
cells.

In our leak subtraction protocol, leak pulses were delivered after a
400-ms repolarization to the holding potential (—100 mV) after the pri-
mary test stimulus. Therefore, we were concerned that inactivation pro-
duced by preceding test depolarizations might shift the voltage dependence
of a component of gating charge movement (Bezanilla et al., 1982; Brum
and Rios, 1987; Shirokov et al., 1992) into the range of our leak pulses.
Several lines of evidence argue against this possibility. In a cell transfected
with ay5_; B3 a6 with O, = 200 fC, opposite polarity voltage jumps still
sum to zero (Fig. 1 A), even after a 10-s prepulse to —60 mV to inactivate
ionic current. In some cells, the cancellation was not quite as complete, but
the apparent nonlinear charge movement over this voltage range (—90 to

on on

Volume 76 May 1999

—150 mV) moved slowly (7 ~ 6 ms) and amounted to <20% of immo-
bilized charge. More to the point, any such nonlinear charge movement
was undetectable in the specific leak-subtraction protocols (—100 to —130
mV) used in this study (Fig. | B), where the extent of immobilization does
not depend on the leak subtraction protocol. At the top, we illustrate
leak-subtracted test-pulse currents for a stimulus either without (leff) or
with (middle) a prepulse, in addition to the difference trace (far right), to
illustrate the reduction in charge movement. Below we show the non-leak-
subtracted data (solid lines) and the scaled leaks (dashed lines). Note that
the difference in raw data traces (a—c, solid trace, far right) closely
resembles the difference between leak-subtracted traces (e—f, far right),
indicating that charge immobilization reflects a reduction in test pulse
charge movement, as opposed to increased gating charge movement in the
leak trace after a prepulse. Consistent with this idea, there is little differ-
ence between the leaks (b—d, dashed trace, far right), apart from a transient
spike that is due to slow drift in the passive electrical properties of the
patch. Confirmatory results (Fig. 1 B) were obtained in two other cells.
This analysis indicates that the observed decrease in gating charge mobility

Oyg-q [330(25

10 s prepulse (-60 mV)

FIGURE 1 Leak subtraction control experiments. All
displayed traces were recorded in 2 mM Mg>*/0.2 mM
La** block solution. (4) Membrane properties between
—90 and —150 mV are linear, despite a prolonged 10-s
prepulse to —60 mV. The sum of currents elicited by B
opposite polarity jumps (fop, solid and dashed lines) is
essentially zero, indicating that membrane properties are

Otyg4 By, 01,0

linear over the voltage range used for leak pulses, even in |

the presence of substantial inactivation. Data are from
cell 378_8, transfected with a5, B3 a,6. (B) Gating
currents with or without a 100-ms prepulse to —15 mV.
(Top row) Leak-subtracted currents were taken from the
“displayed region,” which spans a test pulse to +40 mV.
Test-pulse currents were elicited with (fop row, middle)

Vi = +40 mV
test
Vpre =-15mV
-100 mV 100 ms 119 ————— 100
displayed intervai
-PRE + PRE Difference between

-PRE and +PRE

or without (top row, left) a prepulse. Subtraction of these
two currents yields a nonzero difference trace (fop row,
right), which quantifies the apparent extent of gating
charge immobilization. (Middle and bottom rows) Test
pulse currents illustrating non-leak-subtracted data (solid
lines, middle row) and scaled leak pulse currents (dotted
line, P/-5, bottom row) used to calculate the leak-sub-
tracted traces (fop). The rightmost panel again displays
the difference between test pulse currents with and with-
out a prepulse. All vertical scale bars correspond to 0.1
nA. Data are from cell 312_9, transfected with a5, B,
8.
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is not due to contamination of leak traces by “charge 2” (Brum and Rios,
1987).

Data analysis

Fits in figures to either G-V or O-V relations were performed with dual-
Boltzmann functions of the form

ﬁow/(l + exp[_(zlowF/RT)(V - Vl/Z,lcw)])
+ fhigh/(l + exp[— (ZhighF/RT)(V - Vl/Z,high)])

where f'is the amplitude, z is the effective charge, and ¥, is the midpoint
of activation of the low- and high-threshold components, with parameters
adjusted by eye. Fits to prepulse-inactivation relations were also deter-
mined by eye, using arbitrary theoretical functions. All reported values are
mean = SEM.

RESULTS

Fig. 2 confirms that recombinant N-type (a;5.; Bip ®,0)
Ca** currents exhibit an unusual form of inactivation. The
detailed prepulse inactivation protocol is shown at the top of
Fig. 2 A. A brief pulse to —10 mV precedes the 100-ms
prepulse, providing a normalizing current that allows us to
monitor the stability of currents over time. The exemplar
Ca™ currents shown below (Fig. 2 A) serve to illustrate two
characteristic features of N-type channel inactivation. First,
appreciable prepulse inactivation is already apparent with
prepulse voltages at (or below) the threshold of activation
(Fig. 2 A, —40 mV trace), indicating that current-indepen-
dent, closed-state inactivation is present. The normalizing
pulse is not responsible for this inactivation, as essentially
identical results are obtained using a prepulse protocol
without such a pulse (data not shown). Second, the inacti-
vation rate does not increase monotonically with voltage.
Because steady-state inactivation is essentially complete at
voltages greater than or equal to —40 mV (Patil et al., 1998,
and below), we consider the marked U-shaped relation
between test-pulse current and prepulse potential (for
100-ms prepulse durations) to be a measure of kinetic
properties of inactivation (Fig. 2 B, filled symbols). Accord-
ingly, the maximum rate of inactivation occurs at an inter-
mediate potential (—20 mV, in this case) and thereafter
decreases with increasing prepulse potential. The upturn of
this /.- V,re relation with strong prepulse depolarization is
not due to voltage-dependent relief of channel inhibition by
G proteins (Patil et al., 1996), because G-protein inhibition
was minimized by dialysis with 2 mM GDPBS (Ikeda,
1991; also see the Discussion). Nor is the upturn of the
prepulse-inactivation curve obligatorily related to a de-
crease in Ca®" entry as the prepulse voltage approaches the
reversal potential, because the /. -V, relation obtained
with Ba®" as the charge carrier is identical to that with Ca**
(Fig. 2 B, open symbols), apart from a surface-potential
shift. The properties of recombinant N-type channel inacti-
vation are clearly incongruent with the profiles of “classic”
voltage-dependent or calcium-sensitive inactivation.
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FIGURE 2 Effect of prepulses on the availability of ionic current. (4)
Prepulse inactivation of test pulse ionic currents, illustrating that inactiva-
tion bears a U-shaped dependence upon prepulse voltage. Prepulse voltages
corresponding to various traces are labeled on the left. Currents were
recorded with 2 mM Ca®" as a charge carrier. Data are from cell 378_5,
transfected with a5, By, @,6. (B) Plot of normalized, test pulse current
versus prepulse potential (/ie5-V)), measured with either 2 mM Ca®*
(solid circles, n = 14—18) or 2 mM Ba>" (open circles, n = 4) as the
charge carrier, illustrating that the /,.o-V,,. relation has a similar U-shape
in the two solutions. Apart from a 6-mV shift, the same fit (solid lines) is
used for two sets of data.

To obtain an initial assessment of the effects of inactiva-
tion on gating-charge movement, we performed a similar
prepulse experiment, but now with test depolarization to the
reversal potential for ionic current (~45 mV). This variant
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FIGURE 3 Effect of prepulses on currents measured at the reversal potential for ionic current. (4) Whole-cell currents measured in 2 mM Ca*", for cell
355_5, transfected with a5, B, 8. The prepulse protocol (top) is similar to that in Fig. 2 4, except that the test pulse potential is set to the reversal
potential for ionic current. This allows correlative examination of prepulse effects on putative gating currents (/,.,) and ionic tail currents (/,,;). Displayed
traces are for V. equal to —40, —20, 0, and 40 mV. (B, C) Close-up view of putative test pulse gating currents (/) and test pulse tail currents (/;),
for the indicated prepulse potentials. Prepulses produce similar effects on these quantities. (D) Comparison of prepulse effects on the availability of gating
charge mobility (Q,ey-Vpre» closed circle) and ionic current (¥ e, 0pen circle). Q,., was derived by integrating /,,. The data points for V. = =80 mV
were used to normalize data before averaging across cells (n = 4—8). The fit is reproduced from Fig. 2 B. (£) One-to-one correlation between the availability
of ionic current (/,,;) and gating charge (Q,.,). Data from D are plotted versus one another, with each point corresponding to a single prepulse potential.

The line of identity is plotted for reference.

of the prepulse-inactivation protocol (Fig. 3 4) promises to pulse inactivation can be gauged from the decrement of tail
permit simultaneous measurements of ionic current inacti- currents after the brief test pulse (/,,;). With regard to gating
vation and gating currents, as follows. The extent of pre- currents, ionic currents should, in principle, vanish at the
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reversal potential, leaving behind gating currents arising
from voltage-sensor movement (/,.,). Here the integral of
I, (O.,) should be equal to the maximum amount of
mobile gating charge, because N-type channels fully acti-
vate by +45 mV (Jones et al., 1997, and below). Visual
inspection of such aligned test-pulse responses suggests that
prepulse inactivation of ionic currents (/,; in Fig. 3 B)
parallels reduction of presumed gating current (/,., in Fig. 3
O). In fact, quantitative comparison of /., and Q,., (Fig. 3,
D and E) reveals that prepulse inactivation of ionic current
correlates one to one with the reduction in Q,,. If 1., is
genuine gating current, then this experiment suggests that
N-type channel inactivation produces essentially complete
gating charge immobilization (Armstrong and Bezanilla,
1977).

According to precedent in other voltage-gated channels,
gating charge immobilization would suggest that N-type
channel inactivation is voltage dependent (Armstrong,
1981; Bezanilla, 1985). However, despite the strong histor-
ical link between gating charge immobilization and voltage-
dependent inactivation in other channels, it could be that the
presumed immobilization in N-type channels (Fig. 3) results
from an unusual form of current-dependent inactivation that
both induces gating charge immobilization and senses Ca**
and Ba’" equally. To distinguish between these possibili-
ties, we sought to examine prepulse effects on gating cur-
rents isolated during complete blockade of ionic current.
This experimental configuration would eliminate any cur-
rent-dependent contribution to inactivation and charge im-
mobilization. In addition, such blockade would also permit
unambiguous resolution of gating current, enabling verifi-
cation that /., currents (Fig. 3 C) are actual gating currents.

Although we have recently shown that La** could be
used to block rat a, ionic currents, (Dubel et al., 1992;
Jones et al., 1997), in this paper we use the human a,g_,
clone (Williams et al., 1992). Therefore, as a prerequisite to
such experiments, we first demonstrate that La>" blockade
of ionic current produces the desired isolation of human
o, gating currents, without artifactual distortion of volt-
age-sensor movement (Kamp et al., 1996). These results are
summarized in Fig. 4, using the (3,, auxiliary subunit to
slow inactivation (Patil et al., 1998) and thereby facilitate
examination of gating charge properties associated with
activation alone.

Fig. 4 A shows current records during the first 5 ms of test
depolarizations to various potentials, obtained before
(dashed lines) and after (solid lines) ionic current blockade.
The transient outward current in both sets of traces fits the
profile of a gating current arising from voltage sensor move-
ment that precedes ionic current activation. Therefore, the
invariance of the initial portion of this transient upon La®*
blockade argues that La®>* does not distort voltage sensor
movement. Likewise, our interpretation of /., (Fig. 3) as a
genuine gating current is supported by the absence of any
effect of La®* blockade upon the outward transient at the
reversal potential (~45 mV).
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2535

Further evidence that the transients during La>* block are
actual gating currents comes from the voltage-dependent
behavior of such currents (Fig. 4 B), especially in relation to
the voltage-dependent activation of ionic current (Fig. 4 C).
First, the time integrals of outward current transients (Q,,)
are closely similar to the time integrals of ensuing inward
current transients (Q,g), and both entities saturate together
with increasing depolarization (Fig. 4 D), all as expected for
charge associated with voltage sensors trapped in the mem-
brane. Here, using f3,, simplifies the comparison of O, and
O, by eliminating the need to consider the effects of
test-pulse inactivation on voltage sensor movement. Sec-
ond, as expected for charge movement that is linked to
channel (de)activation, QO -V and Q. V (Fig. 4 D) rise
before and then parallel activation of ionic current, here
represented by the G-V curve (Fig. 4 D) derived from tail
currents (Fig. 4 C). No relative surface potential correction
is required in the comparison of Q- and G-V curves,
because the invariance of early outward transients upon
La®>" blockade (Fig. 4 4) indicates little or no change in
surface potential between solutions used for recording ionic
(2 mM Ca®") and gating currents. Finally, consistent with
gating currents arising from active (conducting) channels,
the maximum amount of gating charge (Q,,.x) is linearly
correlated with peak ionic current density (Fig. 4 E). Here,
O« 18 Obtained from integration of the maximum charge at
the reversal (~+45 mV). Results analogous to those in Fig.
4 (A-F) were obtained with channels containing (3, or 35
auxiliary subunits, as illustrated by the similarity of Q-
and G-V curves with different B-subunits (Fig. 4 F'). Similar
insensitivity of O-V and G-V curves to the type of B-subunit
was also reported for neuronal a, calcium channels (Jones
et al., 1998). The results in Fig. 4, along with other technical
prerequisites described in Materials and Methods (Fig. 1),
validate the use of La®" blockade to resolve human ap_,
gating currents and their modulation by inactivation.

Fig. 5 A4 illustrates the effect of prepulse depolarization on
N-type channel (a5, B, @,0) gating currents, here iso-
lated by La®" blockade. The prepulse inactivation protocol
shown at the top is analogous to that used for experiments
with ionic current (Figs. 2 4 and 3). As in experiments
where gating current was isolated only by depolarizing to
the reversal potential in 2 mM Ca”* (Fig. 3), increasing the
prepulse voltage first reduces and then increases the test
pulse gating current. This behavior results in a U-shaped
relation between test pulse gating charge and prepulse po-
tential (Fig. 5 B, O,V relation, filled circles), which
appears to be indistinguishable from the analogous Q.. .-V
measured in 2 mM Ca®* (Fig. 5 B, open circles reproduced
from Fig. 3 D). A plot of O, s as a function of Q,., falls
on the line of identity (Fig. 5 C), which confirms that the
extent of gating charge immobilization is unaffected by the
presence or absence of ionic current during the prepulse.
These results demonstrate that prepulse effects on voltage
sensor movement are exclusively mediated by voltage-de-
pendent processes.
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FIGURE 4 Measurement of gating currents during ionic current blockade with 2 mM Mg?*/0.2 mM La**. (4) Whole-cell currents are shown for the
first 5 ms of depolarization to the indicated potentials, all from a holding potential of —100 mV. The initial outward transient should be dominated by gating
current. For each test potential, the current measured in 2 mM Ca>* (dotted line) is superimposed on the current measured during La** blockade (solid
line) to demonstrate that La>" does not alter gating charge movement. Data are for cell 340_2, transfected with a;5_; 8., 8. (B) Slower time base plots
of whole-cell currents elicited upon depolarization and repolarization, all during La** blockade. Such responses were used to determine the voltage
dependence of gating charge movement, as gauged by O-V curves shown below (D, F). Data are from cell 360_3. (C) Ionic currents recorded in 2 mM
Ca*", elicited by the voltage protocol (top) used for determining the voltage dependence of ionic current activation, as characterized by G-V curves shown
below (D, F). Data are from cell 363_8. (D) Comparison of the voltage dependence of gating charge movement (Q-V) to the voltage dependence of ionic
current activation (G-V). Q-V curves were derived from integrating the transient during depolarization (Q,,-V, open circle, n = 4) or repolarization (Q gV,
open diamond) and normalizing by an estimate for the maximum amount of mobile charge (see Materials and Methods). The voltage dependence of ionic
activation (G-V, closed circle, n = 5) was calculated from tail currents upon repolarization to —50 mV, after normalization by an estimate of the maximum
tail current (see Materials and Methods). Solid lines correspond to dual Boltzmann fits. Parameters for the Q-V fit were f,,, = 0.39, z,,,, = 4.7, Vioy, =
=179 mV, fiion = 0.63, zZpign, = 1.98, Vyign = —13.2 mV. Parameters for the G-V fit were fi,,, = 0.86, zjoy, = 4.2, Vi, = =129 mV, frio, = 0.14, 2y, =
4.8, Viigh = 14 mV. (E) Linear correlation between the maximum mobile gating charge (0O,,..x), taken as the gating charge moved in response to a 45-mV
depolarization, and the peak test pulse current (,,.,,). Each data point represents one cell. The line represents a fit by eye. (F) Superposition of Q,,,-V and
G-V relations for channels containing B5 (Q,.-V, open square, n = 3; G-V, filled square, = 1) and channels containing B, (Q,,-V, open diamond, n =
S; G-V, filled diamond, n = 5). Fits are reproduced from D.
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FIGURE 5 Prepulse effects on gating charge movement during La®" blockade. (4) Gating currents measured from cell 367_1, transfected with a;5_; Byp
a,6. The prepulse protocol (fop) is identical to that in Fig. 2 4 (prepulse duration of 100 ms), except that the test pulse potential is +45 mV, to measure
the maximum amount of mobile gating charge. The horizontal dashed line indicates the maximum value of the test pulse gating current, as measured after
a prepulse to —60 mV. An axis break (vertical dotted lines) was included to permit an optimal display time base for visual resolution of gating currents.
The time scale bar pertains to both sides of the axis break. (B) Comparison of prepulse effects on availability of test pulse gating charge during La>™*
blockade (O es-Vpres filled circles, n = 11-21) versus availability of test pulse gating charge measured in 2 mM Ca®" (Qyer- Vores open circles, data
reproduced from Fig. 3 D). In general, different cells were used to obtain O, (s and Q... Data were normalized by the value of the data point for V.
80 mV, before averaging across cells. The solid line is the fit from Fig. 2 B. (C) One-to-one correlation between normalized Q, ., and normalized O, ;o
(both from B), with each data point corresponding to one prepulse potential. The line of identity is plotted for reference. This correlation illustrates that

the extent of gating charge immobilization was the same, regardless of the influx of ionic current during prepulses.

Because the properties of gating current were essentially
identical in La®" and Ca®", we were justified in correlating
gating current data measured with La®" blockade (Fig. 5)
with ionic current data measured in 2 mM Ca®" (Fig. 2).
This offered a technical advantage in that gating currents
measured during La®>* blockade routinely permitted supe-
rior resolution of charge movement. Fig. 6 summarizes the
results of the comparison for a5 B;, ®,0. Expanded-time
base records of test pulse ionic (Fig. 6 4) and gating (Fig. 6
B) currents, derived from previously described prepulse
inactivation experiments (Figs. 2 4 and 5 A4, respectively),
visually underscore the U-shaped voltage dependence of
ionic current inactivation and gating charge immobilization
upon prepulse depolarization. Further comparison of the

average extent of ionic current inactivation and gating
charge reduction (Fig. 6, C and D, data from Figs. 2 B and 5 B)
reiterates the close correlation seen in Fig. 3 D, in which gating
currents were measured at the ionic current reversal potential in
2 mM Ca®" (Fig. 3 D). The presence of this one-to-one
relationship between ionic current inactivation and gating
charge immobilization under both conditions (with and with-
out ionic current block; compare Figs. 3 £ and 6 D) implies
that the N-type channel inactivation seen here is purely voltage
dependent and results in complete immobilization of voltage
sensor movement over the range of activation.

To provide further evidence for the one-to-one linkage
between inactivation and charge immobilization, we exam-
ined their correlation in protocols with variable prepulse
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duration and in experiments in which channel subunit com-
position was changed. Fig. 7 illustrates the effect of varying
the duration of a prepulse on test pulse ionic and gating
currents. Clearly, prepulses of increasing duration result in
a parallel decrease in both test pulse ionic current (Fig. 7 A)
and test pulse gating current (Fig. 7 B). Again, ionic current
inactivation and gating charge immobilization develop si-
multaneously, in a directly proportional manner (Fig. 7, C
and D). The tight correlation in this kinetic experiment
suggests that the induction of gating charge immobilization
and the induction of ionic current inactivation are functional
manifestations of the same molecular event. Otherwise, if
gating charge immobilized in a step after ionic inactivation,
the time course of charge immobilization would be delayed
with respect to ionic current inactivation (Nonner, 1980).
Because coassociation with different calcium channel
B-subunits results in N-type calcium channels with widely
varying inactivation properties (Patil et al., 1998), we rep-
licated the prepulse inactivation protocols already per-
formed on a5, B;, @,0 channels (Fig. 6), using slower-
inactivating (a,5_; 3,, ®,90) and faster-inactivating (o¢;5_; B
a,0) N-type channels. These experiments illustrate that the
relationship between gating charge immobilization and
ionic current inactivation is similar in channels of differing
molecular composition. Figs. 8 (a;5.; B, @,0) and 9 (a5,

Normalized /o

B; a,0) show the results of the experiments, following
nearly the identical format used for a5, B, @, channels
(Figs. 2, 5, and 6). The slow inactivation of ;5 ; B,, @0
channels is apparent in Fig. 8, so that 100-ms prepulses no
longer have much effect on either test pulse ionic (Fig. 8, 4
and C) or gating (Figs. 8, B and D) currents. As expected,
the prepulse inactivation relation for ionic current (Fig. 8 E,
L Vo) 18 flattened, reflecting the reduced inactivation
rate. On the other hand, channels containing the (35-subunit
inactivate more rapidly than channels containing 3,,, such
that the dip and upturn of the prepulse inactivation relation
for ionic current are enhanced (Fig. 9 E). Here, even with
the sharpest minimum in the prepulse inactivation curve, we
consider this relation to reflect kinetic properties of inacti-
vation, because steady-state inactivation is nearly complete
for voltages =—40 mV (Fig. 9 E, diamonds). With either
B,, or (5, the degree of gating charge immobilization is
directly proportional to the extent of ionic current inactiva-
tion (Figs. 8 E, 8 F, 9 E, 9 F).

DISCUSSION

We have correlated the inactivation of ionic currents with a
reduction in the gating currents of N-type calcium channels.
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FIGURE 7 Comparison of the kinetics of ionic current inactivation and gating charge immobilization, for cells transfected with a5_; B, 0. (4, Top)
Variable-duration prepulse protocol, as illustrated by the voltage protocol and representative ionic current trace. The solid horizontal bar under /. marks
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All data are from cell 372_2. (B) Gating currents measured during La** blockade. The voltage protocol is identical to that in A, except with a test pulse
potential of +45 mV instead of —20 mV. The test pulse “on” and “off” transients for a given prepulse duration are aligned. All data are from cell 372_
6. (C) Comparison of the time course of ionic current inactivation (., filled circle, n = 7) and gating charge immobilization (Q,, s Open circle, n =
7). Ly and Q,, s are normalized by their respective values without a prepulse. The exponential fit (7 = 158 ms) was drawn by eye. (D) One-to-one
correlation between inactivation of ionic current (/) and gating charge (O, «st)- Data are from C, with each data point corresponding to one prepulse
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duration. The line of identity is drawn for reference.

Such gating charge “immobilization” (Armstrong and Beza-
nilla, 1977) provides evidence that N-type channel inacti-
vation occurs by a purely voltage-dependent process, de-
spite the U-shaped voltage dependence of inactivation that
is generally considered a hallmark of current-dependent
inactivation (Brehm and Eckert, 1978). The argument is
summarized as follows. By precedent in other channels,
inactivation-related immobilization argues against a cur-
rent-dependent mechanism (Hadley and Lederer, 1991b;
Shirokov et al., 1993). But the evidence here for voltage-
dependent inactivation is even more direct. Prepulse-in-
duced immobilization of gating charge is similar in the
absence and presence of ionic current blockade (Fig. 5 C),
which implies that the effects on gating charge are purely

voltage dependent. Furthermore, the one-to-one correspon-
dence between reduction of gating charge and ionic current
inactivation (Figs. 3 E, 5 C, 6 D) strongly suggests that these
two phenomena reflect the same underlying molecular
event. Hence, we argue that the ionic current inactivation
arises from a solely voltage-dependent mechanism. This
proposal is also supported by the insensitivity of ionic
current inactivation to changes in charge carrier and intra-
cellular Ca®" buffering observed with human N-type
(a;g.1) channels expressed in HEK 293 cells (McNaughton
and Randall, 1997; Patil et al., 1998).

With attention appropriately focused on voltage-depen-
dent processes, the subsequent sections of the discussion
explore the implications of our results for the mechanism of
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FIGURE 8 Prepulse effects on ionic currents (measured in 2 mM Ca®*) and gating currents (recorded during La** blockade), for ;5 ; B85, 0,8 channels.
(4, B) Exemplar ionic currents (4, cell 344_1) and gating currents (B, cell 347_1) elicited by voltage protocols (fop) analogous to those used in Figs. 2 4
and 5 4, respectively. Note the reduced effect of prepulses on both ionic and gating currents, compared to channels containing f3,,. (C, D) Close-up of test
pulse ionic (C) and gating (D) currents after prepulses to the indicated potentials. Data are from corresponding cells in 4 and B. (£) Comparison of prepulse

effects on the availability of ionic current (/... filled circle, n = 6—8) and the maximum amount of mobile gating charge (Q,, - Open circle, n = 8-9)
For reference, the dashed line reproduces the fit to B,, data in Fig. 2 B. (F) One-to-one correlation of O, ..; and /... Data replotted from E, with each
symbol corresponding to one prepulse potential. The line of identity is shown for reference.

N-type channel inactivation. First, we assess the quantita-
tive reliability of the data. Second, we review prevailing
models of voltage-dependent inactivation in potassium and

sodium channels, thereby providing a conceptual frame-
work for understanding N-type calcium channel inactiva-
tion. Third, we evaluate N-type channel behavior against the
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backdrop of such prevailing models, to highlight distinc-
tions of N-type channel inactivation, as well as commonal-
ities that may reflect similarities in underlying molecular
mechanism. We develop analytic arguments to show that
the distinguishing characteristics of N-type channel inacti-
vation imply that inactivation occurs preferentially from
intermediate closed states along the activation pathway.
Fourth, we formulate specific features of such “preferential
closed-state inactivation” (PCSI) mechanisms, which col-
lectively emerge as constraints from all of the experimental
results. Finally, we consider the generalizability of our
deductions to N-type channel behavior in native neurons.

Authenticity of inactivation-related changes in
gating current

Accurate measurements of the extents of ionic current in-
activation and gating charge immobilization figure impor-
tantly in our attempts to infer mechanism. We already have
excluded gating current distortion owing to leak subtraction
artifacts (Fig. 1, Materials and Methods). Here we consider
two further technical issues.

The first concerns the possibility that part of the prepulse-
induced change in test pulse current is related to voltage-
dependent relief of basal G-protein inhibition (called “pre-
pulse facilitation,” as in Grassi and Lux (1989)) and not
solely to inactivation. Although we minimized G-protein
activation through dialysis with GDPBS (Ikeda, 1991), a
hint of such facilitation is still apparent upon close exami-
nation of Figs. 6 4 and 8 C, where prepulses to potentials
greater than 20 mV actually enhance the exemplar test
current slightly relative to the control. However, on average
the degree of facilitation is a few percent at most, for the
following reasons. First, any increase in test pulse current
from relief of G-protein inhibition should be much less
evident at +45 mV versus —10 mV (Bean, 1989); yet
prepulses have similar effects on test pulse currents at either
voltage (compare Fig. 3 D to Fig. 2 B). Second, because the
total amount of mobile gating charge (Q,,,,) is not subject
to G-protein modulation (Jones et al., 1997), any increase in
test pulse current from relief of G-protein inhibition should
be uncorrelated with an increase in Q,,,,. Yet, the O, (s
Vore and [ -V, relations are remarkably similar (Fig. 6 C).
Only the difference of a few percent seen near saturating
depolarization may be attributable to facilitation.

The second technical point regards the extent to which
gating current is isolated from ionic current. In the case of
perfect isolation of gating current, the integrals of “on” and
“off” gating currents should be equal. However, as evident
in Fig. 4 D, Q¢ 1s ~10% larger than O, across most of the
voltage range. This discrepancy likely reflects a small de-
gree of ionic current breakthrough in the “off” transient,
because the addition of 2 uM w-conotoxin GVIA (w-CTX)
nearly abolishes the difference between QO and O, (data
not shown). On the other hand, isolation of “on” gating
currents is excellent, because currents obtained during La>*
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blockade uniformly decayed to zero by the end of test pulse
depolarization. Accordingly, our quantitative analysis and
inference are limited to Q..

Prevailing forms of voltage-dependent
inactivation in potassium and sodium channels

Inactivation was originally proposed as a single, intrinsi-
cally voltage-dependent process that was entirely indepen-
dent of activation (Hodgkin and Huxley, 1952). By contrast,
the current view of potassium and sodium channels now
includes two or more dominant forms of inactivation, gen-
erally considered intrinsically voltage insensitive, but cou-
pled to voltage-dependent activation. Fig. 10 provides a
working summary of the main forms in terms of structural,
kinetic, and gating current perspectives. Although this
synopsis of ongoing work is certainly subject to revision
and debate, it nonetheless serves as a valuable framework
for subsequent consideration of N-type calcium channel
inactivation.

In “N-type” inactivation of potassium channels (Hoshi et
al., 1990), a tethered ball plugs the cytoplasmic mouth of the
open channel (Zagotta et al., 1990) to produce inactivation
(Fig. 10 A, leff). When the channel engages the inactivation
ball, it appears that some of the S4 voltage sensors cannot
return to their fully resting position, because channels that
inactivate during a strong depolarizing step return only a
fraction of their total gating charge in the usual fast com-
ponent of “off” gating current (Bezanilla et al., 1991). The
remainder of the total gating charge is “immobilized” (Arm-
strong and Bezanilla, 1977) and returns as an unusually
slow kinetic component that probably reflects gradual re-
covery from inactivation. Such interaction between activa-
tion (S4 voltage sensor movement) and inactivation violates
the independence prediction of Hodgkin and Huxley (Arm-
strong, 1981; Bezanilla, 1985) and strongly supports cou-
pling between inactivation and activation, as illustrated by
the state diagram (Fig. 10 4, middle). The overall features of
the kinetic scheme, including voltage-insensitive vertical
transitions to and from inactivation, are supported not only
by gating current experiments, but also by a spectrum of
ionic current protocols (Zagotta et al., 1989; Zagotta and
Aldrich, 1990; Demo and Yellen, 1991). The absence of
inactivated states (I) beneath the leftmost closed (C) states
reflects the restriction of inactivation to the full return of S4
sensors. Although such “missing” I states may exist, we
omit them from the state diagram, because there is no direct
gating current evidence that they can be appreciably popu-
lated. Inactivated channels can, however, undergo rapid,
voltage-dependent transitions among an incomplete com-
plement of inactivated (I) states, accounting for the partial
return of total gating charge as a fast component of “off”
gating current. With prolonged repolarization, inactivated
channels appear to further undergo a rate-limiting upward
step (recovery from inactivation), followed by rapid volt-
age-dependent transitions through the left half of C states.



2542 Biophysical Journal Volume 76 May 1999

V
A o] pre _ %ig.q [330L25 Vore
- [ 1 I 1
= e 45 | , 45
-10 i -100
-100 100 ms -100 | ' —

-80 -60 -40 -20 0 20 40 60
C AN A A A A N il Wil Vpre D -80 -60

1nA Itest

10 ms F

m

1.0

0.5 —

Normalized Qg test

0.0 —

Normalized hegt OF Qqp test

Normalized It

est



Jones et al.

These events may underlie the slow component of “off”
gating current, which returns the remainder of total charge.
The right column of Fig. 10 4 cartoons the Q-J relations
that would result if one could separately measure gating
currents from transitions among upper-row states (Q-V) or
bottom-row states (Q;-V), without contamination by inter-
change between rows. In practice, O;-F can only be approx-
imated via kinetic separation of fast and slow components
of gating current, as alluded to above. The smaller magni-
tude of the O;-V curve (Q)) relative to the O,-V curve (O,
= total gating charge) reflects restricted voltage-sensor
movement by inactivation. In sodium channels, a similar
form of “fast inactivation” involves the cytoplasmic III-1V
linker (Vassilev et al., 1988; Stuhmer et al., 1989) according
to a “hinged lid” mechanism (West et al., 1992). Similar
gating charge effects (Armstrong and Bezanilla, 1977; Non-
ner, 1980; Armstrong, 1981) are seen with fast inactivation
of sodium channels, and kinetic models resemble those for
N-type inactivation (Armstrong, 1981; Stimers et al., 1985;
Vandenberg and Bezanilla, 1991; but see Kuo and Bean,
1994).

“C-type” inactivation of potassium channels involves
conformational changes at the external channel mouth (Fig.
10 B, left), which affects interactions with external Cd*t,
TEA, and sulthydryl modifiers (Choi et al., 1991; Lopez-
Barneo et al., 1993; Yellen et al., 1994; Baukrowitz and
Yellen, 1995, 1996; Liu et al., 1996). Sensitivity to muta-
tions in the carboxyl end of Shaker (S6 transmembrane
region) gives rise to the term “C-type inactivation” (Hoshi
et al., 1990). The state-diagram view (Fig. 10 B, middle)
reflects coupling of activation and inactivation, because
C-type inactivation also affects gating charge movement
(Fedida et al., 1996; Olcese et al., 1997). However, by
contrast to N-type inactivation, all of the gating charge is
detected experimentally while channels remain C-type in-
activated (Olcese et al., 1997), although such charge move-
ment occurs only at negative potentials. These results argue
for a full complement of I states and voltage-independent
vertical transitions. Other results suggest that inactivation is
increasingly favored with proximity to the open state (Ol-
cese et al., 1997). Gating charge effects (Fig. 10 B, right) are
represented by equimagnitude but widely separated Q;-V
and Q,-V curves. The leftward shift of the Q-7 produces
observable gating charge immobilization by reducing
charge moved over the normal activation range (V). So-
dium channels exhibit a potentially related “slow inactiva-
tion” that is sensitive to mutations near or in the external
channel mouth (Balser et al., 1996; Wang and Wang, 1997).
Similar kinetic diagrams and gating charge effects pertain to
slow inactivation of sodium channels (Bezanilla et al.,
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1982). L-type calcium channels manifest an analogous form
of slow inactivation in skeletal muscle (Brum and Rios,
1987) and heart (Shirokov et al., 1993).

“P-type” inactivation of potassium channels, character-
ized by sensitivity to point mutation in the conduction pore,
has also been reported (De Biasi et al., 1993). Mutation at
the 469 position of a chimeric Kv2.1 channel with a Kv3.1
pore enhances P-type inactivation (De Biasi et al., 1993),
and mutation at the 434 position of Shaker may also poten-
tiate this inactivation (Yan et al., 1996). We exclude P-type
inactivation in Fig. 10, because far less has been published
about its physical features and gating charge effects. Nev-
ertheless, the existence of P-type inactivation cautions
against attributing all pore-related structural effects, or all
non-N-type inactivation, to C-type inactivation or its poten-
tial correlates in other channels.

Comparison of N-type channel inactivation to
prevailing forms of inactivation in potassium and
sodium channels

How do the properties of N-type channel inactivation com-
pare to those of N-type, C-type, or P-type inactivation?
From the structural standpoint, there are interesting similar-
ities to C-type inactivation, in that manipulation near the
external face of N-type calcium channels affects inactiva-
tion. w-Conotoxins are highly charged molecules (Olivera
et al., 1994) that interact preferentially with inactivated
N-type channels (Stocker et al., 1997). The selective toxin
blockade of N-type channels when applied outside
(McCleskey et al., 1987) but not inside cells (Feldman et al.,
1987) suggests that inactivation is associated with exter-
nally detectable conformational rearrangement. Because
w-CTX-GVIA interacts particularly well with motifs I and
IIT (Ellinor et al., 1994), which are believed to bracket the
conduction pore, the inactivation-related conformational
change could well be localized to the extracellular mouth of
the channel, as in C-type inactivation. Depolarization-de-
pendent antibody binding to a motif near the external mouth
of structurally related P/Q-type calcium channels (Brice et
al., 1997) could be another indication of large, inactivation-
related structural changes in this region.

Fig. 11 illustrates the results of gating current experi-
ments (analogous to protocols in Fig. 5 A) that provide
supporting evidence for an action of w-CTx-GVIA on N-
type channel inactivation. Fig. 11 4 compares an alignment
of test pulse gating currents measured with simple La>"
blockade (solid lines) to gating currents measured in 2 mM
Ca®" with 2 uM w-CTx-GVIA added (dashed lines). With

FIGURE 9 Prepulse effects on ionic currents (measured in 2 mM Ca®*) and gating currents (recorded during La>* blockade) for a,; ; 85 a,& channels.
The format is essentially identical to that in Fig. 8. (4—D) Data from cell 380_9. (£, F) 100-ms prepulse inactivation data averaged from the same (n =
3) cells. In E, “steady-state” inactivation data (diamonds) were averaged from separate (n = 5) cells, with standard errors less than the symbol size. The
voltage protocol for steady-state inactivation experiments was as in Fig. 2 A (top), except that the prepulse duration was 30 s, and 60 s separated prepulse
protocols. The bath contained 10 mM BaCl, added to the base external solution described in Materials and Methods.
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FIGURE 10 Models of voltage-dependent inactivation. (4—C) Each of the panels concerns a different inactivation mechanism, although all panels follow
the same general format, as follows. On the left of each panel, we present a cartoon summarizing proposed structural rearrangements that underlie a
particular inactivation mechanism. Conformations on the left and right correspond to noninactivated and inactivated channels. In the middle, the
corresponding state diagram is shown. Here the diagram is intended to illustrate general features of a mechanism; the exact number of closed (C) and
inactivated (I) states is not to be taken in a literal sense. The upper and lower rows of states correspond to voltage-dependent gating of noninactivated and
inactivated channels, respectively. O, and Q; indicate the amount of gating charge moved between the extremes of activated and inactivated states,
respectively. Vertical transitions are voltage independent, with the possible exception of the upper kinetic scheme in C. Lengths of vertical transitions
correspond symbolically to the relative sizes of the rate constants. On the right, we provide a qualitative depiction of the Q- relations predicted for the
corresponding inactivation mechanism. The voltage sensor movement of noninactivated channels corresponds to horizontal movement along the upper row
of states (middle column) and gives rise to the solid black Q-V curve. Voltage sensor movement of inactivated channels corresponds to horizontal
movement along the bottom row of states (middle column) and gives rise to the Q,-V relation (dashed and gray curve). The dotted vertical lines indicate
the voltage range (7,) over which O, moves. The gray segments of O;-V curves indicate the portion of Q, that moves over voltage range V,; the vertical
span of gray segments thus corresponds to the nonimmobilized charge. The dashed segments of O-V curves indicate the portion of Q; that moves outside
V ; the vertical span of dashed segments thus corresponds to immobilized gating charge. (4) “N-type” inactivation of potassium channels. The structural
basis of this form of inactivation is a tethered intracellular ball that can plug the cytoplasmic mouth of an open channel. The maximum amplitude of the
O;-V is reduced relative to the O -V, because only a partial complement of inactivated states is present. The component of Q; movement (gray segment)
that occurs over V, is diminished relative to the full magnitude of Q,, giving rise to partial gating charge immobilization. (B) “C-type” inactivation of
potassium channels. Conformational changes at the external mouth are believed to underlie this form of inactivation. A full complement of inactivated states
(bottom row) is present, so that the maximum amplitudes of the O;-V and Q,-V are identical. Inactivation is progressively favored with proximity to the
“right” end of the gating scheme (middle column), resulting in a left shift of the O,-V (e.g., “charge 2” of Shirokov et al., 1992) relative to the Q,-V. As
with N-type inactivation (4), the component of Q; movement (gray segment) that occurs over 7, is smaller than the full magnitude of Q,, again giving
rise to partial gating charge immobilization. (C) “Preferential closed-state inactivation” (PCSI) mechanisms proposed for N-type calcium channels. The
structural basis of PCSI is largely unknown, although there are similarities to C-type inactivation (see text). Kinetic schemes underlying PCSI (middle) are
distinguished by inactivation occurring most rapidly from intermediate closed states. Complete gating charge immobilization by inactivation can be
accommodated by one of two general variations, which are not mutually exclusive. The first possibility (middle, top) is that I-1 transitions are so slow that
resulting gating currents would be undetectable. The exact number of I states is unspecified, although one I state situated under the middle of the activation
pathway would suffice. These features are symbolized by the gray-tone representation of horizontal transitions among I states, as well as of unspecified
I states. The choice of two gray-colored I states is arbitrary. The corresponding gating charge effect (right, top) is illustrated by a zero-amplitude Q-7
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w-CTx-GVIA, a U-shaped dependence on prepulse voltage
is still present but appears blunted relative to data measured
during La®>* blockade. A comparison of average OontestV
relations (Fig. 11 B) also reveals a large difference, thereby
confirming the visual impression in Fig. 11 A. This pertur-
bation of the charge movement supports enhancement of
inactivation by w-CTx-GVIA. Consistent with this premise,
maximum gating charge declined slowly over the course of
tens of minutes during exposure to w-CTx-GVIA, as if
channels continued to pool in stabilized inactivated states.

Another point of structural similarity to C-type inactiva-
tion is the locus of mutations and chimeric manipulations
that influence calcium channel inactivation. Inactivation of
structurally related R-type channels has important molecu-
lar determinants in IS6 (Zhang et al., 1994), and the inac-
tivation of homologous P/Q-type channels is sensitively
influenced by manipulations in IIIS5-IIIS6 (Tang et al.,
1993) and IVS6 (Hering et al., 1996). All of these manip-
ulations bear similarities to S6 mutations in Shaker potas-
sium channels that influence C-type inactivation (Hoshi et
al., 1991; Lopez-Barneo et al., 1993) and to external mouth
mutations in sodium channels that alter slow inactivation
(Balser et al., 1996; Wang and Wang, 1997).

However, two features of N-type channel inactivation
contrast fundamentally with the expectations of either C-
type or N-type inactivation of potassium channels. First, the
reduction of mobile gating charge is directly proportional to
the extent of ionic inactivation (Figs. 6 D and 3 E), with the
implication that gating charge immobilization is complete in
channels that are inactivated. This contrasts with N-type and
C-type inactivation, both of which permit detectable charge
movement over the normal activation range of the voltage
sensor (range over which O; and O, movement overlaps, V,
in Fig. 10, 4 and B), resulting in the appearance of only
partial gating charge immobilization. This suggests that the
structural rearrangement underlying N-type channel inacti-
vation is uniquely strong in the extent to which it restricts
voltage sensor movement, in either a kinetic or an equilib-
rium sense.

Fig. 12 illustrates the second difference, which becomes
apparent upon superposition of the prepulse inactivation
curve for test pulse ionic current (/e Ve, reproduced from
Fig. 2 B), and the Q,,-V curve for gating currents (repro-
duced from Fig. 4 F). The nadir of the [ -V),. relation
corresponds to a voltage at which the rate of inactivation is
at maximum. The Q_ -V relation reports average channel
position along the activation pathway as a function of volt-
age (Jones et al., 1997). The correlation between the two
curves (dotted lines) indicates that only ~'5 of voltage
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FIGURE 11 Effect of w-conotoxin GVIA on prepulse inactivation of

o151 Bip @0 channels. (4) Comparison of aligned test pulse gating
currents (format analogous to that in Fig. 6 B) measured either during
blockade with La*>* (solid lines) or with 2 uM w-conotoxin GVIA (2 mM
Ca®™ present, dashed lines). All data are from cell 351_1, transfected with
a;p; By @,8. Note that the rightmost trace, which corresponds to V.. =
—70 mV, was acquired after all of the others. Comparison to the leftmost
(earliest) trace, which also corresponds to V.. = —70 mV, illustrates the
slow decline of gating current that occurred in the presence of w-CTX. This
decline is consistent with gradual pooling of channels in inactivated states
that were stabilized by the toxin. (B) Comparison of averaged Oy, restVpre
relations obtained with either block by La*" (closed circles) or block by
w-CTX (open circles) for the same four cells.

sensor activation has occurred by voltages at which the
inactivation rate is at maximum. By contrast, N-type and
C-type inactivation of potassium channels would exhibit a
maximum inactivation rate upon full activation of voltage
sensors (see Fig. 10, 4 and B). The unusual correlation in
Fig. 12 A intuitively suggests that inactivation occurs most
rapidly from closed states at intermediate positions along

equivalent to complete gating charge immobilization. The second possible kinetic scheme (middle, bottom) is similar to that for C-type inactivation, in that
a full complement of I states is present and vertical transitions are voltage insensitive. Here, however, inactivation stabilizes an intermediate position of
the voltage sensor. Consequently, the Q,-V (right, bottom) is split into a negatively shifted component (Q,_, analogous to “charge 2”), and a positively shifted
component (Q,_,). In contrast to N-type and C-type inactivation mechanisms (4, B), there is essentially no O, movement over the voltage range V,, as shown
graphically by the flatness of the gray Q- region. Consequently, inactivation would result in complete gating charge immobilization over the voltage range

used in this study.
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FIGURE 12 (4) Comparison of the voltage dependence of ionic current

inactivation (open circle, IV ., reproduced from Fig. 2 B) and gating

charge movement (closed circle, Q,,-V, reproduced from Fig. 4 F), for
cells transfected with o5, B, a,8. Dotted lines illustrate the fraction of
gating charge moved (~!4) when the rate of ionic current inactivation is at
maximum (V.. ~ —20 mV). (B) Lower bound for the fraction of the
maximum inactivation rate owing to inactivation from a “left” group of
closed states (given by R, (Vy..) in Eq. A15, Appendix). The maximum
inactivation rate of the channel is that observed at voltage V,,,,, =~ —20 mV,
at the nadir of the prepulse inactivation curve (4). Closed states in the “left”
group are defined as those that correspond to fractional voltage-sensor
positions less than f,. The graph plots the lower limit for R, (V,,,,) as a
function of f,.

the activation pathway (e.g., Fig. 10 C, center). Analytic
arguments confirm this intuitive proposal, as summarized
below. Details of the analysis are presented in the Appendix.

From consideration of the partition function that de-
scribes equilibrium probabilities of states S; in the normal
activation pathway (Sigg and Bezanilla, 1997), we can use
experimentally measured Q-7 and prepulse inactivation
curves to calculate a lower limit on the amount of inactiva-
tion that must occur from states located to the “left” of an
arbitrary boundary in the normal activation pathway. These
analytical considerations will ultimately lead us to conclude
that at the voltage V., (i.e., at the minimum of the prepulse
inactivation curve), where the channel inactivates most rap-
idly, essentially all of the inactivation occurs from closed
conformations that are “far” from the open state. Specifi-
cally, we define the “position” of a state S, in the activation
pathway by the amount of gating charge ¢, that is moved as
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a channel transitions from the deepest (lefimost in Fig. 10)
closed state to S;. In practice, we specify state position in
terms of the “fractional position of the voltage sensor” (f; =
q/Opmax) When the channel resides in state S;. States in the
“left half” of the activation pathway can then be identified
by a fractional position f; that is less than an arbitrary
boundary value of f,. Given these definitions, we can cal-
culate a lower limit for R, (V,,,.), where R, (V,,.,.) quantifies
the net inactivation from all states in the “left” group,
expressed as a fractional contribution to the maximum in-
activation rate at V.. Equation A15 (Appendix) gives the
explicit formula for a lower limit on R, (V,,,.), which turns
out to be a function of f,, the normalized O-V (e.g., Fig. 4 F),
the normalized prepulse inactivation curve (e.g., Fig. 2 B),
and the total gating charge per calcium channel (Q,,,,,, taken
to be 16 e, from Noceti et al. (1996)). Fig. 12 B plots the
lower limit for R, (V,...), here calculated for a;p_; By, 08
channels. The striking feature of this lower limit is that it
essentially reaches unity by f, = 0.8. In other words, when
the channel is inactivating at the fastest possible rate, vir-
tually all of the inactivation is coming from closed confor-
mations corresponding to fractional voltage sensor positions
of less that 0.8 (i.e., from states at a substantial “distance”
from the open state). This analysis strongly supports mech-
anisms in which inactivation occurs preferentially from
intermediate closed states along the activation pathway. It is
worth emphasizing that the lower limit in Fig. 12 B is by no
means the strongest bound in favor of closed-state inacti-
vation, but, quite remarkably, it is a constraint that emerges
from essentially analytic grounds, given the correlation be-
tween the O-V and the prepulse inactivation curves in Fig.
12 A. In this regard, the constraint is quite general because
it does not depend on the choice of a particular kinetic
scheme.

Preferential closed-state inactivation of
recombinant N-type calcium channels

The distinctive properties of N-type channel inactivation
argue in favor of “preferential closed-state inactivation”
(PCSI) mechanisms, which have also recently been pro-
posed for inactivation of Kv2.1 potassium channels (Klemic
et al., 1998). Fig. 10 C summarizes the key properties of
PCSI for recombinant N-type calcium channels. The struc-
ture-function basis of PCSI remains an open frontier (Fig.
10 C, left), although there are intriguing hints that PCSI
shares structural similarities with C-type inactivation (mod-
ulation of inactivation by blockade of the external mouth,
sensitivity to pore and S6 mutations, as elaborated above).

Regarding kinetic state diagrams (Fig. 10 C, center, ei-
ther top or bottom layout), a number of specific constraints
emerge from the experiments. First, PCSI mechanisms are
distinguished by schemes in which the most rapid (C, O) —
I transitions emanate from intermediate closed conforma-
tions along the activation pathway. This feature contrasts
with customary formulations of N- or C-type inactivation
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(Fig. 10, 4 and B), in which transitions to I states are most
rapid from conformations near the open state.

Second, to account for nearly complete steady-state in-
activation at depolarized potentials (Fig. 9 E), (C, O) < 1
transitions near the open conformation must favor inacti-
vated states at equilibrium. If (C, O) <> I transitions are
largely voltage independent, as found with N- and C-type
inactivation, then this constraint would hold true at all
potentials; otherwise, the constraint must at least hold at
depolarized potentials. These constraints presume that
steady-state inactivation (Fig. 9 E) reflects the same inacti-
vation process that predominates during shorter 100-ms
prepulses.

Finally, either of two additional features is required by
the complete immobilization of measurable gating charge
by inactivation. These features are not mutually exclusive.
The top diagram in Fig. 10 C (center) represents one pos-
sibility. Here, the movement among inactivated states oc-
curs too slowly to produce measurable gating current, al-
though such movement may occur on a longer time scale.
Gating charge immobilization thus arises from the lack of
measurable movement among voltage-dependent I-I transi-
tions. No commitment is made as to the number of I states,
and the existence of only a single I state would suffice as a
specific case example. Gating charge effects of this first
scenario are therefore diagrammed with a flat Q;-V curve
(Fig. 10 C, top right), signifying the lack of measurable
gating current arising from I-I transitions.

The bottom diagram in Fig. 10 C (center) illustrates the
second possible explanation for complete gating charge
immobilization by inactivation. Here, in similarity to C-type
inactivation, measurable gating charge movement can arise
from redistribution among a full complement of inactivated
states, and (C, O) <> I transitions are largely voltage inde-
pendent. However, in the case of PCSI, the voltages where
such gating charge movement can be detected are far more
removed from the activation range (V) than observed with
C-type inactivation. Consequent to considerations of micro-
scopic reversibility and the constraint that fastest inactiva-
tion occurs from mid-closed states, steady-state Q-7 curves
could manifest a wide and flat plateau that separates hyper-
polarized O, and depolarized O, , phases. The appearance
of complete gating charge immobilization with inactivation
could therefore arise because our study may have been
limited to voltages spanning the flat plateau region. How-
ever, gating currents arising from I-I transitions might still
be detected at extreme voltages where O, ; and Q,_, phases
occur. This is an interesting possibility that could be tested
in future studies, if the requisite voltages turn out to be
experimentally feasible.

Most of the N-type channel results can also be explained
by an alternative, voltage-dependent inactivation mecha-
nism in which the transition from a single inactivated state
to the open state is voltage dependent and favored at depo-
larized potentials (Jones and Marks, 1989). This model
provides a natural explanation for gating charge immobili-
zation and U-shaped inactivation. However, this model does
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not account for essentially complete steady-state inactiva-
tion with increasing depolarization, as observed in Fig. 9 E.

Generalizability of preferential closed-state
inactivation to native N-type channels

Native N-type channels in sympathetic neurons share sev-
eral core properties (Jones and Marks, 1989) that support a
preferential closed-state inactivation model. Prepulse inac-
tivation is U-shaped with respect to voltage; the rate of
inactivation is essentially unchanged with different concen-
trations of Ba®" and Ca®" as charge carrier; and there are
small effects of increased intracellular Ca** buffering. It is
therefore reasonable to expect that our results will general-
ize to native N-type channels in a number of settings.

On the other hand, there are indications that N-type
channels in chick dorsal root ganglion (DRG) neurons may
be inactivated, at least in part, by a strong current-dependent
mechanism (Kasai and Aosaki, 1988; Cox and Dunlap,
1994). Here, prepulse inactivation is again U-shaped and
similar with Ba?>* or Ca?" as the charge carrier. However,
inactivation of Ba?* or Ca’?' currents is blunted by in-
creased intracellular buffering of divalent cations. In addi-
tion, inactivation is markedly slowed when Na™ flows
through these N-type channels, as can be seen in the virtual
absence of divalent cations (Morad et al., 1988; Cox and
Dunlap, 1994).

Taken at face value, these results argue that the inflow of
divalent cations speeds inactivation. Given this interpreta-
tion, it could be that different splice variants of N-type
channels differ with regard to their inactivation properties;
those in chick DRG neurons (Kasai and Aosaki, 1988; Cox
and Dunlap, 1994) would inactivate in a partially current-
dependent fashion, whereas those in frog sympathetic neu-
rons (Jones and Marks, 1989) and human «,_; expressed in
HEK 293 cells (this study) would inactivate in a largely or
purely voltage-dependent manner.

Alternatively, the buffering and monovalent current data
could be interpreted within the framework of purely volt-
age-dependent inactivation. Increased intracellular buffer-
ing of Ca®" could alter basal protein kinase C activity or
G-protein activation, which in turn could result in modula-
tion of a fundamentally voltage-dependent inactivation
mechanism (Werz et al., 1993). The strict withdrawal of
divalent cations, which permits monovalent flux through
N-type channels, may strip the channel of divalent cations
that are required for proper function, resulting in an artifac-
tual slowing of inactivation. Such a proposal has precedent
in Shaker potassium channels, where withdrawal of divalent
cations causes channels to “debase” and manifest altered
properties of gating and selectivity (Armstrong and Miller,
1990). Although there is no clear evidence for such altered
gating in calcium channels, it is interesting to note that
monovalent cation currents through L-type calcium chan-
nels inactivate slowly in the strict absence of divalent cat-
ions, but upon addition of trace (20 uM) Ca*", monovalent
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currents inactivate just as rapidly as seen with millimolar
Ba?" as the charge carrier (Ferreira et al., 1997). Such trace
external Ca®" should be insufficient (Lansman et al., 1986)
to populate a binding site for current-dependent inactiva-
tion, which must have a relatively low affinity to explain the
variation of inactivation rate in the presence of millimolar
concentrations of calcium. However, trace Ca®" could bind
to a high-affinity site that induces proper operation of volt-
age inactivation. If this alternative set of interpretations
holds true, then inactivation of N-type channels in chick
DRG neurons could be essentially the same as observed
here for the human N-type channel.

These considerations indicate that a voltage-dependent,
preferential closed-state inactivation mechanism may also
apply to a number of native N-type channels. However,
universal applicability of this mechanism must await reso-
lution of some of the ambiguities outlined above.

CONCLUSION

This study and that of Patil et al. (1998) establish a func-
tional roadmap of N-type channel inactivation, as mani-
fested by human N-type channels expressed in HEK 293
cells. The inactivation of these channels has important im-
plications for calcium channel inactivation during trains of
action potentials (Borst et al., 1997; Forsythe et al., 1998)
and has several unusual features. First, prepulse inactivation
bears a U-shaped dependence on voltage, yet the inactiva-
tion appears to be entirely voltage dependent, based on the
gating current data presented here and altered charge carrier
and buffering experiments performed by Patil et al. (1998).
Second, the gating charge immobilization produced by in-
activation is more complete than observed in most other
channels. Third, the interrelation between prepulse inacti-
vation and Q-V relations (Fig. 12) provides new and strong
evidence that channels inactivate most rapidly from inter-
mediate closed states along the activation pathway, as ini-
tially suggested by our laboratory on the basis of ionic
current experiments alone (Patil et al., 1998). Despite these
distinctive features, mutagenesis (Tang et al., 1993; Zhang
et al.,, 1994; Hering et al., 1996) and toxin experiments
(Stocker et al., 1997, and Fig. 11) hint that structural rear-
rangements at the external mouth of the channel may un-
derlie N-type channel inactivation, as would be expected for
a mechanism related to C-type inactivation. It will be inter-
esting to see if further structural correlates to this inactiva-
tion offer insight into the unusual functional properties of
N-type channel inactivation.

APPENDIX

Here we develop analytic arguments that demonstrate how the experimen-
tally measured prepulse inactivation and Q-V relations exert substantial
constraints in favor of preferential closed-state inactivation. The main
outcome of the analysis is summarized in the text and in Fig. 12 B. The
detailed deductions follow.
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Definitions

S; = the ith state in the activation pathway, where 7 is an integer.

q; = gating charge moved as a channel transitions to the state S; from
the most favored state(s) at infinite hyperpolarization.

Omax = total gating charge of all of the voltage sensors in a channel.

fi = qi/Onax = fractional position of the voltage sensor (in “normalized
gating charge movement coordinates”) when a channel occupies state ;.
Given this definition, we also define that j > i means f; > f.. In a typical
linear activation scheme (C = C - - - C = 0), S; would be “farther to the
right” along the activation pathway than S;.

k; = rate constant of inactivation from state S;.

P;(V) = probability of occupying state S; at equilibrium, given that a
channel is not inactivated. This probability is related to the free-energy
profile of the various states in the activation pathway by

B exp(—Fy/kT)
PN =S (exp(=Fo/kD)

which is the partition function for P;(¥) (see Sigg and Benzanilla, 1997).
Here, F; = g, — ¢;V, where g; is the chemical free energy of a channel in
state S;, and the summation on m spans all noninactivated states.

o(V) = Zq;P,(V) = the steady-state voltage dependence of gating-
charge movement.

O = O(V)/Qpax = normalized Q(V) relation. This predicts the
experimentally measured “Q-}"" relations.

R(V) = ZkPy(V) = rate of inactivation of a noninactivated channel.
Vmax 18 the voltage at which R(V) is maximized. We refer to the maximum
inactivation rate as R, ..

R(V) = R(V)/R,,,, = normalized R(V) relation.

(A1)

Assumptions

To obtain calculable constraints that favor closed-state inactivation, we will
link the analytic entity R(V) = Z/kPi(V) to experimentally measured
prepulse inactivation data (e.g., normalized /. in Fig. 2 B). We adopt the
approximation that

est

A = R(V) _ In(normalized I,.«(V))
D)= R~ In(normalized (V)

(A2)

This approximation makes two assumptions. First, noninactivated channels
are in rapid equilibrium along the activation pathway, relative to the
characteristic rate of inactivation. This is reasonable, because activation
and deactivation are rapid events relative to both the typical rate of
inactivation and the 100-ms duration of the prepulse. Second, channels do
not return from inactivation during a 100-ms prepulse. This condition
seems reasonable, because prepulse inactivation occurs primarily at volt-
ages where steady-state inactivation is essentially complete, as demon-
strated by the near-zero values of the steady-state inactivation curve over
the relevant voltage range (Fig. 9 E, diamonds). If the essentially complete
steady-state inactivation reflects the same process that dominates during
shorter 100-ms prepulses, then returns from inactivation must be exceed-
ingly rare during a 100-ms prepulse, as we assume. Given these two
assumptions, we can write the following differential equation that describes
the time-dependent change of A(7), the fraction of noninactivated channels
at time 7 in the prepulse

% _ _(Ei kiPi(V)) y
dt

R(V)

This yields the result that

normalized I(V) = A(T) = exp(—=R(V)T)
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where 7 is the 100-ms duration of the prepulse. Taking the natural loga-

rithm of both sides yields

In(normalized 7,
Ry = — tromalzed o)

This expression can be used to calculate the approximation in Eq. A2.

Calculation of the voltage at which P;(V)
is maximum

The maximum of P;(¥) will be found at the voltage V... ; where dP;(V)/
dV = 0. Evaluating this derivative reveals a remarkably simple relation
between the O-V curve and V,,, ;. This is an important result that will
prove useful in the deductions below and in the Discussion. From Eq. Al,
we have

P, exp(—Fi/kT) qi
dV — >.(exp(—F/kT))| kT

w4 exp(—F/kT)
ﬁEp(exp(_Fp/kT))
(A3)

n

Simplifying Eq. A3 with Eq. A1 yields

dP, P,
P - o)

(A4)

Setting the derivative to zero, we conclude that P;(¥) reaches a maximum
at the voltage V,,,.; where ¢; = Q(V). In terms of normalized relations,

ﬁ = Q( Vmax,i)

In other words, P;(V) reaches a maximum at the voltage V, .. ; where the
O(V) curve intersects a horizontal line at value f;.

ax,i

(A5)

Derivation of P,(V) as a function of Q(V), f,, Q,axs
and the value of P;(V) at a single arbitrary
voltage V,

From Eq. A4, we can write

d In(P,) 1
v H"(qi - o)

Integrating with respect to voltage from V, to V yields

Pi max M
Pl((:/:)) = exp QkT ﬁ(V_ Vo) -

O(o)do

o=V,

(A6)

Note that the form of this function is determined solely by f;, O(V), and
O max- For notational clarity in subsequent sections, we define

Qmax o=
=) -

h(V, V,) = exp O(o)do (A7)

o=V,

Upper bound on net inactivation from states with
f>f,

We can use the relation for the voltage dependence of the P,(V) (Eq. A6)
to derive an upper bound on the net inactivation rate from all states with
fractional position f = f,, where state S, has the smallest gating charge
movement ¢, within this group of states. In the context of a linear activation
scheme, we are thus deriving an upper bound for net inactivation from state
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S, and all states to the “right” of it—hence the subscript 7 for the “border”
state S,. Likewise, we define these states as members of group D (for
dextro, or toward the right). The remainder of states to the “left” of S, are
members of group L (for left group of states). An important feature of the
upper bound to be established is that it is calculable from experimentally
measured parameters.

We can obtain the desired bound by considering the defining relation for
inactivation rate for states in group D (Rp(V) = Z;cpkPi(V), written by
analogy to the form of R(¥) given in the definitions). Substituting from
Egs. A6 and A7, and setting the reference voltage V, = V., » Where V.. .
maximizes occupancy in state S,, we obtain

RD(V) = E kiPi(Vmax,r)hi(Va Vmax,r)

i€ED

(A8)

To derive an upper bound on R (V), we first establish an upper bound on
iV, Vinaxr) With i € D. We can obtain the latter bound by considering the
ratio of 4;(V, Viyaxr) 10 AV, Vo) With i € D. From Eq. A7, we have

nax,r.

hi( Va Vmax,r) max
m = eXp<QkT (f; _ﬁ)(V - Vmax,r))

nax,r

(A9)

For V' < V\axr» the argument of the exp function is negative, except when
i = r, where it is zero. Hence, 4,(V, V,ax ) = (V. Vi), for i € D and
V' < Vinaxr- With this bound on &;(V, Vy,, ), We can convert Eq. A8 into

an upper bound on Ry(V):

RD(V) = hr( V; Vmax,r) E kiPi(Vmax,r)

i€D

(A10)

fori € D and V' < V.- The only problem with this upper bound is that
we have no experimental measure of the summation term, which is equal
t0 Rpy(Vpmax 0)> the net inactivation rate from D group states at voltage V. .-
On the other hand, the other term, h(V, Vy,,..,), can be calculated from
experimentally measured parameters. To address this deficiency, we con-
sider another upper bound on Ry (V) that, although less stringent, can be
determined from experimental data. Because the summation term in Eq.
A10 (=Rp(Vinax)) 1s certainly less than or equal to the net inactivation rate
from all states at voltage V., (SR(Vipax.)), We can substitute R(V,.. )

for the summation term to obtain

RD(V) = hr(Vs Vmax,r)R(Vmax,r)

fori€e Dand V<V,

max,r

(All)

Dividing through by the maximum inactivation

rate R, yields the more convenient, normalized version of this constraint:
N Rp(V) R(Vnasr)
RD(V) = = hr( V’ Vmax r) —
Rmax ’ Rmax
(A12)
= hr( Vs Vmax,r)R( Vmax,r)
for i € D and V < V., Substituting R(V,..,) =~ In(normalized

Liest(Vinax.))/In(normalized 7, (V) (from the Assumptions, above) into
Eq. A12 and expressing 2V, V.. explicitly as given in Eq. A7 yields

the experimentally calculable constraint

Il
<

~ anax 7
RD(V) = CXp kT fr(V_ Vmax,r) -

O(o)do
0= Vinax,r

Al3
In(normalized 7,o(Vinax.r) (A1)

In(normalized 7oy (Vinay))

fori € D and V < V,,,, - The terms in the argument of the exp function
can be calculated from our Q-V curves and from estimates of Q.. by
Noceti et al. (1996). As well, the normalized /., term can be derived from

prepulse inactivation data. Hence, although Eq. A13 is not the strongest
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upper bound on R(V), it is one that we can calculate from experimental
data.

Lower bound on net inactivation from states
with f < f,

For purposes of establishing an experimentally determined constraint in
favor of closed-state inactivation, it is perhaps more convenient to calculate
a lower bound on net inactivation from L group states to the “left” of S,,
i.e., those states with < f.. This bound is easy to formulate from the
already established upper bound on R(¥). It is evident that

RL(V) = R(V) - RD(V)
If we choose V' =V,

‘max» the voltage at which the overall inactivation rate
from all states is at maximum, then the above expression simplifies to
RL(Vmax) =1- RD(Vmax) (A14)

Substituting the upper bound for R(V,,,,) from Eq. Al3 into Eq. Al4
yields the lower bound for Ry (V,,..):

RL( Vmax)

Q 0= Vmax
max

=1- €xXp W fr‘(Vmax - Vmax,r) - Q(G)do-

0= Vmaxsr

In(normalized Zoq(Vipax)

In(normalized fua(Vou)) (B13)

fori € Dand 7,

max

< Vinaxs- These conditions will be met if f; = OV
because f; = O(Vinax.)> and O is a monotonically rising function of voltage.
Equation A15 is plotted in Fig. 12 B to establish a minimal constraint in
favor of preferential closed-state inactivation. Although this bound is
not necessarily the best lower bound, it is derivable from experimental

measures.
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