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ABSTRACT This second of three papers, in which we functionally characterize activation gating in Shaker potas-
sium channels, focuses on the properties of a mutant channel (called V2), in which the leucine at position 382 (in
the Shaker B sequence) is mutated to valine. The general properties of V2’s ionic and gating currents are consis-
tent with changes in late gating transitions, in particular, with V2 disrupting the positively cooperative gating pro-
cess of the normally activating wild type (WT) channel. An analysis of forward and backward rate constants, analo-
gous to that used for WT in the previous paper, indicates that V2 causes little change in the rates for most of the
transitions in the activation path, but causes large changes in the backward rates of the final two transitions. Single
channel data indicate that the V2 mutation causes moderate changes in the rates of transitions to states that are
not in the activation path, but little change in the rates from these states. V2’s data also yield insights into the gen-
eral properties of the activation gating process that could not be readily obtained from the WT channel, including
evidence that intermediate transitions have rapid backward rates, and an estimate of a total charge 2 e, for the fi-
nal two transitions. Taken together, these data will help constrain an activation gating model in the third paper of

this series, while also providing an explanation for V2’s effects.
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INTRODUCTION

The S4-S5 region of many voltage-gated channels con-
tains a leucine heptad repeat motif (McCormack et al.,
1989) that, in the Shaker B amino acid sequence, spans
residues 375-403. A possible role of this motif in the
Shaker channel activation process was suggested by the
work of McCormack et al. (1991) in which the five leu-
cines were individually substituted by other hydropho-
bic residues. Substitutions of the first two leucines (L1
and L2) by valine were seen to produce positive shifts
of the midpoint voltage of activation of 60 mV or more
and reduce the voltage sensitivity. Substitution of ala-
nine for L1 has a similar effect (Lopez et al., 1991), as
does the substitution of phenylalanine in the L1 posi-
tion in Domain 1 of the rat brain II sodium channel
(Auld et al., 1990).

This paper concerns a mutation in which L2 is substi-
tuted by valine, referred to here as the V2 mutation.
Despite the reduced voltage sensitivity of the V2 chan-
nel, a comparison of gating currents in noninactivating
wild-type (WT)! and V2 channels in a previous study
showed no change in the total charge movement per
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channel (Schoppa et al., 1992). To interpret these ef-
fects, we previously fitted the equilibrium voltage de-
pendence of channel opening and charge movement
to a model similar to:

k 1 k 2
(2.5 ep) @21ey

(Sg== 8,),=0O.

(SCHEME 1)

This model, which invokes the tetrameric structure
of Shaker channels (MacKinnon, 1991; Kavanaugh et
al., 1992; Li et al., 1994), has the channel open after
each of four subunits undergoes one transition (from
Sy to S;) and one additional concerted conformational
change. In the context of this model, V2 causes a 70-mV
positive shift in the midpoint voltage for the equilib-
rium constant ko, but causes a negligible (5-mV) shift in
the midpoint voltage of k; (Schoppa et al., 1992). The
strongly shifted midpoint voltage of k, allows the V2
channel to open only at depolarized voltages and con-
fers the weak voltage dependence of k; on the channel
open probability. Subsequent analysis of other point
mutations of L2 has provided some information about
changes in the local environment of that residue (Mc-
Cormack et al., 1993; Sigworth, 1994; Holmgren et al.,
1996) and a possible role of this residue in the inactiva-
tion process (Ayer and Sigworth, 1997).

While Scheme I provides a useful framework for con-
sidering V2’s effects on equilibrium properties, it can-
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not describe Shaker's activation kinetics. The scheme
has the channel undergo only five transitions, which
cannot produce a long enough delay to account for the
channel activation time course (Zagotta et al., 19944,
1994b; Schoppa and Sigworth, 19985). Also, the model
has only two different types of transitions, while Shaker
channels have at least three distinct types of transitions
that can be distinguished by their voltage dependences
(Schoppa and Sigworth, 1998a).

In this paper, we extend the kinetic analysis of the
Shaker channel to the effects of the V2 mutation. This
characterization of V2 serves two purposes. First, it
serves to further delineate the steps in channel activa-
tion that are affected by the structural changes caused
by the mutation. Second, it can provide additional in-
formation about the channel activation process. Be-
cause the V2 mutation leaves the total gating charge
unchanged, we will assume that its effects can be ex-
plained by changes in the free energy of conforma-
tional states of the protein, leaving unaffected the
charge movements accompanying the transitions. Thus,
we assume that the basic conformational changes that
are involved in channel opening are preserved in V2.
This view is supported by the qualitatively similar ef-
fects of four other amino acid substitutions at this posi-
tion (McCormack et al., 1993; Sigworth, 1994), and by
the similar voltage dependences seen in rate constants
of WT and V2 channels, as will be shown here. From
within this framework, the data obtained from V2 can
provide some insights into the activation gating process
that cannot be directly obtained from WT data. In the
following paper (Schoppa and Sigworth, 19985), these
data will be used to help constrain a model of the acti-
vation process that accounts simultaneously for the
properties of V2 and WT channels.

As in the study of the normally activating WT channel
in the preceding paper, the V2 mutant channel that we
study has its NH, terminus truncated to remove the fast
inactivation process (Hoshi et al., 1990). It was charac-
terized using patch-clamp measurements of macro-
scopic ionic and gating currents, and also single chan-
nel currents recorded from oocytes expressing the V2
channel. In this paper, we first consider the general ef-
fects of the V2 mutation on activation gating, and then
present a detailed analysis of rate constants that parallels
the analysis performed on WT in the previous paper.

METHODS

V2’s macroscopic ionic and gating currents and single channel
currents were measured in inside-out membrane patches from
Xenopus laevis oocytes expressing the V2 channel, which in our
experiments contains a deletion of residues 2-30 to remove N-type
inactivation (Hoshi et al., 1990). The construction of the V2
Shaker 29-4 ¢cDNA and in vitro synthesis of cRNA have been de-
scribed previously (McCormack et al., 1991; Schoppa et al.,
1992). The current recordings were made as described previously

(Schoppa and Sigworth, 1998a), with some differences in proce-
dures related to possible artifacts as described below.

Ion and Time Effects on V2’s Macroscopic Currents

In our previous paper (Schoppa and Sigworth, 1998a), we re-
ported that the substitution of cesium ions for potassium in the
bath, done to facilitate the removal of ionic currents, caused
small changes in WT’s gating currents. A comparison of V2’s gat-
ing currents recorded in different patches with bath Cs* or K* in-
dicated that these currents are kinetically similar, and the Q-Vre-
lations that were derived from these two types of measurements
are not distinguishable. Gating currents recorded in Cs* were
thus used more extensively than was the case for WT experi-
ments, and were used in the experiments shown in Figs. 4 Cand 8.

Secondly, it was reported (Schoppa and Sigworth, 1998a) that
WT’s macroscopic ionic tail currents displayed a threefold slow-
ing during the first several minutes of a given patch recording.
However, for V2, the time-dependent changes in deactivation
were much smaller: from <45 s after patch excision to =4 min
later, ionic tail currents showed a nonsignificant slowing of only
15 £ 11% (n = 3). Therefore, in contrast to experiments with
WT channels, V2 tail currents measured immediately after exci-
sion were not excluded from the analysis of the deactivation pro-
cess. None of the other macroscopic gating properties showed
time-dependent effects, as was also observed for WT channels in
the previous study.

Heterogeneity in V2 Single-Channel Behavior

In recordings of single channel currents, one important consid-
eration is the stationarity of the channel behavior, as inhomoge-
neous kinetics introduce spurious components into the closed
and open dwell-time histograms. Here we describe that V2’s sin-
gle channels display two types of nonstationarities and discuss
how each was taken into account in our analysis.

The first type of nonstationary behavior corresponds to obvi-
ous shifts in the voltage dependence of P, that lasted for tens of
minutes. In one single-channel patch recording that lasted 84
min, currents were measured at +7 mV during three different
2-3-min epochs at 10, 35, and 70 min after patch excision. Be-
tween the epochs, the mean P, changed from 0.46 = 0.14 (mean *
SD; n = 151 traces) to 0.20 = 0.15 (n = 86) and back to 0.50 =
0.16 (n = 78). The change was well described by a 20-mV shift in
the voltage dependence of P,, as well as in many kinetic parame-
ters that were derived from the closed dwell-time histograms, the
first latencies, and the ensemble average current taken from the
data. A similar reversible switch from high to low P, activity was
observed in one other patch recording, with the P,-V relations
during the high and low P, periods in this second patch record-
ing being nearly superimposable with the P,-V relations in the
first patch recording. Also, in nine additional patch recordings in
which P, was relatively stable, the derived P,-Vrelations clustered
around the same two voltage ranges. These results would suggest
that the observed changes in P, did not arise from artifacts such
as a change in the temperature of the bathing solution; we take
this behavior instead as indicative of two gating modes.

To avoid the effects of these shifts in P,, we ignored all low P,.-
mode activity in the analysis. This approach was justified since
the V2 channel apparently spends much more time in the high
than in the low P, mode. Of 11 single-channel patch recordings,
two patches displayed both high and low P,-mode activity, seven
patches displayed only high P,-mode activity, and only two
patches displayed only low P,-mode activity. In these 11 patches,
high P,-mode activity was displayed during 78% of the total 482
min of recording time. Additionally, an analysis of a variety of
equilibrium and kinetic parameters indicated that V2 macro-
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scopic currents were composed of the summed activity of a large
number of mostly high P,-mode channels. For example, the acti-
vation time constant 7, derived from the rising phase of the mac-
roscopic current was similar to the 7, derived from the ensemble
average of the high P,-mode single channels but not that from
low P,-mode single-channel events.

V2’s single channel activity, like WI’s (Schoppa and Sigworth,
1998a), also showed a subconductance behavior, in which the
channel occasionally shows a reduced current amplitude. This
activity was accounted for by ending the analysis of a given single
channel current trace at the point at which the currents appear
to become smaller.

Evidence that our selection criteria did not significantly bias
the analysis was obtained by considering the properties of the
idealized single channel activity as contained in the event tables
produced by the analysis program. For a channel with one open
state, the form of the macroscopic tail current as a function of
time 7 should match the conditional probability of the channel
being open at time ¢ + 7 given that the channel is open at ¢ In
several patches, this conditional probability was computed within
individual sweeps and averaged across sweeps; the resulting time
course matched well the time course of macroscopic tail currents
at the same voltage.

Slow Inactivation

Parameters of double-exponential fits to the slow inactivation
phase of V2’s currents were very similar to those of WT: at +67
mV, V2’s current measured during 4-s pulses decayed with time
constants of 76 * 19 and 1,136 * 250 ms (n = 3) with the fast
component comprising 28 * 17% of the total amplitude. Fits of
exponentials to the ionic currents that are reported include a
term reflecting the ~80-ms component of the slow inactivation
process.

Characterization of Kinetics and Voltage Dependences

For characterization of the time course of channel activation, a
single-exponential function with time constant T and delay 3,

—(t-3) /1
)

() =1 (1—¢

max

>0, (1)

was fitted to the time course of the current, starting at the time
when the current has reached 50% of its final value I,,. It was
shown in the preceding paper that, in the case of a sequential
scheme with unidirectional transitions, 8 provides a remarkably
good estimate of the sum of the reciprocals of all of the rate con-
stants, excluding the smallest one. Further, if one transition is
rate limiting, its rate constant is well estimated by 771; this result
also holds for branched models. In some cases, when this func-
tion was fitted to activation time courses, we added a second ex-
ponential term with a longer time constant to account for a slow
relaxation that is seen at depolarized voltages.

As before, we assume that rate constants have exponential volt-
age dependences of the form

4 V/ KT

o, (V) =a,(0)e and

V/kT

- i
BV = B0 )
where the partial charges ¢, and g are related to the gating
charge movement z accompanying a transition from state ¢ — 1
to state 7 according to

Z = Gai ~ i (3)
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As a simple characterization of the equilibria of voltage-depen-
dent processes, we use fits to a Boltzmann function,

1

— T (4
gy (V=V,, ) /KT
1+ e B 172

b(V) =

where g is the effective charge parameter.
Values of quantities are given as mean * SEM unless otherwise
noted.

RESULTS

General Properties of V2 Channels

Comparison of WT and V2’s equilibrium properties. Fig. 1, A
and B compares the voltage dependence of channel
open probability P, and the single-channel charge
movement ¢ in WT and V2 channels. As described pre-
viously (Schoppa et al., 1992), the V2 mutation causes a
large positive shift in the voltage dependence of chan-
nel opening, and makes the P,-V curve less steep. In fits
of P,-Vrelations obtained in several patches, values for
the Boltzmann charge parameter ranged from 3 to 4 ¢
for WT, but from 1.5 to 2 e,for V2. For the ¢-Vrelation,
V2 causes a large positive shift in the voltage depen-
dence of part of the charge movement, and also appar-
ently reduces the steepness of the ¢-Vrelation. A num-
ber of possible explanations exist for WI’s steep volt-
age dependence of P, and ¢ (Bezanilla et al., 1994;
Zagotta et al., 1994q); for example, there may be posi-
tive cooperativity introduced by a late gating transition
that is very forward biased. V2 might lower the voltage
sensitivity of P, and ¢, if V2 alters the equilibrium of
such a late gating transition.

In V2’s ¢-V relation, there also appears to be an in-
flection near —10 mV. This is graphically illustrated in
the plot of the derivative of V2’s charge versus voltage
in Fig. 1 C. The derivative plot has two peaks: the larg-
est near —50 mV, which corresponds to the steepest
portion of V2’s ¢-Vrelation at negative voltages, and a
second peak near +10 mV. These properties would be
consistent with there being two distinct sets of transi-
tions occurring over different voltage ranges. From the
position of the inflection in the ¢-Vrelation (Fig. 1 B),
which is near —13 mV, we can divide the charge move-
ment into two parts, g and gy, associated with the sets
of transitions that occur at low and high voltages, re-
spectively. A value of gy = 2.2 = 0.3 ¢, (n = 6) is esti-
mated for the amount of charge that is associated with
the set of transitions that move at high voltages.

Comparison of WT and V2 channel opening and “on” gat-
ing current kinetics. V2’s general effects on gating kinet-
ics are illustrated in the time courses of the macroscopic
ionic current and gating currents in Figs. 2 and 3. In a
comparison of channel opening time courses (Fig. 2),
V2 displays somewhat slower kinetics at both low and
high voltages. The difference at lower voltages is re-
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FiGure 1. WT and V2’s voltage
dependence of charge move-
ment and channel opening. (A)
Voltage dependence of channel
opening P, for WT (M) and V2
(A). The P, values were evalu-
ated from macroscopic ionic cur-
rents as described in Fig. 1 of
Schoppa and Sigworth (1998a)
and were normalized to unity.
Each value reflects one to nine
experiments. Superimposed
curves are fits of Scheme I to the
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and Vj,, values for k, equal to
—54 and +14 mV, for WT and
V2 respectively. (B) Voltage de-
pendence of charge movement
for WT (M) and V2 (A) scaled to
match the maximal single-chan-
nel charge movement, ¢,.. =
12.3 ey (Schoppa et al., 1992).

Each value reflects one to seven experiments. Superimposed curves are fits to Scheme I to the averaged WT and V2 data with parameter es-
timates given in A. (C) The derivative Aq/AV of V2’s ¢-Vrelation was calculated from the difference in ¢ measured between different volt-
ages (in 10-mV increments, except 20-mV increments at V= —93 and V> +7 mV). Each value reflects measurements in four patches. Be-
sides the main peak centered near —50 mV, a second smaller peak is seen at depolarized voltages near +10 mV. The smooth curve is the

derivative of the simulated ¢-V curve shown in Bfor V2.

flected in the differences in the values for the activation
time constant T,, with V2 displaying 7, values that are as
much as two to three times slower than WT (Fig. 2 B).
The 7, values are, however, very similar above +60 mV.
Over the entire voltage range, the delay in the channel
opening time course is roughly similar to WTI’s (Fig. 2 C).

Interpreting the ionic currents is complicated by the
fact that at high voltages (V= +67 mV), Shaker's channel
opening time course has a slow component that reflects
the kinetics of an alternate activation path, through the
closed states C; (Schoppa and Sigworth, 1998a). How-
ever, in fits of the sum of two exponentials to the channel
opening time course at V= +67 mV, V2 causes no ap-
parent effect on the time constant of the faster compo-
nent (Fig. 2 B), which we take to be 7,, reflecting the ki-
netics of the main activation path. It will be shown more
explicitly below that the difference in the appearance of
the currents at high voltages reflects a higher propensity
for V2 to enter into the slow activation path.

The on gating current time courses of V2 (Fig. 3 A)
are qualitatively similar to WT’s. The similar time
courses at many of the voltages are reflected in the sim-
ilar values for the time constant 7., of an exponential
fitted to the decay of the on currents (Fig. 3 B). The
similar gating current time courses at voltages above 0
mV, together with the discrepancies in WT and V2
channel opening time courses at the same voltages
(Fig. 2 A), implies that V2 has little effect on early gat-
ing transitions, but an effect on late transitions. For a
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sequential gating mechanism, decreasing the rate of an
early gating transition would slow both the ionic and
gating current time courses, but a change in a late tran-
sition could slow channel opening without affecting
the gating current.

Some moderate differences in the 7, values are ap-
parent at intermediate voltages, near —40 mV, where
V2’s on currents decay nearly twice as rapidly as WT’s.
This difference might be an indirect effect of V2’s
shifted voltage dependence of channel opening. It has
been reported that WI’s on currents at these voltages
include a slow component that reflects the slow kinetics
of channel opening (Bezanilla et al., 1994). Since V2
does not open at these voltages, this component would
not be expected to appear in V2’s currents (McCor-
mack et al., 1994). Consistent with this simple interpre-
tation, WI’s on currents at —43 mV (Fig. 3 C) can be
fitted by the sum of two exponentials with one compo-
nent having a time constant (1 = 4.2 £ 0.5 ms; n = 4)
that matches WT’s activation time constant at this volt-
age (1,= 4.9 £ 0.9 ms; » = 5), and the other compo-
nent having a time constant (1 = 1.2 = 0.2 ms; n = 4)
that matches the time constant of the single exponential
fitted to V2 gating currents (1 = 1.2 £ 0.1 ms; n = 4).

In contrast to the modest effects on the on gating
currents, V2 has a dramatic effect on the decay of the
“off” gating currents. After moderate and large depo-
larizations, V2’s gating currents decay very much more
rapidly than WT’s. To explain V2’s faster off gating cur-
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FIGURE 2. V2’s effects on activation kinetics. (A) At both low and high voltages, V2 has slower channel opening kinetics, reflected here in
a comparison of WT and V2 currents at +7 and +147 mV. Patches w312 and v096. V2’s ionic current at +7 mV was fitted to a single expo-
nential to estimate the activation time constant 7, and an activation delay 3,. The current at +147 mV was fitted to the sum of two exponen-
tials, I(£) = (A;+ A) — A (73%)/7 4 A ¢ (=8)/% The faster time constant is T,, which is taken to reflect the kinetics of the main activation
path (Schoppa and Sigworth, 1998a). (B) The derived values for T, for V2 are larger than WT at V< +67 mV, but are similar at higher volt-
ages. Individual values reflect two to seven experiments. Error bars are smaller than the symbols in many cases. (C) WT and V2 have simi-
lar, though not identical, values for the activation delay 8, (from the same experiments as in B). (D) Comparison of the sigmoidicity of WT
and V2 ionic currents at voltages where the two channels have P, = 0.2. The current traces have normalized amplitudes and have their time
axes scaled to yield the same rising phase kinetics of the current. Patches w312 and v142.

rents, we recognize first that WI’s off currents after
large, long depolarizations have a slow decay time
course that reflects the slow return from the open state
but a rapid decay time course after small or short depo-
larizations that fail to open the channel (Zagotta et al.,
1994; Bezanilla et al., 1994). V2’s faster off current after
intermediate depolarizations (e.g., to —33 mV) could,
then, just be due to the fact that V2 does not open at
these voltages (Fig. 1 A). The faster off currents also
seen after depolarizations that are large enough to
open V2 channels (V= —13 mV) are to be expected
since, as shown below, V2 dramatically speeds the deac-
tivation time course.

Comparison of WI' and V2 channel opening kinetics at
equivalent P,. A final general kinetic effect of the V2
mutation is illustrated in Fig. 2 D, where WT and V2 ac-
tivation time courses are compared at voltages where P,
is similar for the two channels. The displayed currents
are at —58 mV for WT and —3 mV for V2, where P, is
~(0.2 for the two channels. We follow the strategy used
by Zagotta et al. (1994a) by normalizing the amplitude
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and the time course of the currents to make compari-
sons about the sigmoidicity of WT and V2 currents.

WT’s activation time course is actually ~20-fold slower
than V2’s, but when the time scales have been adjusted
to match the activation time constants T,, V2’s activa-
tion time course is seen to be much more sigmoidal
than WT’s. One explanation for the slow rise and rela-
tively small delay of WT currents is that there is positive
cooperativity in the mechanism of activation at these
voltages, arising from the presence of forward-biased
late transitions (Zagotta et al., 19945). The faster rise but
approximately equal delay in V2 activation is consistent
with unchanged early activation steps but a late transi-
tion that is less forward biased.

Assignment of Rate Constants from Macroscopic Currents

The preceding sections have outlined the general differ-
ences in activation gating for WI and V2 channels. We
now consider the rates of individual V2 gating transi-
tions. For this analysis, we use the same general frame-
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(dashed curves). The bottom trace shows that a scaled version of the fast component (T = 1.2 ms) accounts for V2’s current very well. Hori-
zontal lines reflect the estimated baseline of the current, taken from the mean current during the last 2 ms of the test pulse.

work that was used to assign rates for WT in the previous
paper (Schoppa et al., 1998a), in which the gating pro-
cess is approximated by a linear sequence of transitions:

% (o, o) oy
C=—= (C, =—=—==Cquerenn. C,. C,,. (0
By a Ba (B1) N2 Bn-1 o By N

(SCHEME 11)

The rates shown are those that were evaluated for
WT in the previous paper. To obtain values for forward
rate constants, we consider mainly macroscopic ionic
and gating currents obtained at depolarized voltages (V=
—13 mV), where V2’s charge movement is mostly com-
plete (Fig. 1 B). Backward rates are mainly evaluated
from macroscopic ionic and gating currents measured
at hyperpolarized voltages (V= —93 mV), where little
charge movement occurs.

Estimates of a;, By, and . For the WT channel, we
were able to assign values for three rate constants asso-
ciated with early and intermediate transitions (Schoppa
and Sigworth, 1998a). The forward rate of the first tran-
sition a; was found to be rate limiting for channel acti-

vation at voltages near 0 mV, and estimates for o; were
obtained from the kinetics of channel opening and gat-
ing currents. For V2, estimates of a; could be obtained
with only a more limited analysis. V2’s differential ef-
fects on the channel opening and on gating currents at
voltages near 0 mV imply that the rate-limiting step to
channel opening is a later transition. We assumed that
the decay of V2’s on currents still reflects o, and esti-
mates for a;(0) = 1,270 s7! (n = 7) and q4 = 0.28 =
0.02 egwere obtained (Fig. 4 A) that are similar to those
obtained for WT (o;(0) = 1,200 s™!, n = 7, and q4 =
0.36 ). Estimates of the forward rate a, of the transi-
tion that is rate limiting at large positive voltages for V2
were obtained from the values of the activation time
constant T, at very large depolarizations (V = +87 mV;
Fig. 4 B). The derived estimates for V2’s a,(0) = 1,400
+100s7! (n=5) and Jup(0) = 0.19 = 0.01 ¢, are simi-
lar to those obtained for WT (o, (0) = 2,100 s7! and
Qep(0) = 0.17 e).

Estimates of the backward rate of the first transition
B were obtained from gating currents induced by volt-
age steps between —93 mV and more hyperpolarized
voltages (Fig. 4 C). We assume that these voltages are
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Ficure 4. Estimates of «, ap,
and 3, for V2. (A) The voltage
dependence of a; was estimated
by fitting an exponential to T,
values derived from the on gat
ing currents at voltages between
—13 and +47 mV. From the data
in the patch shown in Fig. 3 A, es-

e WT timates were obtained o;(0) =
1.2 — V2 13 1,410 s and ¢, = 0.31 e, which
1.0~ 1 /oy (WT) ¢ are similar to WT’s (dotted curve).
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(B) The voltage dependence of
V2’s o, was estimated by fitting
an exponential to V2’s 1, values
taken from macroscopic ionic
current time courses measured
between +87 and +147 mV.
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obtained (e, (0) = 2,000 s! and
Gu1 = 0.15 e,) that are similar to
WT’s (dotted curve). (C) The volt-
age dependence of (3; was esti-
mated from gating currents in-
duced by voltage steps between
—93 and —153 mV. These gating
currents for V2 (solid curves, top)
are nearly superimposable with
WT’s (dotted curves). Patches v240
and w249. The bottom plot shows
that the time constants of the sin-
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sufficiently negative that the resulting currents reflect
only charge movement in the first gating step (Schoppa
and Sigworth, 1998a). The traces of V2’s gating cur-
rents at these voltages are virtually superimposable with
WT’s, which is consistent with V2 having no significant
effect on B;. Indeed, the estimates of 3;(0) = 260 =
100s7! (n = 3) and g5 = —0.48 = 0.05 e, derived from
these data are similar to those obtained for WT (3,(0)
=190s"!'and g3, = —0.53 ¢).

Estimate of a. For WT, a direct estimate of the for-
ward rate oy of the final transition was obtained from a
rapid component in the time course of reactivation ob-
served after very short hyperpolarizations. Fig. 5 A illus-
trates V2’s reactivation time courses at +67 mV after
hyperpolarizations with a fixed amplitude V;, of —93
mV, but of various durations ¢,. In contrast to what was
observed for WT the rising kinetics of V2’s reactivation
time course shows little dependence on ¢, (Fig. 5, Band
(). The reactivation time course for the shortest 4 =
100 s is reasonably well accounted for by an exponen-
tial with the same time constant that is fitted to the re-
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gle exponentials fitted to the de-
cay of V2’s currents in this patch
yielded estimates (B,(0) = 200
sl and g3 = —0.56 ¢() that are
similar to the mean estimates ob-
tained for WT’s 3, (dotted curve).

activation time course for large ¢, values. No fast reacti-
vating current is observed either when Vj is changed to
—13 mV (Fig. 5 D), which may be expected to be more
effective in loading channels into closed states that are
near the open state.

One explanation for the absence of a fast component
in V2’s reactivation time course would be that V2 slows
ay. An alternative explanation is that V2 accelerates the
backward rate By, so that the occupancy in the last
closed state is never high enough for channels reacti-
vating with the kinetics defined by ay to be observed.
We may nevertheless place a lower bound on the value
of a from fits to the reactivation time courses in Fig. 5.
There the time constant of the rate-limiting step 7, =
0.33 ms implies that o = 3,000 s~! at +67 mV. Using
the estimate of ¢,y obtained for WT, this yields ay(0) =
1,900 s~!. This lower limit is three to four times smaller
than the estimate of ay for WT (ay(0) = 7,000 s71).

Estimate of By. The most direct estimate of WI’s chan-
nel closing rate By was obtained from the time course
of the ionic tail currents, although rather elaborate



FiGure 5. Failure to estimate
ay from V2’s reactivation time
courses. (A) V2’s ionic currents
N elicited by a triple-pulse stimu-
lus, using a pair of depolariza-
tions to +67 mV separated by a
voltage step to a hyperpolarized
voltage V, = —93 mV. The dis-
played currents correspond to
hyperpolarizations of different

A

r

durations ¢, between 100 and
2,000 ps. Tail currents during the
second pulse were inward since
the pipette solution contained
5.4 mM K* replacing an equiva-
lent amount of the Nmethyl-
D-glucamine* (NMDG*). Data
were filtered at 12 kHz. Patch
vl65. (B) No fastreactivating
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component is evident in the
same traces that have been ex-
panded and time shifted to align
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the start of the test pulses. Only
traces corresponding to 4 = 100,
200, 300, and 500 ps are shown.
The current for 4 = 500 s has

been fitted to a single exponential (with 7, = 0.52 ms), and the current for 4 = 100 ps is shown to be reasonably described by an exponen-
tial with the same time constant. (C) The negligible effect of prepulses of different 4, on V2’s reactivation time course compares with the
strong dependence for WT, reflected in the nearly fourfold decrease in the derived 7, values for shorter 4,. Patches w448 and v165. (D) V2’s
reactivation time course at +67 mV in a different patch (v162) for ;, = —13 mV and 4, = 100 us. To demonstrate that we have not missed
a fast reactivating component that may have been obscured in the instantaneous current change, the reactivation time course has been fit-
ted to Eq. 7 from Schoppa and Sigworth (19984), which explicitly takes into account the delays in the recording system. It was assumed that
the change in current due to gating is described by a function x(z) with a time constant (1 = 0.41 ms) that matches the 1, value derived from
V2’s ionic current at +67 mV, measured in the absence of any conditioning pulses. The amplitude (—15 pA) was taken from the amount
of decay of V2’s tail current in the same patch at 100 ps. Data were filtered at 12 kHz.

measures were required to account for the fact that
WT’s channel deactivation time course at most voltages
reflects multiple reopenings of the channel. Estimates
for WT’s By were obtained from fits of the sum of two ex-
ponentials to the tail currents at extremely hyperpolarized
voltages (between —153 and —203 mV). V2’s By, how-
ever, could be evaluated using a much simpler strategy.
Fig. 6 A illustrates traces of WI’s and V2’s tail cur-
rents that were measured at voltages down to —93 mV.
At all voltages, V2’s deactivation is much faster than
WT’s. When a single exponential is fitted to these cur-
rents, it is seen that the time constants T are not only
smaller but have a weaker voltage dependence for V2
(Fig. 6 B). Fitting the voltage dependence of T results
in estimates for g, of 1.1 £ 0.04 ¢, (n = 4) and 0.53 =
0.05 ey (n = b5) for WT and V2, respectively. On the
other hand, V2’s ¢, nearly matches the voltage sensitiv-
ity of By that was estimated for WT (ggx = —0.57 ey).
The similarity between V2’s g, and ggy implies that V2
changes the deactivation process from one that reflects
the last two transitions to one that is a simple function
of the channel closing rate By. Consistent with the V2’s
tail current time course reflecting a single transition, it
is reasonably well accounted by a single exponential
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(Fig. 6 A). The 1y, values at V= —23 mV yielded an es-
timate for By(0) = 580 = 100 s™! (n = 5), which is ap-
proximately four times larger than the estimate for WT
(Bn(0) =150 s7).

For WT channels, estimates for the reverse rate of the
second to last transition By.; were obtained by simulta-
neously considering the fast component in the reactiva-
tion time course that corresponds to oy, and also the
double-exponential nature of the tail currents. This
analysis could not be performed on V2 since it lacks a
fast component in the reactivation time course and the
tail currents do not show multiple components. The as-
signment of V2’s By will rely on single channel data
described below.

V2’s effect on ayand B, While we were unable to as-
sign values for the forward and backward rates of any
other of V2’s transitions from macroscopic current
measurements, these data can be used to test whether
V2 causes a change in the rates of these transitions. The
rates of these additional transitions, which make a ma-
jor contribution to the delay in activation, have been as-
signed the parameters og and 4. As described in the
preceding paper, the parameters reflect the summed
properties of many intermediate transitions.
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FIGURE 6. Estimate of By. (A) Across a range of test voltages, WT’s tail currents decay much more rapidly than V2’s (taking into account
the different time scales). The tail currents were measured after prepulses to +7 and +67 mV, respectively, for WT and V2; they were out-
ward since measurements were made with 0 mM pipette K*. Estimates of the tail current decay time constant T,,; were obtained by fitting
the deactivation phase of the tail current to a single exponential. (B) The 7 values obtained from four WT (closed symbols) and five V2
(open symbols) patches were fitted to an exponential function of voltage yielding estimates of 7.,;(0) and ¢. Fits were made only to the 7
values at voltages at which the time constant values become faster with increasingly negative voltages (V= —63 mV for WT and V= —23
mV for V2). For most of the patches, currents were measured in 0 mM pipette K*, but for one patch each for WT and V2, currents were
measured with 14 mM pipette K* (A and O, respectively). For comparison, the value of 1/By derived for WT in Schoppa and Sigworth
(1998a) is plotted as a straight dashed line, indicating that V2’s tail current decay has a similar voltage sensitivity as the channel closing rate.

Information about the effect of V2 on agand B4 was
first obtained by comparing WI’s and V2’s on and off
gating current time courses. While the decay of the on
currents at depolarized voltages reflects the rate-limit-
ing o, information about the rates of the transitions
that follow a; resides in the time course of current near
its peak. Fig. 7 A superimposes WT and V2 on currents
that were measured at two depolarized voltages (—13
and +27 mV). The time courses match quite well, con-
sistent with V2 having similar forward rates for all of the
rapid intermediate transitions. V2’s effect on reverse
rates was evaluated by comparing WT’s and V2’s off
currents. To remove the contribution of channels re-
siding in the open state to the off current time course,
which would obscure the analysis of the intermediate
transitions, we compared WT’s and V2’s off gating cur-
rents measured after prepulses that preload channels
into intermediate and late closed states but not the
open state. Fig. 7 B compares V2’s off currents after a
long depolarization to —33 mV with WT’s off currents
measured after a 2-ms depolarization to the same volt-
age. These prepulses move most (~70-80%) of the
charge but result in few open channels (<15% and
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<<1% for WT and V2, respectively). The similar off
current kinetics suggests that V2 has little effect on the
backward rates of virtually all of the gating transitions,
apart from the final transitions.

A second measure of V2’s effect on oy and B4 was
provided by a comparison of the delay in the macro-
scopic channel opening time course. At depolarized
voltages, the delay is expected to reflect the forward
rates of all but the rate-limiting step to channel open-
ing (Schoppa and Sigworth, 1998a). The 8, values for
V2 (Fig. 2 C) are very similar to those of WT, tending
however to be slightly longer (by 10-30%). The small
difference in the delay is consistent with V2 having a
small effect on the forward rates of a large number of
transitions. A measure of B4 was obtained by analyzing
the delay in V2’s reactivation time course after hyper-
polarizations of different voltages and of different du-
rations #,, using a strategy similar to that used for WT in
the previous paper (Schoppa and Sigworth, 1998a).
The resulting relationships between 4, and the delay 3,
are nearly identical for WT and V2 (data not shown),
which is consistent with V2 having little effect on (.

V2 also had little effect in an experiment that evalu-



(30 ms at -33 mV)
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(2 ms at 33 mVv)
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Toff = 0.59 ms
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FIGURE 7. V2 has little effect on oq and B, gating currents. (A) WT (dotted curves) and V2 have nearly superimposable on gating currents
at —13 and +27 mV, including similar time courses near the peak of the current. The current amplitudes were scaled slightly so that the
peaks match. Patches w212 and v219. (B) Comparison of WI’s and V2’s off gating currents, following voltage steps that preload channels
into late closed states but not the open state. For WT, the current was measured after a 2-ms pulse to —33 mV, and V2’s current was mea-
sured after a 20-ms pulse to the same voltage. WT and V2’s off currents have been fitted to a single exponential, yielding similar time con-
stants T.g. The slightly slower time course for WT probably reflects the contribution of the small fraction of channels that are open at that
end of the prepulse, which contribute a small slow component to the off current. Patches w217 and v219.

ated the Cole-Moore delay (Cole and Moore, 1960).
This experiment evaluates the effect of different ampli-
tude prepulses on the delay in the channel opening
during a subsequent test pulse. (These data are not
shown here, but see Fig. 18 in Schoppa and Sigworth,
1998b). Since the voltage dependence of the delay re-
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flects the equilibria of the various transitions that con-
tribute to the delay, these results suggest, roughly, that
the ratio of ag and B4 for WT and V2 is similar.

More observations about V2’s off gating currents measured
after intermediate amplitude depolarizations. We report here
results obtained from one additional experiment that

FIGURE 8. V2’s off gating currents yield other in-
formation about intermediate transitions. (A)
V2’s off gating currents measured after a prepulse
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to —3 mV were used to estimate the partial charge
gga Of the backward rates of intermediate transi-
tions. The off currents measured at test voltages
between —63 and —113 mV were fitted to an ex-
ponential, yielding a decay time constant 7. The
Tog Values from this and two other patches were
then fitted with an exponential function of volt-
age (solid curves, right), yielding values for ggq =
—0.44, —0.54, and —0.61 e,. For one of the dis-
played experiments, the prepulse voltage was —43
mV. (B) Close examination of V2’s off gating cur-
rent at —63 mV (from this and one other patch)
indicates the presence of a fast component (ar-
rows) that is poorly accounted for by a fit of a sin-
gle exponential, consistent with some intermedi-
ate transitions having more rapid backward kinet-
ics than the first transition at this voltage.
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was performed for V2. Off gating currents were mea-
sured after prepulses of a fixed amplitude (—3 mV)
with variable test voltages between —63 and —113 mV
(Fig. 8 A). Since the prepulse moves most (85%) of
V2’s charge but opens few V2 channels (P, = 0.2), the
measured off currents should reflect the backward
rates of both the first and intermediate transitions.

These currents were first used to obtain a rough esti-
mate of the charge g4 that determines the voltage sen-
sitivity of the backward rates of intermediate transi-
tions. Single exponentials were fitted to these currents
to estimate a decay time constant T, the 7,4 values
were then fitted to an exponential function of voltage,
yielding ¢g, estimates in three patches of —0.44, —0.54,
and —0.61 e,.

Single exponentials failed to fit a rapid component
that is visible at some test voltages, however. The devia-
tion is illustrated in the expanded traces of off current
at —63 mV measured from two patches in Fig. 8 B. We
take the presence of a fast component in the off cur-
rent to reflect the presence of fast intermediate transi-
tions; in the context of a sequential scheme, a fast com-
ponent of the gating current must reflect the kinetics
of the first transitions that occur during the relaxation.
In these two patches, no fast component was observed
in the off current at voltages more negative than —63 mV
(data not shown), which might imply that the fast and
slow components have different voltage dependences.

Analysis of Single-Channel Behavior

Additional information about V2’s effects on the rates
of the transitions nearest the open state was obtained
from measurements of single channel currents. We be-
gin by describing V2’s single channel activity (Fig. 9 A).
At voltages where P, is low (—13 and —3 mV), V2 has a
latency to first opening of ~10 ms, and long closures of
a similar duration that separate brief (2-3-ms) bursts of
channel openings are seen. During the bursts, the
channel sometimes closes into short-lived closed states.
With an increase in voltage, the main changes in the
single channel activity are reductions in the time to first
opening and the duration of the long closures (com-
pare the traces at —13 and +7 mV). At the highest volt-
ages (+107 mV), V2’s single channels are similar to
WT’s (Hoshi et al., 1994; Schoppa and Sigworth,
1998a), opening rapidly at the beginning of the pulse
and remaining open for most of the trace, closing occa-
sionally into short-lived closed states.

The closed dwell time histograms that correspond to
these data at voltages between —13 and +27 mV (Fig. 9
B) were well fitted by a mixture of two exponentials.
With increasing voltage there is a marked reduction in
the duration of the long closures, while the relative am-
plitude of the long closure component and the dura-
tion of short closures show less change. The closed
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time histograms obtained at the highest voltages (+67
and +107 mV) display the three populations of clo-
sures characteristic of WT at the same voltages (Schoppa
and Sigworth, 19984). At all voltages, V2’s open time
histograms (Fig. 9 C) were well fitted by a single expo-
nential, which is consistent with a single open state
(Hoshi et al., 1994).

V2’s effects on transitions to G, Cy;, and Cp. Single chan-
nel data from WT channels have been useful for obtain-
ing information about states that are not in the activa-
tion path (Hoshi et al., 1994; Schoppa and Sigworth,
1998a). In the previous paper, we suggested that there
are several such states:

............. C1N—21 ‘ClN-ll ey ‘1N
\ e,
Q—— Cyo = Caq Oy > Cy
A 1
f2 \ &
C

(SCHEME 111)

These include the states Cy and Cgp that correspond
to the observed short duration closures at depolarized
voltages, and a set of states C; that corresponds to the
observed 1-2-ms component in the closed time histo-
grams. Apparently, the C; states can be entered from
closed states that are in the activation path as well as
from the open state.

The rates d, f;, and f, of the transitions from the states
Cin, Cg, and Cyy, to the open state are reflected in the
closed time distributions at very depolarized voltages,
where the open channel rarely closes into the activa-
tion path. Fig. 10 A superimposes the “average” WT
and V2 closed time histograms at high voltages (V =
+47 mV). The shapes of the histograms cannot give di-
rect information about rate constants, since many of
the closures are poorly resolved; however, the fact that
V2’s average histogram matches WT’s is consistent with
V2 not altering the three rates.

The sum of the rates ¢, ¢, and e, of the transition
from the open state to each of these three states deter-
mines the channel open time at very depolarized volt-
ages (Fig. 10 B). While the poorly resolved short clo-
sures prevented a reliable estimate of the true channel
open time, we could obtain an estimate of the effect
that V2 has on these rates. Assuming that WT and V2
have identical closed time distributions at these volt-
ages, an estimate of the effect of V2 on the stability of
the open state may be made without correcting for
missed events. At all voltages, WI’s uncorrected open



times are three- to fourfold longer than V2’s. This, Finally, to evaluate V2’s effect on the transition to G
taken together with the similar shapes of WT and V2’s  states from closed states in the activation path, we com-
closed time histograms, would suggest that V2 increases ~ pared the cumulative first latency histograms of WT
each of the rates by a factor of 3—4. and V2 at very depolarized voltages (Fig. 10 C). WT’s la-
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FIGURE9. V2 single channel activity at voltages between —13 and +107 mV. (A) Single channel activity induced by steps from —93 mV to
the indicated voltages. The data displayed at voltages between —3 and +67 mV reflect measurements in one patch (v433) and are plotted
on the same scale. The data at the two extreme voltages reflect two additional patches (v428 and v344). The dashed vertical line reflects the
beginning of the test pulse, and, for all but the currents at +107 mV, the currents measured after the test pulse are not shown. In our mea-
surements, V2’s single channel conductance was usually ~30% smaller than WT’s (corresponding to a change in conductance from 11 to
8 pS). (B) Closed time histograms derived from the experiments shown in A. Superimposed solid curves on histograms are fits to mixtures
of two or three exponentials; dashed curves illustrate each component. Each histogram contains at least 630 events. (C) Open time histo-
grams, each fitted with a single exponential.
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FIGURE 10. V2’s effects on transitions to closed states outside of the main activation path. (A) WT (dotted curves) and V2 have nearly super-
imposable closed dwell-time histograms at very large depolarizations, indicating that the V2 has little effect on the transitions from Cy, Cg,
and Cp that correspond to each of the three components in these histograms. The time constants and amplitudes of the three exponen-
tials fitted to 5 WT and 22 V2 closed time histograms at V= +47 mV were averaged, and the curves reflect the derived means. (B) The
measured open times for V2 at large depolarizations (A) are approximately one-third as long as WI’s (), indicating that V2 destabilizes
the open state relative to Cy, Cyg, and Cp. Open times are uncorrected for missed events, but may be compared since WT and V2 display
the same closed time distributions at these voltages (from A), and the analysis filtering bandwidths were set to be equal for WT and V2.
Each value reflects a single experiment. (C) WT (top) and V2 (bottom) cumulative first latency histograms at +107 mV were fitted to the
sum of two exponentials (see legend for Fig. 2 A), starting at the time when P = 0.5. The dashed curves reflect the fast component in the
same fits. The main difference between the fits for WT and V2 is the amplitude of the slow component with time constant 1, indicating
that V2 increases the probability that a channel enters C; states from closed states in the activation path. In the fitting, the values for 7, for
WT and V2 were 1.9 and 1.3 ms, respectively; values for the fast time constant 7, were 0.21 and 0.29 ms. The values for A;and A, in the fits

were adjusted for the delay in the fitted function. The two histograms reflect 182 and 258 sweeps, respectively. Patches w266 and v344.

tency histograms at V= +47 mV display a slow compo-
nent that corresponds to channels entering C; from
closed states in the activation path (Schoppa and Sig-
worth, 1998a). Compared with the WT latency histo-
gram at +107 mV, V2’s histogram has a slow compo-
nent approximately four times larger in amplitude; the
fitted fast and slow time constants are, however, very
similar. An increased amplitude slow component was
also consistently observed in the macroscopic activation
time course at large depolarizations (V = +47 mV),
where, on average, V2’s slow component accounted for
26 = 2% of the time course (n = 28) compared with
WT’s 8 £ 1% (n = 21). Since it is not known from
which closed states Shaker channels can enter G states,
it is not clear whether the larger slow component for
V2 arises from increased rates for transitions into C;
states, or simply is an effect of altered occupancies of
states in the activation pathway.

Estimate of By and By.; from single channels. V2’s single
channel data could also be used to estimate the rates of
the final transitions that are in the activation path. In-
deed, one relevant observation has already been pre-
sented, which is V2’s three- to fourfold shorter channel
open times at depolarized voltages (Fig. 10 B). At these
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high voltages, most of the closures that determine the
channel open time reflect closures into states that are
not in the activation path, but it is notable that the mag-
nitude of V2’s effect on the open times nearly matches
the fourfold faster channel closing rate into the activa-
tion path By that was estimated from macroscopic tail
currents. The rates of channel closure into the states that
are not in the activation path and By would all be ex-
pected to reflect the stability of the channel open state.
Other more direct information about the final transi-
tions resides in the relatively well resolved single chan-
nel activity at V2’s activation voltages (between —13
and +27 mV). The large difference in the voltage
range where V2 channels open compared with the volt-
age range of charge movement (Fig. 1, A and B) sug-
gests that the single channel activity at these voltages re-
flects the properties of just the subset of transitions that
occur at high voltages. The fact that the observed long
closures have a mean duration that matches the time
constant fitted to the first latency histograms (Fig. 11
A) would indicate that these closures reflect sojourns in
states in the activation path. We may, then, expect that
the single channel activity reflects the rates ay, By, and
Bn.1 of the last two transitions in the activation path.



The approach that will be used in this analysis is first
to consider two simple schemes that could each, in
principle, describe V2’s single channel activity at its ac-
tivation voltages. The first possibility is reflected by the
reduced three-state scheme,

slow

(XN _
Cna=— Oy=—= Cfl,fz,

Bn f1.f5

fast

(SCHEME 1V)

in which the observed short duration closures are en-
tirely contributed by sojourns in the two closed states
Cg and Gy, that are outside of the main activation path.
The long closures would reflect sojourns in late states
in the activation path, here represented by the single
state Gy ;. The observed bursts of openings would re-
flect the channel traversing back and forth between the
open state and Cg and Cp, and is terminated when the
channel closes into Cy.;. The second possibility that we
consider is the four-state scheme,

slow fast
ON-1 oN
e — >
Cna = Cna= Oy=—= Cfl, 2,
Bn-1 By fi.15
fast

(SCHEME V)

in which the short duration closures are contributed by
sojourns in the states Cy and Cgp, as well as sojourns in
Cy.1- The observed long closures would then reflect so-
journs in closed states that are in the activation path
that occur before Cy,;, and the bursts of openings
would reflect channels traversing from the open state
into Cg, Cp, and Cy,;, and are terminated when the
channel closes back into Cyo.

An easy way to discriminate between these two possi-
bilities takes advantage of the reliable estimate for V2’s
channel closing rate By that has already been obtained
(Fig. 6). Since, during the bursts of openings, the
amount of time that the channel spends in the open
state is long relative to the amount of time it spends in
closed states (Fig. 9 A), Scheme IV predicts that the
mean burst duration my will be equal to 1/By. Scheme
V predicts that mp will be larger than 1/By by an
amount that is a function of the ratio of ay to By. Fig.
11 B compares 1/By with values for mg obtained in five
separate patches. This comparison indicates that these
bursts apparently have the same duration as 1/By. Fit-
ting an exponential to the my values at different volt-
ages yields estimates mg(0) = 1.9 = 0.3 ms and ¢, =

0.45 = 0.05 ey, which are nearly identical to the values
of 1/Bx (1/Bx(0) = 1.7 ms and —ggy = 0.53 €). These
results imply that the bursts of openings are terminated
by the channel closing into the activation path and that
Scheme IV is a better representation of V2’s single
channel activity at these voltages.

Consideration of the sum of the rate constants indi-
cates that Scheme IV cannot be explicitly correct. In
particular, Scheme IV implies that the long closures in the
single channel activity correspond to sojourns in the
last closed state in the activation path Cy;, but this
would be incompatible with what is known about the
rate oy from macroscopic currents. The observed long
closures are ten milliseconds in duration (at —3 mV),
but our lower bound estimate for ay(0) is 1,900 s~ 1,
which would imply that the closures that correspond to
sojourns in Cy; (which is given by the reciprocal of the
sum of ay and By;) can be no longer than 0.5 ms at
this voltage. We may reconcile this discrepancy by an
extension of Scheme IV,

fast
ON-1 oN
CN—Z - CN-l < ON‘——f Cfl, 2
ﬁN.1 ﬁN f 1.2
very fast fast

(SCHEME VI)

in which we now assume a relatively large value for ay
but an even larger value for By ;. For Scheme VI, the
bursts of openings will nearly always be terminated by
channel closures into the activation path since a chan-
nel that closes into Cy; will more frequently proceed
back into Cy. or earlier closed states in the activation
path rather than enter back into the open state. The
long closures would arise in the absence of any rate
that is very slow due to the same reason: a channel start-
ing in earlier closed states that are in the activation path
that enters into Cy; will almost always proceed back
into earlier closed states than enter the open state.
These results have obvious implications for estimat-
ing By If we assume a value for ay(0) = 1,900 s~ the
similarity in the burst duration and 1/By would suggest
that V2’s By (0) is substantially larger than 1,900 s~
Some insight into the magnitude of By (0) is provided
by a strategy in which we compare the measured burst
duration with the predictions for the bursts, assuming a
model in which the bursts are determined by channel
openings and closures in Cy;. For this model, my is
given by
_ 10 Oy 0O, 9% O 1 O
" BND1+BN—1L| By_1 By g+ o ®

(Here we have neglected the effect of dwells in Gy and
Cp, which, because they are brief and of low occu-
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pancy, will have little effect on the burst duration.) In
Fig. 11 C, a family of curves is shown superimposed on
the burst length values, computed assuming the lower
bound estimate of ay(0) and various values for By.
The mg values are perhaps best described by By; = ©
(the curve reflecting 1/By), but a value for By(0) that
is as small as 3,800 s™! cannot be ruled out. Values for
Bx.1(0) that are smaller than 3,800 s~!, however, predict
a burst length that is too long. A value for By(0) =
3,800 s7! (compared with WT’s By, (0) = 320 s7!) im-
plies that the V2 mutation causes a >10-fold change
in By,

DISCUSSION

The V2 mutation (L382V in the Shaker B sequence)
causes a large positive shift and a reduction in the volt-
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age sensitivity of opening of the Shaker potassium chan-
nel, but does not change the total gating charge (Schoppa
et al.,, 1992). On the basis of the detailed study pre-
sented here, we find no reason to expect that this muta-
tion causes a fundamental change in the channel acti-
vation process; instead, the mutation’s effects appear to
be limited to changes in a few rate constants, those gov-
erning late transitions that lead to channel opening.

Summary of V2’s Effects

Besides V2’s effects on the equilibrium gating proper-
ties, V2’s qualitative effects on channel kinetics are (a)
to slow channel opening at depolarized voltages, () to
increase the sigmoidicity of the channel opening time
course at the activation voltages, and (¢) to make the
tail currents and off gating currents decay more quickly.
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Estimates of By from V2’s single-channel burst durations. (A) V2’s cumulative first latency histograms at V2’s activation volt-

ages were wellfitted by a single exponential; an example is shown at top. As shown in the plot at the bottom, the time constant 7, of the fit-
ted exponential is similar to the time constant T, of the longest duration exponential component in V2’s closed time histograms. The
Tiong Values at V= +27 mV always reflect the longer of two fitted exponentials, and all but one of the Tiong Values at V= +47 mV reflects the
longest of three fitted exponentials. At high voltages, Ty, reflects closures in G; states and is generally longer than the latency time con-
stant. Values reflect data obtained from five patches. (B) The mean duration my of the bursts of openings separated by long closures had
values similar to the reciprocal of V2’s channel closing rate (bold dotted curve), defined by the parameters By(0) = 580 s™! and ggy = —0.53
€. The my values at V= +27 mV were calculated by normalizing the measured channel open time by the fraction of the measured closures
that correspond to the longer duration exponential component in fits of the closed time histograms to the sum of two exponentials. Solid
curves reflect fits of the my values obtained in each of the patches to an exponential, yielding estimates of mz(0) and ¢,,5. Data reflect the
same experiments as in A. (C) The same mgvalues as in B have been superimposed with the predictions of Eq. 5 for different values of By (0).
In the calculations, ay(0) was assumed to be 1,900 s™1. The charges g, = 0.18 ejand ggn; = —0.30 e, were the WT values.
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We have presented arguments that each of these differ-
ences can, at least in principle, be explained by a
change in late transitions.

A more quantitative comparison of different rates in-
dicates that V2’s effects might, in fact, be limited to the
final two gating transitions. Here, we have analyzed
V2’s currents to obtain first-pass estimates of rate con-
stants in a way that parallels the study of WT in the pre-
vious paper. These results are summarized in Tables I
and II. One marked effect is a three- to fourfold accel-
eration in the channel closing rate into the activation
path (By), as evaluated from ionic tail currents. Such a
magnitude of an effect on the stability of the open state
was also verified from an analysis of single channel
open times at depolarized voltages (reflected in the
rates ¢, ¢, and &). V2 apparently has a more profound
effect on the backward rate from the final closed state
(Bn1); this rate for V2, which is at least 10X larger than
WT’s, was assigned from the single channel burst dura-
tions at voltages between —13 and +27 mV. We have
obtained a lower bound estimate of V2’s channel open-
ing rate oy from V2’s reactivation time course, but, in
fact, we do not know if V2 actually changes this rate at all.

As far as we can tell, all of the other transitions for
WT and V2 have nearly identical rates. Similar esti-
mates were obtained for ay, ap, B;, which all reflect
rates of specific transitions that occur relatively early in
the activation process. Similar estimates were also ob-
tained for the parameters oq and B4 that reflect the
composite properties of all of the transitions that come
between the first and last transitions. It is important to
emphasize that we cannot rule out that V2 changes
some of the rates that we cannot identify with our ki-
netic measurements. An important test of the hypothe-
sis that V2’s effects are limited to the final two transi-
tions will be whether, in our modeling, we can account

TABLE I

Estimates of Rate Constants for Transitions in the Activation Path

Rate at 0 mV

WT V2# Partial charge
a;(0) =1200s7! o;(0) = 1350 57! qo; = 0.36 ¢,
a,(0) = 2100s™! a,(0) = 1570 57! qo, = 0.17 ¢
ayx(0) = 7000 s~! ayn(0) = 1900 s~! qox = 0.18 ¢

- aq(0) = aq(O)WT gog = 0.25 ¢
B1(0) =190 s7! B1(0) =200 s7! g, = —0.53 ¢,
Bxn(0) = 150571 Bn(0) = 520571 By = —0.57¢
Brna(0) = 320571 Bx1(0) =3800s7! @Bn-1 = —0.30 ¢,
Ba(0) =540 s7! Ba(0) = 540 s7! gBa= —0.24¢,

*In some cases, the listed values for V2 differ slightly from the estimates
that are given in the text (for a;(0), a,(0), $,(0), and Bx(0)). To obtain
the modified estimates, we refitted selected voltage-dependent current pa-
rameters, while constraining the partial charges to be equal to the values
obtained for WT in the previous paper (listed on the right).

for the large family of data that we have obtained for
V2 with changes in the model that are limited to the
last two transitions (Schoppa and Sigworth, 1998b).

V2 Does Not Cause a Fundamental Change in the Activation
Gating Process

An underlying assumption in our comparison of activa-
tion gating in WT and V2 channels is that V2 under-
goes the same conformational changes and kinetic
steps as WT during its activation process. Several lines
of evidence support this assumption. First, not only is
the maximal charge movement equal in the two chan-
nel types (Schoppa et al., 1992; Fig. 1 B), but also the
partial charges that determine the voltage dependence
of the rate constants o, 3;, and By have been shown in
the present study to be very similar in WT and V2. Sec-
ond, the similarity of the delay in the activation time
course (Fig. 2 C) suggests that the same large number
of voltage-dependent transitions is operable in both
channel types. Third, it should be kept in mind that the
shifts in activation voltage due to amino acid substitu-
tions at L382 correspond to only small changes AAG
in the energy to open the channel, on the order of 1
kcal/mol per Shaker subunit. These moderate energy
changes are consistent with a simple change in the en-
vironment of this residue during activation (Sigworth,
1994; Holmgren et al., 1996). Thus, the effect of the V2
mutation can be imagined as a small perturbation of
one or a few energy barriers, rather than as a wholesale
remodeling of the energy landscape of the channel
protein. We find no reason to reject the assumption
that V2 undergoes the same conformational changes as
WT in the process of activation.

Novel Insights into the Activation Gating Process from
V2’s Data

Several new pieces of information about the activation
gating process came from V2’s data. The first is derived
from the shape of V2’s ¢-Vrelation. The separation of
the ¢-Vrelation into two components (Fig. 1, Band C)
suggests that the charge movement gy associated with a

TABLE II

Estimate of Rate Constants for Transitions to States Outside

of the Activation Path
Rate at 0 mV

WT V2 Partial charge

c=5s"! c=15s7" qc=0.09 e,
d=300s"! d=300s"! qd = 0.07 e,
e =200s! e = 600s! ge; = 0.0 e

£ = 1600 5! £ =1600s ! af =020 ¢,
e =~ 10%s7! e =~ 3000s"! qea—qfs = 0.0 ¢

=~ 10%s7! =~ 10%s7!
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subset of late gating transitions is 2 e, in magnitude.
From our kinetic analysis of WT in the preceding pa-
per, it is already known that the final transition has a va-
lence of only 0.75 e, (the sum of g,y = 0.18 e; and ¢y
= —0.57 ¢;); thus there must be more than one transi-
tion making up this charge movement of 2 e,. This con-
sideration will be used in constraining the properties of
the final transitions in the following paper.

We also obtained information about intermediate
transitions from a set of measurements of V2’s off gat-
ing currents after prepulses that were chosen to opti-
mize the characterization of the intermediate transi-
tions. This experiment was more easily done in V2 than
in WT because the mutation causes channel opening to
occur at much more positive voltages compared with
the midpoint of the intermediate transitions. The ob-
served off currents (Fig. 8) have two notable proper-
ties. The first is that the off currents decay with a volt-

age dependence given by the charge ggq ~—0.5 e,. This
charge estimate roughly verifies the estimate for g4
(gga = —0.24 ¢() obtained from the analysis of the delay
in the channel reactivation time course (Schoppa and
Sigworth, 19984). Both of these estimates are substan-
tially smaller than the estimates for intermediate re-
verse rates that have been proposed in other models
(Zagotta et al., 19945b).

V2’s off current time courses measured at —63 mV af-
ter an intermediate amplitude prepulse displayed a fast
decaying component superimposed on a slow compo-
nent, indicating that at least some of the intermediate
transitions have rapid backward rates. Because the evi-
dence we have provided suggests strongly that V2’s ef-
fects are limited to the final transitions, we believe that it
is reasonable to assume that the backward rates of WT’s
intermediate transitions are rapid, as they are for V2.

Original version received 3 June 1997 and accepted version received 24 November 1997.
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