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Cooperative Subunit Interactions in C-Type Inactivation of K Channels

E. M. Ogielska, W. N. Zagotta, T. Hoshi, S. H. Heinemann, J. Haab, and R. W. Aldrich
Howard Hughes Medical Institute and Department of Molecular and Cellular Physiology, Stanford University School of Medicine,

Stanford, California 94305 USA

ABSTRACT C-type inactivation of potassium channels is distinct from N-terminal mediated (N-type) inactivation and
involves a closing of the outer mouth of the channel. We have investigated the role of the individual subunits of the tetrameric
channel in the C-type inactivation conformational change by comparing the inactivation rates of channels constructed from
different combinations of subunits. The relationship between the inactivation rate and the number of fast subunits is
exponential, as would be predicted by a cooperative mechanism where the C-type conformational change involves all four
subunits, and rules out a mechanism where a conformational change in any of the individual subunits is sufficient for
inactivation. Subunit interactions in C-type inactivation are further supported by an interaction between separate mutations
affecting C-type inactivation when in either the same or separate subunits.

INTRODUCTION

Most voltage-gated ion channels undergo inactivation after
opening. The inactivation process is important for the gen-
eration and integration of electrical signals and can occur
over a wide range of time courses in different types of
channels. An individual channel molecule can have multiple
distinct types of inactivation occurring over different time
courses (Hodgkin and Huxley, 1952; Narahashi, 1974; Ad-
elman and Palti, 1969; Chandler and Meves, 1970;
Khodorov et al., 1976; Ehrenstein and Gilbert, 1966; Hoshi
et al., 1991; Choi et al., 1991). The molecular mechanisms
of two distinct types of inactivation of voltage-gated potas-
sium channels, N-type and C-type, have been investigated.
N-type inactivation is better understood and has been shown
to occur through a “ball-and-chain” mechanism (Hoshi et
al., 1990; Zagotta et al., 1990) originally proposed for Na*
channel inactivation (Armstrong and Bezanilla, 1977). An
N-terminal domain binds to the internal mouth of the chan-
nel, occluding the ion permeation pathway (Hoshi et al.,
1990; Zagotta et al., 1990; Demo and Yellen, 1991). N-type
inactivation is voltage independent, is coupled to activation,
and is complete within 2-3 ms in Shaker B (ShB) channels.
C-type inactivation occurs much more slowly in SZB chan-
nels but can be quite fast in other alternatively spliced
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Shaker channel variants (Hoshi et al., 1991; Iverson and
Rudy, 1990). Like N-type inactivation, C-type inactivation
is coupled to activation and is voltage independent between
—25 mV and +50 mV. Although C-type inactivation may
be studied in the absence of N-type inactivation, it is in fact
partially coupled to N-type inactivation and occurs faster
from the N-type inactivated state (Hoshi et al., 1991; Bau-
krowitz and Yellen, 1995).

In Shaker channels with the amino-terminal region re-
moved to eliminate N-terminal inactivation, substitution of
residues in the sixth membrane-spanning region (S6) and
the P-region have been shown to affect the time course of
C-type inactivation (Hoshi et al., 1991; Labarca and Mac-
Kinnon, 1992; Heginbotham et al., 1994; DeBiasi et al.,
1993). A single amino acid difference (alanine to valine) at
position 463 in S6 is responsible for the approximately
100-fold difference in C-type inactivation rate between two
alternatively spliced variants (Hoshi et al., 1991). Amino
acid substitutions in the P-region at position 449, a threo-
nine in the wild-type ShB channel, can also alter the C-type
inactivation rate by several orders of magnitude (Lopez-
Barneo et al., 1993).

Although the molecular mechanism of C-type inactiva-
tion is not understood, several lines of evidence favor the
hypothesis that inactivation occurs through a constriction of
the outer mouth of the pore. Application of external tetra-
ethylammonium (TEA), a pore blocker, competes with C-
type inactivation but has no effect on N-type inactivation
(Choi et al., 1991). Slowing of C-type inactivation has also
been observed in experiments where the concentration of
external K™ or Rb* has been elevated (Lopez-Barneo et al.,
1993; Labarca and MacKinnon, 1992; Baukrowitz and
Yellen, 1995). Both of these results are consistent with a
“foot-in-the-door” mechanism where the presence of exter-
nal TEA or a permeant ion prevents the closing of the outer
mouth of the channel protein. There is additional evidence
suggesting that C-type inactivation is accompanied by a
structural rearrangement of the external mouth of the pore
near position 449. The introduction of a cysteine at 449
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renders the channel sensitive to block by cadmium (Yellen
et al.,, 1994). Cadmium blocking experiments suggest that
the C-type inactivated state is much more sensitive to cad-
mium than either the open or the closed state (Yellen et al.,
1994). The state dependence of the block suggests either a
physical rearrangement during the C-type inactivation pro-
cess where residue 449 becomes exposed to solution in the
inactivated state, or the spatial distribution of the cysteines
changes, creating a more efficient binding site for cadmium.
In this study, we examine the interactions between sub-
units during the C-type inactivation conformational change
and the interactions between mutations at position 463 in S6
. and position 449 in the P-region. We address two specific
questions: 1) Do the changes of inactivation rates with
mutations of residues 449 and 463 affect the same or dif-
ferent inactivation processes? 2) Is a conformational change
in one subunit sufficient for C-type inactivation to occur, or
does it occur by a concerted conformational change? A
preliminary report of this work has been presented in ab-
stract form (Ogielska et al., 1994).

MATERIALS AND METHODS
Molecular biology

The SkBA6-46 deletion that removes N-type inactivation was generated as
described previously (Hoshi et al., 1990). Point mutations at positions T449
and A463 were made by generating PCR primers using SABA6-46 as the
template. The PCR product was gel purified and spliced into either the A
protomer or the B protomer using Nsil and Hindlll as the restriction sites
(Hoshi et al., 1991; Lopez-Barneo et al., 1993). The A protomer contains
a nine-amino acid linker at the end of the C-terminus (NNNNNNAMYV),
which allows the two protomers to be ligated after an Ncol and Kpnl
digestion of both protomers (Heginbotham and MacKinnon, 1992). To
check that the proper monomers were linked together and that no second-
ary mutations occurred, the dimers were separated using Ncol, and the
mutated region of each monomer subunit was sequenced after the fragment
was gel purified. The resultant dimers were linearized using either EcoRI
or Kpnl, and RNA was synthesized using the T7 RNA polymerase from the
Message Machine kit from Ambion. The A, B dimer was made two
separate times, but neither time did this construct lead to expressed potas-
sium channels in oocytes.

Electrophysiology and analysis

The transcribed RNA was injected into Xenopus laevis oocytes as previ-
ously described (Zagotta et al., 1989). Macroscopic and single-channel
recordings were done in cell-free patches 3-10 days post-injection. Mac-
roscopic currents were recorded using pipettes with initial resistances of
<2 M), and no corrections were made for series resistance. Leak sub-
traction was done using the P/4 protocol. All recordings were done at 21°C.
The internal solution contained (in mM): 140 KCl, 2 MgCl,, 10 EGTA, and
10 HEPES at a pH of 7.2. The external solution contained (in mM): 140
NaCl, 4 MgCl,, 2 CaCl,, 2 KCl, and 5 HEPES at a pH of 7.1. The TEA
blocking experiments were done in the outside-out configuration, where
140 mM TEACI solution was mixed with the 140 mM NaCl solution at the
appropriate volumes to achieve the desired concentrations.

The ABry.ox heterotetramer expressed very poorly, and consequently
the majority of the data were from single-channel patches. The ensemble
averages of the single-channel records as well as the macroscopic data
were fitted with single exponentials to obtain the time constant of C-type
inactivation. A fast initial component of inactivation was observed in some
patches but was ignored for the fit. The wild-type C-type inactivation time
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course typically did not fall to zero during the 7600-ms pulse. The calcu-
lations of rate constants were therefore corrected for recovery. (@ — b)la =
k/(k + k_,), where a is the peak current amplitude, b is the steady-state
component of the current, and k and k_, are the forward and reverse rate
constants, respectively.

RESULTS

Previous studies have shown that substitutions at positions
T449 (in the P region) or A463 (in S6) in the ShAB variant
with N-type inactivation removed (ShBA6-46) cause signif-
icant changes in the rate of C-type inactivation (Hoshi et al.,
1991; Lopez-Barneo et al., 1993). Fig. 1 shows the effects
of these single substitutions as well as the effects of mutat-
ing both positions simultaneously. The amino acid at posi-
tion 449 is listed vertically and the amino acid at position
463 is listed horizontally. As previously described, the rate
of C-type inactivation is sensitive to the residue at position
449: fast inactivation in channels with a glutamic acid,
lysine, or alanine; slower inactivation with a threonine (wild
type) or histidine; and very slow inactivation with either a
tyrosine or valine. Substitution of alanine at position 463 to
a valine in the wild-type channel increases the inactivation
rate 100-fold (Hoshi et al., 1991).

463
449

Glu

Lys

20ms

-

200 ms

Tyr

10

[iin

Val

2000 ms

FIGURE 1 Effects of single and double mutations at positions T449 and
A463. Representative currents from constructs containing a mutation at
position 449 (vertical) and/or position 463 (horizontal). The amino acid
substitution is denoted by a three-letter code. The wild-type ShB channel
contains a threonine at position 449 and an alanine at position 463.
Currents were elicited by steps to +50 mV from holding potentials be-
tween —80 mV and —120 mV. Current amplitudes were scaled for com-
parison purposes; note the different time scales.
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If mutations at position 449 and position 463 altered the
rates of separate inactivation processes, channels with a
valine at position 463 would inactivate quickly, regardless
of the amino acid at position 449. If position 449 is occupied
by a glutamic acid, lysine, alanine, threonine, or histidine,
an additional substitution from wild-type alanine to a valine
at position 463 causes a substantial increase of the inacti-
vation rate. However, when occupied by either tyrosine or
valine, position 449 appears to play a dominant role in
determining the overall inactivation rate, regardless of
whether a valine or alanine is at position 463. This interac-
tion of mutations at the two positions demonstrates that they
are affecting the same or strongly coupled processes of
inactivation (C-type) rather than independent (C-type and
previously undescribed) inactivation processes.

One interpretation of this result is that the mutations are
not energy additive and are interacting with one another
either directly or indirectly. An alternative interpretation is
that the mutations are energetically additive, but the equi-
librium between the noninactivated and the inactivated state
in the 449Y mutant is so heavily biased toward the open
state that the additional 463V mutation is not able to no-
ticeably affect that equilibrium.

Functional stoichiometry of C-type inactivation

We took advantage of the effects of amino acid substitutions
on the inactivation rate and the tetrameric structure of the
Shaker channel (MacKinnon, 1991; Liman et al., 1992) to
explore the functional stoichiometry of C-type inactivation.
It is possible that a conformational change in a single
subunit could be sufficient to cause C-type inactivation to
occur. Alternatively, all four subunits may undergo highly
cooperative or concerted conformational transitions. To dif-
ferentiate between these possibilities, we made use of the
expression of tandem dimer constructs where two o subunit
¢DNAs are linked (Isacoff et al., 1990; Heginbotham and
MacKinnon, 1992). We constructed tandem dimers with
one subunit containing a mutation that increased the inac-
tivation rate of the channel and one wild-type (slowly inac-
tivating) subunit. The heteromultimeric channels, arising
from the assembly of two tandem dimers into a tetrameric
channel, are predicted to have different inactivation rates,
depending on whether the fast and slow subunits interact in
a cooperative mechanism, or whether an independent con-
formational change in any one of the subunits is sufficient to
cause inactivation.

If the mechanism is independent, where a conformational
change in a single subunit is sufficient to inactivate the
channel, then the inactivation rate constant will be the sum
of the individual rate constants contributed by each of the
four subunits:

k = E ksubunit- (1)

For a heterotetrameric channel with a combination of n fast
and 4 — n slow subunits:
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nkfast (4 - n)kslow

where kg, and kg, are the inactivation rates of the fast and
slow homomultimers, respectively. For the case of channels
formed from two dimers, each with one fast and one slow
subunit,

kas+ksow
k=(ft2 ! ) (3)

If the process of C-type inactivation is concerted (highly
cooperative), involving a conformational change in the
channel tetramer, then each of the four subunits of the
channel will contribute free energy to the transition state for
the inactivation conformational change, and the inactivation
rate for a channel with a combination of n fast and 4 — n
slow subunits will be exponentially related to the sum of the
energetic contributions of the individual subunits:

—(nAG? + (4 — n)AG3)
kgT ’

k=Aexp 4

where A is the attempt frequency (10'% s™1),

by

AG% = 4 ’
and
kslow
. _kBTln A
AGZ = f

For a channel with two slow and two fast subunits the
predicted inactivation rate for a concerted mechanism
would be

—2(AG! + AG)

k=Aexp kol . (&)

The off rates may be ignored if the current decays to zero
at long times. In this case the channel’s recovery from
inactivation is so slow that its contribution to the measured
current is not appreciable. This was true for the 449K and
463V mutant channels. However, even at positive potentials
the off rate is small but appreciable in wild-type channels, as
is evident from the small steady-state current in the set of
traces in Fig. 2 B. For our analysis the inactivation rates of
wild-type channels are calculated from exponential fits to
the current decay and the steady-state current as described
in Materials and Methods.

To engineer hybrid channels with two fast and two slow
subunits, we linked the cDNA of two subunits, in a single
open-reading frame, separated by a short oligonucleotide
linker (a gift of Rod MacKinnon) (Isacoff et al., 1990;
Heginbotham and MacKinnon, 1992). The mutations were
made in this dimer background. Such dimer constructs have
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FIGURE 2 Formation of tetrameric channels from dimers. (4) Cartoon
predicting channel formation from concatenated dimer subunits. The dimer
constructs may contain a mutation in either the first or second subunit (see
Experimental Procedures). (B) Representative traces from tandem-linked
wild-type ShBA6-46 channels. Macroscopic currents were recorded in an
outside-out patch in response to 7600-ms voltage pulses ranging from —60
mV to +60 mV in 20-mV increments from a holding potential of —100
mV every 22 s.

been shown to form tetrameric channels as shown in Fig. 2
A, although missassembly may occur (see below). The
mutation may be made in either the first or the second
subunit of the dimer. If the dimeric constructs assemble
correctly as shown in Fig. 2 A and if the linker does not
affect the inactivation process, they should have the same
properties regardless of whether the mutation was made in
the first or second subunit. Although a subset of the formed
channels may be missassembled, this approach has been
shown to be quite successful if the appropriate controls are
done (Isacoff et al., 1990; Heginbotham and MacKinnon,
1992; McCormack et al.,, 1992). Channels formed from
wild-type ShBA6-46 dimers behave as would be predicted
from the behavior of wild-type ShBA6-46 channels formed
from monomer subunits (see Figs. 2 B and 3 A).

In the first set of experiments the alanine at position 463
in S6 was mutated to a valine in either one or both of the
dimer subunits. The mutation speeds the time constant of
inactivation roughly 100-fold (~1500 ms to ~15 ms) in
homotetramers. The off rate is extremely slow, with less
then 25% of the inactivated channels returning from inac-
tivation after 1 s at —100 mV (Hoshi et al., 1991). Repre-
sentative traces from the A463V homomultimer assembled
from tandem dimers are shown at the bottom of Fig. 3 B.
The top set of traces in Fig. 3 B is from channels where only
one subunit was mutated in the dimer construct. The het-

Biophysical Journal

Volume 69 December 1995

Asgav Basay Agaok Baagk

100 pA
200 ms

T 25pA|

200 ms

FIGURE 3 Current families for homomultimers and heteromultimers
containing mautations at either position A463 or T449. (A) Comparison of
traces from tandem-linked wild-type ShBA6-46 channels. Steps are from a
holding potential of —100 mV to voltages between —40 mV and 40 mV in
20 mV increments for a duration of 760 ms. The interpulse interval was 10
s. (B) Traces from constructs containing a mutation at position 463 from an
alanine to a valine. The top set of traces is from channels with the A463V
mutation in two of the four subunits, and the bottom set contains the
A463V mutation in all four subunits. Pulse protocol as in A. (C) Traces
from constructs containing a mutation at position 449 from a threonine to
a lysine. The top set of traces contains the T449K mutation in two of the
four subunits, and the bottom set contains the T449K mutation in all four
subunits. Pulse protocol as in A, but from a holding potential of —80 mV.

eromultimeric channel is presumed to have two slow (wild-
type) and two fast (A463V) subunits.

In the second set of experiments the mutation is made at
position 449 with the threonine replaced with a lysine. This
single substitution speeds up the time constant of inactiva-
tion from ~1500 ms to ~25 ms in homotetramers. The
recovery rate is similar to that of wild-type channels. Rep-
resentative traces for the T449K homomultimer assembled
from tandem dimers are shown in the bottom of Fig. 3 C,
where both halves of the dimer carry the T449K mutation.
The top family of traces in Fig. 3 C is from the heteromul-
timeric channel containing two slow (wild-type) and two
fast (T449K) subunits. The wild-type, A463V, and T449K
homotetrameric channels made from tandem dimers inacti-
vate with rates similar to the respective homotetrameric
channels assembled from monomers, consistent with correct
assembly of the tetramers.

The comparison of both sets of data to the theoretical
predictions of the independent and concerted mechanisms is
shown in Fig. 4, A and B. For the heteromultimers (A44oxB,
AB 49k, AsszvB) the current traces decayed to zero, there-
fore the inactivation return rates were insignificant. The
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FIGURE 4 Box plots of the rates of C-type inactivation for constructs
with either the mutation T449K (A) or A463V (B). Macroscopic currents
were fitted with single exponentials using the least-squares method. Wild-
type currents were corrected for a nonzero steady-state current (see Mate-
rials and Methods). The time constants were converted to rate constants (7
= 1/k). The rate constants are shown on the y axis on a logarithmic scale.
The central outlined box shows the middle half of the data, between
approximately the 25th and the 75th percentiles. The horizontal line within
the box represents the median of the data. The “whiskers” reflect the main
body of the data, and the separately plotted points show the outliers
(Tukey, 1977). Sample sizes were between 6 and 13 (A) and 3 and 13 (B).
The x axis shows the stoichiometry of the constructs in terms of the number
of fast and slow subunits. In A there are two box plots for 2S:2F because
the mutation was made in either the first or the second half of the dimer.
In B only the mutant with the A463V mutation in the first half of the dimer
expressed. The dark circles represent the predicted rates from the fully
cooperative mechanism (Eq. 4), and the dark squares represent the pre-
dicted rates if the mechanism of C-type inactivation was independent (Eq.
2).

records were fitted with single exponentials and the result-
ant rate constants from many patches are plotted as box
plots on the y axis. The x axis denotes the number of slow
and fast subunits in each channel type. The predictions are
shown as filled circles for the concerted case and filled
squares for the independent case. Predictions were calcu-
lated as explained earlier for all five possible combinations
of fast and slow subunits. For the T449K mutations, data are
shown for constructs with the mutation in either the first or
second half of the dimer (Fig. 4 A). The similarity in the
distributions of rate constants indicates that the subunits
formed correctly for the most part, although there is a slight
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but insignificant tendency for faster inactivation when the
449K mutation is in the first subunit of the dimer. For the
463 mutation, the dimers with the reverse orientation did not
express in oocytes. The data for both the A463V and T449K
mutations fit the concerted model rather than the indepen-
dent one.

Intersubunit interactions

We have shown that the C-type inactivation mechanism
involves cooperative interactions between the four subunits
and that the mutations at positions 449 (in the P-region) and
463 (in S6) do not affect C-type inactivation independently.
Specifically, if position 449 is occupied by either a valine or
a tyrosine an additional substitution to a valine at position
463 has no further effect on the C-type inactivation rate.
These results raise an interesting question about intersubunit
interactions: If the two mutations are placed in separate
subunits of the channel, will this dominant effect of residues
at position 449 over position 463 be preserved across sub-
units?

To investigate the possibility of intersubunit interactions
between mutations at positions 449 and 463 we again uti-
lized dimeric channel constructs. Two sets of dimers were
compared. One construct (test) contained a T449Y mutation
in one dimer subunit and a A463V mutation in the other
dimer subunit. Assuming correct assembly (see below), the
resultant channel contained two subunits with tyrosines at
position 449 (slow) and wild-type alanines at position 463
(449Y: 463A), and two subunits with wild-type threonines
at position 449 and valines (fast) at position 463 (449T:
463V). The second construct (control) is made up of one
subunit with both substitutions, T449Y and A463V, and one
wild-type subunit. The resultant channels, if correctly as-
sembled, would have two 449Y:463V subunits and two
wild-type (449T:463A) subunits. Thus, there is no differ-
ence in amino acid substitutions between the test construct
and the control except for the subunit in which they were
placed.

The question is whether the tyrosine at position 449 can
dominate the effect of the valine at position 463 in another
subunit (as it does when both mutations are in the same
subunit) and slow down the overall inactivation rate of the
channel. If the dominant effect cannot be transferred across
subunits, the test channel should have a relatively fast time
constant, as predicted by the cooperative mechanism (Eq. 5)
for two slow and two fast subunits, assuming no extra
interactions.

The T449Y mutant does not inactivate during a 10-s
pulse, making it difficult to obtain an accurate measurement
of the time constant. The three predictions were calculated,
each assuming a different plausible (slow) inactivation time
constant for the T449Y mutant. The values of 10,000 ms,
30,000 ms, and 100,000 ms were used as approximations for
the T449Y mutant, and 15 ms is the empirically determined
inactivation time constant for A463V. The predictions are
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382 ms, 674 ms, and 1248 ms, respectively, depending on
the value used for the inactivation time constant of T449Y.
The predicted time constant of inactivation for the hetero-
multimers only increases roughly threefold for a 100-fold
increase in the inactivation time constant of the T449Y
mutant. If the dominance is preserved across subunits, then
the inactivation rate of the test channels would be consid-
erably slower than these predicted rates. The control het-
eromultimer is also expected to display a slow inactivation
rate, as predicted by the concerted mechanism (Eq. 5) for
two slowly inactivating subunits.

Currents from the test and control channels are shown in
Fig. 5 A. The top trace shows the current elicited by a
7600-ms step to +50 mV for the control construct. The
inactivation rate is slow, as expected for a channel with four
slowly inactivating subunits. The current from the test con-
struct is shown in the bottom trace of Fig. 5 A. It does not
fully inactivate during the 7600-ms pulse. The three pre-
dicted traces, assuming no intersubunit interactions between
the tyrosine at position 449 in one subunit and the valine at
position 463 in another subunit, are shown superimposed as
dashed lines. The channels inactivate with a time course
similar to the control channels and much slower than the
predictions, which assumed no intersubunit interactions be-
tween 449 and 463, even if the 449Y time constant is as
slow as 100 s. The slow inactivation time course is a
reproducible feature of the A,43yB449y construct (n = 5).

We have taken the very slow and slight current decay in
449Y channels to reflect an extremely slow inactivation rate
or a noninactivating channel (Lopez-Barneo et al., 1993).
This assumption is supported by the observation that 449Y
current continues to decay during pulses up to 50 s in
duration (Lopez-Barneo et al., 1993; E. Ogielska, unpub-
lished observation). However, there is some uncertainty in
attributing all of the decay to C-type inactivation as opposed
to some other, slower form of inactivation during such long
pulses. In this interpretation, the high current level observed
at the end of the 7.6-s pulse in the A q;yByuoy cOnstruct
(Fig. 5 A) results from an extremely slow inactivation, and
not from a rapid but incomplete inactivation. The high
steady-state component could be due to fast recovery if
449Y inactivated quickly and recovered quickly. If this
were the case then we would expect the 449Y current traces
to show a very fast initial component and a high steady-state
component. A fast initial component is sometimes ob-
served; however, it is not reliably reproducible and it has
also been observed in wild-type currents, which inactivate
slowly. It is therefore our conclusion that the dominant
effects of a tyrosine at position 449 can in fact be extended
across subunits.

This conclusion depends on the assumption of correct
assembly of the tetrameric channels from the tandem
dimers. Previous work has shown that such dimers do not
always assemble properly (McCormack et al., 1992). Some-
times the first half of the dimer is preferentially incorpo-
rated, creating channels with different stoichiometries than
were originally intended. One way to control for this prob-
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FIGURE 5 (A) A representative trace from a heteromultimer containing
an A463V mutation and a T449Y mutation in two subunits and two
wild-type ShBA6-46 subunits (control) (top) and a representative trace
from a heteromultimer containing the A463V mutation in two subunits and
the T449Y mutation in the other two subunits (test) (bottom). In both cases
the data were taken from outside-out patches. Current was elicited by
7600-ms steps to +50 mV from a holding potential of —80 mV. The
dashed curves, superimposed on the test trace, on the bottom of A represent
the predictions for the inactivation time constant of that particular con-
struct, given full cooperativity among the four subunits and assuming no
extra interactions (see text for details). (B) Test of proper assembly using
external TEA. The solid curves show the predicted TEA sensitivities based
on energy additivity studies (Heginbotham and MacKinnon, 1992). The
rightmost curve predicts the sensitivity of wild-type Shaker channels, the
middle curve shows the predictions for the case where two 449 residues
contain threonines and two contain tyrosines, and the leftmost curve
predicts the behavior of channels with four tyrosines at position 449. The
circles represent the TEA sensitivity of the patch shown in the top half of
A (Ass9vs63vB), and the triangles show the TEA sensitivity of the patch
shown in the bottom of B (A,3vBsoy)-

lem is to express both possible constructs, one with the
mutation in the first subunit of the dimer and the other with
the mutation in the second subunit. These should give
similar results if the dimers are assembling correctly into
tetrameric channels. This prediction has been borne out in
the case of the A o B and AB,,qx heteromultimers. As seen
in Fig. 4 A, the A 0B construct, with the mutation that
confers fast inactivation in the first half, appears to have
given rise to a small population of channels with preferen-
tially incorporated A,49x subunits, because the overall in-
activation rate is slightly faster than that of channels made
up of dimers wth the mutation in the second half. Although
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the preferential incorporation of the first half of the dimer is
reflected in the inactivation rates of the constructs, these
differences are not significant, confirming proper assembly
of the majority of the channels.

With the mutations employed in the present experiments,
correct assembly can also be assessed by testing the chan-
nel’s sensitivity to external TEA. Replacing the wild-type
threonine at position 449 in Shaker with a tyrosine greatly
enhances TEA sensitivity, and channels assembled from
dimers containing two tyrosines and two threonines have
intermediate TEA sensitivity (Heginbotham and MacKin-
non, 1992; Kavanaugh et al., 1992). Fig. 5 B shows the TEA
sensitivity of the test and control traces shown in Fig. 5 A.
The solid curves show the predicted TEA binding curves for
channels with four tyrosines at 449 (leftmost curve), two
tyrosines and two threonines (middle curve), and four
threonines (rightmost curve) (from Heginbotham and
MacKinnon, 1992). The TEA sensitivity was tested on the
same patch that the inactivation time constant was measured
from. The data show the TEA sensitivity as expected for
correctly assembled subunits, with two threonines and two
tyrosines at position 449.

Fig. 6 A shows the TEA sensitivity of all the other patches
with channels assembled from the A,49y B3y dimer as well
as the converse mutation A 43vBas9y. The channels formed
from the A g;3vB440y dimers formed correctly, as shown in

A 1.0

€ 0.8

g

=1

O 0.6

A

N

T 044

E

S

Z 0.2

0.0
0.01 01 1 10 100 1000
[TEA]} (mM)

B 10

;&; 0.8

E

3

O 0.6

®

N

T 0.4

E

S

Z 0.2

0.0 - H
0.01 0.1 1 10 100 1000
[TEA] (mM)

FIGURE 6 TEA sensitivity of the heteromultimeric channels. The TEA
sensitivities of all of the intersubunit interaction heteromultimers were
tested, and the outcomes are plotted as described in Fig. 5 B. The top panel
shows the TEA sensitivities of the A,g3yB,aoy construct (filled symbols)
and the converse A gyBygsy construct (open symbols). The bottom panel
shows the TEA sensitivities of the A,,gy463vB construct (open symbols)
and the converse AB, gv463y construct (filled symbols). In all cases the
different symbol types represent data from different outside-out patches.
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Fig. 6 A (filled symbols). However, the channels formed
from the A 49y B463v dimers did not assemble correctly (Fig.
6 A, open symbols). It appears that the first subunits of the
dimer preferentially assembled, giving rise to channels
composed mainly of subunits with the T449Y mutation and
therefore a greater sensitivity to TEA. The molecular basis
for the missassembly of this one set of constructs is not
understood. Because of misassembly we cannot interpret
the results obtained with this construct. The fact that one of
our test constructs (Ag4g9yBagsv ) did not assemble as pre-
dicted does not invalidate our conclusions. The TEA exper-
iments show that the converse test construct, A,¢3vBasovs
did assemble properly, and as a result we are confident in
our interpretation of the data (see Fig. 5). Fig. 6 B shows the
TEA sensitivity of the control heteromultimers, A 49y 463vB
and AB 4 gv4e3v- The data show the TEA sensitivity as
expected for correctly assembled subunits.

DISCUSSION

We have utilized different mutations at position 449 in the
outer mouth of the pore and position 463 in S6 to examine
the nature of subunit interactions during the process of
C-type inactivation. We have presented two lines of evi-
dence for a concerted or cooperative conformational change
in C-type inactivation: 1) The overall inactivation rate is
exponentially related to the sum of the individual transition
state free energies contributed by each of the four subunits
(rather than a sum of the rates). 2) Mutations at residues 449
and 463 interact, even when in different subunits.

The interaction between certain mutations at positions
449 and 463 suggest that alterations of the two residues
affect the same process of inactivation. Our results do not
rule out the possibility that the mutations at positions 449
and 463 affect different but highly coupled inactivation
processes or the possibility of other inactivation mecha-
nisms in addition to N-type and C-type. The possibility of
there being different inactivation mechanisms is not neces-
sarily unreasonable because Shaker channels without an
N-type inactivation domain can inactivate with a multi-
exponential time course. In some cases our data could be
better fitted with a decay described by the sum of two
exponentials. The data, however, were usually approxi-
mated well by a single exponential decay.

We took advantage of the effects of mutations at T449
and A463 on the inactivation rate to determine the stoichi-
ometry of the C-type inactivation process. Our data indicate
that the inactivation rate of the heteromultimers can be
explained by transition state energy additivity (Egs. 4 and 5)
among subunits and therefore that C-type inactivation in-
volves a cooperative conformational change. Our data are
inconsistent with a fully independent mechanism of inacti-
vation and with a model where each subunit undergoes the
open to inactivated transition independently but requires all
four subunits to make the transition before the channel is
inactivated. The latter model would predict that the hetero-
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multimeric channels would inactivate with a time course
equal to or slower than that of the slowest subunit, which
our data definitely exclude. It is not possible from our
analysis to determine the strength of the cooperative inter-
actions between subunits or the mechanisms of cooperative
subunit interactions. However, the data agree well with the
predictions of a fully cooperative model. It is also important
to note that the process appears cooperative regardless of
whether the fast substitution was made at position 449 or
463, supporting the argument that both mutations are af-
fecting the same inactivation process. The cooperativity
observed here is consistent with results from cadmium
blocking experiments which suggested that the spatial dis-
tribution of each of the four residues at position 449 changes
during the process of C-type inactivation, rendering the
channel more capable of coordinating the cadmium ion
(Yellen et al., 1994). A cooperative mechanism for C-type
inactivation in a related potassium channel, K, 1.3, has also
been reported (Panyi et al., 1995). A concerted C-type
conformational change differs from the mechanism of N-
type inactivation, where amino-terminal blocking domains
on each of the subunits function independently (MacKinnon
et al., 1993).

Somewhat surprisingly, we found that the dominance of
499Y over 463V could be transferred across subunits. It
seems unusual that the dominant effect of one mutation over
another is preserved regardless of whether the two are
placed in the same or different subunits. The apparent
paradox could be resolved if both the intrasubunit and
intersubunit interactions are mediated through the ion-con-
ducting pore rather than through direct side chain or back-
bone interactions. Perhaps the mutations are affecting inac-
tivation indirectly through effects on ion occupancy in the
channel. The C-type inactivation rate is quite sensitive to
permeant ions, and that sensitivity can be altered by muta-
tions in the pore and in S6 (Lopez-Barneo et al., 1993,
Labarca and MacKinnon, 1992; Baukrowitz and Yellen,
1995; E. Ogielska and P. Zei, unpublished observations). If
both residues 449 and 463 affect the probability of ion
occupancy in the pore either directly, by extending into part
of the ion conducting pathway, or indirectly, perhaps by
backbone structural alterations, then their effect could be the
same, regardless of whether the mutations were made in the
same or different subunits, assuming each subunit contrib-
utes equally to the pore. Although this hypothesis requires
further testing, several lines of evidence are consistent.
Position 449 has been localized at the external mouth of the
pore (Heginbotham and MacKinnon, 1992; Lu and Miller,
1995; Kurz et al., 1995). At least part of S6 has been
implicated as lining part of the pore (Choi et al., 1992;
Lopez et al., 1994). The alanine to valine change at 463 in
S6 changes the single-channel conductance by about two-
fold in physiological solutions (Hoshi et al., 1991 and
unpublished data), consistent with at least an indirect effect
of this position on ion permeation. Mutations of other pore-
lining residues interact when in the same or different sub-
units (Kirsch et al., 1992, 1993). Mutations at other putative
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pore-lining residues affect C-type inactivation (Labarca and
MacKinnon, 1992; DeBiasi et al., 1993; Heginbotham et al.,
1994). Understanding of the mechanism of interactions be-
tween subunits in C-type inactivation would benefit from a
more detailed examination of the intra- and intersubunit
interactions of other residues in and around the pore.
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