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Molecular Determinants of U-Type Inactivation in Kv2.1 Channels
Y. M. Cheng,6 J. Azer,6 C. M. Niven, P. Mafi, C. R. Allard, J. Qi, S. Thouta, and T. W. Claydon*
Department of Biomedical Physiology and Kinesiology, Simon Fraser University, Burnaby, British Columbia, Canada
ABSTRACT Kv2.1 channels exhibit a U-shaped voltage-dependence of inactivation that is thought to represent preferential
inactivation from preopen closed states. However, the molecular mechanisms underlying so-called U-type inactivation are
unknown. We have performed a cysteine scan of the S3-S4 and S5-P-loop linkers and found sites that are important for
U-type inactivation. In the S5-P-loop linker, U-type inactivation was preserved in all mutant channels except E352C. This muta-
tion, but not E352Q, abolished closed-state inactivation while preserving open-state inactivation, resulting in a loss of the
U-shaped voltage profile. The reducing agent DTT, as well as the C232V mutation in S2, restored U-type inactivation to the
E352C mutant, which suggests that residues 352C and C232 may interact to prevent U-type inactivation. The R289C mutation,
in the S3-S4 linker, also reduced U-type inactivation. In this case, DTT had little effect but application of MTSET restored wild-
type-like U-type inactivation behavior, suggestive of the importance of charge at this site. Kinetic modeling suggests that the
E352C and R289C inactivation phenotypes largely resulted from reductions in the rate constants for transitions from closed
to inactivated states. The data indicate that specific residues within the S3-S4 and S5-P-loop linkers may play important roles
in Kv2.1 U-type inactivation.
INTRODUCTION
With prolonged depolarization, many voltage-gated potas-
sium (Kv) channels inactivate and enter a nonconducting
state that is distinct from the deactivated or closed state
(1,2). Temporally and mechanistically, inactivation can be
divided into two different processes: fast inactivation and
slow inactivation. In Kv1 channels such as Shaker, slow
inactivation typically occurs after channel opening. It is in-
hibited by extracellular tetraethylammonium (TEAo) (3–5)
and elevated [Kþ]o (6–9), and is often called ‘‘P/C-type
inactivation’’ (10,11). Based on these properties and studies
on mutant channels (e.g., (12–14)), P/C-type inactivation is
thought to involve a concerted conformational change in the
selectivity filter and/or outer pore (1).

Slow inactivation of Kv channels is often described as
‘‘P/C-type’’ by default. However, inactivation is highly vari-
able, even amongmembers of the sameKv family, andvarious
Kv channels exhibit inactivation properties that are inconsis-
tent with those of classical P/C-type inactivation. For
example, slow inactivation of Kv2.1 and Kv3.1 channels is
enhanced by high [TEA]o or [K

þ]o (15–17). Also, although
P/C-type inactivation tends to occurwithmaximal probability
from the open state during strong depolarizations (e.g.,
60mV), the voltage-dependencies of Kv2.1 andKv3.1 inacti-
vation areU-shaped (15,16).That is, inactivation ismore rapid
and complete from preopen closed states occupied during
moderate depolarizations (e.g., 0 mV). Thus, this U-type
inactivation is enhanced by short, repetitive depolarizations
associated with increased occupancy of partially activated
closed states compared to a single prolonged depolarization
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(15,16). U-type inactivation has been observed in fast-inacti-
vation removed Shaker (ShIR) channels (16,18) and in a natu-
rally occurring Kv1.5 N-terminal deletion mutant (19–21).

U-type inactivation may be particularly important during
repetitive stimulation, for example in nervous or cardiac
tissue, during which it may dictate channel availability
more so than P/C-type inactivation from the open state.
Despite this, there is very little information on the structural
mechanism(s) underlying U-type inactivation and it remains
unclear whether U-type and P/C-type inactivation are vari-
ants of the same process.

This work examines the possibility that residues in the S3-
S4 and S5-P-loop linkers are involved in U-type inactivation
of the Kv2.1 channel. Previous studies with ShIR channels
have suggested that P/C-type inactivation is dependent on
the interaction of residues at the external end of S4 with those
in the S5-P-loop linker (22–25).We hypothesized that similar
interactions inKv2.1 channels couple inactivation to voltage-
sensor movement so that it exhibits a U-shaped voltage-
dependence. A cysteine scan showed that the E352C
mutation in the S5-P-loop linker removesU-type inactivation
and that thismay be due to a disulfide interactionwith a native
cysteine residue in S2. The R289C mutation in the S3-S4
linker also decreased inactivation fromclosed states, an effect
that appears to be related to the loss of charge at this site. Both
results can be explained using a previously described kinetic
model for Kv2.1U-type inactivation (15) by reducing the rate
of inactivation from preopen closed states.
MATERIALS AND METHODS

Molecular biology

Rat Kv2.1 (a gift from Dr. E. Bennett, University of South Florida, Tampa,

FL) was expressed in Xenopus oocytes using a modified pBluescript SKII
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expression vector, pEXO. Mutant constructs were generated using

QuikChange site-directed mutagenesis (Agilent Technologies, Santa Clara,

CA), using primers synthesized by Sigma Genosys (Oakville, Ontario).

After sequencing (Eurofins MWG Operon, Huntsville, AL), constructs

were linearized with SacII restriction endonuclease (New England Biolabs,

Pickering, Ontario, Canada). cRNA was then synthesized using the

mMessage mMachine T7 Ultra cRNA transcription kit (Ambion, Austin,

TX). Xenopus oocytes were prepared as described previously (26).
Electrophysiology and solutions

Whole-cell current recordings from oocytes expressing wild-type (wt) and

mutant Kv2.1 channels were made at 20–22�C using standard two-electrode

voltage-clamp. Recordings were performed using an Axoclamp 900A

amplifier and pClamp 10 software, via a Digidata 1440 interface (Axon

Instruments, Foster City, CA). Microelectrodes were made from thin-walled

borosilicate glass (World Precision Instruments, Sarasota, FL) and had resis-

tances of 0.2–2.0 MU (filled with 3 M KCl). Current signals were low-pass-

filtered at 4 kHz (�3 dB, eight-poleBessel filter) and digitized (16-bit) at a 10

kHz sampling frequency. A holding potential of�80 mVwas standard. The

standard bath solution for recording, ND96, contained (in mM): 96 NaCl, 3

KCl, 1 MgCl2, 0.5 CaCl2, 5 HEPES, titrated to pH 7.4 with NaOH. Solution

with 30 mM Kþ was prepared by isoosmotic replacement of NaCl. In some

experiments, cells were pretreated for 30 min in ND96 supplemented with:

dithiothreitol (DTT, 1 mM), 2-sulfonatoethyl methanethiosulfonate sodium

salt (MTSES; 1 mM), or 2-trimethylammoniumethyl methanethiosulfonate

bromide (MTSET; 1 mM). All reagents were obtained from Sigma-Aldrich

(St. Louis, MO), except for MTSES and MTSET, which were from Toronto

Research Chemicals (North York, Ontario, Canada).
FIGURE 1 U-type inactivation of wt Kv2.1. (A, Top) Schematic of the

three-pulse (3P) protocol used to study Kv2.1 inactivation. The voltage

for the 15 s P2 was increased in 20-mV increments, whereas P1 and P3

were atþ60 mV for 300 ms. (Bottom) Macroscopic currents recorded using

the 3P protocol from an oocyte expressing wt Kv2.1 channels. Shown are

nine superimposed traces obtained in ND96 solution. The sweep interval

was 60 s. (B) The inactivation-voltage relationship for wt Kv2.1 was deter-

mined by taking the ratio of current (I3/I1) measured during P3 and P1 and

plotting it against the P2 voltage. (Data points) Mean 5 SE; where not

visible, error bars are hidden within symbols. n ¼ 7. (Solid line) Fit of

the descending portion of the inactivation-voltage relationship (i.e.,

between �100 and þ20 mV) to a Boltzmann function. See Table 1 for

a summary and the fit parameters.
Data analysis and modeling

Conductance-voltage (G-V) relationships were derived from peak tail

current amplitudes (see the Supporting Material). The voltage-dependence

of activation and inactivation were described by the Boltzmann functions:

y ¼ 1/(1 þ exp[(V1/2–V)/k]) and y ¼ (1–C)/(1 þ exp[(V–V1/2)/k]) þ C,

respectively. In each function, V1/2 is the voltage at which 50% activation

or inactivation has occurred, V is the test potential, and k is the slope factor.

The value k is equal to RT/zF, where z is the apparent charge and R, T, and F

have their usual meaning. The value C denotes the fraction of noninactivat-

ing channels at the potential where inactivation was maximal. The Gibbs

free energy of activation at 0 mV(DG0) was given by: DG0 ¼ 0.2389

zFV1/2 (27). The change in DG0 (DDG0) caused by mutations could then

be derived by: DDG0 ¼ DG0
mut�DG0

wt.

Curve fitting and statistical comparisons were performed in SigmaPlot

11.0 (Systat Software, San Jose, CA). Unless otherwise noted, data are

shown as the mean 5 SE; n represents the number of cells tested.

Macroscopic Kv2.1 currents were simulated in MATLAB v.7.8 (The

MathWorks, Natick, MA) by calculating state occupancies as a function of

time and voltage from the spectral expansion of the Q-matrix (28) generated

from an allosteric model of Kv2.1 inactivation (15). Comparisons between

the simulated and experimental data were performed by eye in MATLAB.

Rate constants for voltage-dependent transitions between horizontal states

were described by equations of the form: kx ¼ k0 $ exp(zxFV/RT), where

kx is the rate for transition x, k0 is the rate at 0 mV, zx is the apparent valence

of the transition, and F, V, R, and T have their usual meaning.
RESULTS

U-type inactivation of wt Kv2.1 channels

To examine the voltage-dependence of Kv2.1 inactivation,
a three-pulse (3P) protocol (15) was used (Fig. 1 A). Current
Biophysical Journal 101(3) 651–661
recorded during the first pulse (P1) to þ60mV serves as
a control for sweep-to-sweep variations in current, whereas
the 15-s pulse (P2) induces inactivation at potentials
between �100 and þ60 mV. Current recorded during the
final pulse (P3) to þ60 mV, normalized to that from P1
(i.e., I3/I1), provides a measure of the inactivation occurring
during P2. A plot of mean I3/I1 ratios (n ¼ 7) against the P2
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voltage (Fig. 1 B) exhibits a U-shaped profile, where inacti-
vation is maximal at moderate potentials and decreases with
further depolarization—suggestive of preferential inactiva-
tion from preopen closed states and consistent with previous
reports (15,29). The descending portion of the inactivation-
voltage relationship could be fit to a Boltzmann function
(solid line, Fig. 1 B), with V1/2 and k values summarized
in Table 1. The upturn has also been quantified as the
percentage increase in the I3/I1 ratio at þ60 mV, relative
to the minimum I3/I1 value (Table 1).
Mutations in the S5-P-loop and S3-S4 linkers alter
Kv2.1 inactivation

A cysteine scan of amino-acid residues in the C-terminal
region of the S3-S4 linker (N287C–V292C) and in the
S5-P-loop (K350C–K356C) (Fig. 2 A) was performed to
investigate the molecular determinants of U-type inactiva-
tion. This provided the opportunity to assess both the effects
of changing the residue at each site as well as chemical
modification of the introduced cysteine.

Changes in the voltage- and/or time-dependence with
which channels move along the activation pathway may
indirectly affect U-type inactivation by altering the occu-
pancy of preopen closed states. Thus, before assessing the
impact of the mutations on U-type inactivation, we first
characterized their activation properties. Table 2 summa-
rizes the G-V relationships for both wt and mutant Kv2.1
channels, as well as the change in the free energy of activa-
tion at 0 mV (DDG0) caused by each mutation. Some muta-
tions, particularly those in the S3-S4 linker (e.g., V292C),
caused slight but statistically significant shifts in the V1/2

and k of activation. However, even for these mutations,
the DDG0 values were below 1 kcal mol�1, indicating that
there were minimal perturbations in the relative stabilities
of the open and closed states at 0 mV (27,30,31). We take
TABLE 1 Mutations in the S3-S4 and S5-P-loop linkers alter Kv2.1

Construct V1/2 (mV) k (mV) Min

wt �21.0 5 0.5 6.7 5 0.3 0.

S3-S4 linker mutants

N287C �43.0 5 4.3 16.6 5 1.2y 0.

V288C �14.9 5 2.7 11.4 5 0.9y 0.

R289C �45.2 5 2.6 17.8 5 0.2y 0.

R290C �36.2 5 2.3 14.1 5 0.7y 0.

V291C �12.2 5 1.8 6.1 5 0.5 0.

V292C �8.8 5 3.7 15.0 5 0.7y 0.

S5-P-loop mutants

K350C �19.9 5 2.3 11.2 5 0.2y 0.

D351C �18.3 5 0.6 9.4 5 0.2 0.

E352C �13.9 5 0.9 9.9 5 0.4 0.

D353C �16.0 5 2.1 8.1 5 0.2 0.

D354C �18.6 5 0.9 6.7 5 0.2 0.

T355C �23.8 5 1.6 7.9 5 0.3 0.

K356C �20.0 5 1.3 6.4 5 0.4 0.

*Relative to the minimum I3/I1.
ySignificant difference (P < 0.05) from wt values, based on the results of a Kru
these results to mean that the S3-S4 linker and S5-P-loop
mutations resulted in only minor changes in voltage-
dependent activation gating, especially during moderate
depolarizations.

Current recordings made with the 3P protocol from
oocytes expressing an S3-S4 linker (R289C) and S5-P-
loop (E352C) mutant are shown in Fig. 2, B and D, respec-
tively. The mean inactivation-voltage relationships for each
set of mutant channels are summarized in Fig. 2, C and E,
and in Table 1. Relative to wt Kv2.1, mutations in the S5-
P-loop caused little to no shift of the inactivation-voltage
curves (Fig. 2 E), although K350C did show an increase
in the slope factor k (Table 1). The minimum I3/I1 and the
degree of upturn at þ60 mV were also similar between wt
and most S5-P-loop mutant channels (Table 1), indicative
of preserved U-type inactivation. The striking exception to
this was the E352C mutant, which showed reduced inactiva-
tion at moderate potentials and no upturn in the inactivation-
voltage relationship, which could be fully described by a
Boltzmann function (Fig. 2 E). That none of the S5-P-
loop mutations, including E352C, caused major changes
to Kv2.1 channel activation (see above; Table 2), suggests
that the altered inactivation-voltage relationship of the
E352C mutant is due to a specific effect on U-type
inactivation.

Unlike the S5-P-loop mutants, the S3-S4 linker mutations
caused variable but statistically insignificant shifts in the V1/2

of inactivation (Table 1). Additionally, with the exception of
V291C, all of the S3-S4 linker mutations caused a significant
(P< 0.05) increase in the slope factor k (Table 1). However,
this may be related to the increased k values for the G-V
curves of these mutants (Table 2). Of greater interest was
the observation that, although the U-shaped inactivation-
voltage relationship was preserved, all S3-S4 linker mutants,
except for V291C, exhibited a decrease in the maximum
extent of inactivation (Fig. 2 C, Table 1). In sum, U-type
inactivation

imum I3/I1 % Increase in I3/I1 at þ60 mV* n

24 5 0.01 42.2 5 6.3 7

47 5 0.02 36.6 5 6.3 5

44 5 0.02 26.6 5 4.1 7

53 5 0.02 27.0 5 6.0 4

41 5 0.03 69.8 5 8.4 5

19 5 0.03 52.6 5 8.7 5

38 5 0.04 32.2 5 8.7 4

21 5 0.02 33.6 5 10.5 5

22 5 0.02 28.5 5 3.9 5

37 5 0.03 6.6 5 2.0y 9

24 5 0.03 43.2 5 10.3 7

17 5 0.01 66.6 5 6.2 13

18 5 0.03 58.8 5 13.8 6

13 5 0.01 75.3 5 5.6 8

skal-Wallis ANOVA on ranks test.
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FIGURE 2 Cysteine substitutions in the S3-S4

and S5-P-loop linkers alter Kv2.1 inactivation.

(A) Schematic of a Kv2.1 a-subunit showing the

relative locations of the mutations studied. (B and

D) Current recordings from oocytes expressing

the R289C and E352C mutant channels, made

using the 3P protocol. (C and E) The inactiva-

tion-voltage relationships for the S3-S4 and S5-

P-loop linker mutants, respectively. The data for

wt Kv2.1 is also shown for comparison. (Data

points) Mean5 SE. n> 4 for each mutant. (Lines)

Spline connectors to guide the eye. For clarity,

Boltzmann fits to the data are not shown; see Table

1 for a summary of the data and the fit parameters.
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inactivation is reduced, but not eliminated by N287C,
V287C, R289C, R290C, or V292C.
E352C selectively removes U-type inactivation
from Kv2.1

A hallmark of U-type inactivation is that it is enhanced by
increasing [Kþ]o (2,15,16,20,21). This is in contrast to the
inhibitory effects of high [Kþ]o on P/C-type inactivation
(7,32,33). To examine further the apparent loss of U-type
inactivation in the E352C mutant, the effects of increasing
[Kþ]o on the inactivation-voltage relationships of wt and
E352C channels were studied (Fig. 3 A). As reported previ-
ously (15), changing [Kþ]o from 3 to 30 mM enhances the
extent of U-type inactivation of wt Kv2.1 channels, particu-
larly at moderate depolarizations (e.g., 0 mV), suggesting
that external Kþ ions promote and/or stabilize closed-inac-
tivated states. In contrast, high [Kþ]o had no effect on the
inactivation-voltage relationship of E352C channels. These
Biophysical Journal 101(3) 651–661
results support the observation that the E352C mutation
abolishes U-type inactivation of Kv2.1 channels.
E352C may form a disulfide bond to remove
U-type inactivation

Potential reasons for the loss of U-type inactivation in the
E352Cmutant are that the introduced cysteine residue forms
a disulfide bond that inhibits inactivation from pre-open
closed states or that the negatively charged glutamate residue
is required for U-type inactivation. To test for the first possi-
bility, oocytes expressing the E352C mutant were pretreated
with the reducing agent, DTT (1 mM) before recording.
Fig. 3 B shows that DTT had no effect on wt Kv2.1, but
restored U-type inactivation to the E352Cmutant, consistent
with the hypothesis that E352C may interact with a native
cysteine to remove U-type inactivation.

To ensure that the loss of charge caused by the E352C
mutation does not contribute to the reduced U-type



TABLE 2 Voltage-dependent activation of the wt and mutant

Kv2.1 channels

Construct V1/2 (mV) k (mV) DDG (kcal mol�1) n

wt �1.6 5 1.2 9.8 5 0.33 — 9

S3-S4 linker mutants

N287C �7.1 5 1.3 12.4 5 1.2* �0.3 5 0.08 5

V288C 3.5 5 1.9 11.4 5 0.2* 0.3 5 0.1 7

R289C 2.7 5 2.0 14.3 5 0.4* 0.2 5 0.1 5

R290C 4.0 5 1.3 12.2 5 0.3* �0.1 5 0.09 4

V291C 5.6 5 1.9* 11.2 5 1.0 0.5 5 0.1 5

V292C 14.2 5 0.5* 11.7 5 0.4* 0.8 5 0.2 6

S5-P-loop mutants

K350C 1.8 5 3.6 12.1 5 0.1 0.3 5 0.2 5

D351C �9.4 5 0.7* 9.4 5 0.3 �0.5 5 0.09 5

E352C �2.6 5 1.1 10.4 5 0.5 �0.07 5 0.09 5

D353C 0.3 5 1.1 10.1 5 0.3 0.1 5 0.1 7

D354C �1.6 5 1.0 9.1 5 0.2 �0.04 5 0.1 10

T355C �8.2 5 0.9* 10.4 5 0.1 �0.4 5 0.09 5

K356C 3.8 5 1.9 10.1 5 0.3 0.3 5 0.1 8

*Significant difference (P < 0.05) from wt values, based on the results of

a Kruskal-Wallis ANOVA on ranks test.
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inactivation, the effect of restoring the charge by pretreating
E352C expressing oocytes with the cysteine modifying
agent,MTSES (1mM), was examined.MTSESmodification
of all of the available introduced cysteines was ensured
by first pretreating oocytes with DTT. We also examined
the effect of the charge-neutralizing E352Q mutation.
Fig. 3 C shows that U-type inactivation is maintained in
both the MTSES-modified E352C channels and in E352Q
channels. Together, these results show that the charge at
position 352 is not required for U-type inactivation and
instead suggest that the chemical nature of the introduced
cysteine residue causes the loss of U-type inactivation of
the E352C mutant.

Having shown that the E352C-induced loss of U-type
inactivation is dependent on the oxidative state of the intro-
duced cysteine residue and thus, likely due to disulfide bond
formation, the next goal was to find the disulfide bond
partner. Potential candidates are cysteine residues in S2
(C232) and in S6 (C393, C394). The possibility of an inter-
action between E352C and C232 was examined using an
E352C/C232V double-mutant channel. In the background
of the C232V mutation, E352C no longer prevented
U-type inactivation and the double mutant had an inactiva-
tion-voltage relationship that is nearly identical to that of
wt Kv2.1 (Fig. 3 D). C232Valone does not change the inac-
tivation-voltage relationship of the channel (Fig. 3 D, see
also (34)), indicating that the U-type inactivation in the
double mutant is not due to enhanced inactivation brought
about by the C232V mutation. To test the specificity of the
interaction, cysteine substitutions were made in the back-
ground of the E352C/C232V mutant at positions proximal
to C232 (L225, V228, or F236) on the same face of the S2
helix. Fig. S1 in the Supporting Material shows that
U-type inactivation was preserved in each of these triple
mutants and was not affected by DTT. Together, the results
FIGURE 3 U-type inactivation can be restored

to the E352C mutant by removing disulfide bonds.

Each panel shows the inactivation-voltage relation-

ship of wt and E352C channels under different test

conditions. Unless otherwise stated, recordings

were performed in ND96. Data are shown as

mean 5 SE, connected by simple spline curves;

n > 3 for each data set. The inactivation-voltage

relationships of wt and E352C channels under

control conditions in ND96 are also shown for

comparison (shaded and dashed spline curves,

respectively). (A) Inactivation of the E352Cmutant

is not enhanced by 30 mM [Kþ]o. (B) Thirty-

minute DTT pretreatment restores U-type inactiva-

tion to E352C channels. (C) Thirty-minute MTSES

pretreatment restores U-type inactivation in E352C

channels. Note that before treatment with MTSES,

the oocyte was exposed to DTT for 30 min. U-type

inactivation is unaffected by the E352Q mutation.

(D) U-type inactivation is restored in the E352C/

C232V double mutant. The inactivation-voltage

relationship of the C232V mutation alone is not

different from that of wt Kv2.1.

Biophysical Journal 101(3) 651–661
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support the hypothesis that in the E352C mutant channel,
E352C interacts specifically with C232 to remove U-type
inactivation from preopen closed states. To test whether
the disulfide bond occurs within a single subunit, or between
adjacent subunits, Western blot analysis was performed (see
Fig. S2). Previously, it had been shown that disulfide interac-
tions between adjacent channel subunits produce dimers that
can be disrupted into monomers after DTT pretreatment
(35–37). The data in Fig. S2 show that both wt and E352C
channel subunits form monomers rather than dimers, sug-
gesting that the E352C-C232 disulfide bonds likely form
within the same subunit. Similar to Zühlke et al. (34), we
found that the C393Vand C394V mutations cause dramatic
changes to inactivation gating (not shown) that complicate
the interpretation of any interaction with E352C and that
require further investigation.
Biophysical Journal 101(3) 651–661
The reduced inactivation in the S3-S4 linker
mutants may involve both disulfide bond
and charge effects

The maximum extent of inactivation in N287C, V288C,

R289C, R290C, and V292C mutant channels was decreased

compared to wt (Fig. 2, Table 1). Compared to ShIR, Kv2.1

has two additional arginine residues (R289 and R290) in the

C-terminal S3-S4 linker that may be important in the robust

voltage- and state-dependent U-type inactivation observed

in Kv2.1 but not ShIR channels. To assess this, the effect

of restoring the charge with MTSET was examined (Fig. 4

C). DTT treatment of the R289Cmutant (to ensure the avail-

ability of the introduced cysteines for MTSET modification)

caused only a slight right-shift and increase in the extent of

inactivation. However, subsequent treatment with MTSET
FIGURE 4 Modulation of U-type inactivation in

the S3-S4 linker mutants. Each panel shows the

inactivation-voltage relationship of a given mutant

channel recorded after pretreatment with DTTand/

or MTSET. Each panel also shows the inactivation-

voltage relationship of wt Kv2.1 and the mutant

channel (shaded and dashed lines, respectively)

recorded under control conditions for comparison.

(Data points) Mean 5 SE, connected by spline

curves; n R 3 for each test condition.
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resulted in an inactivation-voltage relationship very similar
to that of wt, suggesting that the loss of positive charge at
position 289 underlies the reduced inactivation in the
R289C mutant. In contrast, the positive charge at R290
does not appear to be important for U-type inactivation, as
there was no difference between the effects of pretreatment
of the R290C mutant with DTT or MTSET (Fig. 4 D), both
of which enhanced U-type inactivation to similar degrees.

Because the N287C, V288C, and V292C mutations are
charge-neutral, the reduced inactivation is likely caused by
other factors. As for E352C, the possibility of inhibitory di-
sulfide-bond formation in these mutants was investigated.
After DTT treatment, the N287C, V288C and V292Cmutant
channels exhibited similar maximum levels of inactivation
to wt channels (Fig. 4, A, B, and F). Also, the slope of the de-
scending portion of the inactivation-voltage relationship for
each mutant after DTT treatment was similar to that of wt
Kv2.1. As Fig. 4 E shows, DTT treatment had little to no
effect on the inactivation-voltage relationship of the V291C
mutant channel, which was already similar to that of wt. In
summary, the decreased extent of U-type inactivation in the
R289C mutation appears to be largely a result of the loss of
positive charge at that position. In the case of the S3-S4 linker
mutants N287C, V288C, R290C, and V292C, the decreased
U-type inactivation appears to be due to disulfide interactions
involving the introduced cysteine.
Modeling the effects of E352C and R289C

An allosteric model of U-type inactivation has previously
been described for Kv2.1 (15) and, in modified form, for
Kv3.1, ShIR channels (16), and N-terminally truncated
Kv1.5 channels (19). The same 12-state model (Fig. 5 A)
was used here to simulate current through wt, E352C, and
R289C channels. Satisfactory simulations of the G-V (not
shown) and inactivation-voltage relationships (Fig. 5 B)
for wt Kv2.1, which were somewhat right-shifted compared
to those described by Klemic et al. (15), required slight
changes to some of the model’s 11 free parameters. The
voltage-dependent properties of wt Kv2.1 channel activa-
tion and deactivation have been described previously (38–
40) and will not be addressed in detail here but are presented
in Fig. S3 and Table S1. As in the original model, the
forward rate constant (ko) from the final closed state (C4)
to the open state (O) was voltage-independent and deter-
mined from the minimum time constant for current activa-
tion at strongly depolarized potentials (see Fig. S3). The
reverse transition between these two states was exponen-
tially dependent on voltage (see Materials and Methods),
with a rate constant (k�o) and apparent valence (z�o) that
were constrained by the voltage-dependence of the fast
time constant for deactivation measured between �140
and �80 mV (see Fig. S3).

With iterative manipulation of the forward and backward
rate constants for the remaining horizontal transitions, we
were able to reproduce the experimentally observed kinetics
and voltage dependence of activation (not shown). A final
constraint was placed on the parameters k�i and f, an allo-
steric factor that governs how much inactivation is favored
by activation of the voltage sensors. Time constants for
recovery from inactivation, measured at very negative
potentials (e.g., �120 mV; see Fig. S3), were used to fix
the rate of recovery (k�i/f

4) from the earliest closed-inacti-
vated state (CI0). As described by Kurata et al. (19), this was
based on the assumption that the strongly hyperpolarized
recovery potential would result in almost all of the channels
occupying CI0 and a single exponential time-course for
recovery (see Fig. S3). Thus, any changes in k�i would
cause reciprocal changes in f. With these constraints, and
with the allosteric factor g set to allow for some inactivation
from the open state, a reasonable simulation of the macro-
scopic currents and inactivation-voltage relationship of wt
Kv2.1 channels was achieved (Fig. 5 B) with the parameters
shown in Table 3.

Having established model parameters to describe the
U-type inactivation of wt Kv2.1, the kinetic changes
required to simulate the inactivation of the E352C and
R289C mutants were determined. For E352C, which
showed no statistical change in either the properties of the
G-V relationship (Table 2) or in the kinetics of activation
or recovery from inactivation (see Table S1), the constraints
on the parameters were unchanged and the main challenge
was to simulate the reduction in the maximum extent of
inactivation and the loss of the upturn in the inactivation-
voltage relationship. A satisfactory fit (Fig. 5 C) was
obtained by decreasing the value for ki, and increasing the
value of g (Table 3). The reduction in the rate of inactivation
from the closed states and the ~100% increase in the rate of
inactivation from the open state is consistent with a selective
loss of U-type inactivation in favor of inactivation from the
open state.

In contrast to E352C, the R289C mutant causes an
increase in the slope factor for the G-V relationship and
slows channel gating (Table 2 and Table S1). R289C also
caused a left-shift and increased slope factor of the inactiva-
tion-voltage relationship, a decreased maximum extent of
inactivation, and a slowing of the time-course for recovery
from inactivation (Table 1 and Fig. S1). Adjustment of the
constrained and unconstrained parameters for horizontal
transitions (see Table 3) allowed for simulation (not shown)
of the altered G-V relationship and also largely accounted
for the shift and altered slope of the inactivation-voltage
relationship, suggesting that these latter effects largely
result from modified activation gating transitions that conse-
quently affect inactivation. Further adjustment of the value
of k-i/f

4 to match the constraint of the recovery rate, along
with iterative decreases in the values of ki and g, were
required to achieve a reasonable simulation (Fig. 5 D) of
macroscopic currents and the inactivation-voltage relation-
ship. The resulting reductions in the rates of inactivation
Biophysical Journal 101(3) 651–661



FIGURE 5 Kinetic modeling of wt and mutant

Kv2.1 inactivation. (A) Allosteric model used to

simulate channel gating. State transitions are

governed by 11 free parameters, as described in

the text and Table 3. (B–D, left side) Simulated

macroscopic currents for wt, E352C, and R289C

channels, respectively. These simulations were

performed using the parameters shown in Table

3. Three superimposed traces are shown for each

construct. (Right side) Comparison of the experi-

mental and simulated inactivation-voltage relation-

ships. (Data points) Mean 5 SE experimental

I3/I1 values. (Solid lines) Simulated I3/I1 values,

plotted against voltage in 1-mV increments.
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from the preopen closed states (i.e., C3 and C4) and the open
state, as well as the greatly accelerated rate of recovery from
the open-inactivated state, are consistent with our experi-
mental results and the conclusion that the R289C mutation
inhibits inactivation from both the open and the closed
states.
DISCUSSION

Despite its frequent use in the study of Kv channel gating
and structure/function relationships (e.g., (10,17,41,42)),
there is relatively little information about how Kv2.1 chan-
nels inactivate. More specifically, although it is thought that
Kv2.1 channels may undergo both P/C-type inactivation and
U-type inactivation, little is known about the molecular
Biophysical Journal 101(3) 651–661
mechanisms underlying U-type inactivation and how they
are different from those of P/C-type inactivation. The exper-
iments described here were performed with the aim of iden-
tifying residues in the external S3-S4 and S5-P-loop linkers
potentially involved in the regulation of Kv2.1 U-type inac-
tivation. We found that E352C in the S5-P-loop specifically
inhibits inactivation from pre-open closed states and U-type
inactivation. In contrast, the S3-S4 residues, with the excep-
tion of V291C, tended to reduce the extent of inactivation
overall.
E352C selectively removes U-type inactivation

The E352C mutation selectively abolished the U-shaped
inactivation-voltage profile without any other changes in



TABLE 3 List of model parameters used in simulations

wt E352C R289C

kv 110 110 90

k�v 50 50 45

ko* 77 77 41

k�o* 43 43 28

ki 0.33 0.14 0.13

k�i* 0.0058 0.0058 0.0058

f * 0.20 0.20 0.43

g 0.082 0.39 0.001

zv 1.25 1.25 0.32

z�v �0.1 �0.1 �0.39

z�o* �0.41 �0.41 �0.40

Values for kv, k�v, ko, k�o, ki, k�i are given in s�1.

*Values that were constrained by experimental measurements (see text and

Table S1).
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the voltage- and/or time-dependence of activation, deactiva-
tion, or recovery from inactivation. That U-type inactivation
is restored to the E352C mutant by DTT pretreatment (Fig. 3
B) or the C232V mutation (Fig. 3 D) strongly suggests that
a disulfide bond between E352C and C232 underlies the loss
of U-type inactivation. Although recent x-ray crystal struc-
tures for Kv1.2 and Kv1.2/2.1 chimeric channels (43–45)
place C232 too far away from E352C to form either inter-
or intrasubunit disulfide bonds, our data (including Western
blot analysis, see Fig. S2) are consistent with recent
evidence that suggests the S1-S2 linker and perhaps the
S2 segment undergo dynamic movements that may include
interactions with the pore domain (46,47). It is interesting to
note that the intrasubunit E352C-C232 interaction we
propose appears to be specific and localized, because substi-
tution of cysteine residues at locations on the same face of
the S2 helix as C232 does not remove U-type inactivation
of E352C/C232V mutant channels (see Fig. S1). We envi-
sion, then, motions of S2 during gating that orient C232 to
within close proximity of E352C in the S5-P-loop linker.
Although we did not assess the possibility of disulfide inter-
actions between E352C and the native cysteines in S6 (C393
and C394), given our experimental results it is difficult to
come to an explanation for the loss of U-type inactivation
in the E352C mutant other than that of disulfide bond forma-
tion with C232.
How does E352C inhibit inactivation from closed
but not open states?

The finding that E352C and C232 interact to selectively
inhibit U-type inactivation from closed states during
moderate depolarizations while leaving inactivation from
the open state at strong depolarizationsmostly intact suggests
that twomechanistically distinct processes underlie inactiva-
tion from the closed and open states of Kv2.1. This is in
agreement with previous suggestions that both P/C-type
inactivation and U-type inactivation can occur in Kv2.1
and ShIR channels (15,18,41). Why U-type inactivation is
dominant in Kv2.1 channels whereas P/C-type inactivation
takes precedence in ShIR and other channels of the Kv1
family, however, remains unclear. It has been reported that
a chimeric channel created by inserting the S5-S6 regions
of Kv1.3 into the Kv2.1 backbone exhibits characteristics
of P/C-type inactivation only (32,41), which would imply
that U-type inactivation depends on the pore domain formed
by S5-S6. The importance of the pore domain is highlighted
by the inhibition of Kv2.1 U-type inactivation by internal
TEA (18,48), which is largely removed by the replacement
of residues in this region with an analogous segment from
Kv3.1 (49).

Further support for the involvement of the pore includes
U-type inactivation-induced changes in ion selectivity, and
the sensitivity of inactivation to [Kþ]o, TEAo (17,41), and
to mutation of C393 in the S6 segment (34,50). Although
the precise changes in the pore that cause U-type inactiva-
tion are as yet unclear, it is intriguing to consider that the
E352C-C232 interaction may distort the conformation
and/or restrict movement of the S5-P-loop linker in a
manner that inhibits the U-type inactivation mechanism
while leaving P/C-type inactivation intact. In other words,
the observation that the E352C-C232 interaction abolishes
inactivation from closed states suggests that protein
motions involving E352 underlie U-type inactivation and
that the engineered E352C-C232 interaction prevents
these rearrangements. An alternative interpretation is that
the E352C-C232 interaction may inhibit both the mecha-
nism for allosteric coupling of the voltage sensor and
the U-type inactivation gate that is thought to underlie
preferential inactivation from preopen closed states (2).
Further studies are required to distinguish between these
possibilities.
The importance of positive charge at R289
for inactivation

Unlike E352C, R289C in the S3-S4 linker inhibits inactiva-
tion during both moderate and strong depolarizations (Figs.
4 C and 5 D). That inactivation was rescued in R289C
channels by MTSET (Fig. 4 C), which suggests that the
R289 charge is important for both closed and open state
inactivation in Kv2.1 channels. A simple explanation may
be that an electrostatic interaction between R289 and
E352 is important for U-type inactivation, and that mutation
of either of these residues inhibits that interaction and, thus,
we have inactivation. However, this does not account for the
specific effects of E352C on closed-state inactivation versus
the reduction of both closed- and open-state inactivation
induced by R289C. Furthermore, the effects of E352C
were not the result of the loss of charge at this position
(see Fig. 3 C), which argues against such an electrostatic
interaction.

It is possible that the insensitivity of U-type inactivation
to charge neutralization at position 352 is due to the
Biophysical Journal 101(3) 651–661



660 Cheng et al.
surrounding negative charges (i.e., D351, D353, D354)
that may buffer the effects of a loss of charge in this region.
In contrast, R289 is relatively isolated from other charges
within the a-helical portion of the S3-S4 linker (31) and
this region may therefore be more sensitive to the loss of
positive charge. An alternative explanation is that R289
is involved in voltage sensing and removal of the charge
at this position decreases voltage sensitivity and interferes
with the allosteric coupling of the voltage sensor and the
inactivation machinery. That R289C impedes the move-
ment of the S4 voltage sensor is suggested by the slowed
activation and deactivation kinetics (see Table S1), and
the shallower slopes of the G-V and inactivation-voltage
relationships (Tables 1 and 2). As both U-type and
P/C-type inactivation are coupled to voltage-sensor move-
ment (1,15,16,18), this could account for the generalized
inhibition of inactivation from both the closed and open
states.
The C-terminal half of the S3-S4 linker may
also modulate Kv2.1 inactivation

Cysteine substitutions from N287 to V292 showed variable
effects on the inactivation-voltage relationship (Fig. 4).
As discussed above, the effects of R289C appear to be
largely due to the loss of charge at this position. V291C
had little effect on inactivation, whereas the other con-
structs (N287C, V288C, R290C, and V292C) caused
a decrease in the maximum steady-state extent of inactiva-
tion, a shallower slope of the inactivation-voltage relation-
ship and, in some cases, a shift in the voltage-dependence
of inactivation.

The effects of these four mutations, particularly the
reduced slope and extent of inactivation, were significantly
inhibited by DTT pretreatment (Fig. 4). This suggests that
disulfide bond formation involving S3-S4 linker residues
inhibits U-type inactivation, perhaps by restricting the
movement of the S4 voltage-sensor itself, or by altering
allosteric coupling to the pore. That mutation at multiple
sites within the S3-S4 linker modulates the inactivation
process implies an intrinsic role for this region. Indeed,
voltage-clamp fluorimetry data suggest that the C-terminal
portion of the S3-S4 linker is involved in the dynamics of
inactivation (22,23). Here, we have identified sites impor-
tant in Kv2.1 inactivation. Further studies should be directed
at understanding their dynamic involvement.

In sum, we have found that substitution of a cysteine
residue at position E352 in the S5-P-loop linker results
in a profound and specific inhibition of U-type inactivation
that is likely related to an inhibitory disulfide bond between
E352C and C232 in the S2 segment. Substitutions in the
S3-S4 linker also inhibited inactivation: in the case of
R289, this resulted directly from loss of positive charge;
in other cases, it was apparently due to the formation of
disulfide bonds.
Biophysical Journal 101(3) 651–661
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