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Hydrophobic interactions between the voltage sensor and pore
mediate inactivation in Kv11.1 channels
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Kv11.1 channels are critical for the maintenance of a normal heart rhythm. The flow of potassium ions through
these channels is controlled by two voltage-regulated gates, termed “activation” and “inactivation,” located at op-
posite ends of the pore. Crucially in Kvl1.1 channels, inactivation gating occurs much more rapidly, and over a
distinct range of voltages, compared with activation gating. Although it is clear that the fourth transmembrane
segments (S4), within each subunit of the tetrameric channel, are important for controlling the opening and clos-
ing of the activation gate, their role during inactivation gating is much less clear. Here, we use rate equilibrium free
energy relationship (REFER) analysis to probe the contribution of the S4 “voltage-sensor” helix during inactivation
of Kvl1.1 channels. Contrary to the important role that charged residues play during activation gating, it is the
hydrophobic residues (Leub29, Leu530, Leu532, and Val535) that are the key molecular determinants of inactiva-
tion gating. Within the context of an interconnected multi-domain model of Kv11.1 inactivation gating, our REFER
analysis indicates that the S4 helix and the S4-S5 linker undergo a conformational rearrangement shortly after
that of the S5 helix and S5P linker, but before the S6 helix. Combining REFER analysis with double mutant cycle
analysis, we provide evidence for a hydrophobic interaction between residues on the S4 and S5 helices. Based on a
Kvl1.1 channel homology model, we propose that this hydrophobic interaction forms the basis of an intersubunit
coupling between the voltage sensor and pore domain that is an important mediator of inactivation gating.

INTRODUCTION

Kvl1.1 channels play an important role in repolariza-
tion of the cardiac ventricular action potential and are
therefore key regulators of a normal electrical rhythm
in the heart (Sanguinetti and Tristani-Firouzi, 2006).
Like other voltage-gated potassium (Kv) channels, Kv11.1
channels are comprised of four subunits, each with six
transmembrane segments (S1-S6) (Vandenberg et al.,
2012). On the periphery of each subunit are the S1-54
helices, which form the voltage-sensing domain. The
central conduction axis of the channel is lined by the
four pore domains, formed by the S5 and S6 helices
separated by a short pore helix and selectivity filter. Two
voltage-regulated gates, located at either end of the
pore domain, control the flow of potassium ions through
Kv11.1 channels. The activation gate, formed by the in-
tracellular ends of the four S6 segments, is slow to open
and close. In contrast, the inactivation gate, formed by
the four selectivity filter segments at the extracellular
side of the pore, has rapid gating kinetics (Smith et al.,
1996; Spector et al., 1996; Wang et al., 2011). These
unique kinetics properties make Kvl1.1 channels ideally
suited for determining the duration of the plateau
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phase of the cardiac action potential (Vandenberg
etal.,, 2012).

Alterations to the voltage-dependent inactivation gat-
ing of Kvl1.1 channels can have profound effects on
the duration of cardiac repolarization and hence dura-
tion of the QT interval on the body surface electrocar-
diogram. Mutations that shift the voltage dependence
of inactivation to more depolarized potentials result in
reduced inactivation leading to greater current flow
and shorter repolarization intervals (Brugada et al., 2004;
Sun et al., 2011), whereas mutations that shift the volt-
age dependence in the hyperpolarized direction have
the opposite effect and result in lengthening of repolar-
ization intervals (Zhao et al., 2009). Both of these scenar-
ios result in a marked increase in the risk of arrhythmias
and sudden cardiac arrest.

Although both the activation and the inactivation
gates of Kvl1.1 channels are voltage regulated, the two
gating processes occur over different voltage ranges
(Wang et al., 1997) and exhibit different sensitivities
to amino acid mutations (Zou et al., 1998; Sanguinetti
and Xu, 1999; Piper et al., 2005; Clarke et al., 2006),
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temperature (Vandenberg et al., 2006), and extracellu-
lar [Ca®*] (Johnson et al., 1999). Although the first
three to four positive charges of the S4 helix have been
clearly established as the voltage sensor for Kvl1.1 acti-
vation (Subbiah et al., 2004; Zhang et al., 2004; Piper
et al.,, 2005), the role of the S4 helix during Kvl1.1
channel inactivation is relatively unknown. Even though
the two gating processes are quite distinct, there is no
reason why the S4 voltage sensor could not undergo two
distinct movements and so underlie both functions.
The unusual gating kinetics of Kvl1.1 channels allows
for separation of the rapid open-to-inactivated gating
transition from the much slower closed-to-open transi-
tion, thereby permitting an examination of the S4 helix
contribution to inactivation gating, independent of the
S4 helix motion that transfers positively charged resi-
dues across the membrane electric field (gating cur-
rent) and is coupled to activation gate opening.

In a previous study (Wang et al., 2011), we showed
that the dynamics of inactivation gating in Kvl1.1 chan-
nels was amenable to rate equilibrium free energy re-
lationship (REFER) analysis. REFER analysis compares
the effect of systematic perturbations to a protein on
the free energy changes in kinetic (AAG') and thermo-
dynamic (AAG) relationships between two stable end
states to gather information on the “structure” of the
transition state (Fersht et al., 1992; Fersht, 2004, 2008)
and, as a consequence, on the relative timing of domain
motions during the transition between two stable end
states (Grosman et al., 2000; Cymes et al., 2002; Zhou
etal., 2005; Auerbach, 2007; Purohit et al., 2007). When
applying REFER analysis to proteins, mutations of in-
dividual residues can be used to gain molecular-level
detail about the conformational changes taking place
(Grosman et al., 2000; Fersht, 2004; Zhou et al., 2005;
Purohit et al., 2007; Wang et al., 2011). The slope of a
REFER plot, that is the slope of AAG! versus AAGy, is
defined as the ®-value, and for this reason, in the pro-
tein-folding literature REFER analysis is usually refer-
red to as @-value analysis (Fersht et al., 1992; Fersht,
2004, 2008). ®-Values that are between 0 and 1 are in-
dicative of the relative time point at which the mutation
perturbed the interconversion between the two stable
states, where ®-values close to 0 indicate that the muta-
tion has affected late steps in the reaction, and ®-values
close to 1 indicate that the mutation perturbed an early
step in the reaction (Grosman et al., 2000; Cymes et al.,
2002; Zhou et al., 2005; Auerbach, 2007; Purohit et al.,
2007; Wang et al., 2011). In our previous study (Wang
et al,, 2011), we found that mutations to charged resi-
dues in the S4 region produced relatively modest per-
turbations to inactivation gating. In this study, we used
REFER analysis to undertake a more comprehensive
analysis of the role of the S4 helix during inactivation
gating of Kv11.1 channels. Our results show that hydro-
phobic residues within the S4 domain are crucial in

276 Role of S4 domain in Kv11.1 channel inactivation

mediating inactivation gating of Kvl1.1 channels, inde-
pendently of the role that the charged residues of the
S4 helix play during channel activation.

MATERIALS AND METHODS

Molecular biology and channel expression

Female Xenopus laevis frogs were purchased from Nasco, and all
animal procedures were approved by the Garvan and St. Vincent’s
Animal Ethics Committee (AEC 08/34, 11/37). Frogs were anaes-
thetized by immersion in 0.17% wt/vol tricaine, and stage V or VI
oocytes were removed via a small (~7-8-mm) abdominal incision.
Oocytes were either mechanically separated using forceps, or lobes
of oocytes were digested with 1 mg/ml collagenase A for 2 h, and
then stored in ND96 solution (mM: 96 NaCl, 2 KCl, 1.8 CaCls,
1 MgCl,, and 5 HEPES, pH 7.5) supplemented with 10 pg/ml
gentamicin and 2.5 mM pyruvate.

Kvl1.1 cDNA (provided by G. Robertson, University of Wisconsin-
Madison, Madison, WI) was subcloned into a pBluescript vector
containing the 5" untranslated region (UTR) and 3" UTR of the
Xenopus B-globin gene (provided by R. Vandenberg, University of
Sydney, Sydney, Australia). Mutations were introduced using the
Quikchange method (Agilent Technologies) and confirmed by
DNA sequencing. Plasmid DNA was linearized using BamHI-HF
(NEB), and the in vitro transcription of cRNA was performed
using the mMessage mMachine kit (Ambion). cRNA encoding
WT or mutant (mut) Kvll.1 channels was injected into oocytes,
which were then incubated at 18°C for 18-72 h before electro-
physiological recording of current.

Electrophysiology

Oocytes were impaled with glass capillary micropipettes that had
access resistances in the range of 0.3 to 1.0 M{). Currents were
recorded from oocytes using a Geneclamp500B two-electrode
voltage-clamp amplifier interfaced to a PC via a Digidata 1440
(Molecular Devices). Signals were filtered at 2 kHz and digi-
tized at 5-10 kHz. Voltage-clamp protocols are shown as insets
in Fig. 1 A. In all protocols, the cells were held at =90 mV before
any voltage steps. After each experiment, the offset potential was
checked, and if it exceeded +5 mV, the recordings were discarded.
Data acquisition and analysis were performed using pCLAMP
(version 10.2; Molecular Devices), Excel (Microsoft) and Prism
(version 6; GraphPad) software. All parameter values were calcu-
lated as mean + SEM for n experiments, where n denotes the
number of different oocytes studied for each construct.

Kinetic analysis

The first step in performing a REFER analysis is to determine
the kinetics of both the forward (open-to-inactivated) and reverse
(inactivated-to-open) gating transitions of WT and mutant chan-
nels. This is relatively straightforward for Kvll.1 channels be-
cause the rapid inactivation gating transitions can be easily
separated from the open/closed transitions (Smith et al., 1996;
Spector et al., 1996; Wang et al., 2011). Rates of inactivation were
measured using a triple-pulse protocol (see Fig. 1 A, i) in which
cells were depolarized to +40 mV (or +80 mV for some mutant
channels) for 500 ms to activate and inactivate channels, and then
stepped to —90 or —110 mV for 10 ms to allow recovery from
inactivation, before stepping to voltages in the range of +100 to
—60 mV to monitor the onset of current inactivation. A single-
exponential function was fitted to the decaying portion of the
corresponding current trace (see Fig. 1 B, i). Reverse rates of in-
activation gating (inactivated-to-open, k), normally termed “re-
covery from inactivation,” were measured from two-step voltage



protocols in which cells were depolarized to +40 mV (or +80 mV)
for 500 ms to activate and inactivate channels, and then stepped
to voltages in the range of —40 to —180 mV to allow channels
to rapidly reopen before slowly closing (Fig. 1 A, ii). The initial
rapid component of the “hooked” tail current at each voltage
(depicted by black lines in Fig. 1 B, ii) represents the inactivated-
to-open—state transition, whereas the slower component repre-
sents the open-to-closed—state transition. Therefore, the faster
time constant obtained from a double-exponential function fit-
ted to the hooked tail current represents the rate of recovery
from inactivation.

For a bimolecular reaction with voltage-dependent rates, such
as Kvl1.1 channel inactivation, the observed rate (k) at any par-
ticular voltage (V) is equal to the sum of the forward (ki,c.v) and
reverse rates (k..y) measured at that voltage:

kobs,V = kinatl,V + krcc,V' (1)

At 0 mV, kops is therefore a combination of Ripacco + kreco- However,
at very positive voltages, k.. is extremely small, and hence &y, =
kinac. Conversely, at very negative voltages, kin, is extremely small,
and so kops * keee. An extrapolation of the linear portions of ks at
very positive or very negative voltages (dotted lines in Fig. 1 D)
can then be used to derive the unidirectional forward (Aip,c0) and
reverse (ko) rate constants at 0 mV, respectively. A plot of the
logarithm of kv results in a characteristic chevron phenotype
(Fig. 1 D, i), indicating a reaction that is dominated by a single
transition step (Jackson and Fersht, 1991). The equilibrium con-
stant for inactivation at 0 mV (K., ) was calculated by:

Keq,O = kinact,O / krec,O' (2)

Perturbations to inactivation gating for each mutant were mea-
sured as the Alog(K.q0) of the mutant channel compared with WT:

Alog(Keq,O) = log(Keq,O )mul - log(Keq,O )VVT . (S)

A positive shift in Alog(K.q0) is equivalent to a hyperpolarizing
shift in the voltage dependence of inactivation, whereas a nega-
tive shift in Alog(K.q0) is equivalent to a depolarizing shift in the
voltage dependence of inactivation. In addition, the limiting
slopes of the fits to the chevron plots were used as a direct mea-
sure of the voltage dependence of the forward and reverse transi-
tion pathways.

For a given mutation, the ®-value is calculated by comparing
changes, versus WT, in the energetics of the transition state
(AAGY) relative to changes in the free energy difference between
the ground states (AAGy). For a two-state reaction, the transition
state energy, AG, is given by:

AG! = —RT.(In(k,,,) + In(A)), )

where A is the “pre-exponential factor” (Price and Dwek, 1996).
The effect of a mutant on the transition-state energy is given by
the equation:

AAGI = 7RT (1n(kinact,W'T) - ln(kinact,mut ) ) s (5)

i.e., we assume that the mutation does not alter the “pre-exponential
factor” for the reaction. Similarly, the effect of a mutant on the
equilibrium free energy is given by:

AAG, = —RT.(In(K,, yr)— ln(K%mut ). (6)

A ®-value can be calculated from the ratio of the change in the
logarithm of the unidirectional forward rate constant, 1og(kiaci0),

relative to the change in the logarithm of the equilibrium constant,

log(&qﬂ):
D = AAG* / AAG = Alog (ki o) / Alog(K,, o). (7)

The ®-value calculates to what degree a mutation-induced
perturbation in the equilibrium constant for inactivation, which
represents the energy difference between the open and inacti-
vated ground states, is caused by a change in the forward transi-
tion rate (see Fig. S1). The ®-value then reflects at what stage during
the native reaction pathway the mutated residue experienced a
change in its environment, as reflected by the change to the ener-
getics of gating. To derive an accurate ®-value, a mutation must
cause a sufficient perturbation to the equilibrium constant, i.e.,
the denominator in Eq. 7. We, both previously (Wang etal., 2011)
and in Fig. S2 B, and others (Cymes et al., 2002; Fersht and Sato,
2004) have established a Alog(K.q0) of greater than or equal to
+0.5 as the cutoff criterion to derive an accurate ®-value. Informa-
tive ®-values are those that lie between 0 and 1 (Cymes et al.,
2002; Wang et al., 2011), as shown in Fig. S1. There are three
scenarios that result in an invalid ®-value: (1) the mutation af-
fects the transition state but not the ground states (i.e., a catalytic
mutation), resulting in an infinite ®-value (Fig. S1 F); (2) the
mutation produces opposite effects on the transition state com-
pared with the equilibrium between the two stable ground states,
resulting in a negative ®-value (Fig. S1 G); and (3) the mutation
produces a greater effect on the transition state than on the
ground state, resulting in a ®-value >1 (Fig. S1 H). One benefit to
REFER analysis is that these uninformative mutations can be iden-
tified because they result in ®-values that lie outside of the range
of 0 and 1. Itis, however, also possible that a mutation could affect
two or more independent processes that, by coincidence, cancel
each other out to give a ®-value between 0 and 1. Because this
coincidental combination is unlikely to occur with a diverse range
of mutations at a given residue, a better estimation of the ®-value
is derived from families of mutations at that position (Grosman
et al, 2000). The other advantage of using families of mutants is
that if a single mutant gives a very different result than that of
other mutants at the same residue, it is immediately very obvious
(see Fig. S2 A).

Double mutant cycle analysis

To test for an energetic coupling between two residues in different
helices, we combined REFER analysis with double mutant cycle
analysis. In this approach, individual mutations in the S4 helix,
which significantly perturb inactivation (measured as AlogK.q >
+0.5 log units relative to WT), were combined with perturbing
mutations in the S5 helix (Ile560, Leu564, or lle567) or the SHP
linker (Aspb91). If an energetic coupling exists between two
residues, the perturbations caused by the individual mutations
(AAG,,,q and AAG,,,») would not be additive when combined in
the double mutant (AAGy,u1mue < AAGpua + AAGy,0) . Conversely,
if the perturbations caused by the two single mutants were addi-
tive when combined in the double mutant (AAG,, i smue = AAGLa
+ AAG,,0), the two residues are not energetically coupled.

Mean (X), SEM, standard deviation (S), and number of obser-
vations (n) for AAGy,q + AAG,,, were calculated by summing
the corresponding values of Alog(K.q) from the two individual
mutant channels (mutl and mut2). An unpaired, unequal vari-
ance Welch’s ¢ test was used to perform statistical analysis be-
tween the measured perturbation caused by the double mutant
(AAG 1amue, termed “Xgoupie”) and the summed values of the two
single mutants (AAGyuq + AAG e and Xy imue) - For the statisti-
cal test, t-values were calculated as:

t= X(doublc) - X(mut1+mu12)/S(X(d0ublc)_X(mmHmutZ))’ (8)
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where the variance (S(X(ouley — X(muti+mu2))) Was calculated by:

S(double)? N S(mutl + mut2)?

. (9)
n(double)  n(mutl + mui2)

S(X(double) - X(mutl+mut’2)) = \/

Degrees of freedom (df) was calculated by:

2 2 2 2
Af = Syounte 7 Maoute) ¥ Cnuttsmue 7/ Panatemuz) 7 ((Suounte 7/ Matourie) /
2 2
(Mo = D)+ (Spuitemuz 7 Putemuz) 7 Ptemae = D))

(10)
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Figure 1. Measurement of inactivation kinetics for WT and
V535S Kvll.1 channels. (A) Voltage protocols used to measure
the rates of onset of inactivation (i) and the rates of recovery from
inactivation (ii), with key regions for the measurement of current
highlighted in black. (B and C) Representative families of current
traces measuring the rates of onset of inactivation (i) and rates of
recovery from inactivation (ii) for WT (B) and V535S (C) Kvl1.1
channels. Highlighted in bold are current traces at 0 mV (i) and
—130 mV (ii) to aid comparison. (D) Chevron plots of the loga-
rithm of the observed rates for onset of (open squares) and recov-
ery from (closed squares) inactivation for WT (i) and V535S (ii)
channels, plotted against voltage. Solid black lines are a fit of Eq. 1
(see Materials and methods), whereas the solid gray line in (ii)
indicates K,y for WT channels to aid comparison. Dashed lines
indicate the derived unidirectional rate constants for the onset
of (kinacv) and recovery from (k..y) inactivation, with values at
0 mV indicated by arrows. The equilibrium constant for inactiva-
tion (K.q) at 0 mV was calculated by: Keqo = Kinact0/ breco (EQ. 2 in
Materials and methods).
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p-Values were calculated using t and df values. P < 0.05 was consid-
ered significant.

Voltage dependence of activation

Isochronal activation curves were measured according to stan-
dard tail current analysis (Vandenberg et al., 2012). From a hold-
ing potential of —90 mV (or —120 mV for some mutants), the
membrane potential was stepped to voltages in the range of —60
to +50 mV (the precise range varies from —120 to +100 mV de-
pending on the mutant studied) for 4 s, before a step to —70 mV
(or =120 mV) to record tail currents. Tail currents were normal-
ized to the maximum current amplitude (/,,,) and fitted with a
Boltzmann expression:

Vo5V ™!
1 27005 Tt/
——=|1+e * s (11)

max

where 1/1,,, is relative current, Vj; is the voltage of half-current
activation, V;is the membrane potential, and k is the slope factor.
Alternatively, data were fitted with the thermodynamic form of
the Boltzmann expression:

/ (8Gy 2, ER) 7
|14l m | (12)

max

where AG, is the work done at 0 mV, z,is the effective number of
gating charges moving across the membrane electric field (E), Fis
Faraday’s constant, R is the universal gas constant, and 7'is the
absolute temperature. From Eq. 12 we can calculate the effect of
mutations on changes in chemical potential energy:

AAG, = AGO,Mut - AGO,WT" (13)

Homology structure generation

The Kvll.1 homology model, generated using Swiss PdbViewer
(Guex and Peitsch, 1997) and optimized using SWISS-MODEL
Workspace (Arnold etal., 2006; Bordoli et al., 2009), was based on
the crystal structure of a Kvl.2/2.1 channel chimera (Long et al.,
2007), according to the sequence alignment shown in Fig. S3.

Online supplemental material

Fig. S1 shows a series of energy diagrams that explain the theory
of REFER (®-value) analysis when applied to the study of Kvl1.1
channel inactivation gating. Fig. S2 demonstrates the variability in
P-values derived from mutants that perturb Kvl1.1 channel inac-
tivation with varying severity. Fig. S3 is a sequence alignment
between Kvl1.1 and Kv1.2/2.1 channels, which was used to gen-
erate our Kvll.l channel homology model. Table S1 summa-
rizes the kinetic parameters of inactivation for each S4 mutant
investigated, and Table S2 summarizes the activation parame-
ters for each S4 mutant investigated. The online supplemental
material is available at http://www.jgp.org/cgi/content/full/
jgp-201310975/DCI.

RESULTS

REFER analysis can be applied to any process where
there are two ground states separated by a single domi-
nant transition state, and where the forward and reverse
rates can be well described by a single-exponential
process (Auerbach, 2007). C-type inactivation gating in
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Figure 2. Scanning mutagenesis of
the Kvll.1 channel S4 helix. (A-C)
Shifts, relative to WT, in log(K.q) val-
ues for alanine (A), serine (B), and
tryptophan (C) mutagenesis scans of
S4 residues spanning from Gly522 to
Lysb38. Data are presented as means
+ SEM for n = 3-20 cells (see Table S1).
Dashed lines indicate Alog(Kq0) >*0.5
log units, which has been shown previ-
ously to be the minimum perturbation
required to derive an accurate ®-value
(Cymes et al., 2002; Wang et al., 2011).
Mutations that fulfill this minimum re-
quirement are indicated by closed bars,
whereas mutations with Alog(K.q0) < 0.5

T

] el
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1 I
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G522 1 (G522 =] v (5221
L5231 i L5234 v H . L5234
L5241 1 L5244 coo . L5241
K525 1 K525 ! 3% K5251
T526 ' 75261 Lo 1 T526
A5271 v A527 - v A5271
R528 i R528 [ - + R5281
L5291 i L529- . L5291
L5301 . L530 . L5301
R531 v R531+ ' R531
L5321 ¢ L532 v L5321
V5334 1 V5334 ; 1 V533;
R534+ 1 R5344 | i R5344
V5351 i V535+ V5354
A536 . A536 H—] . A5361
R537- .+ R537 L — '+ R5371
K538{ _: +O ! K538{_! + | K5384
-1.0 -0.5 0.0 05 -1.0 -0.5 0.0 05
Alog (Keq,o) Alog (Keq,o)

Kvl1.1 channels is very rapid, so the forward (open-to-
inactivated) and reverse (inactivated-to-open) inactiva-
tion gating transitions can easily be separated from the
much slower activation (closed-to-open) or deactivation
(open-to-closed) gating transitions (Smith et al., 1996;
Spector et al., 1996; Wang et al., 2011). Although it
is possible that Kvll.1 channels may also transition
into an inactivated state from a preopen closed state
(Kiehn et al., 1999), this transition is likely negligible
when compared with the open-to-inactivated transition
pathway (Bett et al., 2011). Furthermore, the probability

10 05 00 05

log units are indicated by open bars.
) * mutant channels that failed to ex-
0 press or expressed poorly.

Alog (K

€q,

of a closed-to-inactivated transition can be minimized
using voltage protocols that ensure that the majority of
channels are in the open conformation before initiat-
ing inactivation.

The specific voltage protocols used to measure rates
of inactivation (k.. measured at voltages ranging from
—20 to +80 mV) and rates of recovery from inactivation
(kiec; measured at voltages from —60 to —160 mV) are
shown in Fig. 1 A, with the resulting currents for WT
Kvl1.1 channels (Fig. 1 B) or V535S channels (Fig. 1 C)
shown below. For WT, the region of current representing
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Figure 3. Families of mutations at important
B Leu529 Leu530 Leu532 Val535 Kvl1.1 channel $4 residues. (A and B) Shifts in
log(K.q0), relative to WT, for families of mutations
1 1 Y g q,0
Q ! H Q Q ] M at charged (A) or hydrophobic (B) residues that
P P P ] L were identified as important determinants for in-
1 | P
H VA H H Vo G activation gating from our mutagenesis scans of
N W1 N N 1 p the S4 helix. Mutations are indicated by single—
T T T . H amino acid code on the y axis. Data are presented
S S S ! N as means + SEM for n = 4-14 cells (see Table S1).
- g Mutations that cause a significant perturbation
W \ W W :": W. to inactivation, measured as Alog(K.q0) > 0.5
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-1 -0.5 0 -1 0 -1 -05 0 -2 -1 0 bars, whereas mutations with Alog(K(»q’o) <+0.5log
units are indicated by open bars. *, mutant chan-
AlOg (Keqyo) Alog (Keqvo) Alog (Keqvo) Alog (Keqvo) nels that failed to express or expressed poorly.
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the onset of inactivation (Fig. 1 B, i) or the recovery
from inactivation (Fig. 1 B, ii) at a given voltage (V)
were well described by a single-exponential function
and were used to measure kiaev and ke, respectively.
A plot of the observed rates (K,; see Eq. 1 in Materials
and methods) against voltage generates a “chevron”
phenotype, which is indicative of a transition domi-
nated by a single step (Fig. 1 D, i). The extremities of
each arm of the chevron plot are linear as they reflect
the unidirectional rate constants of the forward or re-
verse transition at the extreme voltages. To calculate an

A (i) L529X (ii) L530X
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325 "325
=200 o 2.0
g g
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Figure 4. Mutation of S4 residues affects inactivation at a mid-
way point during the transition pathway. (A) REFER plots of the
log forward unidirectional rate constant, 10g (kinaci0), against the
log equilibrium constant, log(K.q), for inactivation, in families of
mutations at individual residues: i, Leu529; ii, Leub30; iii, Leub32;
iv, Val535. (B and C) REFER plots for all mutations at Leu529,
Leub30, Leub32, and Val535 combined (B) or all S4 residue mu-
tations (C). Data are presented as means + SEM for 3-14 cells.
The slope of the linear regression analysis (solid black lines) for
each family of mutations represents the ®-value, as indicated, and
can be compared with the slope for all other S4 mutations (solid
gray lines). ANCOVA was used to determine statistical signifi-
cance; *, P < 0.05.
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equilibrium constant for inactivation at a single voltage,
normally 0-mV (Keq0 = Kinact,0/ krec0), unidirectional rate
constants at each voltage were derived by extrapolation
from the linear portion of the relevant arm of the chev-
ron plot (Fig. 1 D, i, dashed lines). After the introduc-
tion of a point mutation, V535S, the plot of log(K,)
against voltage demonstrates a clear depolarizing shift
in the voltage dependence of inactivation, which is indi-
cated by a slowing of ki..,v and a concomitant accelera-
tion of k..y. The resulting logarithm of the equilibrium
constant for inactivation is clearly shifted more negative
with respect to WT (Alog(K.q0) = —0.91 £ 0.1; n=7),
allowing a ®-value to be calculated according to Eq. 7
(see Materials and methods). The kinetic properties of
Kvl1l1.1 channel inactivation can therefore be exploited
to allow its study using REFER analysis.

To obtain an accurate estimate of a ®-value from a
REFER plot, one or more mutations of a given residue
must cause a sufficient perturbation to the transition
pathway. We, both previously (Wang et al., 2011) and in
Fig. S2, and others (Cymes et al., 2002; Fersht and Sato,
2004) have established a Alog(K..) of greater than
or equal to +0.5 as a reasonable cutoff criterion. Based
on these criteria, we used REFER analysis to perform
an extensive investigation of the role of the S4 helix
during Kvl1.1 channel inactivation. To optimize our
chances of finding mutant channels within the S4 helix
that were amenable to REFER analysis, we performed
three separate mutagenesis scans on residues Gly522 to
Lys538. Each residue was mutated to alanine (Fig. 2 A),
serine (Fig. 2 B), or tryptophan (Fig. 2 C). From these
scans, several residues stood out as having at least one
mutation with a Alog(K.q) of greater than +0.5 log units,
namely, L529A/S, L530S/W, R531A/S, 1L532S, V535A/
W/S, and R537W (Fig. 2, closed bars, and Table S1).
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Figure 5. Combinations of S4 mutants do not have additive ef-

fects on the energetics of Kvll.1 channel inactivation. (A) Bar
graph comparing shifts in log(K.q,), relative to WT, for triple
S4 mutant (L529S + L532S + V535S), double mutants 1.532S +
V535S and L529S + V535S, and single mutants V535S, L5328,
and L529S. Data are presented as means + SEM for 5-18 cells.
(B) REFER plot of triple S4 mutant (LL529S + 1.5632S + V535S), double
mutants L532S + V535S and L529S + V535S, and single mutants
V535S, L5328, and LL529S. Data are presented as means = SEM for
5-18 cells. The linear slope (solid black line) indicates a ®-value
of 0.42 and was not significantly different to that derived from all
of the individual S4 mutants (® = 0.50; P > 0.05 using ANCOVA).
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Although it is possible to derive ®-values from the in-
dividual mutant channels listed above (see Table S1), it
is important to note that the temporal information they
provide is based on the effect of the specific mutation in
perturbing the transition pathway, and may not neces-
sarily reflect the role of the native amino acid residue
per se. For example, any single mutation could affect
two or more different processes that, by coincidence,
cancel each other out to give a ®-value between 0 and 1
(see Materials and methods). However, this type of co-
incidental combination will not occur with every muta-
tion at that position. Therefore, a better estimation of
®-values can be derived from plots of 10g (kinac0) versus
log(K.q0) for a family of mutations at a single residue or
region of the channel (Grosman et al., 2000). We there-
fore interrogated S4 helix residues identified from our
scanning mutagenesis in more detail by obtaining fami-
lies of mutations at each position (Fig. 3). Mutation
of charged residues Argb31 (to Gln, Thr, and Asn) or
Argbh37 (to Gln, Asp, and Thr) did not produce any fur-
ther mutant channels with adequate perturbations to
Alog(K.q0) (Wang etal., 2011, and Fig. 3 A). The relative
tolerance of neutral or polar side chains at these posi-
tions, as well as at Lys525, Arg528, Argh34, and Lys538
(Table S1 and Wang et al., 2011), suggests that the posi-
tively charged side chains are not critical to the inacti-
vation gating transition. We therefore concentrated
on the hydrophobic residues: Leub29, Leu530, Leu532,
and Valb35, which were further mutated to threonine,
histidine, proline, asparagine, and glutamine. In the
case of Valb35, we also mutated this residue to glycine,
leucine, isoleucine, methionine, and tyrosine. Perturba-
tions to Alog(K.) of greater than +0.5 log units were
observed for several mutant channels at all positions,
with the exception of Leub32 (Fig. 3 B). Hydrophobic
residues Leu530 and Val535 were particularly sensitive
to mutation; i.e., tyrosine, methionine, glycine, proline,
histidine, asparagine, and threonine mutations at Val535
all exhibited a Alog(K.q0) of >0.5 log units compared
with WT, whereas only the relatively conserved hydro-
phobic side chains of leucine and isoleucine produced
smaller perturbations (Fig. 3 B). The relative intoler-
ance of these hydrophobic residues to mutations that
do not maintain their hydrophobic side chain proper-
ties indicates their importance in mediating open-to-
inactivated transition.

The equilibrium constant represents the energy dif-
ference between the open state and the inactivated state
(see Fig. S1). Because energy and structure are related,
a mutation-induced perturbation to the energetics of
gating, observed as a shift in log(K.qo), indicates that
the amino acid residue experiences a change in envi-
ronment at a given point during the transition from the
open state to the inactivated state. The ®-value repre-
sents the relative time point during the transition at
which this change in environment occurs, with ®-values

close to 1 representing a change in environment early
in the transition pathway, whereas a ®-value close to 0
represents a change in environment at a time point
closer to the end of the transition. To determine the
relative timing of motion for each of the S4 helix hydro-
phobic residues during the inactivation gating transi-
tion, ®-values were calculated from families of mutations
at each position. Plots of 10g (kinaci0) versus log(K.q) for
all mutants at Leub29 (®-value = 0.48 + 0.10), Leub30
(P-value = 0.33 + 0.07), Leu532 (P-value = 0.68 + 0.08),
and Val535 (®-value = 0.49 + 0.02) are shown in Fig. 4 A
(i-iv). In addition, a plot of all Leu529, Leu530, Leu532,
and Val535 mutants is shown in Fig. 4 B (®-value = 0.48 +
0.03), and a plot of all mutants in the S4 helix is shown
in Fig. 4 C (®-value = 0.50 = 0.02). Of the individual
hydrophobic residues, only Leu530 produced a ®-value
that was significantly different from the ®-value derived
from the remainder of the S4 mutations (0.33 + 0.07 for
Leub30 vs. 0.52 = 0.02 for all other S4 mutants; analy-
sis of covariance [ANCOVA]; P < 0.05), suggesting that
Leub530 may be involved at a slightly later stage in the
open-to-inactivated transition pathway.

The observation that the slopes of the REFER plots
for hydrophobic residues Leu529, Leu532, and Val535
are not significantly different (~0.5) suggests that this
region of the S4 helix moves as a single entity. To test
this, we investigated whether combining V535S with ei-
ther L529S and/or L5328 would give additive (expected
if motions were independent) or nonadditive (expected
for rigid body motions) effects on Alog(K.) values.
Fig. 5 A shows a bar graph comparing the shifts in
log(K.q,) of single mutants (V535S, 1L532S, and L.529S),
double mutants (I.529S + V535S and L532S + V535S),
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Figure 6. Perturbations to inactivation gating and activation gat-
ing show poor correlation for S4 residue mutations. Plot com-
paring perturbations to AG’, versus WT, of inactivation gating
(AAG a0, represented by Alog(K.,0)) compared with perturba-
tions to AG’, versus WT, of activation gating (AAG'y; see Materi-
als and methods) for each S4 residue mutation. Solid black line
represents linear regression analysis constrained to go through
WT, whereas dashed gray line is an unconstrained fit (R* = 0.38).
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and the triple mutant (L529S+1.5325+V535S; Triple
S4). Although the Alog(K.q) was larger for the L5298 +
V535S double mutant when compared with the single
mutations, the increase in Alog(Keq,o) was not as large as
the sum of the two individual residues combined. Fur-
thermore, neither the double mutant 1.532S + V535S
nor the triple S4 mutant produced Alog(K..o) values
that were significantly different from the largest individual
single mutant, V535S (Fig. 5 A). A plot of log(kinac0)
versus log(K.q) for all combination mutants produced
a slope of 0.42 + 0.07 and was not significantly different
from that derived from the S4 helix as a whole (Fig. 5 B).
Our data strongly suggests that the face of the S4 helix
that encompasses the hydrophobic residues Leub529,
Leub32, and Val535 moves as a single entity during inac-
tivation gating of Kvl1.1 channels.
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Figure 7. Only combinations of S4 mutants alter the voltage
sensitivity of Kvll.1 channel inactivation. (A and B) Dot plots
showing the linear slope values calculated from the derived uni-
directional rate constants (shown as black lines in Fig. 1 D) for
the onset of (k. A) and recovery from (k...; B) inactivation for
groups of mutants (to Ala, Ser, and Trp) at each residue in the
S4 domain, as well as the double and triple mutants. Slope val-
ues indicate the voltage dependence of the forward (inactivation; A)
and reverse (recovery from inactivation; B) gating transitions.
The mean of all mutations at each individual residue falls within
+2 standard deviations (gray box) of the mean calculated from all
single S4 mutants.
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Inactivation of Kvl1.1 channels is thought to be in-
trinsically voltage dependent; i.e., the voltage depen-
dence of inactivation is not directly linked to the voltage
dependence of activation (Vandenberg et al., 2012).
There are two ways that a mutation can affect the volt-
age-dependent inactivation of Kvl1.1 channels. The first
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Figure 8. Multi-domain model of inactivation gating in Kvl1.1

channels. (A-D) REFER plots to compare S4 residue mutations
(shown in black) against S4S5 linker (A), S5 (B), S5P linker (C),
and S6 (D) residue mutations (shown in gray). ANCOVA shows
that the linear regression slope, which represents the ®-value, was
significantly different for the S4 helix compared with the S5, S5P,
and S6 helices (P < 0.05), but not the S4-S5 linker. (E) Cartoon
showing two opposing subunits of Kvl1.1. Segments in the right-
hand subunit are labeled SI-S6 and pore helix (PH). Segments
in the lefthand subunit are color and number coded, according
to derived ®-values (present study and Wang et al., 2011; Perry
et al.,, 2013), to show the relative sequence of events that occur
during the open-to-inactivated gating transition, where red (1)
indicates the first step and purple (8) indicates the putative final
step. The S4 helix (green, 5), as well as the S4-S5 linker, expe-
rience a change in environment shortly after the S5 helix and
S5P linker but before the S6 helix. We propose that hydrophobic
interactions between the S4 helix and the S5 helix help couple
the voltage-sensor domain to the pore domain during the open-
to-inactivated gating transition of Kvl11.1 channels.



is by altering the chemical free energy change associated
with inactivation, i.e., a shift in the equilibrium set point
of the voltage dependence (compared with WT), as re-
flected by a change in log(K.0). The vast majority of
point mutations in the S4 helix (66 out of 70; see Fig. 6
and Table S1), and throughout the channel protein
(Wang et al., 2011), caused a negative shift in log(K.q0),
reflecting a depolarizing shift in the voltage dependence
of inactivation (i.e., stabilization of the open state). In
contrast, the same set of S4 mutations altered the chem-
ical free energy, and hence the voltage dependence, of
activation gating in either direction to an approximately
equal degree (Fig. 6). Thus, the S4 mutation-induced
perturbations to the voltage dependence of inactivation
show only a weak correlation (R? = 0.38) with the pertur-
bations to the voltage dependence of activation (Fig. 6),
consistent with the notion that the activation and inacti-
vation gating processes are not directly linked.

The second way that a mutation can perturb inac-
tivation is by directly altering the degree of voltage de-
pendence, which can be detected as a change in the
slope of the unidirectional forward (inactivation) or re-
verse (recovery from inactivation) transition rate con-
stants (shown as black lines in Fig. 1 D). Slope values
representing the voltage dependence of inactivation
(Fig. 7 A) and recovery from inactivation (Fig. 7 B) for
all individual S4 residue mutations (to Ala, Ser, and
Trp) tested during scanning mutagenesis of the S4 do-
main all fall within 2 standard deviations (gray box) of
the mean. In other words, none of the individual residue
mutations significantly alter the voltage dependence of
inactivation gating. It was only when we combined hy-
drophobic residue mutations (L532S + V535S for the
forward rate) and (L529S + V535S and 1.529S + 1.532S +
V535S for the reverse rate) that we observed modest
changes to the voltage dependence of rates of inac-
tivation (Fig. 7). Thus, it is possible that the S4 helix
contributes to the voltage dependence of inactivation
gating. However, as we only saw significant deviations
with combined mutants, we should be cautious in sug-
gesting that S4 plays a direct role. Even with this caveat,

S4 (sub‘1)

S5 (sub2)
v

itis clear that the role of the S4 helix in inactivation gat-
ing is different than the role it plays as the principal
voltage sensor for activation gating in Kvl1.1 (Subbiah
et al., 2004; Zhang et al., 2004; Piper et al., 2005) and
other Kv channels (Swartz, 2008).

REFER analysis demonstrates that hydrophobic resi-
dues within the S4 helix are important determinants for
inactivation gating in Kvl1.1 channels. The relative tim-
ing of the change in environment experienced by the
S4 hydrophobic residues during the inactivation gating
transition can be determined by comparing the overall
®-value of ~0.5 for the S4 helix with ®-values derived
from other domains within the channel protein (Wang
etal., 2011), as shown in Fig. 8. The S4 ®-value was not
significantly different from that derived from the inter-
nal $4-S5 linker (® = 0.43 + 0.04; P > 0.05; ANCOVA),
suggesting that these two domains are coupled during
inactivation gating. However, the change in environ-
ment experienced by the S4 hydrophobic residues oc-
curs just after a conformational change in the S5 helix
(P =0.78 + 0.07; P < 0.05) and S5P linker (® = 0.60 =
0.03; P < 0.05) but before a conformational change in
the S6 helix (® =0.33 + 0.05; P < 0.05) (Fig. 8).

When viewed on a Kvl1.1 channel homology model,
based on the crystal structure of a Kvl.2/2.1 channel
chimera (Long et al., 2007), the side chains of the hy-
drophobic residues Leub529, Leub532, and Val535 face
toward hydrophobic residues on the S5 helix of the
neighboring subunit (Fig. 9). This raises the question of
whether the S4 helix and S5 helix are energetically
coupled via an intersubunit hydrophobic interaction.
To experimentally test for an energetic coupling between
hydrophobic residues on the S4 helix (Leu529, Leu530,
Leub32, or Val535) and hydrophobic residues on the
S5 helix (Ile560, Leu564, or Ile567), or a nonhydropho-
bic residue on the S5P linker (Asp591), we combined
perturbing mutations of residues within each helix
(Fig. 10). If an energetic coupling exists between two
residues, we would predict that the perturbations caused
by the individual mutations, measured as Alog(K.q0)
relative to WT, would not be additive when combined

Figure 9. Homology model of the Kvl1.1 channel. View
parallel to the membrane of an amplified region of a Kvl1.1
channel homology model created using the Kv1.2/2.1 chi-
mera crystal structure (Long etal., 2007) as a template, ac-
cording to the alignment shown in Fig. S3. The amplified
region is indicated by the boxed region of the entire four-
subunit homology model shown in the inset. Hydrophobic
residues on the S4 helix (Leub529, Leub32, and Val535) of
one subunit (subl; shown in green, with residues colored
orange) face toward hydrophobic residues on the S5 helix
(Ile560, Leu564, and I1e567) of the neighboring subunit
(sub2; shown in blue, with residues colored purple). The
arrow represents a cavity filled by lipid in the Kvl.2/2.1
crystal structure.
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Figure 10. Double mutant cycle analysis of S4 and S5 helix resi-
dues. (A) Schematic showing the principle of double mutant
cycle analysis to test for an energetic coupling between Leu529
on the $4 helix and Ile560 on the S5 helix. Perturbations to inac-
tivation, measured by changes in log(K.q) relative to WT, caused
by individual mutations, L529S (AAG,,,1) and I560A (AAG,.0),
are compared with the perturbation caused by the double mutant
L5298 + I560A (AAGputiimue) - Measured Alog(K.q ) values repre-
senting AAG,,u1, AAGyu0, and AAG,,uq4mue are shown in paren-
theses. An energetic coupling between Leu529 (S4) and Ile560
(S5) residues is indicated by AAG,y14mue being significantly dif-
ferent from AAG,,,q + AAG,,,0 (P < 0.05; see Materials and meth-
ods). (B-E) Double mutant cycle analysis for S4 helix mutations
L529S (B), L530S (C), L532S (D), and V535S (E), paired with
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in the double mutant (i.e., AAGyuiimue < AAGLa +
AAG,9; see Materials and methods). Conversely, if the
perturbations caused by the two single mutants were ad-
ditive when combined in the double mutant, the two
residues are not energetically coupled (i.e., AAGyyusmue =
AAGua + AAG,,,). For example, the schematic in
Fig. 10 A represents double mutant cycle analysis be-
tween two residues: Leub29 on the S4 helix and Ile560
on the S5 helix. Itis clear that the perturbations caused
by the two mutations, L529S (AAG,,, ) and I560A
(AAG,,19), are not additive when combined in the dou-
ble mutant, L.529S + I560A (AAG,u1mue). In fact, the
AAG umue Of the double mutant is significantly less
than the theoretical additive value (AAG,,,q + AAG,,u0)
(Fig. 10 B; P < 0.05; two-tailed Welch’s ¢ test), indicating
that Leub29 on the S4 helix and Ile560 on the S5 helix
are, at least in part, energetically coupled. Similarly, com-
bining the same S4 helix mutation, L529S, with a differ-
ent Sb helix mutation, I567A, resulted in a AAG,uiimue,
which was significantly less than AAG,,q + AAG,u0
(Fig. 10 B; P < 0.05; two-tailed Welch’s ¢ test), suggesting
that these two residues are also energetically coupled.
In contrast, combining L.529S with either L564A (S5 helix)
or D591K (S5P linker) resulted in a AAGuiimue *
AAG 0 + AAG e (Fig. 10 B; P = NS; two-tailed Welch’s
t test), suggesting that Leu529 is not energetically cou-
pled with either Leub64 (S5) or Aspb91 (S5P).

In addition to L.529S, we also tested three other S4
helix hydrophobic residue mutations: L530S (Fig. 10 C),
L532S (Fig. 10 D), and V535S (Fig. 10 E). All show a
similar pattern, in that the combinations with the S5
residue mutations I560A or I567A are nonadditive (P <
0.05; two-tailed Welch’s ¢ test), whereas the combina-
tions with the Sb residue mutation L564A, or S5P linker
residue mutation D591K, are additive. One exception
to this is the combination of L532S (S4) with D591K
(S5P linker), which resulted in a nonadditive effect. Al-
though we cannot rule out the possibility that these two
residues are energetically coupled, it seems unlikely
given their distant spatial proximity in models of the
Kv11.1 channel (Tseng et al., 2007; Durdagi et al., 2012).
An alternative explanation is that the combination of
mutations, L532S + D591K, introduces a non-native in-
teraction or alters the structure of either or both of the
two stable end states. Although this is not indicated by an
abnormal ®-value (® =0.75 + 0.01; n = 10; see Table S1),
that is to say outside of the range 0 and 1, it remains
possible that the double mutant (L532S + D591K) affects
two or more processes that coincidentally cancel each
other out to give a ®-value between 0 and 1.

mutations on the S5 helix (I560A, L564A, or I567A) or S5P linker
(D591K). Measured values of Alog(K.q,) for individual or double
mutants are shown as closed bars, whereas the theoretical addi-
tive values, AAG,,y1 + AAG,0, are shown by open bars. Data pre-
sented as means + SEM for 6-14 cells (see Table S1).



In general, however, the nonadditive effects of com-
bining S4 helix mutations (L529S, L530S, L532S, or
V535S) with S5 helix mutations (I560A or I567A) pro-
vide strong evidence for the notion of hydrophobic
coupling between the S4 helix and the S5 helix during
inactivation gating in Kvl1.1 channels. Based on the
Kvll.1 channel homology model, we suggest that this
energetic coupling is likely to be caused by an intersub-
unit interaction, which is critical for inactivation gating
in Kvl1.1 channels.

DISCUSSION

C-type inactivation gating in potassium channels is thought
to culminate in a conformational rearrangement of the
selectivity filter, which results in the loss of one or more
K' coordination sites (Cuello et al., 2010). Recently, we
used REFER analysis to show that inactivation of Kv11.1
channels is a complex phenomenon in which a pre-
cisely timed sequence of conformational changes in
multiple interconnected domains of the channel must
occur before reaching the nonconducting stable end
state, a process analogous to the opening of a Japanese
puzzle box (Fig. 8) (Wang et al., 2011). In the present
study, we used REFER analysis to examine the role of the
S4 “voltage-sensor” helix during inactivation gating. Our
results indicate that in contrast to channel opening, where
the positively charged residues within the S4 helix are cru-
cial for “sensing” changes in membrane potential to trig-
ger opening of the S6 activation gate (Subbiah etal., 2004;
Zhang et al., 2004; Piper et al., 2005), it is predominantly
the hydrophobic residues within the S4 helix that are the
crucial molecular determinants for inactivation gating. An
overall ®-value of ~0.5 indicates that the S4 helix, together
with the internal S4-S5 linker, experiences a change in
environment after conformational changes in the S5 helix
(® =0.78) and S5P linker (P = 0.60) but before a confor-
mational change in the S6 helix (® = 0.3) (Fig. 8). Based
on our Kvl1.1 homology model and double mutant cycle
analysis data, we propose that intersubunit interactions
between hydrophobic residues within the S4 and S5 heli-
ces are important determinants of inactivation gating in
Kvl1.1 channels.

Although we observed perturbations to the energetics
of inactivation gating upon mutation of both charged
and hydrophobic residues within the S4 helix (Fig. 2), it
is clear that the charged residues exhibit greater toler-
ance to nonconserved side chain replacements than do
the hydrophobic residues, at least at positions 530 and
535 (Fig. 3). This finding is initially surprising given the
crucial role of the charged residues in mediating the
voltage dependence of Kvl1.1 channel opening (Subbiah
etal., 2004; Zhang et al., 2004; Piper et al., 2005). The
voltage-sensor domain, however, is likely to adopt at
least three stable conformations: resting, active, and re-
laxed (Villalba-Galea et al., 2008). The transition from

the resting to active conformations is linked to opening
of the intracellular channel gate (Swartz, 2008). Our
voltage protocols were designed to ensure that the S4
was predominantly in the “active” position before mea-
suring the onset and recovery from inactivation. In this
context, it is possible that the hydrophobic S4 residues
may contribute to so-called voltage-sensor relaxation.
Whether this in turn is coupled to inactivation we can-
not determine from our studies and is a source of con-
troversy (Villalba-Galea et al., 2008; Lacroix et al., 2011;
Shirokov, 2011). Regardless of whether voltage-sensor
relaxation is involved or not, what is clear from our ex-
periments is that the hydrophobic S4 residues are key
determinants of the open-to-inactivated transition in
Kv11.1 channels.

The voltage dependence of activation and inactiva-
tion gating in Kvll.1 channels are clearly separable
(Wang et al., 1997; Zou et al., 1998; Johnson et al., 1999;
Sanguinetti and Xu, 1999; Piper et al., 2005; Clarke
et al., 2006; Vandenberg et al., 2006). Our data indicate a
poor correlation between the mutation-induced changes
in the equilibrium of inactivation gating compared with
that of activation gating (Fig. 6), supporting the notion
that the S4 involvement during these two gating transi-
tions involves a quite distinct molecular mechanism.
Furthermore, none of the individual S4 residues we
mutated directly perturbed the voltage dependence of
either the forward or the reverse inactivation gating tran-
sitions (Fig. 7), suggesting that the origin of the voltage
dependence of inactivation may lie beyond the region
of the S4 helix.

REFER analysis provides information regarding the
relative time point at which a perturbation affects the
native transition pathway of a reaction (Auerbach,
2007) and can be used to infer when the mutated resi-
due or region of the protein was involved in that transi-
tion pathway. Previously (Wang etal., 2011), we observed
that altering the external concentration of potassium
ions gave a ®-value of ~1, suggesting that a loss of po-
tassium ions from the selectivity filter is the first step
during the inactivation gating transition. Diminishing
®-values were then observed for families of mutations
in the S5 helix (® = 0.75), S5P linker (® = 0.6), S4-S5
linker (® = 0.45), S6 helix (® = 0.3), and pore helix
(P =0.25). In this context, we can confirm that the S4
helix (® = 0.50) experiences a change in environment
after the S5 helix and S5P linker but before the S6 helix
(Fig. 8). An overall ®-value of ~0.5 for the S4 helix was
similar to that derived from the internal S4-S5 linker,
suggesting that these two domains are coupled during
inactivation gating.

Combining three of the S4 hydrophobic residue mu-
tations (Leub529, Leub32, and Val535) produced shifts
in log(K.q0) that were clearly not additive, suggesting
that these residues experience a change in environ-
ment at a similar time point. Families of mutations at
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Leub29, Leub32, or Val535 gave ®-values that were not
significantly different from that derived from the re-
mainder of the S4 domain, whereas the ®-value derived
from Leu530 mutations was significantly smaller (® =
~0.3). This suggests that Leu530 may undergo a change
in energetics at a time point closer to that of the S6 do-
main (® = 0.3) than the other S4 residues. According to
our homology model (Fig. 9), Leu530 is not in direct
contact with the S6 helix but instead faces the S3 helix
and/or the lipid membrane. It appears unlikely, there-
fore, that Leu530 directly interacts with S6 helix residues,
but it is entirely possible that the two regions of the chan-
nel undergo independent conformational changes at
approximately the same time point during the transi-
tion pathway. Nevertheless, we suggest that the relatively
consistent nature of the ®-values that we derived from
mutations of residues throughout the S4 helix indicates
that the majority of the S4 domain, along with the inter-
nal S4-S5 helix, experiences a change in environment at
the same relative time point during the open-to-inactivated
gating transition.

Although REFER analysis provides temporal informa-
tion about the role of the S4 helix during inactivation
gating, it cannot provide a direct indication of the na-
ture of the change in environment experienced by the
S4 helix. We therefore used a combination of homology
modeling and double mutant cycle analysis to probe
the nature of this structural change. Based on our
Kvl1l.1 channel homology model (Fig. 9), we hypothe-
sized that the important hydrophobic residues in the
S4 helix face directly toward the S5 helix of the neigh-
boring subunit. Previously, several different types of in-
teractions between the voltage-sensor domain and the
pore domain have been suggested in various subtypes
of potassium channel. In Kv channels, including Kv11.1,
residues at the intracellular end of the S4 helix, to-
gether with the S4-S5 linker, interact with residues at
the intracellular end of the S6 helices that form the ac-
tivation gate (Lu et al.,, 2002; Tristani-Firouzi et al.,
2002; Long et al., 2005; Ferrer et al., 2006). This type of
interaction is important in coupling the transition of
the voltage sensor into the active conformation upon
membrane depolarization to the opening of the internal
S6 activation gate (Long et al., 2005). A second set of
interactions has been proposed between residues at the
extracellular ends of the S1 (Long et al., 2005, 2007; Lee
et al., 2009; Bocksteins et al., 2011) or S4 helices (Elinder
et al., 2001; Neale et al., 2003; Bocksteins et al., 2011)
with residues at the extracellular end of the S5 helix of
the neighboring subunit. It has been suggested that
these interactions could help constrain the voltage sen-
sor to the pore during channel opening (Lee et al., 2009).
Lastly, in hyperpolarization-activated KAT1 channels,
there is evidence for interactions between two non-
charged S4 residues and two residues in the middle of
the S5 helix (Lai et al., 2005).
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Our double mutant cycle analysis data support the no-
tion of an energetic coupling between hydrophobic resi-
dues on the S4 helix (Leub29, Leub30, Leub32, and
Val535) and hydrophobic residues on the S5 helix (Ile560
and Ile567) of the neighboring subunit during inactiva-
tion gating. However, the number of different side chain
mutations tolerated at some of these positions, namely
529 and 532, suggests that these two regions are not
tightly packed. Leub29 through Val535 lie within the in-
tracellular half of the S4 helix and, as such, are below the
region proposed for the extracellular voltage sensor—
pore domain interaction. They are also clearly distinct to
the residues at the intracellular end of S4 that have been
suggested to form interactions with the intracellular end
of S6, i.e., Asp540 with Leu666 (Ferrer et al., 2006). They
could, however, be consistent with the midlevel interac-
tion observed in KAT1 channels (Lai et al., 2005). Based
on our homology model, it is possible that some of the
hydrophobic residues are close enough for a direct hy-
drophobic interaction, such as Leub529 (S4) with Ile567
(S5), but in other instances, the distance between resi-
dues does not support such a notion. In the Kvl.2/2.1
chimera x-ray structure, there is a gap between this re-
gion of the S4 helix and the S5 helix of the neighboring
subunit that is occupied by lipid (Long et al., 2007). It is
conceivable that the replacement of bulky hydrophobic
residues with serine affects the interactions between the
hydrophobic residues in S4 and S5 with the hydrophobic
lipid. The S4 and S5 domains may then be energetically
coupled through a shared lipid interaction. It has been
shown that gating of Kv channels is influenced by the
lipid composition of membranes (Schmidt et al., 2006,
2009). In the case of KvAP channels, Schmidt et al. (2009)
showed that the lipid composition influenced multiple
gating transitions, with the most dramatic effect observed
for rates of recovery from inactivation. Investigation of
this hypothesis in Kvl1.1 channels will, however, be diffi-
cult, as it would require expression of sufficiently large
amounts of recombinant protein to allow reconstitution
into different lipid bilayers.

Most voltage-gated channels contain several pairs of
hydrophobic residues, interspersed between positively
charged residues, along the length of the S4 segment
(Anselmi et al., 2007; Long et al., 2007; Pless et al.,
2011). The highly conserved nature of the S4 hydro-
phobic residues across all Kv channels (Anselmi et al.,
2007; Long et al., 2007; Pless et al., 2011) suggests that
the S4 and S5 hydrophobic interaction we propose
could be common to all members of the family, rather
than being unique to Kvll.1 channels. In fact, it has
been suggested that small changes to the degree of hy-
drophobicity within the S4 helix could alter the extent
of packing against the S5 helix, and that this could re-
flect differences in the kinetics of voltage-sensor motion
during channel opening (Anselmi et al., 2007). How-
ever, it should be noted that the sequence homology



and hydrophobicity of the S5 helix is much less con-
served across the Kv family (Shealy et al., 2003; Ju et al.,
2009), and that C-type inactivation gating in other Kv
channels is not intrinsically voltage dependent (Hoshi
and Armstrong, 2013). Because inactivation gating has
much slower kinetics than those of channel opening in
other Kv channels, it may be difficult to separate these
two gating processes sufficiently to test whether hydro-
phobic residues within the S4 domain play a similar role
in mediating selectivity filter gating in other Kv chan-
nels. Nevertheless, it is clear that S4 hydrophobic resi-
dues are critical mediators of inactivation gating in
Kv11.1 channels.

We thank T. Marciniec for making technical contributions.

This research was supported by a project grant from the
National Health and Medical Research Council of Australia
(NHMRC; grant 635520) and fellowships to J.I. Vandenberg
(NHMRC grants 459401 and 1019693).

Author contributions: Conception and design of the experi-
ments: M.D. Perry, S. Wong, and ].I. Vandenberg; collection,
analysis, and interpretation of data: M.D. Perry, S. Wong, C.A. Ng,
and J.I. Vandenberg; drafting the article or revising it critically for
important intellectual content: M.D. Perry, S. Wong, C.A. Ng, and
J.I. Vandenberg. All authors approved the final version of the
manuscript. Disclosures: none.

Kenton J. Swartz served as editor.

Submitted: 15 February 2013
Accepted: 29 July 2013

REFERENCES

Anselmi, C., P. Carloni, and V. Torre. 2007. Origin of functional di-
versity among tetrameric voltage-gated channels. Proteins. 66:136—
146. http://dx.doi.org/10.1002/prot.21187

Arnold, K., L. Bordoli, J. Kopp, and T. Schwede. 2006. The SWISS-
MODEL workspace: a web-based environment for protein struc-
ture homology modelling. Bioinformatics. 22:195-201. http://
dx.doi.org/10.1093/bioinformatics/bti770

Auerbach, A. 2007. How to turn the reaction coordinate into
time. J. Gen. Physiol. 130:543-546. http://dx.doi.org/10.1085/
jgp-200709898

Bett, G.C., Q. Zhou, and R.L. Rasmusson. 2011. Models of HERG
gating. Biophys. J. 101:631-642. http://dx.doi.org/10.1016/j.bpj
.2011.06.050

Bocksteins, E., N. Ottschytsch, J.P. Timmermans, A.J. Labro, and
D.J. Snyders. 2011. Functional interactions between residues in
the S1, S4, and S5 domains of Kv2.1. Eur. Biophys. J. 40:783-793.
http://dx.doi.org/10.1007/500249-011-0694-3

Bordoli, L., F. Kiefer, K. Arnold, P. Benkert, ]. Battey, and T. Schwede.
2009. Protein structure homology modeling using SWISS-MODEL
workspace. Nat. Protoc. 4:1-13. http://dx.doi.org/10.1038 /nprot
.2008.197

Brugada, R., K. Hong, R. Dumaine, J. Cordeiro, F. Gaita, M.
Borggrefe, T.M. Menendez, ]J. Brugada, G.D. Pollevick, C.
Wolpert, et al. 2004. Sudden death associated with short-QT
syndrome linked to mutations in HERG. Circulation. 109:30-35.
http://dx.doi.org/10.1161/01.CIR.0000109482.92774.3A

Clarke, C.E., A.P. Hill, J. Zhao, M. Kondo, R.N. Subbiah, T.J.
Campbell, and J.I. Vandenberg. 2006. Effect of S5P alpha-helix
charge mutants on inactivation of hERG K* channels. J. Physiol.
573:291-304. http://dx.doi.org/10.1113/jphysiol.2006.108332

Cuello, L.G., V. Jogini, D.M. Cortes, and E. Perozo. 2010. Structural
mechanism of C-type inactivation in K* channels. Nature. 466:203—
208. http://dx.doi.org/10.1038 /nature09153

Cymes, G.D., C. Grosman, and A. Auerbach. 2002. Structure of the
transition state of gating in the acetylcholine receptor channel
pore: a phi-value analysis. Biochemistry. 41:5548-5555. http://
dx.doi.org/10.1021/bi011864f

Durdagi, S., S. Deshpande, H.J. Duff, and S.Y. Noskov. 2012.
Modeling of open, closed, and open-inactivated states of the
hERG1 channel: structural mechanisms of the state-dependent
drug binding. J. Chem. Inf. Model. 52:2760-2774. http://dx.doi
.org/10.1021/¢i300353u

Elinder, F., R. Minnikko, and H.P. Larsson. 2001. S4 charges
move close to residues in the pore domain during activation in a
K channel. J. Gen. Physiol. 118:1-10. http://dx.doi.org/10.1085/
jgp-118.1.1

Ferrer, T., J. Rupp, D.R. Piper, and M. Tristani-Firouzi. 2006. The
S$4-S5 linker directly couples voltage sensor movement to the ac-
tivation gate in the human ether-a’-go-go-related gene (hERG)
K" channel. J. Biol. Chem. 281:12858-12864. http://dx.doi.org/
10.1074/jbc.M513518200

Fersht, A.R. 2004. Relationship of Leffler (Bronsted) alpha val-
ues and protein folding Phi values to position of transition-state
structures on reaction coordinates. Proc. Natl. Acad. Sci. USA. 101:
14338-14342. http://dx.doi.org/10.1073/pnas.0406091101

Fersht, A.R. 2008. From the first protein structures to our current
knowledge of protein folding: delights and scepticisms. Nat. Rev.
Mol. Cell Biol. 9:650-654. http://dx.doi.org/10.1038/nrm2446

Fersht, A.R., and S. Sato. 2004. Phi-value analysis and the nature of
protein-folding transition states. Proc. Natl. Acad. Sci. USA. 101:
7976-7981. http://dx.doi.org/10.1073/pnas.0402684101

Fersht, A.R., A. Matouschek, and L. Serrano. 1992. The folding of
an enzyme. . Theory of protein engineering analysis of stability
and pathway of protein folding. J. Mol. Biol. 224:771-782. http://
dx.doi.org/10.1016,/0022-2836(92)90561-W

Grosman, C., M. Zhou, and A. Auerbach. 2000. Mapping the confor-
mational wave of acetylcholine receptor channel gating. Nature.
403:773-776. http:/ /dx.doi.org/10.1038/35001586

Guex, N., and M.C. Peitsch. 1997. SWISS-MODEL and the Swiss-
PdbViewer: an environment for comparative protein modeling.
Electrophoresis. 18:2714-2723. http://dx.doi.org/10.1002/elps
1150181505

Hoshi, T., and C.M. Armstrong. 2013. C-type inactivation of voltage-
gated K* channels: Pore constriction or dilation? J. Gen. Physiol.
141:151-160. http://dx.doi.org/10.1085/jgp.201210888

Jackson, S.E., and A.R. Fersht. 1991. Folding of chymotrypsin in-
hibitor 2. 1. Evidence for a two-state transition. Biochemistry.
30:10428-10435. http://dx.doi.org/10.1021/bi00107a010

Johnson, J.P.,, Jr., EFM. Mullins, and P.B. Bennett. 1999. Human
ether-a-go-go-related gene K’ channel gating probed with ex-
tracellular Ca*". Evidence for two distinct voltage sensors. J. Gen.
Physiol. 113:565-580. http://dx.doi.org/10.1085/jgp.113.4.565

Ju, P, G. Pages, R.P. Riek, P.C. Chen, A.M. Torres, P.S. Bansal, S.
Kuyucak, P.W. Kuchel, and J.I. Vandenberg. 2009. The pore do-
main outer helix contributes to both activation and inactivation
of the HERG K' channel. J. Biol. Chem. 284:1000-1008. http://
dx.doi.org/10.1074/jbc.M806400200

Kiehn, J., A.E. Lacerda, and A.M. Brown. 1999. Pathways of HERG
inactivation. Am. J. Physiol. 277:H199-H210.

Lacroix, J.J., AJ. Labro, and F. Bezanilla. 2011. Properties of deacti-
vation gating currents in Shaker channels. Biophys. J. 100:L28-1.30.
http://dx.doi.org/10.1016/j.bp;j.2011.01.043

Lai, H.C., M. Grabe, Y.N. Jan, and LY. Jan. 2005. The S4 voltage
sensor packs against the pore domain in the KAT1 voltage-gated
potassium channel. Neuron. 47:395-406. http://dx.doi.org/10
.1016/j.neuron.2005.06.019

Perry et al. 287


http://dx.doi.org/10.1038/nature09153
http://dx.doi.org/10.1021/bi011864f
http://dx.doi.org/10.1021/bi011864f
http://dx.doi.org/10.1021/ci300353u
http://dx.doi.org/10.1021/ci300353u
http://dx.doi.org/10.1085/jgp.118.1.1
http://dx.doi.org/10.1085/jgp.118.1.1
http://dx.doi.org/10.1074/jbc.M513518200
http://dx.doi.org/10.1074/jbc.M513518200
http://dx.doi.org/10.1073/pnas.0406091101
http://dx.doi.org/10.1038/nrm2446
http://dx.doi.org/10.1073/pnas.0402684101
http://dx.doi.org/10.1016/0022-2836(92)90561-W
http://dx.doi.org/10.1016/0022-2836(92)90561-W
http://dx.doi.org/10.1038/35001586
http://dx.doi.org/10.1002/elps.1150181505
http://dx.doi.org/10.1002/elps.1150181505
http://dx.doi.org/10.1085/jgp.201210888
http://dx.doi.org/10.1021/bi00107a010
http://dx.doi.org/10.1085/jgp.113.4.565
http://dx.doi.org/10.1074/jbc.M806400200
http://dx.doi.org/10.1074/jbc.M806400200
http://dx.doi.org/10.1016/j.bpj.2011.01.043
http://dx.doi.org/10.1016/j.neuron.2005.06.019
http://dx.doi.org/10.1016/j.neuron.2005.06.019
http://dx.doi.org/10.1002/prot.21187
http://dx.doi.org/10.1093/bioinformatics/bti770
http://dx.doi.org/10.1093/bioinformatics/bti770
http://dx.doi.org/10.1085/jgp.200709898
http://dx.doi.org/10.1085/jgp.200709898
http://dx.doi.org/10.1016/j.bpj.2011.06.050
http://dx.doi.org/10.1016/j.bpj.2011.06.050
http://dx.doi.org/10.1007/s00249-011-0694-3
http://dx.doi.org/10.1038/nprot.2008.197
http://dx.doi.org/10.1038/nprot.2008.197
http://dx.doi.org/10.1161/01.CIR.0000109482.92774.3A
http://dx.doi.org/10.1113/jphysiol.2006.108332

Lee, S.Y.,, A. Banerjee, and R. MacKinnon. 2009. Two separate in-
terfaces between the voltage sensor and pore are required for
the function of voltage-dependent K* channels. PLoS Biol. 7:¢47.
http://dx.doi.org/10.1371 /journal.pbio.1000047

Long, S.B., E.B. Campbell, and R. Mackinnon. 2005. Voltage sensor
of Kvl.2: structural basis of electromechanical coupling. Science.
309:903-908. http://dx.doi.org/10.1126/science.1116270

Long, S.B., X. Tao, E.B. Campbell, and R. MacKinnon. 2007.
Atomic structure of a voltage-dependent K* channel in a lipid
membrane-like environment. Nature. 450:376-382. http://dx.doi
.org/10.1038 /nature06265

Lu, Z., AM. Klem, and Y. Ramu. 2002. Coupling between volt-
age sensors and activation gate in voltage-gated K" channels.
J- Gen. Physiol. 120:663-676. http://dx.doi.org/10.1085/jgp
.20028696

Neale, E.J., D.J. Elliott, M. Hunter, and A. Sivaprasadarao. 2003.
Evidence for intersubunit interactions between S4 and S5 trans-
membrane segments of the Shaker potassium channel. J. Biol. Chem.
278:29079-29085. http://dx.doi.org/10.1074/jbc.M301991200/
6493

Perry, M.D., C.A. Ng, and J.I. Vandenberg. 2013. Pore helices play
a dynamic role as integrators of domain motion during Kvl1.1
channel inactivation gating. J. Biol. Chem. 288:11482-11491.
http://dx.doi.org/10.1074/jbc.M113.461442

Piper, D.R.,, WA. Hinz, C.K. Tallurri, M.C. Sanguinetti, and M.
Tristani-Firouzi. 2005. Regional specificity of human ether-a’-
go-go-related gene channel activation and inactivation gating.
J- Biol. Chem. 280:7206-7217. http://dx.doi.org/10.1074/jbc
.M411042200

Pless, S.A., ]J.D. Galpin, A.P. Niciforovic, and C.A. Ahern. 2011.
Contributions of counter-charge in a potassium channel voltage-
sensor domain. Nat. Chem. Biol. 7:617-623. http://dx.doi.org/10
.1038/nchembio.622

Price, N.C., and R.A. Dwek. 1996. Principles and Problems in
Physical Chemistry for Biochemists. Oxford University Press,
Oxford. 258 pp.

Purohit, P., A. Mitra, and A. Auerbach. 2007. A stepwise mechanism
for acetylcholine receptor channel gating. Nature. 446:930-933.
http://dx.doi.org/10.1038 /nature05721

Sanguinetti, M.C., and M. Tristani-Firouzi. 2006. hERG potassium
channels and cardiac arrhythmia. Nature. 440:463-469. http://
dx.doi.org/10.1038/nature04710

Sanguinetti, M.C., and Q.P. Xu. 1999. Mutations of the S$4-Sb
linker alter activation properties of HERG potassium channels
expressed in Xenopus oocytes. J. Physiol. 514:667-675. http://
dx.doi.org/10.1111/j.1469-7793.1999.667ad.x

Schmidt, D., Q.X. Jiang, and R. MacKinnon. 2006. Phospholipids
and the origin of cationic gating charges in voltage sensors.
Nature. 444:775-779. http://dx.doi.org/10.1038 /nature05416

Schmidt, D., S.R. Cross, and R. MacKinnon. 2009. A gating model
for the archeal voltage-dependent K* channel KvAP in DPhPC
and POPE:POPG decane lipid bilayers. /. Mol. Biol. 390:902-912.
http://dx.doi.org/10.1016/j.jmb.2009.05.062

Shealy, R.T., A.D. Murphy, R. Ramarathnam, E. Jakobsson, and
S. Subramaniam. 2003. Sequence-function analysis of the K'-
selective family of ion channels using a comprehensive alignment
and the KcsA channel structure. Biophys. J. 84:2929-2942. http://
dx.doi.org/10.1016,/S0006-3495(03)70020-4

Shirokov, R. 2011. What’s in gating currents? Going beyond the
voltage sensor movement. Biophys. J. 101:512-514. http://dx.doi
.org/10.1016/j.bpj.2011.06.007

Smith, P.L., T. Baukrowitz, and G. Yellen. 1996. The inward rec-
tification mechanism of the HERG cardiac potassium channel.
Nature. 379:833-836. http://dx.doi.org/10.1038/379833a0

288 Role of S4 domain in Kv11.1 channel inactivation

Spector, P.S., M.E. Curran, A. Zou, M.T. Keating, and M.C.
Sanguinetti. 1996. Fast inactivation causes rectification of the IKr
channel. J. Gen. Physiol. 107:611-619. http://dx.doi.org/10.1085/
jgp.107.5.611

Subbiah, R.N., C.E. Clarke, D J. Smith, J. Zhao, T.J. Campbell, and
J.I. Vandenberg. 2004. Molecular basis of slow activation of the
human ether-a-go-go related gene potassium channel. J. Physiol.
558:417-431. http://dx.doi.org/10.1113/jphysiol.2004.062588

Sun, Y., X.Q. Quan, S. Fromme, R.H. Cox, P. Zhang, L. Zhang, D.
Guo, J. Guo, C. Patel, PR. Kowey, and G.X. Yan. 2011. A novel mu-
tation in the KCNH2 gene associated with short QT syndrome. J.
Mol. Cell. Cardiol. 50:433-441. http://dx.doi.org/10.1016/j.yjmcc
.2010.11.017

Swartz, K.J. 2008. Sensing voltage across lipid membranes. Nature.
456:891-897. http://dx.doi.org/10.1038/nature07620

Tristani-Firouzi, M., J. Chen, and M.C. Sanguinetti. 2002. Inter-
actions between $4-S5 linker and S6 transmembrane domain
modulate gating of HERG K' channels. J. Biol. Chem. 277:18994—
19000. http://dx.doi.org/10.1074/jbc.M200410200

Tseng, G.N., K.D. Sonawane, Y.V. Korolkova, M. Zhang, J. Liu, E.V.
Grishin, and H.R. Guy. 2007. Probing the outer mouth struc-
ture of the HERG channel with peptide toxin footprinting and
molecular modeling. Biophys. J. 92:3524-3540. http://dx.doi
.org/10.1529/biophysj.106.097360

Vandenberg, ].I., A. Varghese, Y. Lu, J.A. Bursill, M.P. Mahaut-Smith,
and C.L. Huang. 2006. Temperature dependence of human
ether-a-go-go-related gene K currents. Am. J. Physiol. Cell Physiol.
291:C165—C175. http:/ /dx.doi.org/10.1152/ajpcell.00596.2005

Vandenberg, J.I., M.D. Perry, M.J. Perrin, S.A. Mann, Y. Ke, and
A.P. Hill. 2012. hERG K' channels: structure, function, and
clinical significance. Physiol. Rev. 92:1393-1478. http://dx.doi
.org/10.1152/physrev.00036.2011

Villalba-Galea, C.A., W. Sandtner, D.M. Starace, and F. Bezanilla.
2008. S4-based voltage sensors have three major conforma-
tions. Proc. Natl. Acad. Sci. USA. 105:17600-17607. http://dx.doi
.org/10.1073/pnas.0807387105

Wang, D.T., A.P. Hill, S.A. Mann, P.S. Tan, and J.I. Vandenberg. 2011.
Mapping the sequence of conformational changes underlying
selectivity filter gating in the K(v)11.1 potassium channel. Nat.
Struct. Mol. Biol. 18:35—-41. http://dx.doi.org/10.1038/nsmb.1966

Wang, S., S. Liu, M.J. Morales, H.C. Strauss, and R.L. Rasmusson.
1997. A quantitative analysis of the activation and inactivation
kinetics of HERG expressed in Xenopus oocytes. J. Physiol. 502:
45-60. http://dx.doi.org/10.1111/j.1469-7793.1997.045bl.x

Zhang, M., J. Liu, and G.-N. Tseng. 2004. Gating charges in the ac-
tivation and inactivation processes of the HERG channel. J. Gen.
Physiol. 124:703-718. http://dx.doi.org/10.1085/jgp.200409119

Zhao, ].T., A.P. Hill, A. Varghese, A.A. Cooper, H. Swan, PJ.
Laitinen-Forsblom, M.I. Rees, J.R. Skinner, T.J. Campbell,
and J.I. Vandenberg. 2009. Not all hERG pore domain muta-
tions have a severe phenotype: G584S has an inactivation gat-
ing defect with mild phenotype compared to G572S, which
has a dominant negative trafficking defect and a severe phe-
notype. J. Cardiovasc. Electrophysiol. 20:923-930. http://dx.doi
.org/10.1111/j.1540-8167.2009.01468.x

Zhou, Y., J.E. Pearson, and A. Auerbach. 2005. Phi-value analysis of
a linear, sequential reaction mechanism: theory and application
to ion channel gating. Biophys. J. 89:3680-3685. http://dx.doi
.org/10.1529/biophysj.105.067215

Zou, A., Q.P. Xu, and M.C. Sanguinetti. 1998. A mutation in the
pore region of HERG K' channels expressed in Xenopus oo-
cytes reduces rectification by shifting the voltage dependence
of inactivation. J. Physiol. 509:129-137. http://dx.doi.org/
10.1111/5.1469-7793.1998.129bo.x


http://dx.doi.org/10.1371/journal.pbio.1000047
http://dx.doi.org/10.1126/science.1116270
http://dx.doi.org/10.1038/nature06265
http://dx.doi.org/10.1038/nature06265
http://dx.doi.org/10.1085/jgp.20028696
http://dx.doi.org/10.1085/jgp.20028696
http://dx.doi.org/10.1074/jbc.M301991200/6493
http://dx.doi.org/10.1074/jbc.M301991200/6493
http://dx.doi.org/10.1074/jbc.M113.461442
http://dx.doi.org/10.1074/jbc.M411042200
http://dx.doi.org/10.1074/jbc.M411042200
http://dx.doi.org/10.1038/nchembio.622
http://dx.doi.org/10.1038/nchembio.622
http://dx.doi.org/10.1038/nature05721
http://dx.doi.org/10.1038/nature04710
http://dx.doi.org/10.1038/nature04710
http://dx.doi.org/10.1111/j.1469-7793.1999.667ad.x
http://dx.doi.org/10.1111/j.1469-7793.1999.667ad.x
http://dx.doi.org/10.1038/nature05416
http://dx.doi.org/10.1016/j.jmb.2009.05.062
http://dx.doi.org/10.1016/S0006-3495(03)70020-4
http://dx.doi.org/10.1016/S0006-3495(03)70020-4
http://dx.doi.org/10.1016/j.bpj.2011.06.007
http://dx.doi.org/10.1016/j.bpj.2011.06.007
http://dx.doi.org/10.1038/379833a0
http://dx.doi.org/10.1085/jgp.107.5.611
http://dx.doi.org/10.1085/jgp.107.5.611
http://dx.doi.org/10.1113/jphysiol.2004.062588
http://dx.doi.org/10.1016/j.yjmcc.2010.11.017
http://dx.doi.org/10.1016/j.yjmcc.2010.11.017
http://dx.doi.org/10.1038/nature07620
http://dx.doi.org/10.1074/jbc.M200410200
http://dx.doi.org/10.1529/biophysj.106.097360
http://dx.doi.org/10.1529/biophysj.106.097360
http://dx.doi.org/10.1152/ajpcell.00596.2005
http://dx.doi.org/10.1152/physrev.00036.2011
http://dx.doi.org/10.1152/physrev.00036.2011
http://dx.doi.org/10.1073/pnas.0807387105
http://dx.doi.org/10.1073/pnas.0807387105
http://dx.doi.org/10.1038/nsmb.1966
http://dx.doi.org/10.1111/j.1469-7793.1997.045bl.x
http://dx.doi.org/10.1085/jgp.200409119
http://dx.doi.org/10.1111/j.1540-8167.2009.01468.x
http://dx.doi.org/10.1111/j.1540-8167.2009.01468.x
http://dx.doi.org/10.1529/biophysj.105.067215
http://dx.doi.org/10.1529/biophysj.105.067215
http://dx.doi.org/10.1111/j.1469-7793.1998.129bo.x
http://dx.doi.org/10.1111/j.1469-7793.1998.129bo.x

