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Cooperative subunit interactions mediate fast C-type
inactivation of hERG1 Kt channels

Wei Wu!, Alison Gardner! and Michael C. Sanguinetti?

INora Eccles Harrison Cardiovascular Research & Training Institute, > Department of Internal Medicine, Division of Cardiovascular Medicine, University
of Utah, Salt Lake City, UT, USA

Key points

o C-type inactivation of voltage-gated KT channels is caused by a conformational change in the
selectivity filter that prevents ion conductance.

® The role of subunit interaction during C-type inactivation of hERG1 K* channels was
characterized by using concatenated tetrameric channels containing a defined composition
and stoichiometry of wild-type subunits and subunits with a mutation known to attenuate or
accentuate inactivation gating.

e Analysis of the kinetics and voltage dependence of steady-state inactivation for the concatenated
channels indicated a variable extent of subunit interaction, dependent on the location of the
mutation used to probe the gating process.

e Mutations located in the selectivity filter or pore helix disrupted inactivation in a
dominant-negative manner, suggesting that the final step of C-type inactivation of hERG1
K™ channels is mediated by a concerted, highly cooperative interaction between all four sub-
units.

Abstract At depolarized membrane potentials, the conductance of some voltage-gated K*
channels is reduced by C-type inactivation. This gating process is voltage independent in K, 1 and
involves a conformational change in the selectivity filter that is mediated by cooperative subunit
interactions. C-type inactivation in hERG1 K* channels is voltage-dependent, much faster in
onset and greatly attenuates currents at positive potentials. Here we investigate the potential role
of subunit interactions in C-type inactivation of hERG1 channels. Point mutations in hERG1
known to eliminate (G628C/S631C), inhibit (S620T or S631A) or enhance (T618A or M645C)
C-type inactivation were introduced into subunits that were combined with wild-type subunits
to form concatenated tetrameric channels with defined subunit composition and stoichiometry.
Channels were heterologously expressed in Xenopus oocytes and the two-microelectrode voltage
clamp was used to measure the kinetics and steady-state properties of inactivation of whole cell
currents. The effect of S631A or T618A mutations on inactivation was a graded function of the
number of mutant subunits within a concatenated tetramer as predicted by a sequential model
of cooperative subunit interactions, whereas M645C subunits increased the rate of inactivation
of concatemers, as predicted for subunits that act independently of one another. For mutations
located within the inactivation gate proper (S620T or G628C/S631C), the presence of a single
subunitin a concatenated hERG1 tetramer disrupted gating to the same extent as that observed for
mutant homotetramers. Together, our findings indicate that the final step of C-type inactivation
of hERG1 channels involves a concerted, all-or-none cooperative interaction between all four sub-
units, and that probing the mechanisms of channel gating with concatenated heterotypic channels
should be interpreted with care, as conclusions regarding the nature of subunit interactions may
depend on the specific mutation used to probe the gating process.
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Introduction

Inactivation of voltage-gated Kt (K,) channels reduces
outward K™ permeation during transient membrane
depolarization to modulate action potential duration and
the firing pattern of excitable cells. Two mechanisms of
K, channel inactivation, known as N-type and C-type
are widely recognized. N-type inactivation is mediated
by block of the central cavity of an open channel by a
‘ball’ domain located at the N-terminus of a K, «-subunit
(Hoshi e al. 1990, 1991) or an auxillary S-subunit (Rettig
et al. 1994). N-terminal domains act fully independently
of one another and only a single N-terminal domain is
required to occlude the pore and prevent ion conductance
(Zhou et al. 2001). C-type inactivation of K,1 channels
(Hoshi et al. 1991) has been attributed to a constriction
of the narrow pore formed by the selectivity filter (Liu
et al. 1996; Yellen et al. 1994), and is mediated by
highly cooperative subunit interactions (Ogielska et al.
1995; Panyi et al. 1995; Yang et al. 1997). Recently
it was proposed that C-type inactivation can occur in
the absence of the pore constriction (Devaraneni et al.
2013) and might instead result from a subtle dilation
of the pore at the outermost Kt binding site within
the selectivity filter (Hoshi & Armstrong, 2013). This
mechanism is compatible with the observation that
raising the concentration of external K slows the rate
of C-type inactivation (Pardo et al. 1992; Lopez-Barneo
et al. 1993). In K,1 channels such as Shaker, C-type
inactivation is voltage independent and very slow with
a time constant (Tip,t) of ~1.5 s at 20°C (Hoshi et al.
1991). In contrast, C-type inactivation in hERG1 channels
is fast and voltage-dependent with 7, that ranges from 2
to16 ms (Spector et al. 1996). The potential role of subunit
interactions in fast C-type inactivation of hERG1 channels
has not been investigated.

In the present study, we constructed concatenated
hERGI tetramers containing subunits that harbour a
mutation that either disrupts or accentuates C-type
inactivation. Several mutations in or near the pore
helix/selectivity filter were selected for their known
ability to inhibit inactivation gating, including the
point mutations S620T (Ficker et al. 1998) and S631A
(Schonherr & Heinemann, 1996), and the double
mutation G628C/S631C (Smith et al. 1996). The single

mutations T618A in the pore helix (Ferrer et al. 2011)
or M645C in the S6 segment (Garg et al 2011)
accentuate inactivation by shifting its voltage dependence
by —80 to —90 mV. Concatenated homotetrameric and
heterotetrameric channels were constructed to contain
a variable number of wild-type (WT) and mutant sub-
units with known stoichiometry. These concatemers were
heterologously expressed in Xenopus laevis oocytes and
two-microelectrode voltage clamp (TEVC) was used to
determine the voltage dependence and kinetics of C-type
inactivation gating.

Methods
Construction of hERG1 concatemers

WT and mutant forms of KCNH2 (HERGI, isoform
la, NCBI Reference Sequence: NM_000238) cDNAs were
cloned into the pSP64 poly(A) oocyte expression vector
(Promega Corp., Madison, WI). Concatenated tetramers
were engineered to contain a variable combination of WT
and/or mutant KCNH2 cDNAs with defined positioning
as shown in Fig. 1 A. Four point mutations and one double
mutation were chosen for study based on their known
ability to either disrupt (S620T, S631A, G628C/S631C) or
potentiate (T618A, M645C) inactivation gating. In the text
and figures, concatenated tetramers formed by four WT
or four mutant subunits are designated as WT, and NMy,
respectively, where N represents a native residue and M is
a mutation (e.g. STy for a tetramer containing four sub-
units each harbouring a S620T mutation). Abbreviations
for heterotypic tetramers indicate the relative positioning
of the single WT and mutant subunits. For example, the
ST/WT,/ST,/WT,; channel was engineered to contain
WT subunits in the second and fourth position together
with subunits harbouring an S620T mutation in the first
and third position of the tetramer (i.e. diagonal orientation
of like subunits). Mutations were introduced into KCNH2
using the QuikChange site-directed mutagenesis kit
(Agilent Technologies, Santa Clara, CA). Construction of
dimers and fully concatenated tetramers was the same as
previously described (Wu et al. 2014). All constructs were
verified by DNA sequence analysis. Tetrameric KCNH2
plasmids were linearized with EcoR1 before in vitro
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transcription using the mMessage mMachine SP6 kit
(Ambion Life Technologies, Grand Island, NY).

Isolation and voltage clamp of Xenopus oocytes

Procedures used for the surgical removal of ovarian
lobes from Xenopus laevis and isolation of oocytes were
approved by the University of Utah Institutional Animal
Care and Use Committee and performed as described
previously (Abbruzzese et al. 2010). Single stage 4 or 5
oocytes were injected with 10 ng cRNA encoding single
hERG! subunits and studied 1-3 days later. Some hERG1
tandem dimers and concatenated tetramers expressed
poorly and therefore, oocytes were injected with 50 ng
cRNA and studied 4-8 days later. The extracellular solution
(‘98Na2K’) for most voltage clamp experiments contained
(in mM): 98 NaCl, 2 KCl, 1 CaCl,, 1 MgCl,, 5 Hepes; pH
was adjusted to 7.6 with NaOH. Ionic currents, filtered at
1 kHz and digitized at 2 kHz, were recorded using standard
TEVC techniques (Goldin, 1991; Stithmer, 1992). Agarose
cushion microelectrodes were prepared as described
(Schreibmayer et al. 1994) and had a resistance of
0.3 M2 when filled with 3 M KCI. For TEVC experiments,
a GeneClamp 500 amplifier, Digidata 1322A data
acquisition system and pCLAMP 8.2 software (Molecular
Devices, Sunnyvale, CA) were used to produce command
voltages and to record current and voltage signals.

Fully activated current—voltage (I-V) relationships were
determined to characterize the voltage dependence of
C-type inactivation. The pulse protocol consisted of an
initial 1 s pulse (to 440 or +-80 mV) followed by a 1 s
pulse to a variable return potential (Vi) that ranged
from +60 to —160 mV, depending on channel type. The
peak value of tail current was determined by fitting the
decay of the current trace to a one or two exponential
function and extrapolating to the beginning of the return
voltage step. Linear leak currents were subtracted and the
resulting value of the peak tail current amplitude (I;,;;) was
plotted as a function of V. To account for differences
in channel expression, I,; values for each individual cell
were normalized to the mean g, for WT, channels. The
maximal slope conductance (gmax, in A mV~) of WT,
channel currents was estimated by fitting I,; measured
at Vi ranging from —100 mV to —140 mV to a linear
function. For oocytes expressing concatemers containing
S620T or S631A mutant subunits, g, was evaluated from
I,y measured at V., ranging from —40 mV to —120 mV.

Large outward K currents are associated with reduced
hERGI channel rectification, presumably because trans-
ient accumulation of extracellular K near the outer
vestibule of the channel can inhibit C-type inactivation.
For example, we previously reported that rectification
of the -V relationship measured for S620T and S631A
hERG!1 channels was reduced for large, compared to small
outward currents (Casis et al. 2006). To minimize the
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effects of extracellular K accumulation, we optimized
the amount of cRNA injection and time of expression to
ensure that outward currents at +40 mV were <15 A for
those channel types that exhibited reduced inactivation
(e.g. channels containing S620T, S631A or G628C/S631C
subunits).

Channels containing subunits with either a T618A or
M645C mutation exhibited enhanced inactivation and
very small outward currents. Therefore, smaller stage
3 oocytes with reduced capacitance currents were used
and cells were bathed in a high K solution to facilitate
measurement of the rate of fast inactivating currents.
The high K" solution (‘96K4Na’) was prepared by
modification of the standard extracellular solution: [K™]
was increased to 96 mM and [Na™] was lowered to 4 mM.

Data analysis

Digitized data were analysed off-line with pCLAMP
8.2 and ORIGIN 8.5 (OriginLab, Northampton, MA)
software. All data are presented as means =+ S.E.M.
(n = number of individual oocytes). Currents elicited
with the fully activated I-V pulse protocol were used to
estimate the voltage dependence of C-type inactivation.
For each individual oocyte, I,;; measured at a variable
Viet was divided by the electrical driving force (Vier —
E..,) then fitted with a Boltzmann function to determine
the maximum value of I,j (Lsiimax) Dy extrapolation to
more negative potentials. E,., is the reversal potential for
tail currents. I,; was normalized to the estimated value
Of Isil-max and the resulting relative conductance (¢/gmax)
was again plotted as a function of V; and fitted with a
standard Boltzmann function:
g 1—c¢

- 1 + ezF (Via—Vos)/RT +c (1)

Zmax

where F is the Faraday constant, R is the gas constant, T is
the absolute temperature, V; 5 is the half-point (in mV) of
the inactivation relationship, zis the equivalent charge for
inactivation and cis the minimum value of g/g;,.x achieved
at positive potentials.

We considered several models to examine whether
hERG! subunits act independently or cooperatively to
induce C-type inactivation. For the independent model,
where conformational changes in each of the individual
subunits are assumed to contribute independently to
inactivation gating, the predicted normalized inactivation
curve for each concatenated tetramer is given by the
product of two Boltzmann functions as follows:

g 1 "
Imax o 1 =+ eZVWrF(V,e(—VWT)/RT

(4—n)
+ c] (2)

1—c¢
1 =+ eZmutF(Vret_ mut)/RT
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where 7 is the number of WT subunits contained
within a concatenated tetramer, zwt and zm, are the
equivalent charge for inactivation, cis the minimum value
of ¢/gmax and Viyr and Vi are the half inactivation
voltages for concatenated homotypic WT and mutant
channels, respectively. To define the voltage-dependent
contribution of each subunit to the process of inactivation,
the normalized inactivation curves for WT and mutant
homotypic tetramers were each fit with a fourth power
Boltzmann function. This approach is the same as that
used previously to assess subunit interaction for activation
of K,1 channels (Hurst ef al. 1992; Smith-Maxwell et al.
1998). Finally, the inactivation curves for heterotypic
channels predicted by the independent model were fit
with a standard Boltzmann function (eqn (1) and the
calculated V} 5 and z values were used to estimate the free
energy change associated with inactivation (A Gipact):

AGinact = ZFV045~ (3)

As defined here, AGjn,¢ assumes that conformational
changes in the channel that accompany inactivation are
dominated by a single open to inactivated state transition.
This is undoubtedly an oversimplification, as multiple
open and inactivated states are necessary to fully describe
single channel gating (Zou et al. 1997). Nonetheless,
this approach greatly simplifies analysis and has proven
useful for distinguishing widely divergent models (e.g.
independent versus cooperative) of channel gating.

As described in a previous study of the conformational
changes that lead to activation gate opening in Shaker
K* channels (Zandany et al. 2008), we considered two
mechanistic models of subunit cooperativity. The standard
cooperative model, also called the sequential cooperative
model (Karpen & Ruiz, 2002; Zandany et al. 2008) assumes
an equal energetic contribution from each subunit to the
tetrameric channel function and describes the steady-state
voltage dependence of activation (Hurst et al. 1992;
Smith-Maxwell et al. 1998) and slow C-type inactivation
(Ogielska et al. 1995; Panyi et al. 1995) in K, channels. For
this model, the predicted A Gy, of a heterotetramer is the
sum of the individual A Gy, values contributed by each
of the WT and mutant subunits as follows:

nA GWT4 (4 - 1’1) AGmut4

A Ginact = 4 + 4 (4)

where n equals the number of WT subunits in a tetramer
and AGwrs and AGpuu are the free energy values
calculated for WT and mutant homotypic tetramers,
respectively. Thus, the predicted voltage dependence of
inactivation of heterotypic channels is,

g 1 1

AGinact

max 14+e rr _1+e

nFzw (Veet=VwT) 4 U= Pz (Vret = Vinue)
IRT ART

(5)
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and A Gip.t 18 a linear function of the number of WT or
mutant subunits in a concatenated tetramer.

The concerted, all-or-none cooperative model of sub-
unit interaction is exemplified by the final concerted
step of Kv channel activation, where a simultaneous
conformational change in all four subunits is required for
channel opening (Sigworth, 1994; Zandany et al. 2008).
This model predicts that a single mutant subunit will alter
inactivation to the same extent as channels containing
two, three or four mutant subunits per tetramer. For this
model, AGja of all the heterotetramers would be pre-
dicted to be the same as the homotypic mutant tetramer for
mutations that disrupt inactivation (i.e. increase A Gipact)-
Conversely, AGjp,c: of all the heterotetramers would be
predicted to be the same as WT4 channels for mutations
that potentiate inactivation (i.e. reduce A Gypact)-

Results

A single G628C/S631C subunit is sufficient to
eliminate C-type inactivation

The combined mutations of Gly628 and Ser631 to Cys
eliminates inactivation of hERG1 channels (Smith et al
1996). Gly628 is the outer Gly in the SVGFG K signature
sequence of the selectivity filter and Ser631 is positioned
just outside the selectivity filter (Fig. 1B). To determine if
one or more subunits harbouring G628C/S631C (GCSC)
mutations was required to attenuate inactivation, currents
conducted by concatenated tetramers containing one, two,
three or four mutant subunits were compared to WT,
homotypic channels. Currents were elicited in response to
4 s pulses applied in 10 mV increments to a V; that ranged
from —70 to +50 mV, and tail currents were measured
at —70 mV. We previously reported that the biophysical
properties of hERG1 whole cell currents conducted
by concatenated WT, channels was nearly identical to
currents recorded from oocytes expressing single WT
hERGI subunits (Wu et al. 2014). Representative current
traces at V; of —20 and +20 mV for WT,, GCSC;/WT; and
GCSCy channels are shown in Fig. 2A. For WT, channels,
the outward currents measured at the end of the test pulse
(Lest) to —20 mV were approximately three times larger
than L.g at 420 mV, a consequence of channel inactivation
at the more depolarized transmembrane voltage. In
contrast, I s, for GCSC1/WT3 and GCSCy4 channels were
about two times larger at +-20 mV compared to —20 mV,
reflecting reduced inactivation induced by the mutation.
The E,., for WT, channel currents was —95 mV and thus,
tail currents were outward at the V.o of —70 mV. E,, for
channels containing GCSC mutant subunits was —60 mV
and tail currents were inward at —70 mV, indicating
reduced K* selectivity as previously reported (Smith
et al. 1996). Normalized -V (Les—V;) relationships for
WT,, GCSC, and four different heterotypic concatenated

© 2014 The Authors. The Journal of Physiology © 2014 The Physiological Society
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channels are plotted in Fig. 2B. Peak outward currents
in response to a 4 s test pulse were normalized to the
current measured at —20 mV for WT, channels, or
to 0 mV for GCSC, and the heterotypic concatenated
channels. The I.y—V; relationship for WT, channels was
bell-shaped with a peak near —20 mV, and exhibited a
negative slope conductance at more positive potentials. In
contrast, the I.—V; relationship for channels containing
one or more GCSC subunits was outwardly rectifying
and linear for V; > 0 mV (Fig. 2C). Thus, a single
GCSC subunit eliminated inactivation, suggesting that
concerted, all-or-none interactions between WT subunits
are required for C-type inactivation of hERGI channels.

A single S620T subunit strongly attenuates C-type
inactivation

Mutation of the pore helix residue Ser620 to Thr in
hERG1 was reported to nearly abolish inactivation in
hERG1 (Ficker et al. 1998). We find that this mutation

A

(WT o WT W WT o WT |
(WT o WT H{ WT = mut
mut s WT H{ WT J=("WT ] mut: G628C/S631C,

S620T, S631A,

T618A, M654C
mut = WT J= mut = WT |

WT: wild-type hERG1

mut = mut

= Hindlll linker
== Kpnl linker

mut mut ™= mut

mut = mut = mut = mut

Figure 1. hERG1 concatenated tetramers and location of
mutated residues characterized in this study

A, positioning of WT and mutant hERG1 subunits in seven different
concatenated tetramers. The restriction enzymes used to link KCNH2
cDNAs are also indicated. B, location of residues in a hERG1 subunit
that were mutated in this study, including Thr618 and Ser620 in the
pore helix, Gly628 in the selectivity filter, Ser631 outside the
selectivity filter, and Met645 in the S6 segment. Also shown is
Asn629 that can interact with Ser620. Homology model of a single
S5-S6 region of hERG1 was based on the KcsA channel structure
(PDB ID: 1BL8) and prepared using YASARA (Krieger et al. 2009).
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greatly disrupts, but does not eliminate rectification
when the level of heterologous channel expression is
not excessive (Casis et al. 2006). Concatenated tetramers
containing one or more S620T subunits were used to
further probe the nature of subunit interaction during
C-type inactivation of hERGI. Currents recorded using
the fully activated I,;—Vie pulse protocol for WTy,
ST;/WT; and ST, concatenated tetrameric channels are
compared in Fig. 3A. Outward currents for both of the
mutant channels were much larger compared to WTy
channels, indicating strong inhibition of inactivation.
In Fig. 3B the fully activated I j— Vi relationships for
homotypic (WTy, ST4) and five different heterotypic
channels are compared. To account for differences in
level of channel expression between different constructs
and individual oocytes, I,; values were normalized to
the mean maximum slope conductance of WT, channel
currents. It is apparent from these plots that the presence
of one or more S620T subunits within a concatenated
tetramer was sufficient to attenuate inactivation greatly
and caused a progressive positive shift in E,., up to a
maximum of 21 mV for ST, channel currents, indicating
reduced K* ion selectivity. The fully activated Iyj—Viet
relationships for all the mutant tetramers were linear over
the voltage range of —120 to 0 mV. At potentials >0 mV,
the slope conductance for all the mutant channels was
reduced. Plots of g/gmax versus Vi for all the constructs is
summarized in Fig. 3C. When compared to WT, channels,
the half-point of this relationship was shifted by > +-83 mV
for channels containing at least one S620T (Table 1).
Inclusion of a single S620T subunit, either in the first or last
position in a concatenated tetramer was equally capable
of reducing inward rectification of the fully activated
Liai—Vier relationships (Fig. 3B) and shifting the voltage
dependence of rectification (Fig. 3C) to nearly the same
extent achieved with homotypic ST, channels. Variability
in slope conductance of the L,j— Vi relationship observed
at the most positive potentials could be explained in
part by the contribution of endogenous outward currents
relative to the amplitude of heterologously expressed
hERGI currents. To obtain a more quantitative measure of
hERGI1 channel rectification, we recorded ST;/WT; and
ST, concatenated channel currents at potentials ranging
from —50 to +140 mV, before and after block of hERG1
by 100 uM dofetilide, a highly specific hERG channel
blocker. The I ,j— Vi relationships for dofetilide-sensitive
current are plotted in Fig. 3D and the calculated
&/Gmax— Vit relationships are plotted in Fig. 3E. The analysis
indicates that g/gma.x does not reach zero at very positive
potentials for either channel type. The rectification of
current of S620T mutant channels could result from
highly attenuated inactivation, reduced open channel
conductance at high potentials as previously reported
for WT (Wang et al. 1996) and S631A (Zou et al. 1998)
hERG!I channels expressed in oocytes, or a combination
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of both factors. Regardless of the underlying mechanism,
it is clear that a single S620T subunit reduced channel
rectification to the same extent as that obtained in the
homotetrameric S620T channel. These findings indicate
that C-type inactivation of hERGI1 channels involves
concerted, all-or-none interactions between WT subunits.

Disruption of inactivation by S631A mutation
indicates cooperative, but not fully concerted subunit
interactions

The point mutation S631A was reported to abolish
inactivation of N-truncated hERGI1 channels (Schonherr
& Heinemann, 1996), or shift the voltage dependence
of C-type inactivation to far more positive potentials in
full-length hERGI1 channels (Zou et al. 1998). Ser631
is located just outside the selectivity filter and thus,
mutation to Ala may attenuate inactivation gating by an
indirect, allosteric mechanism. Concatenated tetramers
containing one or more S631A subunits were used
to probe for interaction with WT subunits. Currents
recorded using the fully activated I,j—V;e pulse protocol
for SA;/WT; and SA4 concatenated tetrameric channels
are compared in Fig. 4A. Mutant channels had reduced
inactivation compared to WT, channels, but unlike what
was observed for channels harbouring S620T mutations,
inactivation was suppressed much more in homotypic
mutant (SA;) channels than in heterotypic channels
containing only a single mutant subunit (SA;/WTs). In
Fig. 4B, the fully activated I,j— V.. relationships for homo-
typic (WT4, SA4) and heterotypic channels are compared.
The suppression of inactivation was a graded function of
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the number of S631A subunits present in a concatenated
tetramer. Slope conductance was negative at potentials
positive to —50 mV for WT, channels versus —10 mV
or higher voltages for the heterotypic channels. The
voltage dependence of steady-state inactivation for all
tetramers studies is summarized in Fig. 4C. The Vs
was shifted to more positive potentials as the number
of S631A subunits/tetramer was increased without a
significant change in z (Table 1). Compared to WT,
channels, Vj 5 was shifted by +53, 456, 468 and +77 mV
when concatenated channels contained one, two, three
or four S631A subunits, respectively. Over the voltage
range investigated, the reduced inward rectification of
S631A mutant channels is caused predominantly by
attenuation of C-type inactivation. The contribution
of nonlinear open channel conductance to rectification
of the g/gm.x is only significant for Vi > +40 mV
(Zou et al. 1998) and thus has only a minor effect on
the g/gmax—Vier relationships. The voltage dependence of
C-type inactivation of the heterotypic channels predicted
by the independent and standard cooperative models
are shown in Figs 4D and 4E, respectively. Neither of
these models matches well with the measured inactivation
curves for the heterotypic channels shown in Fig. 4C.
A Ginae calculated from measured data and A Gipaey pre-
dicted for heterotypic channels by the independent and
two cooperative models were plotted together as a function
of the number of WT subunits per tetramer (Fig. 4F).
The AGina: values for measured data lie between the
values predicted by the two cooperative models. The same
was true after correcting g/¢max— Vrer relationships for the
contribution of nonlinear open channel conductance or
assuming that inactivation reduced g/gmayx to zero at high

—a—WT,
A — B —o-GCSC,/WT, C
4 —4— GCSC/WT/GCSC,/WT,
-20 | (0.5 pA 2.5, —¥GCSC,/WT,
+20 mV : ]
—— -70 mV 2s GCSC,/WT,/GCSC, 10
-20m 20 201 _«cesc, /
£ E 0.84
5 1.51 g
GCSC4/WT, L %
+20 _‘__‘ﬂj 1.0 = 0.6
|0.5 nA 0.5
[ 20 2s 0.4
= — 0.0 . . - . N
60 -30 0 30 60 0 10 20 30 40 50
V; (mV) Vi (mV)

Figure 2. A single G628C/S631C hERG1 subunit eliminates C-type inactivation

A, representative current traces for WT,, GCSC1/WT3 and GCSCy4 concatenated tetramers recorded during 4 s
pulses to —20 mV and +20 mV. Oocytes were bathed in 98Na2K extracellular solution. B, normalized current
(fest-norm) Measured at the end of each 4 s test pulse plotted as a function of V4 for the indicated concatenated
tetramers (n = 4-6). WT,4 channel currents were normalized to /st at —20 mV. GCSCy4 and heterotypic tetramers
were normalized to fest at 0 mV. C, est-norm—V4 relationships for GCSC4 and heterotypic channels. Currents were
normalized to fest at +50 mV. All relationships were linear (continuous lines). Symbols refer to constructs as

indicated in (B).
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voltage for all the heteromeric tetramers (not shown).
Thus, when S631A mutations were used to probe channel
gating, we would conclude that highly cooperative, but
not fully concerted (i.e. all-or-none) subunit interactions
mediate C-type inactivation of hERG1 channels.

Subunit interactions probed with point mutations
that increase the rate of inactivation

C-type inactivation of homomeric hERG1 channels is
potentiated by mutation of the pore helix residue Thr618
to Ala (Ferrer efal. 2011) or by mutation of the S6 segment
residue Met645 to Cys (Garg et al. 2011). A consequence
of this effect is that outward currents conducted by
these mutant channels are barely detectable in oocytes
bathed in an extracellular solution containing low levels
of K. To facilitate measurement of currents conducted
by channels containing T618A or M645C mutant sub-

Subunit interactions during hERG1 inactivation
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units, oocytes were bathed in 96K4Na extracellular
solution. Channel inactivation was assessed with a fully
activated I,j—Vier pulse protocol as before, but the
magnitude of inward currents was greatly enhanced by
the increased electrochemical driving force. Exemplary
current traces using this protocol to measure currents
conducted by WTy, TA;/WT; and TA, channels and their
corresponding I ,;— Vi relationships are shown in Fig. 5A
and B, respectively. Note that outward tail currents are
virtually absent. The voltage dependence of steady-state
inactivation determined from the fully activated Ij—Viet
relationships is summarized in Fig. 5C and Table 1 for
WT,, TA; and four different heteromeric concatenated
channels. A single T618A subunit resulted in about half of
the total shift in Vj 5 observed for the TA4 channels. There
was no difference in V; 5 when two T618 A mutant subunits
were positioned adjacent or diagonal to one another. The
AGipye calculated from measured data and A Giyaer pre-
dicted for heterotypic channels by the independent and
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Figure 3. Single S620T hERG1 attenuates C-type inactivation

A, representative current traces for WTy4, ST1/WT3 and ST4 concatenated hERG1 tetramers recorded during pulses
to indicated voltages. The first pulse was to +40 mV for WT,4 channels and +80 mV for channels containing mutant
subunits. Viet was varied from 420 to —140 for WT4 channels and 60 to —120 mV for mutant channels. Oocytes
were bathed in 98Na2K extracellular solution. B, fully activated /i,j—Viet relationships for indicated concatenated
tetramers (n = 5-12). Y-axis refers to mean tail currents (L, in wA) for WT4 channels. To adjust for variable
expression, the maximum slope conductance (gmax) for each mutant channel type was scaled to match the gmax
for WT4 channels. C, voltage dependence of rectification for concatenated tetramers as indicated by symbols in (B).
Values of g/gmax near Erey Were highly variable and omitted from these plots. Values of V.5 and z determined from
fitting data to Boltzmann function are summarized in Table 1. D, fully activated drug-sensitive /- Vet relationships
of ST4 and ST1/WT3 channels (n = 4 for both). /i, represents current blocked by 100 um dofetilide. E, voltage
dependence of rectification for ST4 channels (Vo5 = +61.8 & 2.2 mV; z = 1.08 £ 0.01) and ST1/WTs channels

(Vos = +52.4 £ 3.0 mV; z = 0.96 = 0.03).
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Table 1. Summary of the voltage dependence of activation and inactivation for hERG1 concatenated tetramers.

Extracellular solution

Channel type Vo5 (mV) z (eg) 98Na2K 96K4Na n
WTy —52.9 + 3.6 1.11 £ 0.02 ° 5
ST1/WT; +29.8 £ 2.7 1.64 + 0.07 . 12
WT3/ST, +39.9 + 2.8 1.43 + 0.04 ° 6
STL/WT, +41.8 + 3.3 1.41 £ 0.10 o 12
ST1/WT1/ST1/WT4 +36.1 £ 1.7 1.73 £ 0.09 . 1
ST1/WT;/ST» +37.5 + 2.2 1.60 + 0.10 ° 9
STy +39.7 + 3.8 1.52 + 0.15 . 7
SA/WT; 0.1 + 42 0.95 + 0.04 . 7
SA/\WT, +3.7 £ 4.1 1.18 £ 0.02 ° 5
SA1/WT1/SA1/WT4 +2.9 £ 25 1.21 £ 0.06 ° 7
SAL/WT1/SA, +15.2 £ 3.2 1.37 £ 0.08 . 7
SA4 +24.3 + 5.3 1.29 + 0.04 ° 9
WTy —50.5 + 1.9 0.71 £ 0.03 ° 5
TA{/\WT; _96.7 + 4.4 0.66 + 0.01 . 4
TA/\WT; —109.2 + 3.2 0.65 + 0.01 ° 5
TA1/WT1/TA;/WT, —112.2 £ 5.4 0.66 + 0.03 . 5
TA{/\WT4/TA, 1248 + 3.5 0.77 + 0.02 . 5
TA4 —134.1 + 1.6 0.79 £ 0.02 ° 5
MC1/WT3 —-101.4 £+ 3.0 0.59 + 0.02 ° 5
MCo/WT, —106.5 + 2.2 0.59 + 0.02 . 5
MC1/WT1/MC1/\WT —104.8 + 2.9 0.67 £+ 0.03 ° 4
MC1/WT1/MCy —122.8 + 4.5 0.61 £ 0.03 ° 6
MCy —141.4 + 3.0 0.62 + 0.03 ° 6

Data are expressed as means =+ s.e.M. (n = number of oocytes).

two cooperative models are plotted as a function of the
number of T618A subunits per tetramer in Fig. 5D. The
A Ginact values predicted by the independent model and the
standard cooperative model are very similar to each other
because there is considerable overlap of the voltage range
for inactivation for WT4 and TA4 channels and the slope
of the inactivation curves are shallow (z values are small).
The measured A Gjy,c¢ values for the heteromeric channels
containing either one or three T618A subunits match best
with the independent model, but channels with two T618A
subunits match best with the standard cooperative model.
In addition to the difficulty in distinguishing between the
two model predictions, assuming that inactivation of these
mutant channels can be reduced to asingle Oto I transition
may be overly simplified (e.g. inactivation is a multistep
process and the final step is not rate-limiting in the
mutant channels), nullifying the A G analysis. Moreover,
the calculated AG values may be confounded by our
inability to measure directly the maximum conductance
of these highly inactivated mutant channels. Therefore,
we employed a different method, analysis of the kinetics
of inactivation, to probe the nature of subunit interactions.

A triple voltage pulse protocol (Spector et al. 1996)
was used to measure the onset rate of hERGI1 current
inactivation. From a holding potential of —80 mV,
channels were first activated/inactivated by a pulse to

+40 mV, then allowed to recover from inactivation
during a brief second pulse to —200 mV. After recovery
from inactivation and before significant deactivation at
—200 mV (3-6 ms), a third pulse was applied to a positive
potential (20-100 mV) during which time open channels
rapidly inactivate. For these experiments, currents were
filtered at 5 kHz and digitized at 10 kHz. The rate of
hERGTI inactivation for outward currents elicited by the
third pulse of a three-pulse protocol was determined by
fitting the rate of ionic current decay to a single exponential
function:

I = A+ Aye ma (6)

Where [is the inactivating current, A; is the steady-state
current, A, is the amplitude of inactivating current
and Tina 1s the time constant for current decay. At
the depolarized potentials examined, A; was negligible
after subtraction of leak currents. To reduce interference
from the decay of capacitance currents that merge with
inactivatingionic currentsin TEVCrecordings, the current
fitting region was initiated 2 ms after the onset of the
depolarizing third pulse. Assuming a two-state model for

ki
hERGI1 channel inactivation (O;’fI ), then:
Ky

Tinact = 1/(kf + kb) (7)
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At sufficiently positive voltages (= +20 mV), k; is
assumed to be negligible. Thus, the inactivation rate
constant k can be estimated by 1/7jpac. If an independent
conformational change in any one of the subunits is
sufficient to cause inactivation, then k would be the sum
of the individual rate constants contributed by each of the
subunits within a tetramer (Ogielska et al. 1995):

nkWT (4 - H) kmut

k= T . (8)
where n is the number of WT subunits contained in
a tetramer and kwt and ky, are the inactivation rate
constants for the WT and mutant concatenated tetramers,
respectively. If C-type inactivation is a cooperative process,
then the inactivation rate of a heterotypic channel would
be exponentially related to the sum of the energetic
contributions of each of the WT and mutant subunits
(Ogielska et al. 1995) and log k would be a linear function
of the number of mutant subunits contained with a
tetramer.

The fitting of inactivating hERG1 currents with a single
exponential function is illustrated in Fig. 6A. The time
constant of inactivation (Tin,ct) was determined for a range
of Vi (4+20to+100mV) for WT4, TA, and four heterotypic
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channels. The value 1/7;,,¢ for inactivation increased as a
function of V; and the number of T618A subunits per
tetramer (Fig. 6B). The calculated k at +60 mV and
+80 mV for the heteromeric channels matched the values
for k predicted by the standard cooperative model (linear
relationship between log kand number of T618A subunits
per tetramer), but not for k predicted by the independent
model (Fig. 6Cand D).

Channel inactivation was next probed using M645C, a
mutation located in the S6 segment. Tail currents recorded
in response to a variable Vi for WT,, MC;/WT3 and MCy
channels are shown in Fig. 7A and corresponding Isii—Viet
relationships are shown in Fig. 7B. The voltage dependence
of steady-state inactivation is summarized in Fig. 7C and
Table 1 for WT4, MC, and four heteromeric concatenated
channels. Similar to T618A, a single M645C subunit
resulted in about half of the total shift in V{5 observed
for the MC, channels. There was a small difference in
Vo5 when two M645C mutant subunits were positioned
adjacent or diagonal to one another. The A Gy, calculated
from measured data and that predicted for heterotypic
channels by the independent and cooperative models are
plotted as a function of the number of M645C subunits
per tetramer in Fig. 7D. AGjp,c values predicted by the
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Figure 4. Graded inhibition of hERG1 inactivation by S631A subunits

A, representative current traces for SA1/WT3 and SA4 concatenated tetramers recorded during pulses to indicated
voltages. Oocytes were bathed in 98Na2K extracellular solution. B, fully activated /i,j—Viet relationships for
concatenated tetramers as indicated in the key in (C) (n = 5-9). Y-axis refers to mean WT,4 channel currents
(in A). To adjust for variable expression, the gmax for each mutant channel type was scaled to match the gmax for
WT, channels. C, voltage dependence of inactivation for concatenated tetramers as indicated. Values of g/gmax at
—90 mV (near Erey) were omitted. Values of Vo 5 and z determined from fitting data to a Boltzmann function are
summarized in Table 1. D and E, inactivation curves (g/gmax—Vret relationships) of WT4 and SA4 channels (same
as mean data plotted in C) together with curves predicted for three heterotypic channels by the independent
model (D) and the standard cooperative model (E). F, AGinact calculated from data (squares, n = 5-9) plotted as
a function of the number of WT subunits contained in a concatenated tetramer is compared to AGinact predicted
by the indicated independent and cooperative models. Open square represents SA;/\WT1/SA1/WT; channels.
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independent and standard cooperative models are almost
indistinguishable, again because of the considerable over-
lap in the voltage range of inactivation for WT and
mutant homomeric channels. Therefore, we analysed
inactivation kinetics to probe for potential subunit inter-
actions. Currents used to characterize the onset of hRERG1
inactivation are illustrated in Fig. 8A for WT, and MCy
channels. The mean values for 1/, as a function of
Vi for WTy, MC, and four heterotypic channels are
plotted in Fig. 8B. The calculated and predicted values
of k as a function of the number of M645C subunits per
tetramer at +60 mV and +80 mV are plotted in Fig. 8C
and D. With only one exception (MC;/WT;/MC;/WT,;
channels), the measured values of k match those predicted
by the independent model.

W. Wu and others
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Discussion

Despite intense scrutiny, the molecular mechanisms
and structural basis by which C-type inactivation pre-
vents ion permeation in K, channels remain uncertain.
We studied the effects of several different mutations
incorporated into one or more subunits of concatenated
tetramers to probe the nature of subunit interactions
during C-type inactivation of hERG1 channels. The
study of concatenated tetramers can be complicated by
unanticipated co-assembly of multiple units (McCormack
et al. 1992; Hurst et al. 1995; Sack et al. 2008). However,
proper assembly can be achieved if subunits that are nearly
identical to one another (e.g. WT subunits plus sub-
units with a single point mutation) are linked together
(Hurst et al. 1992; Sack et al. 2008). As discussed

A +40 +
20 TAJ/WT, Toy
-80 mV _ — =
W, 160 o
—
4 uA 5 A
|4uA 0.5s 05s
05s
WT4 TA1I'WT3 TA4
B vymv) Ve (MV) . Vit (MV) |
-160 -120 -80 40 -160 -120 -80, 40 160 -120 - “40 40
. 10{ -10
< < <
2 -20{ 2 -20 3
= 301 30 £
" WT,
C o TA, D ®  measured
1.0+ . -0.84 —— indep model
A TA/WT, =
_— = = standard coop model
- v TA/WT, £ 124 —— all-or-none coop model
§ 0.6 * TAMWT/TAMWT, & 1
= < TAWT,/TA, ey
0.4 g
Q -2.0f
0.2 =
2.4
0.0

100 50 0 50
Vit (MV)

-150

0 1 2 3 4
No. of TA subunits/tetramer

Figure 5. Effects of T618A subunits on the voltage dependence of hERG1 inactivation

A, representative current traces for WT4, TA1/WTs and TA4 concatenated tetramers recorded during pulses to
indicated voltages. Oocytes were bathed in 96K4Na extracellular solution. B, fully activated /ij—V/et relationships
for currents shown in (A). C, voltage dependence of inactivation for indicated concatenated tetramers. Values of
V0.5 and z determined from fitting data to a Boltzmann function are summarized in Table 1. D, AGinact calculated
from data (squares, n = 4-5) plotted as a function of the number of mutant T618A subunits contained in a
concatenated tetramer is compared to AGinact predicted by the indicated independent and cooperative models.

Open square represents TA;/\WT1/TA1/WT; channels.
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recently (Wu et al. 2014), several of our findings with
hERG! tetrameric channels indicate that formation of
multimerized concatamers is unlikely and that formation
of multimerized concatemers probably did not unduly
complicate analysis of our experimental findings. The
biophysical properties of currents recorded from cells
expressing WT4 channels or single WT hERG1 sub-
units are very similar (Wu et al. 2014). Concatenated
hERG1 tetramers expressed with a similar efficiency
regardless of the number of mutant subunits per tetramer.
With one exception, the positioning of two mutant sub-
units (S620T, S631A or T618A) in a diagonal versus an
adjacent orientation did not affect biophysical properties
of the channel. MC,/WT/MC,/WT, channels inactivated
slower than MC,/WT, channels, suggesting that when
positioned adjacent to one another mutant subunits may
weakly cooperate to accelerate inactivation.

The presence of a single S620T or G628C/S631C
mutant subunit in a tetramer was sufficient to suppress or
eliminate inactivation to the same extent as their respective
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homotypic mutant channels, indicative of fully concerted,
all-or-none subunit interactions. This finding is similar
to the subunit interactions that mediate channel opening
of Shaker K,1 channels, where a mutation (G466P) in
the glycine hinge of a single subunit is sufficient to
induce channels to open at more negative potentials to
the same extent achieved by mutation of Gly466 in all
four subunits (Zandany et al. 2008). S631A and T618A
subunits altered gating in a manner consistent with sub-
unit cooperativity, whereas M645C subunits accelerated
the rate of inactivation as expected if subunits acted
independently. A simple explanation for this apparent
discrepancy would be that these mutations interfere
with different steps of the inactivation pathway. Rate
equilibrium free energy relationship analysis suggests
that C-type inactivation of hERGI1 involves sequential
conformational changes in channel segments in the
following order: S5, S5P, S4, S45 linker, S6, pore helix,
selectivity filter (Wang et al. 2011; Perry et al. 2013a,b).
Below we relate the location of the residues mutated in our
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Figure 6. Cooperative T618A subunit interactions mediate accelerated rate of hERG1 inactivation

A, triple pulse voltage clamp protocol and corresponding currents recorded from oocytes expressing WTy4 or TA4
hERG1 channels. Left panels show currents recorded in response to the indicated voltage steps. The first pulse was
applied for 1 s and the second was 5 ms in duration for WT,4 and 4.5 ms for TA4 channels. Expanded view of area
designated by blue box is shown in right-hand panels. Inactivating current elicited during third pulse to +60 mV
was fitted to a single exponential function (dotted red curves) to estimate tinact. B, plot of 1/zinact as a function of
voltage for indicated concatenated tetramers (n = 4-7). Cand D, estimated forward rate constants for inactivation
(k) and k predicted by two models are plotted as a function of the number of T618A subunits in a concatenated
tetramer for V4 of +60 mV (C) and +80 mV (D). Open square represents TA1/WT1/TA;/WT; channels.

© 2014 The Authors. The Journal of Physiology © 2014 The Physiological Society



4476

study to their functional effects on subunit interactions
associated with inactivation gating of hERGI.

Based on their location in the pore helix and
selectivity filter, mutation of Ser620 (S620T) and Gly628
(G628C/S631C) would be predicted to disrupt the final
step of C-type inactivation gating. Molecular dynamics
simulations provide plausible explanations for how these
mutations attenuate or prevent C-type inactivation of
hERGI channels. Interaction between Ser620 and Asn629
appear to be the critical determinant of whether the
selectivity filter gate is in an open (conducting) or closed
(inactivated) state. Modelling by Stansfeld et al. (2008)
suggests that formation of an intrasubunit disulphide
bond between G628C and S631C prevents the structural
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change in the selectivity filter required for C-type
inactivation to occur. Ser620 and Asn629 form an H-bond
with a water molecule behind the selectivity filter and
this interaction favours the conducting state of the
selectivity filter gate. Mutation of Ser620 to Thr stabilizes
this interaction and promotes the conducting state of
the selectivity filter (Stansfeld et al. 2008). In a more
recent model, the collapsed (non-conductive) state of
the selectivity filter was most likely when the distance
between the side chains of Ser620 and Asn629 was reduced
to a distance that favoured formation of a bidentate
H-bond (Kopfer et al. 2012). In the S620T mutant, the
additional methyl group adds steric bulk, which may
alter a potential hydrogen bond network, whereas steric
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Figure 7. Effects of M645C subunits on the voltage dependence of hERG1 inactivation

A, representative current traces for WT4, MC1/WT3 and MC,4 concatenated tetramers recorded during pulses to
indicated voltages. Oocytes were bathed in 96K4Na extracellular solution. B, fully activated /ij—V/et relationships
for currents shown in (A). C, voltage dependence of inactivation for indicated concatenated tetramers. Values of
V0.5 and z determined from fitting data to Boltzmann function are summarized in Table 1. D, AGinact calculated
from data (squares, n = 4-6) plotted as a function of the number of mutant M645C subunits contained in a
concatenated tetramer together with AGinact predicted by the indicated independent and cooperative models.

Open square represents MC1/WT1/MC1/WT; channels.

© 2014 The Authors. The Journal of Physiology © 2014 The Physiological Society



J Physiol 592.20

hindrance introduced by the disulphide bond formed
between Cys628 and Cys631 prevents H-bonding between
Ser620 and Asn629. Our finding that a single S620T sub-
unit within a hERG1 concatemer suppressed inactivation
as effectively as four mutant subunits suggests that pre-
venting a single intra-subunit Ser620-Asn629 interaction
is sufficient to disrupt gating fully. These results also
indicate that inactivation is all-or-nothing with respect
to the requirement for Ser620-Asn629 bonding; all four
bonds must be formed for rapid C-type inactivation to
occur over the normal voltage range.

Ser631 is located just outside the selectivity filter. Ser631
in hERG1 is homologous to Thr449 in Shaker. Mutation
of Ser631 to Ala in hERGI slows the rate of inactivation
and shifts the voltage dependence of inactivation to more
positive potentials, whereas mutation of Thr449 to Ala
in Shaker accelerates the rate of voltage independent
inactivation (Lopez-Barneo et al. 1993). Nonetheless,
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characterization of concatemers incorporating these
mutations indicates that subunits interact cooperatively
during C-type inactivation for both hERG1 and Shaker
(Ogielska et al. 1995) channels. The side chain of Thr618
faces towards S5 and away from the inactivation gate
(Fig. 1B). Thus, S631A and T618A mutations may affect
a rate-limiting step in the inactivation sequence that
is mediated by cooperative conformational changes in
individual subunits and that occurs earlier than the fully
concerted final step. We recently reported that inhibition
of hERGI inactivation by ICA-105574 is also mediated
by cooperative subunit interactions (Wu ef al. 2014). This
hERG1 agonist binds to a hydrophobic pocket located
between two adjacent subunits and formed by specific
residues in S5, S6 and the backside of the pore helix (Garg
etal 2011).

Our finding that the location of the mutation used to
probe C-type inactivation provides insights into subunit
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Figure 8. Independent M645C subunit interactions mediate accelerated rate of hERG1 inactivation

A, triple pulse voltage clamp protocol and corresponding currents recorded from oocytes expressing WT4 or MCy4
hERG1 channels. Left panels show currents recorded in response to the indicated voltage steps. The first pulse
was 1 s in duration and the second was 5 ms in duration for WT4 and 3.5 ms for MC4 channels. Expanded view
of area designated by blue box is shown in right-hand panels. Inactivating current elicited during third pulse to
+60 mV was fitted with a single exponential function (dotted red curves) to estimate tinact. B, plot of 1/Tinact as a
function of voltage for indicated concatenated tetramers (n = 4-10). Cand D, estimated forward rate constants for
inactivation (k) and k predicted by indicated models are plotted as a function of the number of M645C subunits in
a concatenated tetramer at +60 mV (C) and +80 mV (D). Open square represents MC1/WT1/MC1/WT; channels.
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cooperativity during sequential steps in the inactivation
process echoes previous studies on activation gating in
other K, channels. Activation of K, channels is initiated
by a two-stepped outward movement of the voltage
sensors in each of the four subunits. The first step occurs
independently in each subunit while the second step
involves cooperative subunit interactions (Mannuzzu &
Isacoff, 2000). In most studies where mutant subunits
were used to characterize channel activation, findings
have been consistent with a standard (i.e. sequential)
model (Zandany et al. 2008) of cooperative subunit
interactions (Hurst et al. 1992; Tytgat & Hess, 1992;
Zagotta et al. 1994a,b). However, a point mutation of the
gating hinge (G466P) in a single subunit of concatenated
tetrameric Shaker channels causes the same negative
shift in the voltage dependence of activation as that
measured for channels containing only mutant subunits,
consistent with predictions of the concerted, all-or-none
model of cooperative subunit interactions (Zandany et al.
2008).

Two mutations (T618A or M645C) that accelerated the
rate and shifted the voltage dependence of inactivation
of hERGI channels were compared. To facilitate study
of highly inactivated mutant channels, currents were
recorded from oocytes bathed in a high K™ solution.
The slope of the inactivation curves are very shallow
(z = 0.6-0.7) when currents are measured under these
ionic conditions and, therefore, AGi.¢ for heterotypic
concatemers predicted by the independent model were
very similar to those predicted by the standard cooperative
model. The pattern of A Gyact as a function of the number
of mutant subunits per tetramer did not match one
model better. Therefore, we characterized the effect of the
mutations on the rate of inactivation (k) as the two models
predicted greater differences in k for the heteromeric
channels. We could not measure outward currents from
these channels when cells were bathed in a low external
K" bath solution. Thus, a limitation of our analysis is
the untested assumption that the kinetics of inactivation
of WT and mutant channels were slowed to a similar
extent by the high external K* solution. When probed
with T618A or M645C mutations, analysis of the kinetics
of inactivation indicated cooperative or independent sub-
unit interactions, respectively. It is unclear how the
T618A mutation alters inactivation gating, but molecular
modelling indicates that the side chain of Thr618 inter-
acts with Trp568 in the S5 segment and mutation of
this residue (W568L) eliminates inactivation, suggesting
that S5 movement during channel activation may be
coupled to the inactivation gate via interaction between
these two residues (Ferrer et al. 2011). Met645 is located
in the equivalent position in the S6 segment as Ala463
in Shaker. Mutation of the Shaker residue (A463V)
increases the rate of C-type inactivation by two orders
of magnitude (Hoshi ef al. 1991). The inactivation rate of
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Shaker channels formed from WT/A463V concatenated
dimers was best described by transition state energy
additivity (standard cooperative model). Similar effects
were observed for the equivalent mutation (A413V) in
K,1.3 channels (Panyi et al. 1995). In contrast, we found
that mutation of Met645 to Cys in hERG1 altered the rate of
inactivation in a manner predicted for independent sub-
unit interactions. Thus, probing hERG1 channel gating
with two different mutations (T618A or M645C) that
both accelerate inactivation rate suggested different types
of subunit interactions, as did the mutation of residues
located in the equivalent positions in the S6 segment
of different K™ channels (M645C in hERGI1, A463V in
Shaker and A413V in K,1.3). The M645C mutation may
accelerate the rates of both an independent step in the
inactivation pathway of hERG1 and the cooperative step
involving the gate structure (i.e. pore helix/selectivity
filter).

In summary, incorporation of mutant subunits that
disrupt or enhance inactivation into concatenated
tetramers with defined stoichiometry has provided
insights into the molecular mechanisms of C-type
inactivation gating in hERGI channels. Mutation of single
residues just outside the selectivity filter (S631A) or in the
pore helix (T618A) suggests that highly cooperative sub-
unit interactions mediate fast inactivation, consistent with
earlier studies of C-type inactivation with K,1 channels.
Disruption of the Ser620—Asn629 interaction by the S620T
mutation or formation of a disulphide bridge between
Gly628 and Ser631 presumably interferes with a final,
concerted conformational change in all four subunits
that prevents ion permeation. Our findings also suggest
that probing the mechanisms of channel gating with
concatenated heterotypic channels should be interpreted
with care as conclusions regarding the nature of subunit
interactions may depend on the specific mutation used to
probe the gating process.
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