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(Background: Cytoplasmic domains of Kv11.1 channels fine-tune their gating kinetics through unknown mechanisms.
Results: N-terminal positively charged residues form functional interactions with C-terminal negatively charged residues in

Conclusion: Cytoplasmic charge-charge interactions are critical for slow deactivation kinetics of Kv11.1 channels.
Significance: These results help clarify the molecular basis of slow Kv11.1 channel deactivation that is critical to opposing
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The intracellular domains of many ion channels are impor-
tant for fine-tuning their gating kinetics. In Kv11.1 channels, the
slow kinetics of channel deactivation, which are critical for their
function in the heart, are largely regulated by the N-terminal
N-Cap and Per-Arnt-Sim (PAS) domains, as well as the C-ter-
minal cyclic nucleotide-binding homology (cNBH) domain.
Here, we use mutant cycle analysis to probe for functional inter-
actions between the N-Cap/PAS domains and the c¢cNBH
domain. We identified a specific and stable charge-charge inter-
action between Arg®® of the PAS domain and Asp®®® of the
cNBH domain, as well an additional interaction between the
cNBH domain and the N-Cap, both of which are critical for
maintaining slow deactivation kinetics. Furthermore, we found
that positively charged arginine residues within the disordered
region of the N-Cap interact with negatively charged residues of
the C-linker domain. Although this interaction is likely more
transient than the PAS-cNBD interaction, it is strong enough to
stabilize the open conformation of the channel and thus slow
deactivation. These findings provide novel insights into the slow
deactivation mechanism of Kv11.1 channels.

The KCNH gene family encodes the Kv10.x (also known as
the ether-a-go-go gene, EAG), Kvll.x (the ether-a-go-go
related gene, ERG), and Kv12.x (the ether-a-go-go like gene,
ELK) voltage-gated K* channels (1). Members of the KCNH
family share relatively close sequence homology but differ in
the voltage dependence and kinetics of channel gating. The
resulting diversity in current phenotype allows KCNH family
members to perform a diverse range of physiological roles in
the heart, during neuronal action potential firing (2), during
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phasic contraction in a range of smooth muscles (3, 4), in hor-
mone secretion (5-7), and in cell proliferation (8).

The Kv11.1 K* channel is the only member of the KCNH
family to be expressed in the heart, where it forms the rapid
component of the delayed rectifier K™ current (I,), the major
repolarizing current in ventricular myocytes and thus helps
maintain the QT interval, a measure of ventricular action
potential repolarization on an ECG, within the normal range (9,
10). Kv11.1 channels exhibit much slower kinetics of channel
closure (also termed deactivation) than other members of the
KCNH family, which is key to their role in ventricular action
potential repolarization and in the prevention of premature
beats. Dysfunction of Kv11.1 channels is implicated in the heart
disease known as long QT syndrome type 2 (LQT2 syndrome),
which is associated with an increased risk of cardiac arrhyth-
mias and sudden cardiac arrest (11).

Kv11.1 channels share a similar protein structure to other volt-
age gated K™ channels. Within each subunit of the tetrameric
channel, the first four transmembrane segments (S1-54) form the
voltage sensing domains, whereas the fifth and sixth transmem-
brane segments (S5 and S6) from each subunit come together to
form the central pore domain. KCNH family members also have
large N and C termini that can have profound effects on channel
function. For example, the N-Cap/Per-Arnt-Sim (PAS)* domain
on the N termini plays a critical role in slowing deactivation gating
in Kv11.1 channels (12-16), and this is likely mediated by an inter-
action with the cyclic nucleotide binding homology (cNBH)
domain in the C terminus (17). A crystal structure complex of the
PAS and ¢cNBH domains from a closely related murine Kv10.1
channel provides the first atomic detail that these domains form a
direct interaction (18). Interestingly the atomic structures of the
PAS domain from the Kv10.1 and Kv11.1 channels are almost
identical (19). However, the connection of the N-Cap domain to
the PAS domain of these two channels appears to be different (18).
Furthermore, in contrast to Kv11.1 channels, Kv10.1 channels do
not exhibit slow deactivation kinetics (20, 21), suggesting that the
functional interaction between N-Cap/PAS and cNBH domains

2 The abbreviations used are: PAS, Per-Arnt-Sim; cNBH, cyclic nucleotide bind-
ing homology.
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may be different in Kv11.1 compared with other members of the
KCNH family.

In this study, we have used a mutant cycle analysis approach
to investigate the detailed interactions between the N-Cap/PAS
domain and the cNBH domain that regulate slow deactivation
gating in Kv11.1 channels. Our results show that the N-Cap/
PAS domains of Kv10.1 and Kv11.1 channels are not inter-
changeable. Furthermore, we have identified specific interac-
tions between the N-Cap/PAS domain and the cNBH domains,
as well as between the N-Cap domain with the C-linker, that
provide novel insights into the slow deactivation mechanism of
Kv11.1 channels.

EXPERIMENTAL PROCEDURES

Molecular Biology—The cDNA of Kv11.1 (a gift from G. Rob-
ertson, University of Wisconsin, Madison, WI) was subcloned
into a pBluescript vector containing the 5'-UTR and 3'-UTR of
the Xenopus laevis B-globin gene (a gift from R. Vandenberg,
University of Sydney). Mutagenesis of Kv11.1 cDNA was per-
formed using the QuikChange method (Agilent Technologies,
Santa Clara, CA) and confirmed by DNA sequencing.

To generate chimeric Kv11.1 channels with the N-Cap/PAS
domains replaced with those of Kv10.1 channels (residues
1-135 of Kv10.1 + residues 136-1159 of Kv11.1), a mega-
primer was generated using Kv10.1 cDNA as a template, with a
forward primer containing a BpulOI restriction site followed by
residues 1-9 of Kv10.1 (5'-CCGCTCAGGATGACCATGGC-
TGGGGGCAGGAGGGGA-3') and a reverse primer contain-
ing the overlap region at the end of the PAS domain (SDITAFK
(Kv10.1)-DMVGSPA (Kv11.1)) (5'-AGCCGGGGACCCCAC-
CATGTCTTTGAAAGCTGTTATGTCACT-3'). This mega
forward primer was then used with a reverse primer that started
from the BstEII restriction site of Kv11.1, and with Kv11.1
c¢DNA as the template, to generate a fragment containing a
BpulOl restriction site followed by Kv10.1 (residues 1-135) +
Kv11.1 up to the BstEII restriction site. This fragment was then
inserted into the Kv11.1 backbone using BpulOI and BstEII
restriction enzymes (New England Biolabs, Ipswich, MA). Sim-
ilarly, to generate the Kv11.1 channel chimera with only the
PAS domain of Kv10.1 (residues 1-25 of Kv11.1 + 26135 of
Kv101.1 + 136-1159 of Kvll.1), the above N-Cap/PAS
Kv10.1/Kv11.1 chimera cDNA was used as the template, with a
forward primer containing a BpulOI restriction site followed by
Kv11.1 sequence to the overlap region at the end of the N-Cap
domain (MPV...EGQ(Kv11.1)-DTNFVL(Kv10.1)) (5'-CCGC-
TCAGGATGCCGGTGCGGAGGGGCCACGTCGCGCCG-
CAGAACACCTTCCTGGACACCATCATCCGCAAGTTT-
GAGGGCCAGGATACTAATTTTGTGTTG-3') and a reverse
primer that started from the BstEII restriction site of Kv11.1, to
generate a fragment containing a BpulOI restriction site followed
by Kv11.1 (1-25) + Kv10.1 (26—-135) + Kv11.1 up to the BstEII
restriction site. This fragment was then inserted into the Kv11.1
backbone using BpulOI and BstEII restriction enzymes (New Eng-
land Biolabs). All constructs were confirmed by DNA sequencing.
Linearization of DNA plasmids was performed using BamHI-HF
(New England Biolabs), and the cRNA was transcribed in vitro
using the mMessage mMachine kit (Ambion, Austin, TX).
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Electrophysiology—Female X. laevis frogs were purchased
from Nasco (Fort Atkinson, WI). All experiments carried out
in this study were approved by the Garvan/St. Vincent’s Ani-
mal Ethics Committee (approval identifier 11/37). The ovar-
ian lobes were removed through a small abdominal incision
following anaesthetization in 0.17% (w/v) tricaine. The fol-
licular cell layer was removed by ~1-h incubation with 1
mg/ml collagenase A (Roche Applied Science) in Ca>"-free
ND96 solution containing 96 mm NaCl, 2 mm KCl, 1.0 mm
MgCl,, and 5 mMm Hepes (pH adjusted to 7.5 with NaOH).
After rinsing with ND96 (as above, plus 1.8 mm CaCl,), stage
V and VI oocytes were isolated and stored at 18 °C in tissue
culture dishes containing ND96 supplemented with 2.5 mm
pyruvic acid sodium salt, 0.5 mm theophylline, and 10 ug/ml
gentamicin.

Isolated oocytes were injected with cRNA and incubated at
18°C for 16-48 h prior to electrophysiological recordings.
Two-electrode, voltage clamp experiments were performed at
room temperature (20-22 °C) using a Geneclamp 500B ampli-
fier (Molecular Devices, Sunnyvale, CA) with glass microelec-
trodes filled with 3 M KCI and tip resistances of 0.3—1.0 M{).
Oocytes were perfused with ND96 solution during the record-
ing. Data analysis was performed using pClamp software (ver-
sion 10; Molecular Devices) and Prism 6 (GraphPad Software
Inc.,, La Jolla, CA). All parameter values were calculated as
means =* S.E. for n experiments, where n denotes the number of
different oocytes studied for each construct.

The rates of deactivation were obtained by fitting a double
exponential to the deactivation traces measured at voltages
ranging from —150 to —50 mV. Both the fast and slow time
constants at —120 mV, as well as the relative amplitude of the
fast component compared with the slow component, are
given in supplemental Table S1. For simplicity, in the figures
we focus on the fast time constant of deactivation (7,,,),
which is the dominant component at —120 mV (i.e. relative
amplitude =0.83 for WT and all mutants except D727R). A
natural log of the fast time constant (In*7¢, ¢ 150 ) for each
mutant was compared with that of WT channels to provide
Aln*Tgg, 120 mv-

Steady-state deactivation g-V curves were measured using
tail current analysis, as previously described (22, 23). From a
holding potential of —90 mV, cells were subjected to a 1-s depo-
larizing step to +40 mV and then a 3-s “test pulse” step to
voltages in the range of —100 to +40 mV (the precise range
depends on the mutant) in 10-mV increments, before mea-
suring the tail current at —70 mV. Peak amplitude of the tail
current were normalized to the maximum tail current value
(... and then fitted with a Boltzmann function,

max

ey = [1 4 €Yos = V0/k] 1 (Eq. 1)
where V,, . is the half-maximal deactivation voltage, V, is the
test potential, and k is the slope factor. Alternatively, to calcu-
late the changes in chemical potential energy (AG®) during the
deactivation reaction, the data were fitted with a thermody-
namic form of the Boltzmann function,

W lipax = [1 + @46~ 2aE0/AT] (Eq.2)
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where AG® is the work done at 0 mV, z, is the effective number
of gating charges moving across the membrane electric field
(E), F is the Faraday constant, R is the universal gas constant,
and T is absolute temperature. The effect of a mutation (com-
pared with WT) on changes in chemical potential energy was
then calculated from Equation 3.

AAG® = AGO™t — AGOWT (Eq.3)

Double Mutant Cycle Analysis—The most commonly used
technique for identifying pairs (24) or networks (25) of inter-
acting residues is that of mutant cycle analysis, which can be
performed in two main ways. For proposed charge-charge
interactions between two oppositely charged side chains (from
two residues in different domains), we initially used a charge
reversal mutant cycle analysis approach. The theory behind this
approach is relatively simple. Each member of a pair of residues
is individually mutated to its opposite charge to disrupt the
original charge-charge interaction. These individual mutations
will produce quantifiable perturbations on an energetic prop-
erty of the protein, measured kinetically by Alnt,, or thermo-
dynamically by AAG°. If both residues are simultaneously
mutated to their opposite charge, then the charge-charge inter-
action is restored, and perturbations to Aln7,,, or AAGP are
reduced toward WT (i.e. a value close to 0), providing strong
evidence for a native charge-charge interaction. It should be
noted that in practice a complete restoration of WT-like func-
tion is difficult, as residues are often involved in multiple inter-
actions that are not necessarily restored by charge swapping. In
addition, this approach may not be appropriate for other, more
complicated, forms of residue-residue interactions. For this
reason, we examined a second form of thermodynamic mutant
cycle analysis where an energetic coupling is considered to exist
between two residues when the perturbations caused by the
individual mutations (AGmutl and AGmut2) are not additive
when combined in a double mutant (i.e. AGmutl+mut2 <
AGmutl + AGmut2). Conversely, if perturbations caused by
two single mutants were additive when combined in the double
mutant (AGmutl +mut2 = AGmutl + AGmut2), then the two
residues are not energetically coupled. There are also limita-
tions to this method of mutant cycle analysis that should be
noted. First, mutations may introduce non-native interactions
and give misleading results. Second, interacting residues may
be “energetically silent” when mutated and will therefore not be
identified (24). Lastly, residues that are energetically coupled
are not necessarily interacting but may simply be part of the
same mechanistic process.

Structure Generation—The structure of the PAS domain
with the complete N-Cap domain bound was generated by
aligning and fusing the N-Cap domain from one of the NMR
structures (Protein Data Bank code 2LOW) to the crystal struc-
ture (Protein Data Bank code 4HP9) prior to removing the par-
tial N-Cap helix. The structure of C-linker and c(NBH domains
was generated by modeling the mosquito agERG crystal struc-
ture (Protein Data Bank code 4L11) using the Swiss PdbViewer
(26) and optimized using SWISS-MODEL Workspace (27, 28).
The orientation of the C-linker of the resulting homology
model was morphed to resemble the murine HCN2 C-linker
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conformation (Protein Data Bank code 1Q50) using Chimera
(29). The PAS and C-linker-cNBH domains were then super-
imposed to the murine Kv10.1 PAS-cNBH crystal structure
(Protein Data Bank code 4LLO) to generate the model of Kv11.1
PAS-C-linker-cNBH domains. The final complex was energy-
minimized and refined at 300 K using the protocol described
previously (30) to remove any clashes between atoms using
Amber12 (31).

RESULTS

N-Cap/PAS Domain of Kvi1.1 Is Not Interchangeable with
That of Kvi0.1—The PAS domains from Kv10.1 and Kv11.1
channels show remarkable similarity in both their amino acid
sequence and in their atomic structures (19). However, the
kinetics of channel deactivation are much slower in Kv11.1
channels than in Kv10.1 channels (20), suggesting that the
N-Cap/PAS domain and ¢cNBH domains form different func-
tional interactions in these two channels. To test this, we exam-
ined whether the N-Cap/PAS of Kv11.1 channels (shown in
gray) was interchangeable with that of Kv10.1 (shown in green),
using the kinetics of channel deactivation as a functional mea-
sure (Fig. 1, A—C). Deactivation kinetics, measured at voltages
between —150 and —50 mV (Fig. 1A), were fitted with a double
exponential. Exemplary fits of WT and A2-137 channel deac-
tivation, measured at —120 mV, are shown in Fig. 1B. Both the
fast and slow time constants for deactivation measured at —120
mV, as well as the relative amplitude of the fast and slow com-
ponents, are given for WT and all mutant channels in supple-
mental Table S1. However, for simplicity, only the fast time
constant of deactivation (7,,,) is shown in Fig. 1C (and in all
subsequent figures) because this represents the dominant com-
ponent at —120 mV.

In contrast to WT Kv11.1 currents, which exhibit slow deac-
tivation kinetics (Fig. 1, A, panel (i), and circles in C), Kv11.1
channels in which the N-Cap and PAS are replaced with the
N-Cap and PAS of Kv10.1 channels (Fig. 1, A, panel (iii), and
diamonds in C) show much faster deactivation gating kinetics
that are comparable to removing the entire N-Cap and PAS
domain of Kv11.1 (Fig. 1, A, panel (ii), and triangles in C). Inter-
estingly, reintroducing just the N-Cap domain of Kv11.1 back
into the N-Cap/PAS chimera (Fig. 1, A, panel (iv), and squares
in C) is able to partially restore the rates of deactivation toward
WT Kv11.1 channels. These data demonstrate that the N-Cap/
PAS domains of Kv11.1 and Kv10.1 channels are not inter-
changeable and suggest that at least part of the channel-specific
interaction arises from the N-terminal Cap.

Positive Charges in the N-Cap/PAS Are Important for
Function—Several arginine residues in the N-Cap (Arg*, Arg®,
and Arg”®) and PAS (Arg>®) domains (Fig. 2A) were previously
found to be critical for slow deactivation of Kv11.1 channels (15,
32). To determine whether positive charge was the important
factor in regulating slow deactivation of Kv11.1 channels, Arg*
(panel (i), Arg® (panel (ii)), Arg®® (panel (iii)), and Arg>® (panel
(iv)) were individually mutated to a positively charged lysine
side chain or negatively charged glutamic acid or aspartic acid
side chains and then tested for their functionality (Fig. 2B). Our
data strongly suggest that a positive charge at each position is
critical for maintaining the slow deactivation, because muta-
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FIGURE 1. The N-Cap/PAS domain of Kv11. 1 is not interchangeable with
that of Kv10.1. A, cartoon representation of a single subunit of either WT
Kv11.1 channels (panel (i), N-truncated (A2-137) Kv11.1 channels (panel (ii)),
Kv11.1 channels with the N-Cap and PAS domains replaced by those of Kv10.1
(panel (iii)), or Kv11.1 channels with only the PAS domain of Kv10.1 (panel (iv)).
Corresponding deactivation current traces are shown in the right hand panels
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tion to either the glutamic acid (orange) or aspartic acid (red)
residues produced channels that deactivate much faster than
either the WT arginine or lysine mutant channels (as summa-
rized in Fig. 2C). Similarly, an acceleration of the slow compo-
nent of deactivation was also observed in the negatively charged
side chain mutations but not in the positively charged lysine
mutations at each position (see supplemental Table S1).

Surface-exposed Negative Charges on the cNBH Domain—To
characterize the interaction between the N-Cap/PAS and the
c¢NBH domains, we first sought to identify any critical negative
charges on the cNBH domain of Kv11.1 channels by construct-
ing a homology model of the Kv11.1 ¢cNBH domain with an
intact C-linker (Fig. 34) (see “Structure Generation” under
“Experimental Procedures”). We tested the functional impor-
tance of an initial 18 negatively charged residues, ranging from
Asp”*? to GIu®*’, by mutating to a positively charged arginine
side chain and measuring kinetics of deactivation over a range
of membrane potentials (Fig. 3B). Of the 18 negatively charged
residues, only three: Asp””* (Fig. 3B, panel (i), Glu”®® (Fig. 3B,
panel (ii)), and Asp®® (Fig. 3B, panel (iii)), exhibited clearly
faster deactivation kinetics when mutated to arginine (Fig. 3, B
and C). Of the remaining 15 mutations, two (D821R and E857R)
exhibited small but significant accelerations of deactivation,
whereas most had no effect, and two (D727R and D829R)
exhibited significantly slowed deactivation kinetics (Fig. 3, B,
panel (iv), and C). One mutant, ES07R, did not form functional
channels (Fig. 3C).

In our tetrameric homology model of the Kvll.l ¢cNBH
domains, which is similar to the one generated by Haitin et al.
(18), Asp””* is located within the interface of two subunits and
is therefore likely to cause perturbation to the subunit-subunit
interaction when mutated to arginine. In contrast, both Glu”®®
and Asp®*® are surface-exposed negatively charged residues
and could form charge-charge interactions with one or more of
the critical N-Cap/PAS positively charged residues (Arg®, Arg®,
Arg®, or Arg®®).

Arg®® Interacts with Asp®*>—We performed charge reversal
double mutant cycle analysis (see “Experimental Procedures”)
to identify whether Asp®°? interacts with any of the four posi-
tively charged residues from the N-Cap and PAS domains of
Kv11.1 channels (Fig. 4A). The individual mutants, D803R (red
squares) and RXD (blue inverted triangles) all exhibit fast deac-
tivation (Fig. 4A, panels (i)-(iv)). However, when combined into
double mutants (purple circles) only R56D (Fig. 4A, panel (iv))
was able to restore deactivation back to the WT in the back-
ground of D803R. In fact R56D/D803R restored both the fast
(Trae) and slow (7y,,,) time constants of deactivation back to
WT values (see supplemental Table S1). Changes in the Aln7,,
of deactivation compared with WT are summarized in Fig. 4B.

for voltages between —50 and —150 mV in 20-mV increments. B, exemplary
fits (red lines) of two exponential components to raw current traces measured
at —120 mV (black lines) for WT and A2-137 channels. The fast (7,.,) and slow
(Tgow) time constants are indicated. C, mean (* S.E.) rates of deactivation for
WT Kv11.1 (black circles, n = 16), N-truncated Kv11.1 (gray triangles, n = 5),
Kv11.1 with the N-Cap and PAS domain of Kv10.1 (green diamonds, n = 5), or
Kv11.1 with only the PAS domain of Kv10.1 (open squares, n = 5). Note that
error bars are included but are often within the symbols. Mean = S.E. values for
Teast Tsiows @Nd the relative amplitudes of 7, to 7y, for WT and all mutants
are given in supplemental Table S1.
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FIGURE 2. Positive charges in the N-Cap/PAS are important for function.
A, surface representation of the N-Cap/PAS domains of Kv11.1 channels,
showing the location of the positively charged arginine residues Arg*, Arg®,
Arg?®, and Arg®® (shown in dark blue). B, side chains of Arg* (panel (i)), Arg®
(panel (ii)), Arg®° (panel (iii)), and Arg>® (panel (iv)) were mutated to either a
positively charged lysine (blue squares), negatively charged aspartate (red tri-
angles), or glutamate (orange inverted triangles) side chains, and mean (£ S.E.)
rates of deactivation were compared with the WT arginine (black circles). Note
that error bars are included but are often within the symbols. Mean = S.E.
values for 7¢,.,, Tqows and the relative amplitudes of ., to 7, for WT and all
mutants are given in supplemental Table S1. For each mutated residue, the
inset shows representative current traces at —120 mV for WT arginine (black),
lysine (blue) or aspartate (red) side chains. C, mean (*+ S.E.) changes in natural
log of the fast time constant of deactivation measured at —120 mV
(In*(7¢ _ 10 my) for mutant channels compared with WT (see also supplemental
Table S1).

Restoration of Alnt,  toward WT (i.e. 0) in the R56D/D803R
charge reversal mutant strongly indicates a native charge-
charge interaction between Arg®® and Asp®®®. We sought to
confirm the deactivation kinetics data by examining changes
in chemical potential energy of individual and double mutants
(versus WT, AAG®) obtained from steady-state voltage depen-
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FIGURE 3. Several charged cNBH domain residues are critical for the slow
deactivation kinetics of Kv11. 1 channels. A, surface representation homol-
ogy model of the C-linker/cNBH domain of Kv11.1 channels showing the loca-
tion of 18 negatively charged residues (red spheres). B, mean (+ S.E.) rates of
deactivation for the 18 negatively charged cNBH domain residues individu-
ally mutated to arginine. Three mutations exhibited substantially faster deac-
tivation kinetics: D774R (panel (i), red triangles, n = 6), E788R (panel (ii), red
diamonds, n = 21), and D803R (panel (iii), red squares, n = 8), whereas the
remainder had deactivation kinetics similar to, or slower than, WT (panel (iv),
gray symbols, n = 4-21). Note that error bars are included but are within the
symbols. Mean = S.E. values for 7, 7. and the relative amplitudes of =,
0 Ty 0w fOr WT and all mutants are given in supplemental Table S1. Represen-
tative current traces at —120 mV for D774R, E788R, and D803R are shown in
the inset. C, summary of all individual mutant effects on deactivation kinetics
measured at —120 mV. Mutant perturbations were considered significant
only when the mean was outside * two standard deviations of the WT Kv11.1
(indicated by gray band). D774R, E788R, D803R, D821R, and E857R exhibited
fast deactivation kinetics, whereas D727R and D829R were significantly
slower than WT. * denotes that E807R did not express functional channels.

dence of deactivation g-V curves (Fig. 4C; see “Experimental
Procedures” for details). Similar to the deactivation kinetics
data, R56D/D803R restored AAG® values back toward WT (Fig.
4C). Furthermore, when we used a thermodynamic mutant
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FIGURE 4. PAS domain residue Arg®® forms a charge-charge interaction
with the cNBH domain residue Asp®°3. A, mean (+ S.E.) rates of deactivation
for N-Cap mutants R4D (panel (i)), R5D (panel (ii)), R20D (panel (iii)), or the PAS
domain mutant R56D (panel (iv)), either alone (blue triangles, n = 5-14) or in
the presence of the cNBH domain mutation D803R (purple circles, n = 7-16).
WT Kv11.1 (black circles, n = 16) and D803R (red squares, n = 8) are shown for
comparison. Note that error bars are included but are within the symbols.
Mean = S.E.values for 7, Tqows and the relative amplitudes of 7, to 7, for
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cycle analysis approach where Arg®® and Asp®®® are individu-
ally mutated to alanine, both produced a significant perturba-
tion to AAG® (> 5 kj'mol "), and these perturbations were not
additive when combined in the double alanine mutant (Fig. 4D
and supplemental Table S2). Together, these results clearly
show that an interaction between Arg®® and Asp®*® (depicted in
Fig. 4E) is critical for slow deactivation of Kv11.1 channels.

Glu™3 Interacts with Asn'? but Not with the Four N-Cap/PAS
Arginine Residues—Next we examined whether the cNBH
domain surface-exposed negatively charged residue Glu”®®
interacted with any of the positively charged residues in the
N-Cap/PAS domain, using a charge reversal double mutant
cycle analysis approach (Fig. 5). Individual mutants, E788R (red
squares), and RXE (blue triangles) all had fast deactivation
kinetics compared with WT (Fig. 5A, panels (i)-(iv)). However,
in the background of E788R, none of the arginine to glutamate
mutations in the N-Cap/PAS (purple circles) slowed deactiva-
tion kinetics (summarized in Fig. 5B) or reversed thermody-
namic AAG° values (summarized in Fig. 5C) back to that of WT
Kv11.1 channels.

To identify a possible interacting partner for Glu”®%, we
returned back to the homology model of Kv11.1 N-Cap/PAS-
C-linker/cNBH domain and identified a possible interaction
with Asn'* of the N-Cap domain (Fig. 64). We tested for an
interaction between Asn'? and Glu”®® (Fig. 6, B—C) and found
that N12E is able to partially restore slow deactivation in the
background of E788R (purple diamonds), compared with single
mutants N12E (blue triangles) or E788R (red squares). In the
thermodynamic analysis, N12E/E788R did not restore AAG®
back toward WT, although the perturbation was similar to the
least perturbing of the two single mutants (i.e. E788R rather
than N12E, Fig. 6D). We were unable to confirm an interaction
between Asn'? and Glu”®® using alanine mutagenesis, because
the N12A mutation did not significantly perturb AAG®, even
though the rate of channel deactivation was substantially faster
for N12A (Fig. 6E and supplemental Tables S1 and S2). How-
ever, the partial restoration of slow deactivation in the double
mutant N12E/E788R supports an interaction between Asn'? of
the N-Cap and Glu”®® of the cNBH domain.

Interaction Site for Arg* and Arg°—As we have shown previ-
ously (15) and in this study (Fig. 2), arginine residues Arg* and
Arg’ in the N-Cap are critical for regulating slow deactivation.
It is reasonable to assume that these two arginine residues will
most likely interact with negatively charged residues, especially

WT and all mutants are given in supplemental Table S1. Representative cur-
rent traces at —120 mV are shown within insets, with mutants color-coded as
above. B, summary (means = S.E.) showing complete restoration of slow
deactivation kinetics, measured as Aln(7qq,—120my) compared with WT
Kv11.1, only when R56D was combined with D803R, indicating a direct func-
tional interaction between the native residues. C and D, summary (mean =+
S.E.) AAGP values calculated from Boltzmann energy fits of steady-state g-V
curves (see “Experimental Procedures” for details) for charge reversal (C) or
alanine (D) mutant channels compared with the WT. Gray bars represent the
theoretical additive values of the two individual mutant perturbations com-
bined. Note that the double mutant R56D/D803R exhibits a reduced AAG°
compared with the two single mutants alone. Mean * S.E. values are given in
supplemental Table S2. £, surface representation Kv11.1 homology model of
the N-Cap/PAS domains (blue) interacting with the C-linker/cNBH domains
(red), with the boxed region, expanded in the right panel, showing a charge-
charge interaction between the side chains of the PAS domain residue Arg®®
and Asp®° in the ctNBH domain.
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FIGURE 5. cNBH domain residue Glu”2® does not appear to interact with
the N-Cap/PAS domain arginine residues. A, mean (= S.E.) rates of deacti-
vation for N-Cap mutants R4E (panel (i)), RSE (panel (i), R20E (panel (iii)), or the
PAS domain mutant R56E (panel (iv)), either alone (blue triangles, n = 11-14)
or in the presence of the cNBH domain mutation E788R (purple circles, n =
12-17). WT Kv11.1 (black circles, n = 16) and E788R (red squares, n = 21) are
shown for comparison. Note that error bars are included but are within the
symbols. Mean = S.E. values for 7, Tqow and the relative amplitudes of 7,
to T4, for WT and all mutants are given in supplemental Table S1. Represen-
tative current traces at —120 mV are shown within the insets, with mutants
color-coded as above. B and C, summary (mean = S.E.) showing no restora-
tion of slow deactivation kinetics (AIN(T¢,s;, —120myv), B) Or of chemical potential
energy (AAG®, (), compared with WT Kv11.1, with any of the combined
N-Cap/PAS arginine mutants. Gray bars in Crepresent the theoretical additive
values of the two individual mutant perturbations combined. Means * S.E.
for chemical potential energy parameters are given in supplemental Table S2.

those that are in close proximity to one another. Guided by our
homology model of the N-Cap/PAS and C-linker/cNBH
domains, we identified two additional negatively charged glu-
tamic acid residues, Glu®®® and Glu®®®, that were not included
in the initial scan of negatively charged residues. Both are
located within the N-terminal portion of the C-linker and are in
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FIGURE 6. cNBH domain residue Glu’2® interacts with the N-Cap residue
Asn’2. A, surface representation homology model of the N-Cap/PAS domain
(blue) interacting with the C-linker/cNBH domain (red). The N-Cap residue

E788R N12E N12E/
E788R

Asn'? (blue spheres) interacts with Glu”®® (red spheres) of the cNBH domain. B,

mean (= S.E.) rates of deactivation for WT Kv11.1 (black circles, n = 16), N-Cap
mutant N12E (blue triangles, n = 5), cNBH domain mutant E788R (red squares,
n = 21), and combined mutant N12E/E788R (purple circles, n = 8). Note that
error bars are included but are within the symbols. Mean = S.E. values for 7,
Tyow aNd the relative amplitudes of 7, to 7,,,, for WT and all mutants are
given in supplemental Table S1. Inset, representative current traces at —120
mV for each mutant are color-coded as above. C, summary (mean = S.E.)
showing that the combined mutant N12E/E788R has slower deactivation
kinetics, measured as smaller Aln(7_;5¢ my) compared with WT Kv11.1, than
either of the two single mutants alone. D and E, summary (mean = S.E.) AAG°
for charge reversal (D) or alanine (E) mutant channels compared with the WT.
Note that the effects of the two single mutants are not additive when com-
bined in the double mutant N12E/E788R. Gray bars represent the theoretical
additive values of the two individual mutant perturbations combined.
Means = S.E. are given in supplemental Table S2.

physical proximity to Arg* and Arg® from the N-Cap domain in
our homology model (Fig. 7A). When mutated (Fig. 7B), both of
the double mutants, R4E/R5E (blue triangles) and E698R/
E699R (red squares), exhibited faster channel deactivation
compared with WT Kv11.1. In comparison, a combination of
the two double mutants (purple diamonds), that is R4E/R5E +
E698R/E699R (EERR), produced channels with much slower
deactivation kinetics than R4E/R5E but similar to E698R/
E699R. Comparative changes to the kinetics of deactivation ver-
sus WT are summarized in Fig. 7C. Similar to the kinetic data,
both double mutants produced significant perturbations to
thermodynamic AAG® values that were not additive when the
two double mutants were combined (Fig. 7D). Finally, we
repeated the thermodynamic mutant cycle analysis using ala-
nine mutants and observed significant perturbations to AAG®
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FIGURE 7. N-Cap residues Arg®/Arg® may interact with the C-linker resi-
dues Glu®®8/Glu®®®. A, surface representation homology model showing
that residues Arg® and Arg® (shown in “blue” spheres) of the N-Cap/PAS
domains (blue) are in close proximity to residues Glu®*® and GIu®®® (shown in
red spheres) of the C-linker/cNBH domains (red) in Kv11.1 channels. B, mean (+
S.E.) rates of deactivation for WT Kv11.1 (black circles, n = 16), N-Cap double
mutant R4E/R5E (blue triangles, n = 5), C-linker double mutant E698R/E699R
(red squares, n = 5), and combined charge reversal mutant R4E/R5E+E698R/
E699R (EERR, purple circles, n = 5). Note that error bars are included but are
within the symbols. Mean * S.E. values for 7, 7. and the relative ampli-
tudes of 7, to 7., for WT and all mutants are given in supplemental Table
S1.Inset, representative current traces at —120 mV for each mutant are color-
coded as above. C, summary (means * S.E.) showing that the charge reversal
mutant R4E/R5E+E698R/E699R (EERR) exhibits altered deactivation kinetics,
measured as AIn(T_;, ) compared with WT Kv11.1, that are similar to the
C-linker double mutant E698R/E699R, but much slower (i.e. smaller shift) than
the N-Cap double mutant R4E/R5E. D and E, summary (mean = S.E.) AAGP for
charge reversal (D) or alanine (E) mutant channels compared with the WT.
Note that the effects of the N-Cap double mutant (R4E/R5E) and the C-linker/
cNBH domain double mutant (E698R/E699R) are not additive when com-
bined in the quadruple mutant. Gray bars represent the theoretical additive
values of the two individual mutant perturbations combined. Means =+ S.E.
are given in supplemental Table S2.

with the two double mutants (R4A/R5A and E698A/E699A).
When combined (R4A/R5A + E698A/E699A, AAAA in Fig.
7E), the AAG® was reduced compared with R4A/R5A, but sim-
ilar to E698A/E699A (i.e. the effects were not additive) consist-
ent with an interaction (Fig. 6E). Based on these data, we sug-
gest that Arg® and Arg® of the N-Cap can form a functional
interaction with Glu®*® and Glu®” of the C-linker region and
that this interaction connects the N-Cap/PAS+cNBH complex
to the S6 channel gate.

To find additional evidence that the N-Cap and PAS domains
share a common mechanism for the regulation of slow deacti-
vation gating kinetics, i.e. via an interaction with the C-linker/
c¢cNBH domains, we combined an R4D/R5D N-Cap double
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mutant (orange triangles) with the PAS domain R56D mutant
(red triangles) to generate a triple 4D5D56D N-Cap/PAS
domain mutant (purple diamonds in Fig. 84). All three mutant
channels exhibited similar faster rates of deactivation than
observed in WT (black circles). Importantly, the effect of the
N-Cap double mutant (R4D/R5D) was not additive to the effect
of the PAS domain mutant R56D, when examining both deac-
tivation kinetics (Alntg; Fig. 8B8) and changes in chemical
potential energy (AAG?; Fig. 8C). These data provide further
evidence that the N-Cap and PAS domain positively charged
residue slow Kv11.1 channel deactivation through a common
interaction with the C-linker/cNBH domains (Fig. 9).

DISCUSSION

The aim of this study was to identify the molecular basis of
how the N-Cap/PAS domain slows deactivation of Kv11.1
channels. Our results show that positively charged residues in
the N-terminal N-Cap and PAS domains form charge-charge
interactions with surface-exposed negatively charged residues
in the C-terminal C-linker and cNBH domains and that these
interactions are critical for maintaining the slow deactivation
kinetics of Kv11.1 channels. Specifically, we show that the PAS
domain residue Arg®® forms a functional interaction with
Asp®® of the cNBH domain, whereas Arg* and Arg® of the
N-Cap domain most likely interact with Glu®*® and Glu®*®
within the C-linker.

Kv10.1 and Kv11.1 are members of the same family of potas-
sium channels and share remarkable sequence similarity, yet we
found that the N-Cap/PAS domains of Kv10.1 are not inter-
changeable with those of Kv11.1 without dramatically acceler-
ating the deactivation gating kinetics of Kv11.1 channels. Inter-
estingly, restoring just the N-Cap domain of Kvll.l can
partially restore deactivation gating back toward the Kv11.1
WT. This observation is consistent with a previous study show-
ing that injection of the N-Cap peptide is capable of partially
restoring deactivation gating of a truncated Kv11.1 channel
(33). These findings confirm that the N-Caps, as well as the PAS
domains, are involved in slowing the deactivation kinetics of
Kv11.1 channels.

R56Q is a clinically identified mutation in the PAS domain of
Kv11.1 channels, which accelerates channel closure and predis-
poses patients to lethal arrhythmias (32). Although several
studies proposed that the N-terminal PAS domains of Kv11.1
channels form interactions with the C-terminal cNBH domains
(17, 34, 35), the exact nature of these interactions, including
those of Arg®®, were hitherto unclear. A recent crystal structure
of isolated PAS and ¢cNBH domains from mouse Kv10.1 chan-
nels showed that Arg®” in the PAS domain formed a specific salt
bridge interaction with Asp®? in the cNBH domain (18). Con-
sistent with this, we found a critical salt bridge interaction
between Arg®® and Asp®°?, the corresponding positions in
Kv11.1 channels. Our data suggest that a loss of interaction
between Arg®® in the PAS domain and Asp®® in the cNBH
domain is responsible for the fast deactivation gating pheno-
type, which underlies the pathophysiology of the R56Q
mutation.

Several lines of evidence suggest that the PAS-cNBH domain
interaction in Kv11.1 channels is relatively stable. For instance,
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FIGURE 8. N-Cap and PAS domains share a common mechanism for the regulation of slow deactivation gating kinetics. A, mean (+S.E.) rates of
deactivation for WT Kv11.1 (black circles, n = 16), the N-Cap domain double mutant R4D/R5D (orange inverted triangles, n = 5), the PAS domain mutant R56D
(red triangles, n = 5), and the N-Cap/PAS triple mutant R4D/R5D+R56D (purple diamonds, n = 6). Note that error bars are included but are within the symbols.
Mean = S.E. values for 7, Tqow @Nd the relative amplitudes of 7, to 7., for WT and all mutants are given in supplemental Table S1. Inset, representative
current traces at — 120 mV for each mutant are color-coded as above. Band C, all mutants show similar accelerated deactivation kinetics (AIn(7_,,¢ ), B) and
similar changes in chemical potential energy (AAG®, C) compared with WT Kv11.1, indicating a shared mechanism for slowing deactivation kinetics. Gray bars
in Crepresent the theoretical additive values of the two individual mutant perturbations combined. Means = S.E. for chemical potential energy parameters are

given in supplemental Table S2.
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FIGURE 9. Proposed molecular mechanism for slow deactivationin Kv11.
1 channels. Cartoon of two opposing subunits of a tetrameric Kv11.1 channel
shown in the closed (left) and open (right) conformations. In both conforma-
tions, Arg®® in the PAS domain (blue triangles) and Asp®°® in the cNBH domain
(red squares) form a highly stable interaction (denoted by black star). In the
open conformation, Arg* and Arg® in the N-Cap domain (shown in purple) and
Glu®?® and Glu®®? in the C-linker (shown in maroon) form an additional, but
more transient, interaction (denoted by gray star) that stabilizes the open
state, presumably by stabilizing the S6 activation gate (represented by dark
gray bar) in the open conformation. The stable PAS-cNBH domain interaction
is critical because it positions the N-Cap domain in the correct location to
interact with the C-linker. These interactions underlie the slow deactivation
gating observed in Kv11.1 channels.

the injection of isolated PAS domain protein into cells express-
ing N-terminal truncated Kv11.1 channels can restore slow
deactivation, and this effect remains following excision of the
membrane patch, suggesting that the exogenous PAS domain is
stably bound to the Kv11.1 channel (16). In a different study, it
was shown that FRET can be observed when CFP-tagged exog-
enous PAS domain protein is added to YFP-tagged R56Q
mutant Kv11.1 channels but not when added to YFP-tagged
WT Kv11.1 channels, indicating that the stably bound WT PAS
domain cannot be supplanted by the exogenous CFP-tagged
PAS domain protein (14). Thus, it appears that the Arg®°—
Asp®®® salt bridge is one of several interactions that form a
stable connection between the PAS and ¢cNBH domains. Fur-
thermore, this stable interaction is shared between at least two
members of the EAG family of channels: Kv11.1 and Kv10.1.
However, although in Kv11.1 channels this interaction is
important for slowing the kinetics of deactivation (channel clo-
sure), in Kv10.1 channels the interaction appears to accelerate
the kinetics of channel activation (channel opening) (18). The
reason for this difference is unclear, but we postulated that it
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may reflect differences in the mechanism by which the N-Cap
domains interact with the remainder of the channel.

The N-terminal N-Cap domains of Kv11.1 channels have
been proposed to bind to various regions of the channel protein
including the S4S5 linker (36, 37) or the cNBH domain (38).
Recently, Haitin ez al. (18) proposed that two charged residues,
Arg” and Arg®, in the N-Cap domain of Kv10.1 channels form a
functional interaction with E627R of the cNBH domain. How-
ever, the structure of the co-crystallized isolated PAS and
c¢NBH domains used in their study lacked the initial 15 residues
of the N-Cap domain, including Arg” and Arg®, as well as the
majority of the C-linker (18). In our study, none of the positively
charged residues within the N-Cap of Kv11.1 channels, includ-
ing Arg*and Arg® (equivalent to Arg” and Arg® in Kv10.1), were
able to restore the slow deactivation gating in the background
of the cNBH domain mutation E788R (Glu®*” in Kv10.1).
Instead, we found that mutating Asn' from the N-Cap domain
to a glutamic acid partially restored the fast deactivation gating
phenotype of E788R, suggesting that Asn'? is capable of form-
ing a hydrogen bond with Glu”®® that modulates gating (Fig. 5).
Our homology model also supports the suggestion that Asn'?
interacts with Glu”®® (Fig. 6). That we get only partial restora-
tion of the slow deactivation phenotype in the N12E/E788R
mutant is not entirely surprising because this is not an exact
exchange of residues (i.e. native Asn-Glu swapped with
larger and more bulky Glu-Arg), so we should not necessarily
expect complete restoration of the native interaction. Fur-
thermore, any additional interactions between Asn'? or
Glu”®® with other nearby residues in the N-Cap/PAS and
c¢NBH domains would likely not be restored. Finally, the
introduction of a positively charged side chain at position
788 may introduce a non-native interaction with other
nearby residues. These results reflect the limitations in the
method of charge reversal mutant cycle analysis that are dis-
cussed under “Experimental Procedures.”

In the thermodynamic analysis, N12E/E788R did not restore
AAGP back toward WT, although the perturbation was similar
to the least perturbing of the two single mutants (i.e. E788R
rather than N12E). From these data, we can at least conclude
that the perturbations caused by the two single mutants are not
additive when combined in the double mutant, consistent with
Asn'? of the N-Cap and Glu”®® of the cNBH domain being
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energetically coupled (i.e. part of the same mechanistic pro-
cess). We also tested alanine mutants N12A and E788A, as well
as the double alanine mutant N12A/E788A (supplemental
Tables S1 and S2). Although N12A significantly accelerated the
rate of channel deactivation, it did not produce a significant
change in the chemical potential energy AAG®, mainly because
of a much steeper slope in the voltage dependence of deactiva-
tion for N12A compared with WT. Conversely, the slopes of the
steady-state deactivation curves for E788A and E788A/N12A
were similar to WT, and consequently the AAG® for E788A/
N12A was not that different to the sum of the AAG® values for
the individual mutants (see supplemental Table S2). Again, this
may reflect the limitations of thermodynamic mutant cycle
analysis, where mutations may introduce non-native interac-
tions or mutation of interacting residues may be energetically
silent (24), as discussed under “Experimental Procedures.”
Despite this, the kinetic perturbations of N12A and E788A were
not additive when combined in the double mutant, consistent
with an energetic coupling between these residues during deac-
tivation gating. Thus, although we cannot definitively conclude
that Asn'? of the N-Cap and Glu”®® of the cNBH domains inter-
act, our data and the homology model indicate that this inter-
action is entirely plausible.

If Glu”®® of the cNBH domain does not interact with either
Arg* or Arg® from the N-Cap domain, then the Arg* or Arg®
must be interacting with residues in close proximity, because
the crystal structure of the Kv10.1 PAS-cNBH domain con-
strains the conformational space and distance to which the
Arg* and Arg® may extend. Interestingly, our homology model
shows that Arg*/Arg® may be in close physical proximity to two
glutamic acid residues, Glu®®® and Glu®®®, within the C-linker.
Although the quadruple mutant (R4E/R5E+E698R/E699R)
exhibits no restoration of slow deactivation, the phenotype is
clearly more similar to the slower deactivation profile of E698R/
E699R rather than the much more rapidly deactivating R4E/
R5E, suggesting that there is no additive effect. In other words,
the quadruple mutant affects deactivation gating to the same
extent as the E698R/E699R double mutant alone. The nonad-
ditive perturbations of these two double mutants were con-
firmed using thermodynamic AAG® measurements of both the
charge reversal mutants (Fig. 7D) and alanine mutants (Fig. 7E).
One reason for the lack of restoration in the charge reversal
mutants may be that we are simply introducing too much per-
turbation to both of the C-linker and N-Cap domain and thus
are removing interactions additional to those directly between
Arg*/Arg® of the N-Cap and Glu®*®/Glu®*® of the C-linker.

We (15, 23) and others (16) have previously shown that dele-
tion of the N-terminal Cap residues (A2-25) results in a fast
deactivation phenotype that is similar to that obtained by dele-
tion of the entire PAS domain (16). Importantly, deletion of the
N-Cap (A2-25) accelerates the kinetics of deactivation without
substantially altering the kinetics of activation (i.e. has no effect
on the forward transition), suggesting that the N-tail interac-
tion occurs when channels are in the open conformation and
dissociates upon channel closure (23). In support of a transient
interaction for the N-tail, Wang et al. (33) have shown that the
application of an exogenous peptide that mimics the first 16
residues of the N-Cap can restore a slow deactivation pheno-
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type to N-Cap truncated Kv11.1 channels (A2-16) and that this
restoration is reversible on washout (31). Thus, in contrast to
the relatively stable interaction between Arg®® of the PAS
domain and Asp®°® of the cNBH domain, which occurs both in
Kv10.1 channels as well as Kv11.1 channels, it is likely that the
N-Cap (Arg*/Arg®) interaction with the C-linker (Glu®®®/
Glu®®®) is much more transient. Furthermore, this interaction
is likely very specific to Kv11.1 channels because the equivalent
residues in Kv10.1 (Asp/Met) would not provide the same neg-
atively charged surface for binding of positively charged Arg”/
Arg® residues. This Kv11.1 specific interaction therefore allows
the N-Cap domain to control the rate of closure of the S6 acti-
vation gate via the C-linker. This interaction is likely to be tran-
sient, occurring only when the activation gate is open and sta-
bilizing the open conformation of the channels such that the
rate of S6 motion back to the closed conformation is markedly
slowed.

Recent crystal structures of the cNBH domain from different
KCNH channels show different orientations of the C-linker (39,
40), whereas some crystal structures do not even have the
C-linker at all, perhaps because of difficulty in the expression,
purification, and crystallization (18, 41). In the recent crystal
structure of the PAS/cNBH domains of Kv10.1 channels (18),
both the N-Cap and C-linker were not present, so direct struc-
tural evidence for the lack of this interaction in Kv10.1 channels
is unavailable. However, even if we did possess crystal struc-
tures of the N-Cap/PAS domain plus the C-linker/cNBH
domains of both Kv10.1 and Kv11.1 channels, these types of
crystal structures rarely provide information about transient
interactions.

Based on our data and homology model, we propose that
Arg®® and Asp®® form a stable interaction that orients the
N-Cap close to the C-linker/cNBH domains. The disordered
region of the N-Cap domain, in particular the Arg* and Arg>, is
then in a position to form transient interactions with the
C-linker to regulate slow channel deactivation. This proposal is
supported by our observation that the perturbation caused by
mutating both Arg* and Arg® to aspartic acid residues (R4D/
R5D) has the same effect as the R56D or the triple mutant (R4D/
R5D/R56D), i.e. in the absence of the Arg>°—Asp®*? interaction;
then mutations to Arg* and Arg® have no additional effect on
deactivation gating. Given the direct link between the C-linker
and the S6 gate, it is plausible to suggest that the N-cap inter-
actions with the C-linker are allosterically transmitted to the S6
gate. We suggest that the N-Cap binds to the C-linker in the
open state, and only when this interaction is broken can the
channel return to the closed conformation. The dynamic struc-
ture of the disordered region of the N-Cap domain is therefore
likely to be essential to ensure that the interaction with the
C-linker is transient rather than permanent and yet strong
enough to slow deactivation of Kv11.1 channels.
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