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Abstract

Human Ether-a-go-go Related Gene (hERG) channel, which belongs to the voltage-gated K

channel (Kv) family, is well known for its very slow deactivation kinetics. This slow deactivation is

important for the repolarization of cardiac action potential in myocytes, and is known to be regulated by

its intracellular regions.

In the C-terminal intracellular region, members in the KCNH subfamily including hERG channel

have Cyclic Nucleotide Binding (CNB) domain which is connected to the sixth transmembrane helix by

C-linker domain. Although the binding of cyclic nucleotides to the ligand binding pocket of CNB

domain regulates the channel gating in Hyperpolarization-activated Cyclic Nucleotide-modulated

(HCN) and Cyclic Nucleotide-Gated (CNG) channels, KCNH channels are known to lack the sensitivity

to cyclic nucleotides. In hERG channel, several mutations and truncation of C-linker or CNB domains

show accelerated deactivation kinetics, suggesting that the roles of these domains of hERG channel

differ from those of HCN and CNG channels. It remains unknown, however, how these domains control

the slow deactivation of hERG channel.

The crystal structures of C-linker and CNB domains of two KCNH channels, zebrafish

Ether-a-go-go Like K* (zELK) and Anopheles gambiae ERG (agERG) channels, were solved recently.

These studies suggest that the structures of them basically resemble one another, but have some

differences from that of mMHCN2 channel. To obtain the structural insight of C-linker and CNB domains

of hERG channel, | performed the structure homology modeling of these domains of hERG channel



based on those of agERG channel.

The homology model of hERG channel showed that a side chain of an amino acid residue Phe860

occupied the ligand binding pocket as if Phe860 is an endogenous ligand. This may explain the lack of

sensitivity to cyclic nucleotides. It was also indicated that there are two electrostatic interactions

between C-linker and CNB domains in hERG channel, similarly to HCN and CNG channels. The two

interactions are possibly formed between Arg696 in C-linker domain and Asp767 in CNB domain, and

Arg696 and Asp727 in C-linker domain, respectively. In this study, | aimed at elucidation of the role of

Phe860 in the gating, and functional conformation of the existence of the two electrostatic interactions

between C-linker and CNB domains. | analyzed the functional electrophysiological properties of

various mutants by two electrode voltage clamp technique using Xenopus oocytes.

The substitution of Phe860 with charged Arg or Glu accelerated the deactivation kinetics, but that

with hydrophobic Ile or Val did not change the kinetics. In addition, the substitution to small

hydrophobic Ala also accelerated the deactivation. These results indicate that the hydrophobicity and

bulkiness of the amino acid side chain are necessary to maintain the slow deactivation in this position,

and that Phe860 occupies the ligand binding pocket to play an important role to control the slow

deactivation in hERG channel, unlike the mechanisms of HCN and CNG channels.

Next, | investigated two electrostatic interactions in C-linker and CNB domains. The mutant of

Arg696 to Glu showed slower deactivation kinetics than wild type (WT). In contrast, when Asp767 or

Asp727 was substituted with Lys, both mutants accelerated the deactivation. Their different phenotypes



suggest that there is no direct electrostatic interaction between Arg696 and Asp767, and Arg696 and

Asp727, unlike the case of HCN and CNG channels. However, only the double mutant of Arg696GIu

and Asp767Lys showed much slower deactivation kinetics than WT and each single mutant. The results

suggest that Arg696 and Asp767 are not independent and have indirect but functional interaction.

Regarding Asp727 which was shown not to be the counterpart for Arg696, | identified a novel

direct electrostatic interaction by systematic mutagenesis. When | substituted Arg752 in CNB domain to

Glu, this mutant showed accelerated deactivation kinetics like Asp727Lys. Furthermore, the double

mutant of Asp727Lys and Arg752Glu recovered the slow deactivation kinetics to the same degree of

WT. These results suggest that Asp727 directly interacts with Arg752 electrostatically to maintain the

slow deactivation. As a positively charged amino acid at 752 is conserved only in KCNH subfamily, but

not in HCN and CNG channels, it is thought that this interaction is a unique one of KCNH family

members.

Taken together, | found that the C-linker and CNB domains of hERG channel contribute to the

control of slow deactivation by different mechanisms from those of HCN and CNG channels, such as

the endogenous ligand like role of Phe860 and the novel electrostatic interaction between Asp727 and

Arg752. As some amino acids residues related to these mechanisms were reported as a cause of the

cardiac diseases such as LQT2, it is thought that the results in this study would contribute to elucidate

the mechanisms of these diseases.



Introduction

The voltage-gated K" channels (Kv) are the largest family among ion channels, which sense the

membrane potential change to open and close the channel gate and conduct K ion selectively. Human

Ether-a-go-go Related Gene (hERG) channel belonging to Kv family is well known to play an important

role for repolarization phase of the action potential in cardiac myocytes. It is known a malfunction of

hERG channel by drug application or by its inherited mutation cause long QT syndrome which is

associated with a risk of ventricular arrhythmias and sudden death (Curran et al., 1995; January et al.,

2000; Roden, 2006; Sanguinetti & Tristani-Firouzi, 2006; Shimizu, 2008; Sanguinetti, 2010; Foo et al.,

2016).

One of the characteristic features of hERG channel function is far slower deactivation than those

of other Kvs (Sanguinetti et al., 1995; Trudeau et al., 1995). Deactivation is the process in which the

open channel returns to the resting state upon hyperpolarization, and the slow deactivation of hERG

channel is known to be controlled by the intracellular regions (Gustina & Trudeau, 2012; Vandenberg et

al., 2012; Morais-Cabral & Robertson, 2015; Perry et al., 2015).

Each subunit of Kv has six transmembrane segments and four subunits assemble to form a

functioning unit (Sands et al., 2005; Tombola et al., 2006). Among these six transmembrane segments

(S1-S6), the former four (S1-S4) function as the voltage sensor domain (Smith & Yellen, 2002; Zhang et

al., 2004; Piper et al., 2005; Cheng & Claydon, 2012) (Figure 1A). The latter two (S5-S6) form the

channel pore domain (Wynia-Smith et al., 2008; Thouta et al., 2014). The pore domains of four subunits



assemble in the center of the channel structure, and the voltage sensor domains are located surrounding

them. The basic structure of hERG channel is similar to other Kvs. However, the intracellular regions of

the hERG channel are much larger than other Kvs. All the three intracellular regions, N-terminal, S4-S5

linker and C-terminal, are known to be critical for slow deactivation (Warmke & Ganetzky, 1994;

Gustina & Trudeau, 2012; Vandenberg et al., 2012; Morais-Cabral & Robertson, 2015) (Figure 1A).

N-terminal region of hERG channel contains the Ether-a-go-go (EAG) domain (1-135 amino

acids), which consists of N-tail domain (1-25 amino acids) and Per-Arnt-Sim (PAS) domain (26-135

amino acids) (Morais Cabral et al., 1998) (Figure 1A). EAG domain is conserved well among KCNH

subfamily including hERG channel (Warmke & Ganetzky, 1994). Former studies of hERG channel

showed that the truncation of EAG domain (Sanguinetti et al., 1995; Trudeau et al., 1995; Schonherr &

Heinemann, 1996; Spector et al., 1996; Wang et al., 2000) and as well as mutations in EAG domain

(Morais Cabral et al., 1998; Chen et al., 1999; Muskett et al., 2011; Ng et al., 2011; Gianulis & Trudeau,

2011; Tan et al.,, 2012; Ke et al., 2013) accelerated the slow deactivation. When the N-terminal

truncation mutant of hERG channel (A2-354) or a splice variant which lacks most of the N-terminal

region was co-expressed with the EAG domain protein (1-135), the deactivation was restored (Gustina

& Trudeau, 2009; Trudeau et al., 2011). However, the slow deactivation of truncation mutant of hERG

channel which lacks both N- and C-terminal cytoplasmic regions (A2-354, A749-1159) was not restored

by coexpression with the EAG domain (Gustina & Trudeau, 2011), suggesting that the EAG domain

interacts with C-terminal region to control the deactivation. Furthermore, it was shown that EAG



domain interacts with S4-S5 linker domain which connects voltage sensing domain and pore domain (de

la pena et al., 2011; de la pena et al., 2013; de la pena et al., 2014). Mutations in S4-S5 linker domain

also affected the deactivation kinetics (Sanguinetti & Xu, 1999; Van Slyke et al., 2010; Ng et al., 2012;

Hull et al., 2014).

In the C-terminal intracellular region of hERG channel, there is a cyclic nucleotide binding

(CNB) domain (Warmke & Ganetzky, 1994) (Figures 1, 2). This domain is connected to the pore

forming domain by C-linker domain (Figures 1, 2). A truncation and mutations of these domains were

shown to change the deactivation speed (Ficker et al., 2000; Aydar & Palmer, 2001; Al-Owais et al.,

2009; Muskett et al., 2011; Gustina & Trudeau, 2013; Ng et al., 2014). It has been also reported that

C-linker and CNB domain interact with EAG domain to control the slow deactivation (Gustina &

Trudeau, 2011; Fernandez-Trillo et al., 2011; Gustina & Trudeau, 2013; Haitin et al., 2013; Ng et al.,

2014).

The structure of C-linker and CNB domains has been solved in mouse

Hyperpolarization-activated Cyclic Nucleotide-modulated 2 (mMHCN2) channel belonging Kv family

(Zagotta et al., 2003). Thereafter, the structures have been solved in SplH, MloK1, hHCN4 and SthK

channels which are closely related to the mMHCN2 channel (Flynn et al., 2007; Schunke et al., 2009;

Schunke et al., 2011; Akimoto et al., 2014; Kesters et al., 2015). These results suggested that C-linker

and the CNB domains assembled in a tetramer.

CNB domain is conserved in HCN and Cyclic Nucleotide-Gated (CNG) channels, and KCNH



subfamily including hERG channel (Figures 2, 3A). HCN channel is a voltage gated channel which

opens upon hyperpolarization. In HCN channel, the binding of cyclic nucleotide (cAMP) to the ligand

binding pocket shifts the voltage dependence to depolarized potential (Craven & Zagotta, 2006;

Wahl-Schott & Biel, 2009). Therefore, the channel can open at less hyperpolarized membrane potential.

In contrast, CNG channel has no voltage dependence and opens simply by cyclic nucleotide (cGMP)

binding (Kaupp & Seifert, 2002; Craven & Zagotta, 2006). In both channels, it has been suggested that

the binding of cyclic nucleotide changed the structure of CNB domain, which is transmitted to the

C-linker domain using inter-domain interaction to control the gating (Johnson & Zagotta., 2001; Zagotta

et al., 2003; Hua & Gordon, 2005). In HCN channel, it is known that there are interactions between

Lys472 in C-linker domain and Glu502 in neighbor subunit’s C-linker domain, and between Lys472 and

Asp542 in CNB domain of same subunit (Craven & Zagotta, 2004) (Figures 1B, 2). In addition, same

interactions are known also in CNG channel (Craven & Zagotta, 2004; Craven et al., 2008).

KCNH subfamily members including hERG channel do not have a sensitivity to cyclic nucleotide

unlike HCN and CNG channels (Frings et al., 1998; Brelidze et al., 2009) (Figure 3A). Therefore, it was

unclear whether or not C-linker and CNB domains of KCNH subfamily have a similar structural

determinant found in HCN and CNG channels for many years. However, the crystal structure of these

C-terminal domains was solved in zebrafish Ether-a-go-go Like K" (zELK) channel belonging to

KCNH subfamily (Brelidze et al., 2012). The results suggested that the structure of zELK resembled

mHCN2 channel, but with some interesting differences. In zELK channel, a side chain of the amino acid



residue Tyr740 filled the ligand binding pocket as if as an endogenous ligand, explaining the lack of

sensitivity to cyclic nucleotide. Furthermore, the structure of zELK channel was in an unnatural dimer

form probably due to crystallization artifact. More recently, the structure of these C-terminal domains of

Anopheles gambiae ERG (agERG) and zebrafish KCNH channels were also solved in a monomeric

state (Brelidze et al., 2013; Li et al., 2014), and those of mouse EAG (MEAG) channel were also solved

as the complex with EAG domain (Haitin et al., 2013). These crystal structures showed overall a similar

structure to that of zELK channel. The information as to the manner of inter-subunit interaction in

KCNH family was not given by these studies. Also the structure of hERG channel itself remains to be

solved till now.

Thus, the importance of the charged interactions between C-linker and CNB domains clearly

observed in HCN channel has not been analyzed in hERG channel until now. Therefore, | performed the

structure homology modeling for C-linker and CNB domains of hERG channel based on the structure of

monomeric agERG channel towards the understanding of structural determinants of C-linker and CNB

domains. In this study, | analyzed the role of Phe860 which corresponds to Tyr740 in zELK channel in

the gating of hERG channel. Next, | analyzed similarities and differences of the interaction between

C-linker and CNG domains of hERG channel to those of HCN and CNG channels.

I revealed Phe860, a bulky hydrophobic amino acid, fills the ligand binding pocket to control the

slow deactivation. In addition, among the interacting amino acid pairs between C-linker and CNB

domains, Arg696 and Asp767 were shown to interact functionally. Furthermore, | newly found a direct



interaction, critical for slow deactivation, between Asp727 and Arg752 in CNB domain, which is not

observed in HCN and CNG channels.



Materials and Methods
Homology modeling

The homology structure modeling of the C-linker domain between 666 and 747 amino acid
residues and cyclic nucleotide binding (CNB) domain between 748 and 872 amino acid residues of
human ERGla (hERGla) channel were performed using SWISS-MODEL  server
(http://swissmodel.expasy.org) based on the monomeric crystal structure of Anopheles gambiae ERG

channel (PDB: 4L11).

Molecular biology
Constructions of single and double mutants

Full length hERG channel was subcloned into the pSP64 vector (pSP64-hERG1a). Single and
double mutants were constructed by using In-Fusion® HD Cloning Kit (TaKaRa). Two PCR primers
including mutations were designed to elongate DNA fragments to upstream or downstream directions
from the regions into which each mutation is introduced. PCR was performed using the designed
forward primer with the reverse primer from BamHI restriction site region or the designed reverse
primer with the forward primer from BstEII restriction site, and each template (pSP64-hERG1a or each
single mutant). The obtained PCR fragments were purified and In-Fusion reaction was performed with
vector side fragment of pSP64-hERG1a which was digested by BstEIl and BamHI. After introduced

into E. coli (TG1, Genotype; supE, hsdA5, thi, A(lac-proAB)/F' [traD36, proAB”, lac 19, lacZAM15) ),
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each plasmid DNA was collected. The second mutations were introduced by subcloning the necessary
region to intrinsic restriction sites in pSP64-hERG1a, using the restriction enzymes Ncol, BstEll, Bglll,
Xhol, Sphl, BamHI and EcoRI (TOYOBO), and DNA Ligation Kit (TaKaRa). DNA sequences of all
single and double mutants were confirmed using BigDye® Terminator v3.1 (Applied Biosystems) and
the DNA sequencer (ABI PRISM 3130xI, Applied Biosystems). cRNA was transcribed from each

linearized plasmid DNA using mMessage mMachine® SP6 Transcription Kit (Ambion).

Constructions of tandem constructs

To make pSP64-hERG1a-hERG1a tandem construct (WT-(GGS)e-WT), a flexible GGS linker,
(GGS)s, was introduced between the final amino acid residue (Ser1159) of the first hERG subunit and
the initial amino acid residue (Met1) in the second hERG subunit using In-Fusion® HD Cloning Kit as
described above. Each tandem construct including single or double mutations was subcloned as

described above.

Electrophysiological experiments
Preparation of Xenopus oocytes

All animal experiments in this study were approved by the Animal Care Committees of the
National Institute for Physiological Sciences (Okazaki, Japan) and performed conforming to its

guidelines. Xenopus oocytes were surgically collected from Xenopus leavis (Hamamatsu Animal Supply
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Co.), after anesthesia in cold 0.15% tricaine water for 20 minutes. Collected oocytes were treated with

collagenase (SIGMA) for 6-7 hours at room temperature to remove the follicle membranes. After

selecting oocytes at stage V-VI, they were injected with 50 nl of 0.5 pg/ul cRNA solution. The injected

oocytes were incubated for 1 day (in case of tandem constructs, for 2 days) at 17°C in the frog ringer

solution (88 mM NaCl, 1 mM KCI, 2.4 mM NaHCOs3, 0.3 mM Ca(NO3),, 0.41 mM CaCl, and 0.82 mM

MgSOy, pH 7.6, with 0.1% penicillin-streptomycin).

Two-Electrode Voltage Clamp experiments

After 1-2 days from the injection, the macroscopic currents were recorded from injected oocytes

under the two-electrode voltage clamp using an amplifier (OC-725C, Warner Instruments), a digidata

(1322A, Axon), and the software for control and recording of voltage clamp () CLAMP8.2, Axon). The

glass microelectrodes were drawn from borosilicate glass capillaries (Harvard Apparatus), and filled

with 3 M K-acetate and 10 mM KCI (pH 7.2). The resistance was 0.2-0.8 MQ. All experiments were

performed at room temperature (20-25°C). The bath solution was ND-96 (96 mM NaCl, 2 mM KClI, 1.8

mM CaCl,, 1 mM MgCl, and 5 mM HEPES, pH 7.4). Oocytes were voltage-clamped at -90 mV, and

then two kinds of step pulse protocol were applied. The first protocol was to analyze voltage

dependence; depolarizing step pulses from -80 to 60 mV for 2 s in 10 mV increments, followed by a

step pulse to -60 mV for 2 s, every 8 s. The second protocol was to analyze the deactivation kinetics; a

step to 40 mV for 1 s, followed by hyperpolarizing step pulses from -40 to -90 mV for 3 s in -10 mV

12



decrements, every 8 s. Data from the amplifier were digitized at 10 kHz and filtered at 1 kHz.

Data analyses
Analyses of the deactivation Kinetics
The deactivation kinetics was analyzed by fitting the deactivation traces of the outward tail
current to a double exponential function at each repolarizing voltage steps from -40 to -90 mV after
depolarizing step at 40 mV, as follows.
f(t) =A™ +A?+C
t value is time, and t; and t, values represent slow and fast time constants of the deactivation. A; and A,

are fractions of each component. C is a constant component.

Analyses of the G-V relationship

The relative conductance to the maximal one (G/G.x) was determined from the peak of the
outward tail current at -60 mV after the depolarizing step pulses. The G/G.x was plotted as a function
of membrane potential, and the curve was fitted to the Boltzmann function, as follows.

f(V)=1/(1+e V2V C
V1, value is the membrane potential when the G-V relationship reaches half level, and k value is the

slope factor.

13



Statistical Analysis

All averaged data are presented as mean+SEM. n value is the number of recordings. A statistical

significance between more than two groups was done by one-way analysis of variance (ANOVA)

followed by Tukey’s test. Values of P<0.05 were considered as statistically significant.
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Results

Homology modeling of C-linker and CNB domains in hERG channel

To obtain the structural view of C-terminal region in hERG channel, | performed a homology

modeling of C-linker and cyclic nucleotide binding (CNB) domains of hERG channel based on the

monomeric crystal structure of Anopheles gambiae ERG (agERG) channel. Phe860 in hERG channel, a

residue corresponding to Tyr740 in zELK channel, located in the ligand binding pocket (Figure 3B).

Furthermore, there are two putative electrostatic interaction pairs similar to those of HCN and CNG

channel. One is between Arg696 in C-linker domain and Asp767 in CNB domain, and another is

between Arg696 and Asp727 in C-linker domain (Figure 1). By comparing the structure of CNB domain

of hERG with that of mMHCN2 channel, it was shown that aA- and a.B-helixes of CNB domain are

located outside (Figure 3).

Phe860 might fill the ligand binding pocket and control the slow deactivation

The homology modeling suggests a possibility that the Phe860 plays an important role for the

gating of hERG channel (Figure 3). Therefore, | investigated the effects of various mutations at Phe860.

Phe860 was substituted with small alanine (A), hydrophilic tyrosine (Y) which has a similar form to

phenylalanine, hydrophobic isoleucine (1) and valine (V), positively charged arginine (R) and negatively

charged glutamate (E).

First, | analyzed the effect on the slow deactivation, one of the most characteristic features of

15



hERG channel (Figure 4). The two time constants of deactivation (tsjow, Trast) for F8601 and F860V were

not different from those of wild type (WT). The time constants for F860Y were slightly smaller than

those of WT. In contrast, F860A, F860R and F860E showed accelerated deactivation (Table 1). Next, |

analyzed the G-V relationship of each mutant channel because that of HCN channel shifts upon binding

of the ligand. In contrast to the HCN channel, G-V relationship of each mutant was not different from

that of WT (Figure 5). These results suggest that the presence of bulky amino acid residue Phe860, in

the ligand binding pocket decelerates the deactivation, but does not give influence to the voltage

dependence.

A functional interaction between Arg696 and Asp767 in hERG1a channel

There are the two possible electrostatic interacting pairs predicted from the homology modeling

of hERG channel. First, | focused on the electrostatic interaction between Arg696 in C-linker domain

and Asp767 in CNB domain (Figure 1). If Arg696 and Asp767 interact electrostatically to control the

gating of hERG channel, it is thought that similar changes would be observed by single mutations of

each amino acid residue disrupting the interaction. Furthermore, the charge reversions of both residues

are expected to rescue the mutational effect of each single mutation. here, | substituted Arg696 and

Asp767 with Glu and Lys which have opposite charges, respectively. A single point mutant R696E

showed a slightly slower deactivation than WT, but G-V relationship was not changed (Figures 6, 7 and

Table 1). Similar results were observed in R696D (Figure 8B, 9B and Table 1). In contrast, in D767K,

16



the deactivation was accelerated, and the G-V relationship was shifted negatively (Figures 6, 7 and

Table 1). D767R also accelerated the deactivation, but G-V relationship was shifted positively (Figure

8B, 9B and Table 1). These results show that the Asp767 is important for channel gating, but Arg696 is

not, and suggest that Arg696 and Asp767 do not interact directly.

However, the deactivation for a double mutant R696E&D767K became far slower than those of

WT and each single mutant (Figure 6 and Table 1). If Arg696 and Asp767 were independent, the

kinetics of R696E&D767K would be simply the sum of mutation effects of each single mutant. Thus,

the result suggested that Arg696 and Asp767 are not independent. In the deactivation, similar results

were observed in other charge reversal double mutants R696E&D767R, R696D&D767K and

R696D&D767R (Figure 8 and Table 1). These results show that even though Arg696 and Asp767 do not

interact directly with each other, they have a mutually dependent functional coupling, which controls the

slow deactivation.

There is no clear interaction between Arg696 and Asp727

Next, | analyzed the possible interaction between Arg696 and Asp727 in C-linker domain (Figure

1). As in the case of Arg696 and Asp767, | investigated the effects of substitution of Arg696 and Asp727

with Glu and Lys, respectively. In D727K mutant, the deactivation became faster than WT, and the G-V

relationship shifted slightly to negative direction (Figures 10, 11 and Table 1). This phenotype is

different from that of R696E. Similar results were observed in D727R (Figures 12, 13 and Table 1).

17



Therefore, as in the case of Arg696 and Asp767, it was suggested that Arg696 and Asp727 do not

interact directly.

| also analyzed the phenotype of a double mutant R696E&D727K to examine the functional

coupling between them. The deactivation time constants of a charge reversal double mutant,

R696E&D727K, were similar to those of D727K (Figure 10 and Table 1). In addition, other double

mutants, R696E&D727R, R696D&D727K and R696D&D727R, also showed similar results to each

single mutant (Figure 12 and Table 1). Similar tendencies were also observed in G-V relationships

(Figures 11, 13 and Table 1). These results suggest that there is no clear functional link between Arg696

and Asp727. This is in clear contrast with the case of mMHCN2 channel.

Screening of the interaction partner with Asp727

As it was shown that Arg696 is not an interaction partner with Asp727, | assumed that Asp727

electrostatically interacts with other amino acid residue(s). The candidate residue would have a

positive charge, and its charge reversal mutant would show a similar phenotype to D727K. In addition,

it was thought that the candidate is located close to Asp727. To search the candidate amino acid

residues, | substituted all positively charged ones in C-liner and CNB domains with glutamate (only

Arg791 to aspartate). Among these mutants, K748E, R752E, K759E, R784E, K801E, R814E, K817E,

R835E and R863E showed significantly accelerated deactivation (Figure 14A), and Arg752 is located

especially close to Asp727 in the homology model of hERG channel (Figure 14B). Then, | assumed

18



that Arg752 is the candidate of the interaction partner with Asp727.

A novel identification of an interaction between Asp727 and Arg752 in hERG channel

If there is an interaction between Asp727 and Arg752, it is thought that the time constant of

deactivation is recovered to the same level of WT in a charge reversal double mutant, D727K&R752E.

Therefore, | analyzed the properties of D727K&R752E. As expected, the deactivation time constant of

D727K&R752E was similar to that of WT (Figure 15 and Table 1). This result suggests that there is an

electrical interaction between Asp727 and Arg752, which controls the slow deactivation. Another

double mutant D727R&R752E also showed slow deactivation, similar to WT and D727K&R752E

(Figure 16 and Table 1). D727K&R752D and D727R&R752D also showed a recovery of the slow

deactivation from those of single mutants, but the extent of recovery was not very remarkable (Figure

17 and Table 1). In addition, D727K&R752E and D727R&R752E shifted the G-V relationships more

negatively than the sum of each single mutant (Figures 16, 18 and Table 1). Also in this case, double

mutants including R752D showed smaller effects than those including R752E (Figures 16, 18 and Table

1). These results suggest that the charge reversal double mutation including R752E is optimal for the

restoration of interaction. Taken together, the results demonstrated that the electrostatic interaction

between Asp727 and Arg752 are important for the slow deactivation.

Tandem construct experiments showed that both interactions are intra-subunit

19



Based on the crystal structure of HCN channel, Lys472 and Asp542 are on the same subunit,

whereas Glu502 is on the neighboring subunit. Therefore, the interaction between Lys472 and Asp542

in HCN channel is intra-subunit, and that of Lys472 and GIu502 is an inter-subunit one. By analogy, the

interaction between Arg696 and Asp767 in hERG channel is expected to be intra-subunit one, and the

newly identified Asp727 and Arg752 interaction is also intra-subunit. However, as the homology

structure model of hERG channel is based on the monomeric crystal structure of agERG, there remain

uncertainties about intra- or inter-subunit aspects. To determine if the interaction is intra- or

inter-subunit, I made tandem constructs in which two subunits are connected by a flexible GGS linker

(WT---WT) (Figure 19). For the analysis of the interaction between Arg696 and Asp767, | made three

tandem constructs, WT---WT, R696E---D767K and R696E&D767K---WT (Figure 19). (Case 1) If the

interaction between Arg696 and Asp767 is inter-subunit, tandem construct R696E---D767K has two

intact and two charge reversal, in sum four, electrostatic interactions in the tetramer. In the case of

R696E&D767K---WT, there would be no electrostatic interaction. Therefore, it is expected that

R696E---D767K shows a normal slow deactivation like a double mutant R696E&D767K, and

R696E&D767K---WT shows accelerated deactivation like D767K single mutant (Figure 19). (Case 2)

However, if the interaction is within the intra-subunit, there will be no interaction in R696E---D767K,

and four interactions will be maintained in R696E&D767K---WT, which has two intact and two charge

reversal interactions. In this case, it is expected that R696E---D767K shows an accelerated deactivation,

and R696E&D767K---WT shows a normal slow deactivation (Figure 19).

20



The results showed that the deactivation of R696E---D767K was faster, but that of

R696E&D767K---WT was slower than that of WT---WT (Figure 20 and Table 1). These results

demonstrate that the functional interaction between Arg696 and Asp767 is intra-subunit interaction. But,

the deceleration effects in R696E&D767K---WT was smaller than the case of double mutant

R696E&D767K (Figure 6). The difference might be due to the difference of the strength between WT

and charge reversal interaction. Then, | made a tandem construct R696E&D767K---R696E&D767K

having four charge reversal interactions. In this tandem construct, the deactivation speed became much

slower than R696E&D767K---WT (Figure 20 and Table 1). These results additionally suggest that the

time constant of deactivation changed depending on the number of charge reversal interactions.

Next, | performed similar analyses of the newly identified interaction pair, Arg696 and Asp767.

D727K---R752E showed an accelerated deactivation, but D727K&R752E---WT showed a normal slow

deactivation, similar to WT---WT (Figure 21 and Table 1). These results suggest that the interaction

between Asp727 and Arg752 also is intra-subunit. In case of this interaction, D727K&R752E---D727K

&R752E which have four charge reversal interactions showed similar results as D727K&R752E---WT

(Figure 21 and Table 1).
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Discussion

In this study, | performed the homology modeling of the structure of C-linker and CNB

domains of hERG channel based on the crystal structure of agERG channel. Based on this result, first, |

analyzed the role of Phe860 in CNB domain in the gating of hERG channel. Second, | analyzed

similarities and differences of the two electrostatic interactions between C-linker and CNG domains of

hERG channel to those of HCN and CNG channels.

Phe860 in CNB domain in hERG channel which mimics the binding of cyclic nucleotides

| performed the homology modeling of the structure of C-linker and the CNB domains of hERG

channel based on the monomeric crystal structure of agERG channel in the same KCNH subfamily. The

modeled structure showed Phe860 protrudes into the ligand binding pocket as Tyr740 in zELK channel

does (Figure 3B). It was suggested that the ligand binding pocket of CNB domain of hERG channel is

filled by Phe860, maintaining a similar structure to HCN channel in a cAMP bound state. | thus mutated

the Phe860 to various amino acid residues to examine whether the disruption of the space filling affects

the gating of the hERG channel or not.

The voltage dependence of HCN channel shifts to positive membrane potential upon cAMP

binding to the ligand binding pocket, enhancing the channel activity (Craven & Zagotta, 2006). In zELK

channel, the Y740A mutant and the truncated mutant from Tyr740 to Leu742 showed a positive shift of

G-V relationship (Brelidze et al., 2012). From these reports, | speculated that a voltage dependence
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would be altered in hERG channel by substituting Phe860 to alanine, tyrosine, isoleucine, arginine,

valine, or glutamate. Unexpectedly, all mutants did not show clear changes in the G-V relationship

(Figure 5), suggesting that Phe860 of hERG channel did not participate in the control of voltage

dependence unlike HCN and zELK channels. In contrast, mutations of Phe860 affected the slow

deactivation to various extents (Figure 4).

The result of the homology modeling suggested that the ligand binding pocket of hERG channel

is hydrophobic, so the side chain of a hydrophobic amino acid can bind easily. The substitution of

Phe860 to hydrophobic isoleucine and valine did not clearly change the deactivation kinetics, and it was

thought that the binding of a hydrophobic amino acid side chain to the ligand binding pocket maintained

the structure of CNB domain of hERG channel to control the slow deactivation normally. When mutated

to alanine, a small hydrophobic amino acid, the deactivation speed was accelerated. A substitution to

hydrophilic but bulky tyrosine was also able to maintain the slow deactivation. A substitution to

electrically charged arginine and glutamate accelerated the deactivation. Taken together, it was

suggested that the hydrophobic interaction between amino acid residue at 860 and the ligand binding

pocket in hERG channel underlies the structural stability of CNB domain and the characteristic slow

deactivation.

In hERG channel, if Phe860 functions like a constitutively present ligand, it is thought that the

structure of CNB domain observed from the homology modeling is in a ligand bound state. By

comparing CNB domain of hERG channel with that of mMHCNZ2 channel, it was shown that aA- and
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aB-helixes of CNB domain are slightly translocated to outside (Figure 3B). A similar translocation was

also observed in zELK, agERG and mEAG channels. In mHCNZ2 channel, it was shown that although

CAMP bound into ligand binding pocket of CNB domain, the crystal structure was in close state (Craven

& Zagotta, 2004). Therefore, it is thought the possibility that the state of CNB domain which is

translocated aA- and aB-helixes to outside is open state. In hERG channel, the acceleration of the

deactivation observed in F860A, F860R and F860E mutant might be caused by a lack of outward

translocation of aA- and aB-helixes to outward.

A functional, not direct, interaction between Arg696 in C-linker domain and Asp767 in CNB

domain in hERG channel which controls the slow deactivation

HCN channel has an intra-subunit interaction between Lys472 in C-linker domain and Asp542 in

CNB domain, and an inter-subunit interaction between Lys472 and Glu502 in C-linker domain (Figure

1B). WT HCN channel is well known to show a positive shift of voltage dependence by the binding of

cAMP. However, in K472E mutant, voltage dependence was shifted positively in the absence of cAMP,

and no further change was observed when cAMP was applied. In K742E&D542K double mutant HCN

channels, the WT phenotype was rescued (Craven & Zagotta, 2004). These results suggest that the

electrostatic interaction between Lys472 and Asp542, which was impaired by K472E, was rescued by

switching the position of the positively and negatively charged amino acid residues. Similar interactions

are known also in CNG channel. CNG channel does not show voltage dependence, but opens upon
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binding of cGMP, not cAMP. However, when the salt bridge was lost by a similar mutation as in HCN

channel, this mutant was able to open by both cGMP and cAMP. Furthermore, a double mutant CNG

channel, in which the positions of the positively and negatively charged residues were switched, showed

similar properties to WT (Craven & Zagotta, 2004; Craven et al., 2008). These results suggest that the

salt bridge similar to that in HCN channel exist in CNG channel. In both channels, these electrostatic

interactions are involved in the regulation mechanisms by cyclic-nucleotides. Both HCN and CNG

channels have a tendency to become “easy to open’ when the interactions are lost, suggesting that the

interactions stabilize the close state of each channel, and that the binding cyclic-nucleotide into CNB

domain might destroy the interactions, leading to opening of the channel gate.

The result of the homology modeling in this study suggested that C-linker and CNB domain of

hERG channel also have similar interactions observed in HCN and CNG channels. In the present study,

it was shown that CNB domain of hERG channel is in a state similar to the ligand bound state, as

Phe860 constitutively fills the ligand binding pocket. Therefore, if the salt bridges of HCN and CNG

channels are open upon ligand binding, it is speculated that the electrostatic interaction in hERG

channel could be always open.

To confirm this speculation, | made hERG channel mutants which have reversed electrostatic

charges, and analyzed the channel properties such as the deactivation kinetics and the G-V relationships

(Figures 6-13). In hERG channel, the interactions shown by the homology modeling are between

Arg696 in C-linker domain and Asp767 in CNB domain, and between Arg696 and Asp727 in C-linker
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domain. First, when the electrostatic charge was reversed in Arg696, R696E and R696D did not show

clear changes of the voltage dependence and the deactivation Kinetics, in comparison with WT hERG

channel. In contrast, when the electrostatic charges were reversed in Asp767 and Asp727, each single

mutant showed different phenotypes from WT, such as accelerated deactivation. The difference of these

mutation effects suggest that there are no direct electrostatic interactions between Arg696 and Asp767,

and also Arg696 and Asp727 in hERG channel. This is in remarkable contrast with HCN and CNG

channels. However, in Arg696 and Asp767 pair, not in Arg696 and Asp727 pair, the presence

of ’functional interaction” was suggested, because double charge reversal mutations restored the

phenotype of slow deactivation (Figures 6, 8). The detail of this indirect, functional interaction remains

to be studied, but it could be a tertiary interaction which involves another region. Furthermore, the result

of the experiment using tandem constructs suggested that this functional interaction is intra-subunit

interaction.

A novel direct interaction between Asp727 and Arg752 in hERG channel which controls the slow

deactivation

The present results showed that there is no clear interaction between Asp727 and Arg696, which

was expected by the homology modeling, but newly identified an electrostatic interaction between

Asp727 and Arg752 in CNB domain (Figure 14). Both single reversal charge mutations at Asp727 and

Arg752 of hERG channel significantly accelerated the deactivation (Figures 15, 17). If this acceleration
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of the deactivation was caused by the loss the interaction, it was thought that the slow deactivation

would be recovered by restoring the interaction. As expected, the slow deactivation was recovered by

double mutants which have reversed electrostatic charges at both of Asp727 and Arg752 (Figures 15,

17). Taken together, it was shown that Asp727 and Arg752 directly interacted electrostatically, and the

interaction is critical for the slow deactivation. Furthermore, the result of the tandem constructs

experiment suggested that this electrostatic interaction is intra-subunit interaction.

A negatively charged amino acid residue at an equivalent to position of Asp727 is well conserved

in HCN and CNG channels as well as in KCNH subfamily members including hERG channel (Figure 2).

In contrast, the positively charged amino acid residue at Arg752 position is conserved only in KCNH

subfamily, but not in HCN (threonine) or CNG (valine) channels (Figure 2B), showing that this

electrostatic interaction between Asp727 and Arg752 exists only in the KCNH subfamily which lacks

sensitivity to cyclic nucleotide.

This study showed that aA- and aB-helix of CNG domain of hERG and zELK channels are

translocated outward in comparison with those of HCN channel (Figure 3B). Arg752 in hERG channel,

newly identified as a pair of direct electrostatic interaction with Asp727, is located in aA-helix. It is

suggested that the mutant hERG channel such as F860A accelerate the deactivation by impairing the

translocation of Arg752 and thus the interaction between Asp727 and Arg752.

It was reported that a mutation of Arg752 to tryptophan accelerates the deactivation and it is a

cause of the inherited long QT syndrome (Ficker et al., 2000). The cause of this acceleration might be a
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loss of the interaction between Asp727 and Arg752. In addition, a recent report showed that the R752W

mutation causes a mis-folding between EAG and CNB domain (Li et al., 2016), suggesting that Arg752

binds to other sites nonspecifically when Arg752 cannot interact with Asp727.

Other mechanisms of C-linker and CNB domains contributing to the slow deactivation

In this study, it was shown that C-linker and CNB domains of hERG channel are important to

maintain the slow deactivation. In hERG channel, however, it is known that other regions such as

N-terminal region also contribute to the slow deactivation. It was reported recently that CNB domain

interacts with EAG domain, and this interaction is important to maintain the slow deactivation (Gustina

& Trudeau, 2011; Fernandez-Trillo et al., 2011; Gustina & Trudeau, 2013; Ng et al., 2014 ; Haitin et al.,

2013), suggesting a possibility that the controlling mechanisms observed in this study influence this

interaction.

In HCN and plant Shaker channels, it was showed that the C-linker domain interacts with S4-S5

linker to control the gating upon binding of cAMP (Prole & Yellen, 2006; Kwan et al., 2012;

Nieves-Cordones & Gaillard, 2014). In hERG channel, it is also known that S4-S5 linker is important to

maintain the slow deactivation (Sanguinetti & Xu, 1999; Van Slyke et al., 2010; Ng et al., 2012; Hull et

al., 2014), by interacting with the N-tail domain (de la Pena et al., 2011; de la Pena et al., 2013; de la

Pena et al., 2014). It was suggested that S4-S5 linker domain could interact with C-linker domain to

control the slow deactivation.
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Finally, taken together, | found that the C-linker and CNB domains of hERG channel contribute to

the control of slow deactivation by different mechanisms from HCN and CNG channels. These results

showed the mechanisms that they did not elucidate in the C-terminal intracellular regions of hERG

channel so far. It is thought that these new discoveries contribute to the future study of the hERG

channel and the elucidation of the mechanisms of diseases which are due to the malfunction of hERG

channel.
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Figure 1

A schematic drawing of hERG channel and tetrameric structure of mHCN channel

A) A schematic drawing of the structure of human ERG (hERG) channel monomer. There are six

transmembrane segments (S1-S6). There are N-tail and Per-Arnt-Sim (PAS) domains in the N-terminal

intracellular region. The C-linker domain (666-747 amino acid residues) and the cyclic nucleotide

binding (CNB) domain (748-872 amino acid residues) are colored in yellow and green, respectively. B)

The tetrameric structure of the C-linker domain and the CNB domain of mouse HCN2 (mHCN2)

channel (PDB: 1Q43). Lys472 in C-linker domain is colored in blue, and Asp542 in CNB domain of the

same subunit is colored in red. They correspond to Arg696 and Asp767 in hERG1a channel, respectively.

GIu502 in C-linker domain of the neighboring subunit is colored in red. It corresponds to Asp727 in

hERG channel.

Figure 2

Sequence alignments of C-linker and CNB domain of mHCNZ2, bCNGAL, zELK, ageRG and

hERG channels

A) The amino acid sequences of the C-linker domains of mMHCN2, bovine CNGAL (bCNGA1),

zebrafish ELK (zELK), Anopheles gambiae ERG (agERG) and hERG channels. Yellow solid squares on

sequences show a-helix. Amino acid residues framed by a blue square show Lys472 in mHCN2, Arg431

in bBCNGA1, Arg575 in zELK, Arg563 in agERG and Arg696 in hERG channel. Amino acid residues
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framed by a red square show Glu502 in mHCN2, Glu462 in bCNGA1, Asp606 in zELK, Asp594 in

agERG and Asp727 in hERG channel. B) The amino acid sequences of the CNB domains of mHCNZ2,

bCNGAL, zELK, ageRG and hERG channels. Green solid squares and green solid arrows show a-helix

and PB-sheet, respectively. Amino acid residues farmed by a red square show Asp542 in mMHCN2, Asp502

in bCNGA1, Glu645 in zELK, Asp634 in agERG and Asp767 in hERG channel. Amino acid residues

farmed by a purple square show Tyr740 in zELK, Tyr727 in agERG and Phe860 in hERG channel. A

blue frame in a broken line highlights Arg752 in hERG channel.

Figure 3

The tree diagram of HCN, CNG and KCNH families and structures of CNB domain of mHCNZ2,

ZELK, agERG and hERG channels

A) The tree diagram of HCN, CNG and KCNH families. zELK channel belongs to KCNH3, 4 or

8, and agERG belongs to KCNH2, 6 or 7. B) The crystal structures of the CNB domains of mHCN2

(PDB: 1Q43), zELK (PDB: 3UKN) and agERG (PDB: 4L11) channels, and the structure model of the

CNB domain of hERG channel obtained by homology modeling based on the monomeric structure of

agERG channel using SWISS-MODEL server. cCAMP in mHCN2, Tyr740 in zELK, Tyr727 in agERG

and Phe860 in hERG channel are highlighted in purple. oA, a.B and aC are a-helixes in Figure 2B.

Figure 4
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The deactivation kinetics of a series of Phe860 mutants

A) The deactivating tail current traces of wild type (WT, o), F860A (m), F860Y (A), F8601 (V),

F860R (@), F860V (») and F860E (<) hERG channel, recorded from Xenopus oocytes under two

electrode voltage clamp. The used pulse protocol is indicated in the upper right panel, and each current

at -60 mV is colored in red. B) The time constants (t) of deactivation for WT and mutant hERG

channels in panel A. Each deactivating tail current was fitted to a double exponential function to

determine the slow (tgow) and fast (trg) time constants and the values (mean+SEM (n=5)) were plotted

as a function of membrane potential. The errors are less than the symbol size where the error bars are

not visible.

Figure 5

The G-V relationships of a series of Phe860 mutants

A) The current traces of WT (e), F860A (m), F860Y (A), F860I (V), F860R (@), F860V ()

and F860E (<) hERG channel recorded from Xenopus oocytes under two electrode voltage clamp. The

used pulse protocol is indicated in the upper right panel, and each current at 0 mV is colored in red. B)

G-V relationships for WT and mutant hERG channels in panel A. The peaks of tail currents at -60 mV

were normalized to the maximum tail current in each cell, and plotted as a function of membrane

potential. The data were fitted to a Boltzmann function to determine the Vi, values. The values are

plotted as the mean+SEM (n=5), and the errors are less than the symbol size where the error bars are not
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visible. V1, values are indicated on the right side of G-V relationships as the mean+SEM (n=5).

Figure 6

The deactivation kinetics of R696E, D767K and R696E&D 767K

A) The deactivating tail current traces of WT (e), R696E (m), D767K (A) and R696E&D767K

(<) hERG channel recorded from Xenopus oocytes under two electrode voltage clamp. The used pulse

protocol is indicated in the lower left panel, and each current at -70 mV is colored in red. B) The time

constants (t) of deactivation for WT and mutant hERG channels in panel A. Each deactivating tail

current was fitted to a double exponential function to determine the tgoy and s, and the values

(mean+SEM (n=5)) were plotted as a function of membrane potential. The errors are less than the

symbol size where the error bars are not visible.

Figure 7

The G-V relationships of R696E, D767K and R696E&D767K

A) The current traces of WT (o), R696E (m), D767K (A) and R696E&D767K (<>) hERG

channel recorded from Xenopus oocytes under two electrode voltage clamp. The used pulse protocol is

indicated in the lower left panel, and each current at 0 mV is colored in red. B) G-V relationships for

WT and mutant hERG channels in panel A. The peaks of tail currents at -60 mV were normalized to the

maximum tail current in each cell, and plotted as a function of membrane potential. The data were fitted
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to a Boltzmann function to determine the Vi, values. The values are plotted as the meantSEM (n=5),

and the errors are less than the symbol size where the error bars are not visible. Vy/, values are indicated

on the right side of G-V relationships as the mean+SEM (n=5).

Figure 8

The deactivation kinetics of R696E&D767K, R696E&D767R, R696D&D767K and

R696D&D767R

A) The deactivating tail current traces of WT (e), R696E&D767K (<), R6I6E&D767R (),

R696D&D767K (<) and R696D&D767R (<>) hERG channel recorded from Xenopus oocytes under

two electrode voltage clamp. The used pulse protocol is indicated in the upper right panel, and each

current at -70 mV is colored in red. B) The time constants (t) of deactivation for WT and the double

mutant hERG channels in panel A, for R696E (m) and D767K (A) from figure 06, and for R696D (=)

and D767R (A) traces of which were not shown. Each deactivating tail current was fitted to a double

exponential function to determine the g0 and Tz, and the values (mean+SEM (n=5)) were plotted as a

function of membrane potential. The errors are less than the symbol size where the error bars are not

visible.

Figure 9

The G-V relationships of R696E&D767K, R696E&D767R, R696D&D767K and R696D&D767R
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A) The current traces of WT (e), R696E&D767K (<), R696E&D767R (<), R696D&D767K

(<) and R696D&D767R (<>) hERG channel recorded from Xenopus oocytes under two electrode

voltage clamp. The used pulse protocol is indicated in the upper right panel, and each current at 0 mV is

colored in red. B) G-V relationships for WT and the double mutant hERG channels in panel A, for

R696E (m) and D767K (A) from figure 07, and for R696D (=) and D767R ( A) traces of which were

not shown. The peaks of tail currents at -60 mV were normalized to the maximum tail current in each

cell, and plotted as a function of membrane potential. The data were fitted to a Boltzmann function to

determine the V4, value. The values are plotted as the mean+SEM (n=5), and the errors are less than the

symbol size where the error bars are not visible. V, values are indicated on the right side of G-V

relationships as the mean+SEM (n=5).

Figure 10

The deactivation kinetics of R696E, D727K and R696E&D727K

A) The deactivating tail current traces of WT (e), R696E (m), D727K (V) and R696E&D727K

(<>) hERG channel recorded from Xenopus oocytes under two electrode voltage clamp. The used pulse

protocol is indicated in the lower left panel, and each current at -60 mV is colored in red. B) The time

constants (t) of deactivation for WT and mutant hERG channels in panel A. Each deactivating tail

current was fitted to a double exponential function to determine the tgoy and s, and the values

(mean+SEM (n=5)) were plotted as a function of membrane potential. The errors are less than the

42



symbol size where the error bars are not visible.

Figure 11

The G-V relationships of R696E, D727K and R696E&D727K

A) The current traces of WT (o), R696E (m), D727K (V) and R696E&D727K (<) hERG

channel recorded from Xenopus oocytes under two electrode voltage clamp. The used pulse protocol

indicated in the lower left panel, and each current at 0 mV is colored in red. B) G-V relationships for

WT and mutant hERG channels in panel A. The peaks of tail currents at -60 mV were normalized to the

maximum tail current in each cell, and plotted as a function of membrane potential. The data were fitted

to a Boltzmann function to determine the V1, values. The values are plotted as the meantSEM (n=5),

and the errors are less than the symbol size where the error bars are not visible. V1, values are indicated

on the right side of G-V relationships as the mean+SEM (n=5).

Figure 12

The deactivation Kkinetics of R696E&D727K, R696E&D727R, R696D&D727K and

R696D&D727R

A) The deactivating tail current traces of WT (e), R696E&D727K ({>), R696E&D727R (),

R696D&D727K (<) and R696D&D727R (<>) hERG channel recorded from Xenopus oocytes under

two electrode voltage clamp. The used pulse protocol is indicated in the upper right panel, and each
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current at -70 mV is colored in red. B) The time constants (t) of deactivation for WT and the double

mutant hERG channels in panel A, for R696E (m) and D727K (V) from figure 10, and for R696D (=)

and D727R (V) traces of which were not shown. Each deactivating tail current was fitted to a double

exponential function to determine the g0 and T, and the values (mean+SEM (n=5)) were plotted as a

function of membrane potential. The errors are less than the symbol size where the error bars are not

visible.

Figure 13

The G-V relationships of R696E&D727K, R696E&D727R, R696D&D727K and R696D&D727R

A) The current traces of WT (@), RG9GE&D727K (<), RE9BE&D727R (<), R696D&D727K

(<) and R696D&D727R (<>) hERG channel recorded from Xenopus oocytes under two electrode

voltage clamp. The used pulse protocol is indicated in the upper right panel, and each current at 0 mV is

colored in red. B) G-V relationships for WT and the double mutant hERG channels in panel A, for

R696E (m) and D727K (V) from figure 11, and for R696D (=) and D727R (V') traces of which were

not shown. The peaks of tail currents at -60 mV were normalized to the maximum tail current in each

cell, and plotted as a function of membrane potential. The data were fitted to a Boltzmann function to

determine the Vy, value. The values are plotted as the mean+SEM (n=5), and the errors are less than the

symbol size where the error bars are not visible. V1, values are indicated on the right side of G-V

relationships as the mean+SEM (n=5).
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Figure 14

A screening for candidate amino acid residues interacting with Asp727

A) The time constants of deactivation at -70 mV for WT and charge reversal mutant hERG

channel. In the mutants, each positively charged amino acid residue in C-linker domain and CNB

domain was mutated to negatively charged Glu or Asp. Upper and lower panels show Tgow and Trast,

respectively. Bars represent the meanSEM (WT; n=64, each mutant; n=3-5). * stands for the value of

P<0.05 versus WT. B) A monomeric structure model of the C-linker domain and CNB domain of hERG

channel obtained by homology modeling based on zELK channel. The C-linker and the CNB domains

are respectively colored in yellow and green. Side chains of all Arg and Lys are shown. Asp727 is

colored in red, and the mutants which showed significantly smaller slow and fast time constants

compared with those of WT are colored in blue.

Figure 15

The deactivation kinetics of D727K, R752E and D727K&R752E

A) The deactivating tail current traces of WT (o), D727K ( V), R752E (m) and D727K&R752E

(<>) hERG channel recorded from Xenopus oocytes under two electrode voltage clamp. The used pulse

protocol is indicated in the lower left panel, and each current at -60 mV is colored in red. B) The time

constants (t) of deactivation for WT and mutant hERG channels in panel A. Each deactivating tail
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current was fitted to a double exponential function to determine the tgon and g, and the values

(mean+SEM (n=5)) were plotted as a function of membrane potential. The errors are less than the

symbol size where the error bars are not visible.

Figure 16

The G-V relationships of D727K, R752E and D727K&R752E

A) The current traces of WT (o), D727K (V), R752E (m) and D727K&R752E (<>) hERG

channel recorded from Xenopus oocytes under two electrode voltage clamp. The used pulse protocol is

indicated in the lower left panel, and each current at 0 mV is colored in red. B) G-V relationships for

WT and mutant hERG channels in panel A. The peaks of tail currents at -60 mV were normalized to the

maximum tail current in each cell, and plotted as a function of membrane potential. The data were fitted

to a Boltzmann function to determine the V1, values. The values are plotted as the meantSEM (n=5),

and the errors are less than symbol size where the error bars are not visible. V1, values are indicated on

the right side of G-V relationships as the mean+SEM (n=5).

Figure 17

The deactivation Kkinetics of D727K&R752E, D727K&R752D, D727R&R752E and

D727R&R752D

A) The deactivating tail current traces of WT (e), D727K&R752E (), D727K&R752D (),
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D727R&R752E (<) and D727R&R752D (<>) hERG channel recorded from Xenopus oocytes under

two electrode voltage clamp. The used pulse protocol is indicated in the upper right panel, and each

current at -70 mV is colored in red. B) The time constants (t) of deactivation for WT and the double

mutant hERG channels in panel A, for D727K (V) and R752E (m) from figure 15, and for D727R (V)

and R752D (=) traces of which were not shown. Each deactivating tail current was fitted to a double

exponential function to determine the g0 and T, and the values (mean+SEM (n=5)) were plotted as a

function of membrane potential. The errors are less than the symbol size where the error bars are not

visible.

Figure 18

The G-V relationships of D727K&R752E, D727K&R752D, D727R&R752E and D727R&R752D

A) The current traces of WT (), D727K&R752E (), D727K&R752D ({>), D727R&R752E

(<) and D727R&R752D (<>) hERG channel recorded from Xenopus oocytes under two electrode

voltage clamp. The used pulse protocol is indicated in the upper right panel, and each current at 0 mV is

colored in red. B) G-V relationships for WT and the double mutant hERG channels in panel A, for

D727K (V) and R752E (m) from figure 16, and for D727R (V) and R752D (=) traces of which were

not shown. The peaks of tail currents at -60 mV were normalized to the maximum tail current in each

cell, and plotted as a function of membrane potential. The data were fitted to a Boltzmann function to

determine the Vy; value. The values are plotted as the mean+SEM (n=5), and the errors are less than the
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symbol size where the error bars are not visible. V, values are indicated on the right side of G-V

relationships as the mean+SEM (n=5).

Figure 19

A Schematic drawing of the tandem repeat construct and expected numbers of electrostatic pairs

in mutants

A) A schematic drawing of the tandem construct of hERG1a channel. Two subunits of full length

hERG1a channel were ligated by a flexible linker residues (GGS)e. The C-linker domain and the CNB

domain are colored in yellow and green, respectively. B) A scheme explaining the numbers of

electrostatic pairs in mutants in each case of “inter” or “intra” subunit interaction. If the interaction is

inter-subunit, A---B tandem construct is expected to have four interactions, while A&B---WT has no

interaction. In contrast, if the interaction is intra-subunit, A---B is expected to have no interaction, while

A&B---WT has four interactions.

Figure 20

The deactivation kinetics of a series of tandem constructs in relation to the interaction between

R696 and D767

A) The deactivating tail current traces of WT---WT (e), R696E---D767K (A),

R696E&D767K---WT (V) and R696E&D767K---R696E&D767K (m) hERG channel, recorded from m
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Xenopus oocytes under two electrode voltage clamp. The used pulse protocol is indicated in the upper

right panel, and each current at -60 mV is colored in red. Schematic drawings show each tandem

construct including mutations. B) The time constants (t) of deactivation for the tandem construct hERG

channels in panel A. Each deactivating tail current was fitted to a double exponential function to

determine the tgow and s, and the values (mean+SEM (n=5)) were plotted as a function of membrane

potential. The errors are less than the symbol size where the error bars are not visible.

Figure 21

The deactivation Kkinetics of a series of tandem constructs in relation to the interaction between

D727 and R752

A) The deactivating tail current traces of WT---WT (e), D727K---R752E (A),

D727K&R752E---WT (V) and D727K&R752E---D727K&R752E (m) hERG channel recorded from

Xenopus oocytes under two electrode voltage clamp. The used pulse protocol is indicated in the upper

right panel, and each current at -60 mV is colored in red. Schematic drawings show each tandem

construct including mutations. B) The time constants (t) of deactivation for the tandem construct hERG

channels in panel A. Each deactivating tail current was fitted to a double exponential function to

determine the T and e, and the values (mean+SEM (n=5)) were plotted as a function of membrane

potential. The errors are less than the symbol size where the error bars are not visible.
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Figure 22

A schematic drawing of the electrostatic interaction of C-linker and CNB domain of hERG

channel in comparison with mHCN2 channel

A) A schematic drawing of human ERG (hERG) channel monomer. The N-terminal region is

omitted. C-linker and CNB domains are colored in yellow and green, respectively. B) The tetrameric

structure of the C-linker and the CNB domains of mHCN2 channel (PDB: 1Q43). Lys472 in C-linker

domain is colored in blue, and Asp542 in CNB domain of the same subunit is colored in red. Glu502 in

C-linker domain of the neighboring subunit is colored in red. cCAMP in mHCN2 channel is highlighted

in red. Red ovals indicate the direct electrostatic interactions. C) The structure of the C-linker and the

CNB domain of hERG channel obtained by a homology modeling based on the structure of agERG

channel monomer (PDB: 4L11). As information as to multimerization is missing in agERG,

tetramerization view is based on those of mHCN2 channel. Arg696 in C-linker domain is colored in

blue, and Asp767 in CNB domain of the same subunit is colored in red. Asp727 in C-linker domain of

the neighboring subunit is colored in red, and Arg752 in CNB domain is colored in blue. Phe860 is

highlighted in red. A dotted red oval indicates the indirect functional interaction, and blue one indicates

the newly identified direct electrostatic interaction.
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Table 1

Summary of the parameter of deactivation and G-V relationship of WT and mutants analysed in this study

Toow &L -70 MV (MS) 11,5 @t -70 mV (ms) Vi, (MV) n
WT 822.0+22.4 188.8 £ 6.6 -20.2+0.5 5
F860A 372.0+10.8 103.2+3.1 -24.4+0.4 5
F860Y 573.6 +13.3 1427+ 1.6 -21.2+0.3 5
F860I 773.9+28.9 177.9 £ 8.7 -22.4+0.5 5
F860R 227.8 +6.3 50.7+1.2 -21.3+0.6 5
F860V 750.7 + 23.3 172.6 £ 6.6 -22.3+0.9 5
F860E 291.8+49.4 39.3+0.8 -21.7+1.3 5
WT 822.6 + 51.7 204.4 +15.9 -18.3+0.5 5
R696E 1050.4 £ 71.9 219.6 +10.3 -16.8+0.4 5
R696D 1074.1 £ 27.7 2345+ 6.5 -16.2+0.3 5
D767K 324.1+54 97.3+25 -26.0 + 0.6 5
D767R 509.7 + 8.1 129.2+4.1 -10.2+0.3 5
R696E&D767K 2638.3 + 379.7 521.2 +94.8 -32.2+1.0 5
R696E&D767R 1270.4 £ 27.5 277.6 £9.8 -11.7+0.5 5
R696D&D767K 2227.7 +184.3 424.5 + 56.5 -29.3+0.5 5
R696D&D767R 1735.7 £ 45.2 319.0+4.9 -19.5+0.2 5
WT 849.3 +42.2 209.7 £ 9.8 -18.1+0.6 5
R696E 1264.1 £ 13.9 270.9+1.5 -17.0+£0.3 5
R696D 1136.1 £ 52.6 239.1 +10.7 -15.1+0.2 5
D727K 406.2 + 2.6 121.7+2.6 -22.6 0.4 5
D727R 645.1 + 22.2 177.1+6.5 -24.4 + 0.6 5
R696E&D727K 471.4+£5.9 136.5+£3.4 -22.3+£0.2 5
R696E&D727R 670.2+11.4 171.7 £5.6 -22.1+£04 5
R696D&D727K 604.8 + 6.2 157.0+ 2.5 -20.5+0.1 5
R696D&D727R 1275.9 £ 39.8 2745+ 10.3 -23.0+0.5 5
WT 723.5+19.8 171.8+£5.2 -22.3x1.2 5
D727K 365.4 £ 11.7 105.9 £ 3.5 -26.3+ 0.6 5
D727R 570.7 £ 15.7 153.2+4.6 -289+0.4 5
R752E 165.6 £9.4 585+2.1 -26.2£0.7 5
R752D 149.0+£9.2 52.1+1.6 -18.9+0.8 5
D727K&R752E 823.6 +9.3 200.6 + 3.9 38.1+0.5 5
D727K&R752D 275.5+8.0 91.7+3.0 -215+1.1 5
D727R&R752E 1215.2 £ 27.2 258.3+12.0 -37.8+0.3 5
D727R&R752D 365.9+75 113.6 £3.0 -22.4£0.5 5
WT---WT 450.7 £ 22.1 89.9+55 - 5
R696E---D767K 397.7 £ 28.4 71.7+2.3 - 5
R696E&D767K---WT 595.8 + 33.4 111.2+£4.2 - 5
R696E&D767K---R696E&D76 892.2 + 33.3 166.0 £ 6.1 - 5
WT---WT 455.0 £ 26.4 92674 - 5
D727K---R752E 219.2 + 40.9 48.0+ 4.2 - 5
D727K&R752E---WT 417.7 £ 21.0 92.3+45 - 5
D727K&R752E---D727K&R75 457.3 £ 17.6 98.8+ 2.7 - 5

Each varue shows Mean = SEM.
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Figure 19
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Figure 22
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