Journal of
General
Physiology

Dynamic rearrangement of the intrinsic ligand
regulates KCNH potassium channels

Gucan Dai®, Zachary M. James®, and William N. Zagotta®

KCNH voltage-gated potassium channels (EAG, ERG, and ELK) play significant roles in neuronal and cardiac excitability.
They contain cyclic nucleotide-binding homology domains (CNBHDs) but are not directly regulated by cyclic nucleotides.
Instead, the CNBHD ligand-binding cavity is occupied by an intrinsic ligand, which resides at the intersubunit interface
between the N-terminal eag domain and the C-terminal CNBHD. We show that, in Danio rerio ELK channels, this intrinsic
ligand is critical for voltage-dependent potentiation (VDP), a process in which channel opening is stabilized by prior
depolarization. We demonstrate that an exogenous peptide corresponding to the intrinsic ligand can bind to and regulate
zebrafish ELK channels. This exogenous intrinsic ligand inhibits the channels before VDP and potentiates the channels
after VDP. Furthermore, using transition metal ion fluorescence resonance energy transfer and a fluorescent noncanonical
amino acid L-Anap, we show that there is a rearrangement of the intrinsic ligand relative to the CNBHD during VDP.

We propose that the intrinsic ligand switches from antagonist to agonist as a result of a rearrangement of the eag

domain-CNBHD interaction during VDP.

Introduction

Voltage-gated potassium (Kv) channels set the resting membrane
potential, shorten the duration of action potentials, and dampen
the excitatory inputs on neurons (Hille, 2001). First identified
in Drosophila melanogaster as ether-a-go-go (EAG) potassium
channels (Warmke et al., 1991), the KCNH subfamily of Kv chan-
nels consists of EAG, EAG-related gene (ERG), and EAG-like
(ELK) subtypes and helps control the rhythmic heartbeat, hip-
pocampal excitability, and cancer pathophysiology (Warmke and
Ganetzky, 1994; Trudeau et al., 1995; Zhang et al., 2010; Pardo and
Stithmer, 2014).

KCNH channels have a similar architecture but distinct func-
tional properties compared with cyclic nucleotide-gated (CNG)
and hyperpolarization-activated cyclic nucleotide-gated (HCN)
channels (Whicher and MacKinnon, 2016; Wang and MacKinnon,
2017). They contain four subunits, each with six transmem-
brane segments divided into a voltage-sensor domain (S1-S4)
and a pore domain (S5-S6). The intracellular parts of each sub-
unit include an N-terminal eag domain and a C-terminal cyclic
nucleotide-binding homology domain (CNBHD; Guy et al., 1991;
Warmbke and Ganetzky, 1994; Ganetzky et al., 1999; Whicher and
MacKinnon, 2016; Lee and MacKinnon, 2017; Li et al., 2017; Wang
and MacKinnon, 2017). However, KCNH channels are not directly
activated by cyclic nucleotides like cAMP and cGMP (Robertson
et al., 1996; Brelidze et al., 2009). Instead, an intrinsic ligand,
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which comprises three residues following the C helix of the CNB
HD, occupies the ligand-binding pocket analogous to where cyclic
nucleotides bind CNG and HCN channels (Fig. 1 A; Brelidze etal.,
2012; Marques-Carvalho et al., 2012; Ng et al., 2013). In addition,
the intrinsicligand resides at the intersubunit interface between
the CNBHD and the eag domain, which were shown to interact
in both the EAG1 and human ERG1 (hERGI) structures (Haitin et
al., 2013; Whicher and MacKinnon, 2016; Wang and MacKinnon,
2017). The eag domain comprises a Per-Arnt-Sim (PAS) domain
and a short PAS cap (Fig. 1 A). This eag domain-CNBHD interac-
tion has been shown to be critical for the activation, deactivation,
and inactivation of KCNH channels (Terlau et al., 1997; Gustina
and Trudeau, 2009; Gianulis et al., 2013; Haitin et al., 2013;
Whicher and MacKinnon, 2016; Dai and Zagotta, 2017; Wang
and MacKinnon, 2017). Previous experiments have shown that
mutations and deletions of the intrinsic ligand affect the volt-
age-dependent gating of KCNH channels, although the effects
vary depending on the channel subtype and particular mutation
(Marques-Carvalho et al., 2012; Brelidze et al., 2013; Zhao et al.,
2017). Furthermore, a long QT syndrome-related mutation in the
intrinsicligand of hERG channels, which causes cardiac arrhyth-
mia, prevents functional expression of the channel (Splawski et
al., 2000; Brelidze et al., 2013). Although the mechanisms for the
cyclic nucleotide binding and activation of related CNG and HCN
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channels have been well studied (Fesenko et al., 1985; Varnum et
al., 1995; Craven and Zagotta, 2006), much is still unknown about
how the intrinsic ligand and conformational changes of the CNB
HD modulate the gating of KCNH channels.

Recently, we characterized a phenomenon in the zebra-
fish ELK (zELK) channel called voltage-dependent potentiation
(VDP), where depolarizing voltages slowly transition the chan-
nel to a mode where opening is more favorable (Dai and Zagotta,
2017). This gating behavior, also shared by human ELK and hERG
channels, manifests as a slow phase of the current increase with
depolarizing voltage steps, a shift in the voltage dependence of
activation to more hyperpolarized potentials, and slowing of deac-
tivation after depolarizing prepulses (Tan et al., 2012; Goodchild
etal., 2015; Li et al., 2015; Dai and Zagotta, 2017). VDP, previously
called mode shift, prepulse facilitation, and hysteresis (Bean,
1989; Ménnikks et al., 2005; Elinder et al., 2006), is suggested to
be a specialization that reduces high-frequency firings of cardiac
myocytes and neurons (Zhang et al., 2010). Mechanistically, VDP
requires the direct interaction of the N-terminal eag domain and
the C-terminal CNBHD (Gustina and Trudeau, 2009; Gianulis et
al., 2013; Haitin et al., 2013; Whicher and MacKinnon, 2016; Dai
and Zagotta, 2017; Wang and MacKinnon, 2017). Disrupting this
interaction significantly attenuated VDP (Goodchild et al., 2015; Li
etal., 2015; Dai and Zagotta, 2017). In addition, a slow rearrange-
ment of the eag domain-CNBHD interaction accompanies the
VDP of zELK channels, suggesting that VDP arises from a confor-
mational change of intracellular domains coupled to voltage-de-
pendent opening of the channel (Dai and Zagotta, 2017).

In this work, we studied the contribution of the intrinsic
ligand to the gating of zELK channels using electrophysiologi-
cal and fluorescence approaches. We found that a peptide cor-
responding to the intrinsic ligand could bind to the CNBHD and
regulate channel gating. We then used two methods for simulta-
neously measuring structural rearrangements in the channel and
ionic current: (1) voltage-clamp fluorometry (VCF) using a fluo-
rescent noncanonical amino acid L-Anap (Kalstrup and Blunck,
2013; Sakata et al., 2016) and (2) patch-clamp fluorometry (PCF;
Zheng and Zagotta, 2003) combined with transition metal ion
fluorescence resonance energy transfer (tmFRET; Taraska et al.,
2009) using L-Anap as the FRET donor (Chatterjee et al., 2013;
Zagotta et al., 2016; Dai and Zagotta, 2017). Our results suggest
that the intrinsic ligand (1) can act as allosteric modulator of
zELK-channel gating like an extrinsic ligand, (2) switches from
an antagonist to an agonist during VDP, and (3) moves dynami-
cally during the process of VDP.

Materials and methods

Molecular biology and protein biochemistry

The full-length Danio rerio zELK construct (GI: 159570347) was
synthesized (Bio Basic) and subcloned into a modified pcDNA3
vector that contained a C-terminal YFP, a T7 promoter, and 3’ and
5" untranslated regions of a Xenopus laevis B-globin gene. Point
mutations were made using the Quickchange II XL Site-Directed
Mutagenesis kit (Agilent Technologies). The deletions were made
using standard overlapping PCR followed by ligation using T4
ligase or Gibson Assembly (New England Biolabs). The sequences
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Figure 1. Mutating and deleting the intrinsic ligand altered the gating
of zELK channels. (A) Ribbon diagram showing the interaction between the
eag domain (consisting of the PAS domain and PAS cap) and CNBHD for KCNH
channels, based on the cryo-EM structure of rEAG1 channel (Protein Data Bank
accession no. 5K7L). Residues of the intrinsic ligand are highlighted in yellow.
The position of CAMP in the corresponding structure of mHCN2-CNBD (Pro-
tein Data Bank accession no. 1Q50) is shown in purple. (B) Representative I-V
current traces of zELK wild-type channels in the cell-attached configuration
using the voltage protocol on the left. (C) I-V current traces of zELK wild-type
channels in the inside-out configuration (15 min after excision, same patch as
B). (D) Normalized G-V curves for zELK wild-type and A740-742 channels in
the cell-attached configuration. (E) Normalized G-V curves for zELK wild-type
and Y740A channels in the inside-out configuration. The dashed line is the
G-V curve for zELK wild-type in the cell-attached configuration. (F) Summary
of the Vy,, obtained from experiments related to D. (G) Summary of the Vi,
obtained from experiments related to E. Data are shown as mean + SEM (n
=4-5).% P<0.05.
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of the DNA constructs were confirmed by fluorescence-based
DNA sequencing (Genewiz). The RNA was synthesized in vitro
using the HiScribe T7 ARCA mRNA kit (New England Biolabs) or
the mMESSAGE mMACHINE T7 ULTRA Transcription kit (Ther-
moFisher) from the linearized cDNA.

Purification of maltose-binding protein (MBP)-C-linker/CNB
HD proteins was done as previously described (Brelidze et al.,
2009, 2012). The C-linker/CNBHD proteins from zELK channels
(amino acids Q543-L750) with or without Y740-L742 were sub-
cloned into a modified pMalc2T vector (New England Biolabs)
containing an N-terminal MBP affinity tag. The proteins were
expressed in BL21(DE3) Escherichia coli cells and purified on an
amylose affinity column (New England Biolabs).

Simultaneous electrophysiology and

fluorescence measurements

X. laevis oocytes were prepared as previously described (Varnum
et al., 1995). The pANAP plasmid cDNA (~50 nl of 100 ng/ml)
containing the orthogonal tRNA/aminoacyl-tRNA synthetase
specific to L-Anap (Chatterjee et al., 2013) was injected into
the X. laevis oocyte nucleus. L-Anap (~50 nl of 1 mM free-acid
form; AsisChem) as well as channel mRNA were injected into
the cytosolic regions of oocytes separately. 2-4 d after injection,
currents were recorded in the cell-attached and inside-out con-
figurations of the patch-clamp technique using an EPC-10 (HEKA
Elektronik) or Axopatch 200B (Axon Instruments) patch-clamp
amplifier and PATCHMASTER software (HEKA Elektronik). For
oocyte patch-clamp recording, the standard bath and pipette
saline solutions contained 130 mM KCIl, 10 mM HEPES, and
0.2 mM EDTA, pH 7.2. For PCF, 0.5 mM niflumic acid was added
to the bath solution and the perfusion solution to remove calci-
um-activated Cl- currents. Different concentrations of Co** were
added to the perfusion solution with EDTA eliminated. Borosili-
cate patch electrodes were made using a P97 micropipette puller
(Sutter Instruments). The initial pipette resistance was 0.3-0.7
MQ for oocyte recordings. Recordings were made at 22-24°C.

VCF simultaneously records fluorescent and current signals
inintact oocytes (Fig. S3 A). Our VCF setup integrates a two-elec-
trode voltage-clamp setup (CA-1B high performance oocyte
clamp; Dagan), a photomultiplier-based optic system (Cairn
Research), and a Xenon lamp on a Nikon FN-S2N upright micro-
scope with a 10x 0.3 numerical aperture objective. The fluo-
rescent filter cube used a 360-390-nm excitation filter, a 430-
490-nm emission filter, and a 400-nm long-pass dichroic mirror
(Chroma). The bath solution was 130 mM KCl, 10 mM HEPES, and
0.2mM EDTA, pH 7.2. Both microelectrodes for the two-electrode
voltage clamp used 3 M KCl as internal solutions and had an ini-
tial pipette resistance of 0.4-2 MQ.

PCF simultaneously records fluorescence and current sig-
nals in inside-out patches. Our PCF setup was performed using
a Nikon Eclipse TE2000-E inverted microscope with a 60x 1.2
numerical aperture water immersion objective. Epifluores-
cence recording of L-Anap was performed with wide-field exci-
tation using a Lambda LS Xenon Arc lamp (Sutter Instruments)
and a filter cube containing a 376/30-nm excitation filter and
a 485/40-nm emission filter. YFP was measured with a filter
cube containing a 490/10-nm excitation filter and a 535/30-nm
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emission filter. Images were collected with a 100-ms exposure
using an Evolve 512 electron-modifying charge-coupling device
camera (Photometrics) and MetaMorph software (Molecular
Devices). The pFlow Microvolume Perfusion system (ALA Sci-
entific Instruments) was used to change solutions during the
experiment. For spectral measurements, images were collected
by a spectrograph (model 2150i; Acton Research) on the output
port of the microscope and the Evolve 512 electron-modifying
charge-coupling device camera. Spectra were recorded by mea-
suring line scans across the patch area and background subtract-
ing using the nonfluorescent region outside of the patch.

Fluorescence anisotropy

Fluorescence anisotropy measurements were performed in a
cuvette using a spectrophotometer (Fluorolog 3; HORIBA Jobin
Yvon) with Glan-Thompson polarizers. Anisotropy experi-
ments were performed with 488-nm excitation (5-nm slit band-
pass) and 512-nm emission (5-nm slit bandpass) as previously
described (Rossi and Taylor, 2011; Haitin et al., 2013). An exci-
tation polarizer was positioned in the excitation path directly
before the cuvette, and a rotatable emission polarizer was posi-
tioned directly after the cuvette. The intensities (I) of polarized
emission were measured parallel (II) and perpendicular (L) to
the direction of excitation. The anisotropy was calculated using
the following equation: A = (Iy-1I,)/(Iy + 2I,). The same fluo-
rescein-labeled peptides were used for the anisotropy experi-
ments as for the electrophysiological recordings.

Data analysis
All data were analyzed using IgoPro (Wavemetrics). Data param-
eters were expressed as mean + SEM of n experiments unless
otherwise indicated. Statistical significance (P < 0.05) was deter-
mined by using Student’s t test.

The FRET efficiency was calculated using the following equa-
tion as previously described (Dai and Zagotta, 2017):

Fronn = Frn
’
Fun % Fronn + Fronn = Fun

FRET,; =

where Fyy is the normalized fluorescence in the construct with
the dihistidine and F,,yy is the normalized fluorescence in the
absence of the dihistidine. In each case, the Fvalues are the fluo-
rescence measured at metal concentrations that saturate the
binding sites normalized by the fluorescence in the absence of
metal, e.g.,, Fyy = fl(metal)/fl(no metal). This equation of cal-
culating FRET efficiency assumes that the decrease in F,py is
caused by nonspecific energy transfer such as solution quench-
ing or FRET to a metal ion bound to an endogenous metal-bind-
ing site. The distance (R) between L-Anap and the metal ion was
calculated using the Forster equation R = Ro(1/FRET.q- 1)V,
where R, is the Férster distance for FRET.

The channel G-V curves were measured from the instanta-
neous tail currents at -100 mV as a function of the voltage of the
main pulse. They were fit with a Boltzmann equation:

I = Imin + (Imax_ Imin)/(l + eXP[(Vl/z— V)/Vs]);
where I, is the maximum tail current after steps to +100 mV, L;,

is the minimum tail current after hyperpolarizing voltage steps,
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V is the membrane potential, V, is the potential for half-maxi-
mal activation, and Vj is the slope factor.

Online supplemental material

Fig. S1shows that the S499T mutation abolished the inactivation
of zZELK channels. Fig. S2 shows a summary of the time constants
of the tail currents. Fig. S3 shows the effects of the intrinsic-li-
gand peptide. Fig. S4 shows a comparison of PCF and VCF. Fig.
S5 shows properties of ZELK-N741Anap channels. Fig. S6 shows
successful incorporation of Anap for zELKAPAS cap-N741TAG,
L682H, and G684H channels.

Results

This paper elucidates the dynamic regulation of a D. rerio ELK
channel by its intrinsic ligand. The intrinsic ligand of zZELK chan-
nels consists of a tyrosine (Y740), an asparagine (N741), and a leu-
cine (L742) at the C-terminal end of the CNBHD and is situated ina
binding pocket analogous to the cyclic nucleotide-binding pocket
in CNG and HCN channels. Compared with the cyclic nucleotide
bound to the CNBD of CNG and HCN channels, the tyrosine mim-
ics the purine ring of the cyclic nucleotide, whereas the leucine
occupies the position of the phosphoribose group (Fig. 1A). Impor-
tantly, the intrinsic ligand is located in the interface between the
N-terminal eag domain and the C-terminal CNBHD (Fig. 1 A).

zELK channels are regulated by the intrinsic ligand

We used patch-clamp recording to characterize the gating of
zELK channels expressed in X. Jaevis oocytes. The G-V curve
was measured from the peak tail-current amplitude at -100 mV
immediately after a 100-ms depolarization to voltages between
-120 and +120 mV (Fig. 1 B). Previously, we showed that zELK
channels exhibited a dramatic run-up after patch excision. The
currents after run-up exhibited an ~60-mV hyperpolarizing
shift in the G-V curve, an increase in the maximal conductance,
and inactivation at very depolarized voltages (>+60 mV; Fig.1C).
This inactivation was not caused by ion accumulation in the
patch electrode and was unaffected by the current amplitude (not
depicted). This type of inactivation is similar to the inactivation
observed in mouse ELK2 channels (Trudeau et al., 1999). Further-
more, a single mutation zELK-S499T near the pore region was
able to eliminate this inactivation, whereas it left the VDP and
the run-up intact (Fig. S1). In addition, this run-up was complete
10-20 min after excision and could be prevented by supplement-
ing the intracellular solution with MgATP (Dai and Zagotta, 2017).
Run-up was probably caused by the inhibition of zZELK channels
by PI(4,5)P,, which is hydrolyzed in the absence of MgATP upon
patch excision (Li et al., 2015; Dai and Zagotta, 2017).

We found the phenotype associated with mutating the intrin-
sic ligand differed depending on the patch configuration. In the
cell-attached patch configuration, deleting the intrinsic ligand
(zELKA740-742) shifted the G-V curve to more hyperpolarized
voltages relative to wild-type zELK (Fig. 1, D and F). This suggests
that the intrinsic ligand was inhibitory for voltage-dependent
channel opening. In contrast, in the inside-out configuration
after run-up, zELKA740-742 and zELK-Y740A channels shifted
the G-V curve to more depolarized voltages, consistent with our
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previous report (Brelidze et al., 2012), indicating that the intrin-
sicligand was promoting channel opening (Fig. 1, E and G). These
results show that mutating the intrinsic ligand has opposite
effects before and after run-up.

VDP of zELK channels is regulated by the intrinsic ligand

We have previously shown that zELK channels undergo VDP,
which manifests in three ways (Dai and Zagotta, 2017): (1) a dou-
ble-exponential increase in the current elicited by depolarizing
voltages (Fig. 2 A, left); (2) a shift of the G-V curve to more hyper-
polarized voltages and a significant increase in maximum con-
ductance in response to a 500-ms, +60-mV depolarizing prepulse
(Fig. 2 B, left); and (3) a slowing of the tail current with prolonged
depolarizing pulses (Fig. 2 C, left; and Fig. S2). These behaviors
could be quantitatively explained by a model for VDP in which
the channel undergoes a slow, voltage-independent transition
from the open state to a mode with more favorable opening (Dai
and Zagotta, 2017).

The processes of VDP and run-up are clearly related. Both
VDP and run-up exhibited a large hyperpolarizing shift in the
voltage dependence of activation (Fig. 2 B) and an increase in the
maximum open probability. In addition, VDP was lost after patch
excision unless the intracellular solution was supplemented with
MgATP. These experiments suggest that PI(4,5)P, is a required
cofactor for VDP, maintaining the channel in the resting mode at
hyperpolarized potentials.

Is the intrinsic ligand involved in VDP? All three features of
VDP were eliminated or significantly attenuated by deletion of the
intrinsic ligand (Fig. 2). zELKA740-742 channels did not exhibit a
slow component for activation and displayed some inactivation at
very depolarized voltages (Fig. 2 A, right). In addition, zELKA740-
742 channels exhibited less shift of the G-V curve, no increase in
maximum conductance, and less slowing of channel deactivation
with depolarizing prepulses (Fig. 2, B and C; and Fig. S2). The
intrinsic ligand seems to be required for the channel to adopt the
resting unpotentiated state. Y740A in the intrinsicligand similarly
attenuated VDP (Fig. 2, D and E; and Fig. S2). Furthermore, because
the intrinsic ligand is located at the eag domain-CNBHD interface
and deleting the N-terminal eag domain almost eliminated VDP
(Dai and Zagotta, 2017), we made a zELK channel with both the
eag domain and the intrinsic ligand deleted (zELKAeag, A740-742).
We found zELKAeag, A740-742 channels did not further alter VDP
compared with zELKAeag channels (Fig. 2, D and E; P > 0.05).
These results suggest that the intrinsic ligand modulates VDP per-
hapsbecause it regulates the eag domain-CNBHD rearrangement.

As we found with the different patch configurations, the
phenotype of mutating the intrinsic ligand was different before
and after VDP. Without a depolarizing prepulse, deletion of the
intrinsic ligand shifted the G-V curve to more hyperpolarized
voltages (Fig. 1, D and F). With a depolarizing prepulse, however,
the deletion mutant shifted the G-V curve to more depolarized
voltages (wild-type zELK, Vi, = -49 + 1.5 mV; zELKA740-742,
Vi3 = =37 + 1.5 mV [n = 8]). Based on these results, we propose
that the intrinsic ligand acts as an inhibitor in the resting mode
and as an activator in the potentiated mode. Collectively, these
results indicate that VDP is regulated by the intrinsic ligand and,
reciprocally, the effect of the intrinsic ligand is regulated by VDP.
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Figure 2. VDP was attenuated by mutating the intrinsic
ligand. (A) Representative |-V current traces for zELK wild-type
and A740-742 channel activation in the cell-attached configu-
ration using the voltage protocol on the left. The red trace is the
double-exponential fit to the current elicited by the +120-mV
voltage pulse (t1 = 3 ms and 12 = 130 ms). (B) Normalized G-V
curve of zELK wild-type and A740-742 channel activation with
and without a 500-ms, +60-mV prepulse. The purple dashed
curves indicate the G-V curves of zELK wild-type and A740-742
channels after run-up caused by patch excision, highlighting
the similar degree of hyperpolarizing shift compared with that
caused by the +60-mV prepulse. (C) Current traces of zELK
wild-type and A740-742 channels elicited by a voltage proto-
col with increasing durations of a +60-mV pulse (left). For the
wild-type channels, T of the tail current (red traces) increased
from 8 to 17 ms. For zELKA740-742 channels, T of the tail cur-

rent (red traces) changed from 10 to 13 ms. (D) Summary of the
changes in Vy; for different zELK channels with and without the
+60-mV prepulse using the protocol in B. n.s., not statistically
significant. (E) Summary of the fold increase in the tail current
amplitude of ZELK channels using the protocolin C; mean + SEM

(n=4-8).% P<0.05.
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Exogenous intrinsic-ligand peptide can bind and

regulate zELK channels

Does the regulation of the intrinsicligand require covalent attach-
ment to the C helix of the CNBHD? To address this question, we
used an intrinsic-ligand peptide with the sequence ILTYNLR. This
peptide contains amino acids 696-702 of mouse EAG1 (mEAG])
and is highly similar to amino acids 737-743 of zELK channels.
Surprisingly, application of 100 uM mEAGI peptide to inside-out
patches rescued the wild-type gating behavior of ZELKA740-742
channels (Figs. 3 and S3). Similar to the effect of deleting the
intrinsic ligand in different patch-clamp configurations (Fig. 1,
D-G), the mEAGI peptide produced opposite effects for zELK
channels depending on the different modes of channel activa-
tion. We found that applying 100 uM mEAGI1 peptide to inside-out
patches containing zZELKA740-742 channels shifted the G-V curve
to more depolarized voltages in the presence of MgATP (Fig. 3 A).
In addition, the pronounced slow component of activation and
the slowing of deactivation caused by long depolarizing pulses
of wild-type channels were rescued after the addition of mEAG1
peptide (Fig. S3, A and B). In contrast, the peptide shifted the G-V
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curve to more hyperpolarized voltages in the absence of MgATP
(Fig. 3 B). The same peptide did not affect the gating of wild-type
zELK channels (Fig. S3 C). Applying the intrinsic-ligand peptide
from hERG1 channels (#857-863) did not produce an appreciable
amount of modulation for zELKA740-742 channels regardless
of MgATP (Fig. S3, A, D, and E). The main difference between
the mEAGI and hERGI peptide is that hERG1 peptides possess a
phenylalanine (F) instead of a tyrosine (Y) for mEAGI peptide.
This difference might partially explain why the hERGI1 peptide is
unable to modulate ZELKA740-742 channels. Collectively, these
results indicate that the intrinsic ligand can regulate the channel
gating without its attachment to the C helix of the CNBHD.

To more directly show that the intrinsic-ligand peptide is able
to bind to the CNBHD, we performed fluorescence anisotropy
experiments using fluorescein-labeled intrinsic-ligand peptides.
Fluorescence anisotropy reports binding by measuring the degree
of polarized emissions with polarized excitation (Rossi and Taylor,
2011). A small fluorophore-labeled peptide in solution typically hasa
high degree of tumbling or rotational motion, producing low aniso-
tropy. When the fluorophore-labeled peptide binds to alarge protein,
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however, the rotational motion of the fluorophore will decrease and
the anisotropy will increase (Rossi and Taylor, 2011). In this way, we
can measure the binding affinity of the peptide to a larger protein.
We expressed and purified the isolated CNBHD of zELK chan-
nelsin E. coliand studied the binding of the exogenously applied
intrinsic ligand in vitro using anisotropy. Wild-type or A740-742
C-linker/CNBHD fragments were purified as MBP fusions using
an amylose affinity column. The fusion proteins were mon-
odisperse and exhibited the expected molecular weights on
SDS-polyacrylamide gels (Fig. 3 C). We found, at a constant con-
centration of the intrinsic-ligand peptide (mEAG1#696-702, 20
nM), increasing the concentration of CNBHDA740-742 produced
elevated anisotropy (Fig. 3 D). Fitting with a Langmuir isotherm
indicated an apparent affinity of 37 uM for this binding. The
hERG1#857-863 intrinsic ligand peptide similarly bound to CNB
HDA740-742 but exhibited a lower affinity (90 uM). This lower
affinity of the hERG1 peptide could partially explain the lack of
regulation of ZELKA740-742 channels in inside-out patch-clamp
recordings. Compared with intrinsic-ligand binding to CNB
HDA740-742, the binding to wild-type CNBHD was detectable
but with a lower affinity (85 uM) and efficacy (Fig. 3 D). These
data suggest that the exogenously applied intrinsic ligand could
bind to the ligand-binding pocket of the CNBHD and compete
with the endogenous intrinsic ligand of the wild-type CNBHD.
The endogenous intrinsic ligand of the wild-type CNBHD might
be mobile, which allows the exogenously applied ligand to insert
into the binding cavity when the endogenous ligand is displaced.
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VCF reveals changes in the environment of the intrinsic

ligand during VDP

From the above experiments, we hypothesized that the intrin-
sic ligand is dynamic during VDP of zELK channels. VCF (Fig. S4
A) was used to test this hypothesis. VCF allows us to simultane-
ously record the ionic current with two-electrode voltage clamp
and structural rearrangements in the channel with site-specific
fluorescence using X. laevis oocytes (Mannuzzu et al., 1996). We
incorporated a fluorescent noncanonical amino acid L-Anap into
the intrinsic ligand and used the property of L-Anap that it alters
its emission in response to environmental changes (Chatterjee et
al., 2013; Kalstrup and Blunck, 2013; Sakata et al., 2016). L-Anap
was incorporated using the amber stop-codon (TAG) suppression
strategy, where the channel containing TAG at the site of interest
was coexpressed with an orthogonal tRNA/aminoacyl-tRNA syn-
thetase pair evolved for L-Anap incorporation (Chatterjee et al.,
2013; Kalstrup and Blunck, 2013; Dai and Zagotta, 2017). L-Anap
was incorporated at N741 in the intrinsic ligand as well as L738
and E744 flanking the intrinsic ligand (Fig. 4 A). Key residues of
the intrinsic ligand (Y740 and L742) were left intact to maintain
the wild-type gating behavior.

VCF was performed for zELK-L738Anap, N741Anap, and
E744Anap channels. zELK-L738 Anap channels showed no change
in Anap fluorescence during a +60-mV depolarization (Fig. 4 B).
The activation of L738Anap channel still has a slow component
corresponding to VDP, with a time constant of 90 + 3 ms. In
addition, for L738 Anap channels, the time constant for the tail
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Figure4. VCFrevealed voltage-dependent changes of Anap fluorescence
during VDP of zELK channels. (A) Ribbon diagram highlighting the residues
within or flanking the intrinsic ligand of zZELK that were mutated to L-Anap
for VCF experiments. (B-E) Simultaneous Anap fluorescence measurements
and two-electrode voltage-clamp recordings showing the kinetic change of
Anap fluorescence during the depolarizing pulses for zELK-L738Anap (B),
zELK-E744Anap (C), zELK-N741Anap (D), and zELK-N741Anap, APAS cap (E)
channels. The fluorescence traces are shown as the mean of 6-13 repetitive
measurements using the same oocyte. (F) Summary of the percent increase in
Anap fluorescence induced by depolarization for constructs in B-E (increase in
fluorescence at the end of the +60-mV pulse versus that at ~100 mV); mean
+ SEM (n =3-5). *, P < 0.05.

current with a 600-ms prepulse is >50% greater than that with
a 50-ms prepulse, consistent with the presence of VDP (unpub-
lished data). However, zELK-N741Anap and zELK-E744Anap
channels exhibited a noticeable increase in Anap fluorescence
with depolarization and a recovery in Anap fluorescence after
repolarization (Fig. 4, C, D, and F). The kinetics of the fluores-
cence increase during depolarization were comparable to the
kinetics of the slow component of activation corresponding to

Dai et al.

Intrinsic ligand regulates KCNH channels

JGP

VDP. The time constants for the increase in Anap fluorescence
with depolarization were 174 + 22 ms for E744Anap and 137 + 23
ms for N741Anap, whereas the time constants for VDP were 146
+ 8 ms for E744Anap and 153 + 13 ms for N741Anap. These data
indicate that a structural rearrangement occurs during VDP that
changes the environment of the intrinsic ligand.

Since we have shown that the effect of the intrinsic ligand is
dependent on the N-terminal eag domain (Fig. 2, D and E), we
asked whether mutations of the eag domain would affect the
voltage-dependent change in Anap fluorescence. To test this, we
made a construct of zELK-N741Anap with the first 26 amino acids
of the eag domain (PAS cap) removed. For hRERG channels, remov-
ing the PAS cap produced almost identical effects to deleting the
whole eag domain (Morais Cabral et al., 1998; Wang et al., 2000;
Muskett et al., 2011; Ng et al., 2011). We found that removing the
PAS cap of zELK N741Anap channels greatly reduced the VDP and
abolished the depolarization-induced increase in Anap fluores-
cence (Fig. 4, E and F), suggesting that the rearrangement of the
intrinsic ligand or neighboring regions requires the N-terminal
PAS cap domain, similar to VDP.

Transitional metal ion FRET (tmFRET) measurements detect
voltage-dependent movement of the intrinsic ligand

To determine whether the intrinsic ligand is actually moving
during VDP and quantify the degree of movement, we used
tmFRET. tmFRET uses FRET between a fluorophore and a transi-
tion metal cation to precisely measure short-range intramolec-
ular distances (Taraska et al., 2009; Aman et al., 2016; Zagotta
et al., 2016; Dai and Zagotta, 2017). Nonfluorescent transition
metal cations such as Ni?*, Co?*, and Cu?* act as FRET acceptors,
quenching the fluorescence of donor fluorophores in a highly
distance-dependent manner. Because transition metal ions have
a small extinction coefficient, tmFRET has a working distance
range of ~10-20 A, much shorter than that of traditional FRET
methods. We used L-Anap at position N741 in the intrinsic ligand
as the tmFRET donor and Co** coordinated by an engineered
dihistidine motif (L682H,G684H) in the B-roll region of the CNB
HD as the tmFRET acceptor (Fig. 5 A). For the L-Anap/Co?*-dihis-
tidine FRET pair, the Forster distance (R,), producing 50% FRET
efficiency, is ~13 A (Dai and Zagotta, 2017).

tmFRET was combined with PCF (Fig. S4 B), which is a tech-
nique that simultaneously measures the fluorescence and current
from channels in an inside-out patch while controlling the mem-
brane voltage and intracellular solution (Zheng and Zagotta, 2003).
zELK-N741Anap,L682H,G684H was constructed as a C-terminal
YFP fusion to independently measure the number of channels in
inside-out patches. We found that the L-Anap fluorescence inten-
sity in patches was linearly correlated with the YFP intensity, indi-
cating specific incorporation of L-Anap into the channel (Fig. 5 B).
zELK-N741Anap,L682H,G684H channels exhibited similar electro-
physiological properties to wild-type channels (Fig. S5, A-C).

The tmFRET efficiency was measured by the decrease in
donor fluorescence upon addition of increasing concentrations
of the metal (Co®*) acceptor (Fig. S5 D). The measured FRET effi-
ciency can be affected by nonspecific decreases in fluorescence
that do not involve FRET with the metal-bound dihistidine (HH)
motif. These nonspecific decreases in donor fluorescence can be
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Figure 5. PCF/tmFRET revealed the movement of the intrinsic ligand relative to CNBHD. (A) Ribbon diagram showing the incorporation of L-Anap (red)
within the intrinsic ligand and Co?* coordinated by a dihistidine pair in the B-roll region of the CNBHD of zELK channels. (B) Relationship of Anap fluorescence
versus YFP fluorescence measured by PCF for zELK-N741Anap,L682H,G684H channels. The illustration at the top shows the positions of Anap and YFP in the
sequence. A.U., arbitrary units. (C) Apparent tmFRET efficiency measured at different concentrations of Co?* using PCF at ~-100 mV and in the presence of
MgATP for zELK-N741Anap,L682H,G684H channels. The smooth curve is the fit of Langmuir isotherm, Apparent FRET¢. = FRE T [Co?*]/(Ky2 + [Co?*]), with the
following parameters: FRE T, = 0.64, Ky, = 30.3 uM. (D) Representative heatmaps of PCF images of zELK-N741Anap,L682H,G684H channels in the presence of
1mM Co?* and 2 mM MgATP at -100-mV or +120-mV voltages. The brightfield view of the same patch is shown on the left. The Anap fluorescence intensity of
the patch membrane at +120 mV decreased 34% compared with that at -100 mV. (E) Spectra of L-Anap emission at different voltages from a patch containing
ZELK-N741Anap,L682H,G684H channels in the presence of 1mM Co?* and 2 mM MgATP. (F) Summary graph showing the Anap fluorescence at +120 mV relative
to the fluorescence at -100 mV for the various zELK constructs and conditions indicated; mean + SEM (n = 4-5). *, P < 0.05. Inside patches were in the bath
solution supplemented with MgATP unless otherwise indicated.

measured from channels without the dihistidine (Daiand Zagotta,  spectrum of Anap emission from the patch using a spectrograph
2017; zELK-N741Anap in this experiment) and used to calculate  attached to the microscope. We found the peak intensity of Anap
the apparent FRET efficiency (Fig. 5 C). The tmFRET efficiency emission decreased with depolarizing voltages withouta change in
at saturating (1 mM) Co?* concentration for zELK-N741Anap,L-  the peak emission wavelength, consistent with a FRET mechanism
682H,G684H channels at -100 mV was 0.64, correspondingtoa  (Fig. 5 E). The higher FRET efficiency at +120 mV (0.79) relative to
distance of 11.8 A, which is compatible with the estimated dis- -100 mV (0.64) indicates that the intrinsicligand and B-roll region
tance (10.7 A) in the homology model of zELK using the solved  of CNBHD move closer together by ~1.4 A because of the depolar-
structures of EAG1 channels (Fig. 5, A and C; Haitin et al., 2013;  izing voltage pulse. In contrast, the decrease in Anap fluorescence
Whicher and MacKinnon, 2016). at +120 mV was significantly less pronounced in the absence of
We next measured the tmFRET at different voltages (Fig. 5, D  MgATP (Fig. 5 F). Inaddition, removing the N-terminal eag domain
and E). We found that with 1 mM Co?** and MgATP in the bath, the  or PAS cap eliminated this depolarization-induced decrease in
Anap fluorescence was significantly decreased at +120 mV com-  fluorescence (Fig. 5 F). These results suggest a voltage-dependent
pared with -100 mV (Fig. 5 D). This decrease was not observed movement of the intrinsic ligand, which is dependent on MgATP
in the absence of a Co**-binding site (Fig. 5 F), indicating that the ~ and the eag domain, similar to VDP.
decrease was not caused by an environmental change in N741Anap,
but instead was caused by specific tmFRET with the Co?* site. The ~ The rearrangement of the intrinsic ligand has the
small increase in N741Anap fluorescence caused by the depolariza-  kinetics of VDP
tion observed using VCF (Fig. 4 D) was not detected here, possibly ~ Using PCF, the kinetics of intrinsic ligand movement can also
because of the small size of the increase or a change in the intra-  be measured simultaneously with ionic-current recordings.
cellular environment after patch excision. We also measured the ~ Here, we measured the kinetics of the changes in tmFRET in the
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Figure 6. Kinetic tmFRET measurement demonstrated the movement of the intrinsic ligand during VDP. (A-C) Simultaneous tmFRET and current
measurements using PCF for zELK-N741Anap,L682H,G684H channels with 1 mM Co?* in the presence (A) or absence (B) of 2 mM MgATP or after deleting the
PAS cap (C). The green trace in A is the single-exponential fit with a T of 219 ms. (D) Ribbon diagram showing the full-length KCNH channel (rEAGI; Protein Data
Bank accession no. 5K7L), highlighting the intrinsic ligand (in yellow) and the intersubunit interaction between the eag domain (in blue) and CNBHD (in green).
Only two subunits are shown for simplicity except that the C-linker region (in magenta) is displayed in a tetrameric assembly. Ribbon diagram is the amplified
view of the structure in the dashed-line rectangle. The red arrow indicates the eag domain-CNBHD rearrangement associated with the VDP.

presence of 1 mM Co?* for zELK-N741Anap,L682H,G684H chan-
nels during voltage steps to +60 mV. In the presence of MgATP,
the ionic current increased gradually, whereas the Anap fluores-
cence decreased with a time course matching that of the ionic
current (Fig. 6 A). The time constant for this decrease in Anap
fluorescence was 202 + 27 ms (n = 5), close to the time constant
for the development of VDP (162 + 16 ms; n = 5).

In the absence of MgATP, the ionic current increased rap-
idly after the +60-mV depolarization (with a small amount of
inactivation observed); at the same time, Anap fluorescence
decreased rapidly and stayed unchanged during the depolariza-
tion (Fig. 6 B). Interestingly, when we deleted the PAS cap from
zELK-N741Anap,L682H,G684H channels, the small decrease
in Anap fluorescence was eliminated in the absence of MgATP
(Fig. 6 C). For this PAS cap-deleted construct, we also confirmed
that Anap was successfully incorporated (Fig. S6). Together,
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these results indicate that the intrinsic ligand is dynamically
rearranging its position relative to the CNBHD during the zELK
channel gating, which requires the eag domain and is regulated
by MgATP. We suggest that this rearrangement of the intrinsic
ligand is facilitating channel opening and is promoted by the eag
domain-CNBHD rearrangement that is associated with VDP.

Discussion

In this paper, we demonstrate that the intrinsicligand can actasan
allosteric modulator of ZELK potassium channels, switching from
an antagonist to an agonist during VDP. Furthermore, we show
that the intrinsic ligand moves dynamically during voltage-de-
pendent activation. This movement has a similar time course to
VDP and, like VDP, is dependent on MgATP and the N-terminal
eag domain. We propose that the intrinsic ligand switches from
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an antagonist to an agonist as a result of a slow rearrangement of
the eag domain-CNBHD interaction during VDP (Fig. 6 D).

How is the movement of the intrinsic ligand dependent on
membrane voltage? Indeed, the S4 voltage sensor domain is far
away from the intracellular intrinsic ligand. Several pathways are
possible for allowing the voltage signal to be transmitted to the
C-terminal end of the CNBHD. The intracellular domains could
sense the movement of the voltage sensor. This coupling could
occur through direct interactions between the PAS cap and the
S4-S5 linker as suggested by the recent hERG structure (Wang
and MacKinnon, 2017). Alternatively, the S4-S5 linker could
directly interact with the C linker and detect movement of the
S4, as suggested by functional studies and recent cryo-electron
microscopy (cryo-EM) structures of EAG, HCN, and CNG chan-
nels (Fig. 6 D; Decher et al., 2004; Prole and Yellen, 2006; Kwan et
al., 2012; Whicher and MacKinnon, 2016; Li et al., 2017; Wang and
MacKinnon, 2017) . However, our previous results suggest that VDP
is primarily coupled to pore opening, not voltage sensor movement
(Dai and Zagotta, 2017). This coupling could occur through an
interaction between the PAS cap and the C linker as supported by
the cryo-EM structures of EAG and hERG channels (Fig. 6, D and
E; Whicher and MacKinnon, 2016; Wang and MacKinnon, 2017).
Finally, the movement of the S6 inner helix during voltage-depen-
dent channel opening could transduce the voltage signal to the C
linker/CNBHD. The bottom line is that the membrane voltage sig-
nal can be transmitted from the focused electric field of the plasma
membrane to the intrinsic ligand that is almost 50 A away.

We find that the intrinsic ligand has two distinct effects on
zELK channel gating. We show that with a short 100-ms depo-
larization, the effect of the same intrinsic-ligand mutation on
zELK channels was dependent on patch-clamp configurations.
In the normal cell-attached mode, the intrinsic ligand is inhibi-
tory, whereas after excision and PI(4,5)P, depletion, the intrinsic
ligand is excitatory. Furthermore, the intrinsic ligand can modu-
late the gating of KCNH channels as a peptide fragment without
its covalent linkage to the CNBHD. Similarly, this modulation of
the KCNH channel gating by the intrinsic-ligand peptide was
either inhibitory or excitatory, depending on the mode of the
channel (with or without ATP-dependent PI(4,5)P, synthesis in
the inside-out patch). In other words, during zELK channel gat-
ing, the intrinsic ligand slowly switches from an antagonist in the
resting mode to an agonist in the potentiated mode during VDP.

Previous work has shown that the intrinsic ligand exhibits
diverse effects on different KCNH channels. Mutating the intrin-
sicligand produced either potentiation or inhibition for channel
activation, depending on the channel type or the specific manip-
ulations of the intrinsic ligand (Brelidze et al., 2012; Marques-
Carvalho et al., 2012; Zhao et al., 2017). In hERG channels, mutat-
ing the intrinsic ligand only produced an acceleration of channel
deactivation but no effects on the steady-state voltage-dependent
activation (Brelidze et al., 2013). These results indicate that the
intrinsic ligand regulates the gating of all three KCNH channel
subfamilies, EAG, ERG, and ELK, but the regulation is diverse for
the different channel types and may depend on the recording
configuration (whole oocyte vs. excised patch).

Finally, this work shows how the combination of VCF and
PCF/tmFRET can be used to illuminate a conformational change
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of a protein domain. The fluorescent noncanonical amino acid
L-Anap was effectively used as an environmentally sensitive fluo-
rophore as well as a tmFRET donor. A change in fluorescence
recorded using VCF gives detailed information about the kinetic
movement of an individual domain but little information about
the nature of the movement. In contrast, a change in tmFRET
provides precise information about the small distance changes
between FRET donors and acceptors. The integration of these
two techniques provides a powerful way to study conformational
changes of ion channels.
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