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The human ERG (hERG) K* channel has a crucial function in cardiac
repolarization, and mutations or channel block can give rise to
long QT syndrome and catastrophic ventricular arrhythmias. The
cytosolic assembly formed by the Per-Arnt-Sim (PAS) and cyclic
nucleotide binding homology (CNBh) domains is the defining
structural feature of hERG and related KCNH channels. However,
the molecular role of these two domains in channel gating remains
unclear. We have previously shown that single-chain variable frag-
ment (scFv) antibodies can modulate hERG function by binding to
the PAS domain. Here, we mapped the scFv2.12 epitope to a site
overlapping with the PAS/CNBh domain interface using NMR spec-
troscopy and mutagenesis and show that scFv binding in vitro and
in the cell is incompatible with the PAS interaction with CNBh. By
generating a fluorescently labeled scFv2.12, we demonstrate that
association with the full-length hERG channel is state dependent.
We detect Forster resonance energy transfer (FRET) with scFv2.12
when the channel gate is open but not when it is closed. In addi-
tion, state dependence of scFv2.12 FRET signal disappears when
the R56Q mutation, known to destabilize the PAS-CNBh interac-
tion, is introduced in the channel. Altogether, these data are con-
sistent with an extensive structural alteration of the PAS/CNBh
assembly when the cytosolic gate opens, likely favoring PAS
domain dissociation from the CNBh domain.
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M embers of the KCNH superfamily of voltage-gated K*
channels contribute to neuronal excitability, cardiac repo-
larization, and cellular proliferation and are linked to human
disease (1-12). In particular, the human ERG (hERG) channel
has a crucial role in repolarization of the cardiac action poten-
tial; channel malfunction, either from genetic alterations or from
unwanted pharmacological channel block, results in long QT
syndrome (LQTS), a condition associated with cardiac arrhyth-
mias and sudden death (2, 13, 14).

KCNH channels are characterized by a “non-domain swapped”
architecture, where the voltage-sensor domain interfaces with the
pore domain in the same subunit (15). While the domain architec-
ture is present in other channels (16), what distinguishes KCNH
channels is the conserved cytosolic assembly formed by the
N-terminal PAS (Per-Arnt-Sim) domain and the C-terminal cyclic
nucleotide binding homology (CNBh) domain (17-24). PAS
domains are widespread in nature, sensing light, redox potential, or
small molecules and mediating protein—protein interactions
(25-27). CNBh domains closely resemble CNB domains but lack
the ability to bind nucleotides (28-32). Instead, the C-terminal tail
of the CNBh domain acts as an intrinsic ligand, occupying the same
position as a cyclic nucleotide in a bona fide CNB domain (30, 31).
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It is well established that PAS and CNBh domains interact
with each other in the channel (15, 22, 23, 33, 34). Mutations
that interfere with this interaction, disrupt the CNBh intrinsic
ligand, or destabilize the fold of the domains give rise to
changes in hERG gating. Many are associated with type 2
LQTS (LQT2) (29-31, 35-41). It is also clear that hERG func-
tion is modulated by variation in the number of PAS/CNBh
assemblies present in individual channels, resulting from het-
eromers of two isoforms, one isoform with the PAS domain
(hERG1a) and another without (hERG1b) (42-47).

Further clues about the role of PAS and CNBh domains have
been provided by ligands that target the cytosolic channel
domains. We have demonstrated that allosteric modulation of
hERG channel function through the PAS domain is possible by
using scFv (single-chain variable fragment) antibodies (scFv2.10
and scFv2.12) that bind to PAS at distinct epitopes (48). scFv2.10
binds to residues R4 and RS of hERG, in the PAS-cap region
that spans the first 25 residues of the channel N terminus, just
before the globular region of the PAS domain. In contrast,
scFv2.12 binds to a region in the globular domain. In addition,
small-molecule screening campaigns have identified ligands of
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PAS and CNBh domains that affect channel function (49-52).  functional properties at 37 °C, accelerating activation and
These data suggest that the assembly formed by the PAS and  recovery from inactivation (48). The scFv2.12 binds to the
CNBh domains has an important role in the mechanism of gating  natively folded globular region of the PAS domain, and we
of KCNH channels. asked how this interaction could affect channel function, won-
Comparison of the cryoelectron microscopy (cryo-EM) struc-  dering whether it reflected a yet uncharacterized molecular role
tures of hERG, with an open cytosolic gate, and the calmodulin-  of PAS in hERG gating.
inhibited rat EAG (another KCNH channel), with a closed gate, To address this possibility, we started by defining the epitope
provides clear insights about the role of the PAS-cap in gating  of the scFv2.12. We produced '*N-labeled PAS domain as a bind-
(15, 34). The PAS-cap engages the channel gating machinery  ing reporter and used NMR spectroscopy to monitor the
when the gate opens, with its N terminus trapped between the  antibody titration. scFv2.12 binding to PAS produced two main
C-linker, the S4-S5 linker, and the S2-S3 cytosolic loop. When  physical changes detected by NMR (SI Appendix, Fig. S1): 1)
the channel closes, the C-linker moves away, widening the PAS-  chemical shift perturbations in the heteronuclear single quantum
cap binding site and releasing the N terminus. In contrast, the  correlation (1H-15N-HSQC) spectrum that are derived from
cryo-EM structure comparison shows that the PAS/CNBh assem-  changes in the chemical environment of residues due to antibody
bly is not altered, even relative to the crystal structure of the iso-  binding and 2) signal broadening and loss of peak intensity,
lated complex (33), undergoing only a simple rigid-body rotation  resulting from changes in the rotational correlation time with for-
(15, 34, 53) The overall view is that that role of the PAS/CNBh mation of the protein CompleX. Analyzing both of these proper-
assembly is limited to correctly position the N-terminal PAS-cap  ties at the lowest PAS:scFv2.12 titration ratios, at which the PAS
for engagement with the gating machinery. domain is not yet fully saturated (ratios 1:0.25 and 1:0.5), reveals
Here, we propose a model in which the PAS/CNBh domain  the residues that are strongly affected by the scFv2.12 interaction.
assembly is an active participant in the mechanism of hERG  In particular, at ratios 1:0.25 and 1:0.50 V36 shows the largest
channel gating, undergoing a stabilization/destabilization cycle  chemical shift observed. In addition, E37 and 142 show large
during hERG gating. This proposal results from the characteri- changes in peak intensity such that their peaks are no longer
zation of the molecular basis for the functional effect of  detectable at 1:0.25, most likely due to both chemical shift pertur-
scFv2.12 on the hERG channel—defining the antibody’s epi-  pation and signal broadening. Altogether these data pinpoint a
tope, determining the impact of antibody binding on the PAS  oroup of residues formed by N33, R35,V36, E37, N38, and 142
interaction with the CNBh domain in vitro and in the cell, and  that are clustered on the surface of PAS and exposed to the sol-
finally from monitoring the association of a fluorescent  yent (Fig. 1.4 and B), suggestive of the binding epitope of scFv2.

scFv2.12 antibody to the PAS domain during hERG gating. 12. Residues N33 to N38 form the loop linking p-strands Ap and
Bp (Fig. 1C), and 142 is positioned nearby, on the solvent-

Results exposed hydrophobic patch of the PAS domain (18).

scFv2.12 Interferes with the PAS-CNBh Interaction. We have previ- To confirm that these residues are involved in the interaction

ously demonstrated that exposing the cytosolic face of func- between the PAS domain and scFv2.12, we performed an in
tional hERG channels to the scFv2.12 antibody, perfused into  vitro alanine-scanning mutagenesis experiment. We developed
the cell through the patch pipette, alters the channel’s an enzyme linked immunosorbent assay (ELISA) using a fusion
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Fig. 1. Epitope of scFv2.12. (A) Cartoon representing the intensity decays across the PAS residues monitored by NMR spectroscopy upon scFv2.12 titra-
tion. Circle width and color define the number of titrant equivalents at which a given residue is titrated out, as indicated. Epitope and secondary struc-
ture elements are labeled. (B) Two views of PAS domain structure with the number of equivalents of titrant required to titrate out the residue (as deter-
mined in A) color coded on the surface of the domain in a gray-white-red color scale (gray, 1:0.65; red, 1:0.25). Dashed circle shows the cluster of PAS
residues that are more sensitive to scFv2.12. Views are related by 180° rotation. (C) Cartoon of PAS domain structure with residues in cluster shown in B
as spheres. (D) Residues in cluster were individually mutated to alanine, and mutant proteins evaluated for binding to scFv2.12 by ELISA. Plates were
coated with scFv2.12 SNAPy;s6 protein and binding of wild-type GST-PAS (WT) or GST-PAS protein with single point mutations in the PAS domain (N33A,
R35A, V36A, E37A, N38A, and 142A) evaluated. Error bars denote mean =+ SD and n = 12. Reference SI Appendix, Fig. S1.
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protein of scFv2.12 to the SNAP-tag protein, which increased
the protein expression level in bacteria. The scFv2.12-SNAP
was coated onto the surface of a microplate and incubated with
either wild-type GST-PAS, PAS mutant fusions (N33A, R35A,
V36A, E37A, N38A, or I42A), or a GST control. Bound
GST-PAS was measured using an anti-GST-HRP (horseradish
peroxidase) antibody, and detection was reported using a color-
imetric assay (Fig. 1D). N38A did not affect binding and func-
tioned as a negative control for this experiment. In contrast,
mutating residues N33, R35, V36, and E37 drastically reduced
the amount of PAS fusion interacting with scFv2.12, with 142
also having a significant reduction, supporting the conclusion
from the NMR experiments that these residues are part of the
scFv2.12 epitope on the PAS domain.

Mapping the scFv2.12 epitope residues on the cryo-EM struc-
ture of hERG showed that they are positioned close to the inter-
face with the CNBh domain (Fig. 24). Accessible surface area
calculations using a water molecule as a probe (radius 1.4 A)
reveal that in the cryo-EM structure of hERG, 80% of the acces-
sible surface area of N33 is buried in the PAS/CNBh interface.
For V36 and 142, these values are 25 and 99%, respectively. In
contrast, only 12% of the R35 accessible surface is buried in the
interface and E37 is fully accessible. This demonstrates that N33,
V36, and 142 are partially or completely occluded in the PAS/
CNBh interface, raising the possibility that scFv2.12 binding to
the PAS domain disturbs the assembly.

To test this hypothesis, we used two-electrode voltage clamp
recordings to measure whether mutations within the epitope of
scFv2.12 would increase the apparent rate of channel deactiva-
tion, a proxy for destabilization of the PAS/CNBh interaction
and disengagement of the PAS domain (35, 40). Alanine muta-
tions at N33 and I42 accelerated the fast component of deactiva-
tion without large changes in the current-voltage relationship,
reminiscent of the LQT2 mutations N33T and 142N (35, 41)
(Fig. 2 B and C and SI Appendix, Fig. S2). No changes were
observed when residue V36 was mutated to isoleucine or threo-
nine, or residue E37 to alanine, but on mutation to glycine or

serine (V36G, V36S, and E37S) deactivation clearly accelerated.
Mutant residues on the surface of the PAS domain that destabi-
lize the interaction with the CNBh domain cause, in many cases,
an increase in the rate of deactivation (35, 40). Therefore, our
mutagenesis results suggest that some residues within the scFv2.
12 epitope form important interactions between the PAS and
CNBh domains and that association of the scFv2.12 antibody to
the epitope will impact the PAS/CNBh assembly. In addition,
coexpression of the antibody with wild-type hERG channel
accelerates deactivation but to a lesser degree than mutations of
the residues forming close contact with the CNBh domain
(Fig. 2 B and C), in agreement with the relatively low affinity of
the antibody for its epitope (K4 = 4 pM) (48).

It is possible that the scFv2.12 epitope identified is not the sole
binding site of the scFv2.12 antibody and that additional interac-
tion sites present in the full-length hERG channel could contrib-
ute to the observed changes in gating. To address this possibility,
we targeted two of the more exposed epitope residues, R35 and
E37, which when mutated to alanines, caused a reduction in the
amount of PAS fusion interacting with scFv2.12 in the ELISA
(Fig. 1D) but did not disrupt deactivation (Fig. 2 B and C). These
single point mutants maintained wild-type-like sensitivity to
scFv2.12 (Fig. 3). Thus, in the context of the cell, the epitope was
sufficiently intact in each case to bind antibody. However, when
combined in the same channel, these mutations disrupted the
ability of the antibody to accelerate deactivation, indicating that
the epitope was compromised (Fig. 3B). The mutations per se
did not disrupt slow deactivation, even when combined. The fail-
ure of the antibody to disrupt slow deactivation indicates that the
double mutation effectively disrupted the epitope, and the anti-
body does not affect deactivation by binding elsewhere. These
results attest to the specificity of antibody binding to the epitope
defined by NMR and ELISA.

Next, we performed a competition ELISA based upon the
one described above but where the amount of wild-type GST-
PAS protein bound to scFv2.12 was quantified in the presence
of increasing amounts of purified CNBh (residues 712 to 880)
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Fig. 2. Mutations in scFv2.12 epitope destabilize PAS-CNBh functional interactions. (A) Surface representation of hERG channel cryo-EM structure and
zoom view (Right) with scFv2.10 and scFv2.12 epitopes mapped (red surfaces) onto a single subunit of the channel. The epitope of scFv2.12 is at the inter-
face between a CNBh domain (in yellow) and its PAS domain partner. Lines represent potential limits of membrane bilayer. (B) Scaled tail currents of
wild-type (WT) and N33A, V36G, V36S, E37S, R35A, and 142A mutant channels and of WT channels coexpressed with scFv2.12 antibody. Tail currents were
evoked at —120 mV after a step to +60 mV at room temperature. Dotted line indicates zero current level. (C) Fast component of deactivation in control,
mutant channels, and WT hERG1a channels coexpressed with the scFv2.12 antibody (#, P < 0.05; NS, not significant). Data are mean + SEM. Reference S/

Appendix, Fig. S2.
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Fig. 3. Antibody affects deactivation exclusively via interactions with defined epitope. (A) Scaled tail currents of wild-type (WT) and mutant channels
R35A, E37A, and R35A/E37A with and without coexpressed scFv2.12 antibody. Tail currents were evoked at —120 mV after a step to +60 mV at room tem-
perature. Dotted line indicates zero current level. (B) Fast component of deactivation in WT and mutant channels with and without coexpressed scFv2.12

antibody (#, P < 0.05; NS, not significant). Data are mean + SEM.

domain protein (Fig. 44). The ELISA signal was reduced with
increasing concentration of CNBh domain, indicating a diminu-
tion in the amount of GST-PAS bound to scFv2.12 adsorbed on
the plate. As a control, we performed the same experiment
with another scFv antibody fragment, scFv2.10, which binds to
the N-terminal residues (R4 and R5) of PAS-cap (48). The
X-ray crystal structure of the PAS/CNBh complex and cryo-EM
structures of KCNH channels show no interactions between the
residues of the scFv2.10 epitope and the CNBh domain (15, 33,
34). As expected, there was no impact of the CNBh protein on
the amount of PAS domain associated with scFv2.10 in our
ELISA (Fig. 44). These in vitro experiments demonstrate that
scFv2.12 and CNBh domain compete for binding to the PAS
domain.

To verify that the scFv2.12 antibody interferes with the inter-
action between the PAS and CNBh domains in the full-length
channel, we performed live-cell, sensitized-emission Forster
resonance energy transfer (FRET) experiments using the
experimental configuration established by Trudeau and col-
leagues (54). They have shown that coexpression of PAS-CFP
(FRET donor) and APAS-hERG Citrine (FRET acceptor)
results in the reconstitution of full-length channel that is
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Fig. 4. scFv2.12 and CNBh domain compete for binding to the PAS

domain. (A) Competition ELISA evaluating wild-type PAS domain (1 pM)
binding to scFv2.10 or scFv2.12 (coated on the plate) in the presence of
increasing concentration of CNBh domain protein. Error bars denote mean +
SD and n = 8. (B) Plot of relative FRET efficiency in cells coexpressing PAS-CFP
(donor) and APAS-hERG Citrine (acceptor) in the absence (control) and
presence of scFv2.12, administered through the patch pipette at room
temperature. Error bars denote mean = SEM.
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reflected in detection of FRET signal and reacquisition of the
characteristic slow deactivation of wild-type hERG. We
observed a FRET signal corresponding to ~12% relative FRET
efficiency (Fig. 4B), similar to published values (54, 55) and
characteristic of the reconstituted channel. Strikingly, when
scFv2.12 protein was administered intracellularly via the patch
pipette, no FRET signal was observed (Fig. 4B). The absence
of FRET suggests that the PAS domain in the presence of
scFv2.12 was no longer able to interact with the CNBh domain
and reconstitute the hERG channel.

Our results establish that the interactions of scFv2.12 and
CNBh with PAS are mutually exclusive and consistent with the
proposal that scFv2.12 binding interferes with the PAS/CNBh
assembly. Crucially, a consequence of this conclusion is that for
scFv2.12 to bind to the PAS domain and affect the function of
full-length hERG, the channel must visit a state where the PAS/
CNBh assembly is altered or destabilized, allowing access to
the residues of the epitope.

PAS/CNBh Assembly Is Altered When the Gate Is Open. To directly
examine the interaction of scFv2.12 with the PAS domain in
full-length channels, we took a different live-cell FRET
approach. In this case, the FRET donor (2.12(4aa)mCer) was
the antibody scFv2.12 fused to mCerulean through a
four—-amino acid linker. It was paired with the acceptor hERGy,
formed by fusion of mVenus to the C terminus of the full-
length channel. As a negative control, we used a hERGmVenus
channel acceptor lacking the PAS domain (AhERGy) that was
thus unable to bind the antibody (Fig. 54).

We measured sensitized-emission FRET (SI Appendix, Fig.
S3) in live cells and evaluated the FRET signal in low K* for
hyperpolarized conditions and in high K* for a depolarized
membrane. Low and high K* conditions have been used by
others to study KCNH channels and, in particular, hERG
(56-59). Data were collected at 37 °C for each FRET pair and
respective negative control during the same microscope session.

In low K* conditions, where the membrane is hyperpolarized
and the channel therefore has a closed cytosolic gate, there is no
difference in FRET signals collected with 2.12(4aa)mCer and
hERGy and the negative control, all having relative FRET effi-
ciencies close to 0%. Strikingly, in high K* conditions, where
depolarization will lead to an open cytosolic gate, there is a clear
FRET signal compared to the negative control (Fig. 5B and
SI Appendix, Table S1). This experiment was repeated using a
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Fig. 5. scFv2.12 is a gating sensor. (A) Schematic diagram of donor
scFv2.12(4aa)mCerulean and acceptor hERGmVenus (hERGy) or APAS-
hERGmVenus (AhERGy) constructs used for cotransfection experiments in
HEK293 cells. (B) Dot plot of relative FRET efficiency values from individual
cells cotransfected with scFv2.12(4aa)mCerulean and hERGy or AhERGy
channels subjected to 5 mM K* (LOW K*) or 150 mM K" (HIGH K*) at
37°C. Error bars denote mean + SEM and n > 10. Statistical analysis with
unpaired t test and P < 0.001 (***) and P > 0.05 (n.s). Reference S/
Appendix, Figs. S3-S5 and Table S1.

different FRET donor with a longer linker, yielding similar
results (SI Appendix, Fig. S4 and Table S1).

We performed a number of control experiments to rule out
nonspecific effects of the different potassium media on the
FRET probes. First, we measured the FRET signal from heter-
otetrameric hERG channels assembled from full-length subu-
nits fused to mCerulean or mVenus at the C termini (S/
Appendix, Fig. S54) and found it was not altered in either low
or high K* conditions (SI Appendix, Fig. S5B and Table S1). In
addition, emission spectra of donor 2.12(4aa)mCerulean and
acceptor hERGy, did not change between low and high K* con-
ditions (SI Appendix, Fig. S5 C and D). Lastly, FRET signals
measured from cells coexpressing 2.12(4aa)mCerulean and
hERGy did not vary during the 25-min time period that the
cells were exposed to high K* solution (SI Appendix, Fig. S5E).

Overall, these experiments reveal state-dependent FRET
that is related to channel gating and not the result of cellular
mechanisms of adaptation to low or high K* conditions.

To understand the state-dependent FRET results, we consid-
ered two alternative models (Fig. 64) that take into account
our findings that the antibody cannot bind to its epitope unless
the interaction between PAS and CNBh is altered. We show the
two models in Fig. 64 and for clarity, depict the alteration
undergone by the PAS/CNBh assembly, which allows exposure
of the epitope for scFv2.12 binding, as a detached PAS domain.
In Model 1, the occupation of the epitope on PAS by antibody
depends on the state of the gate. Opening the cytoplasmic gate
results in alteration and destabilization of the interactions
formed by the globular region of PAS and the CNBh domain so
that scFv2.12 can bind, allowing FRET signal to be observed.
With gate closure, the PAS/CNBh assembly is stabilized as
scFv2.12 unbinds and the FRET signal is lost. In Model 2, the
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epitope of scFv2.12 on PAS is permanently occupied by anti-
body. In this situation, the PAS/CNBh assembly is altered both
when the gate is open and closed, and state-dependent FRET
results from relative distance or orientation changes between
the fluorophores when the different channel parts move during
gating.

To distinguish these two models, we repeated the live-cell sen-
sitized-emission FRET experiments with 2.12(4aa)mCer as
donor and the R56Q mutant of the hERGmVenus channel
(R56Q hERGy) as the acceptor (Fig. 68). The R56Q mutation
in the PAS domain has been shown to weaken the PAS-CNBh
interaction: 1) the isolated R56Q mutant PAS domain no longer
reconstitutes with APAS-hERG channel (54), and 2) isolated
wild-type PAS can replace the mutant PAS domain in the R56Q-
hERG full-length channel (40, 54). Crucially, this mutation does
not alter PAS domain protein stability (35, 39) or affect channel
trafficking (35, 39, 40) and is at a position that is distant from
the epitope of scFv2.12, with Ca-to-Ca distances between R56
and either N33 or V36 of 16 and 19 A, respectively.

If Model 1 is correct, R56Q will destabilize the PAS/CNBh
assembly when the gate is closed, allowing interaction between
scFv2.12 and PAS and giving rise to FRET signal in low K* con-
ditions. In high K*, with the gate open, FRET efficiency will not
be altered if PAS/CNBh destabilization is already extensive.
However, if Model 2 is correct, the state-dependent FRET
observed for the wild-type channel will be preserved in the
R56Q mutation since the PAS/CNBh assembly is already altered
in both states.

We performed parallel live-cell FRET experiments with
2.12(4aa)mCer as donor paired with either R56Q mutant
hERGmVenus (R56Q hERGy) channel or wild-type hERGm-
Venus (hERGy) channel as acceptors, in low K* and high K*
conditions (Fig. 6C and SI Appendix, Table S1). Strikingly, in
contrast to the wild-type channel, the R56Q mutant hERG
channel now produced a FRET signal (6%) in low K*. In con-
trast, in high K* when the gate is open, we observed a similar
FRET signal for both the mutant (7%) and wild-type channel
(7%), showing that the detected FRET signal between the wild-
type form of the channel and scFv2.12 is at maximum.

These results support Model 1, demonstrating that the scFv
binds to the channel in a state-dependent fashion. Importantly,
this reflects a state-dependent alteration in the PAS/CNBh
assembly, where the epitope on the PAS domain surface
becomes accessible or occluded during hERG gating. The data
also suggest that the alteration in the PAS/CNBh assembly is
extensive since the addition of a destabilizing mutation does
not further promote antibody binding. Therefore, the PAS/
CNBh assembly is dynamic, forming when the gate is closed
and becoming extensively altered when the gate opens.

Discussion

Our previous electrophysiology studies at 37 °C indicated that
the antibody scFv2.12 accelerates activation and recovery from
inactivation (48), abolishing known effects of the PAS domain
on hERG gating that limit open probability (44). We have now
demonstrated that the binding sites of scFv2.12 and CNBh
overlap on the surface of the PAS domain and that their inter-
action with PAS is mutually exclusive, both in vitro and in the
cell. Therefore, our data show that for scFv2.12 to exert its
functional effect the PAS/CNBh assembly must undergo an
alteration in the fully folded functional channel to make the
epitope accessible to the antibody. In addition, we showed
using a fluorescently tagged scFv2.12 that the FRET signal
between antibody and the channel is state dependent, detected
only when the cytosolic gate is open. Finally, a mutation
(R56Q) in the PAS domain that is known to destabilize the
interaction with the CNBh domain abolishes state-dependent
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Fig. 6. PAS-CNBh interaction is state dependent. (4) Cartoon representation of two models proposed for interpretation of the state-dependent FRET
data collected with scFv2.12. The altered PAS-CNBh assembly is depicted as a dissociated PAS domain for clarity of representation. scFv2.12 fused to mCer-
ulean is represented by black and cyan ovals; hERG channel fused to mVenus is shown in gray and yellow. Closed gate is indicated by cross, open gate by
white oval. hERG cytoplasmic domains are indicated in a single subunit. Arrow and FRET label indicate spatial conditions where FRET occurs. Double
arrow indicates that the conformation of hERG changes with K* conditions. (B) Schematic diagram of donor scFv2.12(4aa)mCerulean and acceptor R56Q
hERGmVenus (R56Q hERGy) or wild-type hERGmVenus (hERGy) constructs used for cotransfection experiments in HEK293 cells. (C) Dot plot of relative
FRET efficiency values from individual cells cotransfected with scFv2.12(4aa)mCerulean and hERGmVenus (hERGy) or R56Q hERG mVenus (R56Q hERGy)
channels subjected to 5 mM K* (LOW K*) or 150 mM K* (HIGH K*) at 37 °C. Error bars denote mean + SEM and n > 10. Statistical analysis with unpaired t

test and P < 0.001 (***) and P > 0.05 (n.s). Reference S/ Appendix, Table S1.

FRET by allowing binding of scFv2.12 when the gate is closed
without altering the FRET signal when the gate is open. Alto-
gether, these data demonstrate that the cytosolic PAS/CNBh
assembly undergoes a structural change that decreases access
to the antibody epitope when the cytoplasmic gate is closed and
increases accessibility when the gate opens.

We do not know the exact nature of the structural alteration
undergone by the PAS/CNBh assembly. However, our data,
together with other published evidence, suggest that it is consis-
tent with a dissociation of PAS from the CNBh domain. The
arguments supporting this conclusion are twofold and are pre-
sented below.

Structural analysis shows that 1) a large portion (30% of the
surface area) of the scFv2.12 epitope on PAS is directly
involved in the interface with the CNBh domain and occluded
in the hERG structure. In particular, more than 80% of the
surface area of residues N33 and 142, which we have shown to
be important for antibody binding, is occluded by the interface
with the CNBh domain. Moreover, the buried surface area of
the epitope residues corresponds to a substantial proportion
(17%) of the PAS surface involved in the interaction with
CNBh; 2) the scFv2.12 protein is as large as the PAS domain.
A model of scFv2.12 (SI Appendix, Fig. S6) shows that_the
cross-section of the face containing the paratope spans 38 A by
25 A; and 3) in antibodies, the surface that includes the anti-
gen recognition region (the paratope) tends to be relatively
flat or even concave (60), and therefore, an antibody has a
considerable steric “footprint” on an antigen. Altogether, these
stereochemical arguments support dissociation of PAS, since
exposure of the epitope to allow interaction with the scFv2.12
will require a significant displacement of the PAS domain rela-
tive to the CNBh domain, severely affecting the stability of
their interaction.
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Mutagenesis analysis results reveal that N33 and 142 are
important residues both for the interaction of PAS with the
scFv2.12 (Figs. 1 and 2) and for the interaction of PAS with
CNBAh. In particular, N33 and 142 mutations cause acceleration
of deactivation (Fig. 2), a proxy for detachment of PAS from
CNBh. Moreover, it has been shown that coexpression of the
N33T mutant full-length channel with a separate PAS polype-
tide results in recovery of slow deactivation (40), indicating that
the PAS/CNBh interaction is destabilized to such an extent that
the channel-tethered mutant PAS domain dissociates from the
CNBh domain and permits replacement by a separate wild-type
PAS domain. If replacement of N33 by a threonine has such a
disruptive impact on the PAS/CNBh assembly, it is very likely
that binding of a large protein molecule (the antibody) to a sur-
face region on PAS that includes N33 will also involve dissocia-
tion of PAS from CNBh. Finally, our FRET experiments
showed that the R56Q mutation did not increase FRET effi-
ciency in the open channel (Fig. 6), consistent with extensive
destabilization of the PAS/CNBh interface in the wild-type
channel when the gate opens.

Importantly, our proposal of a dissociating PAS domain provides
a molecular model that is consistent with hERG information in the
literature that has remained unexplained. In particular, dissociation
of the PAS domain from CNBh provides an explanation for fluores-
cence measurements indicating that PAS and neighboring sequen-
ces undergo a movement toward the membrane plane when the
hERG gate opens (61). Our model is also consistent with studies
demonstrating that the PAS-CNBh interaction in hERG is easily
perturbed by mutations far away from the interface. More specifi-
cally, using fluorescent PAS and APAS-hERG channel it was shown
that mutation of residues in the N terminus of the PAS-cap (V3, G6,
and V8) or around its binding pocket (Y542 in the S4-S5 linker)
(62), which in the hERG cryo-EM structure are more than 30 A
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from R56 (Ca-to-Ca) on the PAS-CNBh interface, inhibited the
assembly of fluorescent PAS with APAS-hERG channel and recov-
ery of slow deactivation. With a different experimental setup, Kubo
and colleagues (63) showed that mutation of R752 (on the A helix of
the CNBh domain) and D727 (on the C-linker), which are thought
to form an electrostatic-interaction pair that is 28 A away from R56,
accelerate deactivation and decrease FRET signal, also suggesting a
weakening of the PAS-CNBh interaction. These results reinforce
the idea that the PAS/CNBh assembly is not tightly formed and is
responsive to molecular events in its surrounding neighborhood.

This model is also consistent with measurements performed
in other KCNH channels. In vitro measurement of the associa-
tion between PAS and CNBh domains from mouse (m)EAG
channel revealed a weak interaction, with a K in the micromo-
lar range (33, 64). Transition-metal FRET measurements in
full-length zebrafish ELK (zELK) reported conformational
rearrangements between the PAS and CNBh domains during
gating (65). In zELK, the relative movement between the PAS
and CNBh domains appears to be limited to a couple of ang-
stroms. Nevertheless, the parallels in the rearrangement of the
PAS/CNBh assembly in hERG and in zELK suggest that this is
a general property of KCNH channel gating.

Why is it that the cryo-EM structure of hERG shows no evi-
dence of an altered PAS/CNBh assembly or of a detached PAS
domain? We speculate with two scenarios. Multiple open states
have been postulated for hERG (44, 66); the cryo-EM structure
may correspond to one in which the PAS/CNBh assembly
remains intact, while our functional and fluorescence readout
reflects the dynamic dissociation. Alternatively, PAS dissociation
may be disabled by the truncation of 200 N-linker residues in the
construct used for cryo-EM studies and/or from the conforma-
tional relaxation that is likely to occur during cooling of cryo-EM
samples to 100 Kelvin. In contrast, we have performed live-cell
FRETexperiments at 37 °C with the full-length hERG channel.

In conclusion, using scFv2.12, which has low affinity for the
PAS domain, we have generated a fluorescent sensor that
reports molecular events in hERG gating and demonstrated
that low affinity antibodies have potential applications as
molecular sensors. We also showed that formation of the PAS/
CNBh assembly is dynamic and coupled to channel gating.
Thus, native molecules may be found that regulate gating in
KCNH channels by modulating the association equilibrium of
the PAS/CNBh assembly, as we have demonstrated with
scFv2.12. By extension, this interface represents a potential tar-
get for therapeutic development of modulators in the treatment
of ion channelopathies.

Materials and Methods

A full description of the materials and methods is presented in S/ Appendix.

Protein Expression. For expression in HEK293 cells, hERG1a channel and
scFv2.12 fluorescent fusions were cloned in pcDNA3.1. Bacterial expression
was done in Escherichia coli strain BL21(DE3) transformed with plasmids
enconding scFv2.12 and 2.10 SNAP fusions, GST-PAS, CNBh domain, or
scFv2.12 alone.

FRET Experiments. FRET measurements used the sensitized-emission method.
For low and high K* experiments, HEK293 cells transiently transfected with
plasmid DNA at a donor to acceptor ratio of 5:1 or 3:1 (depending on the
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an inherited and an acquired cardiac arrhythmia: HERG encodes the IKr potassium
channel. Cell 81, 299-307 (1995).
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cerebellar Purkinje neurons. J. Neurophysiol. 90, 1817-1828 (2003).
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w

Harley et al.
Conformation-sensitive antibody reveals an altered cytosolic PAS/CNBh assembly
during hERG channel gating

construct) were analyzed within 48 h of transfection using an inverted Leica
Laser Scanning Confocal SP5 Il (or SP8) with control of temperature (37 °C) and
CO, (5%). Measurements were performed using sequentially the Argon 458-
nm and 488-nm laser lines to excite the fluorophores. The culture media was
replaced immediately before imaging with either a low K* solution (150 mM
Nadcl, 5.4 mM Kdl, 1.8 mM CaCl,, 1 mM MgCl,, 15 mM Glucose, 15 mM Hepes,
1 mM sodium pyruvate, pH 7.4) or a high K* solution (5.4 mM Nacl, 150 mM
KCl, 1.8 mM CaCl,, 1 mM MgCly, 15 mM Glucose, 15 mM Hepes, 1 mM sodium
pyruvate, pH 7.4) at 37 °C and 5% CO.

PAS/APAS-hERG assembling FRET experiments were performed at room
temperature with HEK293 cells transiently transfected with PAS domain fused
at the Cterminus with a cyan fluorescent protein (donor) and with $620T-hERG
channel with the PAS domain deleted, fused to a citrine fluorescent protein at
the Cterminus (acceptor), patched, and held at —80 mV. scFv2.12 antibody pro-
tein was perfused through the patch pipette. Experiments were performed on
an inverted microscope (Nikon TE-2000). Cells were illuminated with a 120-W
X-Cite lamp (Lumen Dynamics). Spectra for FRET analysis were gathered using
two filter cubes: 1) a custom FRET cube (436/20, 455dclp, D460Ip), and 2) a YFP
cube (HQ500/20, Q515Ip, HQ520Ip), both from Chroma Technology.

ELISA. ELISA plates were coated with scFv2.12-SNAP ;s or scFv2.10-SNAP;s6
protein overnight at 4°C. The plate was incubated for 2 h at room tempera-
ture with the following proteins: GST-PAS wild-type, N33A, R35A, V36A,
E37A, N38A, 142A, or GST alone (for background subtraction) in the absence
or presence of CNBh domain protein followed by incubation with Rabbit
anti-GST-HRP antibody before colorimetric detection.

NMR Experiments. NMR experiments were performed with a Bruker Avance Il
800 MHz spectrometer equipped with a triple resonance 1H, 13C, 15N-
cryoprobe. Two-dimensional selective optimized flip angle short transient
technique coupled to heteronuclear multiple quantum correlation (1H-15N
SOFAST-HMQQ) spectra (1-h duration) were recorded at 298 K (~25 °C) using
>N-labeled PAS protein at 75 pM and varying the unlabeled scFv2.12 antibody
quantity so that the molar ratio was 1:0, 1:0.25, 1:0.5, 1:0.65, 1:0.75, 1:1, and
1:3. Assignment was done using CCPNMR software using reference chemical
shift values obtained from the Biological Magnetic Resonance Data Bank with
code BMRB: 17066 (Protein Data Bank code: 2LOW). Chemical shift and peak
intensity values were extracted for each titration point and analyzed with
in-house built MatLab scripts.

Two-Electrode Voltage Clamp. RNA for wild-type and mutant hERG1a in
PGH19 and scFv2.12 in pcDNA3.1 were injected into Stage IV and V oocytes.
For hERG1a/scFv2.12 coexpression experiments, cRNAs were injected at 1:1
ratio. All recordings were performed at room temperature (21°C + 2°C) and
held at —80 mV between recordings. Deactivation tail currents were evoked
at —120 mV after a depolarizing step to +60 mV. The resistance of the electro-
des ranged from 0.5 to 2.0 MQ in 2 M KCl. Recording solution (5 mM KCl, 93
mM N-methyl-D-glucamine, 1 mM MgCl,, 0.3 mM CaCl,, and 5 mM Hepes,
with pH adjusted to 7.4 with MES) was perfused through the bath chamber
during the recording. Data were analyzed using pCLAMP 10.4, Origin 2021b,
and SigmaPlot 13.0. Results were considered statistically significant when P <
0.05. No blinding or randomization was conducted for the experiments. No
data were excluded as outliers.

Data Availability. All study data are included in the article and/or SI Appendix.
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