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A recombinant N-terminal domain fully restores
deactivation gating in N-truncated and long
QT syndrome mutant hERG potassium channels
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Human ether & go-go related gene (hERG) potassium channels play a
central role in cardiac repolarization where channel closing (deacti-
vation) regulates current density during action potentials. Conse-
quently, mutations in hERG that perturb deactivation are linked to
long QT syndrome (LQTS), a catastrophic cardiac arrhythmia. Inter-
actions between an N-terminal domain and the pore-forming “core”
of the channel were proposed to regulate deactivation, however,
despite its central importance the mechanistic basis for deactivation
is unclear. Here, to more directly examine the mechanism for regu-
lation of deactivation, we genetically fused N-terminal domains to
fluorescent proteins and tested channel function with electrophysi-
ology and protein interactions with Forster resonance energy transfer
(FRET) spectroscopy. Truncation of hERG N-terminal regions markedly
sped deactivation, and here we report that reapplication of gene
fragments encoding N-terminal residues 1-135 (the “eag domain”)
was sufficient to restore regulation of deactivation. We show that
fluorophore-tagged eag domains and N-truncated channels were in
close proximity at the plasma membrane as determined with FRET.
The eag domains with Y43A or R56Q (a LQTS locus) mutations showed
less regulation of deactivation and less FRET, whereas eag domains
restored regulation of deactivation gating to full-length Y43A or
R56Q channels and showed FRET. This study demonstrates that direct,
noncovalent interactions between the eag domain and the channel
core were sufficient to regulate deactivation gating, that an LQTS
mutation perturbed physical interactions between the eag domain
and the channel, and that small molecules such as the eag domain
represent a novel method for restoring function to channels with
disease-causing mutations.
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H uman ether a go-go related gene (hERG) potassium channels
were originally cloned from a human hippocampus library
based on homology to mammalian ether 4 go-go (eag) potassium
channels (1). hERG forms the major subunits of the “rapid
component of the cardiac delayed rectifier potassium current” (Ik;)
in the heart (2, 3). The physiological role of I, is to repolarize the
late phase of cardiac action potentials (4). The clinical significance
of hERG channels and Ik, in the heart is emphasized by mutations
in the hERG gene, which are linked to long QT syndrome (LQTS),
a cardiac arrhythmia (5). hERG channels are also the targets for
inhibitory compounds that cause acquired arrhythmias (6).

hERG channels exhibit unusual kinetics that help to specialize
them for their role in the heart. With membrane depolarization,
hERG channels activate relatively slowly and inactivate rapidly,
which limits current amplitude. With subsequent membrane repo-
larization, hERG channels rapidly recover from inactivation and
then very slowly deactivate, which gives rise to a large tail current.
The resurgent tail current helps to repolarize the late phase of
cardiac action potentials (2-4, 7).

The molecular basis for the slow deactivation mechanism that
helps to determine the critical hERG tail current is not understood.
Like other members of the K, family of potassium channels, hERG
channels are activated by membrane voltage by a mechanism that
involves the voltage-sensor domains (8—12). In hERG channels,
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voltage-dependent gating is regulated by the large, cytoplasmic
N-terminal domain (13-17). The N terminus is involved in the
regulation of activation and inactivation gating (16, 17) and regu-
lates current amplitude during the action potential (7). Previous
work identified a conserved “eag domain” comprising residues
1-135 in the N-terminal region of hERG channels (13, 18) that
regulates deactivation gating (13). Channels with a deletion of most
of the N-terminal region (14, 15, 17) or a deletion of the eag domain
(13) have deactivation kinetics that are ~5-fold faster than the
deactivation kinetics in wild-type channels, indicating that the eag
domain is necessary for regulation of slow deactivation. Previous
work proposed that the eag domain interacts with the “core” of the
channel (13), possibly at the S4-S5 linker region (13, 17), to regulate
deactivation. The critical role of the eag domain was emphasized by
mutations within this domain that perturb deactivation gating and
are linked to LQTS (19).

In this study, we sought to more directly determine whether the
N-terminal eag domain made an interaction with the core of hERG
channels using fluorescence methods that offer the advantage of
determining physical proximity. We found that hERG eag domains
tagged with fluorescent proteins regulated deactivation in N-
truncated hERG channels with kinetics that were not measurably
different from those of hERG channels with an intact N terminus.
Using FRET spectroscopy, we observed that the eag domains were
in close proximity to the core of hERG channels at the plasma
membrane. The eag domain fragments with point mutations Y43A
or R56Q had perturbed regulation of gating and decreased FRET
and eag domains restored regulation of deactivation gating to
full-length hERG Y43A or R56Q channels and showed FRET. Our
results show that the mutations weakened an interaction between
the eag domain and the rest of the channel, suggesting that a
weakened interaction is a mechanistic determinant of cardiac
arrhythmias. Furthermore, soluble eag domains can rescue defi-
cient gating in disease-related (hERG R56Q) mutant channels.

Results

A Recombinant N-Terminal eag Domain Fragment Restored Slow Deac-
tivation Gating to N-Truncated hERG Channels. To investigate the
mechanism for regulation of gating in hERG channels by the eag
domain (the first 135 residues of hERG) we generated a
recombinant eag domain (Fig. 14) that we genetically fused to
CFP (N1-135 CFP). We coexpressed the eag domain fragment
(N1-135 CFP) with hERG channels encoding the “core” of the
channel (hERG AN YFP) at a 2:1 ratio of RNAs in Xenopus
oocytes and performed two-electrode voltage-clamp recordings.
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Fig. 1. Regulation of deactivation gating by a recombinant N-terminal eag
domain. (A) Schematic of hERG channel constructs. Two-electrode voltage-clamp
recordings of a family of tail currents from (B) hERG YFP (closed squares), (C) hERG
AN YFP (open squares) and (D) N1-135 CFP + hERG AN YFP (closed circles).
Currents were elicited by the voltage pulse protocol indicated. Calibration bars,
1 A and 250 ms. (E) Plots of the time constants () derived from a single
exponential fit (see Materials and Methods) to the tail currents in (B-D). Plots also
include CFP + hERG AN YFP (open circles). Error bars are the SEM and are inside
the points when not visible. n = 6 for each. (F) Current traces from N-truncated
hERG channels, eag domains: N-truncated hERG channels at the indicated ratios
and wild-type hERG scaled to the peak at —100 mV for comparison. Zero current
given by dotted line. Scale bar, 100 ms. (G) Box plot of time constants of deacti-
vation, in which the middle line of the box is the mean, the top and bottom are
the 75th and 25th percentiles, and the straight lines are the 90th and 10th
percentiles. n = 5 for each.

To elicit a family of deactivating traces, channels were activated
by a voltage pulse to 20 mV, followed by a series of pulses to
voltages from —120 mV to —40 mV in 20 mV steps (Fig. 1). To
compare deactivation kinetics, currents were fit with a single
exponential function and the time constant was derived (see
Materials and Methods). As anticipated, currents from hERG
YFP channels (Fig. 1 B and E) had deactivation kinetics that
were ~5-fold slower than the deactivation kinetics in hERG AN
YFP channels, which have a truncated N-terminal region (Fig.
1 C and E). In cells coexpressing hERG N1-135 CFP with
N-truncated hERG AN YFP channels, the kinetics of deactiva-
tion were markedly slower (Fig. 1D), that is, the time constants
of deactivation were larger, than those for hERG AN YFP
channels and were not measurably different from those for
hERG YFP channels with an intact N-terminal region (Fig. 1 D
and £ and Table S1). As a negative control, we coexpressed CFP
with hERG AN YFP channels and found that the kinetics of
deactivation gating were not different from the kinetics of hRERG
AN YFP channels alone (open circles, Fig. 1E). These results
indicate that a recombinant eag domain, coexpressed as a
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separate piece, was sufficient to recapitulate regulation of de-
activation in hERG AN channels.

Progressive Recovery of Deactivation Gating by a Recombinant eag
Domain. We next asked whether the regulatory effect of the eag
domain fragment was due the maximal association of eag domains
with N-truncated hERG channels. As a first test of this we
coexpressed different input ratios of hERG N1-135 CFP relative to
that of hERG AN YFP channels (at mRNA ratios of 2:1, 1:1, 1:2,
1:4,1:8, and 1:16) as indicated (Fig. 1 F and G). We recorded inward
tail currents at —100 mV, scaled the currents for comparison, and
measured the rate of decay of the tail currents using an exponential
fit. We found that deactivation was slower (the time constant of the
relaxation was larger) with larger input amounts of N1-135 CFP
relative to hERG AN YFP channels (Fig. 1F). Notably, the kinetics
of the tail currents reached a plateau starting at approximately a 1:2
RNA ratio of N1-135 CFP to hERG AN YFP and, with increased
input of N1-135 CFP, the deactivation time constant did not exceed
the kinetics of wild-type hERG (Fig. 1G). These results show that
regulation of deactivation was a function of the ratio of the eag
domain to the pore-forming core regions of the channel. Moreover,
these results indicate that the regulatory effect of the eag domain
was not a nonspecific slowing effect but rather was consistent with
a specific interaction of the eag domain with the core of the hERG
channel.

FRET Spectroscopy Showed That Fragments Encoding the eag Domain
Were in Close Physical Proximity to the Core of hERG Channels at the
Plasma Membrane. To directly test for the physical proximity be-
tween the eag domain and the core of hERG channels at the plasma
membrane, we used FRET spectroscopy. FRET is the transfer of
light energy between a donor and acceptor fluorophore that are
within a characteristic distance. For fluorescent proteins based on
GFPs, FRET efficiency is steeply distance dependent and becomes
negligible at distances greater than 80 A (20, 21). Therefore, FRET
reports proteins that are within close proximity to one another.
To enhance expression necessary to measure FRET in hERG
channels, we introduced a well-characterized mutation in the pore
region, serine 620 to threonine (S620T), which we previously
showed markedly increased ionic currents and attenuated inacti-
vation but, importantly, left deactivation intact (16, 22-24). To
measure FRET, we recorded the stimulated emission of YFP (the
acceptor) by proximate CFP (the donor) molecules using spectral
separation analysis (see Materials and Methods). We coexpressed
eag domains fused to CFP (N1-135 CFP) with hERG AN S620T
YFP, and to examine potential effects of fluorescent protein
placement we reversed the fluorophores and coexpressed eag
domains fused to YFP (N1-135 YFP) with hERG AN S620T CFP.
We confirmed that these channels were regulated by eag domains
(Fig. S1 and Table S1). We recorded spectra using laser excitation
and scanning confocal microscopy from the surface of oocytes. To
excite CFP we used a 458-nm laser line. The emission spectra
contained emission from CFP and YFP (Fig. 24, red trace). The
spectral component due to CFP was subtracted using a scaled
spectrum from a separate control experiment (Fig. 24, cyan trace),
which revealed the spectral component due to YFP emission (Fig.
2A, F¥8 green trace). F*38 contained a FRET component and a
component due to direct excitation of the YFP by the 458 laser line.
To solve the FRET component, we normalized F*8 to the emission
from direct excitation of the YFP fluorophore by the 488 laser line
(Fig. 24, F*8, black trace) and calculated Ratio A (Fig. 2B). The
Ratio A component caused by direct excitation of YFP (Ratio Ag)
was measured directly from control oocytes expressing YFP fused
to hERG channels (Fig. 2 C and D). Ratio A was determined by
measuring the direct excitation of YFP by the 458 laser line (Fig. 2C,
F#8 red trace) and normalizing this to the emission of YFP by the
488 laser line (Fig. 2C, F*8, black trace). The FRET component of
Ratio A was solved by subtracting the direct component, Ratio A,
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(Fig. 2E). Values of Ratio A — Ratio A that were greater than zero
indicate FRET.

We detected FRET in cells coexpressing N1-135 CFP with
hERG AN S620T YFP and in cells coexpressing N1-135 YFP with
hERG AN S620T CFP (Fig. 2E). These findings show that the eag
domains were in physical proximity to N-truncated hERG channels
at the plasma membrane.

In a negative control experiment coexpressing N1-135 CFP
domains with cannabinoid-1 receptor YFP (CB1 YFP), a mem-
brane protein unrelated to hERG, we did not detect FRET (Fig.
2E). The similar ratio of donor CFP to acceptor YFP (Fc/Fy) in
these experiments indicates that the lack of FRET in negative
controls was not simply caused by a low ratio of donor to acceptor.
These results indicate that FRET was not caused by nonspecific
interactions between donors and acceptors at the membrane sur-
face; rather FRET was caused by a specific interaction between eag
domains and hERG channels (Fig. 2E). Taken together, the
functional restoration of regulation of deactivation by soluble
N-terminal eag domains and the structural proximity of N-terminal
eag domains and N-truncated hERG channels measured with
FRET indicate that the N-terminal domain made a noncovalent
interaction with hERG channels at the membrane surface to
regulate gating. These results suggest that in full-length channels,
the eag domain is likely in close physical proximity to the core of
hERG channels at the membrane.

Mutations Perturb a Physical Interaction Between the N-Terminal

Domain and the Channel. Like hERG channels with truncations of
the N-terminal region, hERG channels with point mutations within
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denoted by error bars; the number of experiments (n) is
indicated in parentheses.

the N-terminal eag domain had deactivation kinetics that were
markedly faster than those in wild-type hERG channels (13, 19). To
examine the mechanism for dysregulation of deactivation, we chose
to investigate two hERG channels bearing mutations at single sites
in the eag domain that were reported to have the most prominent
speeding effect on deactivation gating; a tyrosine to alanine change
at position 43 (Y43A) and an arginine to asparagine change at
position 56 (R56Q). We coexpressed soluble eag domains contain-
ing either Y43A or R56Q mutations with N-truncated hERG
channels at a 2:1 RNA ratio. We found that eag domain fragments
with Y43A mutations partially regulated deactivation (Fig. 34 and
() and that eag domain fragments with R56Q mutations did not
measurably alter deactivation kinetics (Fig. 3 B and C). These
findings indicate that the functional effects of the two mutations in
the eag domain were not conferred to the channel via the covalent
backbone but instead that the mutations perturbed the noncovalent
interaction of the eag domain with the channel. We directly tested
whether Y43A or R56Q mutations perturbed the physical proxim-
ity of the eag domain and the channel by examining FRET. To carry
out these experiments, we coexpressed eag domains containing
either Y43A or R56Q mutations with N-truncated hERG channels
tagged with YFP at the N terminus (Fig. 3D). (These channels
contained the S620T mutation and showed regulation by eag
domains similar to those of their counterparts in Fig. 3 A-C and
Table S1). Using similar amounts of donor to acceptor (Fc/Fy), we
detected a reduction in relative FRET efficiency of 30% for eag
domain fragments with Y43A (P < 0.01, analysis of variance
[ANOVAY]) and 80% for eag domain fragments with R56Q (P <
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Fig. 3. Reduced regulation of deactivation gating by soluble eag domains
containing point mutations. Two-electrode voltage-clamp recordings of ionic
current from (A) N1-135 (Y43A) CFP fragment + hERG AN YFP channels (inverted,
closed triangle) and (B) N1-135 (R56Q) CFP fragment + hERG AN YFP channels
(closed triangle). Calibration bar is 2 uA and 250 ms. (C) Plot of time constant ()
of deactivation versus voltage. Time constants for N1-135 CFP + hERG AN YFP
(closed circles) and hERG AN YFP (open squares) included for comparison. Error
bars are the SEM and the n = 3 for each point. (D) Bar graph of relative FRET
efficiency (Ratio A — Ratio Ag) and ratio of CFP to YFP (Fc/Fy) for the indicated
channels. SEMis denoted by error bars; the number of experiments (n) isindicated
in parentheses.

0.01, ANOVA) compared to that with wild-type eag domain
fragments (Fig. 3D). A reduction in FRET in these experiments
suggests that the mutations altered the orientation of the eag
domain with respect to the channel and/or weakened an interaction
of the eag domain with the channel.

Recombinant N-Terminal Domain Fragments Restore Deactivation
Gating in a hERG Channel with an LQTS-Associated Mutation. To test
for a weakened interaction between the eag domain and the
channel, we tested whether eag domain fragments could restore
slow deactivation gating and make a physical interaction with
full-length hERG Y43A or hERG R56Q channels. We first con-
firmed that full-length hERG channels with the Y43A or R56Q
mutations had deactivation kinetics that were faster than those for
wild-type hERG channels (Fig. 4 4, C, and F and Table S1). When
coexpressed with eag domain fragments (N1-135 CFP), we found
that the deactivation kinetics of hERG Y43A (Fig. 4B) and hERG
R56Q (Fig. 4D) channels were slowed and were similar to those
measured for wild-type hERG channels (Fig. 4F and Table S1). As
a negative control, we expressed N1-135 CFP with hERG YFP
channels, and we did not detect a change in deactivation kinetics
(Fig. 4 E and F) consistent with the lack of a noncovalent interaction
with soluble eag domains. To directly examine the physical prox-
imity of soluble eag domains and full-length hERG channels, we
coexpressed eag domains (N1-135 CFP) with hERG YFP, hERG
Y43A YFP, and hERG R56Q YFP (all channels contained the
S620T mutation and showed regulation by eag domains similar to
that that of their counterparts in Fig. 4 A-E and Table S1). Using
similar donor-to-acceptor ratios (Fc/Fy), we detected robust FRET
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Fig. 4. Regulation of deactivation gating in a hERG channel with an LQTS
mutation by soluble eag domains. Two-electrode voltage-clamp recordings of
ionic currents from (A) hERG Y43A (closed inverted triangle), (B) N1-135 CFP +
hERG Y43A (open inverted triangle), (C) hERG R56Q (closed triangle), (D) N1-135
CFP + hERG R56Q (open triangle), and (F) N1-135 CFP + hERG YFP (diamond)
elicited with the voltage pulse as indicated. Calibration bars are 2 uA and 250 ms.
(F) Plot of deactivation time constant (7). hERG YFP (closed squares) and hERG AN
YFP (opensquares) are included as a reference. Error bars are the SEM and the n =
3 for each point. (G) Bar graph of relative FRET efficiency (Ratio A — Ratio Ag) and
ratio of CFP to YFP (Fc/Fy) for the indicated channels. SEM is denoted by error bars;
the number of experiments (n) is indicated in parentheses.

between N1-135 CFP and hERG Y43A YFP or N1-135 CFP and
hERG R56Q YFP, but we detected very weak FRET between
N1-135 CFP and hERG YFP (Fig. 4G). Together, the electrophys-
iological and FRET data suggest that the soluble eag domains
physically supplanted the covalently attached eag domains that
contained Y43A or R56Q mutations but did not supplant the
wild-type eag domain. These results indicate that the Y43A or
R56Q mutations weaken the noncovalent interaction between the
eag domain and the channel.

Because hERG R56Q is associated with LQTS, our findings
show that a weakened interaction between the eag domain and the
channel may be a determinant of heart disease. The restoration of
deactivation gating in hERG R56Q channels by soluble eag do-
mains points to one potential mechanism for restoring normal
deactivation gating to a LQTS-associated mutant channel.

Discussion

Here we have shown evidence for an interaction between the eag
domain (encoded by residues 1-135 of the amino terminus) of
hERG channels and hERG channels lacking the N terminus. A
model we propose to explain our results is that the soluble eag
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domains are in close physical proximity to N-truncated hERG
channels at the membrane, that an interaction between these two
proteins is formed, and that this interaction is likewise formed in
intact hERG channels, such that the kinetics of deactivation gating
are completely reconstituted in channels with N-truncated regions
(Fig. 5 A and B). Mutations Y43A and R56Q in soluble eag
domains partially or did not measurably alter deactivation and
decreased FRET, indicating a perturbation of an interaction be-
tween the eag domain and the channel. Soluble eag domains
reconstituted gating and made a physical interaction with full-
length hERG channels bearing Y43A or R56Q point mutations in
the eag domain. A model that fits with these findings is that the
soluble eag domain can supplant the covalently attached dysfunc-
tional eag domains but not the wild-type eag domains (Fig. 5 C and
D). These results suggest that the eag domain makes a noncovalent
interaction with intracellular regions of the hERG channel to
directly regulate deactivation gating.

How might the eag domain regulate deactivation gating? Previ-
ous work shows that the slow deactivation kinetics in wild-type
hERG channels are apparently influenced by several different
regions of the protein. Mutations in transmembrane regions, in-
cluding the voltage-sensor (S1-S4) domains (12, 25, 26), the S4-S5
linker region that joins the voltage sensor to the pore (17, 27), and
the lower part of the S6 (28, 29) change the kinetics of deactivation.
Mutations at the amino terminal end of the eag domain (13, 17),
within the Per-Arnt-Sim (PAS) region of the eag domain (13, 19)
and in the C-terminal regions (30, 31), accelerate deactivation
gating. Can all of these observations be combined into a unifying
model? The eag domain might regulate deactivation by directly
interacting with voltage-sensing machinery; or, if we consider that
gating in ion channels may be a series of conformational changes in
different parts of the channel that are coupled to channel opening
(32, 33), the eag domain might allosterically regulate deactivation
by interacting with another part of the channel. (a combination of
direct and allosteric mechanisms is also possible). Although spec-
ulative at this time, we propose a model in which the eag domain
makes extensive interactions with intracellular S4-S5 linker and
C-terminal regions of the channel to regulate gating (Fig. 54 and
B). Examining the interaction of the eag domain with the channel
as a function of channel deactivation state or with channels with
mutations in other regions that affect deactivation may clarify the
role of the eag domain in regulation of deactivation gating.
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Our data indicate that one region of hERG that is apparently not
a key determinant for an interaction of the eag domain with the
channel is the proximal N-terminal region. In channels reconsti-
tuted from eag domains and N-truncated channels, the proximal
N-terminal region (residues 136—354) was not included (Fig. 5B).
However, reconstituted channels had deactivation kinetics that
were not measurably different from those in hERG channels with
an intact N-terminal region. We conclude that the proximal N-
terminal region is neither a molecular determinant for regulation of
deactivation gating nor a determinant of the interaction of the eag
domain with the internal regions of the hERG channel.

Our results here with a recombinant eag domain differ from
those of a previous report where a genetically encoded eag domain
fragment was reported to have no effect on channel gating (13).
Instead, a purified fusion protein composed of the eag domain
partially (=50%) recovered deactivation in N-truncated hERG
channels but did not change gating in hERG F29A channels. An
explanation consistent with both results may be that fusion of the
eag domain to a fluorescent protein in this study may have helped
to stabilize the eag domain in the cellular milieu. An explanation for
50% (previous study) versus 100% (this study) regulation of deac-
tivation may be due to the differences in methodology between the
studies. One possibility is that recombinant eag domain fragments
might have been expressed at a higher ratio relative to N-truncated
hERG channels, or perhaps recombinant eag domains undergo key
stabilizing interactions at earlier stages of biogenesis or undergo
posttranslational processing important for gating that fusion pro-
tein eag domains did not undergo. The significance of full recovery
of gating by the recombinant eag domain in this study is that it
means that the polypeptide backbone that covalently attaches the
eag domain to the channel does not appear to be required for
regulation of deactivation gating and that, instead, the noncovalent
interaction of the eag domain with the channel regulates deactiva-
tion gating.

Does information contained in the FRET signals address the
number of eag domains necessary for gating or the relative location
of the eag domain within the channel? In intact channels, there are
four eag domains per channel, but the precise number of eag
domains necessary to regulate gating is not known. In our exper-
iments, eag domains with CFP or YFP coexpressed with N-
truncated hERG channels with YFP or CFP, respectively, showed
equal FRET efficiencies and equal regulation of gating (Fig. 2E and
Fig. S1). These results are consistent with the interpretation that
four eag domains interacted with N-truncated channels but are also
consistent with fewer than four eag domains being sufficient to
regulate gating. In experiments in which N-truncated channels were
tagged with YFP at the N terminus, we detected a 24% larger
relative FRET efficiency (P < 0.05, ANOVA) than when the
channel was tagged with YFP at the C terminus (Figs. 2E and 3D).
This result is consistent with the idea that the eag domain is more
proximate to the transmembrane domains than to the C terminus;
however, FRET efficiency is also dependent the relative orienta-
tion of fluorophores (34), and thus calculations of absolute dis-
tances are not meaningful.

hERG R56Q is a naturally occurring human mutation that was
identified based on its link to LQTS (19), and the dysfunctional
gating properties of hERG R56Q channels were shown in compu-
tational models to be pro-arrhythmogenic (35). Our data indicates
that R56Q disrupts and weakens an interaction between the eag
domain and the channel, indicating that perturbations of this
interaction may underlie heart disease. Soluble eag domain frag-
ments restored deactivation gating to hERG R56Q), indicating that
soluble eag domains are a means for restoring the dysfunctional
deactivation gating in LQTS-associated hERG channels containing
mutations within the eag domain.
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Materials and Methods

Molecular Biology. The hERG expression clone was previously described (3, 36).
hERG R56Q was a gift from M. Sanguinetti (University of Utah). Cannabinoid
receptor YFP was a gift from W.N. Zagotta (University of Washington). hERG
channels were fused directly at position 1159 (with no linker) to monomeric
enhanced cyan fluorescent protein (eCFP) or monomeric citrine (gifts from R.Y.
Tsien, University of California) using oligonucleotide-based mutagenesis and
were sequenced using standard fluorescence-based sequencing. hERG AN chan-
nels (17) were also fused to monomeric citrine at position 356 for ease of cloning.
Consistent with previous studies (37), fluorescent proteins fused at the Cterminus
of hERG did not affect the kinetics of channel gating. The eag domains were fused
directly (with no linker) at amino acid 135 to mCFP or monomeric citrine. For
clarity, fluorescent proteins are referred to as CFP or YFP in this study. For
expression in Xenopus oocytes, mRNAs were made with the Message Machine kit
(Ambion, Austin, TX).

Electrophysiology and Analysis. For electrophysiological recordings, Xenopus
oocytes were injected with the same volume of mRNA (50 nl) for each experiment
and incubated for 3-14 days at 16 °C. Recordings from whole oocytes were
performed with an OC-725C two-electrode voltage-clamp (Warner Instruments)
connected to an ITC-18 AD converter (Instrutech, Great Neck, NY). Data were
recorded using Patchmaster software (HEKA, Instrutech) and analyzed using Igor
software (Wavemetrics, Lake Oswego, OR). Glass recording microelectrodes were
filled with 3 M KCl. The bath (external) solution contained 4 mM KCl, 94 mM Nacl,
1 mM MgCly, 0.3 mM CaCl; 5 mM Hepes, pH 7.4. Current relaxations with
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repolarizing voltage steps (deactivation) were fit with an exponential function
(y = Ae ), where t is time and  is the time constant.

Confocal Microscopy. To measure FRET, we used a confocal microscope (Leica
TCS SP2) at the National Institutes of Health (Bethesda, MD) or, in prelim-
inary experiments, at the University of Washington Keck Center. For these
experiments, cells were visualized using a Leica DMIRE 2 inverted micro-
scope with a 10X objective with 0.3 NA. A tunable acousto-optical system
(AOBS) was used to measure spectra in 5-nm emission windows. Fluoro-
phores were excited using the 458 nm or 488 nm lines of an Ar/Kr laser.
Fluorescence signals were collected from the animal pole of Xenopus
oocytes after laser excitation. Background was determined from a blank
area of theimage and was subtracted. We used spectral separation analysis
to calculate Ratio A — Ratio Ay, a value proportional to FRET efficiency (34,
38, 39). Some of the measured CFP intensities in Fc/Fy ratios were reduced
because of energy transfer to YFP, and were corrected using a method (40)
that uses the extinction coefficients for mCFP and monomeric citrine (41,
42). Corrected Fc values were reported here (Figs. 2-4). Equations for FRET
and Fc/Fy are in the S/ Text.
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