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Congenital long QT syndrome 2 (LQT2) is caused by loss-of-
function mutations in the human ether-á-go-go-related gene
(hERG) voltage-gated potassium (K�) channel. hERG channels
have slow deactivation kinetics that are regulated by an N-ter-
minal Per-Arnt-Sim (PAS) domain. Only a small percentage of
hERGchannels containingPASdomainLQT2mutations (hERG
PAS-LQT2) have been characterized inmammalian cells, so the
functional effect of these mutations is unclear. We investigated
11 hERG PAS-LQT2 channels in HEK293 cells and report a
diversity of functional defects. Most hERG PAS-LQT2 channels
formed functional channels at the plasma membrane, as mea-
sured by whole cell patch clamp recordings and cell surface bio-
tinylation. Mutations located on one face of the PAS domain
(K28E, F29L, N33T, R56Q, and M124R) caused defective chan-
nel gating, including faster deactivation kinetics and less steady-
state inactivation. Conversely, the other mutations caused no
measurable differences in channel gating (G53R, H70R, and
A78P) or no measurable currents (Y43C, C66G, and L86R). We
used a genetically encoded hERG PAS domain (NPAS) to exam-
ine whether channel dysfunction could be corrected. We found
that NPAS fully restored wild-type-like deactivation kinetics
and steady-state inactivation to the hERG PAS-LQT2 channels.
Additionally, NPAS rescued aberrant currents in hERG R56Q
channels during a dynamic ramp voltage clamp. Thus, our
results reveal a putative “gating face” in the PAS domain where
mutations within this region form functional channels with
altered gating properties, and we show that NPAS is a general
means for rescuing aberrant gating inhERGLQT2mutant chan-
nels and may be a potential biological therapeutic.

Congenital Long QT Syndrome (LQTS)2 is a disorder of the
electrical system of the heart characterized by delayed cardiac
repolarization that can lead to arrhythmias, syncope, and sud-
den death (1). Type 2 LQTS (LQT2) is caused by genetic muta-

tions in the human ether-á-go-go-related gene (hERG) (2–5).
hERG encodes the major subunit of the rapidly activating
delayed-rectifier potassium current (IKr), which plays an essen-
tial role in the final repolarization of the ventricular action
potential (3, 4). hERG exhibits characteristic slow closing
(deactivation) kinetics that are regulated by an N-terminal Per-
Arnt-Sim (PAS) domain, which help to specialize the channels
for their role in the heart (3, 6–10).
Loss of hERG function, and thus, loss of IKr (11), can occur

through a number of mechanisms, including defects in channel
opening and closing (gating), ion permeation, or protein traf-
ficking (12). hERG channels containing LQT2mutations in the
PAS domain (hERG PAS-LQT2) exhibit robust currents when
studied inXenopus oocytes (6, 13–15); however, most channels
with LQT2 mutations located outside the PAS domain do not
have measurable currents and show defects in maturation and
trafficking when studied in mammalian cells (12, 16–21). As
only 5 hERG PAS-LQT2 channels have been functionally char-
acterized in mammalian cells (20–24), the mechanism for how
PAS domainmutations disrupt hERG function when expressed
in more physiological conditions remains unclear.
Previously, we showed that slow deactivation could be

restored in LQT2 mutant hERG R56Q channels by application
of a genetically encoded PAS domain (NPAS) in Xenopus
oocytes (15). Here, we sought to determine whether NPAS was
a general mechanism for rescue of LQT2 mutant channels. To
carry out this goalwe investigated 1)whether 11 different hERG
PAS-LQT2 mutations that were gating deficient in Xenopus
oocytes resulted in a loss-of-function in a human heterologous
expression system and 2) whetherNPAS could restore gating in
several different hERGPAS-LQT2mutant channelswith gating
defects in a mammalian system.
We found that the 11 hERG PAS-LQT2 channels exhibited a

spectrumof deficiencies inmammalian cells, and only channels
with mutations located on one face of the PAS domain were
gating deficient. These mutant channels exhibited an array of
gating defects, including faster deactivation kinetics and a
right-shift in the steady-state inactivation relationship, the
combination of which resulted in aberrant currents in response
to a dynamic ramp clamp.We found that NPAS rescued gating
defects in hERG PAS-LQT2 channels by inducing slower deac-
tivation kinetics and a left-shift in the steady-state inactivation
relationship, which restored wild-type-like currents during the
dynamic ramp clamp. Thus, NPAS restored function to chan-
nels that had a variety of gating defects. Therefore, in this study,
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we identify a putative “gating face” within the PAS domain, as
well as present a general means for rescuing gating-deficient
mutant hERG PAS-LQT2 channels.

EXPERIMENTAL PROCEDURES

Molecular Biology and Cell Culture—Unless otherwise
noted, hERGPAS-LQT2mutant constructs were a gift fromM.
Sanguinetti (University of Utah). hERG K28E, F29L, and
M124R were created using the AccuPower HL PCR PreMix
(Bioneer). NPAS was created as previously described with
amino acids 1–135 directly fused to mCFP at amino acid 135
(15). All hERG constructs, as well as the NPAS fragment, were
subcloned into the pcDNA3.1 mammalian expression vector.
Human embryonic kidney 293 cells (HEK293) were cultured at
37 °C, 5% CO2 in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum, 1% penicillin-streptomy-
cin, and 1% L-glutamine. At 50–70% confluence, HEK293 cells
were transiently transfectedwith cDNAusing theTransIT-LT1
Transfection Reagent (Mirus) according to the manufacturer’s
protocol. The cells were incubated for 24–48 h before analysis.
Electrophysiology and Analysis—For electrophysiological

recordings, HEK293 cells were plated on 35-mm cell culture
dishes and transfected with 1 �g of hERG channel cDNA � 1
�g of NPAS cDNA (or 1 �g mCFP cDNA). Whole cell record-
ings were performed 24–48 h post-transfection using an
EPC-10 patch clamp amplifier (HEKA Instruments). Cells with
mCFP fluorescence were chosen for recording, and �90% of
cells expressed hERG currents. Data were acquired using
PatchMaster Software, version 2.0 (HEKA Instruments), and
analyzed using IgorPro Software, version 5.03 (Wavemetrics).
All recordings were done at room temperature (22� 2 °C) with
a sampling rate of 1 kHz unfiltered and a holding potential of
�80 mV. Patch pipettes were pulled using a P-97 micropipette
puller (Sutter Instruments) and had resistances of 2–4 M�
when filled with the internal pipette solution. The internal
pipette solution contained (inmM): 130 KCl, 1MgCl2, 5 EGTA,
5MgATP, and 10HEPES (pH7.2withKOH). The external bath
solution contained (in mM): 137 NaCl, 4 KCl, 1.8 CaCl2, 1
MgCl2, 10 glucose, 5 tetraethylammonium, and 10 HEPES (pH
7.4 with NaOH). Series resistance was compensated such that
the voltage error was �5 mV. No leak subtraction was used.
Currentsweremeasured using either standard voltage step pro-
tocols (described in the corresponding figure legends) or a
dynamic ramp voltage clamp thatmimics the ventricular action
potential. Current deactivation was fit with a double exponen-
tial function (y � A1e�t/�1 � A2e�t/�2), where t is time and � is
the time constant of deactivation. The current-voltage (IV)
relationship was measured by plotting the peak current at the
end of the depolarizing pulse normalized to either cellular
capacitance (to control for variations in cell size) or the absolute
value of the extrapolatedmaximumpeak tail current value elic-
ited by a step from 60mV to either�50 or�100mV (indicated
in the corresponding figure legend) versus voltage. The extrap-
olated maximum current value was determined from a double
exponential fit to the deactivating current extrapolated back to
the moment of voltage change, as was done by Sale et al. (10).
This value represents the maximal conductance and is propor-
tional to the number of open channels. The voltage dependence

of activation was measured by plotting the peak tail current
versus voltage and fit with a Boltzmann function: y� 1/{1� exp
[(V1⁄2 � V)/k]}, where V1⁄2 is the half-maximal activation poten-
tial and k is the slope factor. Steady-state inactivation was mea-
sured using a three-pulse protocol, as previously described by
Smith et al. (25). Errors due to deactivation at �120 and
�100 mV were corrected using the following equation:
Icorrected � (gdifference)(20-Erev); gdifference � (Ipeak � Iend)/
(Emem � Erev), where Ipeak is the peak current during the 15 ms
conditioning pulse, and Iend is the current at 15 ms. The result-
ing values were normalized, plotted versus voltage, and fit with
a Boltzmann function. Averaged data are presented as mean �
S.E. Statistical analyses were performed using a one-way
ANOVA; n represents the number of recordings. For Fig. 1, A
and B, the number of individual transfections per channel type
was 2–5, and the number of cells recorded per transfection was
1–3.
Cell Surface Biotinylation Assay—HEK293 cells were plated

on 60-mm cell culture dishes and transfected with 1.5 �g of
hERG channel cDNA. Approximately 48 h post-transfection,
cells werewashed twicewith ice-cold PBS and then treatedwith
PBS containing 1 mg/ml of EZ-Link Sulfo-NHS-SS-biotin
(Pierce) for 30 min at 4 °C. Cells were then incubated with 50
mM Tris (pH 7.5) for 20 min at 4 °C to quench the unreacted
biotin, followed by three washes with ice-cold PBS. Following
cell lysis (as described below), biotinylated protein was recov-
ered by incubating the cell lysates with neutravidin-coated aga-
rose beads (Pierce) in PBS buffer containing 0.1% SDS for 2 h at
4 °C. Beads were then washed 5 times with PBS plus 0.1% SDS.
Biotinylated proteins were eluted from the beads in 2� LSB �
�-mercaptoethanol (Bio-Rad) at 65 °C for 5 min. Eluted pro-
teins were resolved by 7.5% SDS-PAGE and Western blot
analysis.
Cell Lysis and Western Blot Analysis—Cells were homoge-

nized and lysed in lysis buffer (in mM: 150 NaCl, 25 Tris-HCl
(pH 7.4), 20 NaEDTA, 10 NaEGTA, 5 glucose, and 1.0% Triton
X-100 plus protease inhibitors, 10 �g/ml each) at 4 °C for 30
min while rotating. Lysates were cleared of debris by centrifu-
gation at 15,000 � g for 15 min at 4 °C. The supernatant was
transferred to a clean 1.5-mlmicrocentrifuge tube, and the pro-
tein concentration was quantified using the Bradford assay
(Pierce). Protein samples (10–20 �g) were incubated with
equal amounts of 2� LSB (Bio-Rad) for 30 min at room tem-
perature, subjected to 7.5% SDS-PAGE, and electrophoretically
transferred onto nitrocellulose membranes. The membranes
were immunoblotted with an anti-hERG-KA antibody directed
against the C terminus, and detected using an ECL detection kit
and a ChemiDoc XRS camera (Bio-Rad).

RESULTS

hERG Channels Containing PAS Domain LQT2 Mutations
Exhibit a Spectrum of Deficiencies—To characterize functional
defects of hERG channels containing LQT2 point mutations in
the PAS domain (hERG PAS-LQT2) in a mammalian expres-
sion system, we expressed each hERG PAS-LQT2 channel in
HEK293 cells. The LQT2mutations we selected were based on
previous findings demonstrating that when point mutations
weremade at the selected residues, either to a LQT2-associated
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mutation or to alanine, the mutant hERG channels exhibited
altered deactivation kinetics inXenopus oocytes (6, 13–15).We
also included K28E, R56Q, and M124R, which were previously
investigated in mammalian cells (22–24). We first measured
functional expression of each hERG PAS-LQT2 channel using
whole cell patch clamp recordings (Fig. 1). Fig. 1A shows rep-
resentative current recordings from HEK293 cells transiently
expressing either wild-type (WT) hERG or one of the hERG
PAS-LQT2 channels. From a holding potential of�80mV, cells
were depolarized to voltages ranging from �80 to 60 mV in
10-mV increments, followed by a repolarizing step to �50 mV
to elicit a tail current. We observed that most of the hERG
PAS-LQT2 channels hadmeasurable currents, including K28E,
F29L,N33T,G53R, R56Q,H70R,A78P, andM124R, and exhib-
ited inward rectification at more positive potentials, character-
istic of WT hERG channels, which produced a bell-shaped IV
relationship (Fig. 1, A and B). The hERG PAS-LQT2 mutant
channels Y43C, C66G, and L86R had nomeasurable hERG cur-
rent. The steady-state voltage dependence of activation was
slightly right-shifted for hERG N33T (p � 0.05), whereas the

steady-state activation curves for the other mutant channels
were not different from that ofWThERG (p� 0.05; Fig. 1C; see
Table 1 and supplemental Table S1).
Because hERG channels with point mutations in the PAS

domain had accelerated deactivation kinetics in Xenopus
oocytes (6, 13–15), we tested whether the rate of deactivation
for each hERGPAS-LQT2 channel was similarly faster inmam-
malian cells. The tail current produced by a step to �50 mV
from a potential of 60 mV was fit with a double exponential
function to give two time constants of deactivation, �fast and
�slow. We found that 5 of the 8 hERG PAS-LQT2 channels that
expressed functional channels at the cell surface (K28E, F29L,
N33T, R56Q, and M124R) had accelerated deactivation kinet-
ics compared with that of WT channels (Fig. 1D). Both the fast
(�f; p� 0.01 for R56Q, p� 0.05 for the others) and slow (�s; p�
0.01 for each) components of deactivation were significantly
faster for each hERG PAS-LQT2 channel. Of the 5 hERG PAS-
LQT2 channels, hERGR56Qhad the fastest rate of deactivation
compared with that ofWThERG. The average �f forWThERG
(ms � S.E.) was 295 � 18, compared with 202 � 16 for K28E,

FIGURE 1. hERG PAS-LQT2 channels exhibit a spectrum of functional defects. A, representative current recordings from HEK293 cells expressing WT or
hERG PAS-LQT2 channels. Inset represents the voltage command protocol. B, IV relationship of WT and each hERG PAS-LQT2 channel. The currents at the end
of each depolarizing pulse were normalized to cell capacitance (pF) and plotted versus voltage. C, steady-state activation plot. Tail current amplitudes during
the �50 mV step were normalized to the maximum tail current amplitude and plotted versus voltage. Points were fit with a Boltzmann function to yield the V1⁄2

and k (slope) values. D, histogram of the time constants (�) of deactivation derived from a double exponential fit of the tail current produced by a step to �50
from 60 mV. *, p � 0.05; **, p � 0.01 versus WT hERG (ANOVA). All values plotted as mean � S.E.; n � 3–9 cells.
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186 � 16 for F29L, 216 � 9 for N33T, 92 � 3 R56Q, and 173 �
29 for M124R (Fig. 1D, top panel); the average �s forWT hERG
channels (ms � S.E.) was 1751 � 25, compared with 1032 � 29
for K28E, 1060� 50 for F29L, 1052� 37 forN33T, 495� 38 for
R56Q, and 999 � 179 for M124R (Fig. 1D, bottom panel).
We next asked whether the non-measurable current seen for

someof the hERGPAS-LQT2 channelswas due to a decrease or
lack of protein at the cell surface. To test this, we utilized cell
surface biotinylation to measure hERG channels expressed on
the plasmamembrane. In this assay, hERG channels on the cell
surface were biochemically labeled with a membrane-imper-
meant form of biotin (sulfo-NHS-SS-biotin) and affinity puri-
fied with neutravidin beads. WT hERG channels expressed in
mammalian cells appear as two bands on aWestern blot: one at
155 kDa (representing the mature, complex-glycosylated form;
top arrow in Fig. 2, A and B) and one at 135 kDa (representing
the immature, core-glycosylated form; bottomarrow in Fig. 2,A
andB) (12, 26, 27). In the neutravidin-purified sample,Western
blot analysis revealed a robust band for the mature form (Fig.
2A, top arrow) and a fainter band representing the immature
form of WT hERG (Fig. 2A, bottom arrow), whereas no hERG
protein was detected from either untransfected cells or in the
absence of biotin. The small amount of the immature protein
that we detected is consistent with previous findings where the
immature form of hERGwas detected using cell surface biotin-

ylation (27, 28). We detected bands representing neutravidin-
purified biotinylated hERG from lysates of hERG K28E, F29L,
N33T, G53R, R56Q, C66G, H70R, A78P, and M124R, suggest-
ing that these channels were at the cell surface. In contrast, we
did not detect protein bands from the neutravidin-purified
biotinylated lysates of hERG Y43C and L86R, suggesting a
lack of cell surface expression (Fig. 2A). We analyzed the
total cell lysates from the same samples to verify protein
expression for each mutant channel. We detected bands for
WT hERG and all of the hERG PAS-LQT2 channels (Fig. 2B).
As expected, WT hERG channels had robust mature and
immature bands on a Western blot. Each hERG PAS-LQT2
channel also had a robust immature band (Fig. 2B, bottom
arrow), but they had varying levels of the mature band (Fig.
2B, top arrow). For hERG Y43C and L86R, we detected only
the immature form of the channel, indicating that these
mutant channels undergo only core glycosylation and
exhibit defects in protein maturation. Our results from cell
surface biotinylation corresponded well with the electro-
physiological data. In particular, 1) channels that generated
measurable ionic current (WT, K28E, F29L, N33T, G53R,
R56Q H70R, A78P, and M124R) also had measurable neu-
travidin-purified biotinylated hERG protein bands, suggest-
ing expression on the plasma membrane, and 2) channels
that had no measurable ionic current (Y43C and L86R) had

FIGURE 2. Analysis of cell surface expression of each hERG PAS-LQT2 channel by biotin labeling. A, representative immunoblot of neutravidin-purified
biotinylated hERG. Cell surface proteins were biotinylated using the membrane-impermeant form of biotin, sulfo-NHS-SS-biotin, purified with neutravidin
beads, and subjected to SDS-PAGE. WT hERG and hERG PAS-LQT2 channels were probed with anti-hERG-KA (top panels). The ER-resident protein, protein
disulfide isomerase (PDI), was used as a loading control and probed with anti-PDI (bottom panels); no PDI was labeled by biotin, confirming biotinylation was
specific for surface proteins. No biotinylated protein was purified from untransfected cells (UT) or from HEK293 cells expressing WT hERG, but without prior
treatment with biotin (second lane). B, representative immunoblot of whole cell lysates from HEK293 cells following biotinylation treatment. hERG channels
were probed with anti-hERG-KA; PDI was probed with anti-PDI as a loading control. Similar results were obtained in three independent experiments.

TABLE 1
Steady-state activation and inactivation properties for hERG WT and each hERG PAS-LQT2 channel
Boltzmann fit values for steady-state activation and inactivation are indicated.

Cell expressing
Activation Inactivation

nV1/2 k V1/2 k

WT �9.9 � 1.3 7.0 � 0.9 �56.7 � 2.1 �22.4 � 1.9 5–6
WT � NPAS �8.5 � 0.4 7.2 � 0.4 �57.6 � 2.3 �23.1 � 2.1 7
K28E �12.6 � 0.8 6.2 � 0.5 �48.9 � 2.1 �23.5 � 1.9 5–6
K28E � NPAS �15.8 � 0.5a 5.8 � 0.5 �57.3 � 2.3 �22.2 � 2.0 6–7
N33T �6.4 � 0.6a 8.4 � 0.5 �45.2 � 2.1a �26.3 � 1.9 5–6
N33T � NPAS �9.6 � 0.8 7.9 � 0.6 �55.1 � 1.9 �22.6 � 1.7 4–5
R56Q �13.2 � 0.7 8.7 � 0.6 �30.1 � 2.0b �30.2 � 1.8 4
R56Q � NPAS �10.2 � 0.7 7.7 � 0.5 �56.1 � 2.0 �23.5 � 1.8 6
M124R �9.9 � 0.8 6.9 � 0.5 �43.1 � 2.0a �25.7 � 1.8 4
M124R � NPAS �11.7 � 1.2 6.4 � 0.7 �60.9 � 2.4 �21.9 � 2.1 4–5

a p � 0.05 versusWT hERG (ANOVA).
b p � 0.01 versusWT hERG (ANOVA).

Rescue of LQT2 Mutant hERG Channels

JUNE 24, 2011 • VOLUME 286 • NUMBER 25 JOURNAL OF BIOLOGICAL CHEMISTRY 22163



no detectable neutravidin-purified biotinylated hERG pro-
tein, suggesting these mutant channels had weak or no
expression on the plasma membrane. Although we detected
immature hERG C66G in neutravidin-purified biotinylated
samples, we did not detect measurable ionic currents, sug-
gesting that immature proteins may have impaired function.
Together, our findings show that hERG PAS-LQT2 channels
had a variety of dysfunctional maturation and gating
properties.
Rescue of Gating-deficient LQT2 Mutant hERG Channels

Using NPAS—Previously, we showed that slow deactivation
could be restored in mutant hERG channels by application of a
genetically encoded PAS domain (NPAS) in Xenopus oocytes
(15). Here, we asked if NPAS was a general mechanism for
rescue by testing: 1) whether NPAS could restore slow deacti-
vation kinetics in gating-deficient hERG PAS-LQT2 channels
in a mammalian system and 2) whether NPAS could rescue
gating defects in several different mutant channels. Represen-
tative current recordings (using the same voltage command
protocol as in Fig. 1) are shown in Fig. 3 from HEK293 cells
transfected with each gating-deficient hERG PAS-LQT2 chan-
nel with (Fig. 3B) or without NPAS (Fig. 3A). (We attempted to
rescue hERG F29L, but the current amplitudes were too small

to analyze.) Fits of the tail currents produced by a step to �50
from 60mV revealed that, for both �f and �s, NPAS significantly
slowed the deactivation kinetics for each hERG PAS-LQT2
channel (p � 0.05 for each; Fig. 3C). As a negative control, we
coexpressed NPAS with WT hERG channels and found no
measurable change in the deactivation kinetics in either time
constant (p � 0.05; Fig. 3, A–C). Notably, the �s values for each
hERG PAS-LQT2 channel � NPAS were not different from
WT hERG; however, there was a significant increase observed
for the �f values in hERG K28E, N33T, and M124R (p � 0.05).
The relative amplitudes of the fast and slow current decays
(Afast/(Afast � Aslow)) indicate that the fast component
accounted for a greater percentage of the deactivation for each
hERG PAS-LQT2 channel (0.5� 0.02 for K28E, 0.54� 0.02 for
N33T, 0.76 � 0.01 for R56Q, and 0.50 � 0.03 forM124R) com-
pared with WT hERG (0.40 � 0.02). Coexpression with NPAS
reduced the contribution of the fast component so that the
relative amplitude values were more similar to those for WT
hERG (0.43 � 0.04 for K28E, 0.39 � 0.03 for N33T, 0.41 � 0.03
for R56Q, and 0.30 � 0.04 for M124R). Together, these data
show that in a mammalian expression system, NPAS restored
slow deactivation kinetics in all of the gating-deficient hERG
PAS-LQT2 channels.

FIGURE 3. NPAS rescues the gating deficiencies of hERG PAS-LQT2 channels. Representative current recordings from HEK293 cells expressing WT or hERG
PAS-LQT2 channels (A) alone and (B) with NPAS. Inset represents the voltage command protocol used. C, histogram of the time constants (�) of deactivation
derived from a double exponential fit to the peak tail current elicited from a step to �50 from 60 mV. *, p � 0.05 versus hERG PAS-LQT2; ‡, p � 0.05 versus WT
hERG (ANOVA). D, IV plot for each hERG channel alone and with NPAS. The current at the end of the depolarizing step was normalized to the extrapolated
maximum tail current and plotted versus voltage. All values were plotted as mean � S.E.; n � 3–9 cells.
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We next measured the current-voltage (IV) relationship by
normalizing the current at the end of each depolarizing step to
the extrapolated maximum tail current value at �50 mV (see
“Experimental Procedures”) following the step to 60 mV, and
plotted these values versus voltage (Fig. 3D). Both hERG N33T
and R56Qhad significantly larger current amplitudes and com-
parably less rectification than WT hERG (p � 0.05), whereas
rectification for hERG K28E and M124R were not different
from that for WT channels. Coexpression with NPAS reduced
the current amplitude for both hERGN33TandR56Qsuch that
they were not measurably different fromWT hERG, whereas it
had no effect on the current amplitude for either hERGK28E or
M124R. These data demonstrate that alterations in steady-state
voltage-dependent gating in some hERG PAS-LQT2 channels
were restored by NPAS.
To further characterize altered deactivation for each hERG

PAS-LQT2 channel and examine restoration ofWT-like kinet-
ics by NPAS, we utilized a voltage command protocol to elicit a
family of deactivating traces (Fig. 4). Following channel activa-
tion, tail currents were produced by a series of steps ranging
from �120 to �40 mV in 20-mV increments, and were fit with
a double exponential function to derive time constants of deac-
tivation for each hERG PAS-LQT2 channel (supplemental
Table S2). Representative current recordings of WT hERG,
hERG R56Q, and hERG R56Q � NPAS, as well as the corre-
sponding �f and �s values plotted versus voltage, are shown in
Fig. 4. hERG R56Q exhibited accelerated deactivation kinetics
(smaller �f and �s compared with WT hERG) across a range of

command potentials (Fig. 4, A, B, and D). Coexpression with
NPAS restored slow deactivation kinetics (larger �f and �s) in
hERG R56Q channels (Fig. 4, C and D). We observed a similar
trend for each of the other gating-deficient hERG PAS-LQT2
channels (supplemental Table S2). Taken together, our findings
show that NPAS restored WT-like deactivation gating proper-
ties in gating-deficient hERG PAS-LQT2mutant channels over
a range of membrane voltages.
NPAS Rescues Steady-state Properties—To more thoroughly

investigate the altered rectification for some of the hERG PAS-
LQT2 channels and the subsequent rescue byNPAS (see Fig. 3),
wemeasured the voltage-dependent steady-state current prop-
erties. To measure the steady-state inactivation, we used a
three-pulse protocol, as described previously (25). After a long
depolarizing pulse to maximally activate the channels, the
membrane potential was stepped to various potentials ranging
from �120 to 60mV for 15ms to allow the channels to recover
from inactivation and reach a steady-state level. The relative
number of open channels was then determined by measuring
the peak instantaneous current obtained by a third pulse to 20
mV (Fig. 5A, arrow). The normalized values were plotted versus
voltage and fit with a Boltzmann function (Fig. 5B). On the
same plots, we show the steady-state activation curves, which
were generated by plotting the peak tail current values fromFig.
3 versus voltage and fitting with a Boltzmann function. We
found that there was a positive shift in the steady-state inacti-
vation curves for each hERG PAS-LQT2 mutant channel com-
pared withWThERG (Fig. 5B and Table 1). hERGR56Q exhib-

FIGURE 4. NPAS restores slow deactivation across a range of voltages. Representative current recordings from: A, hERG WT; B, hERG R56Q; and C, hERG R56Q �
NPAS. Inset represents the voltage command protocol used. D, tails were fit with a double exponential function, and the mean �f (top) and �s (bottom) values
were plotted against voltage on a logarithmic scale. All values are given as mean � S.E.; n � 5–7 cells.
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ited the most profound shift with a V1⁄2 of �30.1 mV compared
with�56.7mV for hERGWTchannels (Fig. 5B, panel c). Inter-
estingly, coexpression with NPAS restored the steady-state
inactivation curves to values that were not different from WT
channels (Fig. 5B and Table 1), indicating that NPAS regulated
hERG channel inactivation. The steady-state activation curves
for hERG K28E and N33T were significantly left-shifted when
coexpressed with NPAS (p � 0.05); the V1⁄2 and slope factor (k)
values for hERG N33T � NPAS were not different from WT
hERG (p � 0.05; Fig. 5B, panel b), whereas, the V1⁄2 for hERG
K28E � NPAS was shifted to slightly more negative potentials
than WT hERG (p � 0.05; Table 1). There was no significant
shift for any of the other mutants, which were not different
from WT (p � 0.05; Table 1). These results show that NPAS

restored steady-state inactivation and activation properties of
the hERG PAS-LQT2 channels.
We next measured the steady-state conductance-voltage

relationship by multiplying the values from the steady-state
inactivation and activation curves for hERG N33T and
R56Q, which produced a bell-shaped curve (Fig. 5C). We
observed that for both hERG N33T and R56Q, the peak of
the conductance-voltage relationship was larger in ampli-
tude than that for WT hERG, with hERG R56Q 	2-fold
larger (p � 0.05; Fig. 5C, panel c). Coexpression with NPAS
reduced the peak conductance to values that were similar to
those for WT channels. Together, these data demonstrate
that the gating-deficient hERG PAS-LQT2 channels exhib-
ited an increase in steady-state channel availability and that

FIGURE 5. NPAS rescues defects in steady-state properties. A, representative current recording from hERG WT (top) using a three-pulse protocol to measure
steady-state inactivation (bottom). Large arrow indicates the peak instantaneous current that was used to generate the steady-state inactivation curve in B. B,
steady-state activation and inactivation plots for: a) hERG WT; b) hERG N33T; and c) hERG R56Q. hERG WT values are shown in the top plot and are represented
as dashed lines in all subsequent plots. Steady-state activation curves were generated using the normalized values of the peak tail current amplitudes from Fig.
3, A and B and plotted versus voltage. Steady-state inactivation curves were generated by plotting the normalized peak instantaneous current (large arrow, A)
versus voltage. Both the steady-state activation and inactivation curves were fit with a Boltzmann function. Values are plotted as mean � S.E.; n � 4 – 6. C, the
steady-state conductance curves for: a) hERG WT; b) hERG N33T; and c) hERG R56Q. hERG WT values are shown in the top plot and are represented as a dashed
line in all subsequent plots. Curves were calculated by multiplying the inactivation and activation curves. Values are plotted as mean � S.E.; n � 4 – 6 cells.
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changes in steady-state properties were restored to WT-like
values by NPAS.
NPAS Rescues Altered Resurgent Current Generated by a

Dynamic RampVoltage Command—Wild-type hERG currents
are unusual because the peak current during membrane depo-
larization is relatively small, but the current resurges and
becomes larger during repolarization. We examined the phys-
iological effects of the altered kinetics on resurgent current in
hERGPAS-LQT2 channels. To carry out these experiments, we
applied a voltage command protocol that mimics the ventricu-
lar action potential where, from a holding potential of�80mV,
the membrane potential was stepped to 20 mV with a rise time
of 5ms and held for 200ms to simulate the plateau phase of the
action potential, followed by a gradual decrease in membrane
potential to �80 mV over a period of 200 ms (Fig. 6A, bottom).
Similar ramp protocols have previously been used to elicit
resurgent currents (14). Because hERG R56Q exhibited the
most pronounced alterations in voltage-dependent gating, we
chose to investigate this mutant channel using the dynamic
ramp. The currents were normalized to the extrapolated peak
tail current at �100 mV (shown in Fig. 6B; see “Experimental

Procedures”). Representative current recordings (Fig. 6A, top)
showed that hERG R56Q generated a larger outward current
than WT hERG channels that peaked earlier during the ramp
repolarization phase (Fig. 6,A,C, andD, p� 0.05), but declined
at a faster rate presumably due to its faster deactivation kinetics,
similar to what has been previously described (14, 24).We next
tested whether NPAS rescued changes in resurgent current.
When NPAS was coexpressed with hERG R56Q, the aberrant
current was rescued, as the peak outward current and time to
peak were shifted to values that were not different from WT
hERG (Fig. 6, A, C, and D, p � 0.05). Plotting the current-
voltage relationship during the dynamic ramp (Fig. 6E) further
illustrates the shift in the peak current of hERG R56Q to more
positive potentials. At more negative potentials, the hERG
R56Q current exhibited a rapid decline, and thus, less outward
current, whereas theWT hERG current was at its peak. In con-
trast, coexpression of hERGR56QwithNPAS restored the cur-
rent-voltage relationship to values that were not different from
WT hERG, and shifted the peak current to more negative
potentials. These findings demonstrate that NPAS fully
restores WT-like current properties of gating-deficient hERG

FIGURE 6. Ionic current generated by hERG WT, hERG R56Q, and hERG R56Q � NPAS in response to a dynamic ramp voltage clamp. A, representative
current recordings (top) from hERG WT, hERG R56Q, and hERG R56Q � NPAS in response to a dynamic ramp clamp mimicking the ventricular action potential
(bottom). Currents were normalized to the extrapolated peak tail current elicited at �100 mV (shown in B) to account for variations in channel expression
between cells. B, double exponential fits (red trace) of the tail currents generated by a step to �100 from 60 mV extrapolated back to the moment of voltage
change to obtain the peak tail current value (arrow; see “Experimental Procedures”). C, real time IV plot of the currents during the dynamic ramp clamp. D, box
plot of the peak current generated during the dynamic ramp clamp for hERG WT, hERG, R56Q, and hERG R56Q � NPAS. The middle line is the mean, the top and
bottom lines are the 75th and 25th percentiles, respectively, and the straight lines are the 90th and 10th percentiles. E, box plot of the time (in ms) to the peak
current during the dynamic ramp clamp; the lines represent the same values as in D. *, p � 0.05 (ANOVA). Data are plotted as mean � S.E.; n � 3– 6 cells.
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PAS-LQT2 channels during a dynamic clamp that mimics a
ventricular action potential waveform.

DISCUSSION

In this study, we investigated hERG channels bearing LQT2
mutations in the PAS domain (hERGPAS-LQT2) in amamma-
lian expression system. Our findings demonstrated that hERG
PAS-LQT2 channels exhibited a spectrum of biochemical and
functional defects (summarized in Table 2). Most hERG PAS-
LQT2 channels (K28E, F29L, N33T, G53R, R56Q, H70R, A78P,
and M124R) formed functional ion channels at the cell surface
because they exhibited neutravidin-purified biotinylated bands
on a Western blot and ionic currents as measured with whole
cell patch clamp recordings. Twoof themutant channels (Y43C
and L86R) did not have measurable ionic currents or measura-
ble neutravidin-purified biotinylated bands. Instead, these
channels had a band on aWestern blot of whole cell lysates that
corresponded to the immature form of hERG, indicating that
these mutant channels most likely had defects in protein mat-
uration. One mutant channel (C66G) had no measurable ionic
current and only a faintmature band on aWestern blot, but did
show an immature band on blots of neutravidin-purified bio-
tinylated samples. We propose that the immature form of
hERG may be localized at the plasma membrane in these con-
ditions but that these channels are non-functional. Our data
with hERG C66G and L86R are different from previous reports
from oocytes that showed robust currents (14). The most likely
explanation for differences in channel expression between
oocytes (previous study) andHEK293 cells (this study) is a tem-
perature-sensitive folding defect that is apparent with differ-
ences in culture temperature for oocytes (16 °C) versusHEK293
cells (37 °C), as described for other hERG LQT2 mutant chan-
nels (16, 20, 21, 29).
Here we found that 5 hERG-PAS-LQT2 mutant channels

(K28E, F29L, N33T, R56Q, and M124R) exhibited altered gat-
ing, including accelerated deactivation kinetics, a positive,
rightward shift in the steady-state inactivation curve, and
increased steady-state channel availability compared with WT
hERG. The largest differences in gating and steady-state prop-
erties were seen in hERG R56Q. Also, we found that the resur-
gent hERGR56Q current was larger during depolarization than
WT hERG but was smaller during repolarization, especially at

voltages less than �60 mV compared with WT hERG (see Fig.
6E). We propose that the shift in time of the resurgent peak
current and the smaller resurgent current at hyperpolarized
voltages in hERG R56Q (see Fig. 6E) may be proarrhythmic.
As the hERG PAS domain is a highly ordered structure, we

wanted to know if there was a relationship between the func-
tional defect and the specific location of each LQT2 mutation.
We noticed that the LQT2 mutations that altered gating were
situated on the same face of the PAS domain (6) (Fig. 7A); in
contrast, the mutations that either had no effect on kinetics or
abolished currents lie elsewhere on the PAS domain. The lone
exception to this rule was Y43C, which was also located on the
common face but exhibited defects in channel biogenesis. Our
data are in agreement with previous work performed with
Xenopus oocytes in which LQT2 mutations (13, 14) or alanine
mutations (6) that affected deactivation were located within a
common region of the PAS domain. Previous studies described
a hydrophobic patch in the PAS domain, within which lies
Phe-29 and Tyr-43, where mutations located in this region
caused an increase in the kinetics of deactivation (6). However,
because non-hydrophobic sites, especially Arg-56 (15), strongly
regulate deactivation, we propose that both hydrophobic and
non-hydrophobic residues located nearby one anothermake up
a putative gating face on the PAS domain (Fig. 7A), which reg-
ulates deactivation and inactivation either allosterically or by
forming a direct interaction with another part of the channel,
perhaps the C-terminal region (30).
Understanding the molecular defect of each hERG LQT2

channel gives insight into potential mechanisms for restoring
WT-like function to mutant channels. To this end, we tested

FIGURE 7. PAS crystal structure and schematic of proposed mechanism of
NPAS rescue. A, crystal structure of the hERG PAS domain (6). Residues
marked in red are all situated on the putative gating face, and LQT2 mutations
at these sites, with the exception of Y43C, alter deactivation. B, hERG PAS-
LQT2 channels that are gating deficient are rescued by NPAS (yellow) through
replacement of the covalently attached, mutated (red dot) PAS domain.

TABLE 2
Summary of expression of hERG PAS-LQT2 channels and functional rescue by NPAS in HEK293 cells

LQT2
Biogenesis Surface

biotinylation Ionic current Altered kinetics Rescue by NPAS Gating faceImmature Mature

WT ���a ��� Yb Y N n/ac n/a
K28E ��� � Y Y Y Y Y
F29L ��� � Y Y Y N Y
N33T ��� ��� Y Y Y Y Y
Y43C � �d N N n/a n/a Y
G53R ��� � Y Y N n/a N
R56Q ��� �� Y Y Y Y Y
C66G ��� � Y N n/a n/a N
H70R ��� �� Y Y N n/a N
A78P ��� �� Y Y N n/a N
L86R ��� � N N n/a n/a N
M124R ��� � Y Y Y Y Y

a� indicates the degree of detection of the tested property.
b Y � yes; N � no.
c n/a, not applicable.
d Minus indicates an absence of the tested property.
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whether a genetically encoded hERG PAS domain (NPAS) (15)
was a general tool to rescue hERG PAS-LQT2 channels in
HEK293 cells. We found that NPAS specifically slowed and
restored aberrant deactivation gating in hERG PAS-LQT2
channels.We also found that NPAS specifically left-shifted and
restored steady-state inactivation gating in the mutant chan-
nels and also specifically left-shifted and restored the steady-
state activation curve of hERGN33T. NPAS also decreased and
restored steady-state channel availability in hERG N33T and
R56Q (see Fig. 5C). Notably, NPAS fully rescued the defective
resurgent current properties of hERG R56Q in response to a
dynamic ramp clamp. Our findings demonstrate that NPAS is a
general means for rescuing gating-defective hERG LQT2
mutant channels.
In a model we propose to explain the rescue of gating prop-

erties by NPAS shown here (Fig. 7B), hERG PAS-LQT2 chan-
nels exhibit altered deactivation kinetics and steady-state inac-
tivation properties because critical protein interactions
between the PAS domain and the channel were disrupted.
NPAS physically interacts with the channel and supplants the
covalently attached, mutated PAS domain, thus restoringWT-
like deactivation kinetics and steady-state inactivation proper-
ties. Recently, the notion of using biological alternatives, such
as gene therapy, as treatment options for arrhythmogenic dis-
eases like LQT2 was explored (31). Our findings show that
NPAS is a useful tool for rescuing gating-deficient mutant
hERG channels, and we propose that NPAS may be a potential
biological therapeutic for LQT2.
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