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In the present study the functional role of the C-terminus of the human ether-a-go-go-related
gene K* channel HERG was investigated using a series of C-terminal deletion constructs
expressed in Xenopus oocytes.

Constructs with deletions of 311 or more amino acid residues failed to form functional channels.
Truncation by 215 amino acid residues or fewer had no discernable effects on channel activity.
Truncation by 236 or 278 amino acid residues accelerated deactivation, and caused a faster
recovery from inactivation.

In high extracellular K*, channel deactivation of HERG results from the binding of the
N-terminus to a site within the pore. This slows channel deactivation by a knock-off
mechanism. Here, it was shown that C-terminal deletions also abolished this effect of high
extracellular K*. Mutants containing deletions in both the N- and C-termini deactivated with
rates similar to those observed in individual deletion mutants.

In contrast, experiments with double-deletion constructs showed additive effects of the N- and
C-termini on the voltage dependence of activation, and on the kinetics of inactivation and
recovery from inactivation. The reduction of inactivation in these mutants contributed to an
increase in peak current amplitude.

These results indicate that residues within the C-terminus of HERG play a role in channel
expression as well as in most aspects of channel gating. The regulation of channel deactivation
is likely to be mediated by an interaction with the N-terminus, but the regulation of the
voltage dependence of activation, and of rate processes associated with inactivation, does not

require the N-terminus.

The human eag (ether-a-go-go)-related gene (HERGQ') encodes
a component of cardiac delayed rectifier potassium
current Iy, (Sanguinetti et al. 1995; Trudeau et al. 1995)
and is critical for the maintenance of normal rhythmicity
in the human heart (Curran et al. 1995). I, mediates the
terminal repolarization of the ventricular action potential
(Sanguinetti & Jurkewicz, 1990), and the loss of this current
due to inherited mutations in HERG or drug block leads
to a prolongation of the action potential and an associated
susceptibility to arrhythmia.

Being a member of the eag family of voltage-gated K*
channels, HERG shares the structural characteristics of’
this family (Warmke & Ganetzky, 1994). Overall sequence
similarity between Eag- and Shaker-type channels is quite
low except for the pore (H5) region. A much higher degree
of homology is found between eag-type channels and
plant inwardly rectifying K* channels (AKT1 and
KAT1) (Anderson et al. 1992; Sentenac et al. 1992), as

well as cyclic nucleotide-gated (CNG) channels. In
addition, eag channels have a region of unknown
function within the C-terminus that is homologous to the
cyclic nucleotide-binding domain (CNBD) of CNG
channels. It is presumed that eag-type channels are
tetramers like members of the CNG family of ion
channels (Kaupp et al. 1989; Liu et al. 1996). Ludwig et al.
(1997) have identified a C-terminal domain (CAD,
residues 897—937) that is important for rat eag (r-eag)
subunit interactions. Similarly, Daram et al. (1997) have
identified two regions in the AKT1 channel that are
important for subunit interaction. The first of these
regions is located in the putative CNBD of the channel
and interacts with the region between amino acid residues
371 and 516. The second region is between the last 81
amino acid residues of the protein and a region lying
between the channel hydrophobic core and the putative
CNBD.
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The functional role of the C-terminus of HERG and other
members of the eag family of channels is poorly
understood. Studies of other voltage-gated K* channels
have demonstrated roles for the C-terminus in channel
gating. For example, the N- and C-termini act in concert
to mediate inactivation in mKv4.1 channels (mouse Shal)
by a mechanism distinct from the ‘ball-and-chain’
mechanism first described for Shaker channels (Hoshi et
al. 1991; Demo & Yellen, 1991; Perozo et al. 1992; Jerng
& Covarrubias, 1997). In rat drk-1 channels, deletions of
the C-terminus cause a hyperpolarizing shift of the
voltage dependence of activation, but normal activation
is either restored or compensated for by the additional
deletion of the N-terminus (VanDongen et al. 1990).
Miller & Aldrich (1996) showed that inward rectification
could be induced in Shaker K* channels by mutations that
shift activation to more negative voltage ranges. This
increases the inactivation at resting potentials and, when
the membrane potential is stepped to more negative
potentials, causes HERG-like tail currents that first
recover from inactivation prior to deactivating.
Mutations causing a more extreme shift of activation
result in currents that recover from inactivation but do
not deactivate, producing maintained inward currents
like those of KAT-1 inward rectifier currents from plants.
The authors suggested on the basis of these mutant
phenotypes that the voltage-dependent ‘activation’ of
KAT-1 channels is actually the recovery from inactivation
as the channels enter the open state. Marten & Hoshi
(1997) showed that the voltage dependence of this process
is altered by deletions of the extreme C-terminus. Thus,
sequences in the C-terminus may be important in
regulating inactivation in KAT-1.

In the present study, C-terminal deletions of HERG have
been constructed in order to: (i) delineate the minimum
amount of C-terminus necessary to form a functional ion
channel, (ii) investigate the possible contribution of the
CNBD to channel function and (iii) identif'y other regions
in the C-terminus of HERG that may contribute to
HERG channel function. Additionally, deletions in the
C-terminus were coupled with N-terminal deletions to
distinguish between N- and C-terminal effects that are
cooperative or independent.

METHODS
Construction of deletion mutations

HERG C-terminal deletion clones were constructed using a one-step
PCR. The forward primer provided a Byl 11 site. The reverse primers
contained a stop codon followed by an EcoR I site, as illustrated in
Fig. 14. The N-terminal part of double deletions and N-terminal
deletions was constructed as described in Wang et al. (1998).
Constructs were confirmed by restriction enzyme analyses and DNA
sequencing.

Preparation of oocytes and RNA synthesis and injection

Oocytes were collected from female frogs (Xenopus laevis, Nasco,
Fort Atkinson, WI, USA) anaesthetized by a 10—20 min exposure to
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3-aminobenzoic acid ethyl ester (MS222; 0.5 g in 500 ml water). Frogs
were humanely killed after the final collection. All procedures were
approved by the University of Wisconsin Research Animals
Resource Center and the NIH. The follicular membranes were
removed from the oocytes by collagenase treatment (Collagenase B,
Boehringer Mannheim) and, in some cases, by an osmotic shock
procedure (Pajor et al. 1992). RNA was synthesized from linearized
template DNA using the mMessage mMachine kit (Ambion, Austin,
TX, USA). RNA was diluted in sterile water to different ratios to
give upon expression an optimal 2-10 A of outward current
(evoked by steps to —10 or 0 mV). Oocytes were cultured at 18°C in
storage solution (96 mm NaCl, 2 mm KCI, 1 mm MgCl,, 1.8 mm CaCl,
and 5 mM Hepes, supplemented with 10 ug ml™" gentamicin and
1 mg ml™' BSA, pH 7.4).

Current recording and data analysis

Currents were recorded using two-electrode voltage clamp (OC-725A,
Warner Equipment Corporation, Hamden, CT, USA) and pCLAMP
6.0.3 software (Axon Instruments, Foster City, CA, USA). pCLAMP
and Origin 5.0 (Microcal Software Inc., MA, USA) were used for data
analysis and plotting. The resistance of the electrodes was 0.5—-1 M€
in 2M KCIl. The normal (low K* solution) bath solution contained
93 mM NaCl, 5 mm KCI, 1 mm MgCl,, 0.3 mm CaCl, and 5 mM Hepes
pH 7.4. Tn high K* experiments the bath solution contained 300 my
KCI, 1 mm MgCl,, 0.3 myM CaCl, and 5 mM Hepes pH 7.4 (Fig. 5).
Solutions were kept isosmolar by addition of N-methyl-glutamine.
No oocyte shrinkage was observed under these conditions and
recordings were generally completed within 5 min. The holding
potential was —80 mV and all recordings were done at room
temperature, roughly 25°C. Data were routinely discarded if the leak
exceeded 10% of the maximum conductance of the expressed
currents, but for all the data in this study, the leak currents seen with
steps from —80 to —100 mV were less than 0.2 gA, << 1% of the
maximum current of the expressed channel, and therefore no leak
subtraction was utilized. Time constants (1) for the transients were
measured by curve fitting with Clampfit (Axon Instruments). Data
were digitized at 2 or 4 kHz without filtering.

I-Vrelationships were determined by recording outward current in
response to a standard voltage protocol with pulses from —80 to
+70 mV for 1s in steps of 10 mV from a holding potential of
—80 mV. Each voltage command was followed by a repolarization to
—100 mV, eliciting large inward tail currents. I-V plots were
determined by plotting the current level at the end of the 1 s pulse
versus command voltage.

Conductance () was calculated from the K* current by dividing by
the driving force for K*. The G-V relationship was determined in
response to voltages from —100 to +70 mV in 10 mV steps from a
holding potential of —80 mV. Tail currents were fitted to a double-
exponential function (y= A,e™" + A,e™"™) and extrapolated to the
end of the command voltage. These values were plotted versus voltage
and fitted with a single-power Boltzmann function of the form
y=1—(1/1+ e~ ") The midpointis V,, and kis a slope factor.

The amplitudes of the outward currents (e.g. G-V, I-V) at each
corresponding command voltage were normalized to the maximal tail
current level evoked at —100 mV subsequent to a 1 s step to 70 mV
(Figs 2Cand D, and 7C). In activation curves (Figs 44, and 84 and B)
all tail currents were normalized to maximum tail current measured
at —100 mV in successive increments of 10 ms at +40 mV.

Deactivation curves were determined by activating channels from
rest (=80 mV) with a 1 s pulse to +20 mV and measuring the closure
of the channels during a range of pulses from 0 to —120 mV for 3 s.
Deactivation 7 values were derived from a Chebyshev fit to the
deactivating current of the equation y=A4,+ A 4 A,
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Fitting began within 5 ms of the peak of the tail current, with the
first cursor of the fitting window advanced to the first point in time
that did not force a fit to the recovery phase; the second cursor was
at the end of the 1.5 s pulse to —120 mV. The deactivation traces
were best fitted with two exponentials.

The inactivation in this study was measured using a three-pulse
voltage protocol. First, channels were fully activated (and inactivated)
by a pulse to +60 mV for 5 s. During a subsequent pulse to —80 mV
channels recovered from inactivation. Then, prior to deactivation, a
range of depolarizing potentials from 4+60 to —20 mV were given and
channels re-entered the inactivated state. The resulting decay traces
represent the kinetics of channel inactivation. The inactivation time
constant was similarly derived from a fit of the equation y= Ae™"" to
the inactivating current. In this case the fitting window began as
soon as the clamp settled, after approximately 2 ms, and continued
to the end of the 300 ms pulse.

The activation time constant was derived using an envelope of tails
protocol (Trudeau et al. 1995; Liu et al. 1996; Wang et al. 1998). This
protocol consists of depolarizing steps, each followed by repolarization
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to —100 mV, given in successive increments of 10 ms at +40 mV. The
deactivating phase of tail currents elicited for each trace was fitted
with a double-exponential function and back extrapolated to the
initial time point of repolarization. The current measured at ¢ =0 is
assumed to be proportional to the total number of channels that have
undergone the transition from the closed to the open state. The
resulting values were plotted against the duration of depolarization
and fitted to a single-exponential function to obtain the time
constant of activation. These activating currents are actually
sigmoidal in nature and so the fit to a single exponential represents a
simplifying approximation.

The kinetics of recovery from inactivation were determined after a
1 s pulse to +60 mV maximally activated channels. Pulses to —10 to
—100 mV then inactivated the channels and these currents were best
fitted with a single-exponential function. Time constants derived
from these fits were voltage dependent.

Data are expressed as means + S.E.M. (n=number of oocytes used for
each construct). Statistical comparisons of multiple means in plots of
variables versus voltage were performed using one-way ANOVA.
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Figure 1. HERG C-terminal and HERG N- and C-terminal deletions

A, schematic representation of HERG C-terminal deletions. B, schematic representation of K* channel
(HERQG) structure. €, schematic representation of HERG N- and C-terminal double-deletion constructs.
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RESULTS
Expression of HERG C-terminal deletion mutants

A schematic representation of the HERG C-terminal
deletions is shown in Fig. 14. A putative K* channel
structure is presented in Fig. 1 B. The functional channel
is formed from four a subunit polypeptides (MacKinnon,
1991; Liman et al. 1992). Each a subunit is thought to
consist of six transmembrane segments (S1—-S6), a pore-
forming (H5) region and a cytoplasmic C-terminus and
N-terminus (Ranganathan et al. 1996; Jan & Jan, 1997).
Sequential deletion analyses indicate that at least 881
residues are necessary for channel expression since
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deletion of 311 or 344 residues from the C-terminal end
resulted in non-functional channels (HERGCA311 and
HERGCA344). These results dictated our construction of
N-terminal and C-terminal double-deletion mutants, and
these constructs are summarized in Fig. 1C.

Deletion of 163 and 215 residues from the C-terminal end
resulted in authentic HERG-like currents. The kinetic
properties were indistinguishable from those of the WT
channel (G-V, inactivation, deactivation and activation
curves). Figure 24 shows families of currents from WT
HERG and four functional C-terminal deletion mutants
(HERGCA163 to HERGCAZ278). Comparison of the fitted
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Figure 2. I-Vand G-V relationships of HERG C-terminal deletion mutants

A, current traces recorded from HERG C-terminal deletion mutants. In these experiments cells were held
at —80 mV and voltage commands were given from —80 to +70 mV for 1 s in steps of 10 mV and each
step was followed by a step to =100 mV. B, peak amplitude IV plots for HERGCA163 to HERGCA278
(symbols are indicated in figure). Deletion of amino acid residues from the C-terminus reduced the
amplitude of HERG currents. One-way ANOVA showed that the mean currents of these constructs at
each voltage were significantly different at the 0.05 level (n= 24, P= 0.0023). Deletion of more than 300
amino acid residues from the C-terminus resulted in no detectable current. ¢, normalized I-V plot for
HERGCA163 to HERGCA278. D, normalized G-V plot for HERG C-terminal deletion mutants. Deletion
of amino acid residues from the C-terminus of HERG had little effect on the slope of the steady-state
activation curve. Slope (mV, mean £ 8.EM.) and V,, (mV, mean £ 8.E.M.) values were 10.1 0.7,
—33.9 + 0.8 for WT; 14.3 + 2.1, —37.9 + 2.6 for HERGCA163; 11.1 + 1.0, —36.5 £+ 1.2 for HERGCA215;
13.3+ 1.8, —36.1 £ 2.1 for HERGCA236; and 9.5+ 0.46, —27.7 + 0.5 for HERGCA278. One-way
ANOVA showed that the voltage dependences were not significantly different at the 0.05 level (n =16

for each construct, P= 0.999).
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G-V curves of these HERG C-terminal deletion mutants
with those of WT HERG indicated that there were no
significant shifts (Fig. 2Cand D). In contrast, I-V curves
of C-terminal deletion mutants revealed that the total
amplitudes of HERG currents were significantly reduced
(Fig. 2B). Percentage reductions in amplitude for all voltages
tested (—80 to +70 mV) were 27 % for HERGCA163, 75 %
for HERGCA215, 59% for HERGCA236 and 28% for
HERGCA278. Percentage reductions in amplitudes at
—80 mV were 40.5% for HERGCA163, 77.9% for
HERGCA215, 38.6 % for HERGCA236 and 45.2% for
HERGCA278. This finding supported earlier work
suggesting that removal of amino acid residues from the
C-terminus via missense mutations or frame shifts in
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-100 mV
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arrhythmia patients may cause the reduction of total
HERG current in association with LQT2 syndrome
(Satler et al. 1996; Itoh et al. 1998; Berthet et al. 1999).

The reduction of the current amplitude increased with
shortening of the HERG C-terminus (27 % for HERGCA163
and 75% for HERGCA215), but decreased again with
further shortening (59 % for HERGCA236 and 28 % for
HERGCA278). Similar results have previously been
reported for Shaker channels (Hopkins et al. 1994) and
drkl channels (VanDongen et al. 1990).

C-terminal deletions accelerate deactivation

Sequential deletion of 236 and 278 residues from the HERG
C-terminus resulted in currents with faster deactivation

HERGCA236
HERGCA278
HERG WT T
HERGCA2156
HERGCA163

B

>
o
e omano

S
i
\
\
i

Fast Deactivation (ms)

Time Constant

100 90  -80
Voltage (mV)

-
w
o

'
-
-
o

'
-
gl
o

B HERGCA236
C O HERGCA278
O HERGWT
& HERGCA215
<O HERGCA163

1000
?

100 4

Slow Deactivation (ms)

Time Constant

4130 120 -110 -100 -90  -80
Voltage (mV)

Figure 3. Deactivation kinetics of HERG C-terminal deletion mutants

A, deactivation traces recorded from HERG C-terminal deletion mutants, indicating that the two shortest
mutants, HERGCA236 and HERGCA278, had significantly faster deactivation rates than those of WT
channels. In this experiment cells were depolarized by activating channels from rest (—80 mV) witha 1 s
pulse to +20 mV and measuring the closure of the channels during a range of pulses to 100 mV for 3 s.
B, plot of fast deactivation time constants versus voltage for C-terminal deletion mutants (at —120 mV
they were 30.4 + 9 ms for WT, 18.8 + 9 ms for HERGCA163, 17.8 £ 7ms for HERGCA215,
6.01 + 0.8 ms for HERGCA236 and 7 + 2 ms HERGCA278. One-way ANOVA showed that the mean
currents of HERGCA236 and HERGCA278 at each voltage were significantly different from WT at the
0.05 level (n =13, P=0.0008) whereas they were not significantly different for HERGCA163 and
HERGCA215 (n =13, P= 0.166). C, plot of slow deactivation time constants versus voltage for C-terminal
deletion mutants. One-way ANOV A showed that the mean currents of HERGCA236 and HERGCA278 at
each voltage were significantly different from W'T at the 0.05 level (n = 13, P= 0.045) whereas they were
not significantly different for HERGCA163 and HERGCA215 (n =13, P=0.93). Both time constants
were significantly shorter at the 0.05 level in the deletion mutants (at —120 mV they were 192 + 40 ms
for WT, 188 + 54 ms for HERGCA163, 185 + 42.5 ms for HERGCA215, 58 + 16 ms for HERGCA236 and

56 + 9 ms for HERGCAZ278).
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when compared to the WT' HERG channel (Fig. 34). Fast
deactivation time constants were significantly different
for HERGCA236 and HERGCA278 whereas they were
not significantly different for HERGCA163 and
HERGCA215 (Fig. 3B). Slow deactivation time constants
were significantly different for HERGCA236 and
HERGCA278 whereas they were not significantly
different for HERGCA163 and HERGCA215 (Fig. 30).
Additionally, the relative contributions of the fast and
slow components of deactivation for the two shortest
mutants (HERGCA236, HERGCA278) and WT were
determined by calculating the fraction of fast deactivating
component in the tail currents (data not shown). There
were no statistical differences between the fractions of
fast and slow components of deactivation between these
mutants and WT (P= 0.93 for HERGCA236 and P=0.1
for HERGCA278). The G-V relationship (Fig. 2D), and
time constants for activation (Fig. 44) and inactivation
(Fig. 4B) were also unchanged. Smaller deletions failed to
alter current from that seen in W'T channels (Fig. 34).
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Modulation of deactivation by the C-terminus is
sensitive to elevated K*

The N-terminus in HERG slows deactivation by binding
to the mouth of the pore. Elevation of external K*
concentration results in the removal of the N-terminus
from the pore (‘knock off” effect), and this increases the rate
of channel deactivation (Armstrong, 1966; MacKinnon &
Miller, 1988; Wang et al. 1998). The effect of high K*
concentration was lost when the N-terminus was deleted,
supporting the interpretation that elevated K destabilizes
the binding of the N-terminus (Wang et al. 1998).

Here, we used a high K concentration to probe the
relationship between the C-terminus and channel
blockade by the N-terminus. Elevation of external K*
concentration to 300 mM caused a significant acceleration
of both slow and fast deactivation time constants in WT
channels (Fig. 54 and B). In contrast, 300 myM K* did not
produce a significant change in the fast and slow
deactivation time constants for HERGCA236 and
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Figure 4. Activation and inactivation of HERG C-terminal deletion mutants

A, activation kinetics. Normalized tail currents were plotted wversus activation pulse duration for WT
HERG, HERGCA236 and HERGCA278 at +40 mV (only two fast deactivation phenotypes were
measured). This protocol consisted of depolarizing steps, each followed by repolarization to —100 mV,
given in successive increments of 10 ms at +40 mV. Slope (ms, mean + S.EM.) and time constant (ms,
mean + S.E.M.) values were —1.17 + 0.05, 87.1 + 5.9 for WT; —0.97 + 0.02, 76.9 + 4.9 for HERGCA236;
and —1.06 £ 0.03, 69.0 £ 3.0 for HERGCA278. Activation time constants were not significantly
different at the 0.05 level (n = 14, P=0.764). B, in these experiments, channels were fully activated (and
inactivated) by a pulse to +60 mV for 5 s. During a subsequent pulse to —80 mV channels recovered from
inactivation. Then, prior to deactivation, a range of depolarizing potentials from 460 to —20 mV were
given and channels re-entered the inactivated state. Inactivation time constants of HERG C-terminal
deletion mutants were plotted versus voltage and were not different from those of WT channels at the
0.05 level (n=12, P=0.901).
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HERGCA278 (Fig. 5C and D). This supports our
hypothesis that the N- and C-termini of HERG could
cooperate in regulating HERG deactivation kinetics.
These results suggest that in C-terminal deletion mutants
the affinity of the N-terminus for the mouth of the pore
is reduced, but it is also possible that in HERG channels
N-terminal deletions modify the function of the
C-terminus.

Deactivation kinetics in N- and C-terminal double-
deletion mutants

As described above, deactivation is accelerated by either
N- or C-terminal deletion. In order to investigate the
functional interactions of N- and C-termini further, we
generated constructs simply by combining the two
deletion mutants using a restriction site central to the N-

Role of the C-terminus of the HERG K* channel

and C-termini. If' the double-deletion mutant exhibited
the same fast deactivation kinetics as the individual
deletions, this would suggest that these two domains
share a common mechanistic pathway in the control of
this process. Alternatively, if the kinetics were faster than
in either single-deletion construct, then independent
effects on deactivation would be implicated.

The double-deletion constructs HERGNA12CA236, HERG-
NA354CA236, HERGNA12CA278 and HERGNA354CA278
were able to form functional channels (Fig. 74) and the
fast deactivation time constants were the same as those of
the mutants with individual deletions in either the C- or
N-terminus alone (in the single-deletion constructs the
fast deactivation time constants were similar; Fig. 64
and B).
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Figure 5. Effect of high K* concentration on deactivation kinetics of WT, HERGCA236 and
HERGCA278 channels

Deactivation kinetics were studied as in Fig. 3. 4, high K* accelerated the deactivation of WT channels.
In this set of traces cells were held at —80 mV depolarized to +40 mV for 1s and subsequently
hyperpolarized to —100 mV for 3 s. B, fast and slow deactivation plots for WT HERG + 5 mM K* (A) and
WT HERG + 300 myM K* (A), indicating that high K* accelerated deactivation of WT HERG (n= 13,
P=0.011 for fast deactivation and P= 0.17 for slow deactivation). C, fast and slow deactivation plots for
HERGCA236 + 300 myM K* (W) and HERGCA236 + 5 mm K* (0), indicating that high K™ did not alter the
deactivation (n=1, P=0.41 for fast deactivation and P= 0.88 for slow deactivation). D, fast and slow
deactivation plots for HERGCA278 + 300 mM K* (0) and HERGCA278 + 5 myM K* (@), indicating that
high K* did not alter deactivation (n=11, P=0.42 for fast deactivation and P=0.33 for slow
deactivation).
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Additional effects of double deletions

I-V relationships of these mutants are shown in Fig. 75.
This plot indicates that the two double-deletion mutants
with the largest deletions (HERGNA354CA236 and
HERGNA354CA278) had significantly larger currents
than those of WT channels as well as the corresponding
individual N- and C-terminal deletion channels. This was
due to the slower inactivation kinetics of these constructs
compared to WT channels. Thus the greater current
measured for these constructs can be accounted for by
alterations in gating behaviour.

The steady-state dependence of conductance on voltage for
double-deletion mutants was determined from tail currents
following long command pulses. The G—V relationship was
determined in response to voltages from —100 to +70 mV
in 10 mV steps from a holding potential of —80 mV. The
plots were fitted by a single Boltzmann function (see
Methods). In these constructs, the G—V relationship was
shifted in the depolarizing direction, as indicated by the
more positive V,, values. The steepness (slope factor, k)
of the G—V curves was also reduced (Fig. 7C).

J. Physiol. 534.1

Activation plots for double-deletion and individual
deletion mutants are shown in Fig. 84 and B (see
Methods). Activation time constants and slope values of
WT HERG, HERGNA12CA236, HERGNA12CA278,
HERGNA354CA236, HERGNA354CA278, HERGNA12
and HERGNA354 are shown in Fig. 8C' and D. All the
double-deletion mutants showed slower time constants
than WT channels. Slope values for double-deletion
mutants were greater than for WT channels, indicating
that the effects of the N- and C-termini on activation
kinetics were additive.

Inactivation in double-deletion mutants was significantly
slower than in the individual deletion mutants (either
C-terminus or N-terminus deleted; Fig. 94 and B). This
indicates that part of the C-terminus could contribute to
the fast inactivation of HERG channels.

Recovery from inactivation can be observed directly as
the rising phase of the tail current upon repolarization. To
measure the recovery from inactivation, families of tail
currents were generated by first inactivating channels

A B @ HERGN&12CA236
m HERGCA236
O HERGCA278
HERGN A354C A 236 o HERG WT
HERGN A354C 4278 © HERGNA354
HERGNA12CA 238 & HERGN&12
HERG WT HERGNA12CA 278 0 v HERGNASS4CA236 .
£ ¥ HERGNA12CA278 —
HERGN A354 )
: 1004 o HERGNA3S4CA27S -
HERGN A 12 s -
- -
.E 2 [ P
c © - g
1 pA o 3 ~ A
© g
E o 104
-
100 ms E S
4130 -120 -110 -100 -90  -80
Voltage (mV)
~ 10004
»
20 mV £
—‘ :
-80 mV 2
L -
c ©
8 2
L
120 mv @ 5
©
o o
O 0 100 4
2 3
E 2
= »
. r . : ;
130 -120 -110 -100 -90  -80

Voltage (mV)

Figure 6. Deactivation kinetics of double-deletion mutants

Deactivation in double-deletion mutants was not faster than in individual N-terminal and C-terminal
deletion mutants. 4, deactivation current traces from HERG C-terminal, N-terminal and double-deletion
mutants. In this set of traces cells were held at =80 mV, depolarized to +20 mV for 1 s and subsequently
hyperpolarized to —120 mV for 3s. B, plot of fast deactivation time constants versus voltage for
C-terminal, N-terminal and double-deletion mutants. Symbols for plots are indicated in the
figure (n=16, P=0.383). C, plot of slow deactivation time constants versus voltage for C-terminal,
N-terminal and double-deletion mutants. Symbols as in B (n =16, P= 0.773).
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using a pulse to +60 mV and then repolarizing to a range
of voltages from —10 to —100 mV. Single-exponential fits
to the rising phases of the tail current yielded voltage-
dependent time constants. Recovery from inactivation
in all deletion mutants, including double-deletion
mutants, was significantly faster than in WT channels
(Fig. 104-C). This indicates that both termini can
contribute to the recovery from inactivation in HERG
channels.

Activation of double-deletion mutants was significantly
slower than in WT channels and in individual deletion
mutants (Fig. 104 and B). Thus the two termini can
contribute independently to the activation kinetics of the
channels.
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DISCUSSION

The present work explored the function of the
C-terminus of HERG. Sequential deletions indicated that
at least 881 residues are necessary to reconstruct HERG
channel properties, since deletion of 311 and 344 residues
from the C-terminal end eliminated functional expression
in oocytes. Deletion of 163 and 215 residues from the
C-terminal end resulted in authentic HERG currents,
essentially indistinguishable from those of the WT
channel in terms of the voltage dependence of conductance,
inactivation, deactivation and activation kinetics. These
results are consistent with the finding that the HERG
C-terminus splice variant HERG g, which lacks 462
residues (splice from CNBD), did not form functional
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Figure 7. I-Vand G-V relationships of HERG double-deletion mutants

A, family of current traces recorded from HERG N-terminal deletion and N- and C-terminal double-deletion
mutants with different test potentials. Outward currents were recorded in response to a voltage protocol in
which commands were given from —80 to +70 mV for 1 s in steps of 10 mV from a holding potential of
—80 mV; repolarization to —100 mV elicited inward tail currents. B, I-V relationships indicate that two
double-deletion mutants, HERGNA354CA236 and HERGNA354CA278, had larger outward currents
than WT channels (n =16, P=0.000003 for HERGNA354CA236 and HERGNA354CA278, and
P=0.000001 for the others). C; G—Vrelationships indicate that deletion of residues from the N-terminus
and both the N- and C-termini of HERG shifted the activation to more positive voltages (n=13,
F=0.747, P=0.6). Slope (mV, mean + s.£.M.) and V,, (mV, mean + 8.8.M.) values were 10.1 £+ 0.7,
—33.9 £ 0.8 for WI' HERG; 16.1 + 2.5, —22.1 £+ 2.4 for HERGNA12CA236; 17.0 £ 1.7, +2.6 + 1.7 for
HERGNA354CA236; 16.5+ 1.9, —11.6 + 1.9 for HERGNA12CA278; 36.4 + 10.7, —2.6 + 7 for
HERGNA354CA278; 26.7 + 4.8, =5.9 &+ 3.9 for HERGNA12; and 13.3 &+ 2.7, —26 £+ 3 for HERGNA354.
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Figure 8. Activation kinetics of double-deletion mutants

Activation rates of double-deletion mutants were significantly slower than those of WT channels and
those of N- and C-terminal single-deletion mutants. 4, normalized tail currents were plotted wversus
activation pulse duration for WT' HERG, HERGNA12CA236, HERGNA12CA278, HERGNA354CA236
and HERGNA354CA278 at +40 mV (symbols indicated in figure). Activation time constants were fitted
with a single-exponential function (see Fig. 4 for details; n =17, P=0.408). B, activation time constants
at +40 mV for WT HERG, HERGNA12 and HERGNA354 are shown (n = 17, P= 0.044). Time constants
were calculated from exponential fits (symbols indicated in figure). C, activation time constants of W'T
HERG, HERGNA12CA236, HERGNA12CA278, HERGNA354CA236, HERGNA354CA236, HERGNA12
and HERGNA354 are summarized in this bar graph (n = 17). D, slope values of activation curves at
+40 mV for the constructs above (n=17).

channels in Xenopus oocytes (Kupershmidt et al. 1998).  prevent the expression of a HERG-like current indicates
Ligation of 104 residues at the C-terminal end of HERG  that these residues are not necessary for the expression of
rescued HERGygo current. Our finding that deletion of  functional channels, although these constructs showed
163 and 215 residues from the C-terminal end did not  reduced current amplitude. Thus, rescue of HERG 5o by
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Figure 9. Inactivation kinetics of double-deletion mutants

A, family of current traces recorded from WT HERG, HERGNA12CA236, HERGNA12CA278,
HERGNA354CA236, HERGNA354CA278, HERGNA12 and HERGNA354 are shown. Inactivation pulse
protocol consisted of a pulse to +60 mV for 5s with a subsequent pulse to —80 mV and a range of
depolarizing potentials from 460 to —20 mV. B, inactivation time constants of WT HERG,
HERGNA12CA236, HERGNA12CA278, HERGNA354CA236, HERGNA354CA278, HERGNA12 and
HERGNA354 were plotted against test voltage (n = 20, P= 0.0004). Symbols are defined in the figure.
Inactivation was slower in deletion mutants than in WT channels.
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ligation of the C-terminal 104 residues may reflect a robust
assembly process which does not require a unique C-terminal
sequence. Indeed, sequences capable of promoting assembly
may be distributed broadly throughout the C-terminus.
Some residues in the C-terminus may also make assembly
more difficult, so that truncations of 236 to 278 residues
actually aid in assembly and increase expression.

Similarly, Zhou et al. (1998) found that some LQT2
mutations in the C-terminus of HERG result in protein
processing defects that block normal transport to the cell
surface. These mutant channels are retained in the
endoplasmic reticulum, where they are rapidly degraded.
The V822M mutation (335 residues from the C-terminus,
within the CNBD) possesses this phenotype, and several
lines of evidence suggest that this mutant channel is
retained in an intracellular compartment (Zhou et al.
1998). This mutation is a HERG C-terminus point
mutation located within the same region as our non-
functional deletion constructs (HERGCA311, 344),
suggesting that even point mutations in this particular
region affect the formation of functional channels.

The present study is also consistent with findings that
truncation of the C-terminus via missense or frame-shift
mutations identified in arrhythmia patients reduces the
cell-surface expression of HERG channels, leading to
LQT2 syndrome (Satler et al. 1996; Itoh et al. 1998;
Berthet et al. 1999).
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C- and N-terminal cooperation in deactivation

Wang et al. (1998) showed that the HERG N-terminus
slows deactivation by a mechanism similar to that seen in
N-type inactivation in Shaker channels, namely by
binding to the internal mouth of the pore and blocking
channel closure. These results suggest that the N-terminus
stabilizes the open state and, by a separate mechanism,
promotes C-type inactivation in HERG.

In this study, sequential deletion of 236 and 278 residues
from the HERG C-terminus resulted in HERG-like
currents with faster deactivation than WT HERG
currents. Both high K* and double-deletion experiments
suggested that the C-terminus of HERG regulates
deactivation kinetics by a mechanism that involves the
N-terminus. Presumably, truncation of 236 or 278 amino
acid residues from the HERG C-terminus disrupts a
functional interaction between these domains and
accelerates HERG deactivation.

Double-deletion mutants have different steady-state
activation, and different activation, inactivation,
and recovery of inactivation kinetics

All double-deletion mutants (HERGNA12CA236, HERG-
NA354CA236, HERGNA12CA278 and HERGNA354CA278)
possessed G-V curves that were shifted to positive
voltages relative to WT and individual deletion mutant
channels. The activation kinetics were significantly
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Figure 10. Recovery from inactivation in all deletion mutants

A, recovery from inactivation current traces. Pulse protocol consisted of a 1 s pulse to +60 mV followed
by a pulse to =30 mV. B, time constants of recovery plotted versus test voltage for WT HERG, C-terminal
deletion mutants HERGCA236 and HERGCA278, and N-terminal deletion mutants HERGNA12 and
HERGNA354. Symbols are indicated in the figure (n= 24, P=0). C, recovery plots for
HERGNA354CA236, HERGNA354CA278, HERGCA236, HERGCA278 and HERGNA354 (n = 24, P=0).

All deletion mutants had significantly faster recovery than WT channels.
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slower than in the W'T channels and the individual
deletion mutants.

Most of the predicted phosphorylation sites in the HERG
protein are located in the C-terminus. Previous studies
showed that deletions in the HERG N-terminus do not
alter the activation kinetics (Wang et al. 1998). A recent
study showed that mutation of a protein kinase A (PKA)
phosphorylation site altered HERG activation kinetics
(Thomas et al. 1999). Cui et al. (2000) demonstrated that
stimulation of PKA reduces HERG currents in
transfected cells. In isolated guinea-pig cardiomyocytes,
the rapid component of the delayed rectifier potassium
current, Iy, which is produced by the HERG channel, was
decreased by stimulating protein kinases, presumably
PKA (Kiehn et al. 1998).

In this study we have shown that HERG C-terminal
truncations (HERGCA236, HERGCA278) alter the
activation kinetics of the channel, but double deletions
produce dramatic reductions in the kinetics of channel
activation. Thus the two termini can contribute
independently to the activation kinetics of the HERG
channel.

Inactivation in double-deletion mutants was significantly
slower than in the individual deletion mutants, indicating
that the C- and N-termini make additive contributions to
the inactivation kinetics of HERG channels. As a
consequence of the slow inactivation kinetics of double-
deletion channels, outwardly rectifying currents were
significantly increased (Fig. 7B). HERGNA354 was
previously reported to have slower inactivation than WT
channels, whereas HERGNA12 has the same inactivation
rate as WT channels (Wang et al. 1998). Additionally
Chen et al. (1999) demonstrated that mutation of a single
residue (i.e. R56Q) altered the gating of both deactivation
and inactivation. Thus, the N-terminus and the
C-terminus of HERG both contribute to inactivation,
and may cooperate with each other to maintain the
N-terminal inactivation gate near the inner mouth of the
channel as described by Jerng & Covarrubias (1997) for
the mKv4.1 channel.

The present study also demonstrates that for HERG both
the N- and C-termini can contribute to fast C-type
inactivation. Deletion of both N- and C-termini slowed
C-type inactivation. Recovery from inactivation for C- or
N-terminal deletion mutants was significantly faster
than in WT channels (HERGCA236, HERGCA278 and
HERGNA12, HERGNA354). Double-deletion mutants
exhibited fast recovery from inactivation (recovery from
inactivation time constants were the same as those for
individual N- or C-terminal deletion mutants). Thus, the
effect on recovery from inactivation in double-deletion
constructs was non-additive. This indicates that the N-
and C-termini may functionally interact to regulate the
slow recovery from inactivation in HERG channels.

J. Physiol. 534.1

Final remarks and conclusions

The reduction of the current amplitude of the HERG
C-terminal deletion mutants supports the hypothesis that
the C-terminus plays a role in the formation of functional
channels, as suggested for other K™ channels (Hopkins et
al. 1994; Kim et al. 1995; Ludwig et al. 1997; Wood &
Vogeli, 1997; Arnold & Clapham, 1999; Bentley et al.
1999). In contrast, removal of the entire N-terminus still
results in functional channels (Spector et al. 1996;
Schonherr & Heinemann, 1996; Terlau et al. 1997; Wang
et al. 1998). This contrasts sharply with Shaker-type
channels where the N-terminus is necessary for assembly
(Gulbis et al. 2000; Minor et al. 2000), and the recently
crystallized T1 domain (Kobertz et al. 2000) plays an
important role. Thus, in HERG channels assembly is
more dependent on the C-terminus.

Although the functional characteristics of C-terminal
deletion and the double-deletion mutants are clear, the
mechanisms of all the effects remain obscure. However,
some of the functional characteristics of the recently
cloned Mirpl channel gene, which has been shown to
assemble with HERG channels and is proposed to form I,
currents in human heart, resemble those of our
C-terminal deletion mutants. For example Mirpl —-HERG
complex channels show faster deactivation kinetics and
their amplitudes are smaller than thoes of WT HERG
channels (Abbott et al. 1999). Similar results were
obtained with the C-terminal deletion mutants (Figs 25
and 3). However this channel complex showed slow
activation kinetics, whereas HERG C-terminal deletions
did not alter the activation kinetics. Based on the overall
similarities, we would speculate that Mirpl interacts with
the HERG C-terminus.

Our findings suggest that (a) the HERG C-terminus
regulates channel deactivation by interacting with the
N-terminus, (b) N- and C-termini make additive
contributions to activation and inactivation kinetics of
the channel, and (c¢) truncation of both the N- and
C-termini causes dramatic increases in the HERG channel
inactivation time constants. Thus, the N-terminus and
the C-terminus of HERG are important determinants of
inactivation, and may functionally interact with each
other to maintain the inactivation gate near the inner
mouth of the channel.
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