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Abstract

Activators of human ether-a-go-go-related gene 1 (hERGL1) channels, such as (3R,4R)-4-[3-(6-
methoxy-quinolin-4-yl)-3-oxo-propyl]-1-[3-(2,3,5-trifluoro-phenyl)-prop-2-ynyl]-piperidine-3-
carboxylic acid (RPR260243), reverse the effect of hRERG1 blockers and shorten the duration of
cardiac action potentials. RPR260243 (RPR) slows the rate of deactivation and shifts the voltage
dependence of channel inactivation to more positive potentials. We recently mapped the binding site
for RPR to several residues located near the cytoplasmic ends of the S5 and S6 helices of the hERG1
subunit. These residues are conserved in the highly homologous ether-a-go-go-related gene 3 (ERG3)
subunit; however, RPR blocks ERG3 channels. Here, we compare hERG1 and rat ERG3 (rERG3)
channels to explore the molecular basis for differential channel sensitivity to RPR. Channels were
heterologously expressed in Xenopus laevis oocytes, and currents were recorded using the two-
electrode voltage-clamp technique. Site-directed mutagenesis was used to swap the two residues
within the putative binding domain that differed between hERG1 and rERG3. The differential
sensitivity of hERG1 and rERG3 channels to the agonist effect of RPR could be accounted for by a
single S5 residue (Thr556 in hERG1, 11e558 in rERG3). A Thr in this position favors agonist activity,
whereas an lle reveals a secondary blocking effect of RPR.

Ether-a-go-go-related gene (ERG) K* channels are activated by voltage and exhibit inward
rectification properties owing to a rapid voltage-dependent P-type inactivation process. Three
ERG subfamily genes have been identified (Warmke and Ganetzky, 1994; Shi et al., 1997). In
mammals, ERG1, ERG2, and ERG3 (Kv11.1-11.3) K* channels share a high degree of amino
acid sequence homology, although each differs subtly with respect to their voltage-dependence
of activation and inactivation. ERG2 and ERG3 channels are expressed exclusively within the
nervous system, where they may play a role in the maintenance of resting membrane potential,
control of excitability and frequency adaptation (Schwarz and Bauer, 2004). In contrast, ERG1
channels are expressed in many cell types, including cardiac myocytes, where they conduct
the rapid delayed rectifier K* current (Ik,) that mediates action potential repolarization
(Sanguinetti et al., 1995; Trudeau et al., 1995).

Loss-of-function mutations in human ERG1 (hERG1) cause inherited long QT syndrome
(LQTS) (Curran et al., 1995), a disorder characterized by delayed ventricular repolarization
and a prolonged QT interval of the body surface electrocardiogram. Acquired LQTS is more
common and is most often caused by unintended block of hERG1 channels by a plethora of
common medications. Both forms of LQTS are associated with an increased risk of torsades
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de pointes, a ventricular arrhythmia that can degenerate into fibrillation and cause sudden death.
The only drugs used commonly to treat LQTS are S-adrenergic receptor blockers (Schwartz,
2006). In theory, activators of hERG1 could provide an alternative and more specific
pharmacological treatment for acquired or inherited LQTS.

Several compounds were recently identified that activate hERG1 channels and shorten cardiac
action potentials. NS1643 (Hansen et al., 2005; Casis et al., 2006) and PD-118057 (Zhou et

al., 2005) increase current magnitude without much effect on the rate of channel deactivation.
RPR260243 (RPR) primarily slows the rate of hERG1 deactivation (Kang et al., 2005) but also
slows activation and enhances current magnitude by attenuation of P-type inactivation (Perry
et al., 2007). PD-307243 affects hERGL1 channels in a manner similar to that of RPR (Gordon
et al., 2007). Site-directed mutagenesis and functional analysis of mutant channels suggests

that RPR binds to several residues located near the cytoplasmic ends of the S5 and S6 helices
of the hERG1 subunit (Perry et al., 2007). The amino acids that form the putative RPR binding
site in hERG1 are conserved in hERG3 channels. However, RPR is not an activator of hERG3
channels and, in fact, was reported to block these channels when heterologously expressed in
CHO cells (Kang et al., 2005). Here, we compare the effects of RPR on hERGL1 and rat ERG3
(rERG3) channels and explore the molecular basis for their differential sensitivity to this drug.

Materials and Methods

Molecular Biology

cDNAs for wild-type (WT) human ERGL1 isoform 1a (GenBank accession number
NM_000238) and rat ERG3 (kindly provided by David McKinnon; GenBank accession number
AF_016191) were cloned into the pSP64 oocyte expression vector. Sequence alignments were
produced using ClustalW (http://www.ebi.ac.uk/clustalw/). Site-directed mutagenesis was
performed with QuikChange site-directed mutagenesis (Stratagene, La Jolla, CA). S5-P linker
(S5-PL) chimeras were constructed by using a two-step domain swapping method (Kirsch and
Joly, 1998). Oligonucleotide primers were designed to anneal and prime to the S5-PL of both
hERG1 and rERG3 (forward primer, 5'-CCC TGA TTG CCC ACT GGC TGG CCT GCA
TCT GGT ACG CCA TC-3'; reverse primer, 5'-GTA AAG TAAAGT GCC GTG ACATAC
TTG TCC TTG ATG GAG GG-3'). Polymerase chain reaction was performed to amplify only
the S5-PL fragment of hERG1. After purification of this fragment, a second amplification of
rERG3 was performed using the amplified S5-PL DNA as megaprimers. cRNA was prepared
by in vitro transcription with SP6 Cap-Scribe (Roche, Indianapolis, IN) after linearization of
the vector plasmid with either EcoR1 (for WT and mutant hERG1) or AflII1 (for WT and mutant
rERG3).

Voltage Clamp of Xenopus laevis Oocytes

The isolation, culture and injection with cRNA of oocytes isolated from X. laevis frogs were
performed as described previously (Sanguinetti et al., 1995). Currents were recorded from
oocytes 1 to 5 days after CRNA injection using the two-electrode voltage-clamp technique as
described previously (Stihmer, 1992). Agarose cushion electrodes were fabricated by filling
pipette tips with 1% agarose dissolved in 3 M KCI and then back-filling with 3 M KCI
(Schreibmayer et al., 1994).

Oocytes were voltage-clamped to a holding potential of 90 mV, and 5-s pulses to 0 mV were
applied every 8 or 15 s until current magnitude reached a steady-state level. To determine
standard current-voltage (I-V) relationships, test currents (liest) Were elicited with 2-s pulses
applied from a negative holding potential (—90 or —110 mV). Pulses were applied in 10-mV
increments to test potentials (Vy) that ranged from —80 to +50 mV. Each test pulse was followed
by a 2-s repolarizing step to —70 mV to elicit tail currents (lt,j;). The rate of I, decay at —70
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mV was determined by fitting current traces to a two exponential function to obtain the fast
and slow time constants (tf, tS) for deactivation and relative amplitude of the slow component
of deactivation, Ag/(As + Ap): liil (n = Arexp V™ + Asexp U™ + C. The voltage dependence of
hERG1 and rERG3 channel activation was determined by analysis of peak li;j- The plot of
normalized l; amplitude (1) versus V; was fitted with a Boltzmann function to obtain the
half-point (Vg 5) and slope factor (k) for channel activation: I, = 1/(1 + exp[(Vo.5 — V{)/K]). The
fully activated I-V relationship was determined by applying 2-s prepulses to +40 mV, followed
by measuring tail currents (i Fa) Upon repolarization to a variable Vi (=140 to +30 mV). The
extent of inward rectification was quantified by the deviation of Iy ga values from that
predicted by linear extrapolation of Iy A measured at a Vi between —140 and —110 mV to
more positive potentials. The deviation of the I-V relationships from linearity was corrected
by the driving force for K* (V; — E¢,) to obtain a rectification factor for each value of V.
Finally, the plot of rectification factor versus V; was fitted with a Boltzmann function to
estimate the voltage dependence for inactivation (Sanguinetti et al., 1995).

After addition of RPR to the bathing solution, 5-s pulses to 0 mV were applied every 60 s for
~15 min. When a new steady-state level of l;st Was achieved, the voltage protocols described
above were repeated. Each oocyte was treated with a single concentration of RPR. In the
absence of drug, the increase in liest for WT hERG1 during an equivalent 15-min period after
switching between control solutions in the absence and presence of vehicle (0.03% dimethyl
sulfoxide, DMSO) was 6 + 6% (n = 5).

Data Analysis

Digitized data were analyzed off-line with pClamp9 (Molecular Devices Corp., Sunnyvale,
CA) and Origin 7.5 (OriginLab Corp., Northhampton, MA) software. Results are reported as
mean + S.E.M. (n = number of oocytes). Statistical differences between control and drug
treatment were evaluated by a Student's paired t test. Statistical significance was assumed for
P <0.05.

Solutions and Drugs

Results

The extracellular solution contained 96 mM NaCl, 2 mM KCI, 1 mM CaCl,, 2 mM MgCl, and
5 mM HEPES, pH adjusted to 7.6 with NaOH. RPR260243 was kindly provided by David
Rampe of Sanofi-Aventis Pharmaceuticals (Bridgewater, NJ). Drug solutions were prepared
daily by dilution of a 10 mM DMSO stock solution.

RPR Enhanced Magnitude and Slowed Deactivation of hERG1 but Not rERG3 Channel

Currents

Aswe reported previously (Perry etal., 2007), RPR (3 M) enhanced the magnitude and slowed
the rate of activation and deactivation of WT hERG1 channel currents in X. laevis oocytes (Fig.
1A). In contrast, the same concentration of RPR had almost no effect on rERG3 currents elicited
with the same pulse protocol (Fig. 1B, Tables 1 and 2). The effect of 3 uM RPR on rERG3
current over an extended range of voltage was assessed with a fully activated 1-V protocol in
which peak tail currents (lj Fa) Were measured upon repolarization to a variable V; after a 2-
s prepulse to +40 mV. RPR failed to enhance lt,j; Fa Magnitude over this voltage range (Fig.
1C, Table 2). The deviation of the fully activated I-V relationship from linearity was then used
to estimate the voltage dependence for rERG3 inactivation. The Vg 5 for inactivation was not
altered by 3 uM RPR (Fig. 1D, Table 2). At 3 and 10 uM, RPR slightly slowed the rate of
deactivation of rERGS3, an effect that was more obvious with 30 «M RPR (Fig. 1, E and F).
However, the effect of 30 M RPR on rERG3 channel deactivation was much smaller than that
observed for hERGL1 channels exposed to 1 M RPR, suggesting at least a 30-fold difference
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in drug sensitivity. Similar to that previously reported for hLERG3 expressed in CHO cells
(Kang et al., 2005), 30 uM RPR was an antagonist of rERG3, reducing current at 0 mV by 18
+5% (n =3, Fig. 1, F and G). The shift in V5 for inactivation (AV( 5) induced by 30 «xM RPR
was +4.8 £ 0.3 mV, significantly greater than for the vehicle (0.3% DMSO) control (AVqy5 =
+1.2+£0.7 mV, n = 3). However, for hERG1 channels, 30 uM RPR shifted V 5 for inactivation
by +37 mV and enhanced Iy Fa by 3-fold (Perry et al., 2007). Thus, whereas RPR produced
a concentration-dependent and marked activation of hRERG1, rERG3 channels were insensitive
(3 uM) or blocked (30 zM) by RPR.

A Single S5 Residue Determined hERG1 and rERG3 Sensitivity to RPR

We recently mapped the putative binding site for RPR to residues located within the
cytoplasmic ends of the S5 and S6 helices of the hERG1 subunit (Perry et al., 2007). We
hypothesized that amino acid differences within or nearby this binding site could account for
the reduced sensitivity of rERG3 to RPR. Sequences from the C-terminal end of S4 to the end
of the S6 for hRERG1 and rERG3 subunits are aligned in Fig. 2; nonconserved residues are bold
and the important RPR binding site residues in hERG1 are denoted by asterisks. The C-terminal
end of the S5 helix, together with the region that connects the S5 helix to the P-helix (i.e., the
S5-PL), exhibits the most variation with differences in 16 residues. Only two nonconserved
residues exist within the putative RPR binding domain: Phe (hERG1) to Met (rERG3) in the
S4-S5 linker and Thr (hERG1) to lle (rERG3) near the cytoplasmic end of the S5 helix. We
therefore exchanged these two residues between hERG1 and rERG3 and examined the
sensitivity of the altered channels to 3 uM RPR.

First, we examined the single variant residue of the S4-S5 linker. Residue Phe551 of hERG1
was mutated to Met, the equivalent residue in rERG3. RPR (3 uM) enhanced F551M hERG1
current magnitude by an average of 64 + 17% at 0 mV (Fig. 3A, Table 2) and caused a
pronounced slowing of tail current deactivation (Fig. 3B, Table 1). RPR also reduced the extent
of rectification of the fully activated I-V relationship (Fig. 3C) and shifted the voltage
dependence of inactivation by 11 £ 1 mV (n =5, Fig. 3D). All these effects of RPR were
reversible upon washout and were not significantly different from those observed for WT
hERGL1 (Tables 1 and 2). Similar to WT hERG (Perry et al., 2007), the rate of onset of, and
recovery from, RPR action on F551M hERG channels was slow (1o = 156 S; Trecoy = 196 S;
n =5). The reverse mutation, Met553 to Phe in rERG3 produced a mutant channel that had
only a very weak response to 3 uM RPR (Fig. 3, E-H), similar to that observed for WT rERG3
channels (Fig. 1B). Taken together, these results indicate that the equivalent residues Phe551
in hERG1 and Met553 in rERG3 are not important determinants of RPR sensitivity.

Next, we examined the single variant residue in the S5 helix. Thr556 of hERG1 was mutated
to lle, the equivalent residue in rERG3. Unlike WT hERG1, T5561 hERG1 did not exhibit any
appreciable change in current magnitude, rate of current deactivation, or voltage dependence
of inactivation in response to 3 uM RPR (Fig. 4A-D). Thus, T5561 hERG1 resembled WT
rERG3 with respect to RPR sensitivity. To determine whether WT hERG1-like sensitivity to
RPR could be engineered into rERG3, we produced the reverse mutation in which 11e558 in
rERG3 was substituted with a Thr. RPR (3 uM) slowed the rate of 1558T rERG3 deactivation
to an extent similar to that of WT hERG1 but caused a smaller increase in current magnitude
and smaller shift (AVy 5 =4 + 1 mV) in the voltage dependence of inactivation (Fig. 4, E-H,
Table 2). At 30 uM, RPR greatly slowed the rate of 1558T rERG3 activation and deactivation
(Fig. 4, 1 and J) to an extent similar to that of hERGL1 for this concentration (Perry et al.,
2007). However, the enhanced current magnitude (92 + 39%, Fig. 4K) and shift in the voltage
dependence of inactivation (AVg 5 = +18 + 1 mV, Fig. 4L) was more comparable with 3 uM
RPR on hERG1 (Table 2).
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The double mutant M553F/I558T rERG3 was created and tested for RPR sensitivity. Figure 5
demonstrates that the response of this double mutant to 3 «M RPR was almost identical to that
of 1558T rERG3 (Table 2), further confirming that Phe551 is not an important residue for RPR
sensitivity. Thus, the 1558 T mutation in rERG3 endowed sensitivity to RPR that rivaled hERG1
with regard to slowed activation and deactivation, but the mutation did not as effectively
enhance the drug's effect on inactivation gating.

The S5-P Linker Was Not Directly Involved in Conferring Sensitivity to RPR

A comparison of hERG1 and rERG3 amino acid sequences indicates 16 nonconserved residues
in the extracellular end of the S5 helix and the S5-P linker (Fig. 2). Given that the S5-P linker
has a proposed role in hERG1 inactivation (Liu et al., 2002), we hypothesized that it might
also be responsible for the observed differences in the ability of RPR to attenuate inactivation
of I558T rERG3 to the same extent observed for WT hERG1 channels. To investigate this
further, we constructed a chimeric channel (rERG3-S5PL1) in which the extracellular end of
the S5 helix and the entire S5-P linker (Fig. 2, boxed region) of rERG3 was exchanged for the
equivalent region of hERG1. Similar to that observed for WT rERG3 channels (Fig. 1, C-F),
the chimeric channel was relatively insensitive to 3 uM RPR (Fig. 6, A-D). RPR produced a
small but statistically significant increase (12 + 4%, n = 6) in the magnitude, and a small shift
in the voltage-dependence of inactivation (AVg 5 =+4 £ 1 mV, n =6), of ERG3-S5PL1 channel
current (Table 2). Introduction of the mutation I1558T into rERG3-S5PL1 did not enhance drug
sensitivity beyond that observed with 1558 T rERG3 (compare Figs. 4, E-H and 6, E-H, Tables
1 and 2). Thus, differences in the sequence of the S5-P linker cannot explain how RPR
attenuates inactivation of hERG1 more than rERG3.

Discussion

RPR activates hERG1 by dramatically slowing the rate of channel deactivation (Kang et al.,
2005) and shifting the voltage dependence of inactivation to more positive potentials (Perry et
al., 2007). It is conceivable that two distinct binding sites on the channel protein could mediate
the deactivation and inactivation effects of RPR. Functional analysis and drug sensitivity of
mutant channels was used to locate the putative binding site for RPR to a specific region of
the hERG1 subunit (Perry et al., 2007). Point mutations of two residues in S5 (Leu553 and
Phe557) and two residues in an adjacent region of S6 (Asn658, Val659) attenuated both the
deactivation and inactivation effects of RPR. In a homology model of the hERG1 pore region
(Fig. 7), it is apparent that Leu553, Phe557, Asn658, and Val659 are located close together,
forming a cluster of residues (colored red) that we proposed constitutes a putative binding site
for RPR (Perry et al., 2007). However, this interpretation is muddled by analysis of the effects
of RPR on other mutant channels. Point mutations of two residues in the S4-S5 linker (Val549,
Leu550) and three residues in an adjacent region of S6 (11e662, Leu666, Tyr667) prevented
the slowing of deactivation but did not alter the shift in the voltage dependence of inactivation
by RPR. These 5 residues form a second cluster (colored blue in Fig. 7) that either defines a
second binding site for RPR or a region of allosteric modulation that mediates the effects of
RPR on activation/deactivation gating. In either model, binding of RPR to hERG1 presumably
slows channel deactivation by interfering with normal electromechanical coupling, the bending
of the S6 helices toward the central axis of the pore in response to repositioning of the S4
voltage sensors and S4-S5 linkers (Long et al., 2005). P-type inactivation of K* channels
involves more subtle conformational changes, specifically within the selectivity filter (Loots
and Isacoff, 1998), a structure that is distant from the proposed binding site for the drug. Thus,
binding of RPR may alter inactivation gating by a long-range allosteric effect.

The critical residues in hRERG1 required for RPR activity are also present in its close homologs
hERG3 and rERG3. However, RPR acts as an antagonist of hERG3 channels that are
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heterologously expressed in CHO cells (Kang et al., 2005) and rERG3 channels in oocytes
(Fig. 1). We employed a cross-mutational approach between hERG1 and rERG3 to examine
the molecular basis for this difference and identified a single Thr residue within the cytoplasmic
end of the S5 helix that confers the differential sensitivity to RPR. In our previous Ala scan of
hERG1, the T556A mutation reduced but did not eliminate the effect of 3 uM RPR. For this
reason, it seems unlikely that Thr556 (shown in space-fill mode in Fig. 7) contributes to the
binding site for RPR; however, mutations at this site may alter RPR binding by steric hindrance
or by acting allosterically on nearby binding residues. Based on the functional consequences
of mutation, Phe557 is a key component of the binding site for RPR. Thus, mutation of Thr556
to the larger and more hydrophobic Ile might interfere with interaction of RPR with Phe557.

PD-307243 affects hERGL1 channels in a manner similar to RPR, and it was proposed, based
on simulated docking, that this compound binds to residues located on the extracellular side
of the channel (Gordon et al., 2007). However, the docking was restricted to the extracellular
portion of the hERGL1 channel and was not supported by any mutagenesis data. In contrast, the
slow onset and recovery from RPR effects and our present and previous (Perry et al., 2007)
mutational analyses indicate that RPR accesses its binding site from the cytoplasmic side of
the membrane.

RPR decreases the magnitude of rERG3 channel current. A similar antagonist effect of RPR
on hERGL1 channels may be masked by its more marked agonist effect. A dual activity on
hERG1 was described previously for NS1643, where the blocking effect was mediated by
interaction with the well-described binding site located within the central cavity of the channel
(Casis et al., 2006).

RPR slowed the deactivation rate of 1558 T rERG3 channels with a potency similar to hRERG1.
However, the rightward shift in the voltage dependence of inactivation caused by 3 uM RPR
was much smaller for I558T rERG3 channels (~4 mV) than for hERG1 channels (~13 mV).
Several studies have suggested a role for the S5-P linker in the inactivation process of ERG
channels based on the finding that specific mutations in this region perturb inactivation (Liu
et al., 2002). Because the S5-P linker regions of hERG1 and rERG3 channels contain several
nonconserved residues, we hypothesized that the S5-P linker of hERG1 could be required for
complete RPR attenuated inactivation in 1558T rERG3 channels. However, replacing the S5-
P linker of I558T rERG3 channels, with that of hRERG1 channels, did not fully confer the same
RPR-attenuated inactivation. Another unidentified region of these ERG proteins may account
for the differential allosteric effect of RPR on inactivation. Identification of the structural basis
for this difference may provide new insights into the molecular mechanisms of ERG channel
inactivation.
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ABBREVIATIONS
ERG
ether-a-go-go-related gene
hERG1
human ether-a-go-go-related gene 1
rERG3
rat ether-a-go-go-related gene 3
LQTS
long QT syndrome
NS1643

1,3-bis(2-hydroxy-5-trifluoromethylphenyl)urea
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PD-118057
2-{4-[2-(3,4-dichloro-phenyl)-ethyl]-phenylamino}-benzoic acid
RPR260243
(3R,4R)-4-[3-(6-methoxy-quinolin-4-yl)-3-oxo-propyl]-1-[3-(2,3,5-trifluoro-
phenyl)-prop-2-ynyl]-piperidine-3-carboxylic acid
RPR
RPR260243
DMSO
dimethyl sulfoxide
PD-307243
2-[2-(3,4-dichloro-phenyl)-2,3-dihydro-1H-isoindol-5-ylamino]-nicotinic acid
WT
wild type
S5-PL
S5-P linker
-V
current-voltage
Ttest
current activated by membrane depolarization
I tail
tail current
Vi
test potential
Vos

half-point of Boltzmann relationship
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Fig. 1.

Comparison of RPR effects on hERG1 and rERG3 channel currents recorded in X. laevis
oocytes. A, 3 uM RPR increases the magnitude and slows deactivation of hRERG1 current.
Currents shown were elicited with 2-s pulses to 0-mV from a holding potential of —110 mV,
and tail currents were measured at —70 mV. B to H, effect of RPR on rERG3 channel current.
B, at 3 M, RPR failed to enhance the magnitude of rERG3 channel current and produced only
a very small but significant slowing of deactivation. Protocol as in A. C, fully activated I-V
relationships, normalized relative to peak outward current in control, before (control, m), during
(e, and after washout (A) of 3 uM RPR. D, voltage dependence of rERG3 inactivation
determined from rectification of the fully activated -V relationship. Symbols as in C. E, RPR
affect on rERG3 deactivation at 3, 10, and 30 xM. Superimposed mean tail currents recorded
at —70 mV were normalized relative to their peak value before (Control) and after addition of
3(n=5),10(n=4)and 30 uM (n =3) RPR. F, at 30 «M, RPR produced a partially reversible
antagonist effect on rERG3 current. Protocol as in A. G, fully activated I-V relationships,
normalized relative to peak outward current in control, before (control, m) and after (e 30 uM
RPR. H, voltage dependence of rERG3 inactivation determined from rectification of the fully
activated I-V relationship. Symbols as in G. Thirty micromolar RPR shifted the Vg5 by 4.8 +
0.3mV (n=3) compared with 1.2 £ 0.7 mV (n = 3) using 0.3% DMSO as control. Quantitative
analysis of the effects of RPR on rates of deactivation and voltage-dependence of inactivation
of wild-type channels are summarized in Tables 1 and 2, respectively.
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551 FLLMCT 556

553 MLLMCI 558
\ A helix
* * *
\VLFLLMCTFALIAKWLACIWYATGNME-PHMDS
\WIMLLMCIFALIAHWLACIWYAIGNVERPYLTD

RIGWLHNLGDQIGKPYNSSG-LGGPSIKDKYNTAI
KIGWLDSLGTQIGKRYNDSDSSSGPSIKDKYVTAI

S6 helix

*

Fig. 2.

Alignment of hERG1 and rERG3 amino acid sequences within the putative binding region for
RPR. Shaded bars indicate the proposed S5, P (pore), and S6 helices. Residues that differ
between sequences are highlighted in bold. One residue (Phe551 hERG1 = Met553 rERG3) is
in the S4-S5 linker and another (Thr556 hERG1 ~ 11e558 rERG3) is in the cytoplasmic end of
the S5 helix. The residues proposed to be important for RPR binding to hERGL1 (Perry et al.,
2007) are indicated by asterisks (*). An additional 16 nonconserved residues are in the
extracellular end of the S5 helix and the S5-P linker. Boxed region indicates the sequence of
the extracellular end of the S5 helix and the entire S5-P linker that was exchanged from hERG1
into rERG3 to produce the rERG3-S5PL1 chimera.
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Fig. 3.

The variant residue in the S4-S5 linker does not confer differential sensitivity of hRERG1 and
rERG3 channel currents to RPR. A, effect of 3 uM RPR on F551M hERG1 mutant channel
currents expressed in an X. laevis oocyte. RPR reversibly enhanced the magnitude and slowed
the deactivation rate of F551M hERGL1 currents elicited with 2-s pulses to 0 mV from a holding
potential of =110 mV. Tail currents were measured at —70 mV. B, RPR significantly slowed
F551M hERGL1 deactivation. Superimposed tail currents recorded at =70 mV (n = 5) were
averaged, normalized relative to their peak value before (Control), during, and after washout
of 3uM RPR. C, fully activated I-V relationships, normalized relative to peak outward current
in control, before (control, m), during (e, and after washout (A) of 3 xM RPR (n =5). D, voltage
dependence of rERG3 inactivation determined from rectification of the fully activated I-V
relationship (same symbols as in C). E-H, 3 uM RPR had minimal effect on M553F rERG3
mutant channel currents (n = 6). Protocols and analysis were the same as that described in A—
D. Quantitative analysis of the effects of RPR on rates of deactivation and voltage dependence
of inactivation of mutant channels are summarized in Tables 1 and 2, respectively.
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Fig. 4.

A variant residue in the S5 domain partially confers differential sensitivity of hERG1 and
rERG3 channel currents to RPR. A-D, lack of effect of 3 xM RPR on T5561 hERG1 mutant
channel currents expressed in X. laevis oocytes. A, currents were elicited with 2-s pulses to 0
mV from a holding potential of =110 mV. Tail currents were measured at =70 mV. B, RPR
does not slow T5561 hERGL1 current deactivation. Superimposed tail currents recorded at —70
mV (n = 5) were averaged and then normalized relative to their peak value before (Control),
in the presence of 3 uM RPR and after washout. C, fully activated I-V relationships, normalized
relative to peak outward current in control, before (control, m), during (e and after washout
(A) of 3uM RPR (n =5). D, voltage dependence of T5561 hERGL1 inactivation determined
from rectification of the fully activated I-V relationship. E-H, 3 uM RPR slows deactivation
of 1558T rERG3 channels (n = 7). Protocols and analysis were the same as that described in
A-D. Quantitative analysis of the effects of RPR on rates of deactivation and voltage
dependence of inactivation of mutant channels are summarized in Tables 1 and 2, respectively.
I-L, 30 uM RPR enhances current magnitude and slows deactivation and activation of 1558T
rERG3 channels (n = 3). Protocols and analysis were the same as that described in A-D.
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Fig. 5.

Effect of 3 M RPR on M553F/1558T rERG3 channel currents. A, currents were elicited with
2-s pulses to 0 mV from a holding potential of =110 mV. Tail currents were measured at —70
mV. B, RPR slows M553F/I1558T rERG3 current deactivation. Superimposed tail currents
recorded at —70 mV (n = 4) were averaged and then normalized relative to their peak value
before (Control), during, and after washout of 3 uM RPR. C, fully activated I-V relationships,
normalized relative to peak outward current in control (n = 4). D, voltage dependence of
inactivation determined from rectification of the fully activated I-V relationship. Quantitative
analysis of the effects of RPR on rates of deactivation and voltage dependence of inactivation
of M553F/1558T rERG3 channels are summarized in Tables 1 and 2, respectively.
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S5-P linker of ERG channels is not a structural determinant of RPR sensitivity. A-D, effects
of 3uM RPR on rERG3-S5PL1 channels (rERG3 with S5-P domain from hERG1). A, currents
were elicited with 2-s pulses to 0 mV from a holding potential of =110 mV. B, RPR does not
slow rERG3-S5PL1 channel current deactivation. Superimposed tail currents recorded at —70
mV (n = 6) were averaged and then normalized relative to their peak value before (Control),

during, and after washout of 3 uM RPR. C, fully activated |-V relationships, normalized relative
to peak outward current in control, before (control, m), during (e, and after washout (A) of 3
#M RPR (n = 6). D, voltage dependence of inactivation determined from rectification of the

fully activated I-V relationship. E-H, 3 uM RPR slightly enhances current magnitude and slows
deactivation and activation of 1558 T rERG3-S5PL1 channels (n = 7). Protocols and analysis

were the same as that described in A—D. Quantitative analysis of the effects of RPR on rates

of deactivation and voltage dependence of inactivation of mutant channels are summarized in
Tables 1 and 2, respectively.
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Fig. 7.

Homology model for a single hERG1 subunit, highlighting the residues (shown in stick mode)
previously identified (Perry et al., 2007) as important for interaction with RPR. Mutation of
residues colored in red reduced or eliminated the effects of 3 xM RPR on deactivation and
inactivation gating. Mutation of residues colored in blue reduced or eliminated effects of 3
4M RPR on deactivation only. Thr556 is shown in space-fill mode.
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Table 1
Summary of effects of RPR on rates of deactivation for hERG1 and rERG3 channels

slow fast AJA+ A n
ms ms

WT-hERG1
Control 1210 = 81** 271+ 12 0.49 = 0.01* 10
3 M RPR 6710 + 1450 265+ 13 0.54 +0.02
Control 1040 + 65 254 + 13 0.46 £ 0.03 5
DMSO 1090 + 83 261+ 16 0.48 £0.03

F551M hERG1
Control 1310+ 114 27115, 0.49+0.03 5
3uMRPR 7140 + 743 256 + 19 0.60 + 0.04

T5561 hERG1
Control 881 +50 225+ 11 0.39 £0.02 5
3uMRPR 898 + 57 216+9 0.41 £0.02

WT-erg3
Control 356 + 39* 92 + 5* 0.13+£0.03 5
3uMRPR 458 + 22 98 +4 0.13 £0.02
Control 543 +19 861 0.05+0.01 3
DMSO 536 + 33 78+3 0.04 £0.01

M553F erg3
Control 233+ 29* 577 0.16 £ 0.03 6
3uMRPR 272 +30 607 0.16 £ 0.03

1558T erg3
Control 472 41** 116 £6 0.20 £ 0-0,%* 5
3 UM RPR 5020 + 615 1195 0.39+0.03

M553F/1558T erg3
Control 504 + 13** 101+8 0.16 = 0.03* 4
3 M RPR 3550 + 92 107 +11 0.37£0.04

erg3-S5PL1
Control 300 + Zi.* 80+3 0.17 + 0.0§* 6
3uMRPR 41325 782 0.14 £0.01

1558T erg3-S5PL1
Control 430 £ 24** 106 £5 0.24 £0.02 7
3 uM RPR 4000 + 269 1095 0.25+£0.01

*

P <0.05.

**k

P < 0.005.
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