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Single-nucleotide polymorphisms (SNPs) in the human ether-a-go-
go-related gene 1, hERG1, are associated with cardiac arrhythmias.
The Kv11.1 channels encoded by hERG1 are also essential for
rhythmic excitability of the pituitary, where they are regulated by
thyroid hormone through a signal transduction cascade involving
the phosphatidylinositol 3-kinase (PI3K) and the Ser/Thr-directed
protein phosphatase, PP5. Here, we show that the hERG1 poly-
morphism at codon 897, which is read as a Thr instead of a Lys,
creates a phosphorylation site for the Akt protein kinase on the
Kv11.1 channel protein. Consequently, hormonal signaling
through the PI3K signaling cascade, which normally stimulates
K897 channels through PP5-mediated dephosphorylation, inhibits
T897 channels through Akt-mediated phosphorylation. Thus, hor-
monal regulation of Kv11.1 in humans with the T897 polymor-
phism is predicted to prolong the QT interval of cardiac myocytes.
A systematic bioinformatics search for SNPs in human ion channel
genes identified 15 additional candidates for such ““phosphorylo-
pathies,” which are predicted to create or destroy putative phos-
phorylation sites. Changes in protein phosphorylation might rep-
resent a general mechanism for the interaction of genetic variation
and environment on human health.

Kv11.1 | LQT | Akt protein kinase | phosphatidylinositol 3-kinase |
thyroid hormone

uman genetic variation alters individual susceptibility to

disease, but the underlying mechanisms are still being
elucidated. One class of human diseases, which is called chan-
nelopathies, has been shown to result from mutations that
disrupt the assembly and function of ion channel proteins (1).
For example, the human ether-a-go-go-related gene, hERG1
(KCNH2) (2), encodes Kv11.1 potassium channels that are
essential for rhythmic excitability of cardiac muscle (3) and
endocrine cells (4). Unlike other voltage-gated potassium chan-
nels, Kvl1l channels have unique voltage-dependent kinetics,
which make them more active at the end of the action potential
(3). Thus, they control action potential duration in ventricular
myocytes, which is measured clinically as the QT interval in the
electrocardiogram. Long QT intervals (LQT) are associated
with torsades de pointes and ventricular tachycardia, which
increase the risk of fatal cardiac arrhythmias (5). SNPs in the
hERGI1 gene that reduce Kvl1l1.1 activity are responsible for
LQT2 in humans (6, 7). K897T is one of the most common
polymorphisms in the human Kv11.1 channel protein, but its
effects on channel function and QT interval are controversial.
Two studies report longer QT intervals in women (8, 9), but
other studies find no effect or a small decrease in QT interval (7).
Similarly, biophysical studies of heterologously expressed
hERGT1 in dialyzed human embryonic fibroblasts have reported
a wide range of modest effects on the voltage dependence of
gating, but whether K897T impairs channel function by disrupt-
ing ion conduction or trafficking to the membrane is uncertain
(9-12).
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Recently, we discovered that a mutation in the CaV1.2 calcium
channel, which had been associated with Timothy disorder (13),
alters channel regulation by creating a new phosphorylation site
on the channel (14). Therefore, we conducted a systematic
bioinformatics search for common SNPs in human ion channel
genes and identified 16 examples that are predicted to create or
destroy phosphorylation sites in the channel proteins (Table 1).
Here, we test one of those predictions, the hERG1 gene poly-
morphism that produces the T897 isoform of Kv11.1. We have
shown (15, 16) that the activity of Kv11.1 channels is stimulated
by thyroid hormone through a signaling cascade involving the
Ser/Thr-directed protein phosphatase, PP5, which is activated by
the Rac GTPase downstream of the phosphatidylinositol 3
kinase (PI3K). Now we show that the T897 polymorphism
creates a phosphorylation site on the Kv11.1 channel protein for
the Akt protein kinase, the cellular homologue of the Akt8
retrovirus transforming oncogene, which is also known as pro-
tein kinase B (17). Phosphorylation of Kv11.1 by Akt reverses the
effect of hormonal regulation through the PI3K signaling cas-
cade and inhibits Kv11.1 channel activity, which should increase
cardiac action potential duration. The hormonal and phosphor-
ylation dependence of this effect on the activity of T897 channels
could provide an explanation for both the failure of some
epidemiological studies to detect longer QT intervals in resting
and/or fasting subjects with the T897 polymorphism, and the
failure to observe this effect in previous biophysical studies that
used conventional whole-cell recording through ruptured mem-
brane patches on dialyzed cells.

Results

We studied recombinant human Kv11.1 channels under voltage
clamp in metabolically intact Chinese hamster ovary (CHO) cells
that had been transfected with plasmids encoding hERGI,
TRbeta, and green fluorescent protein (GFP), as described in
Methods. When cell-attached patches of membrane in symmet-
rical high potassium solutions are held at 0 mV, which corre-
sponds to the plateau of the ventricular action potential, repo-
larization elicits robust currents, which deactivate with a time
constant of ~30 ms at —120 mV (Fig. 14). Bath application of
100 nM thyroid hormone, 3-5-3'-triodothyronine (T3), rapidly
increases currents produced by the K897 isoform of Kv11.1 (Fig.
1B), as we reported (16, 18). In every recording, successful
isolation of Kvl11.1 activity was confirmed at the end of the
experiment with 5 uM E-4031, the class III antiarrhythmic
methanesulfonanilide, which selectively blocks Kv11 channels (19).
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Table 1. Predicted phosphorylopathies in ion channel proteins

Protein Polymorph Pphos, % Kinase Disease
Cav1.2 S1545P -60 CAMKII Not reported
Kv11.1 K897T +94 AKT LQT2
Kv11.1 R176W —-94 PKA LQT2
Kv11.1 T474l -90 PKA LQT2

Kv7.1 G179S +73 GSK3 LQT1

Kv7.1 Y 184S +80 CAMKII LQT1

Kv7.1 S566F -76 CAMKII LQT1

Kv7.1 W392R +75 CAMKII LQT1

Kv7.1 A525T +67 PKA LQT1

Kv7.1 R583C -91 CAMKII LQT1

Kv7.2 N780T +99 CAMKII Not reported
Kir1.1 S219R =79 PKA Bartter Syndrome
Kir1.4 T175I1 -90 CAMKII Bartter Syndrome
Kir2.2 S15L -99 GSK3 Not reported
TRPC6 P15S +96 CK1 Glomerulosis
TRPC4 P19S +94 CK2 Not reported

The polydom database (polydoms.cchmc.org) (36) was searched for non-
synonomous SNPs in human ion channel genes. In 16 cases from nine genes,
the polymorphism is predicted by Netphos (www.cbs.dtu.dk/services/NetPhos)
(37) to create or destroy kinase phosphorylation sites in domains that Uniprot
(www.uniprot.org) predicts to be cytoplasmic. In many cases, the SNP is
already known to be associated with the disease indicated.

Although we had postulated that thyroid hormone stimulates
Kv11.1 channels through protein dephosphorylation (15, 18), we
had not identified the phosphorylation site on the channel
protein. In rat pituitary cells, thyroid hormone antagonizes the
action of thyrotropin releasing hormone (TRH), which inhibits
the activity of ERG channels through a G3 and Rho-dependent
GTPase cascade (18). The Rho GTPase signals primarily
through protein Ser/Thr kinases (20), and Netphos identifies a
recognition site for the Rho-stimulated protein kinase, PKN
(21), at T895, which is two residues before the polymorphism at
K897. When we mutated Thr 895 to Ala, which cannot be
phosphorylated, the basal currents through A895 channels are
20% larger on average than the currents through T895 channels
(Fig. 1C), mimicking the effect of thyroid hormone action.
Conversely mutation of T895 to glutamic acid, to mimic irre-
versible phosphorylation of the protein at that site, reduced basal
currents by 28% (Fig. 1C). Although the mutations of T895
produced opposite effects on basal currents, both mutations
made the channels resistant to stimulation by thyroid hormone
(Fig. 1D). These data are consistent with the hypothesis that the
K897 isoform of Kv11.1 is a phosphoprotein with a consensus
site for PKN at T895, which is dephosphorylated by thyroid
hormone signaling through PP5 downstream of PI3K (15).

The consensus site for PKN (RxTxK) requires a basic amino
acid at the +2 position after the phosphorylated residue. Thus,
the K897T polymorphism is predicted to disrupt hormonal
regulation of the channel. Although basal currents in metabol-
ically intact CHO cells expressing the T897 variant (Fig. 24) have
very similar amplitudes, kinetics and voltage dependence when
compared with those of the more common K897 variant (Fig.
1A), thyroid hormone had the opposite effect on the amplitude
of the T897 variant. Thus, in contrast to the K897 variant, which
is stimulated by thyroid hormone (Fig. 1B), the T897 variant is
inhibited by thyroid hormone under identical conditions (Fig.
2B). This effect is not mediated by a separate biochemical
pathway because it is blocked by 3 uM 1-850 (Fig. 2B), an
antagonist of thyroid hormone receptors, which also blocks
stimulation of the K897 variant (16).

The effect of thyroid hormone on the kinetics of the two
variants is analyzed more quantitatively in Fig. 2 C and D. In the
absence of thyroid hormone, the voltage dependence of steady-
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Fig. 1. Thyroid hormone stimulates hERG1-897K channels through dephos-
phorylation of T895. (A) hERG1 currents were elicited from cell-attached
patches on CHO cells that were held at 0 mV in equimolar potassium by
transiently repolarizing the patch to negative voltages for 500 ms at 5 s
intervals, as shown in Inset. (B) The time course of the response to 100 nM
thyroid hormone (T3) plotted as the total current integrated over the first 100
ms after the peak at —120 mV. All of the current is blocked by 5 uM E-4031. (C)
Mutating Thr-895 to Ala to prevent dephosphorylation or to Glu to mimic
phosphorylation alters basal current amplitude at —120 mV (D) T3 has no
effect on current amplitude when T895 is mutated.

state activation (Fig. 2C) and the kinetics of deactivation (Fig.
2D) are almost identical between the two variants, as predicted
from the traces in Figs. 14 and 2A4. Although thyroid hormone
shifts the steady-state activation curve of both variants to more
negative voltages (Fig. 2C), the hormone has opposite effects on
the rate of deactivation (Fig. 2D). Thyroid hormone decreases
the rate of deactivation of the K897 variant, which we demon-
strated earlier with single channel recordings at —60 mV (16), by
increasing the time constant at —120 mV from 30 * 4.0 ms to
79 = 4.5 ms (n = 5). In contrast, the hormone decreases the time
constant of the T897 variant at —120 mV from 32 * 2.6 ms to
14 £ 48 ms (n = 5). The net result is that the T897 variant
deactivates approximately five times more rapidly than the K897
variant, which would result in smaller currents during repolar-
izing steps to negative voltages.

The Netphos database also predicts that when the Lys residue
at 897 is changed to Thr by the hERG1 SNP (Fig. 34), the
surrounding sequence becomes a canonical phosphorylation site
(RxRTXT/S) for Akt (22). Because Rho-dependent inhibition of
Kv11.1 channel activity requires T895, we wondered whether
phosphorylation by Akt at T897 could have the same effect.
When we expressed human Akt constructs in metabolically
intact CHO cells with Kv11.1 channel proteins, we observed a
selective reduction of 49 = 3% in the amplitude of hERG1-897T
currents (n = 3, Fig. 3B). In contrast, Akt had no effect on the
amplitude of the original hRERG1-897K currents, and a catalyt-
ically inactive form of Akt (K179A) had no effect on basal
currents from either of the channel constructs (Fig. 3B). Myr-
istoylated Akt produced a larger reduction (62 = 5%, n = 3) in
basal hERG1-897T currents (Fig. 3B), presumably because
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Fig. 2. The hERG1 polymorphism, K897T, alters channel regulation by
thyroid hormone. (A) hERG1 currents were elicited from cell-attached patches
on CHO cells that were held at 0 mV in equimolar potassium by transiently
repolarizing the patch to negative voltages for 500 ms at 5 s intervals, as shown
in the Inset. (B) The time course of the response to 100 nM thyroid hormone
(T3) plotted as the total currentintegrated over the first 100 ms after the peak.
Black squares are control responses; orange squares are recorded in the
presence of 3 uM 1-850, an antagonist of thyroid hormone receptors. In both
cases all of the current is blocked by 5 uM E-4031. (C) Steady-state activation
curve for hERG1-897K (n = 6) and hERG1-897T (n = 6) before and 5 min after
100 nM T3. l/lmax at —120 mV is plotted vs. the preceding depolarization.
Points are means = SEM although in many cases the symbols are larger than
the error bars. (D) Voltage dependence of deactivation of hERG1-897T (n =
5) and hERG1-897K (n = 5) before and after 100 nM T3. The time constant of
deactivation during the test pulse is plotted on a log scale vs. the amplitude of
the test pulse. Points are means = SEM although in many cases the symbols are
larger than the error bars.

myristoylation targeted more of the Akt to the plasma mem-
brane. Thus, the activity of the T897 channels, but not of the
more common K897 channels, appears to be inhibited by basal
Akt activity in metabolically intact cells.

In principle, this effect of Akt on current amplitude could arise
from a chronic effect of PI3K-dependent signaling on channel
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Fig. 3. Thyroid hormone inhibits hERG1-897T through Akt. (A) Sequence
alignment of the predicted Akt consensus site in hERG1-897K, hERG1-897T,
and the glycogen synthase kinase, GSK-3. The Glu residues in the Akt active
site, which coordinate substrate binding are indicated below. (B) Amplitude
histograms of the basal hERG currents in cells expressing either hRERG1-897K
or hERG1-897T and the indicated human Akt construct: control (n = 6), wild
type (Akt, n = 3), myristoylated (myr-Akt, n = 3), or kinase dead (kd-Akt, n =
3). (C) MS analysis of T897 phosphorylation. ESI-MS/MS spectrum of the doubly
charged m/z 1033.0 ion. The m/z 1033.0 precursor ion corresponds in mass to
residues 894-912 with the addition of a single phosphorylation. The extensive
b- and y-series ions localize the site of phosphorylation to T897.

trafficking, as reported for other ion channels (23, 24), or it could
result from acute effects of phosphorylation on channel activity.
Therefore, we investigated how the K897T polymorphism al-
tered the acute response of the channels to hormonal regulation
(Fig. 4). First, we confirmed that the hERG1 channel protein is
phosphorylated on T897 by mass spectrometry (Fig. 3C), as
described in Methods. Then we tested whether inhibition of T§97
channels by thyroid hormone, like the stimulation of the K897
channels (18), is blocked by inhibition of PI3K, which is upstream
of both Akt and Rac (Fig. 44). Preincubation of the cells for 10
min at 37°C with 50 nM wortmannin, an active site blocker of
PI3K (25), completely eliminates the effects of thyroid hormone
on both Kv11.1 variants (Fig. 4B). In contrast, inhibition of Rac
GTPase signaling with the dominant negative mutant Rac 17N,
or inhibition of PP5 with the dominant negative TPR domain
(15), both selectively prevent stimulation of K897 channels (Fig.
4B). In contrast, neither construct prevented the inhibition of the
T897 channels by thyroid hormone. Conversely, the catalytically
inactive form of Akt (K179A), which has no effect on basal
currents of either isoform (Fig. 4B), selectively prevents inhibi-
tion of T897 channels by T3 without reducing stimulation of
K897 channels (Fig. 4B).

Discussion

The data presented here demonstrate that the human Kv11.1
channel encoded by the hERG1 gene is a phosphoprotein that
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Fig. 4. Thyroid hormone regulates different isoforms through different
signaling branches downstream of PI3K. (A) Summary of signaling cascades
downstream of phosphatidylinositol 3,4,5 Tris phosphate (PIP3). (B) Percent-
age change in hERG1 current in response 100 nM thyroid hormone (T3) for 3
min in control cells (cont, n = 6), cells pretreated with 50 nM wortmannin
(wort, n = 5), or cells expressing dominant negative isoforms of the Rac GTPase
(RacDN, n = 4), the PP5 protein phosphatase (TPR-GFP, n = 3) or a catalytically
inactive form of Akt (K179A).

is regulated by hormonal signaling through PI3K. Signaling
through PI3K stimulates the most common K897 isoform of
Kv11.1 through dephosphorylation of T895. However, substitu-
tion of a threonine for the lysine at 897 reverses the effect of
PI3K signaling on channel activity by disrupting the putative
PKN site at T895 and by creating a canonical Akt phosphory-
lation site on the channel protein at T897. When the T897
channels are phosphorylated by Akt, their activity is inhibited.
Many hormones signal through PI3K in the heart (26), and both
thyroid hormone and insulin, which signal through PI3K, de-
crease the QT interval of rodents expressing the K897 channels
(27, 28). Conversely reducing Kv11.1 current in humans express-
ing the T897 channels is predicted to lengthen action potential
duration and the corresponding QT interval. The hormonal- and
phosphorylation dependence of this effect on the activity of
T897 channels could provide an explanation for both the failure
of some epidemiological studies to detect longer QT intervals in
resting and/or fasting subjects with the T897 polymorphism, and
the failure to observe this effect in previous biophysical studies
that used conventional whole-cell recording through ruptured
membrane patches on dialyzed cells.

The Kv11.1 channels also contribute to the regulation of B cell
excitability in the pancreas (29), and insulin inhibits its own
secretion by signaling through PI3K (30). Therefore, feedback
inhibition of insulin secretion is predicted to be less effective in
people with the K897T polymorphism, which might contribute to
greater risk of developing insulin resistance. In other tissues,
particularly the brain, two other hERG genes encode Kvl11
channels with unusual voltage-dependent kinetics (31). It is
noteworthy that the most common human variant of the hRERG3
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isoform already contains a consensus site (RRRKLS) for the Akt
kinase at the homologous position in the channel protein. If the
hERG3 isoform has similar effects on rhythmic neuronal activity
as hERG1 has on cardiac myocytes and endocrine cells, then the
results presented here predict that thyroid hormone and other
neurotrophic factors that signal through PI3K, such as brain
derived neurotrophic factor (32), could increase neuronal excit-
ability and potentiate plasticity by reducing hERG3 activity.

Other ion channel diseases have also been proposed to result
from aberrant phosphorylation, which interferes with channel
function by altering kinase binding sites (33) or protein stability
(34). We recently discovered that a mutation in the CACNA1C
calcium channel gene, which is associated with Timothy disorder
(13), alters channel gating by creating a new consensus site for
the calmodulin-dependent protein kinase, CAMKII (14). When
the channel is phosphorylated by CAMKII, each channel open-
ing is 10 times longer on average, potentially leading to excito-
toxicity. We have proposed the term “phosphorylopathy” to
describe diseases that result from mutations that produce aber-
rant phosphorylation of ion channel proteins (14).

We have used bioinformatics to identify 16 SNPs in human ion
channel genes that are also predicted to create or destroy
putative phosphorylation sites in nine different channel proteins
(Table 1). Most of these SNPs are already known to be associated
with increased risk of human disease. To qualify as a SNP in the
Hapmap database, >1% of the population must have at least one
allele with the polymorphism (35). Thus, our predictions poten-
tially affect many people. However, the number of candidates
depends strongly on the threshold one chooses for the proba-
bility that a specific protein kinase recognizes a specific se-
quence. We chose 65%, because that is the predicted probability
for the CAMKII site in CACNAI1C, which we already verified
(14). Although the mutation in the CaCNAIC gene that is
responsible for Timothy disorder is too rare to qualify as a SNP,
>90% of all human genetic variation is estimated to occur as
single nucleotide polymorphisms (35). Similar SNPs in genes
encoding other classes of proteins could also produce many
effects on human physiology and health by altering protein
phosphorylation sites. Thus, changing the specificity of protein
phosphorylation potentially provides a powerful mechanism
linking genetic variation to environmental influences that im-
pinge on cell physiology through cell signaling.

Methods

CHO cells (American Type Culture Collection) were grown in DMEM (high
glucose) with 10% FBS. Cells grown to <80% confluence, so they remained
spindle shaped, were trypsinized and plated on glass coverslips (Deutsche
Spiegelglass, Carolina Biological). The cells were transfected 48 h later using
Lipofectamine 2000 (Invitrogen) with independent plasmids encoding hERG1
(U04270), GFP (Clontech), and the human TRB1 receptor (X04707). Mutations
in hERG1 were introduced with the QuikChange XL site-directed mutagenesis
kit (Stratagene) and confirmed by sequencing. Twelve to 24 hours after
transfection, heat-polished 1.5 MQ glass pipettes filled with 140 mM KCl, 1
mM CaCl, 2 mM MgCl,, 10 mM Hepes (pH 7.3) were used to make cell-
attached patches on fluorescent cells that were bathed in 140 mM KCl, 0.1 mM
CaCly, 2 mM MgCly, 10 mM Hepes, and 10 mM glucose (pH 7.3). Only isolated
spindle-shaped cells were selected for recording. High-resistance GQ seals
were obtained by releasing positive pressure on the pipette but without
suction to ensure uniform patch size. The patches were voltage-clamped with
a HEKA EPC-9 amplifier. Only patches with stable currents at —120 mV
between 100 and 500 pA at the peak, no response to perfusion with control
bath solution, and leak currents in E-4031 at the end of the experiment <10%
of the control, were analyzed further. Current amplitudes at —120 mV were
measured at the peak (pA) and by integrating total current (nC) during the
first 100 ms after the peak. Values are reported as mean +/—SE. Differences
between groups were evaluated with the Student’s t test; P < 0.05 is indicated
with an asterisk.

The human Akt protein kinase (NM_005163) construct in pcDNA3 with a
CMV promoter was modified to produce a catalytically inactive form by
mutating K179A (kd-Akt) and a myristoylated form (myr-Akt) by adding the
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sequence MGSSKSKPKDPSQRGGHM to the N terminus (John O’Bryan, Univer-
sity of Illinois, Chicago). For MS analysis, CHO cells in serum containing T3 were
solubilized in a glycerol lysis buffer containing cocktails of proteinase (Com-
plete Mini, EDTA-free, Roche) and phosphatase (Set I, Calbiochem) inhibitors.
HA-tagged hERG1 was immunoprecipitated overnight using HA antibody
(1:100, Covance) and resolved by SDS/PAGE. Bands corresponding to hERG1
were visualized with Simply Blue Safestain (Invitrogen), manually excised, and
digested with trypsin (Promega) for 8 h in a Progest robotic digester from
Genomic Solutions. Samples were lyophilized to dryness and then resus-
pended in 35 nl of 0.1% formic acid. NanoLC-ESI-MS/MS analyses were then
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