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Abstract

The Slack (KCNTI) gene encodes sodium-activated potassium channels that are abundantly
expressed in the central nervous system. Human mutations alter the function of Slack channels,
resulting in epilepsy and intellectual disability. Most of the disease-causing mutations are located
in the extended cytoplasmic C-terminus of Slack channels and result in increased Slack current.
Previous experiments have shown that the C-terminus of Slack channels binds a number of
cytoplasmic signaling proteins. One of these is Phactrl, an actin-binding protein that recruits
protein phosphatase 1 (PP1) to certain phosphoprotein substrates. Using co-immunoprecipitation,
we found that Phactrl is required to link the channels to actin. Using patch clamp recordings, we
found that co-expression of Phactrl with wild type Slack channels reduces current amplitude but
has no effect on Slack channels in which a conserved PKC phosphorylation site (S407) that
regulates current amplitude has been mutated. Furthermore, a Phactrl mutant that disrupts the
binding of PP1 but not that of actin fails to alter Slack currents. Our data suggest that Phactrl
regulates Slack by linking PP1 to the channel. Targeting Slack-Phactrl interactions may therefore
be helpful in developing novel therapies for brain disorders associated with the malfunction of
Slack channels.

INTRODUCTION

Slack potassium channels (Knal.1, Slo2.2, KCNT1) are activated by intracellular Na* and
are abundantly expressed in the nervous system (1-7). Under physiological conditions, Slack
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channels regulate the rate of neuronal bursting and control the accuracy of action potential
timing (8-10). Human mutations alter the function of Slack channels, resulting in at least
two distinct childhood epilepsies that are associated with very severe intellectual impairment
(1, 5). These conditions are malignant migrating focal seizures of infancy (MMFSI, also
termed EIMFS, Epilepsy of Infancy with Migrating Focal Seizures) (11, 12) and autosomal
dominant frontal lobe epilepsy (ADNLFE) (6, 13). Other conditions reported for Slack
mutations include leukodystrophy multifocal epilepsy(14), early onset epilepsy and
encephalopathy (EOEE) (15), nocturnal frontal lobe epilepsy (NFLE) (13),
leukoencephalopathy (16), Ohtahara syndrome (17) and Brugada syndrome with epilepsy
(18). Most of the disease-causing mutations are located in the extended cytoplasmic C-
terminus of Slack and result in increased Slack current (6, 7, 10, 19). This increase in Slack
current, directly or indirectly, results in the over-excitation of the excitatory cortical neurons
(10). However, the severe intellectual impairment is unlikely to be caused simply by the
occurrence of the seizures, because mutations in other proteins can produce very similar
seizure patterns with no resultant deficit in intellectual function (5, 13). This raises the
possibility that the interactions of the Slack C-terminal domain with cytoplasmic signaling
molecules have functions that go beyond the control of channel gating. The disruption of
these “non-conducting” functions (20, 21) may severely disrupt neuronal function, leading
to intellectual disability.

The C-terminus of Slack channels interacts with a variety of cellular signaling pathways,
including fragile X mental retardation protein (FMRP) (1-3, 5, 22-24), cytoplasmic FMRP
interacting protein (CYFIP1) (4) and Phosphatase and Actin Regulator 1 (Phactrl) (4).
Dysregulation of these proteins is associated with Fragile X syndrome (FXS) (5, 24),
schizophrenia (22, 25), amyotrophic lateral sclerosis (ALS) (26), epilepsy (22), and
intellectual disability (1, 5, 24). Phactrl is highly expressed in neurons of the cerebral
cortex, where it plays a role in controlling synaptic activity and synapse morphology through
regulation of protein phosphatase 1 (PP1) and actin binding (27). Phactrl has also been
implicated in the molecular mechanisms of migraine (28), infantile Spasm (West Syndrome)
(29) and intellectual disability (30). Recently, it has been demonstrated that expression of
Phactrl mRNA was completely lost after traumatic brain injury (TBI) (31).

Although Phactrl has been shown to dissociate from Slack channels following their
activation or phosphorylation, the functional consequences of the Slack-Phactrl interaction
are not known (4). Recent data indicate that the Phactrl/PP1 complex is a PP1 holoenzyme
(32). Phosphorylation of Slack at a serine residue (S407) in the cytoplasmic C-terminal
domain by PKC increases Slack currents (11). We now show that Phactrl links both PP1 and
actin to the Slack channel complex and reduces Slack current amplitude in channels that
contain the S407 site. Mutation of this site to an alanine, however, renders the channels
insensitive to Phactrl under basal conditions. Moreover, we show that wild type Slack
channels are insensitive to a Phactrl mutant that does not bind PP1 (33, 34). Our data
indicate that Phactrl is a key regulator of Slack current amplitude.
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EXPERIMENTAL METHODS

Creation of mammalian expression vectors

Slack-B-GFP (rat) and SlackS407A were engineered and characterized as previously
described (11, 35). GFP-Phactrl (mouse) was a gift from Maria K. Vartiainen (University of
Helsinki, Finland). To generate plasmid coding Phactr1himdy site-directed mutagenesis was
performed using the following set of primers:

Forward: GCCCAAGACTATGACCCAAGGGCAGACAAGCCA,
Reverse: TGGCTTGTCTGCCCTTGGGTCATAGTCTTGGGC.

All constructs were verified by DNA sequencing from Yale Keck facility.

Cell culture and transfection

HEK?293T were maintained in growth medium composed of high-glucose DMEM
(Invitrogen, Waltham, MA) supplemented with 10% fetal bovine serum (Sigma, St. Louis,
MO), 1% penicillin/streptomycin (Life Technologies, Carlshad, CA), 1% Na-pyruvate (Life
Technologies, Carlsbad, CA) incubated at 37°C with 5% CO». Cells were transfected
according to manufacturer’s instructions at 90-100% confluency with equal amount of
plasmid pairs using Lipofectamine 2000 (Invitrogen, Waltham, MA).

Co-immunoprecipitation

HEK?293T cells were transiently transfected with the respective plasmids (5 ug per plasmid)
in 25 cm? flask. The following day, cells were washed twice with PBS and lysed in Pierce IP
lysis buffer (Thermo Scientific, Rockford, IL) supplemented with protease inhibitor cocktail
(cOmplete Mini, EDTA-free, Roche, Indianapolis, IN). Cell extracts were collected and
sonicated for 20 s and centrifuged at 4°C, at 13,000 x g for 15 min. Supernatants were
collected and mixed with anti-chicken IgY (AvesLabs, Tigard, OR) incubated overnight at
4°C with agitation. Samples were then mixed with 100 ul of Anti-IgY PrecipHen beads
(AvesLabs, Tigard, OR) and allowed to incubate for 2 hours. After washing five times with
lysis buffer, 50 pl of 2x sample buffer (Bio-Rad, Hercules, CA) containing 5% beta
mercaptoethanol was added. Lysates were then incubated for 30 min at room temperature
and resolved on 4-15% polyacrylamide gradient gels (Bio-Rad, Hercules, CA). Resolved
proteins were transferred to nitrocellulose membranes (Bio-Rad, Hercules, CA) for 2 h at
4°C and blocked in tris-buffered saline (TBS) with 10% Blokhen 1™ (AvesLabs, Tigard,
OR) and 0.1% Tween-20. The primary antibody concentrations were as follows: anti-Slack-
B 1:5000 (AvesLabs, Tigard, OR), anti-Phactrl 1:1000 (Sigma-Millipore, Burlington, MA),
anti-actin 1:1000 (Sigma-Millipore, Burlington, MA), and PP1 1:1000 (SantaCruz, Dallas,
TX). The secondary antibody concentrations were as follows: anti-chicken 1:20000
(AvesLabs, Tigard, OR), anti-mouse 1:1000 (Invitrogen, Carlsbad, CA), and anti-rabbit
1:1000 (Invitrogen, Carlsbad, CA). Premium Autoradiography Film (Holliston, MA) was
used to detect protein bands upon addition of chemiluminescence substrate (SuperSignal
West Femto Maximum Sensitivity substrate, Rockford, IL). Protein bands were analyzed
with ImageJ software.
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Rodents were handled in accordance with protocols approved by the Yale University
Institutional Animal Care Committee. Mice were housed on a 12/12 light/dark cycle with
access to food and water ad libitum. Experiments were performed with BL6/SC12for Slack
wild-type (WT) mice. Genotyping was performed by ear clip biopsy-derived genomic DNA
using established polymerase chain reaction protocol with primers amplifying WT (277 bp)
alleles.

Primary neuronal culture

Primary cortical neurons were prepared from E18 mice as described previously with
modifications specific for this study (36). After isolation of cortex from prenatal brains,
neurons were dissociated and seeded (0.2 x108cells/6 well-plate) onto plates containing
neurobasal medium (Thermo Scientific, Rockford, IL) with 5% FBS. After 2 h incubation,
media was replaced and cells were maintained in neurobasal medium supplemented with
B-27 (Life Technologies, Carlsbad, CA), L-glutamine and antibiotics (Invitrogen GIBCO
Life Technologies, Carlsbad, CA, USA). Neurons were grown at 37 °C in 5% CO» and 20%
05 in a humidified incubator.

Immunocytochemistry and image acquisition

Detailed methods for the immunocytochemistry can be found in previous studies (37). After
removing the culture medium from the 6-well plate, cells were washed, fixed with 4% fresh
Paraformaldehyde Fixing Solution (PFA), and permeabilized with 0.3% Triton®-X. Cells
were then blocked with 5% goat serum for 1 h followed by overnight incubation of anti-
Slack (1:50 dilution, Abcam, Cambridge, MA), and anti-Phactrl (1:50 dilution, Sigma, St.
Louis, MO). Cells were washed and incubated with Alexa-fluor 488 mouse-antibody or
Alexa-546 rabbit-antibody (1:1000 dilution, Molecular Probes, Carlsbad, CA, USA) for 1 h
at room temperature and mounted on glass slides with Vectashield® mounting media
(Burlingame, CA). Confocal images were acquired using a Leica SP8 confocal microscope
with a 63x magnification. Multitrack acquisition was performed with excitation lines at 488
nm for Alexa 488, and 556 nm for Alexa 546. Z-series stack confocal images were taken at
fixed intervals; frame size was either 1024 x 1024 or 512 x 512 pixels. All confocal images
were processed using ImageJ US NIH (http://imagej.nih.gov/ij).

Whole-cell recording

Cells expressing green fluorescent protein (GFP) or GFP-Phactrl were recorded 24-48 h
after transfection. Electrodes had a resistance of 3-6 MQu. The bath (extracellular) solution
consisted of 140 mM NaCl, 1.0 mM CaCl,, 3 mM KCI, 29 mM glucose and 25 mM HEPES
(pH 7.4) and the pipette (intracellular) solution contained 32.5 mM KCl, 97.5 mM potassium
gluconate, 5 mM EGTA and 10 mM HEPES (pH 7.2) (38). Macroscopic currents were
recorded with an EPC7 amplifier (Molecular Devices, Union City, CA) using the whole-cell
configuration of the patch-clamp technique. HEK293T cells were clamped at —80 mV and
then voltage steps of 20 mV ranging from —100 to 80 mV were applied for a duration of 300
ms. Capacitance measurements were also collected and used to compute current density.
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Recordings were carried out at room temperature (20-22 °C) after incubation of cells for 30
min with either with 0.2% DMSO or 200 nM TPA in the extracellular solution.

Statistical analysis

Statistical values were calculated as mean and standard error of the mean (mean £ SEM),
unless otherwise specified. The statistical significance (*p<0.05) of different groups was
determined by unpaired t-test, one-way ANOVA with post-hoc Dunn’s method or Kruskal-
Wallis one-way ANOVA on ranks with post-hoc Dunn’s method using Graph PrismR (La
Jolla, CA) software.

RESULTS

Slack-Phactrl complex interacts with PP1 and actin

It has been demonstrated previously that Slack channels directly interact with Phactrl (4).
Using primary cultures of cortical neurons, we first examined the localization of both
proteins by immunocytochemistry (Fig.1 A-B). By light-level immunomicroscopy, co-
localization was found both by inspection of line scans across individual cells, as well as by
quantification of relative brightness of the fluorescent signal representing the two proteins in
individual pixels, (Fig.1B, Pearson’s R value 0.92, p<0.0001) (39).

Because Phactrl is a PP1- and actin-binding protein, we tested whether Phactrl links Slack
channels to these two proteins. We transiently transfected HEK293T cells either with Slack
alone or with both Slack and Phactrl (tagged with GFP). We then immunoprecipitated the
Slack channels and carried out immunoblotting for Phactrl, actin and PP1 (Fig.1 C-D).
Upon Slack precipitation, we observed a small amount of endogenous Phactrl both in the
Slack alone as well as in Slack and Phactrl transfected cells. When cells expressed only
Slack, little or no actin could be detected in the immunoprecipitate. With cells that
overexpressed both Slack and Phactrl, however, the levels of actin associated with the
channel complex were increased at least one hundred-fold (by 11,697 + 6273 %, n=4; paired
ratio t-test, p=0.0089). In contrast, PP1 could readily be detected in Slack
immunoprecipitates even in the absence of overexpressed Phactrl (Fig.1 C—F). The levels of
PP1 associated with the Slack-Phactrl complex were, however, also increased compared to
those for Slack alone (by 48 + 11%, n=4, paired ratio t-test, p=0.0119). These results
indicate that the association of actin with the channel absolutely requires Phactrl, while
Phactrl may target PP1 to select sites on the C-terminus of the channel but that some PP1
also binds the channel independently.

Slack currents are suppressed by overexpression of Phactrl

To investigate the functional effects of the interaction between Phactrl and Slack channels,
we carried out whole-cell patch clamp to measure macroscopic Slack currents in the
presence and absence of Phactrl. HEK293T cells were transiently co-transfected with Slack-
mCherry and GFP or with Slack-mCherry and GFP-Phactrl. We found that currents were
significantly lower at all test potentials in cells co-expressing Phactrl and Slack compared to
those co-expressing GFP with the channel. Representative current traces with and without
Phactrl are shown in Fig. 2A. Current-voltage plots show that Phactrl suppresses Slack
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currents at all test potentials (Fig. 2B). The mean maximal current density attained during
300 ms command pulses to +80 mV (nA/pF) was reduced by over 50% in cells
overexpressing Phactrl (Fig.2C, 0.47 = 0.11 nA/pF, n=12 for Slack vs 0.22 + 0.06 nA/pF for
Slack-Phactrl, n=12; unpaired t-test, p= 0.03).

Slack channel regulation by Phactrl requires residue serine 407

Previous work using site-directed mutagenesis combined with patch-clamp recordings has
demonstrated that the amplitude of Slack current is regulated by PKC phosphorylation of
Slack residue S407, located in the linker region between the membrane-spanning domains
and the cytoplasmic C-terminal RCK1 (regulator of conductance of K*) domain (11).
Application of PKC activators such as TPA (12-O-Tetradecanoylphorbol-13-acetate) to cells
expressing wild type Slack channels leads to a 2-3 fold increase in current amplitude, but
these activators have no effect on current amplitude in cells that express channels in which
this serine has been mutated to an alanine (4, 11). Moreover, the stimulation of Slack
channels by TPA has been shown to dissociate Phactrl from the channel complex (4).

Because Phactrl is a phosphatase-binding protein, we tested whether its effects on Slack
current amplitude could be mediated by phosphorylation at the S407 site. HEK293T cells
were transiently transfected with Slack-mCherry and GFP or with Slack-mCherry and GFP-
Phactrl and treated with TPA (200 nM) or the carrier medium DMSO (0.2%) for at least 30
minutes before recordings were performed (Fig.3 A-C). In agreement with previous studies,
stimulation of Slack channels with TPA in the absence of overexpressed Phactrl increased
current amplitude almost three-fold (0.4316 * .06 nA/pF, n = 14 for DMSO vs. 1.17 £ 0.21
nA/pF, n = 10 for TPA, Mann-Whitney test, p = 0.01; Fig. 3 A-C).

TPA also increased current amplitude in cells co-expressing Slack with Phactrl, but only
restored current levels to those observed in the absence of Phactrl (0.43 £ .07 nA/pF, n = 14
for GFP with DMSO vs. 0.18 £ 0.05 nA/pF, n = 16 for GFP-Phactrl with DMSO vs. 0.45

+ 0.08 nA/pF for GFP-Phactrl with TPA, n =9, ANOVA, post hoc Tukey’s multiple
comparisons test, P =0.01; Fig.3 A-C). These findings indicate that Phactrl reduces the
efficacy of TPA to increase current amplitude, consistent with the hypothesis that Phactrl
and PKC act antagonistically.

We further explored the interaction of Phactrl with Slack channels by investigating the
actions of Phactrl on channels in which this serine was mutated to an alanine, eliminating
the ability of PKC to enhance current amplitude (11). HEK293T cells were transiently
transfected with SlackS407A-IRES and GFP or with SlackS#07A-IRES and GFP-Phactrl.
These cells were then treated with TPA (200 nM) or control solution (DMSO, 0.2%) (Fig.4
A-C). Consistent with previous studies (11) treatment with TPA had no effect on the
amplitude of S407A Slack currents (0.12 + .02 nA/pF, n = 11 for DMSO vs. 0.09 £ 0.01
nA/pF, n =5 for TPA, One-way ANOVA (Kruskal-Wallis) test, p = 0.9; Fig.4 A-C).
Moreover, co-expression of Phactrl with S407A Slack channels had no effect on current
amplitude (0.12 + .02 nA/pF, n = 11 for SlackS407A vs. 0.09 + 0.01 nA/pF, n = 11 for
Slack407A + Phactr1, One-way ANOVA (Kruskal-Wallis), p = 0.9; Fig.4 A-C). When TPA
was applied to cells co-expressing S407A Slack with Phactrl, we observed a significant
decrease in current amplitude, rather than an increase as occurs for wild type channels (Fig.4
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A-C; 0.12 + .02 nA/pF, n = 11 for Slack+Phactrl in DMSO vs. 0.03 £ 0.01 nA/pF, n = 8 for
SlackS407A+Phactrl with 200 nM TPA, One-way ANOVA (Kruskal-Wallis), p = 0.018).
This suggests that, in the absence of the S407 regulatory phospho-site, TPA triggers other
secondary mechanisms that suppress rather than activate Slack currents.

Recruitment of PP1 by Phactrl suppresses Slack current

It has been shown previously that a mutation in Phactr4 that converts an arginine to proline
in the conserved C-terminal PP1-binding domain (R650P), also termed the Phactr4humdy
mutation, abolishes the interaction of Phactr4 with PP1 but does not affect its binding to
actin (34, 40). We used a construct with the corresponding mutation in Phactrl
(Phactr1umdy/R536R) to test whether the ability of Phactrl to suppress Slack currents
required PP1 binding. Whole-cell patch clamp currents were recorded in HEK293T cells
that were transiently co-transfected with Slack-mCherry and GFP or with Slack-mCherry
and Phactr1"umdy_ Representative current traces, current-voltage relationships, and bar
graphs for maximal current density show that Phactr1h'mdY does not suppress Slack current
(Fig.5 A-C). There was no significant difference in current density between Slack channels
alone vs Slack-Phactr1'umdy (0.25+0.04 nA/pF, n=6 for Slack vs 0.30+0.057 nA/pF for
Slack-Phactrl, n=6; unpaired t-test, p= 0.1). These results indicate that recruitment of PP1
by Phactrl is essential for suppressing Slack current.

DISCUSSION

Mutations in the human S/ack gene result in several conditions in which early onset epilepsy
is linked to severe intellectual disability (5). These mutations produce between two- and
fifteen-fold increases in Slack current in heterologous expression systems (5-7, 11, 17, 41)
as well as in human IPS cell-derived neurons (10). The amplitude of Slack currents has also
been shown to be regulated by direct phosphorylation of a serine residue, S407, in the
cytoplasmic C-terminal domain. Phosphorylation of this site by protein kinase C leads to
rapid increases in Slack current amplitude (11, 42). For some of the disease-causing
mutations, it has been shown that they behave as channels that are constitutively
phosphorylated at this site (11).

One of the mechanisms that has been proposed to explain how mutations lead to neuronal
dysfunction is an alteration in the interactions of Slack channels with its cytoplasmic binding
partners (5) (43). In addition to Phactrl, a number of other proteins have been identified as
Slack-interacting binding partners of Slack channels including FMRP, PSD95, CYFIP1 and
TMEM16C (4, 44, 45). Thus far, however, only for Phactrl is there direct evidence that
these interactions are altered in disease-causing Slack mutant channels (4). Phactrl is an
ancillary protein of the Slack channel which was first identified as a binding partner by
yeast-two hybrid assay (4). This protein is a member of the phosphatase and actin regulator
family of proteins, which are highly expressed in the central nervous system and at lower
levels also in heart, lung, kidney and testis (27, 28, 46, 47). A number of disorders such as
traumatic brain injury, migraine, and myocardial infarction are related to malfunction of
Phactrl (28, 46, 47). Furthermore, Phactrl mutations have been implicated in intellectual
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disability, most likely because these mutations alter the binding of PP1 and actin (27, 29,
30).

We have found that the interaction of Slack with Phactrl regulates the amplitude of Slack
currents. Phactrl can be co-localized with the channel in primary cortical neurons (Fig.1 A-
B). Co-immunoprecipitation experiments showed that the binding of Phactrl to Slack
channels recruits both actin and PP1 to the channel complex (Fig.1). While the binding of
Phactrl appears to be an absolute requirement for the association of actin with the Slack
complex, significant binding of PP1 was observed without co-expression with Phactrl.
Although we cannot eliminate the possibility that the binding of PP1 is mediated by lower
levels of endogenous Phactrl in the cells, it is also possible that the cytoplasmic C-terminal
domain of Slack channels binds PP1 independently of Phactrl. Consistent with this notion,
there are three consensus VxF motifs for PP1 binding in this region, as has been found for
cytoplasmic domains of other potassium channels that interact with this phosphatase (48).

Two lines of evidence strongly suggest that the suppression of Slack currents under basal
conditions by Phactrl is dependent on its ability to recruit PP1, and involves
dephosphorylation of Slack serine 407 (11) (Figure 6A). First, expression of Phactrl had no
effect on SlackS407A channels, which cannot be phosphorylated at this site. Second,
expression of a Phactrl mutant (Phactr1himdY) that can bind actin but cannot bind PP1 had
no effect on Slack current under basal conditions. These observations suggest that phospho-
S407 might be a direct target for dephosphorylation by PP1 which is linked to Phactrl. Two
other findings suggest, however, that the interaction of Phactrl with Slack channel could be
more complex than simply acting as an adaptor that targets PP1 to S407. First, the protein
sequence surrounding S407 does not resemble the optimal sites for dephosphorylation by the
Phactr1/PP1 complex (32). Secondly, current of SlackS407A channel is suppressed rather
than enhanced by TPA, selectively in the presence of Phactrl. This finding suggests that,
when all four Slack subunits are fully dephosphorylated at S407, the interaction of Phactrl
with the channel recruits a second, PKC-dependent, mechanism to further suppress Slack
currents (Figure 6B). The nature of this process is not known but could involve the binding
of actin and/or dephosphorylation of additional sites on the channel to reduce current by
altering channel gating or removing channels from the plasma membrane.

We suggest that the normal suppression of Slack currents by its interaction with Phactrl may
be reduced or missing in human mutant Slack channels that produce early onset epilepsy and
intellectual disability. This is consistent with three findings: i) most of disease-causing
mutations are gain-of-function channel mutations that increase potassium current (6, 7, 11,
17), (but see reference 19), ii) some of these mutations have been found to act as if they are
constitutively phosphorylated (11), and iii) Slack-Phactrl interactions have been found to be
abnormal in these mutations (4). Thus, the Slack-Phactrl interaction may represent a target
for developing novel therapeutics toward these devastating diseases.
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Fli)gure 1. Actin and PP1 can be immunoprecipitated using the Slack-Phactrl interaction as
“bait”.

A: Representative confocal images showing colocalization of Slack (green) and Phactrl
(red) in a primary cortical neuron. B: Representative example of Slack (green) and Phactrl
(red) immunofluorescence line scans in a cortical neuron (left panel) and scattergram
showing the correlation of Slack and Phactrl immunofluorescence (right panel). C:
HEK293T cells were transiently transfected either with Slack-GFP or with Slack-GFP and
the GFP-Phactrl construct. Co-immunoprecipitation was performed using anti-Slack
antibodies followed by western blotting with anti-Slack, anti-Phactrl, anti-actin or anti-PP1
antibodies. D-F: Densitometry analysis of Phactrl, actin, and PP1 in immunoprecipitates.
Data are shown as mean + SEM; *p < 0.05
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Figure 2. Phactrl suppresses Slack current.
A: Representative traces were recorded from HEK293T cells transiently expressing Slack-

mCherry with either GFP or GFP-Phactrl. B: Current-Voltage relationship. C: Bar graph
summary of maximal current amplitude attained during 300 msec command pulses to +80
mV. Data are shown as mean + SEM; *p < 0.05.
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Figure 3. Stimulation of Slack by PKC enhances current.

Slack-mCherry Slack-mCherry
+ +
GFP GFP-Phactr1

A: Representative traces were recorded from HEK293T cells transiently expressing Slack-
mCherry and GFP (DMSO, black), or Slack-mCherry and GFP (TPA, red) or Slack-
mCherry and GFP-Phactrl (DMSO, blue) or Slack-mCherry and GFP-Phactrl (TPA, green)
in response to voltage steps from —100 mV to +80 mV from a holding potential of -80 mV
(protocol in inset). Cells were incubated either with 0.2% DMSO or 200 nM TPA in
extracellular solution for 30 min before recordings were performed. B: Current-\Voltage
relationship of Slack current from the groups labeled in Panel A. C: Bar graphs representing
maximal current densities measured at + 80 mV in individual cells HEK293T cells
expressing the constructs described above. Data are shown as mean + SEM; **p < 0.01.
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Figure 4. Phactrl regulates Slack channels phosphorylation at the S407 site.
A: Representative traces were recorded from HEK293T cells transiently expressing

SlackS407A.mCherry (DMSO, black) or SlackS*07A-mCherry (TPA, red) or SlackS407A.
mCherry and Phactrl (DMSO, blue) or SlackS407A-mCherry and Phactrl (TPA, green) in
response to voltage steps from —100 mV to +80 mV from a holding potential of -80 mV.
Cells were incubated either with 0.2% DMSO or 200 nM TPA in extracellular solution for
30 min before recordings were begun. B: Current-Voltage relationship of Slack current from
groups mentioned in Panel A. C: Bar graphs representing maximal current densities
measured at + 80 mV in individual cells HEK293T cells expressing the constructs labeled in
Panel A. Data are shown as mean + SEM; *p < 0.05.
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Figure 5. Phactr1humdy (R536P) does not suppress Slack currents.
A: Representative traces were recorded from HEK293T cells transiently expressing Slack-

mCherry or Slack-mCherry with Phactr1HUmdY in response to voltage steps from =100 mV
to +80 mV from a holding potential of —80 mV. B: Current-Voltage relationship of Slack
current in the two groups. C: Bar graphs representing maximal current densities measured
during 300 msec command pulses to+ 80 mV in individual cells HEK293T cells expressing
the constructs mentioned in Panel A. Data are shown as mean + SEM.
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Figure 6. Potential modes of regulation of Slack channels by Phactr1.
A. In wild type Slack channels, activation of PKC causes phosphorylation of serine 407,

enhancing Slack channel activity. Binding of Phactrl recruits PP1 to the channel complex,
resulting in either direct or indirect dephosphorylation of serine 407 and reversal of PKC
enhancement of channel activity. Published work indicates that Phactrl dissociates from the
channel complex after phosphorylation of S407 (4). B. In S407A channels, which cannot be
phosphorylated at this site, PKC has no effect on channel activity. In this condition, which
mimics that of channels in which all four subunits are dephosphorylated at S407, recruitment
of Phactrl acts through a second independent mechanism to further suppress channel
activity.
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