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Cardiac Sodiwm Channel

Cardiac sodium channel Cardiac Action Potential



Na,1.5 : a subunit eff(GaddiacSSddionClaame |
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Encoded by SCN5A gene at 3p21

4 homologous domains each with 6 transmembrane segments

3 intracellular loops

Fourfold symmetric arrangement



Na, 1.5 associated Protairs
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a) biophysical properties
b) biochemical properties

. interaction with actin / ECM COOH

Rook MB et a/ Cardiovasc Res., 2012
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. interaction with actin / ECM COOH
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Cardiac Sodium
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SCN5A Mutations Associated
with an Inherited Cardiac Arrhythmia,
Long QT Syndrome
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Discovery of the First Gene for

Brugada Syndrome
Qiuyun Chen et al. 1998, Nature 392:293-6

Nature 1998;392:293-296

Genetic basis and molecular
mechanism for idiopathic
ventricular fibrillation

Qiuyun Chen*t, Glenn E. Kirschi;, Danmei Zhang*,
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Domenico Potenza, Angel Moya“, Martin Borggrele*,
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DINA sequence analyses to identify muzations in known ion channel

gengs, including the cardiac sodium channel gene SCN3A. Two |

aberrant 8SCP conformers were idertified in 2l affected members

in family K003, one in exon 21 of SCN5A (data not shown) and the |
other ir: exon 28 (Fig. 1a, b)". Neither of the SSCP anvmalies was |

seen in unaffected individuals (Fig. 1h) ar in DNA samples from
moré than 150 control individuals |data not shown). DNA sequence
analysis revealed two C-to-T base substitutions, one in exon 21 and
the ather in exon 23 (Fig. 1¢); these mutations lead to substitution
ol an arginine by a tryptophan at codon 1,232 (represented as
R1232W; data not shown), which lies in the extraczllular loop
between transmembrane segments 51 and 52 of domain I1I, and to
substitution of  highly conserved threonine by a methionine at
codon 1,620 (T1620M; Fig. 1¢) in the extracellular loop berween §3
and 54 of domain IV, Studies with sodium-channel-specific toxins
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Cardiac Sodium Channelopathies

Gain of Function (Increased |, increased late |,
Long QT syndrome

SCNS5A: cardiac sodium channel a5
CAV3: caveolin 3
SCN4B: b4 subunit of Ngl.5
SNTAL: al-syntrophin
Loss of Functions (Decreased,”

Brugada Syndrome (BrS)
SCNS5A: cardiac sodium channel a5
MOGL1: Navl.5 regulatory protein
GPDI1L.: glycerot3-phosphate dehydrogenase like peptide
SCN1B: b1 subunit of Ngl.5
SCN3B: b1l subunit of Ngl.5
SCN10A:sodium channel NaA.8



Cardiac Sodium Channelopathies
Loss of Functions (Decreasgd’|

A\
A Sick Sinus Syndrome (SSS) |
i SCNS5A LIS -
A Idiopathic Ventricular Fibrillation (IVF) Aot o e
i SCN5A :c-:m%i | -
i SCN3B (H L
A Cardiac Conduction Defects (CCC) WP
u SCNSA ‘
A Dilated Cardiomyopathy (DCM)
u SCNSA

A Atrial Fibrillation

Note the thin left ventricular wall (LVW), dilated LV chamber,

U S C N 5 A and depiction of decreased forward blood flow with DCM.
u SCNI1B G e
J. Atrial B 5 N et e T e s st t
U SCNZB fibrillation I l} HHH T , HH n| 1 S I
AV AN e A e s e
i SCN3B Impulses take | T R
chaotic, random it f?_ggaf,sﬂ'bf?!!?.'.i?ﬂi FtitiiFine fibrillation iy

i SCN4B pathways in atria s i

/ Baseline coarsely or finely irregular; P waves absent.
/ Ventricular response (QRS) irregular, slow or rapid




Cardiac Sodium Channelopathies

A Genetic discoveries have revolutionized the diagnosis
of cardiac sodium channelopathies

A Commercial genetic testing and counseling are
available

A Genespecific therapy was developed for LQT3
(sodium channel blockers)

Key remaining Issue?

No effective drug therapy iIs available for other sodium
channelopathies



Brugada Syndrome

A Defective Na, 1.5 (Gene
SCNb5A);

A Most common, account

for 15-30% BrS patients;

A Over 300 mutations
have been identified;

A Loss-of-function
mutations (reduced Ina)

A Implantation of a
defibrillator (ICD)

A No medication available
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Sick Sinus Syndrome

A Defective Na, 1.5 Degrees of SA block
(Gene SCN5A); e e

A LOSS-Qf-fu nction _‘/\A\.f—“/\/\ﬁ“/\/\/_ﬂ\f* i ogee SAtlock
mutations (reduced |

/\,f\ /\/ / N'fllll Second De?ree SA Block Type land Il
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A No effective drug asdinadiaals
therapy M A A msoegesason

I B Delay fror SA impulse
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What to do next?

--Explore molecular mechanisms

--Try translational research



Na, 1.5 associated Protairs
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a) biophysical properties -

b) biochemical properties

. interaction with actin / ECM COOH

Rook MB et a/ Cardiovasc Res., 2012




MOG1 (Multttcgpy suyppresssor of GSPI)

A protein required for nuclear-protein import, Moglp, directly

interacts with GTP-Gsplp, the Saccharomyces cerevisiae
Ran homologue

Masaya OKI AND TAKEHARU NISHIMOTO™®

Department of Molecular Biology, Graduate School of Medical Science, Kyushu University, Higashi-ku, Fukuoka 812-8582, Japan

Moglp (24 kD) : yeast ORF YJRO74W

Suppressor of conditional alleles to  gspI(S. cerevisiae Ran
homologue) : rescued temperature -sensitive growth defect

Ran : Ras family GTPase

A nucleo-cytoplasmic transport

A spatiotemporal organization of spindle



MOG1 (Multttcgpy suyppresssor of GSPI)

A protein required for nuclear-protein import, Moglp, directly

interacts with GTP-Gsplp, the Saccharomyces cerevisiae
Ran homologue

Masaya OKI AND TAKEHARU NISHIMOTO™®

Department of Molecular Biology, Graduate School of Medical Science, Kyushu University, Higashi-ku, Fukuoka 812-8582, Japan

Moglp (24 kD) : yeast ORF YJRO74W

Suppressor of conditional alleles to  gspI(S. cerevisiae Ran
homologue) : rescued temperature -sensitive growth defect

Involved in nuclear -protein imports



Mammalian MOGL1 iis a GuanineeNuceotide relkase
faatborfofidr RMAN

Human Mogl : 2 splice variants encoded by MOGIat 17pl13.1

hMOG1a (20 kD) : 29% identity, 47% similarity with scMOG1
hMOG1b (16 kD) : 30% identity, 49% similarity with scMOGL1

MRNA expressed in a variety of tissues
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Mammalian MOGL is a GumineeNusleotide redbase
faatboricfroir RMAN

Human Mogl : 2 splice variants encoded by MOGIat 17pl13.1

hMOG1a (20 kD) : 29% identity, 47% similarity with scMOG1
hMOG1b (16 kD) : 30% identity, 49% similarity with scMOGL1

MRNA expressed in a variety of tissues

Binds to Ran-GTP : regulates nuclear Ran-GTP

Evolutionarily conserved Ran binding protein that could play a
role in regulating nuclear protein trafficking by shuttling
between cytoplasm and nucleus



O~ Cargo protein

.\-\

Cytoplasm

MOG1 Regulates
the Ran Cycle of
Nucleocytoplasmic
Transport

RanGTP-CAS—
importin-c complax




A model for the action of Mogl-related proteins and RanBP1
on guanine nucleotide exchange on Ran

RanBP1
_ _ GTP

(RanGDP) LZ % Lb %

RCC1 RCC1

<_
RanBP1 RanBP1

When RanBP1 is present, Mogl destabilises GDP binding to Ran to forr
transient, nucleotidédee complex. RanBP1 promotes GTP loading by
stabilising the GTRonformation. RCC1 catalyses guanine nucleotide
exchange by increasing the rate at which equilibrium is acheived. Thus,
Mogl and RanBP1 together alter the equilibrium of the reaction to favou
the formation of RaGTP.

Cell Science

Nic>\§s FJetal. JCell Sci 2001;114:3013-3023 js biologists.org



Parrt 1

MOG1 plays a novel physiological role Iin
mammalian cells



MOG1 interaat$switit iNNa,, 1.5

A Novel accessory protein for Na,L5 (yeast 2-hybrid screening)
A Interacts with Na,15 /n vitro | in vivo (GST pull down/ Co-IP)
A Mouse heart : atrial/ ventricular tissues

A Mouse cardiomyocytes : intercalated discs

A Double staining : co-localized with Na,1.5

Cx43 MOG1 Na 1.5
AM
AV< Atrial myocytes

Nuclei MOG1 Nayl1l.5 Overlay

.E.

Wu et al. J. Biol. Chem., 2008 o Ventricular myocytes




MOG1 modulates Sodium Curremit((Zy,)
in HEK293//Nda, 1.5 stablke adlés

Sodium Currents in Whole Cell Patches

Scrambler siMMOG1
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Chakrabarti et a/ Circulation Arrhythmia & Electrophysiol.,, 2013



MOG1 modulates Sodium Curremit((Zy,)
in mouse neonatal cardwmyowyttes

Sodium Currents in Whole Cell Patches

*# p<0.01
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Current Density (pA/pF)

MOG1 Vector Scrambler siMOG1

Chakrabarti et a/ Circulation Arrhythmia & Electrophysiol.,, 2013



MOG1 does not modulate imuairedLL -ty Calaium Cunreani( (Z,,,)
or ttrasgiehd otward Resassiarte duereqt (L;,) iim mouse neonatal

cardimmyocyttes

Scrambler siMOG1 Scrambler siMOG1

scrm 1
siRMA 1

siRNA 1

Effect of MOGL1 is specific for  /,,

Chakrabarti et a/ Circulation Arrhythmia & Electrophysiol., 2013



MOG1 increases Sodium channels on PM

How does MOG1 induce increased sodium current?  Relative Protein Expression on PM
MOG1 :

Na,1.5

A Altering-channel open probability/ unitary conductance
GAPDH

,E Increasing number of available channels on PM

Relative Protein level in PM
(Na,1.5/ GAPDH)

Vector MOG1

Increase in PM sodium channels

Wu et al. J. Biol. Chem., 2008



Summary : Partil

MOGL1 : novel accessory protein for Na,1.5
Expressed in atrial / ventricular tissues : co-localized with Na, 1.5

Increase/ decrease in MOG1 expression : increase/ decrease In
Sodium Current

No effect on Late Sodium Current/ L-type Calcium Current/
transient outward Potassium Current

Modulates sodium current by controling the PM Na,15
expression



Parrt 2

How can MOG1 enhance PM Ngl.5 expression ?



Steeps fiea, 1.5 fromssyrikeisigc & PM

-'2 Vesicle Transport Membrane Fusion
A 9 < 2 D ° o

>

Late
Endosome

Endosome

A Internalization
7

\\//>(//\\//\\ Membrane
Recycling

Endosome

Recycling




MOG1 does not iincrease membiaire SeabititefdfidNag, 1.5

pcDNA

jon PM

A tsA -201 cells : Na,15 and MOGY/

vector

== pcMOG1

A PM stability assay : biotin/avidin

A 3 time points : 3, 6, 9h

o
0
=
D
§
O
o

3 6
Time (hr)

MOG1 does not affect stability
of Na ,1.5 on PM

Chakrabarti et a/ Circulation Arrhythmia & Electrophysiol., 2013



Steeps fiea, 1.5 fromssyrikeisigc & PM

Late
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Early
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Do
Y Membrane

Recycling
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Steaps @f\ea, 1.5 feomgyrikeiigc & PM

Early
Endosome

: / |
v < Membrane

Recycling
Endosome




MOG1 knock down increases Nia, 1.5 accumuliation intm
RER fraestoon in-HEKNBa,1.5 stablke adlts

A HEK293/ Na, 15 stable cells : scrm SiRNA MW
SsiMOG1/ scrambler Na, 1.5 [N 50
A Knockdown of MOG1 expression NN ettt Wesmed 10
iIncreased Na, 15 expression In
RER fraction compared to

control cells

.alnexin) in ER

[
=
i
o
3
W
©
O
o

(Na 1.5/ (

scrm siRNA

Chakrabarti et a/ Circulation Arrhythmia & Electrophysiol., 2013



Summary : Part2
MOG1 does NOT affect Na,15 stability on PM

MOG1 regulates ER export of Na,15

Vesicle Transport, Membrane Fusion
= 9 O ° o

>

Late
Endosome

. Proteasome
T \D adatlon
| gosome
) Y

Early
Endosome

Internalization

J Plasma
v 7y Membrane

Recycling
Endosome

Na,1.5

Recycling



MOGL1 Is Required for Correct Targeting of Navl1.5 to
Caveolae

Caveolae i
waveoiae

§cavs
5 MOG1

2 ,l} I Navl. 5
Rabs™*"




MOGL1 is also presentiimCaveolar ffaaiidion

A Co-loclaizaiton of MOG1l with caveolin-3 Iin rat ventricular
cardiomyocytes

A Detergent -free sucrose gradient (5-45%) : 12 fractions (top - bottom)

A MOG1 co-localized with cavolin-3-rich cavveolar fractions

2 3 4 5 6 7 8 910 11 12




MOG1 knock down altersiNg, 1.5 distritibitibion
in Caveolin microdomains

MOG1 knockdown : redistribution of Na 1.5 from caveolar fractions 6 -8
to non-caveolar fractions

Caveolar Na, 1.5 content : 84.19 + 8.90 % to 52.03 % 9.63 % p<0.05 (n=3)

Fractions: 7 8 9 10 11 12 9 10 11 12

| — —

Na 1.5 - P —

MOG1

Caveolin3

MOG1 knockdown disrupts caveolar localization of Na 1.5

Chakrabarti et al. Circ Arrhythm Electrophysiol, 2013



MOG1 can inwmune pred(pistd d_daeedlini3

A HEK293 cells / Na 1.5/ Caws-GFP/ MOG1
A Immuno-precipitation with anti-MOG1 (anti -GFP,anti-Ca\3 : +ve control)
A Western blot with anti-Caw3

A MOG1 can immuno-precipitate cavolin-3 in heterologous cell system

IP: MOGT1 CAV3
IgG IP IgG IP Input IgG IP

& R~ ‘

SRS '5:.'\!
foEss g

.o

i

WB : Caveolin 3



MOG1 can inwmune pred(pistd d_daeedlini3

A Mouse heart extract
A Immuno-precipitation with anti-MOG1 (anti -Ca\3 : +ve control)
A Western blot with anti-Caw3

A MOG1 can immuno-precipitate cavolin-3 /1 vivo

IP:  MOGI Cav3
IgG Input 1gG IP

@"S

Caveolin 3




Summary : Part 3

MOG1 co-localizes with Na, 1.5 In caveolae

Knockdown of MOG1 leads to re-distribution of

Na, 15 from Cav3-rich fractions to other areas

MOG1 forms a complex with Cav3 in the mouse
heart and in HEK293 cells



Can MOG1 enhance PM expressions / restore
lost sodium currents of trafficking - deficient
mutant Na 1.5 channels ?



Rationale

MOG1 increases PM Na,1.5 expression

Various cardiac arrhythmic syndromes associated with Na,15
trafficking mutants with less/no channels on PM (R282H, P336L,
D1275N, G1743R, R1432G, G1740R, M1766L ¢€)

For Brugada Syndrome patients implantation of an ICD (implantable
cardioverter defibrillator) , for Sick Sinus Syndrome patients

Implantation of pacemakers : painful shocks/ initiate rhythm

disturbances



MOGL1 rescues disrupted PM expression of
pP.D1275N mutant in tsA201 cells

p.D1275N

A Associated with Sick Sinus Syndrome (SSS), Atrial Fibrilation
(AF), Dialated Cardiomyopathy (DCM); atrial arrhythmias, intra -
cardiac conduction defects, strokes

A Located at DIl of Na,L5 (S3)

Chakrabarti et a/ Circulation Arrhythmia & Electrophysiol., 2013



MOGL1 rescues disrupted PM expression of
pP.D1275N mutant in tsA201 cells

p.D1275N

A Associated with Sick Sinus Syndrome (SSS), Atrial Fibrilation
(AF), Dialated Cardiomyopathy (DCM); atrial arrhythmias, intra -
cardiac conduction defects, strokes

A Located at DIl of Na,L5 (S3)
A Reduced /,, : blocking cell surface localization

A Altered channel kinetics

Chakrabarti et a/ Circulation Arrhythmia & Electrophysiol., 2013



MOGL1 rescues disrupted PM expression of
P.D1275N mutant in tsA201 cells

Observations A.
SCN5A : WT D1275N
. MOG1 : - - +
A PM expression of p.D1275N was Nt ) M- 5o
markedly low compared to WT as
1150
reported N-Cadherin
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Chakrabarti et a/ Circulation Arrhythmia & Electrophysiol.,

2013



MOGL1 rescues disrupted PM expression of
P.D1275N mutant in tsA201 cells

Observations

A PM expression of p.D1275N was
markedly low compared to WT as
reported

A Over -expression of MOG1
enhanced PM p.D1275N
expression significantly

A.
SCN5A : WT D1275N

MOG1 : - - +
Na, 1.5 TR s, .50

150
N-Cadherin —— a— —

1 2 3
p > 0.07
*
<0.017
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Chakrabarti et a/ Circulation Arrhythmia & Electrophysiol.,

2013



MOG1 rescues reduced /,, of p.D1275N mutant In
tsA201 cells

A D1275N mutation drastically
reduced the /,, densities

WT -

WT +
D1275N -
D1275N +

Chakrabarti et a/ Circulation Arrhythmia & Electrophysiol., 2013



MOG1 rescues reduced /,, of p.D1275N mutant In
tsA201 cells

A D1275N mutation drastically ' mV_

LS S S N ] o o e S LN

reduced the /,, densities 120 100 80 -6

WT -

WT +
D1275N -
D1275N +

Chakrabarti et a/ Circulation Arrhythmia & Electrophysiol., 2013



MOG1 rescues reduced /,, of p.D1275N mutant In
tsA201 cells

A D1275N mutation drastically ' , mV

reduced the /,, densities 120 -10 A -

A MOGL1fully rescued this defect
WT -

WT +

D1275N -

D1275N +

Chakrabarti et a/ Circulation Arrhythmia & Electrophysiol., 2013



MOG1 rescues reduced /,, of p.D1275N mutant In
tsA201 cells

RcARo AR e

A D1275N mutation drastically ' oV —
420 100 80 60 -W

reduced the /,, densities

A MOGL1fully rescued this defect

WT -

A D1275N shifted activation/ WT +

_ N D1275N -
Inactivation curves (o more +ve BEAE

potentials

A MOG1 did not alter channel kinetics

T [ | ION

CSRWT ‘_}‘;’ z&“m«\‘y&(@!&q‘!’]

n=10
n=10
n=10

P1 P2

n=10

-100 mV%;

50 ms

> -G
SO =

-160 -120 -80 40

Chakrabarti et a/ Circulation Arrhythmia & Electrophysiol., 2013



MOGL1 rescues disrupted PM expression of
P.P336L, p.R282H mutants in tsA201 cells

pP.R282H, p.336L

A Associated with Brugada Syndrome

A Located at DI of Na 1.5




MOGL1 rescues disrupted PM expression of
P.P336L, p.R282H mutants in tsA201 cells

pP.R282H, p.336L

A Associated with Brugada Syndrome

A Located at DI of Na 1.5

A Severe reduction in /,, : defective trafficking of p.R282H
A Similar reduction in /,, for p.P336L : mechanism unknown

A No alteration in channel kinetics



MOGL1 rescues disrupted PM expression of
P.P336L, p.R282H mutants in tsA201 cells

a

1.
0.
0.6
0.
0.

in plasma membrane

Relative protein level
(Na, 1.5/ N-Cadherin)

N

SCNS5A : WT P336L
MOG1 :

- - +
Na15 | M- O ——y
! 250

N-Cadherin | S —— =

Observations

A PM expressions of mutant
channels were
considerably low
compared to WT
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MOGL1 rescues disrupted PM expression of
P.P336L, p.R282H mutants in tsA201 cells

Observations
—-—
A PM expressions of mutant
channels were
P> 0557 considerably low

-
N

*
p <0003

°

compared to WT

1.
0.

e e 2

A Over-expression of MOGI
significantly enhanced PM
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Effects of MOG1 on /,, of BrS mutations

A p.P336L, p.R282 H reduced the peak /,, density by 83-87%

WT - MOG1 WT - MOG1
WT + MOG1 WT + MOG1
P336L - MOG1 R282H - MOG1




