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Progress in sodium channelopathies and biological
functions of voltage-gated sodium channel blockers

Hongyan Wang, Meng Gou, Rong Xiao, and Qingwei Li
College of Life Science, Liaoning Normal University, Dalian 116081, Liaoning, China

Abstract: Voltage-gated sodium channels (VGSCs), which are widely distributed in the excitable cells, are the primary
mediators of electrical signal amplification and propagation. They play important roles in the excitative conduction of the
neurons and cardiac muscle cells. The abnormalities of the structures and functions of VGSCs can change the excitability of
the cells, resulting in a variety of diseases such as neuropathic pain, epilepsy and arrhythmia. At present, some
voltage-gated sodium channel blockers are used for treating those diseases. In the recent years, several neurotoxins have
been purified from the venom of the animals, which could inhibit the current of the voltage-gated sodium channels. Usually,
these neurotoxins are compounds or small peptides that have been further designed and modified for targeted drugs of
sodium channelopathies in the clinical treatment. In addition, a novel cysteine-rich secretory protein (CRBGP) has been
isolated and purified from the buccal gland of the lampreys (Lampetra japonica), and it could inhibit the Na" current of the
hippocampus and dorsal root neurons for the first time. In the present study, the progress of the sodium channelopathies and
the biological functions of voltage-gated sodium channel blockers are analyzed and summarized.

Keywords: voltage-gated sodium channel, sodium channelopathies, voltage-gated sodium channel blockers, neurotoxins,
cysteine-rich secretory proteins, lampreys
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[25]

3 2 4
(u- pO- 6- i-conotoxins)
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[24] 6
(Conotoxins) p-Conotoxins
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Shon p-Conotoxins

cjb@im.ac.cn



882 ISSN 1000-3061

CN 11-1998/Q Chin J Biotech June 25,2014 Vol.30 No.6

F1 p-FESERWEFBEBEMEF

Table 1

Sodium channel blockers of p-conotoxins

L-conotoxins

Residue number

VGSC subtypes (ICsq) Amino acid sequence of p-conotoxins

PITIA

TIIIA

GIITA

KIITA

SIITA

SmIIIA

CIITA

MIIIA

CnllITA

CnlIIB

SIIIB

GIIIB
GIIIC

CnlIIC

22

22

22

16

20

22

22

22

22

25

20

22
22

22

Nav.1.3 (3.2 umol/L)

Nav.1.7 (3.1—6.2 pmol/L)

Nav.1.3 (50.0 nmol/L) RHGCCKGPKGCSSRECRPQHCC
Nav.1.7 (Insensitive to 3.0 umol/L)

Nav.1.8 (Insensitive to 3.0 pumol/L)

ZRLCCGFOKSCRSRQCKOHRCC

N.D. RDCCTOOKKCKDRQCKOQRCCA
Nav.1.3 (8.0 umol/L) CCNCSSKWCRDHSRCCX

Nav.1.7 (100.0—290.0 nmol/L)

Nav.1.3 (11.0 umol/L) ZNCCNGGCSSKWCRDHARCC

Nav.1.7 (65.0 pmol/L)
Nav.1.8 (insensitive to 10.0 umol/L)

Nav.1.3 (40.0 nmol/L) ZRCCNGRRGCSSRWCRDHSRCC
Nav.1.7 (1.3 pmol/L)

N.D. GRCCEGPNGCSSRWCKDHARCC
Nav.1.3 (7.7 nmol/L) QGCCNVPNGCSGRWCRDHAQCC
Nav.1.7 (97.0 pmol/L)

Nav.1.3 (11.0 pmol/L) GRCCDVPNACSGRWCRDHAQCC
Nav.1.7 (N.D.)

Nav.1.8 (N.D.)

Nav.1.3 (N.D.) QGCCGEPNLCFTRWCRNNARCCRQQ
Nav.1.7 (N.D.)

Nav.1.8 (N.D.)

Nav.1.3 (N.D.) QNCCNGGCSSKWCKGHARCC
Nav.1.7 (N.D.)

Nav.1.8 (N.D.)

N.D. RDCCTOORKCKDRRCKOMKCCA
N.D. RDCCTOOKKCKDRRCKOLKCCA
Nav.1.3 (N.D.)

Nav.1.7 (489.0 nmol/L) QGCCNGPKGCSSKWCRDHARCC

Nav.1.8 (Insensitive to 1.0 pmol/L)

N.D.: not determined. The cysteins that form disulfide bridges are bold and marked with different underlines.
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PIIIA ( (TTX-S)
Conus purpurascens) (TTX-R) [28]
Rana pipiens 2011  Wilson KIIIA (
Wistar Wistar rats Conus kinoshitai) SIITA ( Conus
26271 2007  Lewis TIIA  striatus) SmlIIIA ( T i Conus
Conus tulipa) GIIIA ( stercusmuscarum) CIIIA ( Conus
Conus geographus) cactus) MIIIA ( Conus magus)
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CnlIIA/B ( Conus consors)
TTX-R
KIITA SIITA
SIITA
PEG-SIIIA! KIIIA
N- 1-4
(D p-Conotoxins C-
N-
p-Conotoxins 2012
Schroeder SIITA SIIIB  N-
SIITA  SIIIB  Navl.4 (
) Navl.2 (
) Navl.2
Navl.4 C-
N-

[30]

F2 pO-FESRERWEFBEEMSF
Table 2 Sodium channel blockers of pO-conotoxins

pO-conotoxins 28-32
6 5
pO-conotoxins (MrVIA MrVIB MIf{VIA LtVIA
LtVIC) ( 2
Conus marmoreus MrVIA
TTX-R

TTX-S

MrVIB
(Nav1.8)
MrVIA  MrVIB

MrVIB
[31]

30
MrVIB
CGX-1002
MfVIA  MrVIB
TTX-R

Conus magnificus

TTX-S
Navl.8  Navl.4™ 2007-2008
LtVIA  LtVIC (

litteratus)

Wang
Conus

[33-34]

pO-conotoxins  Residue number

VGSC subtypes (ICs)

Amino acid sequence of pO-conotoxins

Nav.1.7 (2 317-5 491 nmol/L)

ACRKKWEYCIVPIIGFIYCCPGLICGPFVCV

ACSKKWEYCIVPILGFVYCCPGLICGPFVCV

RDCQEKWEYCIVPILGFVYCCPGLICGPFVCV

GECLGWSNYCTSHSICCSGECILSYCDIW

MrVIA 31 Nav.1.8 (529 nmol/L)
MrVIB 31 Nav.1.3 (1 pmol/L)
Nav.1.7 (345 nmol/L)
Nav.1.8 (1-326 nmol/L)
MIVIA 32 Nav.1.3 (2 175 nmol/L)
Nav.1.7 (2 3175 491 nmol/L)
Nav.1.8 (529 nmol/L)
LtVIIA 29 N.D.
LtVIC 28 N.D.

WPCKVAGSPCGLVSECCGTCNVLRNRCV

N.D.: not determined. The cysteins that form disulfide bridges are bold and marked with different underlines.
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3.2.2 BT 2006
Bosmans Phrixotrichus auratus
1
B-TRTX-Psla (Phrixotoxin-3)
B-TRTX-Psla Xenopus laevis
Navl.l Navl.2 Navl.4 Navl.5 (3]
Ornithoctonus huwena
p-TRTX-Hh2a (Huwentoxin-4)
13 Ornithoctonus  hainana u-TRTX-Hhnlb
(Hainantoxin-IV)
12 TTX-S p-TRTX-Hh2a
NaSpTx family 1-NaSpTx family 12 (Spider toxins 4 ( DIl
that target Na' channel family)m] NaSpTx S1-S2 S3—-S4 [14])
family 1-3 NaSpTx family 5  NaSpTx family 7-9 TTX-S (39)
p-TRTX-Hhnlb 1
( 3) NaSpTx family 1 4] NaSpTx family 1
(Inhibitor 4 TTX-S
cystine knot, ICK)
12 NaSpTx family 2
(Prialt™) Theraphosidae 33-41
Thrixopelma
pruriens B/o-TRTX-Tpla (Protoxin 1)
NaSpTx family 1 (HEK293) Navl.7
Theraphosidae 33-35 Middleton  Priest
Ornithoctonus huwena B/o-TRTX-Tpla  Navl.7
WoTRTX-Hhla (Huwentoxin-1) 2006 Bosmans
Periplaneta americana Phrixotrichus auratus
[36] 1
WoTRTX-Hhla B-TRTX-Cm2a (Ceratotoxin-3)
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Navl.5
Navl.8 B-TRTX-Cm2a  Navl.§8
2 umol/L B-TRTX-Cm2a
Navl.8 45%
Chilobrachys jingzhao
p-TRTX-Cjla (Jingzhaotoxin-34)
TTX-S
NaSpTx family 2 3
(Navl.7 Navl.8)

NaSpTx family 3
Tarantula 29-32
Thrixopelma pruriens

B/o-TRTX-Tp2a (Protoxin 1II)

Grammostola rosea B-TRTX-Grlb
(GsAF 1) Navl.7
B/o-TRTX-Tp2a
1Cs 0.3 nmol/L
Navl.7 (1
NaSpTx
family 3 2
Navl.7 Navl.7

(Navl.7-selective analgesics)

NaSpTx family 5 2
Hexathelid ,
28 29 2007
Macrothele gigas
B-HXTX-Mgla (Magi-5)
Navl.2
4 Navl.2

Corzo

(<15%)1%

NaSpTx family 7
Theraphosid
33-36 Xiao  Rong
Chilobrachys jing-zhao
-TRTX-Cjla (Jingzhaotoxin-1)  P/k -TRTX-Cjla

(Jingzhaotoxin-3) Navl.5
Xiao -TRTX-Cjla
3 ( DIV S3 S4
[14])

Navl.5 I

B/k-TRTX-Cjla 4
Navl.5 [l
NaSpTx family 7
2
Rodriguez de la Vega NaSpTx family
8 3 u-CNTX-Pnla (PhTx1)
Us-CNTX-Pkla (PKTx1A) Us-CNTX-Pklb
(PKTx1B) 79 78 78
Ctenid

NaSpTx family 3
NaSpTx family 8 7 ( 3

2006 Martin-Moutot
Phoneutria nigriventer
u-CNTX-Pnla (PhTx1)

1

Chinese hamster ovary cells

Nav1.2 [43] NaSpTx
family 8 3
NaSpTx family 9 2
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Heriaeus melloteei 1 000
p-TMTX-Hmela (Hm-1)
p-TMTX-Hmelb (Hm-2) 37 40
pu-TMTX-Hmela  p-TMTX-Hmelb
Navl.2 Navl.4
Navl.5 Navl.6 pu-TMTX-Hmelb

Navl.5 [46]

0.01%

R3 MRS RNE T EEMNHF

Table 3 Sodium channel blockers of spider toxins

Spider toxins Ii:rsnljlg X I;EIS;?;: VGSC subtypes (ICsg, nmol/L) Amino acid sequence of spider toxins
ACKGVFDACTPGKNECCPNRVC
WoTRTX-Hhla 1 33 TTX-S (66.1£5.2 ) SDKHKWCKWKL
B-TRTX-Psla 1 34 Nav.1.1 (610+63.0) DCLGFLWKCNPSNDKCCRPNLV
Nav.1.2 (0.6+0.1) CSRKDKWCKYQI
Nayv.1.4 (288+58.0)
Nav.1.5 (72.0)
p-TRTX-Hh2a 1 33 TTX-S (30.0) GCKGFGDSCTPGKNECCPNYAC
SSKHKWCKVYL
p-TRTX-Hhnlb 1 33 TTX-S (34.0) ACKGVFGACTPGKNECCPNRVC
SDKHKWCKWKL
B/o-TRTX-Tpla 2 35 Nav.1.7 (51.0) ECRYWLGGCSAGQTCCKHLVC
SRRHGWCVWDGTES
B-TRTX-Cm2a 2 39 Nav.1.5 (447.0) GVDKEGCRKLLGGCTIDDDCCP
Nav.1.8 (N.D.) HLGCNKKYWHCGWDGTF
p-TRTX-Cjla 2 35 TTX-S (85.0) ACREWLGGCSKDADCCAHLEC
RKKWPYHCVWDWTV
B/o-TRTX-Tp2a 3 30 Nav.1.2 (41.0) YCQKWMWTCDSERKCCEGMV
Nav.1.5 (79.0) CRLWCKKKLW
Nav.1.7 (0.3)
B-TRTX-Grlb 3 29 Nav.1.7 (350.0) YCQKWLWTCDSERKCCEDMVC
RLWCKKRL
B-HXTX-Mgla 5 29 Nav.1.2 (N.D.) GCKLTFWKCKNKKECCGWNAC
ALGICMPR
-TRTX-Cjla 7 33 Nav.1.5 (32.0) ACGQFWWKCGEGKPPCCANFA
CKIGLYLCIWSP
p/k -TRTX-Cjla 7 36 Nav.1.5 (350.0) DGECGGFWWKCGRGKPPCCKG
YACSKTWGWCAVEAP
p-CNTX-Pnla 8 79 Nav.1.2 (N.D.) AELTSCFPVGHECDGDASNCNC
CGDDVYCGCGWGRWNCKCKV
ADQSYAYGCKDKVNCPNRHLWP
AKVCKKPCRRNCGG
u-TMTX-Hmela 9 37 Nav.1.2, Nav.1.4, Nav.1.5 GCIPYGKTCEFWSGPWCCAGKC
(150.0-500.0) KLNVWSMTLSCTRNF
p-TMTX-Hmelb 9 40 Nav.1.2, Nav.1.4 (150.0-500.0) GCIPSFGECAWFSGESCCTGICK
WVFFTSKFMCRRVWGKD

N.D.: not determined. The cysteins that form disulfide bridges are bold and marked with different underlines.
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3.3 LuReg

secretory protein CRISP)

cysteine-rich

1- MF
31- L D
61 - L K
91- T W
121- WY
151- Y K
181- A G
211- T N

AERESFEMEBR S DEB Ablomin

(Cysteine-rich (60%) 16

Q)
20-30 kDa Lj-CRBGP
Cys
CRISP 48] Xiao <« i
B71°2009  Xiao Lj-CRBGP
Lampetra japonica
(Lampetra japonica
buccal gland protein Lj-CRBGP)

Signal peptide |
TNLVTPAALALVFMASVVAATSVNDWEKTL -30
TKLSANRDIKVYVI VDVHELRRGVVPTASNM-60
MAYNEQAAETSRLWAAAJESFSHSPSNTR-%
KTPQAEWDJJGENLTFMSSNPRSWDEAVRS -120
DEVTSPGFQYGTGAVGP GAVGHYTOQVV W-15
SHQVGHAVNYJPNHPGALKTFTLYVJ@HYJEP -18

PR-1 |
NL VTR RI NKPYDLGTP.QA.PHS.DNNL.-ZIO
PP Y VD QF S NJ@P QL F S AHGBANDGAGGT -240

CRD

241- F vQTNJgPr AT@s@TTD

® 5 HAt

B EE

=ity =32,

CRBGP S &5 R EZ &

|

vV Q -257

Fig. 5 Amino acid sequences and domains of CRBGP of Lampetra japonica. Signal peptide (1-22): guiding the
protein transfers across the cell membrane; PR—1 domain (23-192): Determine the diversity of the function of the
protein; CRD domain (193-257): relate to the activity of ion channel. The grey boxes are representative of cysteine

residues.
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