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ShK toxin: history, structure and therapeutic

applications for autoimmune diseases

Shih Chieh Chang,** Saumya Bajaj,! K. George Chandy?

Abstract

Stichodactyla toxin (ShK) is a 35-residue basic peptide from the sea anemone Stichodactyla helianthus that blocks
a number of potassium channels. An analogue of ShK called ShK-186 or Dalazatide is in human trials as a thera-

peutic for autoimmune diseases.

History

Stichodactyla helianthus is a species of sea anemone
(Phylum: Cnidaria) belonging to the family Stichodac-
tylidae. Helianthuscomes from the Greek words Helios
meaning sun, and anthos meaning flower, which corre-
sponds to S. helianthus common name "sun anemone".
It is sessile and uses potent neurotoxins for defense
against its primary predator, the spiny lobster.l! The
venom contains, among other components, numerous
ion channel-blocking peptides. Figure 1 shows key
milestones in the discovery of ShK and its development
into a therapeutic for autoimmune diseases. In 1995, a
group led by Olga Castaneda and Evert Karlsson iso-
lated ShK, a potassium channel-blocking 35-residue
peptide from S. helianthus./! The same year, William
Kem and his collaborator Michael Pennington synthe-
sized and folded ShK, and showed it blocked neuronal
and lymphocyte voltage-dependent potassium chan-
nels.Bl In 1996, Ray Norton determined the three-di-
mensional structure of ShK.[! In 2005-2006, George
Chandy, Christine Beeton and Michael Pennington de-
veloped ShK-170 and ShK-186, selective blockers of
K.1.3.PI6) ShK-186, now called Dalazatide, was ad-
vanced to human trials in 2015-2017 by Shawn ladonato
and Eric Tarcha, as the first-in-man K.1.3 blocker for au-
toimmune disease.!”]
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Structure

ShK is cross-linked by three disulfide bridges: Cys3-
Cys35, Cys12-Cys28, and Cys17-Cys32 (Figure 2). The
solution structure of ShK reveals two short a-helices
comprising residues 14-19 and 21-24; the N-terminal
eight residues adopt an extended conformation, fol-
lowed by a pair of interlocking turns that resemble a 310
helix; the C-terminal Cys35 residue forms a nearly head-
to-tail cyclic structure through a disulfide bond with
Cys3.MEIBIOININZ Figyre 3 shows the three-dimen-
sional structure of ShK with key residues, in addition to
the structures of related peptides: MMP-23's ShK do-
main, BmK1 (from the filarial worm), and ShK-192 (an
analogue of ShK-186), and the homology model of ShK-
EWSS.

Phylogenetic relationships of ShK
and ShK domains

The SMART database at the EMBL, as of May 2018,1**!
lists 3345 protein domains with structural resemblance
to ShK in 1797 proteins (1 to 8 domains/protein), many
in the worm Caenorhabditis elegans and venomous
snakes.[MISIEI7INE] The majority of these domains are
in metallopeptidases, whereas others are in prolyl 4-hy-
droxylases, tyrosinases, peroxidases, oxidoreductases,
or proteins containing epidermal growth factor-like do-
mains, thrombospondin-type repeats, or trypsin-like
serine protease domains F4IILSILEI7IE The only human
proteins containing ShK-like domains are MMP-23 (ma-
trix metalloprotease 23) (Figure 3) and MFAP-2 (micro-
fibril-associated glycoprotein 2).4IL5IEIL7II8)
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H,N-Arg-Ser-Cys-Ile-Asp-Thr-Ile-Pro-Lys-Ser-Arg-Cys-Thr-Ala-Phe-Gln-Cys-Lys-His-Ser-Met-Lys-Tyr-Arg-Leu-Ser-Phe-Cys-Arg-Lys-Thr-Cys-Gly-Thr-Cys-OH

Figure 4 | Schematic diagram of the primary structure of the ShK peptide highlighting the three disulfide (-5-S-) linkages.

EWSS-ShK MMP23-ShK

ShK

Bl ShK-192

Figure 2 | Clockwise from top-left: NMR solution structure of the ShK toxinl*; Two views of the surface representation of ShK
highlighting basic (blue) and acidic (red) residues; NMR structures of ShK-192, BmK1, MMP23-ShK, and homology model of

EWSS-ShK.

Table 1 compares the sequence of ShK with related
peptides from other sea anemones, parasitic worms
and human MMP-23’s ShK domain; conserved resi-
dues are highlighted. Figure 4 shows the sequence
similarity tree of these peptides; the tree was gen-
erated by NCBI's Constraint-based Multiple Align-
ment Tool (COBALT).

Channel targets

The ShK peptide blocks potassium (K*) ion channels
Kv1.1, Kv1.3, Ky1.6, Ki3.2 and Kca3.1 with nanomolar
to picomolar potency, and has no effect on the
HERG (K\11.1) cardiac potassium channel (Table
2).[19120 The neuronal Kv1.1 channel and the T lym-
phocyte Kv1.3 channel are most potently inhibited
by ShK.E]

ShK binding configuration in K* channels

ShK and its analogues are blockers of the channel
pore. They bind to all four subunits in the K* channel
tetramer by interacting with the shallow vestibule
at the outer entrance to the channel pore (Figure
5).PIBICIL2N21[22119] These peptides are anchored in
the external vestibule by two key interactions.

‘§AceK1
AcK1

9 MMP-23 ShK domain

. TpsK1
AceK2
SrK5

2BmK1
AeK
@ Kaliseptine
AsTx
BesTx2
" BgK

#Kappa-stichotoxin-Hmgla
HmK
Aetx-k

t Kappa-thalatoxin-Cad2a, CaK

Kappa-thalatoxin-Tas2a
Kappa-stichotoxin-Sgtda
Shtx-k

ShK
SmK

0.5

Figure 3| Sequence similarity tree between ShK and related peptides
generated with NCBI's Constraint-based Multiple Alignment Tool
(COBALT).
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Table 2 | Sequence comparison of ShK with related peptides from other sea anemones, parasitic worms and human MMP23's

ShK domain.
Toxin Sequence Toxin Name Accession # Species
RSCIDTIPKSRCTAFQ----CKHSMKYRLSF--CRKTCGTC ghK E2S063 Stichodactyla helianthus
RTCIDTIPKSRCTAFQ----CKHSMKYRLSF--CRKTCGTC  Kappa-thalatoxin-Tas2a E25066 Heterodactyla hemprichi
RSCIDTIPQSRCTAFQ----CKHSMKYRLSF--CRKTCGTC  Kappa-stichotoxin-Sgt4a E25061 Stichodactyla gigantea
RTCIDTIPKSRCTAFQ----CKNSMKYRLSF--CRKTCGTC  Kappa-thalatoxin-Cad2a, Cak ~ E2S064, Cryptodendrum adhaesivum
RTCKDLIPVSECTDIR----CRTSMKYRLNL--CRKTCGSC  Kappa-stichotoxin-Hmgla 016846 Heteractis magnifica
RTCKDLMPVSECTDIR----CRTSMKYRLNL--CRKTCGSC HmK AAB97830 Heteractis magn/'ﬁca
RSCIDTIPQSRCTAFQ----CKHSMKYRLSF--CRKTCGTC  Shtx-k AB595205 Stichodactyla haddoni
RACKDYLPKSECTQFR----CRTSMKYKYTN--CKKTCGTC  Aetx-k AB259113 Anemonia erythraea
RSCIDTIPKSRCTAFQ----CKHSMKYRLSF--CRKTCGTC smK AB595206 Stichodactyla mertensii
VCRDWFKETACRHAKSLGNCRTSQKYRAN---CAKTCELC  BgK, Kappa-actitoxin-Bgria P29186 Bunodosoma granuliferum
ACKDGFPTATCQHAKLVGNCKNSQKYRAN---CAKTCGPC  Kappa-actitoxin-Bes3b, BcsTx2  COHJC3 Bunodosoma caissarum
ACIDRFPTGTCKHVKKGGSCKNSQKYRIN---CAKTCGLC  Kappa-actitoxin-Bcs3a, BcsTxl  COHIC2 Bunodosoma caissarum
RNCIDRFPTGTCKQVKKGGSCKNSDKYRMN---CRKTCGLC  U-actitoxin-Avd9a, AvTx1l PODNOO Anemonia viridis
HDCFDSFKEATCHMAKTNRLCKTSAKYQIN-~--CKKTCGLC  U-actitoxin-Avd9od, AvTx8 PODNO3 Anemonia viridis
HDCFDRYREAACTSDNIRLLCKTSAKYQIN---CKKSCGLC  U-actitoxin-Avd9b, AvTx7 PODNO1 Anemonia viridis
RNCFDRFEKGTCKMAKRNGACEWSDKYEMN---CKKTCGLC  U-actitoxin-Avd9c, AvTx PODNO2 Anemonia viridis
GCKDNFSANTCKHVKANNNC-GSQKYATN---CAKTCGKC  Kappa-actitoxin-Aeq4a, AeK P81897 Actinia equina
ACKDNFAAATCKHVKENKNC-GSQKYATN---CAKTCGKC Kaliseptine Q9TWG1 Anemonia sulcata
RECKDNFAAATCKNVKENQNC-GSQKYATN---CAKTCGKC  AsTx ALL34526 Anemonia sulcata
CEDLNAH--CEMWQQLGHCQYSPKYMGHY--CKKACGLC BgmaK1 XM_001897715 Brugia malayi
CEDKHQF --CCFWAYYGECDKNAKFMKSL--CQKSCGTC  TpsK1 FG349967 Trichinella pseudospiralis
CCDKHKS--CAHWAANNECKKNPKWMLAN--CQRSCEVC  3cek?2 CB276250 Ancylostoma ceylanicum
CADEKNFD-CRRSLRNGDCDNDDKLLEMGYYCPVTCGFC  AceK1 CB176310 Ancylostoma ceylanicum
CADEKNFD-CRRSLRNGDCDNDDKLLEMGYYCPVTCGFC  AcK1 DW?718422 Ancylostoma caninum
CVDKNLF--CGYWAKIGECKTESKFMKIF--CKQSCHLC  gyK5 FC810604 Strongyloides ratti
CLDRLFV--CASWARRGFCDARRRLMKRL--CPSSCDFC  MMP-23 ShK domain CAB38176 Homo sapiens

Table 1| ICso values for block of potassium channels by ShK and related peptides. ND = not done.

Channel ShK ShK-186 ShK-192 ShK-EWSS ShK-F6CA ShK-198 MMP-23 ShK domain
(1Cs0) (1Cs0) (1Cs0) (1Cs0) (1Cs0) (1Cs0) (1Cs0)

Kvl.1 16-28 pM  7nM 22nM 5.4 nM 4nM 159 pM 49 uM

Kv1.2 10 nM 48 nM ND >100 nM >100 nM ND >100 pM

Kv1.3 10-16 pM 70 pM 140 pM 34 pM 48 pM 41 pM 2.8uM

Kv1.6 200 pM 18 nM 10.6nM  ND ND ND 400 nM

Kv3.2 5nM 20nM 4.2 nM ND ND ND 49 uM

Kca3.1 30nM 115nM >100nM  >100 nM ND ND >100 uM
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The first is Lys22, which protrudes into
and occludes the channel’s pore like a
"cork in a bottle" and blocks the pas-
sage of potassium ions through the
channel pore (Figures 3 and
5).[Bl2322119 The second is the neigh-
boring Tyr23, which together with
Lys22 forms a “functional dyad” re-
quired for channel block.EIEIR2212I019]
Many K* channel-blocking peptides
contain such a dyad of a lysine and a
neighboring aromatic or aliphatic resi-
due.¥1201 Some  K*channel-blocking
peptides lack the functional dyad, but
even in these peptides a lysine physi-
cally blocks the channel, regardless of
the position of the lysine in the peptide
sequence.?” Additional interactions
anchor ShK and its analogues in the ex-
ternal vestibule and contribute to po-
tency and selectivity.BIPN22BI0For example, Argll
and Arg29 in ShK interact with two Asp386 residues in
adjacent subunits in the mouse Kv1.3 external vestibule
(corresponds to Asp433 in human K,1.3). [BIP1221231019]

ShK analogues that block the Kvi.3 channel

Several ShK analogues have been generated to en-
hance specificity for the Kv1.3 channel over the neu-
ronal Kv1.1 channel and other closely related channels
(Table 2).

ShK-Dap?%: This was the first analogue that showed
some degree of specificity for Kv1.3. The pore-occluding
lysine?2 of ShK is replaced by diaminopropionic acid
(Dap) in ShK-Dap?2.[8122125] Dap is a non-natural lysine
analogue with a shorter side chain length (2.5 A from
Co) than lysine (6.3 A).2%) Dap?? interacts with residues
further out in the external vestibule in contrast to ly-
sine?, which interacts with the channel’s selectivity fil-
ter.22! As a consequence, the orientations of ShK and
ShK-Dap??in the external vestibule are significantly dif-
ferent.l?2l ShK-Dap?? exhibits >20-fold selectivity for
Kv1.3 over closely related channels in whole-cell patch
clamp experiments,® but in equilibrium binding assays
it binds K\1.1-Kv1.2 heterotetramers with almost the
same potency as ShK, which is not predicted from the
study of homotetrameric Kv1.1 or K\1.2 channels.?*!

ShK-F6CA: Attaching a fluorescein to the N-terminus
of the peptide via a hydrophilic AEEA linker (2-ami-
noethoxy-2-ethoxy acetic acid; mini-PEG) resulted in a
peptide, ShK-F6CA (fluorescein-6-carboxyl), with 100-
fold specificity for Ky1.3 over K\1.1 and related chan-
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Figure 5| Docking configuration of EWSS-ShK in Kv1.3. For clarity, only two of the
four Kv1.3 subunits in the tetramer are shown. Lys22 is shown protruding into the
pore and interacting with the channel’s selectivity filter.

nels.l?’] Attachment of a tetramethyl-rhodamine or a bi-
otin via the AEEA linker to ShK’s N-terminus did not in-
crease specificity for Kv1.3 over K1.1.1 The enhanced
specificity of ShK-F6CA might be explained by differ-
ences in charge: F6CA is negatively charged; tetra-
methylrhodamine is positively charged; and biotin is
neutral.”’] Subsequent studies with other analogues
suggest that the negatively charged F6CA likely inter-
acts with residues on the turret of the Kv1.3 channel as
shown for ShK-192 and ShK-EWSS (Figure 5).112

ShK-170, ShK-186, ShK-192 and ShK-EWSS: Based
on ShK-F6CA additional analogues were made. Attach-
ing a L-phosphotyrosine to the N-terminus of ShK via
an AEEA linker resulted in a peptide, ShK-170, with 100-
1000-fold specificity for Kv1.3 over related channels.
ShK-186 [a.k.a. SL5; a.k.a. Dalazatide] is identical to
ShK-170 except the C-terminal carboxyl is replaced by
an amide. ShK-186 blocks Kv1.3 with an ICso of 69 pM
and exhibits the same specificity for K.1.3 over closely
related channels as ShK-170 (Table 2).'%! The L-phos-
photyrosine of ShK-170 and ShK-186 rapidly gets
dephosphorylated in vivo generating an analogue, ShK-
198, with reduced specificity for Ky1.3 (Table 2).1512811291
To overcome this problem, ShK-192 and ShK-EWSS
were developed. In ShK-192, the N-terminal L-phos-
photyrosine is replaced by a non-hydrolyzable para-
phosphonophenylalanine (Ppa), and Met21 is replaced
by the non-natural amino acid norleucine to avoid me-
thionine oxidation (Figure 3, Table 2).°M% |n ShK-
EWSS, the AEEA linker and L-phosphotyrosine are re-
placed by the residues glutamic acid (E), tryptophan (W)
and two serines (S) (Figures 3 and 5, Table 2).l?! Both
ShK-192 and ShK-EWSS are highly specific for K,1.3
over related channels.
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ShK-K18A: Docking and molecular dynamics simula-
tions on Ky1.3 and Kv1.1 followed by umbrella sampling
simulations, paved the way to the selective Kv1.3 inhib-
itor ShK-K18A.B%

ShK-related peptides in parasitic worms: AcK1, a 51-
residue peptide from hookworms Ancylostoma caninum
and Ancylostoma ceylanicum, and BmK1, the C-terminal
domain of a metalloprotease from filarial worm Brugia
malayi, adopt helical structures closely resembling
ShK.BY AcK1 and BmK1 block Kv1.3 channels at nano-
molar-micromolar concentrations, and they suppress
rat effector memory T cells without affecting naive and
central memory T cell subsets.BY Further, they sup-
press IFN-g production by human T cells and they in-
hibit the delayed type hypersensitivity response caused
by skin-homing effector memory T cells.?Y Teladorsa-
gia circumcincta is an economically-important parasite
that infects sheep and goats. TcK6, a 90-residue protein
with a C-terminal ShK-related domain, is upregulated
during the mucosal dwelling larval stage of this para-
site.3?) TcK6 causes modest suppression of thapsigar-
gin-triggered IFN-g production by sheep T cells, sug-
gesting that the parasite use this protein for immune
evasion by modulating mucosal T cells.*?

Extending circulating half-life of ShK
peptides

Due to their low molecular mass, ShK and its analogues
are prone to rapid renal elimination. In rats, the half-life
is ~6 min for ShK-186 and ~11 min for ShK-198, with a
clearance rate of ~950 ml/kg-min.[?8 In monkeys, the
half-life is ~12 min for ShK-186 and ~46 min for ShK-
198, with a clearance rate of ~80 ml/kg-min.[?®!

PEGylation of ShK: Conjugation of polyethylene glycol
(PEG) to ShK[Q16K], an ShK analogue, increased its
molecular mass and thereby reduced renal clearance
and extended plasma half-life to 15 h in mice and 64 h
in cynomolgus monkeys.™ PEGylation can also de-
crease immunogenicity and protect a peptide from pro-
teolysis and non-specific adsorption to inert surfaces.
PEGylated ShK[Q16K] prevented adoptive-transfer ex-
perimental autoimmune encephalomyelitis in rats, a
model for multiple sclerosis."

Conjugation of ShK to larger proteins: The circulating
half-life of peptides can be prolonged by coupling them
to larger proteins or protein domains. 133134 By
screening a combinatorial ShK peptide library, novel
analogues were identified, which when fused to the C-
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termini of 1gG1-Fc retained picomolar potency, effec-
tively suppressed in vivo delayed type hypersensitivity
and exhibited a prolonged circulating half-life.l**!

Prolonged effects despite rapid plasma clearance:
SPECT/CT imaging studies with a !n-DOTA-
conjugate of ShK-186 in rats and squirrel monkeys re-
vealed a slow release from the injection site and blood
levels above the channel blocking dose for 2 and 7 days,
respectively.?® Studies on human peripheral blood T
cells showed that a brief exposure to ShK-186 was suf-
ficient to suppress cytokine responses.?®! These find-
ings suggest that ShK-186, despite its short circulating
half-life, may have a prolonged therapeutic effect. In
rats, the peptide is effective in treating disease in ani-
mal models of autoimmune diseases when adminis-
tered once a day to once in 3 days.?® In humans, subcu-
taneous injections twice a week are sufficient to ame-
liorate disease in patients with plaque psoriasis.”]

Peptide delivery

The low molecular mass of ShK and its analogues, com-
bined with their high isoelectric points, makes it un-
likely that these peptides will be absorbed from the
stomach or intestine following oral administration.
Sub-lingual delivery is a possibility. A fluorescent ShK
analogue was absorbed into the blood stream at phar-
macological concentrations following sublingual ad-
ministration with a mucoadhesive chitosan-based gel,
with or without the penetration enhancer cetrimide.®
Delivery of the peptide as an aerosol through the lung,

or across the skin, or as eye drops are also possibili-
ties.37138139]

Modulation of T cell function

During T cell-activation, calcium enters lymphocytes
through store-operated CRAC channels (calcium re-
lease activated channel) formed as a complex of Orai
and Stim proteins.[“%“U The rise in intracellular calcium
initiates a signaling cascade culminating in cytokine
production and proliferation. % The K,1.3 K*channel
and the calcium-activated Kca3.1 K* channel in T cells
promote calcium entry into the cytoplasm through
CRAC by providing a counterbalancing cation ef-
flux. 240141 Blockade of Ky1.3 depolarizes the mem-
brane potential of T cells, suppresses calcium signaling
and IL-2 production, but not IL2-receptor expres-
sion #2431 [44ll43146] |1 3 blockers have no effect on ac-
tivation pathways that are independent of a rise in in-
tracellular calcium (e.g. anti-CD28, IL-2).[?1%31 Expres-
sion of the Ky1.3 and Kca3.1 channels varies during T cell
activation and differentiation into memory T
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Figure 6 | Expression of Kvl.3 and KCa3.1 channels during T cell activation and
memory T cell generation. The numbers represent functional channel numbers per T
cell determined by whole cell patch clamp. The effect of specific blockade of Kv1.3 or
KCa3.1on T cell proliferation is shown. TCM = Central memory T cell. TEM = Effector
memory T cell. TEMRA = Effector memory T cell that has reacquired CD45RA.

cells, NHOILLI7IAE] \When naive T cells and central
memory T cells (Tcw) are activated they upregulate
Kca3.1 expression to ~500 per cell without significant
change in Ky1.3 numbers (Figure 6).[19I4CILITIE] |
contrast, when terminally differentiated effector
memory subsets (Tem, Temra [T effector memory re-ex-
pressing CD45RA]) are activated, they upregulate K\1.3
to 1500 per cell without changes in Kca3.1 (Figure
6).[POIH0ILUA7IE] The Ky1.3 channel number increases
and the Kca3.1 channel number decreases as T cells are
chronically activated. OIS A 3 result of this dif-
ferential expression, blockers of Kca3.1 channels prefer-
entially suppress the function of naive and Tcm cells,
while ShK and its analogues that selectively inhibit
Kv1.3 channels preferentially suppress the function of

chronically-activated effector memory T cells (Tewm,
TEMRA) .[19] [40][41][47][48]

Of special interest are the large number of ShK ana-
logues developed at Amgen that suppressed interleu-
kin-2 and interferon gamma production by T
cells.MThis inhibitory effect of Ki1.3 blockers is partial
and stimulation strength dependent, with reduced in-
hibitory efficacy on T cells under strengthened anti-
CD3/CD28 stimulation.®" Chronically-activated
CD28"! effector memory T cells are implicated in auto-
immune diseases (e.g. lupus, Crohn’s disease, rheuma-
toid arthritis, multiple sclerosis).PHS253154

Blockade of Kv1.3 channels in these chronically-acti-
vated T cells suppresses calcium signaling, cytokine
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production (interferon gamma, in-

TEMRA . . .

CD3* terleukin-2, interleukin 17), and cell

CCR7-  proliferation. [IoI29IB040N411(47]148]
CD45RA"

Effector memory T cells that are

250 CD28* are refractory to suppression
35 by Kv1.3 blockers when they are co-
stimulated by anti-CD3 and anti-

ﬂmmomrsu‘m” l CD28 antibodies, but are sensitive

K;3.1 blocker: No effect

to suppression when stimulated by
1500 anti-CD3 antibodies alone.l® In
50 vivo, ShK-186 paralyzes effector-
memory T cells at the site of an in-
flammatory delayed type hypersen-
sitivity response and prevents these
T cells from activating in the in-
flamed tissue.l>! In contrast, ShK-
186 does not affect the homing and
motility of naive and Tem cells to and
within lymph nodes, most likely be-
cause these cells express the Kca3.1
channel and are therefore pro-
tected from the effect of K.1.3
blockade.!

ShK effects on
microglia

Kvl.3 plays an important role in microglial activa-
tion. POIS7IBEIBS ShiK-223, an analogue of ShK-186, de-
creased lipopolysaccharide (LPS) induced focal adhe-
sion formation by microglia, reversed LPS-induced inhi-
bition of microglial migration, and inhibited LPS-
induced upregulation of EH domain containing protein
1 (EHD1), a protein involved in microglia trafficking.!®"’
Increased Kv1.3 expression was reported in microglia in
Alzheimer plaques.t® K,1.3 inhibitors may have use in
the management of Alzheimer’s disease, as reported in
a proof-of-concept study in which a small molecule
Kv1.3 blocker (PAP-1) alleviated Alzheimer’'s disease-
like characteristics in a mouse model of AD.1%%

Efficacy of ShK analogues in animal
models of human diseases

Experimental autoimmune encephalomyelitis (EAE),
a model for multiple sclerosis

ShK, ShK-Dap??, ShK-170 and PEGylated ShK-Q16K
prevent adoptive-transfer EAE in Lewis rats, a model of
multiple sclerosis.PI™ Since multiple sclerosis is a re-
lapsing-remitting disease, ShK-186 and ShK-192 were


https://doi.org/10.15347/wjs/2018.003
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-:7-20
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-:22-41
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-:23-42
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-:24-48
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-:25-49
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-:7-20
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-:22-41
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-:23-42
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-:24-48
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-:25-49
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-:7-20
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-:22-41
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-:23-42
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-:24-48
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-:25-49
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-:22-41
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-:23-42
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-:24-48
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-:25-49
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-:31-50
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-:7-20
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-:22-41
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-:23-42
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-:24-48
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-:25-49
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-:15-12
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-51
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-52
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-53
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-54
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-55
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-Kv1.3-7
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-:7-20
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-:14-30
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-:21-31
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-:22-41
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-:23-42
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-:24-48
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-:25-49
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-:25-49
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-:5-56
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-:5-56
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-57
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-58
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-59
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-60
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-61
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-62
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-63
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-Targeting_effector_memory-6
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-:15-12

evaluated in a relapsing-remitting EAE model in DA
(Dark Agouti) rats. Both prevented and treated disease
when administered once a day to once in three
days.BI2829) Thys, K,1.3 inhibitors are effective in
treating disease in rat models of multiple sclerosis when
administered alone,[63I64IESIEI6TIIEE] gnd therapeutic ef-
fectiveness does not appear to be compromised by
compensatory over-expression of Kca3.1 channels.[*9169]

Pristane-induced arthritis (PIA), a model for rheu-
matoid arthritis

ShK-186 was effective in treating PIA when adminis-
tered every day or on alternate days.PIeI°I28] A scor-
pion toxin inhibitor of Kv1.3 was also effective in this
model.’% In both these studies, blockade of Ky1.3 alone
was sufficient to ameliorate disease and simultaneous
blockade of Kca3.1 was not necessary as has been sug-
gested.l#71]

Rat models of atopic dermatitis

Most infiltrating T-cells in skin lesions from patients
with moderate-to-severe atopic dermatitis (AD) ex-
press high levels of Kv1.3, suggesting that inhibitors of
Kv1.3 may be effective in treating AD."?’Ovalbumin-
induced delayed type hypersensitivity and oxazolone-
induced dermatitis are considered to be models of
atopic dermatitis. V27374751761 ShK, ShK-170, ShK-186,
ShK-192 and ShK-1gG-Fc were all effective in the oval-
bumin-induced delayed type hypersensitivity
model, BISISISSIZEIRABSITASIZEITATEIZENE yhile a top-
ical formulation of ShK-198 was effective in treating ox-
azolone-induced dermatitis.’? Even where compensa-
tion by Kca3.1 channels was reported to over-ride Kv1.3
block, ShK administered alone suppressed delayed type
hypersensitivity significantly in 2 of 3 studies, albeit
modestly.[*]

Psoriasis

Psoriasis is a severe autoimmune disease of the skin
that afflicts many people worldwide. Despite the suc-
cess of recent biologics in ameliorating disease, there is
still a search for safe and effective drugs for psoriasis.
Kv1.3 inhibitors (ShK, PAP-1) have been reported to
treat disease in psoriasiform (psoriasis-like) SCID (se-
vere combined immunodeficiency) mouse model.® In
a Phase 1b placebo-controlled clinical study in patients
with plaque psoriasis, ShK-186 administered twice a
week (30 or 60 mg/dose/patient) by subcutaneous injec-
tion caused improvements with a statistically signifi-
cant reduction in their PASI (Psoriasis Area and Severity
Index) score between baseline and day 32."! These pa-
tients also exhibited reduced plasma levels of multiple
inflammation markers and decreased expression of T
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cell activation markers on peripheral blood memory T
cells.]

Diet-induced obesity and fatty liver disease

Obesity and diabetes are major healthcare problems
globally. There is need for safe drugs for these meta-
bolic diseases. In a mouse model of diet-induced obe-
sity, ShK-186 counteracted the negative effects of in-
creased caloric intake. It reduced weight gain, adipos-
ity, and fatty liver; decreased blood levels of choles-
terol, sugar, HbAlc, insulin, and leptin; and enhanced
peripheral insulin sensitivity.®3 Genetic deletion of the
Kv1.3 gene has the same effect, indicating that ShK-
186's effect is due to K,1.3 blockade.[BIB3IB5IEE) At |east
two mechanisms contribute to ShK-186's therapeutic
benefits. The high calorie diet induced Kv1.3 expression
in brown fat tissues.’®! By blocking K\1.3, ShK-186 dou-
bled glucose uptake and increased [-oxidation of fatty
acids, glycolysis, fatty acid synthesis and uncoupling
protein 1 expression by brown fat.!® As a consequence
of brown fat activation, oxygen consumption and en-
ergy expenditure were augmented.'®! The obesity diet
also induced Kv1.3 expression in the liver, and ShK-186
caused profound alterations in energy and lipid metab-
olism in the liver. ShK, its analogues or other Ky1.3
blockers may have use in controlling the negative con-
sequences of high calorie diets.

Arousal and anesthesia

The mechanisms of general anesthesia involve multiple
molecular targets and pathways that are not com-
pletely understood.!®”! Sevoflurane is a common anes-
thetic used to induce general anesthesia during sur-
gery.®’l Rats continually exposed to sevoflurane lose
their righting reflex as an index of loss of consciousness.
In these rats, microinfusion of ShK into the central me-
dial thalamic nucleus (CMT) reversed sevoflurane-in-
duced anesthesia in rodents.’’”! ShK-treated rats
righted themselves fully (restored consciousness) de-
spite being continually exposed to sevoflurane.!®”! ShK-
microinfusion into neighboring regions of the brain did
not have this effect.’”? Sevoflurane enhanced potas-
sium currents in the CMT, while ShK and ShK-186 coun-
tered this effect.®”] These studies suggest that ShK-
sensitive K* channels in the CMT are important for sup-
pressing arousal during anesthesia.

Preventing brain damage following therapeutic
brain radiation

Brain radiation is used to treat tumors of the head,
neck, and brain, but this treatment carries a significant
risk of neurologic injury. Injury is, in part, due to the ac-
tivation of microglia and microglia-mediated damage
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of neurons. Neuroprotective therapies for radiation-in-
duced brain injury are still limited. In @ mouse model of
brain radiation, ShK-170 reversed neurological deficits,
and protected neurons from radiation-induced brain in-
jury by suppressing microglia.®®

Toxicity of ShK and its analogues

ShK and ShK-Dap**

ShK peptide has a low toxicity profile in mice. ShK is ef-
fective in treating autoimmune diseases at 10 to 100
mg/kg bodyweight. It has a median paralytic dose of ap-
proximately 25 mg/kg bodyweight (250-2500 higher
than the pharmacological dose). In rats the therapeutic
safety index is greater than 75-fold. ShK-Dap? dis-
played a lower toxicity profile.’®) A 1.0 mg dose did not
induce any hyperactivity, seizures or mortality in rats.
The median paralytic dose for ShK-Dap? is about 200
mg/kg bodyweight (2000-20000 higher than pharma-
cological dose).®® PEGylated ShK[Q16K] showed no ad-
verse toxicity in monkeys over a period of several
months. [

ShK-186/Dalazatide

ShK-186 also displays a low toxicity profile in rats. Daily
administration of ShK-170 or ShK-186 (100 ug/kg/day)
by subcutaneous injection over 4 weeks in rats does not
induce any changes in blood counts, blood chemistry or
histopathology.Fl28] By virtue of suppressing only Tem
and Tewmra cells, ShK-186 did not compromise protective
immune responses to influenza virus and chlamydial in-
fection in rats, most likely because naive and Tcwm cells
unaffected by Kv1.3 blockade mounted effective im-
mune responses.® ShK-186 is poorly immunogenic
and did not elicit anti-ShK antibodies in rats repeatedly
administered the peptide.®! This is possibly because the
peptide’s disulfide-bonded structure hinders pro-
cessing and antigen presentation by antigen-present-
ing cells. ShK-186 also shares sequence and structural
similarity to a ShK-like domain in matrix metalloprote-
ase 23,4ISI6II7N8] \which may cause the immune sys-
tem to assume it is a normal protein in the body. ShK-
186 was safe in non-human primates. In Phase 1a and
1b trials in healthy human volunteers, ShK-186 was well
tolerated, no grade 3 or 4 adverse effects or laboratory
abnormalities were noted, and the predicted range of
drug exposures were achieved./”? The most common ad-
verse events were temporary mild (Grade 1) hypoesthe-
sia and paresthesia involving the hands, feet, or perioral
area. Mild muscle spasms, sensitivity of teeth, and in-
jection site pain were also observed.!”!
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Functions of ShK-like domains in
proteins

MMP-23 and its ShK domain

MMP-23 belongs to the family of zinc- and calcium-de-
pendent matrix metalloproteases. It is anchored in the
cellmembrane by an N-terminal prodomain, and it con-
tains three extracellular domains: catalytic metallopro-
tease domain, ShK domain and immunoglobulin-like
cell adhesion molecule (Ig-CaM) domain. [4ILI16I7ICLE]
The prodomain traps the voltage-gated potassium
channel Kv1.3, but not the closely related Kv1.2 channel,
in the endoplasmic reticulum, B4IIREI7IE Sty dies with
chimeras suggest that the prodomain interacts with the
Kv1.3 region from the S5 transmembrane segment to
the C terminus.IESIN6I7INE] NMR studies of the prodo-
main reveal a single trans-membrane alpha-helix,
joined by a short linker to a juxta-membrane alpha-he-
lix, which is associated with the surface of the mem-
brane.14IIEI7I8] The prodomain shares topological
similarity with proteins (KCNE1, KCNE2, KCNE4)
known to trap potassium channels in the secretory
pathway, suggesting a shared mechanism of channel
regulation. [M4IESILEIIIEI MMP-23's catalytic domain dis-
plays structural homology with catalytic domains in
other metalloproteases, and likely functions as an en-
dopeptidase. MMP-23's ShK domain lies immediately
after the catalytic domain and is connected to the Ig-
CAM domain by a short proline-rich linker. It shares
phylogenetic relatedness to sea anemone toxins and
ICR-CRISP domains, being most similar to the BgK toxin
from sea  anemone  Bunodosoma  granulif-
erq IS8 This ShK domain blocks voltage-gated
potassium channels (Kv1.6 > Kv1.3 > Kv1.1 = Kv3.2 >
Kv1l.4, in decreasing potency) in the nanomolar to low
micromolar range. Kv1.3 is required for sustaining
calcium signaling during activation of human T
cells.OI40I47] By trapping Kvl.3 in the endoplasmic re-
ticulum via the prodomain, and by blocking the Kv1.3
channel with the ShK domain, MMP-23 may serve as an
immune checkpoint to reduce excessive T cell activa-
tion during an immune response. In support, increased
expression of MMP-23 in melanoma cancer cells de-
creases tumor-infiltrating lymphocytes, and is associ-
ated with cancer recurrence and shorter periods of pro-
gression-free survival.'’? However, in melanomas, ex-
pression of MMP-23 does not correlate with K,1.3 ex-
pression, suggesting that MMP-23's deleterious effect
in melanomas may not be connected with its K.1.3
channel-modulating function.* MMP-23's C-terminal
IgCAM domain shares sequence similarity with IgCAM
domains in proteins known to mediate protein-protein
and protein-lipid interactions (e.g. CDON, human
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Brother of CDO, ROBO1-4, hemicentin, NCAM1 and
NCAM2),[H4IISIEI7I8] | symmary, the four domains of
MMP-23 may work synergistically to modulate immune
responses in vivo.

Mab7, a worm protein containing a ShK domain

In male Caenorhabditis elegans worms, the absence of a
protein called Mab? results in malformed sensory rays
that are required for mating.® Introduction of Mab7
into these male worms restores normal development of
normal sensory rays.[®! Introduction of Mab7 proteins
lacking the ShK domain does not correct the defect of
sensory rays, suggesting a role for the ShK-domain of
Mab7 in sensory ray development.[%°]

HMP2 and PMP1, proteins containing ShK-like do-
mains

HMP2 and PMP-1 are astacin metalloproteinases from
the Cnidarian Hydra vulgaris and the jellyfish Podo-
coryne carnea that contain ShK-like domains at their C-
termini.l®928 Both these ShK-domains contain the crit-
ical pore-occluding lysine required for K* channel
block.M HMP2 plays a critical role in foot regeneration
of Hydra,® while PMP1 is found in the feeding organ of
the jelly fish and the ShK-domain may paralyze prey af-
ter they are ingested.!®]
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Conflicts of Interest

The author, Shih Chieh Chang, is an inventor of EWSS-
ShK. Saumya Bajaj has declared no potential conflicts
of interest. K. George Chandy developed ShK-186 and
co-authored multiple publications on ShK-186. Kineta
Inc. has licensed a patent on ShK-186 from the Univer-
sity of California and is developing this peptide (via
Kv1.3 therapeutics) as a therapeutic for autoimmune
diseases.

Human and animal Subjects

This article does not contain any studies with human or
animal subjects.

References

1. Norton, Raymond; Pennington, Michael, Wulff, Heike (2004-12-01).
"Potassium Channel Blockade by the Sea Anemone Toxin ShK for the
Treatment of Multiple Sclerosis and Other Autoimmune Diseases". Current
Medicinal Chemistry 11 (23): 3041-3052. doi:10.2174/0929867043363947.
ISSN 0929-8673.

2. Castafieda, O; Sotolongo, V; Amor, AM; Stocklin, R; Anderson, AJ; Harvey,
AL; Engstrom, A; Wernstedt, C et al. (1995). "Characterization of a

10 of 13 | WikiJournal of Science

10.

11.

12.

13.

14,

15.

16.

17.

WikiJournal of Science, 2018, 1(1):3 S
doi: 10.15347/wjs/003 O
Encyclopedic Review Article ;L

potassium channel toxin from the Caribbean Sea anemone Stichodactyla
helianthus". Toxicon 33(5): 603-613. doi:10.1016/0041-0101(95)00013-C.
Pennington, M; Byrnes, ME; Zaydenberg, I; Khaytin, I; de Chastonay, J;
Krafte, DS; Hill, R; Mahnir, VM et al. (November 1995). "Chemical synthesis
and characterization of ShK toxin: a potent potassium channel inhibitor
from a sea anemone". International Journal of Peptide and Protein Research
46 (5): 354-358. d0i:10.1111/1.1399-3011.1995.tb01068.x.

Tudor, JE; Pallaghy, PK; Pennington, W; Norton, RS (April 1, 1996).
"Solution structure of ShK toxin, a novel potassium channel inhibitor from
a sea anemone". Nature Structural & Molecular Biology 3: 317-320.
doi:10.1038/nsb0496-317.

Beeton, C; Pennington, MW; Wulff, H; Singh, S; Nugent, D; Crossley, G;
Khaytin, I; Calabresi, PA et al. (April 2005). "Targeting effector memory T
cells with a selective peptide inhibitor of Kv1.3 channels for therapy of
autoimmune diseases". Molecular Pharmacology 67 (4): 1369-1381.
doi:10.1124/mol.104.008193.

Beeton, C; Wulff, H; Standifer, NE; Azam, P; Mullen, KM; Pennington, MW;
Kolski-Andreaco, A; Wei, E et al. (November 14, 2006). "Kv1.3 channels are
a therapeutic target for T cell-mediated autoimmune diseases".
Proceedings of the National Academy of Sciences of the United States of
Americal03 (46): 17414-17419. doi:10.1073/pnas.0605136103.

Tarcha, Eric J.; Olsen, Chelsea M.; Probst, Peter; Peckham, David; Mufioz-
Elias, Ernesto J.; Kruger, James G.; ladonato, Shawn P. (2017-07-19).
"Safety and pharmacodynamics of dalazatide, a Kv1.3 channelinhibitor, in
the treatment of plaque psoriasis: A randomized phase 1b trial"(in en).
PLOS ONE 12 (7): e0180762. doi:10.1371/journal.pone.0180762. ISSN
1932-6203. PMID 28723914. PMC PMC5516987.

Kalman, K.; Pennington, M. W.; Lanigan, M. D.; Nguyen, A.; Rauer, H.;
Mahnir, V.; Paschetto, K.; Kem, W. R. et al. (1998-12-04). "ShK-Dap22, a
potent Kvl.3-specific immunosuppressive polypeptide". The Journal of
Biological Chemistry 273 (49): 32697-32707. ISSN 0021-9258. PMID
9830012.

Pennington, M. W.; Beeton, C.; Galea, C. A,; Smith, B. J; Chi, V,;
Monaghan, K. P.; Garcia, A.; Rangaraju, S. et al. (2009-4). "Engineering a
Stable and Selective Peptide Blocker of the Kv1.3 Channel in T
Lymphocytes".  Molecular ~ Pharmacology 75  (4):  762-773.
doi:10.1124/mol.108.052704. ISSN 0026-895X. PMID 19122005. PMC
PMC2684922.

Pennington, Michael W.; Harunur Rashid, M.; Tajhya, Rajeev B.; Beeton,
Christine; Kuyucak, Serdar; Norton, Raymond S. (2012-10-09). "A C-
terminally amidated analogue of ShK is a potent and selective blocker of
the voltage-gated potassium channel Kv1.3" (in en). FEBS Letters 586 (22):
3996-4001. doi:10.1016/j.febslet.2012.09.038. ISSN 0014-5793. PMID
23063513. PMC PM(C3496055.

Murray, Justin K.; Qian, Yi-Xin; Liu, Benxian; Elliott, Robin; Aral, Jennifer;
Park, Cynthia; Zhang, Xuxia; Stenkilsson, Michael et al. (2015-08-31).
"Pharmaceutical Optimization of Peptide Toxins for lon Channel Targets:
Potent, Selective, and Long-Lived Antagonists of Kv1.3" (in EN). Journal of
Medicinal Chemistry 58 17): 6784—-6802.
doi:10.1021/acs.jmedchem.5b00495. ISSN 0022-2623.

Chang, Shih C.; Hug, Redwan; Chhabra, Sandeep; Beeton, Christine;
Pennington, Michael W.; Smith, Brian J.; Norton, Raymond S. (2015-04-
23). "N-terminally extended analogues of the K+channel toxin
fromStichodactyla helianthusas potent and selective blockers of the
voltage-gated potassium channel Kv1.3" (in en). FEBS Journal 282 (12):
2247-2259. doi:10.1111/febs.13294. ISSN 1742-464X. PMID 25864722.
PMC PMC4472561.

"SMART: ShKT domain annotation". smart.embl-heidelberg.de. Retrieved
2018-05-16.

Rangaraju, Srikant; Khoo, Keith; Feng, Zhiping; Crossley, George; Nugent,
Daniel; Khaytin, llya; Pennington, Michael; Norton, Raymond et al. (2010-
01). "Potassium Channel Modulation by A Toxin Domain in Matrix
Metalloprotease ~ 23".  Biophysical ~ Journal 98  (3):  212a.
doi:10.1016/j.bpj.2009.12.1145. ISSN 0006-3495.

Nguyen, Hai M.; Galea, Charles A.; Schmunk, Galina; Smith, Brian J.;
Edwards, Robert A.; Norton, Raymond S.; Chandy, K. George (2013-03-
01). "Intracellular Trafficking of the KV1.3 Potassium Channel Is Regulated
by the Prodomain of a Matrix Metalloprotease" (in en). Journal of Biological
Chemistry 288(9): 6451-6464. doi:10.1074/jbc.M112.421495. ISSN 0021-
9258. PMID 23300077. PMC PM(C3585079.

Galea, Charles A.; Nguyen, Hai M.; Chandy, K. George; Smith, Brian J.;
Norton, Raymond S. (2014-04-01). "Domain structure and function of
matrix metalloprotease 23 (MMP23): role in potassium channel trafficking"
(in en). Cellular and Molecular Life Sciences 71 (7): 1191-1210.
doi:10.1007/s00018-013-1431-0. ISSN 1420-682X.

Moogk, Duane; da Silva, Ines Pires; Ma, Michelle W.; Friedman, Erica B.; de
Miera, Eleazar Vega-Saenz; Darvishian, Farbod; Scanlon, Patrick; Perez-


https://doi.org/10.15347/wjs/2018.003
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-:32-15
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-:9-16
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-:10-17
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-:11-18
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-:12-19
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-mab-7-66
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-mab-7-66
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-mab-7-66
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-Development-90
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-:12-19
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-:32-15
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-Development-90
https://en.wikiversity.org/wiki/WikiJournal_of_Science/ShK_toxin:_history,_structure_and_therapeutic_applications_for_autoimmune_diseases#cite_note-:12-19
http://dx.doi.org/10.2174/0929867043363947
http://dx.doi.org/10.2174/0929867043363947
http://dx.doi.org/10.2174%2F0929867043363947
http://www.worldcat.org/issn/0929-8673
https://www.sciencedirect.com/science/article/pii/004101019500013C
https://www.sciencedirect.com/science/article/pii/004101019500013C
https://www.sciencedirect.com/science/article/pii/004101019500013C
http://dx.doi.org/10.1016%2F0041-0101%2895%2900013-C
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1399-3011.1995.tb01068.x
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1399-3011.1995.tb01068.x
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1399-3011.1995.tb01068.x
http://dx.doi.org/10.1111%2Fj.1399-3011.1995.tb01068.x
https://www.nature.com/articles/nsb0496-317
https://www.nature.com/articles/nsb0496-317
http://dx.doi.org/10.1038%2Fnsb0496-317
http://molpharm.aspetjournals.org/content/67/4/1369.short
http://molpharm.aspetjournals.org/content/67/4/1369.short
http://molpharm.aspetjournals.org/content/67/4/1369.short
http://dx.doi.org/10.1124%2Fmol.104.008193
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1859943/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1859943/
http://dx.doi.org/10.1073%2Fpnas.0605136103
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0180762
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0180762
http://dx.doi.org/10.1371%2Fjournal.pone.0180762
http://www.worldcat.org/issn/1932-6203
http://www.ncbi.nlm.nih.gov/pubmed/28723914
http://www.pubmedcentral.gov/articlerender.fcgi?tool=pmcentrez&artid=PMC5516987
https://www.ncbi.nlm.nih.gov/pubmed/9830012
https://www.ncbi.nlm.nih.gov/pubmed/9830012
http://www.worldcat.org/issn/0021-9258
http://www.ncbi.nlm.nih.gov/pubmed/9830012
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2684922/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2684922/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2684922/
http://dx.doi.org/10.1124%2Fmol.108.052704
http://www.worldcat.org/issn/0026-895X
http://www.ncbi.nlm.nih.gov/pubmed/19122005
http://www.pubmedcentral.gov/articlerender.fcgi?tool=pmcentrez&artid=PMC2684922
http://doi.wiley.com/10.1016/j.febslet.2012.09.038
http://doi.wiley.com/10.1016/j.febslet.2012.09.038
http://doi.wiley.com/10.1016/j.febslet.2012.09.038
http://dx.doi.org/10.1016%2Fj.febslet.2012.09.038
http://www.worldcat.org/issn/0014-5793
http://www.ncbi.nlm.nih.gov/pubmed/23063513
http://www.pubmedcentral.gov/articlerender.fcgi?tool=pmcentrez&artid=PMC3496055
http://pubs.acs.org/doi/10.1021/acs.jmedchem.5b00495
http://pubs.acs.org/doi/10.1021/acs.jmedchem.5b00495
http://dx.doi.org/10.1021%2Facs.jmedchem.5b00495
http://www.worldcat.org/issn/0022-2623
http://doi.wiley.com/10.1111/febs.13294
http://doi.wiley.com/10.1111/febs.13294
http://doi.wiley.com/10.1111/febs.13294
http://dx.doi.org/10.1111%2Ffebs.13294
http://www.worldcat.org/issn/1742-464X
http://www.ncbi.nlm.nih.gov/pubmed/25864722
http://www.pubmedcentral.gov/articlerender.fcgi?tool=pmcentrez&artid=PMC4472561
http://smart.embl-heidelberg.de/smart/do_annotation.pl?ACC=SM00254
http://dx.doi.org/10.1016/j.bpj.2009.12.1145
http://dx.doi.org/10.1016/j.bpj.2009.12.1145
http://dx.doi.org/10.1016%2Fj.bpj.2009.12.1145
http://www.worldcat.org/issn/0006-3495
http://www.jbc.org/content/288/9/6451
http://www.jbc.org/content/288/9/6451
http://dx.doi.org/10.1074%2Fjbc.M112.421495
http://www.worldcat.org/issn/0021-9258
http://www.worldcat.org/issn/0021-9258
http://www.ncbi.nlm.nih.gov/pubmed/23300077
http://www.pubmedcentral.gov/articlerender.fcgi?tool=pmcentrez&artid=PMC3585079
https://link.springer.com/article/10.1007/s00018-013-1431-0
https://link.springer.com/article/10.1007/s00018-013-1431-0
http://dx.doi.org/10.1007%2Fs00018-013-1431-0
http://www.worldcat.org/issn/1420-682X

18.

19.

20.

21

22.

23.

24,

25.

26.

27.

28.

29.

30.

©

Garcia, Arianne et al. (2014-12-10). "Melanoma expression of matrix
metalloproteinase-23 is associated with blunted tumor immunity and poor
responses to immunotherapy". Journal of Translational Medicine 12: 342.
doi:10.1186/s12967-014-0342-7. ISSN 1479-5876. PMID 25491880. PMC
PMC4272770.

Pan, T.-L.; Gréger, Hans; Schmid, Volker; Spring, J. (1998-07-01). "A toxin
homology domain in an astacin-like metalloproteinase of the jellyfish
Podocoryne carnea with a dual role in digestion and development" (in en).
Development Genes and Evolution 208 (5): 259-266.
doi:10.1007/s004270050180. ISSN 0949-944X.

Chandy, K George; Norton, Raymond S (2017-06). "Peptide blockers of K v
1.3 channels in T cells as therapeutics for autoimmune disease". Current
Opinion in Chemical Biology 38: 97-107. doi:10.1016/j.cbpa.2017.02.015.
ISSN 1367-5931.

Gilquin, Bernard; Braud, Sandrine; Eriksson, Mats A. L.; Roux, Benoit;
Bailey, Timothy D.; Priest, Birgit T.; Garcia, Maria L.; Ménez, André et al.
(2005-07-22). "A variable residue in the pore of Kv1 channels is critical for
the high affinity of blockers from sea anemones and scorpions". The
Journal  of  Biological ~ Chemistry 280  (29):  27093-27102.
doi:10.1074/jbc.M413626200. ISSN 0021-9258. PMID 15890656.
Pennington, M. W.; Mahnir, V. M.; Khaytin, |.; Zaydenberg, I.; Byrnes, M.
E.; Kem, W. R. (January 1996). "An Essential Binding Surface for ShK Toxin
Interaction with Rat Brain Potassium Channelst" (in en). Biochemistry 35
(51): 16407-16411. doi:10.1021/bi962463g. ISSN 0006-2960.

Lanigan, Mark D.; Kalman, Katalin; Lefievre, Yann; Pennington, Michael
W.; Chandy, K. George; Norton, Raymond S. (2002-10-08). "Mutating a
critical lysine in ShK toxin alters its binding configuration in the pore-
vestibule region of the voltage-gated potassium channel, Kv1.3".
Biochemistry 41 (40): 11963-11971. ISSN 0006-2960. PMID 12356296.
Raver, H.; Pennington, M.; Cahalan, M.; Chandy, K. G. (1999-07-30).
"Structural conservation of the pores of calcium-activated and voltage-
gated potassium channels determined by a sea anemone toxin". The
Journal of Biological Chemistry 274 (31): 21885-21892. ISSN 0021-9258.
PMID 10419508.

Stehling, Eliana G.; Sforga, Mauricio L.; Zanchin, Nilson I. T.; Oyama,
Sérgio; Pignatelli, Angela; Belluzzi, Ottorino; Polverini, Eugenia; Corsini,
Romina et al. (2012-02-27). "Looking over Toxin—K+ Channel Interactions.
Clues from the Structural and Functional Characterization of a-KTx Toxin
Tc32, a Kv1.3 Channel Blocker" (in EN). Biochemistry 51 (9): 1885-1894.
doi:10.1021/bi201713z. ISSN 0006-2960.

Middleton, Richard E.; Sanchez, Manuel; Linde, Ana-Rosa; Bugianesi,
Randal M.; Dai, Ge; Felix, John P.; Koprak, Sam L.; Staruch, Mary Jo et al.
(2003-11-25). "Substitution of a single residue in Stichodactyla helianthus
peptide, ShK-Dap22, reveals a novel pharmacological profile".
Biochemistry 42 (46): 13698-13707. doi:10.1021/bi035209e. ISSN 0006-
2960. PMID 14622016.

Aiyar, Jayashree; Rizzi, James P.; Gutman, George A.; Chandy, K. George
(1996-12-06). "The Signature Sequence of Voltage-gated Potassium
Channels Projects into the External Vestibule" (in en). Journal of Biological
Chemistry 271 (49): 31013-31016. doi:10.1074/jbc.271.49.31013. ISSN
0021-9258. PMID 8940091.

Beeton, Christine; Wulff, Heike; Singh, Satendra; Botsko, Steve; Crossley,
George; Gutman, George A.; Cahalan, Michael D.; Pennington, Michael et
al. (2003-03-14). "A novel fluorescent toxin to detect and investigate Kv1.3
channel up-regulation in chronically activated T lymphocytes". The Journal
of Biological Chemistry 278 (11): 9928-9937. doi:10.1074/jbc.M212868200.
ISSN 0021-9258. PMID 12511563.

Tarcha, Eric J,; Chi, Victor; Mufoz-Elias, Emnesto J.; Bailey, David;
Londono, Luz M.; Upadhyay, Sanjeev K.; Norton, Kayla; Banks, Amy et al.
(2012-09-01). "Durable Pharmacological Responses from the Peptide ShK-
186, a Specific Kv1.3 Channel Inhibitor That Suppresses T Cell Mediators
of Autoimmune Disease". Journal of Pharmacology and Experimental
Therapeutics 342 (3): 642-653. doi:10.1124/jpet.112.191890. PMID
22637724. PMC PM(C3422530.

Chi, Victor; Pennington, Michael W.; Norton, Raymond S.; Tarcha, Eric J.;
Londono, Luz M.; Sims-Fahey, Brian; Upadhyay, Sanjeev K. Lakey,
Jonathan T. et al. (2012-03). "Development of a sea anemone toxin as an
immunomodulator for therapy of autoimmune diseases". Toxicon 59 (4):
529-546. doi:10.1016/j.toxicon.2011.07.016. ISSN 0041-0101. PMID
21867724. PMC PM(C3397671.

Rashid, M. Harunur; Heinzelmann, Germano; Hug, Redwan; Tajhya,
Rajeev B.; Chang, Shih Chieh; Chhabra, Sandeep; Pennington, Michael W_;
Beeton, Christine et al. (2013-11-07). "A Potent and Selective Peptide
Blocker of the Kv1.3 Channel: Prediction from Free-Energy Simulations
and Experimental Confirmation" (in en). PLOS ONE 8 (11): e78712.
doi:10.1371/journal.pone.0078712. ISSN 1932-6203. PMID 24244345, PMC
PM(C3820677.

11 of 13 | WikiJournal of Science

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

WikiJournal of Science, 2018, 1(1):3 )
doi: 10.15347/wjs/003 -
Encyclopedic Review Article

Chhabra, Sandeep; Chang, Shih Chieh; Nguyen, Hai M.; Hug, Redwan;
Tanner, Mark R.; Londono, Luz M.; Estrada, Rosendo; Dhawan, Vikas et al.
(2014-09). "Kv1.3 channel-blocking immunomodulatory peptides from
parasitic worms: implications for autoimmune diseases". The FASEB
Journal 28 (9): 3952-3964. doi:10.1096/fj.14-251967. ISSN 0892-6638.
McNeilly, Tom N.; Frew, David; Burgess, Stewart T. G.; Wright, Harry;
Bartley, David J.; Bartley, Yvonne; Nisbet, Alasdair J. (2017-08-03). “Niche-
specific gene expression in a parasitic nematode; increased expression of
immunomodulators in Teladorsagia circumcincta larvae derived from host
mucosa". Scientific Reports 7 (1). doi:10.1038/s41598-017-07092-0. ISSN
2045-2322.

Edwards, Wilson; Fung-Leung, Wai-Ping; Huang, Chichi; Chi, Ellen; Wu,
Nancy; Liu, Yi; Maher, Michael P.; Bonesteel, Rachelle et al. (2014-08-15).
"Targeting the lon Channel Kvl.3 with Scorpion Venom Peptides
Engineered for Potency, Selectivity, and Half-life" (in en). Journal of
Biological Chemistry 289 (33): 22704-22714. d0i:10.1074/jbc.M114.568642.
ISSN 0021-9258. PMID 24939846. PMC PMC4132777.

Wang, Rongsheng E.; Wang, Ying; Zhang, Yuhan; Gabrelow, Chase;
Zhang, Yong; Chi, Victor; Fu, Qiangwei; Luo, Xiaozhou et al. (2016-10-11).
"Rational design of a Kvl.3 channel-blocking antibody as a selective
immunosuppressant". Proceedings of the National Academy of Sciences 113
(41): 11501-11506. doi:10.1073/pnas.1612803113. PMID 27663736. PMC
PMC5068325.

Zhang, Hongkai; Du, Mingjuan; Xie, Jia; Liu, Xiao; Sun, Jingying; Wang,
Wei; Xin, Xiu; Possani, Lourival D. et al. (2016-05-20). "Autocrine-Based
Selection of Drugs That Target lon Channels from Combinatorial Venom
Peptide Libraries" (in en). Angewandte Chemie International Edition 55 (32):
9306-9310. doi:10.1002/anie.201603052. ISSN 1433-7851.

Jin, Liang; Boyd, Ben J.; White, Paul J.; Pennington, Michael W.; Norton,
Raymond S.; Nicolazzo, Joseph A. (2015-02). "Buccal mucosal delivery of a
potent peptide leads to therapeutically-relevant plasma concentrations
for the treatment of autoimmune diseases". Journal of Controlled Release
199: 37-44. doi:10.1016/j.jconrel.2014.12.001. ISSN 0168-3659.

Jin, Liang; Zhou, Qi (Tony); Chan, Hak-Kim; Larson, lan C.; Pennington,
Michael W.; Morales, Rodrigo A.V.; Boyd, Ben J.; Norton, Raymond S. et
al. (2016-02). "Pulmonary Delivery of the Kvl.3-Blocking Peptide
HsTX1[R14A for the Treatment of Autoimmune Diseases"]. Journal of
Pharmaceutical Sciences105 (2): 650-656. doi:10.1016/j.xphs.2015.10.025.
ISSN 0022-3549.

WO W02015013330A3, ladonato & Munoz, "Ophthalmic uses of toxin-
based therapeutic peptides and pharmaceutical compositions thereof"
WO W02016112208A3, ladonato; Tarcha & Lustig, "Topical applications
of kvl.3 channel blocking peptides to treat skin inflammation"

Cahalan, Michael D.; Chandy, K. George (2009-09). "The functional
network of ion channels in T lymphocytes" (in en). Immunological
Reviews231 (1): 59-87. doi:10.1111/j.1600-065x.2009.00816.x. ISSN 0105-
2896. PMID 19754890. PMC PM(3133616.

Feske, Stefan; Wulff, Heike; Skolnik, Edward Y. (2015-03-21). "lon
Channels in Innate and Adaptive Immunity" (in en). Annual Review of
Immunology33 (1): 291-353. doi:10.1146/annurev-immunol-032414-
112212.I1SSN 0732-0582. PMID 25861976. PMC PMC4822408.

Lin, C. S.; Boltz, R. C,; Blake, J. T.; Nguyen, M.; Talento, A,; Fischer, P. A_;
Springer, M. S.; Sigal, N. H. et al. (1993-03-01). "Voltage-gated potassium
channels regulate calcium-dependent pathways involved in human T
lymphocyte activation.” (in en). Journal of Experimental Medicine 177 (3):
637-645. doi:10.1084/jem.177.3.637. ISSN 0022-1007. PMID 7679705.
Chandy, K. G.; DeCoursey, T. E.; Cahalan, M. D.; McLaughlin, C.; Gupta, S.
(1984-08-01). "Voltage-gated potassium channels are required for human
T lymphocyte activation.” (in en). Journal of Experimental Medicine 160 (2):
369-385. doi:10.1084/jem.160.2.369. ISSN 0022-1007. PMID 6088661.
Leonard, R. J.; Garcia, M. L.; Slaughter, R. S.; Reuben, J. P. (1992-11-01).
"Selective blockers of voltage-gated K channels depolarize human T
lymphocytes: mechanism of the antiproliferative effect of charybdotoxin".
Proceedings of the National Academy of Sciences 89 (21): 10094-10098.
doi:10.1073/pnas.89.21.10094.

Defarias, F. P.; Stevens, S. P.; Leonard, R. J. (1995). "Stable expression of
human Kv1.3 potassium channels resets the resting membrane potential
of cultured mammalian cells". Receptors & Channels 3 (4): 273-281. ISSN
1060-6823. PMID 8834000.

Verheugen, J. A;; Vijverberg, H. P.; Oortgiesen, M.; Cahalan, M. D. (1995-
06-01). "Voltage-gated and Ca(2+)-activated K+ channels in intact human
T lymphocytes. Noninvasive measurements of membrane currents,
membrane potential, and intracellular calcium." (in en). The Journal of
General Physiology 105 (6): 765-794. doi:10.1085/jgp.105.6.765. ISSN
0022-1295. PMID 7561743.

Wulff, Heike; Calabresi, Peter A.; Allie, Rameeza; Yun, Sung; Pennington,
Michael; Beeton, Christine; Chandy, K. George (2003-06-01). "The voltage-


https://doi.org/10.15347/wjs/2018.003
https://doi.org/10.1186/s12967-014-0342-7
https://doi.org/10.1186/s12967-014-0342-7
https://doi.org/10.1186/s12967-014-0342-7
http://dx.doi.org/10.1186%2Fs12967-014-0342-7
http://www.worldcat.org/issn/1479-5876
http://www.ncbi.nlm.nih.gov/pubmed/25491880
http://www.pubmedcentral.gov/articlerender.fcgi?tool=pmcentrez&artid=PMC4272770
https://link.springer.com/article/10.1007/s004270050180
https://link.springer.com/article/10.1007/s004270050180
https://link.springer.com/article/10.1007/s004270050180
http://dx.doi.org/10.1007%2Fs004270050180
http://www.worldcat.org/issn/0949-944X
http://linkinghub.elsevier.com/retrieve/pii/S1367593116302058
http://linkinghub.elsevier.com/retrieve/pii/S1367593116302058
http://dx.doi.org/10.1016%2Fj.cbpa.2017.02.015
http://www.worldcat.org/issn/1367-5931
https://www.ncbi.nlm.nih.gov/pubmed/15890656
https://www.ncbi.nlm.nih.gov/pubmed/15890656
http://dx.doi.org/10.1074%2Fjbc.M413626200
http://www.worldcat.org/issn/0021-9258
http://www.ncbi.nlm.nih.gov/pubmed/15890656
http://pubs.acs.org/doi/abs/10.1021/bi962463g
http://pubs.acs.org/doi/abs/10.1021/bi962463g
http://dx.doi.org/10.1021%2Fbi962463g
http://www.worldcat.org/issn/0006-2960
https://www.ncbi.nlm.nih.gov/pubmed/12356296
https://www.ncbi.nlm.nih.gov/pubmed/12356296
https://www.ncbi.nlm.nih.gov/pubmed/12356296
http://www.worldcat.org/issn/0006-2960
http://www.ncbi.nlm.nih.gov/pubmed/12356296
https://www.ncbi.nlm.nih.gov/pubmed/10419508
https://www.ncbi.nlm.nih.gov/pubmed/10419508
http://www.worldcat.org/issn/0021-9258
http://www.ncbi.nlm.nih.gov/pubmed/10419508
http://pubs.acs.org/doi/10.1021/bi201713z
http://pubs.acs.org/doi/10.1021/bi201713z
http://pubs.acs.org/doi/10.1021/bi201713z
http://dx.doi.org/10.1021%2Fbi201713z
http://www.worldcat.org/issn/0006-2960
https://www.ncbi.nlm.nih.gov/pubmed/14622016
https://www.ncbi.nlm.nih.gov/pubmed/14622016
http://dx.doi.org/10.1021%2Fbi035209e
http://www.worldcat.org/issn/0006-2960
http://www.worldcat.org/issn/0006-2960
http://www.ncbi.nlm.nih.gov/pubmed/14622016
http://www.jbc.org/content/271/49/31013
http://www.jbc.org/content/271/49/31013
http://dx.doi.org/10.1074%2Fjbc.271.49.31013
http://www.worldcat.org/issn/0021-9258
http://www.ncbi.nlm.nih.gov/pubmed/8940091
https://www.ncbi.nlm.nih.gov/pubmed/12511563
https://www.ncbi.nlm.nih.gov/pubmed/12511563
http://dx.doi.org/10.1074%2Fjbc.M212868200
http://www.worldcat.org/issn/0021-9258
http://www.ncbi.nlm.nih.gov/pubmed/12511563
http://jpet.aspetjournals.org/cgi/doi/10.1124/jpet.112.191890
http://jpet.aspetjournals.org/cgi/doi/10.1124/jpet.112.191890
http://jpet.aspetjournals.org/cgi/doi/10.1124/jpet.112.191890
http://dx.doi.org/10.1124%2Fjpet.112.191890
http://www.ncbi.nlm.nih.gov/pubmed/22637724
http://www.pubmedcentral.gov/articlerender.fcgi?tool=pmcentrez&artid=PMC3422530
http://linkinghub.elsevier.com/retrieve/pii/S0041010111002479
http://linkinghub.elsevier.com/retrieve/pii/S0041010111002479
http://dx.doi.org/10.1016%2Fj.toxicon.2011.07.016
http://www.worldcat.org/issn/0041-0101
http://www.ncbi.nlm.nih.gov/pubmed/21867724
http://www.pubmedcentral.gov/articlerender.fcgi?tool=pmcentrez&artid=PMC3397671
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0078712
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0078712
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0078712
http://dx.doi.org/10.1371%2Fjournal.pone.0078712
http://www.worldcat.org/issn/1932-6203
http://www.ncbi.nlm.nih.gov/pubmed/24244345
http://www.pubmedcentral.gov/articlerender.fcgi?tool=pmcentrez&artid=PMC3820677
http://dx.doi.org/10.1096/fj.14-251967
http://dx.doi.org/10.1096/fj.14-251967
http://dx.doi.org/10.1096%2Ffj.14-251967
http://www.worldcat.org/issn/0892-6638
http://dx.doi.org/10.1038/s41598-017-07092-0
http://dx.doi.org/10.1038/s41598-017-07092-0
http://dx.doi.org/10.1038/s41598-017-07092-0
http://dx.doi.org/10.1038/s41598-017-07092-0
http://dx.doi.org/10.1038%2Fs41598-017-07092-0
http://www.worldcat.org/issn/2045-2322
http://www.jbc.org/content/289/33/22704
http://www.jbc.org/content/289/33/22704
http://dx.doi.org/10.1074%2Fjbc.M114.568642
http://www.worldcat.org/issn/0021-9258
http://www.ncbi.nlm.nih.gov/pubmed/24939846
http://www.pubmedcentral.gov/articlerender.fcgi?tool=pmcentrez&artid=PMC4132777
http://www.pnas.org/lookup/doi/10.1073/pnas.1612803113
http://www.pnas.org/lookup/doi/10.1073/pnas.1612803113
http://dx.doi.org/10.1073%2Fpnas.1612803113
http://www.ncbi.nlm.nih.gov/pubmed/27663736
http://www.pubmedcentral.gov/articlerender.fcgi?tool=pmcentrez&artid=PMC5068325
http://doi.wiley.com/10.1002/anie.201603052
http://doi.wiley.com/10.1002/anie.201603052
http://doi.wiley.com/10.1002/anie.201603052
http://dx.doi.org/10.1002%2Fanie.201603052
http://www.worldcat.org/issn/1433-7851
http://linkinghub.elsevier.com/retrieve/pii/S0168365914007810
http://linkinghub.elsevier.com/retrieve/pii/S0168365914007810
http://linkinghub.elsevier.com/retrieve/pii/S0168365914007810
http://dx.doi.org/10.1016%2Fj.jconrel.2014.12.001
http://www.worldcat.org/issn/0168-3659
http://linkinghub.elsevier.com/retrieve/pii/S002235491500026X
http://linkinghub.elsevier.com/retrieve/pii/S002235491500026X
http://dx.doi.org/10.1016%2Fj.xphs.2015.10.025
http://www.worldcat.org/issn/0022-3549
http://worldwide.espacenet.com/textdoc?DB=EPODOC&IDX=WOWO2015013330A3
http://worldwide.espacenet.com/textdoc?DB=EPODOC&IDX=WOWO2016112208A3
http://doi.wiley.com/10.1111/j.1600-065X.2009.00816.x
http://doi.wiley.com/10.1111/j.1600-065X.2009.00816.x
http://dx.doi.org/10.1111%2Fj.1600-065x.2009.00816.x
http://www.worldcat.org/issn/0105-2896
http://www.worldcat.org/issn/0105-2896
http://www.ncbi.nlm.nih.gov/pubmed/19754890
http://www.pubmedcentral.gov/articlerender.fcgi?tool=pmcentrez&artid=PMC3133616
http://www.annualreviews.org/doi/10.1146/annurev-immunol-032414-112212
http://www.annualreviews.org/doi/10.1146/annurev-immunol-032414-112212
http://dx.doi.org/10.1146%2Fannurev-immunol-032414-112212
http://dx.doi.org/10.1146%2Fannurev-immunol-032414-112212
http://www.worldcat.org/issn/0732-0582
http://www.ncbi.nlm.nih.gov/pubmed/25861976
http://www.pubmedcentral.gov/articlerender.fcgi?tool=pmcentrez&artid=PMC4822408
http://jem.rupress.org/content/177/3/637
http://jem.rupress.org/content/177/3/637
http://jem.rupress.org/content/177/3/637
http://dx.doi.org/10.1084%2Fjem.177.3.637
http://www.worldcat.org/issn/0022-1007
http://www.ncbi.nlm.nih.gov/pubmed/7679705
http://jem.rupress.org/content/160/2/369
http://jem.rupress.org/content/160/2/369
http://dx.doi.org/10.1084%2Fjem.160.2.369
http://www.worldcat.org/issn/0022-1007
http://www.ncbi.nlm.nih.gov/pubmed/6088661
http://www.pnas.org/cgi/doi/10.1073/pnas.89.21.10094
http://www.pnas.org/cgi/doi/10.1073/pnas.89.21.10094
http://dx.doi.org/10.1073%2Fpnas.89.21.10094
https://www.ncbi.nlm.nih.gov/pubmed/8834000
https://www.ncbi.nlm.nih.gov/pubmed/8834000
https://www.ncbi.nlm.nih.gov/pubmed/8834000
http://www.worldcat.org/issn/1060-6823
http://www.ncbi.nlm.nih.gov/pubmed/8834000
http://jgp.rupress.org/content/105/6/765
http://jgp.rupress.org/content/105/6/765
http://jgp.rupress.org/content/105/6/765
http://dx.doi.org/10.1085%2Fjgp.105.6.765
http://www.worldcat.org/issn/0022-1295
http://www.ncbi.nlm.nih.gov/pubmed/7561743
http://www.jci.org/articles/view/16921

48.

49,

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

©

gated Kv1.3 K+ channel in effector memory T cells as new target for MS"
(in en). Journal of Clinical Investigation 111 (11): 1703-1713.
doi:10.1172/jci16921. ISSN 0021-9738. PMID 12782673. PMC PMC156104.
Hu, Lina; Pennington, Michael; Jiang, Qiong; Whartenby, Katharine A,;
Calabresi, Peter A. (2007-10-01). "Characterization of the Functional
Properties of the Voltage-Gated Potassium Channel Kv1.3 in Human CD4+
T Lymphocytes" (in en). The Journal of Immunology 179 (7): 4563-4570.
doi:10.4049/jimmunol.179.7.4563. ISSN 0022-1767. PMID 17878353.
Chiang, Eugene Y.; Li, Tianbo; Jeet, Surinder; Peng, Ivan; Zhang, Juan; Lee,
Wyne P.; DeVoss, Jason; Caplazi, Patrick et al. (2017-03-01). "Potassium
channels Kv1.3 and KCa3.1 cooperatively and compensatorily regulate
antigen-specific memory T cell functions". Nature Communications 8:
14644. doi:10.1038/ncomms14644. ISSN 2041-1723.

Fung-Leung, Wai-Ping; Edwards, Wilson; Liu, Yi; Ngo, Karen; Angsana,
Julianty; Castro, Glenda; Wu, Nancy; Liu, Xuejun et al. (2017-01-20). "T Cell
Subset and Stimulation Strength-Dependent Modulation of T Cell
Activation by Kv1.3 Blockers". PLOS ONE 12 (1): e0170102.
doi:10.1371/journal.pone.0170102. ISSN 1932-6203.

Namekawa, Takashi; Snyder, Melissa R.; Yen, Jeng-Hsien; Goehring,
Brenda E.; Leibson, Paul J.; Weyand, Cornelia M.; Goronzy, Jorg J. (2000-
07-15). "Killer Cell Activating Receptors Function as Costimulatory
Molecules on CD4+CD28null T Cells Clonally Expanded in Rheumatoid
Arthritis" (in en). The Journal of Immunology 165 (2): 1138-1145.
doi:10.4049/jimmunol.165.2.1138. ISSN 0022-1767. PMID 10878393.
Markovic-Plese, Silva; Cortese, Irene; Wandinger, Klaus-Peter; McFarland,
Henry F.; Martin, Roland (2001-10-15). "CD4+CD28- costimulation-
independent T cells in multiple sclerosis" (in en). Journal of Clinical
Investigation 108 (8): 1185-1194. doi:10.1172/jci12516. ISSN 0021-9738.
PMID 11602626. PMC PMC209525.

Tena, Jaime Garcia De; Manzano, Luis; Leal, Juan Carlos; Antonio, Esther
San; Sualdea, Verdnica; Alvarez-Mon, Melchor (2004-03-01). "Active
Crohn's Disease Patients Show a Distinctive Expansion of Circulating
Memory CD4+CD45RO+CD28null T Cells" (in en). Journal of Clinical
Immunology 24 (2): 185-196. doi:10.1023/B:JOCI.0000019784.20191.7f.
ISSN 0271-9142.

Tena, Jaime Garcia De; Manzano, Luis; Leal, Juan Carlos; Antonio, Esther
San; Sualdea, Verdnica; Alvarez-Mon, Melchor (2004-03-01). "Active
Crohn's Disease Patients Show a Distinctive Expansion of Circulating
Memory CD4+CD45RO+CD28null T Cells" (in en). Journal of Clinical
Immunology 24 (2): 185-196. doi:10.1023/B:JOCI.0000019784.20191.7f.
ISSN 0271-9142.

Matheu, Melanie P.; Beeton, Christine; Garcia, Adriana; Chi, Victor;
Rangaraju, Srikant; Safrina, Olga; Monaghan, Kevin; Uemura, Marc . et al.
(2008-10-17). "Imaging of Effector Memory T Cells during a Delayed-Type
Hypersensitivity Reaction and Suppression by Kv1.3 Channel Block".
Immunity 29 (4): 602-614. doi:10.1016/j.immuni.2008.07.015. ISSN 1074-
7613. PMID 18835197. PMC PM(C2732399.

Khanna, R.; Roy, L.; Zhu, X.; Schlichter, L. C. (April 2001). "K+ channels and
the microglial respiratory burst". American Journal of Physiology. Cell
Physiology 280 (4): C796-806. doi:10.1152/ajpcell.2001.280.4.C796. ISSN
0363-6143. PMID 11245596.

Fordyce, Christopher B.; Jagasia, Ravi; Zhu, Xiaoping; Schlichter, Lyanne
C. (2005-08-03). "Microglia Kv1.3 Channels Contribute to Their Ability to
Kill  Neurons". Journal of Neuroscience 25 (31): 7139-7149.
doi:10.1523/jneurosci.1251-05.2005.

Nguyen, Hai M.; Gréssinger, Eva M.; Horiuchi, Makoto; Davis, Kyle W.; Jin,
Lee-Way; Maezawa, Izumi; Wulff, Heike (2016-10-03). "Differential Kv1.3,
KCa3.1, and Kir2.1 expression in “classically” and “alternatively” activated
microglia” (in en). Glia65 (1): 106-121. doi:10.1002/glia.23078. ISSN 0894-
1491. PMID 27696527. PMC PM(C5113690.

Nguyen, Hai M.; Blomster, Linda V.; Christophersen, Palle; Wulff, Heike
(2017-07-04). "Potassium channel expression and function in microglia:
Plasticity and possible species variations". Channels (Austin, Tex.) 11 (4):
305-315. doi:10.1080/19336950.2017.1300738. ISSN 1933-6969. PMID
28277939. PMC PM(C5555259.

Rangaraju, Srikant; Raza, Syed Ali; Pennati, Andrea; Deng, Qiudong;
Dammer, Eric B.; Duong, Dug; Pennington, Michael W.; Tansey, Malu G. et
al. (2017-06-26). "A systems pharmacology-based approach to identify
novel Kvl.3 channel-dependent mechanisms in microglial activation".
Journal of Neuroinflammation 14: 128. doi:10.1186/s12974-017-0906-6.
ISSN 1742-2094. PMID 28651603. PMC PM(C5485721.

Srikant, Rangaraju,; Marla, Gearing,; Lee-Way, Jin,; Allan, Levey, (2015-
01-01). "Potassium Channel Kv1.3 Is Highly Expressed by Microglia in
Human Alzheimer's Disease" (in en). Journal of Alzheimer's Disease 44 (3).
doi:10.3233/jad-141704. ISSN  1387-2877. PMID  25362031. PMC
PMC4402159.

12 of 13 | WikiJournal of Science

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74,

75.

76.

WikiJournal of Science, 2018, 1(1):3 )
doi: 10.15347/wjs/003 -
Encyclopedic Review Article

Maezawa, Izumi; Nguyen, Hai M; Di Lucente, Jacopo; Jenkins, David Paul;
Singh, Vikrant; Hilt, Silvia; Kim, Kyoungmi; Rangaraju, Srikant et al. (2017-
12-18). "Kv1.3 inhibition as a potential microglia-targeted therapy for
Alzheimer’s disease: preclinical proof of concept" (in en). Brain 141 (2):
596—612. doi:10.1093/brain/awx346. ISSN 0006-8950. PMID 29272333.
PMC PM(5837198.

Beeton, C.; Wulff, H.; Barbaria, J.; Clot-Faybesse, O.; Pennington, M.;
Bernard, D.; Cahalan, M. D.; Chandy, K. G. et al. (2001-11-20). "Selective
blockade of T lymphocyte K+ channels ameliorates experimental
autoimmune encephalomyelitis, a model for multiple sclerosis".
Proceedings of the National Academy of Sciences 98 (24): 13942-13947.
doi:10.1073/pnas.241497298. ISSN 0027-8424.

Beeton, C. (2005-01-18). "Targeting Effector Memory T Cells with a
Selective Peptide Inhibitor of Kv1.3 Channels for Therapy of Autoimmune
Diseases". Molecular ~ Pharmacology 67 (4): 1369-1381.
doi:10.1124/mol.104.008193. ISSN 0026-895X.

Tsang, SW; Nguyen, CQ; Hall, DH; Chow, KL (December 1, 2007). "mab-7
encodes a novel transmembrane protein that orchestrates sensory ray
morphogenesis in C. elegans". Developmental Biology 312 (1): 353-366.
doi:10.1016/j.ydbio.2007.09.037.

Tarcha, E. J,; Chi, V.; Munoz-Elias, E. J.,; Bailey, D.; Londono, L. M;
Upadhyay, S. K.; Norton, K.; Banks, A. et al. (2012-05-25). "Durable
Pharmacological Responses from the Peptide ShK-186, a Specific Kv1.3
Channel Inhibitor That Suppresses T Cell Mediators of Autoimmune
Disease". Journal of Pharmacology and Experimental Therapeutics 342 (3):
642-653. d0i:10.1124/jpet.112.191890. ISSN 1521-0103.

Chi, Victor; Pennington, Michael W.; Norton, Raymond S.; Tarcha, Eric J.;
Londono, Luz M.; Sims-Fahey, Brian; Upadhyay, Sanjeev K. Lakey,
Jonathan T. et al. (2012-03). "Development of a sea anemone toxin as an
immunomodulator for therapy of autoimmune diseases". Toxicon 59 (4):
529-546. doi:10.1016/j.toxicon.2011.07.016. ISSN 0041-0101.

Murray, Justin K.; Qian, Yi-Xin; Liu, Benxian; Elliott, Robin; Aral, Jennifer;
Park, Cynthia; Zhang, Xuxia; Stenkilsson, Michael et al. (2015-08-31).
"Pharmaceutical Optimization of Peptide Toxins for lon Channel Targets:
Potent, Selective, and Long-Lived Antagonists of Kv1.3". Journal of
Medicinal Chemistry 58 17): 6784—-6802.
doi:10.1021/acs.jmedchem.5b00495. ISSN 0022-2623.

Harris, R.Adron (1984-01). "Differential Effects of Membrane Perturbants
on Voltage-Activated Sodium and Calcium Channels and Calcium-
Dependent Potassium Channels". Biophysical Journal 45 (1): 132-134.
doi:10.1016/s0006-3495(84)84137-5. ISSN 0006-3495.

Tanner, Mark R.; Tajhya, Rajeev B.; Hug, Redwan; Gehrmann, Elizabeth J.;
Rodarte, Kathia E.; Atik, Mustafa A.; Norton, Raymond S.; Pennington,
Michael W. et al. (2017-07). "Prolonged immunomodulation in
inflammatory arthritis using the selective Kv1.3 channel blocker
HsTX1(R14A) and its PEGylated analog". Clinical Immunology 180: 45-57.
doi:10.1016/j.clim.2017.03.014. ISSN 1521-6616.

Harris, R.Adron (1984-01). "Differential Effects of Membrane Perturbants
on Voltage-Activated Sodium and Calcium Channels and Calcium-
Dependent Potassium Channels". Biophysical Journal 45 (1): 132-134.
doi:10.1016/s0006-3495(84)84137-5. ISSN 0006-3495.

Olsen, C.; Lustig, K.; ladonato, S.; Tarcha, E.; Guttman-Yassky, E. (2017-
05). "695 Topical application of KPI-150, a potent inhibitor of Kv1.3
channels on effector memory T cells, demonstrates preclinical efficacy in
atopic dermatitis model". Journal of Investigative Dermatology 137 (5):
$119. doi:10.1016/j.jid.2017.02.718. ISSN 0022-202X.

Ewald, David A, Noda, Shinji; Oliva, Margeaux; Litman, Thomas;
Nakajima, Saeko; Li, Xuan; Xu, Hui; Workman, Christopher T. et al. (2017-
02). "Major differences between human atopic dermatitis and murine
models, as determined by using global transcriptomic profiling". Journal of
Allergy  and Clinical ~ Immunology 139 (2): 562-571.
doi:10.1016/j.jaci.2016.08.029. ISSN 0091-6749.

Martel, Britta C.; Lovato, Paola; Baumer, Wolfgang; Olivry, Thierry (09
2017). "Translational Animal Models of Atopic Dermatitis for Preclinical
Studies". The Yale Journal of Biology and Medicine 90 (3): 389-402. ISSN
1551-4056. PMID 28955179. PMC PM(C5612183.

Azam, Philippe; Sankaranarayanan, Ananthakrishnan; Homerick, Daniel;
Griffey, Stephen; Wulff, Heike (2007-06). "Targeting Effector Memory T
Cells with the Small Molecule Kv1.3 Blocker PAP-1 Suppresses Allergic
Contact Dermatitis". Journal of Investigative Dermatology 127 (6): 1419—
1429. doi:10.1038/sj.jid.5700717. ISSN 0022-202X. PMID 17273162. PMC
PMC1929164.

Ueyama, A.; Imura, K.; Kasai-Yamamoto, E.; Tai, N.; Nagira, M.; Shichijo,
M.; Yasui, K. (2013-11-20). "Kv1.3 blockers ameliorate allergic contact
dermatitis by preferentially suppressing effector memory T cells in a rat
model" (in en). Clinical and Experimental Dermatology 38 (8): 897-903.
doi:10.1111/ced.12097. ISSN 0307-6938.


https://doi.org/10.15347/wjs/2018.003
http://www.jci.org/articles/view/16921
http://dx.doi.org/10.1172%2Fjci16921
http://www.worldcat.org/issn/0021-9738
http://www.ncbi.nlm.nih.gov/pubmed/12782673
http://www.pubmedcentral.gov/articlerender.fcgi?tool=pmcentrez&artid=PMC156104
http://www.jimmunol.org/content/179/7/4563
http://www.jimmunol.org/content/179/7/4563
http://www.jimmunol.org/content/179/7/4563
http://dx.doi.org/10.4049%2Fjimmunol.179.7.4563
http://www.worldcat.org/issn/0022-1767
http://www.ncbi.nlm.nih.gov/pubmed/17878353
http://dx.doi.org/10.1038/ncomms14644
http://dx.doi.org/10.1038/ncomms14644
http://dx.doi.org/10.1038/ncomms14644
http://dx.doi.org/10.1038%2Fncomms14644
http://www.worldcat.org/issn/2041-1723
http://dx.doi.org/10.1371/journal.pone.0170102
http://dx.doi.org/10.1371/journal.pone.0170102
http://dx.doi.org/10.1371/journal.pone.0170102
http://dx.doi.org/10.1371%2Fjournal.pone.0170102
http://www.worldcat.org/issn/1932-6203
http://www.jimmunol.org/content/165/2/1138
http://www.jimmunol.org/content/165/2/1138
http://www.jimmunol.org/content/165/2/1138
http://dx.doi.org/10.4049%2Fjimmunol.165.2.1138
http://www.worldcat.org/issn/0022-1767
http://www.ncbi.nlm.nih.gov/pubmed/10878393
https://doi.org/10.1172/JCI200112516
https://doi.org/10.1172/JCI200112516
http://dx.doi.org/10.1172%2Fjci12516
http://www.worldcat.org/issn/0021-9738
http://www.ncbi.nlm.nih.gov/pubmed/11602626
http://www.pubmedcentral.gov/articlerender.fcgi?tool=pmcentrez&artid=PMC209525
https://link.springer.com/article/10.1023/B:JOCI.0000019784.20191.7f
https://link.springer.com/article/10.1023/B:JOCI.0000019784.20191.7f
https://link.springer.com/article/10.1023/B:JOCI.0000019784.20191.7f
http://dx.doi.org/10.1023%2FB%3AJOCI.0000019784.20191.7f
http://www.worldcat.org/issn/0271-9142
https://link.springer.com/article/10.1023/B:JOCI.0000019784.20191.7f
https://link.springer.com/article/10.1023/B:JOCI.0000019784.20191.7f
https://link.springer.com/article/10.1023/B:JOCI.0000019784.20191.7f
http://dx.doi.org/10.1023%2FB%3AJOCI.0000019784.20191.7f
http://www.worldcat.org/issn/0271-9142
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2732399/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2732399/
http://dx.doi.org/10.1016%2Fj.immuni.2008.07.015
http://www.worldcat.org/issn/1074-7613
http://www.worldcat.org/issn/1074-7613
http://www.ncbi.nlm.nih.gov/pubmed/18835197
http://www.pubmedcentral.gov/articlerender.fcgi?tool=pmcentrez&artid=PMC2732399
https://www.ncbi.nlm.nih.gov/pubmed/11245596
https://www.ncbi.nlm.nih.gov/pubmed/11245596
http://dx.doi.org/10.1152%2Fajpcell.2001.280.4.C796
http://www.worldcat.org/issn/0363-6143
http://www.ncbi.nlm.nih.gov/pubmed/11245596
http://www.jneurosci.org/cgi/doi/10.1523/JNEUROSCI.1251-05.2005
http://www.jneurosci.org/cgi/doi/10.1523/JNEUROSCI.1251-05.2005
http://dx.doi.org/10.1523%2Fjneurosci.1251-05.2005
http://doi.wiley.com/10.1002/glia.23078
http://doi.wiley.com/10.1002/glia.23078
http://doi.wiley.com/10.1002/glia.23078
http://dx.doi.org/10.1002%2Fglia.23078
http://www.worldcat.org/issn/0894-1491
http://www.worldcat.org/issn/0894-1491
http://www.ncbi.nlm.nih.gov/pubmed/27696527
http://www.pubmedcentral.gov/articlerender.fcgi?tool=pmcentrez&artid=PMC5113690
https://www.ncbi.nlm.nih.gov/pubmed/28277939
https://www.ncbi.nlm.nih.gov/pubmed/28277939
http://dx.doi.org/10.1080%2F19336950.2017.1300738
http://www.worldcat.org/issn/1933-6969
http://www.ncbi.nlm.nih.gov/pubmed/28277939
http://www.pubmedcentral.gov/articlerender.fcgi?tool=pmcentrez&artid=PMC5555259
https://doi.org/10.1186/s12974-017-0906-6
https://doi.org/10.1186/s12974-017-0906-6
http://dx.doi.org/10.1186%2Fs12974-017-0906-6
http://www.worldcat.org/issn/1742-2094
http://www.ncbi.nlm.nih.gov/pubmed/28651603
http://www.pubmedcentral.gov/articlerender.fcgi?tool=pmcentrez&artid=PMC5485721
http://www.medra.org/servlet/aliasResolver?alias=iospress&genre=article&issn=1387-2877&volume=44&issue=3&spage=797&doi=10.3233/JAD-141704
http://www.medra.org/servlet/aliasResolver?alias=iospress&genre=article&issn=1387-2877&volume=44&issue=3&spage=797&doi=10.3233/JAD-141704
http://dx.doi.org/10.3233%2Fjad-141704
http://www.worldcat.org/issn/1387-2877
http://www.ncbi.nlm.nih.gov/pubmed/25362031
http://www.pubmedcentral.gov/articlerender.fcgi?tool=pmcentrez&artid=PMC4402159
https://academic.oup.com/brain/article/141/2/596/4759461
https://academic.oup.com/brain/article/141/2/596/4759461
http://dx.doi.org/10.1093%2Fbrain%2Fawx346
http://www.worldcat.org/issn/0006-8950
http://www.ncbi.nlm.nih.gov/pubmed/29272333
http://www.pubmedcentral.gov/articlerender.fcgi?tool=pmcentrez&artid=PMC5837198
http://dx.doi.org/10.1073/pnas.241497298
http://dx.doi.org/10.1073/pnas.241497298
http://dx.doi.org/10.1073/pnas.241497298
http://dx.doi.org/10.1073%2Fpnas.241497298
http://www.worldcat.org/issn/0027-8424
http://dx.doi.org/10.1124/mol.104.008193
http://dx.doi.org/10.1124/mol.104.008193
http://dx.doi.org/10.1124/mol.104.008193
http://dx.doi.org/10.1124%2Fmol.104.008193
http://www.worldcat.org/issn/0026-895X
https://www.sciencedirect.com/science/article/pii/S0012160607013917
https://www.sciencedirect.com/science/article/pii/S0012160607013917
https://www.sciencedirect.com/science/article/pii/S0012160607013917
http://dx.doi.org/10.1016%2Fj.ydbio.2007.09.037
http://dx.doi.org/10.1124/jpet.112.191890
http://dx.doi.org/10.1124/jpet.112.191890
http://dx.doi.org/10.1124/jpet.112.191890
http://dx.doi.org/10.1124/jpet.112.191890
http://dx.doi.org/10.1124%2Fjpet.112.191890
http://www.worldcat.org/issn/1521-0103
http://dx.doi.org/10.1016/j.toxicon.2011.07.016
http://dx.doi.org/10.1016/j.toxicon.2011.07.016
http://dx.doi.org/10.1016%2Fj.toxicon.2011.07.016
http://www.worldcat.org/issn/0041-0101
http://dx.doi.org/10.1021/acs.jmedchem.5b00495
http://dx.doi.org/10.1021/acs.jmedchem.5b00495
http://dx.doi.org/10.1021%2Facs.jmedchem.5b00495
http://www.worldcat.org/issn/0022-2623
http://dx.doi.org/10.1016/s0006-3495(84)84137-5
http://dx.doi.org/10.1016/s0006-3495(84)84137-5
http://dx.doi.org/10.1016/s0006-3495(84)84137-5
http://dx.doi.org/10.1016%2Fs0006-3495%2884%2984137-5
http://www.worldcat.org/issn/0006-3495
http://dx.doi.org/10.1016/j.clim.2017.03.014
http://dx.doi.org/10.1016/j.clim.2017.03.014
http://dx.doi.org/10.1016/j.clim.2017.03.014
http://dx.doi.org/10.1016%2Fj.clim.2017.03.014
http://www.worldcat.org/issn/1521-6616
http://dx.doi.org/10.1016/s0006-3495(84)84137-5
http://dx.doi.org/10.1016/s0006-3495(84)84137-5
http://dx.doi.org/10.1016/s0006-3495(84)84137-5
http://dx.doi.org/10.1016%2Fs0006-3495%2884%2984137-5
http://www.worldcat.org/issn/0006-3495
http://linkinghub.elsevier.com/retrieve/pii/S0022202X17309004
http://linkinghub.elsevier.com/retrieve/pii/S0022202X17309004
http://linkinghub.elsevier.com/retrieve/pii/S0022202X17309004
http://dx.doi.org/10.1016%2Fj.jid.2017.02.718
http://www.worldcat.org/issn/0022-202X
http://linkinghub.elsevier.com/retrieve/pii/S0091674916310533
http://linkinghub.elsevier.com/retrieve/pii/S0091674916310533
http://dx.doi.org/10.1016%2Fj.jaci.2016.08.029
http://www.worldcat.org/issn/0091-6749
https://www.ncbi.nlm.nih.gov/pubmed/28955179
https://www.ncbi.nlm.nih.gov/pubmed/28955179
http://www.worldcat.org/issn/1551-4056
http://www.ncbi.nlm.nih.gov/pubmed/28955179
http://www.pubmedcentral.gov/articlerender.fcgi?tool=pmcentrez&artid=PMC5612183
http://linkinghub.elsevier.com/retrieve/pii/S0022202X15334321
http://linkinghub.elsevier.com/retrieve/pii/S0022202X15334321
http://linkinghub.elsevier.com/retrieve/pii/S0022202X15334321
http://dx.doi.org/10.1038%2Fsj.jid.5700717
http://www.worldcat.org/issn/0022-202X
http://www.ncbi.nlm.nih.gov/pubmed/17273162
http://www.pubmedcentral.gov/articlerender.fcgi?tool=pmcentrez&artid=PMC1929164
http://doi.wiley.com/10.1111/ced.12097
http://doi.wiley.com/10.1111/ced.12097
http://doi.wiley.com/10.1111/ced.12097
http://dx.doi.org/10.1111%2Fced.12097
http://www.worldcat.org/issn/0307-6938

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Koo, Gloria C.; Blake, Joseph T.; Shah, Kashmira; Staruch, Mary Jo;
Dumont, Francis; Wunderler, Denise; Sanchez, Manuel; McManus, Owen

B. et al. (1999-11). "Correolide and Derivatives Are Novel
Immunosuppressants Blocking the Lymphocyte Kvl.3 Potassium
Channels". Cellular Immunology 197 (2): 99-107.

doi:10.1006/cimm.1999.1569. ISSN 0008-8749.

Hubball, A. W,; Lang, B.; Souza, M. A. N.; Curran, O. D.; Martin, J. E,;
Knowles, C. H. (2012-05-16). "Voltage-gated potassium channel (Kv1)
autoantibodies in patients with chagasic gut dysmotility and distribution
of Kvl channels in human enteric neuromusculature (autoantibodies in Gl
dysmotility)". Neurogastroenterology & Motility 24 (8): 719-e344.
doi:10.1111/j.1365-2982.2012.01924.x. ISSN 1350-1925.

Beeton, C.; Barbaria, J.; Giraud, P.; Devaux, J.; Benoliel, A.-M.; Gola, M;
Sabatier, J. M.; Bernard, D. et al. (2001-01-15). "Selective Blocking of
Voltage-Gated K+ Channels Improves Experimental Autoimmune
Encephalomyelitis and Inhibits T Cell Activation". The Journal of
Immunology 166 (2): 936-944. doi:10.4049/jimmunol.166.2.936. ISSN
0022-1767.

Varga, Z.; Gurrola-Briones, G.; Papp, F.; Rodriguez de la Vega, R. C;
Pedraza-Alva, G.; Tajhya, R. B.; Gaspar, R.; Cardenas, L. et al. (2012-05-23).
"Vm24, a Natural Immunosuppressive Peptide, Potently and Selectively
Blocks Kv1.3 Potassium Channels of Human T Cells". Molecular
Pharmacology 82 (3): 372-382. doi:10.1124/mol.112.078006. ISSN 1521-
0111.

Kundu-Raychaudhuri, Smriti; Chen, Yi-Je; Wulff, Heike; Raychaudhuri,
Siba P. (2014-12). "Kv1.3 in psoriatic disease: PAP-1, a small molecule
inhibitor of Kv1.3 is effective in the SCID mouse psoriasis — Xenograft
model". Journal of Autoimmunity55: 63-72. doi:10.1016/j.jaut.2014.07.003.
ISSN 0896-8411.

Gilhar, Amos; Bergman, Reuven; Assay, Bedia; Ullmann, Yehuda; Etzioni,
Amos (2011-01). "The Beneficial Effect of Blocking Kvl.3 in the
Psoriasiform SCID Mouse Model". Journal of Investigative Dermatology 131
(1): 118-124. d0i:10.1038/jid.2010.245. ISSN 0022-202X.

Upadhyay, Sanjeev Kumar; Eckel-Mahan, Kristin L.; Mirbolooki, M. Reza;
Tjong, Indra; Griffey, Stephen M.; Schmunk, Galina; Koehne, Amanda;
Halbout, Briac et al. (2013-06-11). "Selective Kv1.3 channel blocker as
therapeutic for obesity and insulin resistance". Proceedings of the National
Academy of Sciences 110 (24): E2239-E2248.
doi:10.1073/pnas.1221206110. PMID 23729813. PMC PM(C3683782.
Tucker, K; Overton, JM; Fadool, DA (2008). "Kv1.3 gene-targeted deletion
alters longevity and reduces adiposity by increasing locomotion and
metabolism in melanocortin-4 receptor-null mice". International Journal of
Obesity 32:1222-1232.

Xu, Jianchao; Koni, Pandelakis A.; Wang, Peili; Li, Guoyong; Kaczmarek,
Leonard; Wu, Yanling; Li, Yanyan; Flavell, Richard A. et al. (2003-03-01).
"The voltage-gated potassium channel Kvl1.3 regulates energy
homeostasis and body weight" (in en). Human Molecular Genetics 12 (5):
551-559. doi:10.1093/hmg/ddg049. ISSN 0964-6906.

Xu, Jianchao; Wang, Peili; Li, Yanyan; Li, Guoyong; Kaczmarek, Leonard
K.; Wy, Yanling; Koni, Pandelakis A.; Flavell, Richard A. et al. (2004-03-02).
"The voltage-gated potassium channel Kv1.3 regulates peripheral insulin
sensitivity". Proceedings of the National Academy of Sciences101 (9): 3112—
3117. doi:10.1073/pnas.0308450100. PMID 14981264. PMC PMC365752.
Lioudyno, Maria I.; Birch, Alexandra M.; Tanaka, Brian S.; Sokolov, Yuri;
Goldin, Alan L.; Chandy, K. George; Hall, James E.; Alkire, Michael T. (2013-
10-09). "Shaker-Related Potassium Channels in the Central Medial
Nucleus of the Thalamus Are Important Molecular Targets for Arousal
Suppression by Volatile General Anesthetics". Journal of Neuroscience 33
(41): 16310-16322. doi:10.1523/jneurosci.0344-13.2013. PMID 24107962.
PMC PM(C3792466.

Peng, Ying; Lu, Kui; Li, Zichen; Zhao, Yaodong; Wang, Yiping; Hu, Bin; Xu,
Pengfei; Shi, Xiaolei et al. (2014-04-01). "Blockade of Kv1.3 channels
ameliorates radiation-induced brain injury"(in en). Neuro-Oncology 16 (4):
528-539. doi:10.1093/nevonc/not221. ISSN 1522-8517. PMID 24305723.
PMC PM(C3956348.

Yan, L; Fei, K; Zhang, J; Dexter, S; Sarras, MP Jr. (2000). "Identification and
characterization of hydra metalloproteinase 2 (HMP2): a meprin-like

13 of 13 | WikiJournal of Science

WikiJournal of Science, 2018, 1(1):3
doi: 10.15347/wjs/003
Encyclopedic Review Article

astacin metalloproteinase that functions in foot morphogenesis".
Development 127: 129-141.

Further reading

Harvey AL, Anderson AJ, Rowan EG, Marshall DL, Castafieda O and
Karlsson E. "Dendrotoxin-like activity isolated from sea anemones." Br. J.
Pharmac. 1991;104:34P.

Pennington, M.W.; Mahnir, V.M.; Krafte, D.S.; Zaydenberg, I.; Byrnes,
M.E.; Khaytin, I; Crowley, K.; Kem, W.R. (1996-02). "Identification of
Three Separate Binding Sites on SHK Toxin, a Potent Inhibitor of Voltage-
Dependent Potassium Channels in Human T-Lymphocytes and Rat Brain".
Biochemical and Biophysical Research Communications 219 (3): 696-701.
doi:10.1006/bbrc.1996.0297. ISSN 0006-291X.

Dauplais, M.; Lecoq, A, Song, J,; Cotton, J; Jamin, N, Gilquin, B,;
Roumestand, C.; Vita, C. et al. (1997-02-14). "On the convergent evolution
of animal toxins. Conservation of a diad of functional residues in potassium
channel-blocking toxins with unrelated structures". The Journal of
Biological Chemistry 272 (7): 4302-4309. ISSN 0021-9258. PMID 9020148.
Tudor, Jane E.; Pennington, Michael W.; Norton, Raymond S. (1998-01).
"lonisation behaviour and solution properties of the potassium-channel
blocker ShK toxin". European Journal of Biochemistry 251 (1-2): 133-141.
doi:10.1046/j.1432-1327.1998.2510133.x. ISSN 0014-2956.

Pennington, Michael W.; Lanigan, Mark D.; Kalman, Katalin; Mahnir,
Vladimir M.; Rauer, Heiko; McVaugh, Cheryl T.; Behm, David; Donaldson,
Denise et al. (1999-11). "Role of Disulfide Bonds in the Structure and
Potassium Channel Blocking Activity of ShK Toxint". Biochemistry 38 (44):
14549-14558. doi:10.1021/bi991282m. ISSN 0006-2960.

Lanigan, Mark D.; Tudor, Jane E.; Pennington, Michael W.; Norton,
Raymond S. (2001). "A helical capping motif in ShK toxin and its role in
helix stabilization". Biopolymers 58 (4): 422—436. ISSN 0006-3525.

Baell, Jonathan B.; Harvey, Andrew J.; Norton, Raymond S. (2002). "Design
and synthesis of type-Ill mimetics of ShK toxin". Journal of Computer-Aided
Molecular Design 16 (4): 245-262. doi:10.1023/a:1016310602813. ISSN
0920-654X.

Chang, Shih Chieh; Galea, Charles A.; Leung, Eleanor W.W_; Tajhya, Rajeev
B.; Beeton, Christine; Pennington, Michael W.; Norton, Raymond S. (2012-
10). "Expression and isotopic labelling of the potassium channel blocker
ShK toxin as a thioredoxin fusion protein in bacteria". Toxicon 60 (5): 840—
850. doi:10.1016/j.toxicon.2012.05.017. ISSN 0041-0101.

Dang, Bobo; Kubota, Tomoya; Mandal, Kalyaneswar; Bezanilla, Francisco;
Kent, Stephen B. H. (2013-08-06). "Native Chemical Ligation at Asx-Cys,
Glx-Cys: Chemical Synthesis and High-Resolution X-ray Structure of ShK
Toxin by Racemic Protein Crystallography". Journal of the American
Chemical Society 135 (32): 11911-11919. doi:10.1021/ja4046795. ISSN
0002-7863.

Lioudyno, Maria I.; Birch, Alexandra M.; Tanaka, Brian S.; Sokolov, Yuri;
Goldin, Alan L.; Chandy, K. George; Hall, James E.; Alkire, Michael T. (2013-
10-09). "Shaker-Related Potassium Channels in the Central Medial
Nucleus of the Thalamus Are Important Molecular Targets for Arousal
Suppression by Volatile General Anesthetics". Journal of Neuroscience 33
(41): 16310-16322. doi:10.1523/jneurosci.0344-13.2013. PMID 24107962.
PMC PM(3792466.

Chhabra, Sandeep; Chang, Shih Chieh; Nguyen, Hai M.; Hug, Redwan;
Tanner, Mark R.; Londono, Luz M.; Estrada, Rosendo; Dhawan, Vikas et al.
(2014-09). "Kv1.3 channel-blocking immunomodulatory peptides from
parasitic worms: implications for autoimmune diseases". The FASEB
Journal 28 (9): 3952-3964. doi:10.1096/fj.14-251967. ISSN 0892-6638.
Zhao, Ruiming; Dai, Hui; Mendelman, Netanel; Cuello, Luis G.; Chill,
Jordan H.; Goldstein, Steve A. N. (2015-12-01). "Designer and natural
peptide toxin blockers of the KcsA potassium channel identified by phage
display". Proceedings of the National Academy of Sciences 112 (50): E7013—
E7021. doi:10.1073/pnas.1514728112. ISSN 0027-8424


https://doi.org/10.15347/wjs/2018.003
http://dx.doi.org/10.1006/cimm.1999.1569
http://dx.doi.org/10.1006/cimm.1999.1569
http://dx.doi.org/10.1006/cimm.1999.1569
http://dx.doi.org/10.1006%2Fcimm.1999.1569
http://www.worldcat.org/issn/0008-8749
http://dx.doi.org/10.1111/j.1365-2982.2012.01924.x
http://dx.doi.org/10.1111/j.1365-2982.2012.01924.x
http://dx.doi.org/10.1111/j.1365-2982.2012.01924.x
http://dx.doi.org/10.1111/j.1365-2982.2012.01924.x
http://dx.doi.org/10.1111%2Fj.1365-2982.2012.01924.x
http://www.worldcat.org/issn/1350-1925
http://dx.doi.org/10.4049/jimmunol.166.2.936
http://dx.doi.org/10.4049/jimmunol.166.2.936
http://dx.doi.org/10.4049/jimmunol.166.2.936
http://dx.doi.org/10.4049%2Fjimmunol.166.2.936
http://www.worldcat.org/issn/0022-1767
http://dx.doi.org/10.1124/mol.112.078006
http://dx.doi.org/10.1124/mol.112.078006
http://dx.doi.org/10.1124%2Fmol.112.078006
http://www.worldcat.org/issn/1521-0111
http://www.worldcat.org/issn/1521-0111
http://dx.doi.org/10.1016/j.jaut.2014.07.003
http://dx.doi.org/10.1016/j.jaut.2014.07.003
http://dx.doi.org/10.1016/j.jaut.2014.07.003
http://dx.doi.org/10.1016%2Fj.jaut.2014.07.003
http://www.worldcat.org/issn/0896-8411
http://linkinghub.elsevier.com/retrieve/pii/S0022202X15349952
http://linkinghub.elsevier.com/retrieve/pii/S0022202X15349952
http://dx.doi.org/10.1038%2Fjid.2010.245
http://www.worldcat.org/issn/0022-202X
http://www.pnas.org/cgi/doi/10.1073/pnas.1221206110
http://www.pnas.org/cgi/doi/10.1073/pnas.1221206110
http://dx.doi.org/10.1073%2Fpnas.1221206110
http://www.ncbi.nlm.nih.gov/pubmed/23729813
http://www.pubmedcentral.gov/articlerender.fcgi?tool=pmcentrez&artid=PMC3683782
https://www.nature.com/articles/ijo200877
https://www.nature.com/articles/ijo200877
https://www.nature.com/articles/ijo200877
https://academic.oup.com/hmg/article/12/5/551/707019
https://academic.oup.com/hmg/article/12/5/551/707019
http://dx.doi.org/10.1093%2Fhmg%2Fddg049
http://www.worldcat.org/issn/0964-6906
http://www.pnas.org/cgi/doi/10.1073/pnas.0308450100
http://www.pnas.org/cgi/doi/10.1073/pnas.0308450100
http://dx.doi.org/10.1073%2Fpnas.0308450100
http://www.ncbi.nlm.nih.gov/pubmed/14981264
http://www.pubmedcentral.gov/articlerender.fcgi?tool=pmcentrez&artid=PMC365752
http://www.jneurosci.org/cgi/doi/10.1523/JNEUROSCI.0344-13.2013
http://www.jneurosci.org/cgi/doi/10.1523/JNEUROSCI.0344-13.2013
http://www.jneurosci.org/cgi/doi/10.1523/JNEUROSCI.0344-13.2013
http://dx.doi.org/10.1523%2Fjneurosci.0344-13.2013
http://www.ncbi.nlm.nih.gov/pubmed/24107962
http://www.pubmedcentral.gov/articlerender.fcgi?tool=pmcentrez&artid=PMC3792466
https://academic.oup.com/neuro-oncology/article/16/4/528/1115291
https://academic.oup.com/neuro-oncology/article/16/4/528/1115291
http://dx.doi.org/10.1093%2Fneuonc%2Fnot221
http://www.worldcat.org/issn/1522-8517
http://www.ncbi.nlm.nih.gov/pubmed/24305723
http://www.pubmedcentral.gov/articlerender.fcgi?tool=pmcentrez&artid=PMC3956348
http://dev.biologists.org/content/127/1/129.short
http://dev.biologists.org/content/127/1/129.short
http://dev.biologists.org/content/127/1/129.short
http://dx.doi.org/10.1006/bbrc.1996.0297
http://dx.doi.org/10.1006/bbrc.1996.0297
http://dx.doi.org/10.1006/bbrc.1996.0297
http://dx.doi.org/10.1006%2Fbbrc.1996.0297
http://www.worldcat.org/issn/0006-291X
https://www.ncbi.nlm.nih.gov/pubmed/9020148
https://www.ncbi.nlm.nih.gov/pubmed/9020148
https://www.ncbi.nlm.nih.gov/pubmed/9020148
http://www.worldcat.org/issn/0021-9258
http://www.ncbi.nlm.nih.gov/pubmed/9020148
http://dx.doi.org/10.1046/j.1432-1327.1998.2510133.x
http://dx.doi.org/10.1046/j.1432-1327.1998.2510133.x
http://dx.doi.org/10.1046%2Fj.1432-1327.1998.2510133.x
http://www.worldcat.org/issn/0014-2956
http://dx.doi.org/10.1021/bi991282m
http://dx.doi.org/10.1021/bi991282m
http://dx.doi.org/10.1021%2Fbi991282m
http://www.worldcat.org/issn/0006-2960
https://www.ncbi.nlm.nih.gov/pubmed/11180055
https://www.ncbi.nlm.nih.gov/pubmed/11180055
http://www.worldcat.org/issn/0006-3525
http://dx.doi.org/10.1023/a:1016310602813
http://dx.doi.org/10.1023/a:1016310602813
http://dx.doi.org/10.1023%2Fa%3A1016310602813
http://www.worldcat.org/issn/0920-654X
http://dx.doi.org/10.1016/j.toxicon.2012.05.017
http://dx.doi.org/10.1016/j.toxicon.2012.05.017
http://dx.doi.org/10.1016%2Fj.toxicon.2012.05.017
http://www.worldcat.org/issn/0041-0101
http://dx.doi.org/10.1021/ja4046795
http://dx.doi.org/10.1021/ja4046795
http://dx.doi.org/10.1021/ja4046795
http://dx.doi.org/10.1021%2Fja4046795
http://www.worldcat.org/issn/0002-7863
http://www.jneurosci.org/cgi/doi/10.1523/JNEUROSCI.0344-13.2013
http://www.jneurosci.org/cgi/doi/10.1523/JNEUROSCI.0344-13.2013
http://www.jneurosci.org/cgi/doi/10.1523/JNEUROSCI.0344-13.2013
http://dx.doi.org/10.1523%2Fjneurosci.0344-13.2013
http://www.ncbi.nlm.nih.gov/pubmed/24107962
http://www.pubmedcentral.gov/articlerender.fcgi?tool=pmcentrez&artid=PMC3792466
http://dx.doi.org/10.1096/fj.14-251967
http://dx.doi.org/10.1096/fj.14-251967
http://dx.doi.org/10.1096%2Ffj.14-251967
http://www.worldcat.org/issn/0892-6638
http://dx.doi.org/10.1073/pnas.1514728112
http://dx.doi.org/10.1073/pnas.1514728112
http://dx.doi.org/10.1073/pnas.1514728112
http://dx.doi.org/10.1073%2Fpnas.1514728112
http://www.worldcat.org/issn/0027-8424

