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Abstract: The large-conductance calcium-activated potassium (BK) channels distributed in both excitable and non-excitable cells are
key participants in a variety of physiological functions. By employing numerous high-affinity natural toxins originated from scorpion
venoms the pharmacological and structural characteristics of these channels tend to be approached. A 37-residue short-chain peptide,
named as martentoxin, arising from the venom of the East-Asian scorpion (Buthus martensi Karsch) has been investigated with a com-
paratively higher preference for BK channels over other voltage-gated potassium (Kv) channels. Up to now, since the specific drug
tool probing for clarifying structure-function of BK channel subtypes and related pathology remain scarce, it is of importance to illu-
minate the underlying mechanism of molecular interaction between martentoxin and BK channels. As for it, the current review will
address the recent progress on the studies of pharmacological characterizations and molecular determinants of martentoxin targeting

on BK channels.
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1 Introduction mmol/L symmetrical K*), resemble a unique class of

ion channels that couple intracellular chemical signal-
Large-conductance calcium-activated potassium (BK) ing to electric signaling . Though BK channels are ac-
channels also referred to as Maxi-K channels because  tivated by both elevated cytosolic Ca>* and membrane

of its large single-channel conductance (>200 pS in 100  depolarization, they can open even in the absence of
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calcium . Up to present, BK channels have been dem-
onstrated to regulate smooth muscle tone *~", neuronal
firing B3 endocrine cell secretion ['*15], cell prolifera-
tion U171 and cell migration '),

Functional BK channels are a tetramer of pore-forming
a subunits encoded by a single gene Slowpoke (Slo) [,
Different from the close homology of voltage-gated K*
(Kv) channel, the o subunit of BK channels possesses
additional hydrophobic segments including a trans-
membrane helix (S0) which places the N terminus on
the extracellular side of the plasma membrane ! and a
long cytosolic C-terminal (S7-S10) where putative
Ca?*-binding sites reside 2.

Awing to the tissue-specific regulatory p-subunits and
alternative splicing of Slo gene, BK channels possess a
rather complex diversity of subtypes family, which en-
dow various biophysical and pharmacological roles
throughout the tissues of organisms 231, Alternative
splicing of their mRNA could modify BK channels with
altered activation and phosphorylation properties 242,
Whilst, tissue-specific expression of accessory f-subunits
are responsible for modulating the BK channel kinetic
behavior, Ca*" sensitivity and pharmacological respons-
es to their specific modulators like scorpion toxin 2639,

Buthus martensi Karsch (BmK, East-Asian scorpion)
scorpion venoms are rich sources of natural active pep-
tides, most of which have been found to target on ion
channels. Except for the long-chain sodium channel-
specific modulators as valuable tools to exploring the
obscure profiles of structure and function of their tar-
gets B3] nine short-chain K*-channel blockers
(BmTX1, BmTX2, BmTX3, BmKTX, BmP01, BmP02,
BmP03, BmP05 and BmP09) have been isolated and
characterized from BmK venom B*3%. Among them,
martentoxin, a novel selective modulator of BK channel
subtypes attracts increasingly eyesight. This review
aims to give a comprehensive understanding underly-
ing the pharmacological characterizations and molecu-
lar properties of this toxin.

2 Structural decoding of martentoxin

The open reading frame (ORF) of martentoxin contains
177 bp encoding a precursor of 59 amino acid residues,
including a signal peptide of 22 residues and a mature
toxin (martentoxin) of 37 residues B°. By sequence
comparison with other potassium channel toxin, mar-
tentoxin showed a poor sequential similarity (35%-—
50%) with charybdotoxin (ChTX) and kaliotoxin
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(KTX) groups including BmTX1, BmTX2, BmTX3
and BmKTX from the same venom, but a high sequential
identity (73% and 75.7%) with two other toxins, named
as tamulotoxin (TmTX) and Lgh15-1 ¥4 (Fig. 14, B).

The secondary structure of martentoxin consists of a
triple-stranded B-sheet connected to an a-helical struc-
ture. This helix encompasses 10 residues from Serll to
Lys20. The three strands of B-sheet probably comprise
residues Gly2-Asp5, GIn27-Asn30 and Glu33-Cys36,
Cys30-Asn33 with a type I’ turn centered on Asn31-
Asn322 In solution, this toxin assumes a typical
CSaf motif, with an a-helix connected to a triple-
stranded B-sheet by 3 disulfide bridges, which belongs
to the first structural group of short-chain scorpion tox-
ins. However, its functional surface (B-face) is far vary
from other classic toxins (such as ChTX and IbTX).
The interaction of martentoxin with BK channels may
be quite different from other toxins 1.

3 Subtype-selective modulation of marten-

toxin targeting on BK channels

Accompanied by different 3 subunits, BK channel could
be divided into four subtypes in mammals [26: 30 44-46],
Alternative-splicing isoforms of /4S/o are also consid-
ered as novel BK channel subtypes. For example, glio-
ma BK (gBK) channels have recently been identified in
human glioma cells *”!. Currently, different BK channel
subtypes like a, a+p1, and a+B4 complexes could be
distinguished by scorpion neurotoxin such as iberiotox-
in (IbTX), ChTX and slotoxin, which have been com-
mercialized. As a specific ligand of BK channels, mar-
tentoxin also has the potential on discriminating most
BK channel subtypes efficiently as well as practical ap-
plications.

Electrophysiological studies showed that martentoxin
at the concentration of 10 pumol/L could inhibited volt-
age-dependent Na* current (/y,) and voltage-dependent
delayed rectifier K" current (/i) but without any effect
on transient K* current (/). Both interactions with Na*
and K* channels were irreversible *¥. On the contrary,
100 nmol/L martentoxin could potently block BK channel
currents in adrenal medulla chromaffin cells in which
B2 subunit may be co-expressed with a subunit 3% 4,
Previously, it was found that martentoxin has a remark-
able preference (about 103-fold) for BK channels,
(a+B2) subtype in the initial findings, over voltage-gat-
ed potassium (K,) channels and sodium (Na,) channels.
The subsequent study further pointed out that IbTX-
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Fig. 1. Structure alignment of martentoxin with some other K* channel blockers from scorpion venoms and unrooted phylogenetic

tree of K* channel blockers. 4: Sequence alignment of martentoxin with that of Lgh 15-1, TmTx, IbTX, and ChTX. The amino acid

sequences are aligned according to their cysteine residues!*

1. B: The phylogenetic tree was determined by amino acid sequence, ana-

lyzed and exported using ALIGNX, a component of the VECTOR NTI 5.5 software suite. AgTX1 (agitoxin), ChTX (charybdotoxin)
and Lqh15-1 were purified from Leiurus quinquestriatus var. hebraeus; BmTX1, BmTX2 and BmKTX were purified from Buthus

martensi Karsch; CIITX1 was purified from Centruroides limpidus limpidus; NTX (noxiustoxin) from Centruroides noxius Hoffmann;
LbTX (limbatotoxin) from Centruroides limbatus; IbTX (iberiotoxin) and TmTX (tamulotoxin) from Buthus tamulus; KTX (kaliotoxin)

from Androctonus mauretanicus mauretanicus; MgTX (margatoxin) from Centruroides margaritatus .

insensitive neuronal BK channels (a+B4) could be
strongly blocked by martentoxin (ICs,= 78 nmol/L)
(Fig. 24, B) , while the IbTX-sensitive BK channel (one
o subunit only) was almost insensitive to martentoxin
(Fig. 2C, D) ¥, which demonstrated that martentoxin
could potently discriminate o and o+p4 BK channel
subtypes. Consistently, injection of 10 mmol/L marten-
toxin (1 pL) into hippocampus region, where BK
(a+p4) channels are dominantly expressed, could evoke
an obviously abnormal discharge. This result also sup-
ports that martentoxin inhibited BK (a+f4) channels
specifically . Furthermore, martentoxin exhibits a
higher preference in outward K* currents increase on
¢BK channel over BK channel (a+f31) by about 10
folds, although the activities of both channel subtypes
could be enhanced (Fig. 34-D)PY. Herein, the subtype-
selectivity of martentoxin may possibly be attributed to
the integrative modulation of different B subunits or al-
ternative-splicing forms of o subunit for BK channels.

4 Ca’-dependent modulation of martentoxin

on BK channel subtypes

The intracellular calcium sensitivity of BK channel
subtypes is quite different due to tissue-specific regula-
tory B-subunits. For example, the 4 subunit reduces
the apparent voltage sensitivity of BK (a+p4) channel
activation and has complex effects on apparent Ca*
sensitivity. Specifically, channel activity at low Ca>*
concentration is inhibited, while at high Ca*" concentra-
tion, the channel activity is enhanced. Among the BK
channel subtypes, gBK and BK (a+p1) channels have
been unraveled to share higher Ca*" sensitivity %392,
B subunits of these channels could increase the appar-
ent binding affinity of the channel for Ca*" and facili-
tate the activation of the channel. Despite the physio-
logical or pathological importance of the higher Ca?*
sensitive BK channels has been clarified to some ex-
tent, the structural and molecular mechanism underly-
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Fig. 2. Proposed mechanism for the interaction between the BK channels (0+p4) and martentoxin. 4: Representative whole cell cur-
rent traces from cells expressing ASloo. and 4 subunits. The holding voltage was =70 mV and the currents were elicited by a pulse of
+60 mV with 500 nmol/L free Ca®* concentration in the pipette solution. Martentoxin (400 nmol/L) completely inhibited the currents.
B: Dose-response curve of martentoxin-induced inhibition of BK channels (a+f4). Plot of the fraction of unblocked current (/) versus
the martentoxin concentration. Each point presents data from 5~8 cells. Dose-response curve for the percent inhibition of BK channel
(a+P4) currents was drawn according to the Hill equation I = Im/(1 + ([toxin]/EC;))"), where Im is maximum enhanced percentage
of BK currents, and [toxin] is the concentration of martentoxin. ECs, (half-maximal effective concentration) and n denote the toxin
concentration of half-maximal effect and the Hill coefficient, respectively. The current in the presence of martentoxin and the control
current were both measured at +60 mV with 500 nmol/L free Ca®" in the pipette solution. C: Representative current traces are shown.
The channels were activated by +80 mV with a =70 mV holding potential. The free Ca*" concentration in the pipette solution was 500
nmol/L. The currents were hardly inhibited by 400 nmol/L of martentoxin. D: The effects of martentoxin (n = 5; P > 0.05) on BK
channel (a+f4) is shown. The significance was compared between the toxin and the control*\. E: B4 subunits of BK channels may
contribute to binding martentoxin. /: Neuronal BK channels are composed of ¢ and 34 subunits. The high-affinity sites for trapping
martentoxin are located on the extracellular rings of f4 subunits. G and H: The conformation of channels could be changed by the ap-
plication of martentoxin. I: The low-affinity site was exposed to associate with martentoxint*’!. The pink ball represents the cell mem-
brane, the blue line represents poly-saccharide chains, the green oval represents martentoxin, the blue ball represents some segments
of o subunit, the yellow oval represents the transmembrane segments of 34 subunit and the red line outside the membrane represents
the extracellular loop of $4 subunit.
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ing the Ca*" hypersensitivity of the BK channel sub-
types still remains unknown and the regulation of
calcium concentration on the pharmacological charac-
teristics of BK channels is rarely reported.

Martentoxin modulates the activities of neuronal BK
channel subtype (0+p4) in a Ca**-dependent manner ).
The neuronal BK channel (a+p4) currents could be re-
duced by martentoxin in the presence of low cytoplas-
mic Ca*" concentration, but conversely increased in the
presence of high cytoplasmic Ca?" concentration .
That is corresponding to the notion that f4 subunit re-
duces BK channel openings at low cytoplasmic Ca**
concentration, while increases channel openings at high
cytoplasmic Ca*" concentration ), It is thus indicated
that the pharmacological effects of martentoxin would
be reversed when subjecting to the conformational
change of BK channels.

Since gBK and BK channel (o+p1) possessed higher
Ca?" sensitivity than the neuronal BK channel (a+34)
under the physiological condition, the modulatory char-
acteristics of martentoxin at various [Ca?']; on these
two BK channel subtypes should be valuable to clari-
fied when considering the pharmacological selectivity
among different BK channel subtypes. The activities of
gBK and BK channel (a+f1) subtypes were both en-
hanced by martentoxin only at the case of free Ca*" in
the external environment. When Ca*" was completely
removed from the pipette solution, the activity of gBK
channel was conversely inhibited, however, this situa-
tion was not occurred in case of BK channel (a+p1)
unaltered by martentoxin B, Tt thus clearly suggested
that the modulation of martentoxin on various BK
channels is Ca**-dependent.

The Ca* binding sites of BK channels may be poten-
tial targets interacting with martentoxin directly. How-
ever, this hypothesis seemed to be challenged in that
martentoxin may not be able to reach the cytoplasmic
face of the cell where most Ca*" binding sites reside. An-
other possible mechanism is that martentoxin may indi-
rectly interact with Ca?* binding sites through binding
with specific regions of BK channels at first as some
Ca’ binding sites are specially approximate to other re-
gions, such as P subunits, on the BK channel (Fig. 3).

5 Interaction of martentoxin with BK chan-

nel subtypes

Up to now, neurotoxins interacting with voltage-acti-
vated potassium channels could be owing to two dis-
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tinct mechanisms: (1) The toxin binds to the outer
vestibule of the potassium conduction pore and inhibits
the flow of potassium. The best studied examples of
this mechanism are the scorpion toxins: IbTX and
slotoxin 33, (2) The toxin binds to a region whose
conformation is vulnerable during the gating move-
ments and hereby, altering the stability of closed, open
or inactivated states of potassium channels. Hanatoxin
and VsTX from tarantula spider venom were the earli-
est studied toxins that modify gating of voltage-activated
potassium channels -8, However, the third type of
interaction mechanisms between potassium channels
and toxins haven’t been reported yet.

The neuronal BK channels (o+p4) were insensitive to
classical BK channel blockers such as Ch'TX and IbTX ¢,
However, these IbTX-insensitive BK channels could be
potently blocked by martentoxin, whereas BK channels
consist of single a subtype were not !, The alanine-
scanning mutagenesis indicates that Tyr294 located in
the pore region of neuronal BK channel plays a crucial
role in the inhibition of martentoxin. In addition, extra-
cellular loops of B subunits between neuronal BK channels
and BK channels (o+p1) were inter-exchanged to in-
vestigate whether the 4 subunit modulates the toxin
sensitivity of the neuronal BK channel or not. Channels
co-expressed with the B1 subunit carrying the extracel-
lular loop of the B4 subunit (B1LB4) show toxin block-
ing characteristics indistinguishable with the wild-type
B4 subunit, while (a+p4Lp1) channels show little
respond to martentoxin (unpublished data). Therefore,
the pore region and 4 subunit of BK (o+p4) channel
might contribute to the inhibition of martentoxin and
provide a novel interaction model of potassium channels
and specific ligands (Fig. 2F). The underlying mecha-
nism can be attributed to the two binding sites of mar-
tentoxin on BK channels: One is trapping site, and the
other is an inhibitory site. Firstly, martentoxin interacts
with the trapping site formed by some residues of the
extracellular loop of f4 subunit. The interaction
between martentoxin and the trapping site may be rela-
tively steady due to a high-affinity even if washing was
carried out . This interaction induced the conforma-
tional change of the extracellular loop, and hence the
polysaccharide chains were extruded from the neigh-
borhood to the edge of the pore. Afterwards, the pore
region was exposed, and the inhibitory site was formed
to associate with martentoxin (Fig. 2F-/). In contrary
to the high-affinity of trapping site to martentoxin,
the inhibitory site showed a lower affinity to the toxins
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Fig. 3. Proposed mechanism underlying the Ca®* sensitivity of gBK channels and BK channels (o-tp1). A: Representative whole cell
current traces from HEK 293T cells expressing BK channels (a+f31) before and after the application of 1 umol/L martentoxin. The
holding voltage was —80 mV and the currents were elicited by a pulse of +80 mV with 0, 700 nmol/L or 25 pmol/L free Ca®" in the
pipette solution. B: Statistics analysis of modulation of BK channels (a+f1) by 1 pmol/L martentoxin in the presence of 700 nmol/L

LRk

or 25 umol/L free Ca*" in the pipette solution (n = P < 0.001 vs control). The enhancive ratios of martentoxin on the currents of
o+fB1 subtype were not significantly different between 700 nmol/L or 25 umol/L free Ca®" in the pipette solution (n = 4; P > 0.05).
C: Representative whole cell current traces from U251 cells expressing gBK channels before and after the application of 100 nmol/L
martentoxin. The holding voltage was =60 mV and the currents were elicited by a pulse of +100 mV with 0, 150 nmol/L or 28 umol/L
free Ca*" in the pipette solution. D: Statistics analysis of modulation of gBK channels by 100 nmol/L martentoxin in the presence of

P <0.001 vs control. The enhancive

Fxk

0 (n=4), 150 nmol/L (n = 8), 28 umol/L (n = 3) free Ca>’ in the pipette solution, respectively.
ratios of martentoxin on the gBK currents were not significantly different between 150 nmol/L or 28 pumol/L free Ca®"in the pipette
solution (n =3, P > 0.05)5%. E: The preliminary Ca?* binding sites of o subunit are always different affinity. 7 and G: The Ca** bind-
ing sites with different affinity were changed to one Ca** binding site only or multiple sites with same affinity in BK (a+$1) and gBK
channel subtypes because of the co-expression of § subunit. /: The B subunits are involved in the direct binding with martentoxin in
the enhancive effects of martentoxin on BK channels. The pink ball represents the calcium, the blue oval and yellow rectangle repre-
sents calcium receptors of o subunit, the column represents the transmembrane segments of o subunit and the black line outside the

membrane represents the extracellular loop of o and § subunit.
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and the interaction step was reversible *°!. Therefore,
the interaction of martentoxin with BK (a+p4) chan-
nels could be considered as a novel interaction model
between potassium channel toxin and its target
channels.

Compared to the action pattern of martentoxin on BK
channels (o+p4), martentoxin seems to target gBK and
BK (a+p1) subtypes in a disparate way. gBK channels
are abundant in human glioma cells and contribute to
~90% of the outward currents 7. Contrary to IbTX #7),
martentoxin could accelerate the proliferation of glioma
cells B%, which suggested that gBK channel was the di-
rect target of martentoxin. The block potency on the
outward currents with the simultaneous application of
martentoxin and IbTX was not significantly different
from that of IbTX alone. It was indicated that marten-
toxin and IbTX seem to occupy independent receptor
site on gBK channel. As the pore region was usually
regarded as the target of IbTX, the docking sites of
¢BK channel for martentoxin might be far from the
pore region. The voltage-dependence of gBK and BK
channel (a+f1) was not shifted by martentoxin B%,
which rules out the possibility that martentoxin inter-
acts directly with the voltage sensor. Besides, accumu-
lated data supported that  subunit might affect the
pharmacological or Ca*" sensitive characteristics of
gBK channel P!, Tt allow us to speculate that B subunit
of gBK channel might underlie the receptor sites for
martentoxin. The enhancement mechanism of BK
channels (a+B1) was similar to gBK channels. On the
one hand, BK channel consisted of o subunit alone was
insensitive to martentoxin even at the concentration of
toxin elevated to 1 umol/L %L On the other hand, the
enhancement of martentoxin on the activity of BK
channel (a+p1) could be completely abolished by IbTX
59 Moreover, the additive clues also came from the
findings that the extracellular loop of B1 subunit plays
a crucial role in interacting with martentoxin (unpub-
lished data). Hence, it strongly implied that the en-
hancement of martentoxin on these BK channel sub-
types may be attributed to its binding to B subunits
directly (Fig. 3H).

6 Deglycosylation of the  subunit of the BK
channels changes its pharmacological effects

induced by martentoxin

Like other types of potassium channels, BK channels
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are also subjected by post-translational modifications
such as glycosylation #>3%¢, Glycosylation affects the
activity and cell surface expression of BK channels.
There are two N-linked glycosylation sites on the ex-
tracellular loop of the B4-subunit. Glycosylation of the
B4-subunit is promoted by the pore-forming o subunit,
and this in turn reduces the toxin-resistant abilities of
the B4 subunit (%, Likewise, the B1 subunit has two po-
tential sites for N-linked glycosylation at the extracel-
lular loop 153611, Until now, it still unclear whether the
deglycosylation on the B1 subunit of BK channel will
change its pharmacological characterization.

Compared with the effect of martentoxin on wild
type BK (a+B1) channel, N80OA;N142A and
N80Q;N142Q mutants by deglycosylation mutation be-
come more insensitive to 400 nmol/L martentoxin.
Without Ca?* in the pipette solution, 400 nmol/L mar-
tentoxin has no inhibitory effect on wild type BK
(a+p1) channel. On the contrary, the currents of
N8OA;N142A and N80Q;N142Q mutants could be sig-
nificantly inhibited by 400 nmol/L martentoxin. The
possible mechanism could be described as follow: On
the one hand, martentoxin enhanced the current of BK
(a+pB1) channel by binding to the f1 subunit. On the
other hand, martentoxin inhibited the activity of chan-
nels by binding to the pore region because oligosaccha-
ride chains which could avoid martentoxin binding to
the pore region disappeared after deglycosylation.
Since the importance of glycosylation modification on
the pharmacological characterization of BK channel
subtypes, the glycosylation sites could be considered as
the novel target region of BK channel-related drugs
(unpublished data).

7 Perspectives

Epilepsies are disorders of neuronal excitability charac-
terized by spontaneous and recurrent seizures. BK
channels are critical for regulating neuronal excitability
and can contribute significantly to epilepsy pathophysi-
ology. It is generally assumed that outward K" currents
through BK channels repolarize the cell and reduce ex-
citability (2. However, in some neurons, the sharpening
of action potentials due to increased BK channel acti-
vation (gain of function) has been found to facilitate
high frequency firing (>4, Therefore, as a specific neu-
ronal BK channel inhibitor, martentoxin was possible
to be selected as a therapeutic agent to reduce the ef-
fects of BK channel gain of function in facilitating ab-
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normal activity and, potentially, seizure initiation. Anti-
convulsant action of martentoxin might be more
effective by molecular modification in order to cross
the blood-brain barrier.

Malignant gliomas are the most common primary in-
tracranial tumors with high mortality . Prominent ex-
pression of BK channel in human glioma cells is corre-
lated positively with enhanced malignancy grades 752,
Martentoxin displayed a high sensitivity on glioma BK
channelsP”, which implied martentoxin as a molecular
probe of gBK channel could be used for testing human
gliomas. Moreover, proliferation of U251 cells could
be obviously enhanced by martentoxin under the se-
rum-free condition®. The underlying mechanism of
gBK channels affecting on the cell cycle remains un-
known. Also, it is still unclear whether martentoxin
could protect normal glia cells under the serum-free
condition. Such investigations with martentoxin may
clarify the mechanism how the gBK channel produce
or relate to the malignant proliferation.

Besides, BK channel (a+f1) activated by local Ca*
release could regulate the membrane potential of arteri-
al smooth muscle cells and protect against hypertension
161, Activation of BK (a+fp1) channels by pharmacologic
tools may be an effective treatment for hypertension
disorders with increased smooth muscle tone. Since the
currents of BK channel (a+p1) could be strongly in-
creased by martentoxin %, it may allow us to speculate
that martentoxin could be utilized as a scaffold for de-
signing novel modifiers to enhance channel activity.
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