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HO-Conotoxins Inhibit Nav Channels by Interfering
with Their Voltage Sensars in Domain-2

BErico Leipoldl ABSTRACT
Herbert De Biel The (i0-conatoxins MiVIAcmd MAVIB are 31-residLe peptides fram Conus marmorews,
Stefan Zomi belonging to the O-superfamily of conotoxins with three disulfide bridges. They have
attracted attention because they are inhibitors of tetrodotoxin-insensitive voltage-gated
Adolfo Borges?2 sodium channels (Nayl .8) and could therefore senve as lead strudure for noe
Bl M Oli analgesics. Tre aim of this study wes to elucidate the molecular mechanism by which
domero vera3 (IO-conotoxins affect Nav channels. Rat Nayl .4 channels and nutants thereof were
Heinrich Terlaud eqoressed in mammalian cells and were assayed with the whde-cdll patch-damp method.
. - Unlike for the M-superfamily (j—oconotaxin GlHLA fram Conus geographus, channel block by
Stefan H Heinemannt MMAwes strongly diminished after activating the Nav channels by depolarizing voltage
@bk Braiic BanetdBys fah Sl steps. Searching for the source of this voltage dependence, the gating charges in all
Uhedtyra @ray ¢ four—~voltage sensars were reduced by site-directed mutagenesis showing that alterations

PAncoiod BizmAids Qo . of the voltage sensor in domain-2 have the strongest impact on MPVIA action. These
m@mmmmm resuits, together with previous findings that the effect of MPVIA depends on the strudure
Uheddni@id d\drard Qacs \derda of the pore-logp in domein-3, suggest a functional similarity with scorpion 3-todrs Infact,

MMA functionally competed with the scorpion (3-odn Ts1 from Tityus serrulatus, while

dpErnertaRRiny UkestdUth Shl el it cid not show conpetition with (-GIA 1 and (-GlIIA did not compete either. Ths,
rited Benet audic Panatoyau Doy Ukesty  similar to scorpion (34o4drg (I0-conotoxins are voltage-sensor taxins targeting receptor
Cfmlmi@fﬂy ste4 on Nav chamnels. They "block” Na~+flow most likely by hindering the voltage

SnHHiwan @efrMalBralie  Sensor in domein-2 from activeting and, hence, the channel fram opening.
%’*’%‘“mms
Fx AWBN9RP
INTRCDUCTION

The venoms of fish- and mollusk-hunting cone snails contain a rich repertoire of
toxic peptides varying in length and the number of disulfide bridges. Many of these
toxins target ion channels and are therefore useful tools for studying ion channel func-
tion. Conotoxins of the O-superfamily are characterized by three disulfide bridges with
the corresponding cysteine residues arranged like C-C-CC-C-C.1 O-superfamily toxins
target voltage—gated ion channels; families with several known members are 0)-conotoxins
blocking voltage-gated Ca2+ channels and 8-conotoxins removing the inactivation of
voltage—gated sodium channels (Nay channels). Currently, there is only one member
ACKNOWALEDGEVENTS described for K-conotoxins blocking voltage-gated K+ channels.2 The fourth family

is formed by (iO-conotoxins. Their name arises from their potency to inhibit Nay
This work wes supported by the Deutsche  channels, like (4-conotoxins of the M-superfamily, and their structural classification as
Forschungsgemeinschaft (HE 2993/5-2 to  Q-superfamily conotoxins. To date there are only two (iO-conotoxins known: MrVIA and
Stefan H. Heinemann), FONACIT CNPq  MrVIB, both from Conus marmoreus? These toxins have attracted attention because they
(Pl 20040000385 to Adolfo Borges), and  appear to be valuable molecules to block tetrodotoxin-resistant Nay channels in dorsal
NIH (GM48677 to Baldomero M. Olivera).  root ganglia and, therefore, may serve as lead structures for the development of novel Nay
We thank Dr. J. Trimmer for providing the channel-specific analgesics.*5
clone for rNay 1.4 and the MzB SW seminar Nay channels are glycosylated membrane proteins composed of one large pore—forming
group for helpful discussions. OC-subunit and up to two small p-subunits (reviewed in ref. 6). They open in response to a
depolarization of the membrane. The resulting influx of Na-+nto the cells accentuates the
depolarization and finally triggers action potentials. Therefore, Nay channels are of prime
importance for the generation and propagation of electrical signals in nerve and muscle
cells. Given this physiological relevance it is not surprising that poisonous animals have
developed specific toxins targeting Nay channels. Such Nay channel-specific toxins usually
are classified according to so-called receptor sites (RS) that biochemically characterize
the interaction sites at the channel protein (example in ref. 7). Peptide toxins acting on

conotoxin, sodium channel, voltage sensor,
patch clamp, gating, pain
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Nav channels either block the channel pore (RSI) or they interfere
with the voltage-sensor elements consisting of the transmembrane
segments S3/S4 of the four homologous domains of the Ct—subunit.
Scorpion a-toxins interact with the voltage sensor in domain-4
(RS3) and cause an elimination of channel inactivation, which is
coupled to that voltage sensor.8-1 Similarly, S-conotoxins inhibit
Nav channel inactivation making use of an interaction epitope at
the domain-4 S3/S4 linker largely overlapping with that of scorpion
a-toxins (originally referred to as RS6). 1 Scorpion (3-toxins interfere
with RS4, constituted in part of the voltage sensor in domain-2 and
cause a shift in the voltage dependence of activation and can arrest
the voltage sensor in its activated position (voltage-sensor trap-
Ding)-\lLl

The (jO-conotoxins MrVIA and MrVIB consist of 31 natural
amino acids and the structure of MrVIB has already been solved by
NMR analysis (Fig. 6A).13 The primary action of (jO-conotoxins is
to inhibit Na+flow through Nav channels, but thus far no receptor
site could be assigned to these toxins. Functionally they are similar
to (4-conotoxins that block Nay channels by binding inside the outer
pore vestibule (RSI) (reviewed in ref. 14). However, binding assays
involving radioactively labeled saxitoxin (STX) revealed that MrVIA
apparently does not compete with STX for RS1.15

The molecular mechanism by which (jO-conotoxins inhibit Nay
channels is unknown. A typical feature of 8-conotoxins and appar-
ently also of @O-conotoxins is that they do not exhibit a marked
subtype specificity when comparing their effect on various types
of mammalian Nav channels. For 8-conotoxins this wes mainly
attributed to the major interaction site in the domain-4 S3/S4
linker, which is conserved among mammalian Nav channels.10 For
(jO-conotoxins we have previously shown that they have a mild pref-
erence for the skeletal muscle (Nav 1.4) over the brain-type (Nav 1.2)
channel. Based on that difference, a systematic approach involving
the construction and assay of channel chimeras revealed that the
C-terminal pore loop in domain-3 determines the channel pheno-
type with respect to the block effect of MrVIA.16 This is exactly the
channel epitope determining the subtype specificity of the scorpion
(3-toxin Tzl (from Tityus zulianus)}7

The aim of the following study was to identify the mode of action
of the (jO-conotoxin MrVIA and to test for a functional similarity
with (4-conotoxins and scorpion (3-toxins.

MATERALS AND METHIDS

Channel constructs. The wild-type channel used in this study
wes the rat skeletal muscle sodium channel Nayl.4 (SCN4A,
M26643.1).18 In addition, eight mutant channels were constructed
in which the two outermost charged residues in the S4 segments of
domain-1 to domain-4 of Nayl.4 were replaced individually with
cysteines (R219C, R222C, R663C, R666C, K1119C, R1122C,
R1441C, R1444C) using a PCR-based strategy. The construction of
mutant G658N in the same background was previously described in
ref. 17. All mutations were verified by sequencing. Plasmid DNA wes
isolated from F, coli using the Midi- or Maxi—plasmid purification kit
(Qiagen, Hilden, Germany).

Cell culture and transfection. HF.K 293 cells (CAMR, Porton
Down, Salisbury, UK) were maintained in 45% Dulbecco’s Modified
Ragles Medium (DMF.M) and 45% Ham’s F12 Medium, supple-
mented with 10% fetal calf serum in a 5% CO, incubator at 37°C.
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HF.K 293 cells were trypsinized, diluted with culture medium, and
grown in 35-mm dishes. When grown to 30-50% confluence, cells
were transfected with a 5:1 ratio of the Nav channel expression plas-
mids and a vector encoding the CDS antigenl-using the Superfect
transfection kit (Qiagen). Dynabeads (Deutsche Dynal GmbH,
Hamburg, Germany) were used for visual identification of individual
transfected cells. F.lectrophysiological recordings were performed
2-3 days after transfection.

Solutions and toxins. The patch pipettes contained (in mM):
35 NaCl, 105 CsF, 10 F.GTA, 10 HF.PFS (pH 7.4 with CsOH).
The bath solution contained (in mM): 150 NaCl, 2 KC1, 1.5 CacCl,,
1 MgCl,, 10 HF.PF.S (pH 7.4 with NaOH). The toxins were diluted
in bath solution containing 1 mg/ml BSA and stored at -20°C until
use. The application of toxins was performed with an application
pipette as previously described in ref. 20. GIIIA was chemically
synthesized according to standard methods,2L MrVIA was synthesized
using a modification of a method previously described in ref. 3. Tsl
was obtained from T serrulatus crude venom (Sigma Chemical Co.,
St. Louis, USA), which wes first fractionated by gel exclusion chro-
matography using Sephadex G-50 according to Miranda et al.22 Ts|
was then purified from Sephadex G-50 toxic fraction TstFG5023 by
a combination of ion exchange and reversed phase chromatographic
steps according to Chavez-Olortegui et al.24

Electrophysiology. Whole-cell voltage-clamp experiments were
performed as (previously described in ref. 20). Briefly, patch pipettes
with resistances of 0.9-2.0 MO were used. The series resistance
was compensated for by more than 80% in order to minimize
voltage errors. An F.PC-10 patch-clamp amplifier wes operated
by PatchMaster software (both HF.KA F.lektronik, Lambrecht,
Germany). Leak and capacitive currents were corrected with a pin
method. Currents were low-pass filtered at 5 kHz and sampled
at a rate of 25 kHz. All experiments were performed at constant
temperature (19-21°C). Data analysis was performed using IgorPro
(WaveMetrics, Lake Oswego, OR, USA) and FitMaster (HF.KA
F.lektronik). All data were presented as mean = standard error of
the mean (n = number of independent experiments). Data sets were
tested for statistical significance using Students f-test with unequal
variances when appropriate.

Current-voltage relationships. From a holding potential of
-120 mV test depolarizations in the range from -110 to +60 mV in
steps of 10 mV were applied at an interval of 10 s. The peak currents in
absence and presence of MrVIA were fit with a Hodgkin—Huxley acti-
vation formalism involving m=3 activation gates and a single-channel
characteristics according to Goldman, Hodgkin, and Kat/,:

I(V) =pa(V)r _ v Fa.

where / is the test pulse current and Vis the test pulse voltage. V is
the voltage of half-maximal gate activation, k is the corresponding
slope factor, T isthe maximal conductance of all channels and E
the reversal potential. Pjrfi describes the probability of the channels to
be inhibited by the toxin under steady-state conditions. Pjnfi depends
on the experimental conditions such as the holding voltage, but is
largely independent of the test pulse voltage. In control experiments,
i.e., in the absence of toxin Pjrf) wes set to zero.
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Functional competition of MrVIA, GIIIA and Tsl. Functional
competition of MrVTA, GITTA and Tsl was measured applying the
toxins individually and in combinations of two. Cells were held at
a potential o f-120 mV and a series of test depolarizations ranging
from -125 to +55 mV wes applied in steps of 5 mV, 50 ms before
and after a 50-ms conditioning pulse to +40 mV (Fig. 5A). The
conditioning pulse was used to facilitate activation of the chan-
nels before the second test pulse series; the 50-ms segments before
and after conditioning ensured recovery of the channels from
fast inactivation. The repetition interval was 10 s For a quantita-
tive description normalized conductances were calculated from
current-voltage relationships, plotted versus the test pulse voltage and
fit with a double Boltzmann formalism:

Pax

I-P
M) gaen ™y g ¢4.2

with Psutas the probability of the channels to activate at subthreshold
potentials and AKas shift in the activation voltage. This formalism
was used since Tsl-modified channels are assumed to activate with
two activation gates whenever the p-toxin is bound to the channels.'7
Th control experiments and in the presence of MrVTA or GITTA
alone was set to zero. This means describing channel activation
according to a Hodgkin—-Huxley theory, i.e., using three independent
activation gates.

Steady-state inactivation. From a holding potential o f-120 mV
cells were conditioned for 500 ms at voltages ranging from -140
to -30 mV in steps of 10 mV. Subsequently, peak current was
determined at O mV. The repetition interval was 20 s The peak
current plotted versus the conditioning voltage was described with a
Boltzmann function:

(Ha. 3)

with the half-maximal inactivation voltage W and the corresponding
slope factor kfj that indicates the voltage dependence of steady-state
fast inactivation.

Depolarization-induced loss of MrVIA inhibition. Fromaholding
potential of -120 mV the peak current amplitude was measured
40 ms before and 100 ms after conditioning pulses of various lengths.
The conditioning voltages were 0, +40 and +80 mV. The repetition
interval was 30 s The probability of the channels to be inhibited by
MrVTA (P; /) wes calculated from the ratio of the current amplitudes
under control conditions and during application of 400 nM MrVTA
after the conditioning and plotted as a function of the conditioning
duration. The kinetics of the depolarization-induced loss of toxin
effect was described by a single-exponential function yielding a time
constant, T, characterizing the relief of MrVTA-induced inhibition.
These time constants, plotted as a function of conditioning voltage,
were also fit with an exponential function providing an estimate of
the effective charge transfer, q, during the voltage-dependent relief
of inhibition:

with the absolute temperature T, and Boltzmann’s constant k
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Inhibition of sodium channels by MrVIA is voltage dependent.
Th a previous study we have shown that MrVTA efficiently inhibits
Nay | .4 channels expressed in HF.K 293 cells with an apparent TC3)
value of approximately 250 nM without marked effects on current
kinetics or voltage dependence of channel activation.'6 That study
also showed that jiO-conotoxins interact with an epitope in the pore
loop of domain-3 that is also a target site for scorpion p-toxins,'7
suggesting that both types of toxins may act via similar molecular
mechanisms. TFthis was true, mutations that eliminate the effect of
scorpion p-toxins might also affect the action of jiO-conotoxins. Th
Nay | .4 such a mutation is G658N in the S3/S4 linker of domain-2.
Th the background of Nayl.2 channels the equivalent mutation
(G845N) abolishes the activity of CssTV a p-toxin from Centruroides
suffitsus suffitsus, to shift channel activation.” For Nav 1.4 we have
previously shown that G658N impairs this action ofT zI'7 by
hindering the trapping of the voltage sensor usually obtained by
the action of scorpion p-toxins. Thus, we compared the effect of
400 nM MrVTA on wild-type Nav 14 channels (Fig. 1, top) and
mutant G658N (Fig. 1, bottom) and found that both channel types
were inhibited similarly (65 +5% for the wild type and 57 +7% for
G658N) without noticeable effects on current kinetics and voltage
dependence of activation.

This result questions if jiO—conotoxins and scorpion p-toxins act
on Nay channels according to a similar molecular mechanism. Since
there wes no clear competition between the pore blocker STX and
MrVTA,'5jiO-conotoxins may belong to the dass of gating-modifier
toxins. Such toxins, for example a-toxins and p-toxins from scor-
pions, interact with the voltage-sensor elements in Nay channel
domains 4 and 2, respectively.8'' Both toxins show some kind of
use-dependence: The effect of scorpion a-toxins (example in ref. 20)
and 8-conotoxins vanishes when channels are subjected to strong
depolarizations.'0 For p-toxins the opposite mechanism seerrs to
hold as the shift in voltage-dependent activation is pronounced
after channel activation."” 725 Therefore we examined the ability of
MrVTA to inhibit Nay| .4 channels in dependence of prepulse depo-
larizations. As shown in Figure 2A, the inhibition of Na-+currents
by the toxin can be removed when the test pulse is preceded by a
depolarization that opens the channels. Increasing durations of the
depolarization progressively removed the effect; the time course at
+40 mV conditioning voltage was described with a single-expo-
nential function with a time constant of 16.3 +=5.3 ms. Such time
constants for further conditioning voltages are shown in Figure 2B.
The continuous curve is a single-exponential fit (F.g. 4) associating
the translocation of 1.8 elementary charges across the transmem-
brane electric field to the voltage dependence of toxin dissociation. A
nearly complete recovery from block occurs with conditioning pulses
to +40 and +80 mV (Fig. 2C).

These results clearly show that the action of MrVTA is voltage
dependent, highly suggestive of a voltage—sensor toxin mechanism. Th
addition, the kinetics and amount of current recovery after prepulses
to +40 mV in the presence of MrVTA for mutant G658N were
indistinguishable from the wild type (Fig. 2B and C, filled symbols)
corroborating that modifications in the domain-2 S3/S4 linker that
affect scorpion p-toxin action are not necessarily important for
jiO—conotoxins.
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Identification of the voltage sensor relevant for MrVIA-induced
channel inhibition. The experiments shown thus far do not provide
information on the molecular source of the voltage dependence of
MrVIA action. It is conceivable that the toxin itself, when charged,
has to move partially through the transmembrane electric field to
leave its binding site. Alternatively, the voltage dependence may
originate from the channel protein. The latter scenario may mean
that the activation of at least one of the four voltage sensors lowers
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Fogae 1 Irhibtion of Navi 4 ad muat G653N
dards by MMA (A Syparpasition of wde-adl ar-
rat recodings of HK 293 ddls eqaressing wildtye
Navl .4 drards (i) and mutent G658N (ot for the
indicated puse pratood  befare ad dfter (grey seding)
gplication of 400 'MMMA B Rekaumatsasafuc
tion of valtage befare and after godlication of MMA far
fits acoording to the Hoogkin-HMey mocd (& D). Q
Mean proashility of dards being doded by 400 nvi
MMA (Hr) cdadated fram data fits acoording to B 1
Brar bars are SEM values for the nunber of eqoarinets
indicated in parentheses

Fgure 2 MMA-edaed inhilbition of Navl 4 darels is
\altege depardert. (A Rise , conading of a et
puse to-20 NV (pi), a conditioning pulse to +0 nwith
inoreesing duration in individbel swegs, ad a secad
=t pise 0 -0 nV (). Qmat respoee of Navl4
dames eqressad in HIK 298 odls after gplication of
400 MMMA  (left). Tre deshed lire indicates the megni-
tude of pesk aurart: before toxin application. Tre superim
posed aurert traces were recorded fdlloning conciioning
a +0 nV/ for varias tine intends (idief of inhibition).
Treaotinuous ane repesats a fit to the recovered peek
armat as a fudion of coditioning tire at +0 mMvwith
a srgje-eqoetid fudion B Tine codtats ad O
nmaximum recovered aurant derived framfits as down in
(A fatted agginst conditioning patentid. B bars are
SEM vaues far n=5. Tre artiruass ane in @ indi-
cates afit tothe data pants acoording to g 4, resUiting in
an estinete of tre effectively moved gating drarge of 1.8
dedtron darges. Trefilled synids in @ and © indicate
values for muant GE58N at +0 n\/

the MrVIA affinity to the channel protein, in effect transiently
reducing its blocking efficacy. A systematic alteration of the voltage
sensor structures might therefore help to identify the relevant voltage
sensor. We thus individually replaced the two outermost charged
residues of the S4 segments in all four domains with cysteine
residues. Expression of all mutants in HEK 293 cells resulted in func-
tional channels with current amplitudes indistinguishable from that
of wild-type Nay 1.4 (Fig. 3). Channel activation and steady-state
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penimposed sirge-eqonantid fits Tre red aunes rgresant the meen wildHype ceta,

in red, the positions of the nuiated positively drarged

inactivation were evaluated as described in the methods, summarized
in Table 1 The half-maximal activation voltage was shifted by more
than -10 mV for mutations in domain-1 and the slope factors of
all mutants were about 1°2 mV greater than that for the wild type,
statistically significant only for R219C, R666C, K1119C, R1441C,
and R1444C. Steady-state inactivation wes significantly affected
by mutating the sensor in domain-4 (R1441C and R1444C) &
expected from the coupling of the domain-4 voltage sensor to the
inactivation gate.82628 The other mutations had only negligible
effects on channel steady-state inactivation. The time course of inac-
tivation at —20 mV, estimated with single-exponential functions, wes

www.landeshioscience.com
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slowed down by both charge mutations in
domain-4 and the first charge in domain-1
(Fig. 3 and Table 1).

All mutants were subsequently assayed
for the block effect of 400 nM MrVTA and
the time constant of toxin dissociation at
+40 mV. As shown in Figure 4A, alteration
of all four voltage sensors increased the time
constant for toxin dissociation with respect
to the wild type, but only the modifica-
tion in domain-2 resulted in a statistically
significant effect. Neutralization of the
outermost charge in this voltage sensor
(R663C) increased the dissociation time
constant more than 5-fold to 87.7 +8.0 ns;
elimination of the second charge (R666C)
slowed down this process about 2.5-fold
(41.2 +£6.5 ms).

Th Figure 4B the absolute blocking
potency for 400 nM MrVTA (grey) and
the amount of current recovered with
+0 mV conditioning pulses (white) are
shown for all mutants. Neutralization of
the first charged residues in domain-1
and domain-2 resulted in stronger inhibi-
tion by MrVTA (77.6 =3.2% and 86.2 +
1.1%, respectively). T both mutants of
domain-2 the inhibiting effect could not be
completely relieved by depolarizing pulses
to +40 mV (56.6 +9.5% for R663C and
55.1 +5.6% for R666C).

These results highlight the voltage
sensor of domain-2 as the major source of
the voltage dependence of MrVVTA action. A
reduced gating charge in that sensor seerrs
to stabilize the toxin at its receptor site
during strong depolarizations.

Competition of MrVIA with Tsl and
GIIIA. The dependence of the action of
(jO-conotoxins on the voltage sensor in
domain-2 (this study) and the pore loop of
domain-3'6 is reminiscent of the interac-
tion pattern of scorpion (3-toxins with Nay
channels. Such toxins also interact with the
pore loop of domain-3'7 and a reduced
charge of the voltage sensor of domain-2
results in more efficient voltage-sensor trap-
ping by scorpion (3-toxins.2} To test whether (jO-conotoxins
functionally interact with scorpion (3-toxins we measured the effect
of MrVTA and Tsl (from Tityus serrulatus, also referred to as Ts+y)
on Nay 14 channels, alone and in combination. For these experi-
ments we chose 2 |jM MrVTA as this concentration inhibited 87.8 +
1.8% of all channels, and this block was reduced to 26.0 £7.2% by
a 50-ms depolarization to +40 mV (Fig. 5B, red ares). Application
of 100 nM of the scorpion (3-toxin Tsl had a dual effect (Fig. 5C):
About 50% of the current disappeared— here termed “inh” channel
fraction. Of the remaining 50% of the channels about 40% acti-
vated at subthreshold voltages (V was shifted by -33.2 +£0.6 mV

R1441C

5ms

R1441C

R1444C

5ms
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Tade 1 Voltage-dependent gating parameters of wild-type and mutant channels

Adtivation Inactivation
Carel  vmm) km(my QY kn(m) TfM n
Navl 4 419+16 103 +05 -5 +23 48 +01 0.69 +0.05 6
G658N 204 +17 11.1+01 -3 +19 46 +01* 0.77 +0.05 6
R219C 67 +1.5* 121 +0.3** 819 +13F 49+01 14 +0.11* 5
R22C 81 H0.7+* 124 +05* 906 +12 53402 0.76 +003 7
ReG3C 374+13 136 +1.0* -60+13 50-+01 0.82 +0.09 5
Rea6C -300+10 125 +0.3** -iR7+09 47+ 01 0.75 +005 6
KilloaC -A03+15 124 +0.2*%* -64 +09 53 +0.1* 0.87 +0.07 6
R1122C 431 +13 11.2 +03 P4 +12 6.0 +0.3* 0.69 +0.03 7
R1441C -45+13 127 +0.3** 817 +18 99 +0.3** 292 +0.13** 7
R1444C -H66 +13* 126 +0.4** -5 +14 6.6 +0.2%* 108 +0.08** 5

szt et ol odiosvihagdos( add Tiftes e T
Ferucelgiymaass aedtaniel @diosvihelHos F "E.“N'm.lt e

chmaiAysEs0-Dnv/A diavestski ter i sgilarevin

Houre 4. A reclod geting drarge in dovain=2 Stahilizes MMA @t Navl4 dards. (A Tine con
sarts desaibing the loss of MMA effect far Navl .4 mutart dramndls duing a conditioning pulse o
+40 MV (400 "MMMA). The bar labdling spedfies the Site of mutagenesis. Thedeshed lire indicates
the meen tine constart of renovd of MMA effedt far Navl 4 wild-ype darels. Deta are graupd
aooording to the dareins thet carry the nodified voltege sarear (D1-D4). B Rdative aurart anpli-
tuoks after gpplication of 400 TMMMA @ a test patentid of =20 nV/ before (ggy) and after (White)
corditioning at +40 MV The dashed lires indicate the rdlative anplituces far Navl 4 wild-ype dren-
rds before (yaper ling) and after (loner line) conditioning Labdling and grouping of the data is as
desaribed for parel (A). Al evar bars are SEM vdlues far n=5. *: p<0.05; **: p<0.01; ***:
p< 0.00L

vadaretionenetiemEso
Het % p< 0G5, p< Q0L % p< QAL

of Tsl should be blocked by about 90% if
2 |IM MrVIA would be added to the solu-
tion. This is indicated by the histogram
bars labeled “inh” in Figure 5; they indicate
about 90% inhibition of MrVIA (Fig. 5B)
and 50% inhibition for Tsl (Fig. 5C). The
results for a combination of MrVIA and Tsl
& shown in Figure 5D, however, strongly
deviate from the expectation of indepen-
dence since the fraction of the conductance
showing “inh” is far smaller than that for
MrVIA. Compared to the sole application
of Tsl, the proportion of channels activating
at subthreshold potentials— indicative of
a Tsl activity—waes reduced by about 5%
(compare Figs. 5C and D, blue areas and
“shift” bars). On the other hand, at high
voltages a small fraction of current (10%)
was blocked in a conditioning-dependent
manner, indicative of an MrVIA activity
(Fig. 5D, red area). Thus, the phenotype
of the scorpion P-toxin effect is clearly
dominant showing that jiO-conotoxins and
scorpion P-toxins functionally compete for
modifying voltage-gated sodium channels.
The results shown above could indicate
that there is a competition between any
Nav channel specific conotoxin and scorpion
P-toxins. To rule this out, we also investi-
gated the effect of the |l-conotoxin GIIIA
from Conus geogmphus on Nay 1.4 channels.
As shown in Figure 5E, 300 nM GIIIA

as compared to toxin-free channels) (Fig. 5C, blue area), while
10% showed normal activation. Since Tsl is a toxin without much
use-dependence,3 the conditioning pulse did not change much of
this situation, as indicated by equal si/.es of grey and black bars in the
right panels of Figure 5C.

What do we expect if the toxins were acting on the sodium
channels independently? The current signal obtained in the presence
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blocked 82 +2% of the current in a voltage-independent manner.
In addition, the GllIIA-induced block could not be reversed with
conditioning prepulses already showing a strong functional difference
to |iO-conotoxins. If both toxins act independently on the channels,
a combination of 2 |iM MrVIA and 300 nM GIIIA should yield
almost complete channel block with very little prepulse depen-
dency. This is exactly what wes observed (Fig. 5F), thus showing
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that |iO-conotoxins and |i-conotoxins do not compete for the same
binding site. Likewise, in a combination of 300 nM GIIIA with
100 nM Tsl, the P-toxin-induced subthreshold current vanished
almost completely (Fig. 5G, blue area) showing that GIIIA is fully
active in the presence ofTsl.

DISOUSSION

liO—conotoxins are voltage-sensor toxins. |iO—conotoxins have
attracted attention because they potently inhibit current flow through
Nay | .8 channels that are expressed in dorsal root ganglia and, hence.

www.landeshioscience.com
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that are potential targets for pain treatment.45 The molecular
mechanism by which jiO-conotoxins modify Nay channels, however,
has been elusive. Previous competition experiments with labeled
STX indicated that |iO-conotoxins block Nav channels similarly
to ji-conotoxins, but not through plugging the channel pore.15
Here we showed that the block of Nav 1.4 channels by MrVIA is
strongly voltage—-dependent unlike the |i-conotoxin GIIA (Fig. 5C
and ref. 31), i.e, the blocking potency of MrVIA decreased when
the channels were preconditioned with depolarizing pulses, which
opened the channels. This voltage dependent relief of MrVIA block
can be interpreted as state dependent toxin—-channel interaction. The
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most likely explanation is that the affinity of the channels for MrVIA
decreases during prolonged depolarizations subsequently causing
dissociation of MrVIA.

Our approach of assaying Nayl.4 mutants with reduced gating
charges in all four domains identified the voltage sensor in domain-2
as the main source of this voltage-dependent dissociation. Moreover,
neutralizing the positions of either of the two outermost arginines
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in this sensor (R663C and R666C) enhanced the MrVIA block
and remarkably slowed down toxin dissociation under depolarizing
conditions. A charge reduction in the domain-2 sensor therefore
stabilizes MrVIA on the channels. These data favor a model in which
MrVIA specifically prevents the activation of the voltage sensor
in domain-2 of Nay channels and hence hinders channels from
opening. Depolarizations strong enough to activate the sensor may
cause the toxin to dissociate from the channel. It should be noted,
though, that theoretically activation of the respective voltage sensor
could also be inhibited by rather complex allosteric mechanisms not
involving a direct contact of the S4 segment with the toxin.

Interestingly, neutralization of the outermost residue (R663C)
wes more effective in stabilizing the toxin on the channel than
neutralization of the next to outermost residue (R666C). This could
provide information on the details of how the voltage sensor interacts
with the (jO-conotoxins. Since the position of the $S4 gating charge
is biased towards the cytosolic side, the outermost charges may
contribute to the initial gating charge transfer across the transmem-
brane electric field upon membrane depolarization.323% When the
outermost charge of a sensor is removed, e.g.,, R663C in domain-2,
the initial activation of this sensor (outward movement) should be
less voltage-dependent. If this initial movement of the voltage sensor
already weakens the stability of the MrVIA-channel interaction,
neutralization of the outermost charged residue is expected to have a
strong impact on the kinetics with which MrVIA is repelled from the
channel. Consistent with this notion, neutralization of amino acids
located more intracellularly (e.g., R666C at the second position) is
observed to influence the function of the toxin less effectively.

Competition of jjO-conotoxins and scorpion p-toxins. The
(jO-conotoxin MrVIA blocks neuronal NavL2 channels with an
affinity approximately 5-fold higher than that of skeletal muscle
Nayl.4 channels; this mild subtype specificity originates in a small
epitope in domain-3 of the channels.'6 Here we showed that the
voltage sensor in domain-2 is also relevant for the function of
MrVIA. This interaction pattern of (jO—conotoxins with epitopes in
domain-2 and domain-3 of Nav channels is reminiscent of scorpion
|3-tadns for which these binding epitopes were originally termed
receptor site-4 (RS4).36 However, in contrast to (jO-conotoxins,
the major functional impact of p-toxins is to cause subthreshold
channel openings by stabilizing an activated conformation of the
voltage sensor in domain-2, termed voltage-sensor trapping.” Here
we utilized the different modes of action of the (jO-conotoxin
MrVIA (“channel block™) and of the scorpion p-toxin Tsl (“activa-
tion shift”) to test if both toxins compete for modifying the channel
function. A quantitative comparison of current responses recorded
in the presence of either of the individual toxins or a mixture
of MrVIA and Tsl indicated that both toxins indeed compete
functionally. Phenotypically, the p-toxin appeared to dominate,
almost quantitatively preventing the action of MrVIA. Although
these data do not rule out a possible allosteric effect such that both
toxins can bind to the channel simultaneously but mutually affect
their impact on channel function, they strongly suggest that MrVIA
and Tsl share at least part of RS4 as binding site.

In contrast to these results, (jJO-MrVIA did not compete with
the site-1 toxin (J-GIIIA, neither could we detect any competition
between Tsl and (4-GllIA. This clearly demonstrates that (jJO-MrVIA
and Tsl, although structurally very different (Fig. 6A), functionally
belong to the same dass of Nav channel gating modifying toxins
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(acting via RS4), while the pore-blocking ji—conotoxins act via
RSI. Interestingly, residues in the pore loop of domain-3 have been
reported to be relevant for the action of ji-GIIIA (e.g., D1241).-17
The interaction sites reported to Tzl and MrVIA are very close, but
located at the extracellular connecting loop between the pore and S6
(E1251-H1257).16 7

Based on structural models of the four subunits of a Kv channel'15
one can envision the interaction of jiO-conotoxins with Nav
channels as illustrated in Figure 6B: Within a Nav channel domain
the voltage sensor structure, composed of S1-$4 is expected to form
one unit loosely connected to the core segments (S5/S6) in a way
that allows the voltage sensor to come into close proximity to the
S5/S6 segments of the neighboring domain. In such an arrangement
the distance between the voltage sensor in domain-2 and the pore
loop in domain-3 is about 2 nm, which is less than the diameter of
a toxin molecule. Thus, jiO-conotoxins may bind to the pore loop
of domain-3 and by this interaction will acquire some degree of
channel specificity. Simultaneously they interfere with the voltage
sensor in domain-2 with the effect of hindering its outward move-
ment on depolarization (indicated by the blue area in Fig. 6B). Up
to this point the mechanism of jiO—conotoxin action is identical to
that of scorpion (3-toxins, which also tend to “block” Nav channels
to some degree (Fig. 5D). However, while (3-toxins can arrest the
voltage sensor in its activated position (voltage-sensor trapping),
jiO-conotoxins obviously lack this feature, as they are only capable
of “resting state voltage sensor trapping”.

Classification of jiO-conotoxins. The data presented in this
study clearly demonstrate that jiO-conotoxins do not share the
mode of action with ji—conotoxins. While the latter are pore blockers
acting on RSI, jiO-conotoxins are voltage-sensor toxins acting on
RS4. Thus, it appears as if the association of jiO-conotoxins to the
O-superfamily of conotoxins is not only justified according to the
cysteine knot pattern, but also according to the molecular mecha-
nism, by which Nav channels are modified. The other members
of O-superfamily toxins active on Nav channels are 8-conotoxins.
They remove inactivation by interfering with conserved residues in
the voltage sensor in domain-4 (S3/S4 segment).10 Given the mild
subtype specificity of jiO—conotoxins one can speculate that conserved
residues in domain-2 are also important for their action. Since muta-
tion G658N, which has a strong impact on the sensor trapping
by (3-toxins, does not affect Nav channel modification by MrVIA
(Fig. 1), it is also conceivable that there is no specific structure of
the S3/S4 element in domain-2 needed since the toxins merely have
to sterically block the movement of the voltage sensor. Important
interaction residues could, however, be located inside S3 like for
some voltage-sensor toxins acting on potassium channels.'18'19
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