




















HO Conotoxins Are Voltage Sensor Toxins

Figure 6. Molecular interpretation of MrVIA action. (A) Structures of the
indicated toxins and their association to receptors sites 1 or 4 (RS1 and
RS4). The arrows indicate functional competition between pO-conotoxins
and scorpion B+oxins and lack of competition between uO-conotoxins and
p-conotoxins as well as p-conotoxins and scorpion B+oxins. Structures were
generated with MolMol4® according to the following data base entries:
MrVIB (1RMK.pdb'3); GIIIA (1TCG.pdb4!); Ts1 (1B7D.pdb42). Disulfide
bridges are indicated as yellow sticks. (B) Cartoon of a Nay channel pro-
tein, top view. The blue area indicates how the pO-conotoxin MrVIA might
make contact with segments of domain-2 and domain-3 of Nay, channels to
induce channel block by means of an inferference with the voltage sensor
in domain-2. Since scorpion B+oxins share this inferaction pattern, this area
can be referred to as receptor site-4. The pink area indicates receptor site-1
at which p-conotoxins bind to block the channel pore.

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 Nay,1.4 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)
was 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 nO-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.3>3> 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 LO-conotoxins and scorpion P-toxins. The
UO-conotoxin MrVIA blocks neuronal Nay,1.2 channels with an
affinity approximately 5-fold higher than that of skeletal muscle
Nay 1.4 channels; this mild subtype specificity originates in a small
epitope in domain-3 of the channels.!® Here we showed that the
voltage sensor in domain-2 is also relevant for the function of
MrVIA. This interaction pattern of LO-conotoxins with epitopes in
domain-2 and domain-3 of Nay, channels is reminiscent of scorpion
B-toxins for which these binding epitopes were originally termed
receptor site-4 (RS4).3¢ However, in contrast to LO-conotoxins,
the major functional impact of B-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 LO-conotoxin
MrVIA (“channel block”) and of the scorpion B-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 PB-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 Ts1 share at least part of RS4 as binding site.

In contrast to these results, LO-MrVIA did not compete with
the site-1 toxin U-GIIIA, neither could we detect any competition
between Ts1 and p-GIIIA. This clearly demonstrates that pO-MrVIA
and Ts1, although structurally very different (Fig. 6A), functionally
belong to the same class of Nay, channel gating modifying toxins
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(acting via RS4), while the pore-blocking W-conotoxins act via
RSI. Interestingly, residues in the pore loop of domain-3 have been
reported to be relevant for the action of u-GIIIA (e.g., D1241).%7
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).16.17

Based on structural models of the four subunits of a K, channel®

one can envision the interaction of WO-conotoxins with Na,, 10
channels as illustrated in Figure 6B: Within a Nay, channel domain .
the voltage sensor structure, composed of S1-54 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 12
S5/S6 segments of the neighboring domain. In such an arrangement

the distance between the voltage sensor in domain-2 and the pore ;3
loop in domain-3 is about 2 nm, which is less than the diameter of

a toxin molecule. Thus, HO-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 15
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 LO-conotoxin action is identical to

that of scorpion B-toxins, which also tend to “block” Na,, channels 17
to some degree (Fig. 5D). However, while B-toxins can arrest the
voltage sensor in its activated position (voltage-sensor trapping), 8
LO-conotoxins obviously lack this feature, as they are only capable

of “resting state voltage sensor trapping’.

Classification of [O-conotoxins. The data presented in this !
study clearly demonstrate that pO-conotoxins do not share the
mode of action with U-conotoxins. While the latter are pore blockers
acting on RS1, pO-conotoxins are voltage-sensor toxins acting on 21
RS4. Thus, it appears as if the association of O-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 Na,, channels are modified. The other members
of O-superfamily toxins active on Nay, channels are §-conotoxins.
They remove inactivation by interfering with conserved residues in
the voltage sensor in domain-4 (S3/S4 segment).!® Given the mild
subtype specificity of LO-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 B-toxins, does not affect Nay, channel modification by MrVIA
(Fig. 1), it is also conceivable that there is no specific structure of 55
the $3/54 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 2.
some voltage-sensor toxins acting on potassium channels.®3°
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