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Unlocking the gating mechanism of Kv2.1 using

guangxitoxin

Marco A. Navarro®, Lorin S. Milescu®, and Mirela Milescu®

The Boa constrictor uses its powerful muscles to suffocate and
kill its prey. Unlike the mighty Goliath, smart little David—spi-
ders, scorpions, and other venomous creatures—uses an arsenal
of toxins to inflict pain, paralyze, and kill. In the ion channel
arena, the fearless investigator also uses toxins to attack difficult
problems, as Tilley et al. do in this issue of the Journal of General
Physiology, in a comprehensive study aimed at deciphering the
gating mechanism of Kv2.1, amember of the voltage-gated potas-
sium (Kv) channel family.

Gating-modifier toxins

Toxins that target voltage-gated ion channels work by two mech-
anisms: they either block the pore to prevent ion conduction
(Garcia etal., 2001), or bind to the voltage-sensing domain (VSD)
to alter the gating of the channel in response to changes in mem-
brane voltage (Swartz, 2007). Many of the gating-modifier toxins
are promiscuous; they target several types of channels, some-
times with opposite effects on gating. For example, Hanatoxin
(HaTx), a peptide isolated from tarantula venom, inhibits Kv2.1
(Swartz and MacKinnon, 1997) but activates Kv1.2 (Milescu et al.,
2013). By interacting with VSDs, gating-modifier toxins modify
the kinetics of conformational transitions that are not directly
associated with changes in conductance and thus are more dif-
ficult to investigate with electrophysiological approaches. High-
lighting these silent transitions makes gating-modifier toxins
valuable tools for dissecting the molecular mechanisms of volt-
age-gated ion channels.

Kv2.1 gating mechanism and the effects of GxTx

In this issue of JGP, Tilley et al. (2018) use a gating-modifier ta-
rantula toxin, guangxitoxin-1E (GxTx), to investigate the gating
mechanism of Kv2.1 by recording whole-cell, single-channel,
and gating currents from Kv2.1 channels expressed in Chinese
hamster ovary cells. We summarize their findings in Fig. 1. By
cleverly interpreting the differences between data obtained in
the presence and absence of toxin, and with the aid of kinetic
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modeling, the authors arrive at the gating mechanism repre-
sented in Fig. 1 A. In this mechanism, four VSDs independently
undergo voltage-dependent transitions (~3 e, per VSD) from
a resting state (R) occupied at more negative voltages to an ac-
tivated state (A) favored by more positive voltages, potentially
via intermediate states. When all four VSDs are activated, the
channel can undergo a weakly voltage-sensitive (~0.5 e,) final
transition into the open state (0). While not necessarily true in
every detail, this conceptual model is in agreement with previ-
ous studies (Schoppa et al., 1992; Hoshi et al., 1994; Horrigan and
Aldrich, 1999; Islas and Sigworth, 1999). It also explains the new
data obtained by Tilley et al., including the conductance-voltage
(G-V) curve (Fig. 1 in Tilley et al., 2018), which could be fitted
well with a product of two Boltzmann equations: one raised to
the fourth power to capture the independent activation of the
four VSDs, and the other to capture pore opening as a separate
transition with weak voltage dependence.

GxTx interacts with a conserved helix-turn-helix motif
within the Kv2.1 VSD (Milescu et al., 2009) where, according to
Tilley et al., it has two key effects on the Kv2.1 gating mechanism
(Fig. 1B): decreasing the activation rate (o) and increasing the de-
activation rate (B) of the VSD, without modifying the rates of the
final pore opening transition (Kopen and keiose). This means that
GxTx binds to each VSD independently and shifts the activation
of the bound VSD to more positive voltages. The resulting shift
in the macroscopic G-V curve (Fig. 1C) is toxin concentration de-
pendent, and overall channel activation is limited by the bound
sensors. Although GxTx shifts the G-V curve by as much as +70
mV at saturating concentrations (>100 nM), the channel is still
able to open with toxin bound, without any change in unitary
conductance, implying that it would reach the same maximum
open probability if enough depolarization could be applied. Nev-
ertheless, this G-V shift renders Kv2.1 channels silent within the
physiological voltage range, which explains the toxicity of GxTx.
The binding of the toxin to the channel is voltage dependent, as
shown by previous studies (Milescu et al., 2009; Gupta et al.,
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Figure 1. Agating model of Kv2.1and the effects of GxTx. (A) Four identi-
cal VSDs transition independently from a resting state (R) to an activated state
(A) with voltage-dependent activation and deactivation rates (a and ). When
all VSDs are activated, the pore can open (O) with weakly voltage-dependent
rates (kopen and keiose)- (B) GXTx modifies the VSD activation and deactivation
rates (a is reduced, B is increased) but not the pore opening. (C) Saturating
GxTx (>100 nM) detains the voltage sensors in their resting conformation
(R), making it harder for the channel to open and shifting the G-V activation
curve. The channel can still open with toxin bound without change in uni-
tary conductance.

2015), including Tilley et al.’s own work, in which they observed
fluorescently labeled GxTx binding to cells expressing Kv2.1 but
detaching upon depolarization (Tilley et al., 2014). As we de-
scribe below, the proposed gating mechanism for Kv2.1 and the
interaction with GxTx are supported by a satisfying collection of
experiments that leave no stone unturned and produce a cohe-
sive set of results.

Macroscopic currents

Macroscopic currents are not only relatively easy to obtain but
can also provide a wealth of information in properly designed ex-
periments, as Tilley et al. (2018) demonstrate. They first subject
Kv2.1 channels to depolarizing steps and find that a saturating
concentration of GxTx increases the apparent time constant of
activation (t,), shifting its voltage dependence by approximately
+80 mV. Interestingly, when the voltage is stepped to +60 mV or
higher, T, showslittle dependence on toxin concentration (10 nM
to 1 uM). This means that channels with one, two, three, or four
toxin-bound VSDs have similar activation rates, but these rates
are approximately three times slower than the activation rate of
a toxin-free channel (Fig. 2 in Tilley et al., 2018). This result sug-
gests that the toxin-bound VSDs become rate limiting at these
extremely positive voltages.

In contrast to the increase in t,, the time constant of deactiva-
tion (t4) is decreased by GxTx. This is apparent in experiments in
which the channel is first activated by a voltage step to +80 mV
and then deactivated by hyperpolarizing steps between +40 and
-100 mV. Below -50 mV, where T4 is strongly voltage dependent,

Navarro et al.
Hanging on by the helix

JGP

the same voltage-sensitive conformational transition limits the
rate of deactivation with or without toxin, but this transition is
accelerated three to four times by GxTx (Fig. 4 in Tilley et al.,
2018). Above +10 mV, T4 has little voltage dependence and has
the same value in the presence of saturating GxTx as it has in
the absence of toxin. Thus, deactivation at more negative po-
tentials corresponds to the voltage-sensitive, toxin-dependent
transition of the VSDs into a resting state, whereas deactivation
at more positive voltages corresponds to the voltage-insensitive,
toxin-independent closing of the pore.

In addition to increasing t, and decreasing t4, GXxTx extends
the time delay between the onset of a voltage step and the begin-
ning of ionic current flow in a concentration dependent manner
(Fig. 3 in Tilley et al., 2018). This delay, quantified by the degree
of “sigmoidicity” (g), can be used to infer the minimum number
of conformational steps that precede pore opening (Zagotta et
al., 1994). Without toxin, o takes values from 3 at lower voltages
to 1 at higher voltages, where the final (weakly voltage-depen-
dent) pore opening transition becomes the rate-limiting step.
At a lower concentration of GxTx (10 nM), ¢ is between 1 and
2 at most voltages but increases to between 2 and 3 at saturat-
ing GxTx, where the slow activation of multiple toxin-bound
VSDs results in a longer sojourn along the channel activation
pathway. Interestingly, the shifts in the voltage dependence of
T,, T¢, and o that are caused by saturating GxTx can all be simi-
larly compensated by approximately +80 mV, in agreement with
a model where GxTx affects the voltage-dependent transitions
(VSD activation) but has no effect on the voltage-insensitive ones
(pore opening).

Single-channel currents

Although the above results are already very informative, Tilley et
al. (2018) engaged next in a suite of single-channel experiments
and report for the first time the effects of voltage sensor toxins
on unitary Kv channel currents. Compared with macroscopic
currents, single-channel data can disambiguate the relationship
between kinetic mechanism and unitary conductance, and can
also provide more direct kinetic information. For these exper-
iments to work, a voltage stimulation protocol was designed to
determine whether the single-channel events in a trace were
generated by a toxin-free or by a toxin-bound channel. Thus,
traces were flanked by voltage steps to O mV, where toxin-free
channels can open, but toxin-bound channels cannot, as we al-
ready know from the whole-cell recordings. Very importantly, we
unambiguously learn from these experiments that the channel
can open with the toxin bound, but the toxin does not alter the
Kv2.1 unitary conductance (Fig. 5 in Tilley et al., 2018), a possi-
bility that would have invalidated the analysis of the G-V curve
and its shift by GxTx.

Analysis of the open state dwell times reveals a single-expo-
nential distribution in control (no toxin added), toxin-free (toxin
added but not bound), and toxin-bound traces, with a time con-
stant of ~10 ms (slightly smaller in toxin-bound traces), similar
to the 14 extracted from macroscopic currents at the most positive
voltages tested. In comparison, analysis of the closed dwell time
distribution reveals two components in control and toxin-free
traces, with time constants in the 1-10 ms range (Fig. 6 in Tilley
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etal., 2018). These two components are preserved in toxin-bound
traces, but a third component emerges with a significantly greater
time constant (20-40 ms), similar to T, obtained from macroscopic
currents in the presence of GxTx (10-40 ms). Together, these re-
sults indicate that, under these conditions, the gating mechanism
is dominated by a single open state, virtually unaffected by the
presence of toxin, and contains multiple closed states, some of
which become longer-lived in the presence of toxin. By detaining
Kv2.1 channels in these long-lived closed states that correspond
to VSDs being in their resting state, GxTx lowers the open proba-
bility of the toxin-bound channel at a given voltage.

Gating currents

The last piece of evidence comes from gating currents, which
can highlight those state transitions associated with charge
translocation during gating. For the proposed model (Fig. 1 A),
these transitions would correspond to the activation and deac-
tivation of each VSD, respectively characterized by the a and f8
rates, rather than to the opening and closing of the pore, which
from the macroscopic and single-channel data appear to move
little charge. Thus, the significant effect of GxTx on a (reduction)
and B (increase) is unambiguous (Fig. 7in Tilley et al., 2018). The
“on” gating current, evoked by depolarizing voltage steps from
-100 mV to different voltages (-80 to +120 mV), exhibits volt-
age dependence and becomes slower in the presence of toxin. In
contrast, the “off” gating current, evoked by stepping from the
activation voltage (between -80 and +120 mV) down to -140 mV,
becomes faster. When stepping from -100 mV up to 0 mV and
then stepping down to -140 mV, both on and off currents are en-
tirely inhibited by toxin, indicating that the VSDs are completely
at rest in this voltage range but start to activate at more positive
voltages, in agreement with the macroscopic current activation.

To obtain the gating charge-voltage (Q-V) curve, the authors
calculate the deactivation charge from the integral of the off
current, obtained by stepping from different voltages down to
-140 mV. From these data, the maximum gating charge trans-
located by each VSD was estimated at 3.125 e, which is compa-
rable with the 2.6 e, estimate from the G-V curve and similar
to previous measurements in Kv2.1 (Islas and Sigworth, 1999).
Interestingly, the maximum charge is ~1.35 times greater when
the toxin is bound, which could mean, among other things, that
the toxin-bound VSDs are slightly deeper into their resting con-
formation at extremely negative voltages. At saturating concen-
trations (>100 nM), GxTx shifts the Q-V curve by more than +70
mV (Fig. 7 in Tilley et al., 2018), similar to the shift observed in
the G-V curve (Fig. Lin Tilley et al., 2018). According to this shift,
GxTx stabilizes the resting conformation of the VSD by 9.0 kT
(or 8,100 fold) and thus the overall closed state of the channel by
36 kpT: a significant effect.

Importantly, most of the gating charge reported by the on
current, evoked by steps to positive voltages, settles fast, be-
fore the ionic current starts to flow (Figs. 1, 2, 7, and 8 in Tilley
et al., 2018). This indicates that most of the charge translocated
under these conditions corresponds to VSD activation and not
to pore opening, further supporting the idea that kypen and kejose
are weakly voltage sensitive. This fast-moving fraction of the ac-
tivation charge is shifted +86 mV by GxTx, more than the shift
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of +73 mV in the total deactivation charge (Fig. 7 in Tilley et al.,
2018), emphasizing the greater effects exerted by toxin on the
earlier steps in the channel activation pathway. To more directly
measure these effects, the on and off gating currents were fitted
with exponential functions, and the time constants correspond-
ing to the decay phase (t,, and T,¢), which is less contaminated by
artifacts, were compared between control and saturating GxTx
(Fig. 8 in Tilley et al., 2018). Clearly, GxTx decreases T, in the
-140 to +20 mV range and increases T, above +60 mV, although it
isless clear what happens to the two time constants outside their
tested voltage ranges.

Perspectives

Voltage-gated ion channels have gating mechanisms that are
complex enough to resist casual decoding attempts, and all the
more so when gating modifier toxins are added into the equa-
tion. The comprehensive study by Tilley et al. (2018) goes a long
way toward understanding the intrinsic gating mechanism of
Kv2.1 and the effects of GxTx on the channel. While this work
has generated a stream of interesting data, several findings seem
particularly important to us. First, the toxin does not modify the
single channel conductance, which means that future experi-
ments with Kv2.1 and GxTx can be designed with the assurance
that all changes observed will be due to kinetic effects. Similar re-
sults were reported for other channel/toxin pairs, such as Cav3.1/
ProTx-1I (Edgerton et al., 2010) and Nav1.3/TsIV-5 (Kirsch et al.,
1989). Indeed, we are not aware of any gating-modifier toxin that
changes unitary conductance.

Second, GxTx has a profound effect on the Kv2.1 VSDs by
detaining them in their early resting state, but without chang-
ing pore opening kinetics. Additionally, with or without toxin
bound, the opening of the pore has minimal voltage sensitiv-
ity (0.5 eo) relative to the activation of the VSD (~3 e,). To-
gether, these results point to a weak coupling between VSD and
pore in Kv2.1. This is definitely not the case in Kv1.2 (Shaker),
a well-studied member of the Kv family (Hoshi et al., 1994;
Zagotta et al., 1994; Islas and Sigworth, 1999). HaTx (a GxTx-re-
lated toxin) stabilizes the Kv1.2 VSDs in conformations interme-
diate between resting and fully activated but also modifies the
kinetics of pore opening (Milescu et al., 2013), which exhibits
significant voltage dependence (1.8 e,) and involves a confor-
mational change of the VSD (Smith-Maxwell et al., 1998). In-
terestingly, HaTx also acts on Kv2.1 by inhibiting the later
transitions of the VSDs.

Overall, these results stress the usefulness of gating-modi-
fier toxins as a tool to explore the gating mechanisms of Kv2.1
and other voltage-gated ion channels. Kv2.1 has an important
physiological role in muscle and neurons, and phosphorylation
of its C terminus serves as a mechanism of neuronal plasticity
(Misonou et al., 2004). To fully understand how voltage-gated
ion channels work, one must continue to probe their function
with new experiments, bearing in mind that membrane compo-
sition (Xu et al., 2008; Milescu et al., 2009), auxiliary proteins
(Peltola et al., 2011), and phosphorylation state (Murakoshi et
al., 1997) also affect the voltage sensing mechanisms of these
molecular machines.
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