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6
Ion Channel Inhibitors

M atthew J. M arquis and Jon T. Sack

6.1  M echani sms of  I nhibi t ion
Ion channel inhibitors can test a hypothesis or save a l i fe. There is a broad chemical palette 
of ion channel inhibitors: metal ions, alkaloids, synthetic drugs, venom peptide toxins and 
endogenous modulatory proteins. These inhibitors act by various mechanisms. Blocker is 
scienti�c vernacular for inhibitor. In the context of ion channels, the term blocker can con-
jure up the imagery of a plugged pore, and many channel inhibitors act in such a fashion. 
However, not al l ion channel inhibitors block the pore, and the term lends itself to impre-
cise use. To avoid semantic confusion here, the term pore blocker connotes a drug that itself 
occludes the ionic conduction pathway. A mechanistic alternative to pore blockade is al lo-
steric inhibition, where an inhibitor causes a channel to close itself. A l losteric inhibition is 
also referred to as gating modi�cation or self block. These two mechanisms, depicted in 
Figure 6.1, describe the fundamental workings of many ion channel inhibitors.

Inhibitors can work by a combination of both pore blockade and al losteric inhibition. 
An additional inhibitory mechanism involves prevention of a stimulus from acting on a 
channel, e.g., competitive steric displacement of an agonist by an antagonist. Competitive 
inhibition is not addressed explicitly in this chapter, as it is comprehensively treated in 
many other texts (H ilal-Dandan, Brunton, and Goodman 2013; Wyman and Gil l 1990). 
Topics more unique to ion channels are considered here: the physics of pore blockade and 
gating modulation, w ith particular focus on how the transmembrane voltage can in�uence 
inhibitor ef�cacy.
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6.2  Pore Blockers
The inhibitory mechanism of pore blockers is intuitive: occlusion of the permeant ion path. 
Ion channel pore blockers play important roles in research and medicine. Tetrodotoxin is 
produced by symbiotic bacteria in poisonous creatures including puffer�sh and newts. 
Tetrodotoxin blocks the pore of sodium channels and is used in physiology research to 
suppress sodium currents. Many venomous creatures make pore-blocking peptide toxins 
that researchers use to identify ion channel types. A peptide toxin from cone snail venom, 
ziconotide, is a pain therapeutic. The anesthetics phencyclidine and ketamine are NMDA 
receptor pore blockers. Inadvertent pore block of the hERG potassium channel by drugs 
such as terfenadine can trigger sudden cardiac death. The expanding pharmacopeia of ion 
channel pore blockers is far too large to be discussed in a single chapter, so we concern 
ourselves here w ith the mechanism of inhibition, which for al l pore blockers is essential ly 
the same: binding of the blocker blocks the ion conduction path.

In its simplest form, the concentration–inhibition relation of pore block is described by 
the physics of classical l igand–receptor interaction. To many physiologists, the relevant 
term is the fraction of channels that remain conducting at equil ibrium, funblocked. For the 
simple process of an inhibitor blocking the pore of a channel, depicted in Figure 6.2a, this 
fraction is determined by the inherent dissociation rate, koff, and an association rate con-
stant, kon, that is �rst-order w ith respect to the chemical activity of the inhibitor, which we 
wil l refer to as the inhibitor concentration, [X]:

f
f

k
k X

unblocked

blocked

off

on

=
[ ]

(6.1)

The rate constants koff and kon differ for each inhibitor–channel pair and in some cases can 
be measured directly. The ratio of the dissociation and association rate constants yields the 
dissociation constant, KD:

K
k

k XD
off

on

=
[ ]

(6.2)

FIGURE 6.1
Types of inhibitors. Pore block results from inhibitors binding in the pore to occlude ion permeation. A l losteric 
inhibition results from inverse agonists that cause an open channel to close.
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The KD has units of concentration and is a useful value to develop intuition about concen-
tration dependence. In the case of a pore blocker that binds channels in a 1:1 fashion, the KD
is the concentration where 50% of channels w il l be inhibited, or IC50, making it a straight-
forward measurable quantity. The KD is suf�cient to describe the concentration–response 
of the system at equil ibrium.

Conductance unblocked

unblocked blocked

=
+

=
+ [ ]( )

f
f f X KD

1
1 /

(6.3)

A plot of Equation 6.3 demonstrates the dependence of channel block on the concentration 
of inhibitor (Figure 6.2b). Equation 6.3 is variously referred to as the law of mass action, 
a Langmuir binding isotherm or H il l logistic w ith a coef�cient of 1. Note that there is a 
broad concentration range of inhibitor action, w ith �ve orders of magnitude increase in 
inhibitor concentration to span the conductance decrement from 1% inhibition to 99% inhi-
bition (Figure 6.2b). One can never ful ly inhibit a current, but only approach a saturating 

FIGURE 6.2
Pore blocker dose–response. (a) The fraction of channels blocked is determined by an association rate depen-
dent on inhibitor concentration and an intr insic dissociation rate. (b) When at equi l ibrium w ith a single bind-
ing site, a pore blocker w i l l inhibit ionic conductance as a function of its concentration, [X]; and dissociation 
constant, KD. Curve is plot of Equation 6.3.
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value. Thus, when determining what inhibitor concentration to use, consideration needs to 
be given to how much remaining current is tolerable.

6.3  Per turbat ion of  Pore Block
Structural analyses of blocked ion channels have i l luminated atomic-level detai ls of the 
pore blockade mechanism. These detai ls include which features of the inhibitor form sta-
bi l izing interactions w ith the channel as well as where the inhibitor sits relative to the ions 
that permeate the channel pore. Structural ly, pore blockers are indeed found to be block-
ing the ion path (Figure 6.3a–c). Consequently, the binding of pore blockers is impacted 
by permeant ions. The interactions between permeant ions and pore blockers can be quite 
complex. Importantly, the effects of permeant ions are dynamic. Ion channels open and 
close, changing the access of permeant ions in solution to blocker sites and hence mod-
ulating their effects on inhibitors. Additionally, transmembrane voltage change impacts 
permeant ions and can exert force on charged blockers directly. The effects of permeant 
ions and voltage change can dramatical ly alter the degree of inhibition by an ion channel 
blocker.

To quantitate the impact of a physical perturbation on the binding of a pore blocker, 
it is useful to calculate changes in binding energy. Permeant ions and voltage change 
the energy of the blocked state to make it more or less favorable. The amount of binding 
energy for a simple pore block is described by Equation 6.4:

DG k T
X
Kblocked B

D

= -
[ ]æ

è
ç

ö

ø
÷ln (6.4)

where
Δ Gblocked is the Gibbs free energy for binding
kB is the Boltzmann constant.
T is the absolute temperature.
ln is a logarithm w ith base e.

Note that binding energy does not saturate at any concentration. This is due to the bind-
ing rates of the blocker continuing to increase as concentration is increased.

When a blocker’s binding is altered by a change of some kind, its binding energy w il l 
change. We can call Δ Gp a perturbation of inhibitor binding energy, and determine its 
impact on Δ Gblocked:

D D DG G Gblocked blocked p= +0 (6.5)

Δ G0
blocked is the energy of inhibitor binding before perturbation. This energetic formula-

tion can describe the effect of many perturbations: voltage changes, ionic concentration, 
effects of temperature and other factors. Under physiological conditions, voltage and ionic 
concentration can be relevant perturbations. Effects of the concentration of competitive 
l igands are treated comprehensively elsewhere (H ilal-Dandan, Brunton, and Goodman 
2013; Wyman and Gil l 1990). The effect of voltage on block of ion �ow is a phenomenon 
unique to ion channels and is considered further here.



 
 

  105Ion Channel Inhibitors

The KD of a pore blocker can depend on voltage. The physical origins of voltage-depen-
dent inhibition can be complex, especial ly when impacted by permeant ions. In the most 
simple, theoretical case, the voltage dependence of a pore blocker can be conveyed w ith a 
single parameter, z, the partial charge value that leads to voltage dependence (Woodhull 
1973). Measurements of the degree of inhibition at different voltages can empirical ly con-
strain z. From z, how the concentration–response of a pore blocker w il l be affected by 

FIGURE 6.3
Pore blockers and voltage-dependent block. (a–c) Crystal structures of K+ channels (gray) w ith pore blockers 
bound (red). Bal ls indicate permeant ions. (Renderings by Drew Ti l ley.) The blockers show n in panels (a) and (b) 
are described in Section 6.4. The blocker show n in panel (c) is described in Section 6.5. (a) Rendering of tetrabu-
tylammonium blocking the pore of the KcsA channel, PDB ID 2HVJ. (b) Charybdotoxin blocking the pore of a 
Kv channel, PDB ID 4JTA. (c) Ba2+ blocking the pore of the KcsA channel, PDB ID 2ITD. (d–f) Reaction coordinate 
cartoons i l lustrating the voltage dependence of pore blocker binding. The ordinate represents increasing free 
energy. Dotted curves indicate energetic changes resulting from an intracel lular voltage increase. (g–i) Relative 
KD–voltage relation of theoretical pore blockers. Voltage dependence of KD from Equation 6.8, w ith z = 1 e0 (g), 
z = –1 e0 (h), or Equation 6.9 (i) w ith zoff,in = 1 e0, zoff,out = –1 e0, koff,0mV,in = koff,0mV,out, zon,in = 1 e0, zon,out = 0, kon,0mV,in = 
kon,0mV,out. (j–l) Conductance–voltage relation of theoretical pore blockers. Curves are plots of Equation 6.3 w ith 
voltage dependence of KD from (g–i). Dashed curve indicates an inhibitor concentration equal to the KD at 0 mV. 
Dotted curve is 10 × KD, sol id curve 100 × KD.
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voltage can be predicted. With a simple dependence of pore block on z, the binding energy 
derived from a voltage change, Δ V, can be easily calculated w ith Faraday’s constant, F:

D DG VzFV = (6.6)

Hence,

D D DG G Gblocked blocked V= +0 (6.7)

and the voltage dependence of the KD is

K K eD D
VzF= -0 D (6.8)

The ful l mechanism of voltage-dependent pore blockade may not be as simple as the theo-
retical case discussed here, but the preceding equations can serve as reasonable approxi-
mations under many conditions. The exact nature of the voltage dependence of inhibition 
is determined by the geometry of the blocking interaction. A few speci�c examples are 
discussed later to elaborate how voltage-dependent interactions can originate.

6.4  One-Sided Pore Blockers
Many pore blockers can reach their binding site from only one side of the cell membrane. 
For example, in Figure 6.3a, the inhibitor can reach its binding site only from the internal 
side of the pore; while in Figure 6.3b, the pore-blocking peptide can bind and dissociate 
only from the extracellular side. The sidedness of inhibitor binding determines the voltage 
dependence of its inhibition.

One of the best-studied types of pore blockers are the quaternary ammonium (QA) ions 
that inhibit K+ channels from the intracellular side (Armstrong 1969). The QA ion was 
found to �t nicely into the hydrophobic cavity of a K+ channel, just internal to the selec-
tivity �lter, where a permeant ion normally resides (Zhou et al. 2001) (Figure 6.3a). QA 
ions are too large to squeeze through the narrow selectivity �lter of K+ channels. To dis-
sociate, they must exit inward, and their voltage dependence arises from this dissocia-
tion to the intracellular side of the channel. As the voltage inside a cell is decreased, QA 
ions, being positively charged, can be directly affected by a transmembrane electric �eld. 
Additionally, K+ ions are electrostatical ly forced through the channel, displacing the pore 
blocker from its binding site. The more rapid dissociation leads to a decreased af�nity 
(larger KD) for the pore blocker at more negative voltages. This effect is schematized in 
the energy diagram of Figure 6.3d. When voltage increases, an internal blocker of a cation 
channel is l iable to be more stable in the bound con�guration. The kinetics of QA ion inter-
actions w ith K+ channels can be complex. For the purposes of demonstration, however, it 
is useful to discuss an idealized simple scenario predicted by Equation 6.8 (Figure 6.3g). 
Note that w ithin the physiologically relevant voltage range, of –100 to 50 mV, the percent 
conductance inhibited is altered dramatical ly. A concentration of pore blocker that inhib-
its only a small fraction of the conductance at a negative resting potential may inhibit the 
majority of the current i f the cell is brought to a positive potential. The voltage dependence 
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of an internal blocker can be far steeper than that depicted in Figure 6.3g. This type of 
voltage dependence forms the basis of inward recti�cation of inward-recti�er K+ channels, 
where endogenous polyamines inhibit the outward �ow of ions (Lu 2004). Given the dra-
matic changes in inhibition w ith cell potential, it is worth careful ly considering the voltage 
changes in any experimental preparation w ith voltage-dependent inhibitors.

Pore blockers that act from the external side of the pore w il l have the opposite voltage 
dependence to internal blockers. Some ion channel inhibitors are pore-blocking toxins that 
bind the extracellular side of the pore. One of these is the scorpion peptide charybdotoxin, 
which has been crystal l ized bound to a K+ channel (Banerjee et al. 2013). The resultant 
structure provides an example of how a peptide can physically occlude the conducting 
pore (Figure 6.3b). Akin to the internal pore blockers discussed earl ier, the peptide mim-
ics the chemistry of the channel’s permeant ions to bind tightly to the extracellular side of 
the channel pore. Charybdotoxin displaces a K+ ion from its binding site w ith a positively 
charged lysine residue. Interactions w ith permeant ions enhance the voltage dependence 
of toxin dissociation from the channel (Park and M il ler 1992). As the voltage inside a cell is 
increased, the force driving K+ ions through the channel out of the cell leads to a decreased 
af�nity for the toxin, which is pushed out to the external solution by the �ow of K+ ions 
(Figure 6.3e). Hence, the voltage dependence is opposite of blockers that exit to the intracel-
lular solution (Figure 6.3g, h). Interestingly, this opposing voltage dependence of extracel-
lular dissociation has been harnessed by NMDA receptors to al low conduction only when 
block by external Mg2+ has been rel ieved by positive cellular voltage (Mayer, Westbrook, 
and Guthrie 1984). Akin to inward-recti�er K+ channels, pore block of NMDA forms a 
voltage-dependent gate important for normal physiological function.

6.5  Slow ly Permeat i ng Block i ng Ions
Some inhibitors are ions that more slowly pass through the channel pore. A common class 
of inhibitors used in electrophysiology experiments is small metal ions that block pores. 
In experimental preparations, many Ca2+ channels can be blocked w ith Cd2+ or Co2+, and 
K+ channels w ith Cs+ or Ba2+. Ba2+ ion block of K+ channels has been careful ly investigated 
(Neyton and M il ler 1988) and serves as an excellent case study of a slowly permeating 
blocker. Crystal structures have revealed the location of Ba2+ in K+ channels (Jiang and 
MacKinnon 2000), where it can be seen replacing K+ in the selectivity �lter (Figure 6.3c). 
The Ba2+ ion is nearly the same size as K+, al low ing it to �t snugly into these sites. Yet, due to 
its greater charge, Ba2+ dynamics differ, and it remains in the channel pore for long periods 
of time, preventing the �ux of other ions. Ba2+ eventually dissociates, and l ike K+, it can exit 
from its binding site to either the internal or external solution.

The abil ity of permeant ions to enter and exit the pore from both sides of the channel can 
lead to biphasic voltage dependence. In addition to interactions w ith permeant ions, slowly 
permeating ions have an innate voltage dependence. As voltage is increased inside the cell, 
cationic blocking ions are driven into the channel from the internal solution and bound 
ions punch through to exit the external side (Figure 6.3f). Thus, the rate of dissociation of 
a slowly permeating blocker to opposing sides of the membrane have opposing polarity. 
For this situation, voltage dependence has multiple components, and different steps in the 
slow permeation process can dominate at different voltages. A description of such behav-
ior is as fol lows:
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(6.9)

The multiple voltage-sensitive components lead to multiphasic voltage dependence. This 
is depicted in Figure 6.3i, where at negative voltages, inhibition decreases because ions 
exit to the internal side, and at positive voltages, the inhibition also decreases because ions 
exit to the external side. Multiphasic voltage dependence is a hallmark of slowly permeat-
ing blockers that was identi�ed in careful studies of the proton block of sodium channels 
(Woodhull 1973).

Voltage-dependent inhibition can be problematic for researchers seeking to pharmaco-
logically el iminate a current, as an inhibitor that produces near-complete inhibition at 
some voltages can be ineffective at others. This variable inhibition is due to voltage depen-
dence alone, and the ef�cacy of inhibitors becomes even more complicated when effects of 
channel conformation are considered.

6.6  Gated I nhibi tor Access
The abi l ity of a pore blocker to inhibit can depend on the conformational state of the 
channel. Block kinetics can exhibit state dependence when a blocker binds in the inter ior 
of a channel, to a site that is only accessible when the protein adopts certain conforma-
tions. This is often referred to as gated access. A  common form of gated access is when 
inhibitors are only able to enter open channels (Figure 6.4a). Open channel block of K+

channels was classical ly described by Clay A rmstrong (A rmstrong and H i l le 1972). A 
prominent example of open channel block is N-type or bal l-and-chain inactivation of 
K+ channels, where a protein amino terminus acts as an inhibitor (Zagotta, Hoshi, and 
A ldr ich 1990). A  feature of N-termini and some other open channel blockers is that 
channels cannot close their access gate when the blocker is bound. Other blockers that 
require channel opening to access an inter ior blocking site can become trapped inside 
the channel when it closes. The gate that controls inhibitor access is not necessari ly the 
gate that controls ion permeation. Channels can undergo many conformational changes 
prior to opening and, when inhibitor access is gated di fferently than ion permeation, 
blockers may enter part ial ly activated closed conformations in addit ion to the open 
ones (Figure 6.4b). This has been demonstrated for the block of BK channels by intra-
cel lular QA compounds (Tang, Zeng, and Lingle 2009). Blockers can also have mult iple 
access pathways that are gated di fferently. For example, l idocaine can access Na+ chan-
nels through the cytoplasmic Na+ gate and can also access the same blocking site from 
the l ipid bi layer through a fenestration in the side of the channel (Nguyen et al. 2019;
H i l le 1977) (Figure 6.4c).

A hallmark of gated inhibitor access is that channel conductance activates, then decays as 
blockers enter and inhibit channels (Figure 6.4d, e). While gated access necessari ly affects 
the rate of inhibitor binding, it does not necessari ly affect binding af�nity. However, i f the 
channel does not close normally w ith the inhibitor bound, the inhibitor w il l affect gating, 
and channel gating w il l affect binding af�nity. Such al losteric effects on channel confor-
mation are discussed further next.
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FIGURE 6.4
Gated inhibitor access. (a) An open channel blocker can only occlude the pore when the channel opens. (b) 
Blocker access may be gated differently than ion conduction. (c) There may be multiple paths, gated differently, 
to an inhibitor binding site. (d) Time dependence of pore blockade in a kinetic model of an open channel block. 
Black curve indicates opening in the absence of inhibitor. Dashed red curve indicates an inhibitor concentration 
equal to the KD of the open state. Dotted red curve is 10 × KD, sol id red curve 100 × KD. (e) Block of the voltage-
gated K+ channel Kv2.1 by the blocker RY785. To access its binding site, RY785 requires voltage stimulation but 
not channel opening.
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6.7  A l loster ic I nhibi t ion
Not al l ion channel inhibitors block the pore. Many act by inducing the channel to close. 
This mechanism is fundamentally distinct from pore blockade, as the inhibitory action is 
not due to the inhibitor obstructing the �ow of ions, but to the inhibitor stabil izing chan-
nels in nonconducting conformations (Figure 6.5). Despite these very different mecha-
nisms, distinguishing pore blockade from allosteric inhibition can be dif�cult.

Inhibitors can act by a variety of physical means, such as membrane perturbation, surface 
charge screening or direct binding to channels. Direct binding can competitively inhibit 
channels by preventing binding of an activating l igand or act by an al losteric mechanism. 
The fundamental concept of al lostery is that a modulatory molecule can selectively sta-
bi l ize protein conformations, shifting the equil ibrium between conformational states. A 
molecule that stabil izes nonconducting conformations is a negative al losteric modulator. 

FIGURE 6.5
α-bungarotoxin inhibits acetylchol ine receptors by an al losteric mechanism whi le binding far from the ion 
conduction pathway. Cryo-EM structure of the nicotinic acetylchol ine receptor from Tetronarce californica (gray) 
w ith bound α-bungarotoxin (red), PDB ID 6UWZ. For clarity, only two of �ve channel subunits are show n. 
(Renderings made in ChimeraX; Pettersen et al. 2021.)
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By shifting the equil ibrium of a channel to nonconducting, the channel w il l open less 
often and be inhibited.

A llosteric inhibitors act by energetical ly stabil izing closed states relative to open ones. In 
the simplest case, an inhibitor binds to a single site and prevents a channel from opening 
(Figure 6.6a). This type of al losteric inhibition is technically inverse agonism, as the chan-
nel cannot open w ith the inhibitor bound. For an inverse agonist, the fraction of channel 
current inhibited is the fraction bound, w ith the remaining conductance determined by

Conductance unbound

unbound bound

=
+

=
+ [ ]( )

f
f f X KD

1
1 /

(6.10)

The thermodynamics of this type of inhibition can make the concentration–response 
indistinguishable from pore block (note that Equation 6.3 is identical). However, other 
aspects of the response to the inhibitor can distinguish between pore block and al lostery. 
The differences can be subtle or radical. In many cases, the binding of an al losteric inhibi-
tor is sensitive to the conformational changes associated w ith channel gating. Changing 
the stimulus that opens the channel w il l change the binding of the inhibitor. Figure 6.6c
depicts al leviation of inverse agonism in response to increasing opening stimulus. The 
inverse agonist �ghts the opening stimulus (Figure 6.6b), and the greater the concentration 
of inhibitor applied, the more stimulus energy is needed to open the channel. The effects 
of a ful l inverse agonist saturate only w ith complete inhibition: otherw ise, more inhibitor 
produces more inhibition. The opening stimuli for many channels are l igands or voltage. 
As the interactions of inhibitors w ith l igand-gated proteins are discussed in great detai l 
elsewhere (Wyman and Gil l 1990; H ilal-Dandan, Brunton, and Goodman 2013), we here 
discuss the particular interactions of al losteric inhibitors w ith voltage-gating processes.

In the case of many voltage-gated channels, voltage increase leads to more channel open-
ing, and inverse agonists modulate these voltage-gating processes. Since voltage alters the 
probabil ity that a channel w il l be closed, the fraction of channels w ith inhibitors bound 
w il l change w ith voltage. The fact that voltage can also affect pore blocker binding can 
make these two types of inhibition even tougher to distinguish and requires careful inter-
pretation of inhibition data.

An example of an inverse agonist can be found in the defensive mucus of a marine 
snail. The gastropod Calliostoma canaliculatum secretes 6-bromo-2-mercaptotryptamine 
(BrMT) to deter predators. BrMT is an inverse agonist of voltage-gated K+ channels (Sack, 
A ldrich, and Gil ly 2004). BrMT acts by selectively binding to closed channels, as in Figure 
6.6a, to prevent channels from opening. Its effects are consistent w ith ful l inverse agonism 
where the inhibitor must dissociate from the channel before it can open. In the presence 
of BrMT, the more positive voltage is required for activation. Increasing concentrations 
require progressively more positive voltages to open the channels (Figure 6.6d). The major 
effect of inverse agonists can be due to kinetic rather than equil ibrium properties. It can 
be shown w ith a reaction coordinate diagram (Figure 6.6b) that a ful l inverse agonist that 
requires unbinding before opening w il l increase the total activation barrier, Δ G‡

opening, by 
an amount equal to the free energy change of its binding to the closed state of the channel, 
Δ Gclosed binding. Thus, i f the inhibitor prevents rate-l imiting steps in channel opening, a ful l 
inverse agonist w il l slow the time course of channel opening by a factor of at least

t
t
inhibited

control D closed

X
K

= +
[ ]1 (6.11)
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where τ represents the time constant of the rate-l imiting kinetic process in activation. With 
increasing concentrations of an inhibitor, channel opening w il l be progressively slowed 
(Figure 6.6e). This progressive alteration of kinetics w ith increasing dose is a hallmark of 
a ful l inverse agonist.

6.8  Par t i al  I nverse A goni sm
Some allosteric inhibitors w il l al low channels to open while the inhibitor remains bound. 
Inhibitors that act in such a way are partial inverse agonists (Figure 6.6f). A partial inverse 
agonist lowers the probabil ity that a channel w il l be in a ful ly open state. The degree to 
which the binding of a partial inverse agonist leads to channel closing is the coupling 
between binding and inhibition. This can be quanti�ed as a coupling energy, Δ Gcoupling,
which can be understood as the amount of energy the inhibitor uses to close the chan-
nel. But where does Δ Gcoupling arise from? The �rst law of thermodynamics demands that 
energy cannot just appear. It must be accounted for. It turns out that Δ Gcoupling is derived 
from the binding energy of the inhibitor. When channels open w ith an inverse agonist 
bound, it weakens inhibitor binding (Figure 6.6f).

An energy diagram for this type of inhibition is given in Figure 6.6g. It depicts a general 
model of allosteric interaction where a portion of an inhibitor’s binding energy is used to 
keep the channel from opening. How much coupling energy w ill arise from a change in 
binding can be calculated from the binding energies to the different channel states. The 
coupling energy comes from the difference in binding energy of the open and closed states:

D D DG G Gcoupling openbinding closedbinding= - (6.12)

FIGURE 6.6 (CONTINUED)
A l losteric inhibition. (a) A ful l inverse agonist needs to dissociate before the channel can open. Cartoon depicts 
a voltage activated ion channel that only binds inhibitor in its closed state. (b) Inverse agonist binding energeti-
cal ly stabi l izes the closed state. (c) The dose–response of a ful l inverse agonist does not saturate. Each curve is 
a Boltzmann distr ibution of conductance arising from increasing open probabi l ity. The black curve is control 
condition. The dashed curve indicates an inhibitor concentration equal to the KD for the closed conformation. 
The dotted curve is 10 × KD; sol id red curve 100 × KD. (d) Shift of conductance–voltage relation of Shaker K+

channels does not saturate w ith increasing concentrations of the inverse agonist BrMT (Sack, A ldrich, and Gi l ly 
2004). The black curve is Boltzmann distr ibution �t to control data points. The dashed curve is 1 μM BrMT, 
dotted curve 5 µM, sol id curve 20 µM. (e) Increasing inverse agonist concentration progressively slows channel 
opening. Data points are time constants of channel opening in indicated concentrations of BrMT relative to 
control. The curve is Equation 6.11 w ith KD set to 0.8 µM. (f) A partial inverse agonist can remain bound whi le 
the channel opens. The cartoon depicts a voltage-activated ion channel that strongly binds inhibitor in its closed 
state and more weakly in its open conformation. (g) Open-state binding of partial inverse agonists al low the 
activation barrier for opening to be reduced. (h) The dose–response of a partial inverse agonist saturates. Each 
curve is a Boltzmann distr ibution of conductance arising from increasing open probabi l ity. The black curve is 
the control condition. The dashed curve indicates an inhibitor concentration equal to KD closed where KD open is 10 
× KD closed. Dotted curve is 10 × KD closed, sol id red curve 100 × KD closed. (i) Shift of conductance–voltage relation of 
Kv2.1 channels saturates at high concentrations of the partial inverse agonist GxTX (Ti l ley et al. 2019). The black 
curve is the Boltzmann distr ibution �t to control data points. The dashed curve is 10 µM GxTX, dotted curve 100 
µM, sol id curve 1 μM. (j) The rate of channel opening w ith partial inverse agonist is concentration-independent. 
Data points are time constants of channel opening in indicated concentrations of GxTX relative to control. The 
sol id l ine is 3.1-fold slow ing of opening. The dashed curve is Equation 6.11 w ith KD set to 13 nM, KD closed; poor 
�t indicates GxTX is not a ful l inverse agonist.
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As binding af�nities are related by dissociation constants, it can be seen that
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and at high concentrations of inhibitor, the effect of the inhibitor saturates:
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Therefore, the ratio of the dissociation constants for the open and closed conformations 
l imits the potential of a partial inverse agonist to close a channel. This is demonstrated by 
the simulation in Figure 6.6h; the effects of partial inverse agonists saturate w ith increas-
ing inhibitor concentration.

An example of a partial inverse agonist is the tarantula toxin guangxitoxin-1E (GxTX). 
When bound by GxTX, K+ channels require more stimulus voltage to open, but increasing 
the toxin concentration fai ls to completely inhibit the channels (Figure 6.6i). This is due 
to channels opening w ith the partial inverse agonist bound. As depicted in Figure 6.6g, a 
channel opening w ith an inhibitor bound can have a Δ G‡

opening that is less than an opening 
pathway that �rst requires inhibitor dissociation. Because channels can open in the pres-
ence of inhibitors, the opening rate saturates and becomes insensitive to higher concentra-
tions of toxin (Figure 6.6j). Due to l imited ef�cacy, a partial inverse agonist mechanism 
may l imit consequences of drug overdose.

6.9  Use-Dependent Pore Block
Pore blockers can also al losterical ly modulate channels. An open channel blocker may pre-
vent a channel from closing, l ike a foot in a door jamb, and could be considered a ful l ago-
nist i f it did not also block the permeation pathway. Other blockers that enter through the 
channel permeation gate can stabil ize closed channels. For example, the “closed channel 
blocker,”  4-aminopyridine, destabil izes the ful ly activated conformations of K+ channel 
voltage sensors while bound in the pore (Armstrong and Loboda 2001). A w ide variety of 
sodium channel inhibitors used to treat pain, arrhythmias and epilepsy are state-depen-
dent pore blockers. In the case of these sodium channel inhibitors, state dependence is 
referred to as use dependence because the degree of inhibition of the channel increases 
when the channel is stimulated. Upon repetitive stimulus, such as a train of action poten-
tials, open channel blockers or other use-dependent inhibitors w il l progressively inhibit 
their targets (Courtney 1975). This is thought to be an important property of drugs that 
mitigate excitotoxic pathologies, such as epilepsy (Rogawski and Loscher 2004).

6.10  I nhibi t ion by Lipid Bi l ayer Ef fects
The preceding treatments of inhibition mechanism assume that the inhibitor interacts 
directly w ith the ion channel. However, inhibitors can act w ithout binding to channels. 
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A ll ion channels are suspended in a sheet of l ipid bi layer that forms the cell membrane. 
The bi layer is intimately involved in channel function. Some inhibitors do not appear to 
bind the ion channels they affect at al l, but rather act by perturbing the membrane that 
surrounds them (Figure 6.7).

A classical ly studied mechanism of inhibitor action is the surface charge effect. This is 
where ions adsorb to the surface of membranes, perturbing the electric �eld near the mem-
brane, and hence the activity of channels in the membrane (Frankenhaeuser and Hodgkin 
1957). Multivalent metal ions such as Mg2+ can induce classical surface charge effects. The 
degree of surface charge effect varies from channel to channel and is dependent on the 
precise conformation of each voltage sensor. Molecules w ith surface charge effects can 
also modulate channels by mechanisms distinct from surface charge. For example, Mg2+

can also be a pore blocker.
Inhibitors that are hydrophobic or amphipathic in their physical chemistry can partition 

into the cell membrane. Membrane-partitioning molecules are everywhere and include 
detergents, l ipids, a w ide variety of phytochemicals and most cl inical ly used small mole-
cule drugs. By changing the physical properties of the membrane itself, bi layer-perturbing 
molecules can change equil ibria between open and closed channels (Andersen and Koeppe 
2007). These changes in equil ibria can resemble the effects of directly bound inverse ago-
nists, but may have unusual concentration-response pro�les. Membrane perturbing inhib-
itors have promiscuous effects on many different membrane proteins (Ingolfsson et al. 
2014). Whenever working w ith molecules that are soluble in organic solvents or poorly 
soluble in water, it is w ise to consider their potential to alter ion channel gating by mem-
brane perturbation.

6.11  Concludi ng Remark s
We have discussed mechanisms by which inhibitors decrease the conductance of ion 
channels. Inhibitors can bind in the pore and block ion �ow, or act al losterical ly by closing 

FIGURE 6.7
Membrane perturbation can alter channel function. Il lustrations represent al losteric inhibition of channels by 
perturbing the surrounding membrane. Membrane images are molecular dynamics simulation snapshots of a 
phosphol ipid bi layer ±10 mol% resveratrol, an amphiphi l ic phytochemical. (Simulation and rendering by Helgi 
I. Ingól fsson.)
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the channel either by direct binding or perturbing the surrounding membrane. Different 
types of inhibitors are well suited for speci�c tasks. In attempting to dissect the role of a 
channel in a complex physiological situation, a selective and complete inhibitor of a spe-
ci�c channel type is cal led for. In this case, a pore blocker may be preferable. A partial 
inverse agonist can partial ly inhibit a channel w ith a therapeutic w indow spanning a w ide 
range of concentrations. To inhibit channels only under hyperexcitable pathophysiological 
conditions, a use-dependent inhibitor may be most appropriate. In any case, understand-
ing how inhibitor ef�cacy is affected by voltage changes, channel activity and the mem-
brane bi layer al lows one to choose ion channel inhibitor doses and interpret results of 
experiments more w isely.
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Mechanism of use-dependent Kv2 channel inhibition
by RY785
Matthew James Marquis1 and Jon T. Sack1,2

Understanding the mechanism by which ion channel modulators act is critical for interpretation of their physiological effects
and can provide insight into mechanisms of ion channel gating. The small molecule RY785 is a potent and selective inhibitor of
Kv2 voltage-gated K+ channels that has a use-dependent onset of inhibition. Here, we investigate the mechanism of RY785
inhibition of rat Kv2.1 (Kcnb1) channels heterologously expressed in CHO-K1 cells. We find that 1 µM RY785 block eliminates
Kv2.1 current at all physiologically relevant voltages, inhibiting ≥98% of the Kv2.1 conductance. Both onset of and recovery
from RY785 inhibition require voltage sensor activation. Intracellular tetraethylammonium, a classic open-channel blocker,
competes with RY785 inhibition. However, channel opening itself does not appear to alter RY785 access. Gating current
measurements reveal that RY785 inhibits a component of voltage sensor activation and accelerates voltage sensor deactivation.
We propose that voltage sensor activation opens a path into the central cavity of Kv2.1 where RY785 binds and promotes
voltage sensor deactivation, trapping itself inside. This gated-access mechanism in conjunction with slow kinetics of unblock
supports simple interpretation of RY785 effects: channel activation is required for block by RY785 to equilibrate, after which
trapped RY785 will simply decrease the Kv2 conductance density.

Introduction
Ion channel inhibitors are used to investigate the physiological
functions of their target proteins. Each ion channel inhibitor has
a characteristic mechanism of action which determines whether
the degree of inhibition will vary with local conditions such as
membrane potential or permeant ion concentration (Sack and
Eum, 2015; Dilly et al., 2011). To interpret the impact of an in-
hibitor in a physiological experiment, it is important to under-
stand the mechanism of the inhibitor. Here, we investigate the
mechanism of a small molecule that potently and selectively
inhibits Kv2 voltage-gated K+ channels.

Kv2 channels are conserved from Cnidaria to Chordata (Li
et al., 2015), suggesting they serve unique and fundamental
purposes. Mammals have two Kv2 orthologs, Kv2.1 and Kv2.2,
which are pore-forming protein subunits that can assemble as
homotetramers or heterotetramers to form voltage-gated Kv2
channels (Frech et al., 1989; Kihira et al., 2010). Kv2 channels
are expressed in nervous, muscular, and endocrine cell types
(Bocksteins, 2016; Vacher et al., 2008). Kv2.1 is notably impor-
tant in the brain, where it is highly and widely expressed in
central neurons and forms the principal delayed rectifier cur-
rent of many neuron types (Trimmer, 1991; Liu and Bean, 2014;
Guan et al., 2007; Mandikian et al., 2014; Malin and Nerbonne,

2002; Du et al., 2000; Murakoshi and Trimmer, 1999; Pathak
et al., 2016; Kimm et al., 2015). Inmice and humans, mutations of
Kv2.1 (KCNB1) result in severe neuropathologies, suggesting a
fundamental importance in neuronal function (Bar et al., 2020;
Speca et al., 2014; Hawkins et al., 2021; Thiffault et al., 2015;
Torkamani et al., 2014). In neurons, Kv2 channels canmediate or
suppress sustained, high-frequency action potential generation
(Hönigsperger et al., 2017; Liu and Bean, 2014; Romer et al.,
2019). In smooth muscle, Kv2.1 modulates myogenic tone
(O’Dwyer et al., 2020; Amberg and Santana, 2006; Zhong et al.,
2010). In pancreatic β cells, Kv2 channels suppress insulin se-
cretion (Li et al., 2013; Jacobson et al., 2007). In photoreceptors,
Kv2.1 contributes to the outward dark current (Fortenbach et al.,
2021). Kv2.1 is subject to complex regulation by phosphorylation
(Misonou et al., 2005; Murakoshi et al., 1997; Cerda and
Trimmer, 2011; McCord and Aizenman, 2013; Misonou et al.,
2004), SUMOylation (Dai et al., 2009; Plant et al., 2011),
assembly with pore-forming KvS and auxiliary subunits
(Bocksteins and Snyders, 2012; Bocksteins, 2016; Peltola et al.,
2016, 2011), and membrane lipid composition (Delgado-Ramı́rez
et al., 2018; Milescu et al., 2009; Ramu et al., 2006). These
complex regulations make the voltage responses of Kv2 channels
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difficult to predict, highlighting the importance of inhibitors for
determining the contributions of Kv2 channels to the wide range
of physiological functions they participate in.

Recently, the contributions of Kv2 channels to electrical
signaling have been identified using peptide toxins from spiders
(Pathak et al., 2016; Kimm et al., 2015; Liu and Bean, 2014;
Newkirk et al., 2021; Romer et al., 2019; Speca et al., 2014). Es-
pecially useful toxins include stromatoxin-1 and guangitoxin-1E
(GxTX), with GxTX being more selective for Kv2 channels
(Escoubas et al., 2002; Herrington et al., 2006). However, these
peptides are not uniformly efficacious. Both stromatoxin-1 and
GxTX are partial inverse agonists. GxTX acts by preferentially
binding to resting voltage sensors on the channel, thereby sta-
bilizing closed channels (Tilley et al., 2019). An aspect of this
mechanism is that depolarization promotes toxin dissociation.
GxTX inhibition can thus be overcome at more depolarized po-
tentials or during high-frequency stimuli, and this negative use
dependence can complicate interpretation (Tilley et al., 2014).
Because of the difficulties of interpretation that stem from the
allosteric mechanism of spider toxins, a Kv2-selective inhibitor
without the complications of use dependence and gating modu-
lation could enable more definitive physiology experiments.

A class of Kv2-selective inhibitors were developed in a small-
molecule medicinal chemistry project at Merck (Herrington
et al., 2011). Of these, an uncharged molecule, RY785, was the
most potent Kv2.1 inhibitor, with a half-maximal inhibitory
concentration (IC50) of 50 nM. Depolarization from a negative
holding potential was required for the onset of inhibition by
RY785, leading us to wonder whether this apparent use depen-
dence would impact RY785’s performance as an inhibitor. Here,
we determine how voltage activation of Kv2.1 interacts with
inhibition by RY785.

Two mechanisms that can create use dependence are allo-
steric modulation and gated access to a binding site. Allosteric
modulation can inhibit ion channels via stabilization of noncon-
ducting conformations (Hille, 1977; Hondeghem and Katzung,
1977). This can result in modification of conductance kinetics or
voltage dependence. A hallmark of allosteric inhibition is that
channels in nonconducting conformations bind their ligands with
higher affinity. A gated-access mechanism involves a conforma-
tional change that allows an inhibitor to access and exit its binding
site. A gated-access mechanism controls intracellular quaternary
ammonium ion block of voltage-gated K+ channels (Armstrong,
1971; Armstrong and Hille, 1972). Use dependence can also be
produced by a combination of allosteric modulation and gated
access, as with lidocaine block of voltage-gated Na+ channels
(Nguyen et al., 2019; Hille, 1977; Vedantham and Cannon, 1999) or
dofetilide block of hERG K+ channels (Wang et al., 2016; Wu et al.,
2015; Ficker et al., 1998). Here, we investigate whether allosteric
modulation or gated-access mechanisms undergird the use-
dependent inhibition of Kv2.1 by RY785.

Materials and methods
Cell culture
A Chinese hamster ovary (CHO)-K1 cell line stably transfected
with vectors enabling tetracycline-induced expression of the rat

Kv2.1 channel (Trapani and Korn, 2003) was maintained in cell
culture–treated polystyrene dishes (130180; Thermo BioLite) at
37°C in a 5% CO2 atmosphere in growth medium composed of
Ham’s F-12 medium (11765-054; Gibco) containing 10% FBS
(100-500; GemCell) and 1% penicillin–streptomycin solution
(15140-122; Life Technologies). The CHO cell line was a gift from
Stephen Korn, University of Connecticut, Storrs, CT. It was
validated by tetracycline induction of Kv2.1-like delayed recti-
fier K+ currents and tested negative for mycoplasma (Lonza
MycoAlert). Cells were cultured with 1 μg/ml blasticidin S HCl
(A11139-03; Gibco) and 25 μg/ml zeocin (46-0509; Invitrogen) to
retain transfected vectors. 1–2 h before experiments, 1 μg/ml
minocycline HCl (ALX-380-109-M050; Enzo) was added to
medium to induce channel expression. For voltage-clamp re-
cording, cells were harvested by manual scraping in PBS with
0.48 mM EDTA (15040-066; Gibco) and pelleted by centrifuga-
tion at 1,000 g for 2 min. For K+ current experiments, cells were
resuspended in the growth medium. For gating current ex-
periments, cells were resuspended and pelleted three times in
gating current external solution. Cells were slowly rotated in a
polypropylene tube (05-408-134; Fisher) at room temperature
until use. For K+ current experiments, aliquots of cell suspension
were added to a recording chamber containing external solution,
allowed to settle, and rinsed with external solution before re-
cording. For gating current experiments, aliquots of cell sus-
pension in gating current external solution were added to a dry
recording chamber.

K+ current measurements
Patch-clamp experiments were performed at room temperature
(22.0–23.5°C). Voltage clamp was achieved with an Axopatch
200B amplifier (Axon Instruments) run by Patchmaster v2x90.5
software (HEKA). The external bath solution contained (in mM)
155 NaCl, 10 HEPES, 1.5 CaCl2, 1 MgCl2, and 3.5 KCl, adjusted to
pH 7.2 with NaOH. External solution was supplemented with
1:1,000 vol:vol DMSO as a vehicle control or, when indicated,
1 µM RY785 (19813; Cayman) as 1:1,000 1 mMRY785 in DMSO. In
some experiments, 5 µM tetrodotoxin was added to suppress
endogenous voltage-gated Na+ channels. We did not see any
suggestion that tetrodotoxin or the rapidly inactivating endog-
enous Na+ channels impacted analyses of Kv2.1 currents, and
results with and without tetrodotoxin were pooled. The internal
pipette solution contained (in mM) 50 KF, 70 KCl, 35 KOH, 5
EGTA, and 50 HEPES, adjusted to pH 7.4 with KOH. Internal
solution osmolarity was adjusted with sucrose in some experi-
ments. Data with and without sucrose are pooled. Recording
pipettes were pulled from thin-walled borosilicate glass (1.5-mm
outer diameter, 1.1-mm inner diameter, with filament; Sutter
Instrument) on a horizontal micropipette puller (Sutter P-87)
using five or more heating cycles to achieve a taper to the tip
over minimal length. Pipettes were typically coated with a sili-
cone elastomer (Dow Corning Sylgard 184) and heat-cured. Data
with and without Sylgard are pooled. Pipette-tip resistances
with the above solutions were 0.96–2.41 MΩ with positive
pressure applied to pipette.

CHO cells with a round shape and smooth surface were se-
lected for whole-cell voltage clamp. To minimize voltage errors
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at the cell membrane due to series resistance, several measures
were taken. To control the magnitude of K+ currents, Kv2.1 ex-
pression was induced by incubation with minocycline for
128–155 min (experiments with tetraethylammonium [TEA])
and 42–110 min (other experiments). Series resistances were
estimated by manual nulling of capacitance and were <11 MΩ.
The series resistance compensation correction circuit was set
to 60–90%. Lag was 10 μs. Data were excluded from analysis if
the product of current amplitude and estimated series resis-
tance remaining after compensation was >10 mV. The largest
current analyzed in this dataset was 11.3 nA. Cell capacitances
were 1.9–17.7 pF, resulting in cell membrane charging time
constants of <54 μs before compensation, at least two orders of
magnitude faster than time constants fitted to ionic currents.
Currents for I–V relations were low-pass filtered at 10 kHz
and digitized at 100 kHz. Currents for drug association/dis-
sociation experiments were low-pass filtered at 5 kHz and
digitized at 10 kHz. The holding potential was −100 mV. Re-
maining capacitance and Ohmic leak were subtracted offline
using traces recorded during P/5 voltage protocols from
holding potential. In sequences of voltage steps, at least 2 s
elapsed between the start times of each recording. For vehicle
and RY785 wash-in, solution was exchanged by flushing a
volume of ≥200 μl through a recording chamber of <100 μl
(Warner RC-24N). RY785 was applied after vehicle. Time
courses of current inhibition (detailed below) were analyzed
for artifacts resulting from solution exchange. We observed
that, following wash-in of RY785 or vehicle, Kv2.1 current
amplitudes would increase by 5.0 ± 2.9% (mean ± SEM, n = 32
cells) or 5.32 ± 0.70% (mean ± SEM, n = 4 cells), respectively.
Current amplitudes in vehicle-washed cells would then slowly
decay by as much as 23% (Fig. 3 B). This variability was
deemed too minor to alter our interpretation or conclusions
and therefore tolerated.

Gating current measurements
The following modifications from the whole-cell protocol were
applied during gating-current recordings. Channel expression
was induced by incubation with minocycline for 36–60 h. The
external bath solution contained (in mM) 140 NMDG, 60
HEPES, 2 CaCl2, 2 MgCl2, 0.1 EDTA, 0.01 CsCl, and 84 meth-
anesulfonic acid at pH 7.3. When indicated, the external so-
lution was mixed 1,000:1 with DMSO or 1 mM RY785 in
DMSO. The internal solution contained (in mM) 90 NMDG, 50
NMDG hydrofluoride, 1 NMDG hydrochloride, 60 HEPES, 5
EGTA, 5 sucrose, and 29 methanesulfonic acid at pH 7.3.
Pipette-tip resistances with the above solutions were 2.7–7.7
MΩ with positive pressure applied to the pipette. All pipettes
were coated with Sylgard and fire-polished. Series resistances
were 5.5–13.8 MΩ, except for one 47-MΩ cell that responded
well to compensation circuitry. Cell capacitances were
3.1–13.0 pF. To exclude artifacts of membrane charging, data
were not analyzed until 200 μs after a voltage step. The series
resistance prediction circuit was set to 70%, resulting in pre-
dicted membrane charging time constants of <45 µs. The series
resistance compensation correction circuit was set to 70–75%
with 10-µs lag. Currents were low-pass filtered at 10 kHz and

digitized at 50 kHz. In sequences of voltage steps, 4 s elapsed
between the start times of each recording. Vehicle or RY785
were manually added to a 200-μl recording chamber with a
5-min wait before recording. Vehicle and RY785 were applied
in a blinded and randomized fashion with unblinding after
completion of data analysis.

Monitoring current inhibition and recovery
The voltage protocols for determining the voltage dependence of
Kv2.1 inhibition by and recovery from RY785 consisted of 10-s
cycles containing two voltage steps from the holding potential
of −100 mV. The first voltage step is a 20-ms test pulse to
+40 mV to gauge the proportion of conductive channels. Af-
terward, the cell is returned to −100 mV holding potential for
30 ms, then given a postpulse to a voltage between −80 and
+40 mV. The 30-ms interval between a test pulse and subse-
quent postpulse is 10 times the 3-ms deactivation time con-
stant of Kv2.1 at −100 mV (Tilley et al., 2019), so deactivation
is expected to be >99% complete by the end of the step. The
postpulse was 500 ms for the inhibition protocols and 4 s for
the recovery protocols. Testing of each cell went as follows: (1)
a baseline was established in vehicle by recording 10 cycles of
the inhibition protocol; (2) during a 2-min gap, the recording
chamber solution was exchanged with 1 μM RY785 or vehicle
control; (3) the inhibition protocol resumed until currents
stabilized (15–80 cycles); (4) 10 cycles of the recovery protocol
were recorded while the bath still contained 1 μM RY785; (5)
during a 1-min gap, continuous flow was started of a solution
without RY785; and (6) recording of the recovery protocol
resumed with continuous solution flow until currents stabi-
lized (71–155 cycles).

Analysis
Electrophysiology analysis, curve fitting, and plotting were
performed with Igor Pro 8 (Wavemetrics), which uses a
Levenberg–Marquardt algorithm for least-squares curve fitting.
For presentation, gating current traces were Gaussian-filtered at
2 kHz.

Conductance (G) was calculated as ionic current divided by
the K+ driving force:

Vcell � Vcommand −
��
1–fcompensated

�
× Rseries × I

�
–VLJ, (1)

where Vcell is membrane voltage; Vcommand is command volt-
age; fcompensated is fraction of series resistance compensated;
Rseries is measured series resistance; I is measured current; VLJ

is liquid-junction potential; and VLJ of 12 mV was calculated
using Patchers Power Tools v2.15 (Mendez andWurriehausen,
2009).

For the conductance–voltage (G–V) relation, conductance
values were determined from current levels in the final 2 ms of
100-ms steps to the indicated voltage. Kv2.1-mediated currents
were isolated by subtraction of currents remaining in 1 µM
RY785. Kv2.1-mediated currents were divided by the driving
force for K+ relative to the calculated Nernst potential of −97.4
mV. Conductance levels were plotted against command voltage
and normalized to their mean from +80 to +100 mV. G–V rela-
tions were fitted with a Boltzmann function:
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where A is maximum amplitude, z is valence in units of ele-
mentary charge (e0), F is the Faraday constant, R is the ideal gas
constant, and T is absolute temperature. The variable x is the
power, or order, of the Boltzmann function. When fitting the
G–V, x was set to 4 (Tilley et al., 2019). Vhalf is the activation
midpoint in units of millivolts. In Eq. 2, the voltage that produces
half-maximal conductance, Vmid, when x = 4 is

Vmid � Vhalf −
"
ln
�
2

1
x − 1

�
RT

zF

#
� Vhalf +

�
42.39
z

�
. (3)

Inhibition and recovery rate calculations
Rates of channel inhibition by RY785 for Fig. 3 were determined
from the test pulses of the two-voltage-step protocol described
above. The amplitudes of test pulse current were fitted with an
exponential function (Eq. 4), starting with the first record after
RY785 wash-in:

I � I0 + Ae
(x0−x)

τ , (4)

where I is current, I0 is current at time zero, A is equilibrium
current amplitude, x is time, x0 is time 0, and τ is the time
constant. The apparent inhibition rate (kapparent) is τ−1. To esti-
mate an inhibition rate during the variable-potential postpulses
(kpost), we assumed that no significant inhibition occurs when
holding at −100mV (Fig. 2 B) and applied a correction to account
for inhibition during test pulses to +40 mV (ktest), weighted by
pulse durations (dtest and dpost):

kapparent � ktest × dtest + kpost × dpost
dcycle

, (5)

where dcycle is the length of one protocol cycle. ktest was deter-
mined from the mean kapparent with postpulses and test pulses to
+40mV such that ktest = kpost. For the estimates of inhibition rate
during a single pulse (ksingle step) presented in Fig. 4, Eq. 4 was
fitted to current decay during the first postpulse in RY785. As an
attempt to correct for current decay in vehicle due to inactiva-
tion, current decay in vehicle was fitted with Eq. 4, and τ−1 in
vehicle was subtracted from τ−1 in RY785.

Current recovery after RY785 wash-out with test pulses and
postpulses to +40 mV was fitted with Eq. 4, yielding apparent re-
covery rates from which recovery rates (krecover) were determined
using Eq. 5 as above, where ktest = kpost = krecover. For recovery ex-
periments with postpulses to −80 mV, limited recovery occurred,
and kapparent was estimated by linear regression. To calculate krecover
using Eq. 5, ktest from the +40-mV recovery protocol was used. In
one experiment, current did not recover following RY785wash-out,
and this cell was excluded from analysis.

Estimation of Kd
Rates of channel inhibition and recovery were used in Eq. 6 to
estimate a dissociation constant (Kd) for RY785 binding to Kv2.1
at +40 mV:

Kd � koff
kon

, (6)

where koff = krecover with postpulses to +40 mV and kon = kpost/
[RY785] when kpost measured the rate of inhibition at +40 mV.
The contribution of koff to the kinetics of inhibition at +40 mV
was ignored as kpost � koff. The parent compound from which
RY785 was derived inhibits human Kv2.1 with a Hill coefficient
of close to 1 (1.2; Herrington et al., 2011), suggesting that it is
reasonable to ignore the possibility of cooperative binding in a
Kd estimate.

Activation rate
Channel activation time constants were determined by fitting
single-exponential functions (Eq. 4) to current amplitude time
courses during the final 15 ms of the 20-ms test pulse to +40 mV.
We did this for a randomly selected sample of 10 of the above
inhibition rate experiments. Time constants were excluded if SD
of fit was >15 ms. In Fig. S2 B, peak currents were means of the
final 0.5 ms of the test pulse and were normalized to the first
record after RY785 wash-in.

Gating current analyses
Charge (Q) movement was quantified by integrating gating cur-
rents. ON gating currents were integrated from 0.2 to 6 ms after
the start of the voltage step. OFF gating currents were integrated
from 0.2 to 20ms after the start of the voltage step. Currents were
baseline-subtracted from 20 to 30 ms after the start of the voltage
step. Charge movement data as functions of voltage were fitted
with a Boltzmann function (Eq. 2) with f(V) = Q and the order, x,
set to 1. Time constants were determined by fitting Eq. 4 to the
decay phase of gating current traces. The voltage dependence of
ON gating charge movement was determined by fitting gating
current decay time constants as a function of voltage:

τ � τ0mV

�
e
−VzF
RT

�
, (7)

where τ is the time constant of ON gating current decay, τ0 mV is
the time constant of ON gating current decay at 0 mV, V is
voltage, z is valence in units of elementary charge (e0), F is the
Faraday constant, R is the ideal gas constant, and T is absolute
temperature. Traces with obvious leak artifacts were excluded
from analysis.

Statistics
Statistical tests were performed in Igor Pro 8. Uncertainties
reported with fit parameters are SDs. Arithmetic means and
SEMs are reported for current amplitudes and charge move-
ment. Geometric means and positive SEMs are reported for time
constants and rates. Wilcoxon rank tests were performed as-
suming independent samples unless otherwise noted. Two-
tailed P values are reported for the hypothesis that samples
have identical medians.

Online supplemental material
Fig. S1 compares currents from untransfected CHO cells and
Kv2.1-CHO cells in 1 µM RY785. Fig. S2 compares Kv2.1
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activation kinetics during onset of inhibition by RY785. Fig. S3 is
an alignment of expected cavity-lining residues of Kv2 and KvS
channel subunits.

Results
At all physiological voltages, block by RY785 appears complete
Knowing how completely a drug can inhibit channels is im-
portant for interpretation of experiments and can reveal clues
about the drug’s mechanism of action. We asked how completely
RY785 inhibits Kv2 K+ currents. To study RY785 inhibition, we
voltage-clamped homomeric channels composed of rat Kv2.1
subunits expressed in a stably transfected CHO-K1 cell line
(Trapani and Korn, 2003). When 1 µM RY785 was applied and
depolarizing steps were given until currents stabilized, RY785
eliminated voltage-activated outward currents (Fig. 1 A). Block
by RY785 appeared complete, as currents with activation ki-
netics resembling Kv2.1 were no longer discernable. At +40 mV,
1 µM RY785 blocked 98.3 ± 0.4% (mean ± SEM) of outward
current (Fig. 1 B). CHO-K1 cells have been found to lack endog-
enous voltage-gated K+ channel expression (Gamper et al.,
2005), yet in untransfected CHO-K1 cells, endogenous outward
currents were apparent above +40 mV. These endogenous CHO
currents were not blocked by 1 µM RY785 and appeared similar
to the residual currents of Kv2.1-CHO cells in 1 µM RY785 (Fig. S1
A). A comparison of current amplitudes at +90 mV, where en-
dogenous CHO currents were detectable in all cells, revealed that
the magnitude of residual currents of Kv2.1-CHO cells in 1 µM
RY785 were within SEM of CHO cells without a Kv2.1 plasmid
(Fig. S1 B). This suggests that most, if not all, residual outward
current from Kv2.1-CHO cells in 1 µM RY785 (Fig. 1 C) is at-
tributable to endogenous CHO currents, not Kv2.1. These find-
ings indicate that 1 µM RY785 eliminates the Kv2.1 conductance
in response to voltage steps up to at least +90 mV from a holding
potential of −100 mV, a range spanning the physiologically rel-
evant voltages set by typical Na+ and K+ reversal potentials.

RY785 inhibition requires voltage activation but not
channel opening
After application of RY785 to human Kv2.1 channels, voltage
activation is required for onset of inhibition, and K+ current
progressively declines during repeated positive voltage steps
(Herrington et al., 2011). We characterized how inhibition of rat
Kv2.1 by RY785 responds to voltage activation. To measure the
voltage dependence of the rate of inhibition by RY785, we de-
signed a two-pulse protocol containing a brief test pulse to
+40mV followed by longer postpulse to a voltage which we later
varied between experiments. In the presence of 1 µM RY785,
Kv2.1 current amplitudes in response to a two-pulse protocol
decay over time (Fig. 2 A). No inhibition occurs when cells are
held at −100 mV (Fig. 2 B). The simple exponential kinetics of
block in response to +40-mV voltage steps (Fig. 2 B, red curve)
suggests that a single RY785 binding event is sufficient to
completely inhibit Kv2.1. Additionally, when K+ conductance is
only partially inhibited by RY785, the time constants associated
with voltage activation do not vary (Fig. S2), consistent with all-
or-nothing block of individual channels.

We next tested whether channel opening is required for
RY785 inhibition. If so, then RY785 should inhibit Kv2.1 with a
rate proportional to the channel’s open probability. We used the
whole-cell Kv2.1 G–V relationship as a proxy for Kv2.1 open
probability. Although the occurrence of subconducting con-
formations of rat Kv2.1 single channels (Chapman et al., 1997)
makes the G–V relationship an imperfect proxy, the fully con-
ducting conformation of a rat Kv2.1 variant has been used to
effectively characterize its G–V relationship (Islas and Sigworth,
1999), and we have found subconducting conformations to occur
<10% as often as full openings in this Kv2.1-CHO cell line (Tilley
et al., 2019), suggesting that the G–V relationship is reasonably
proportionate to open probability. We monitored the decay of
Kv2.1 current amplitudes in the presence of RY785 and varied
the voltage of the postpulse step between cells (Fig. 3, A and B).
We then fitted an exponential function (Eq. 4) to the decay of
Kv2.1 currents during repeated cycles of the two-pulse protocol
(Fig. 3 B). In these fits, the apparent rate of inhibition seems to
saturate below −60 mV and above 0 mV (Fig. 3 C). We estimated
rates of inhibition during the postpulse steps (kpost; Eq. 5). A

Figure 1. RY785 blocks Kv2.1. Displayed currents in 1 μM RY785 are fol-
lowing a train of depolarizations to allow RY785 to inhibit Kv2.1 currents. (A)
Top: Voltage command. Bottom: Representative currents from a whole-cell
voltage-clamped Kv2.1-CHO cell in vehicle (black) and RY785 (red). (B) Cur-
rent remaining during inhibition by RY785 from eight cells (red symbols).
Horizontal line is mean ± SEM. (C) Current as a function of command
voltage. Currents are means 98–100 ms after the start of the activating
voltage step. Symbols correspond to individual cells in vehicle (black) and
RY785 (red). Points are excluded if the predicted voltage error of clamp is
>10 mV. Inset: Structure of RY785.
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Boltzmann fit (Eq. 2) assigned half-maximal kpost at Vmid =
−20.2 ± 4.9 mV (Fig. 3 D). However, G–V relations calculated
from currents recorded in vehicle (Fig. 1) indicated that the
voltage at which conductance was half maximal was Vmid =
+23.8 ± 1.2 mV (Fig. 3 E), 44 mV more positive than the mid-
point of the inhibition rate. It appears clear that the voltage
dependence of block does not follow G. The coarse resolution
and substantial cell-to-cell variability in the kpost–voltage rela-
tion precludes more detailed conclusions about the voltage
dependence of the inhibition rate. Nevertheless, this finding is
inconsistent with the hypothesis that RY785 binds only once
channels open. To assess the validity of our estimates of kpost,
we also determined RY785 inhibition rates by fitting expo-
nential functions to current decay (Fig. 4 A). The inhibition rate
was determined in this manner during 0-, +20-, and +40-mV
pulses where Kv2.1 current decay could be reliably fitted. After
applying a correction that attempts to account for current decay
due to inactivation, the inhibition rates measured by fitting
current decay during a single pulse (ksingle pulse, Fig. 4 B) were
about two times faster than values measured from repeated two-
pulse cycles (kpost, Fig. 3 E), which we consider to be roughly
similar. RY785 inhibition rates measured by the method of Fig. 4
were not significantly different at 0, +20, or +40 mV (one-way
ANOVA, P = 0.39). However, Kv2.1 conductance increases be-
tween 0 and +40 mV (one-way ANOVA, P = 1.7 × 10−10) by a
factor of 3 (Fig. 3 E). Again, the onset of RY785 inhibition is re-
sponsive to voltage activation, but the rate is not correlated with
the degree of channel opening. We noted that the Vmid of kpost
was similar to the Vmid = −29.3 ± 2.8 mV of gating charge
movement from Kv2.1 in the same CHO-K1 cell line (Fig. 3 E).
This correlation suggests that the RY785 binding site is exposed
by voltage-sensor activation, but not channel opening itself.

RY785 is trapped by the resting conformation of Kv2.1
We asked how membrane voltage affects relief of inhibition
after wash-out of RY785 from the recording chamber. If RY785 is
an allosteric modulator that simply prefers voltage-activated
channel conformations, then channel deactivation at negative
voltages would enhance drug dissociation. Alternatively, if
voltage activation provides gated access to a binding site,
channel deactivation could trap RY785 within the channel. To
distinguish between these possibilities, we analyzed current
recovery after drug wash-out as a proxy for RY785 dissociation
and asked whether recovery from inhibition depends on voltage.
Our recovery from inhibition protocol was performed following
a subset of the 1 µM RY785 wash-in experiments of Fig. 3 (Fig. 5
A). During recovery experiments, we used a two-pulse protocol
with 4-s postpulses and tested two postpulse voltages: −80 and
+40 mV (Fig. 5 B). With a −80 mV postpulse, only 8.1 ± 1.9%
(mean ± SEM) of current recovered after 600 s of pulsing (Fig. 5
C, left). However, with a +40 mV postpulse, 65.2 ± 8.3% of cur-
rent recovered over the same duration (Fig. 5 C, right). Some
current recovery time courses exhibited a delay before current
amplitudes begin to rise. While this delay could be indicative of
current recovery requiring multiple RY785 molecules to disso-
ciate from each channel, the cell-to-cell variability in delay leads
us to suspect that the delay results from a variable latency for
RY785 to diffuse out from cells. From exponential fits (Eq. 4) of
current recovery time courses, we estimate the rate of current
recovery to be 0.0104 ± 0.0016 s−1 (mean ± SEM) during the
pulses to +40 mV (Fig. 5 D). Current recovery was incomplete
with postpulses to −80 mV. Using linear regression, we esti-
mated the recovery rate to be 0.000134 ± 0.000031 s−1 (Fig. 5 D)
during postpulses to −80 mV, 1% of the rate at +40 mV. These
results suggest that dissociation of RY785 from Kv2.1 is highly

Figure 2. Voltage stimuli are required for RY785 to inhibit Kv2.1. (A) Current traces from a representative cell in vehicle (black) or 1 µM RY785 (red). Voltage
protocol from a holding potential of −100 mV is a 20-ms step to +40 mV followed by a 30-ms step to −100 mV and then a 500-ms step to +40 mV. Arrows
indicate time points labeled in B. (B) Mean current in the final 1 ms of the 20-ms test pulse (circles). Red bar indicates application of 1 µM RY785. Currents in
RY785 are fitted with an exponential function (Eq. 4, red curve). Function variables ± SD, y0 = 0.0482 ± 0.0039 nA, A = 1.533 ± 0.012 nA, τ = 14.40 ± 0.24 s.
Dotted blue line indicates steady state current before RY785 application.

Marquis and Sack Journal of General Physiology 6 of 14

Inhibition of Kv2 Channels by RY785 https://doi.org/10.1085/jgp.202112981

D
ow

nloaded from
 http://rupress.org/jgp/article-pdf/154/6/e202112981/1432076/jgp_202112981.pdf by U

niversity O
f C

alifornia, D
avis user on 09 June 2022



 
 

  

Figure 3. RY785 inhibition rate is not proportional to K+ conductance. (A) Representative current traces from two cells subjected to the voltage protocol
inset in B. Cells held at −100 mV were given a 20-ms step to +40 mV followed by a 30-ms step to −100 mV and then a 500-ms step to a voltage which varied
between cells. 10 s elapsed during each cycle. Dashed lines indicate 0 current. Data from these exemplars are represented as stars in B and C. (B) Time courses
of current inhibition from representative cells with postpulses to the indicated voltages. Mean currents from the final 1 ms of each test pulse (symbols) are
normalized to the first test pulse in RY785. Stars correspond to exemplars shown in A. Arrows indicate time points shown in A. Function variables from fitted
exponential function (Eq. 4, curves) ± SD; −80 mV, τ = 119.0 ± 01.2 s−1, I0 = 0.0211 ± 0.0016; −60 mV, τ = 116.0 ± 1.0 s−1, I0 = 0.0123 ± 0.0016; −40 mV,
τ = 59.7 ± 02.0 s−1, I0 = 0.0034 ± 0.0085; −20 mV, τ = 14.13 ± 00.16 s−1, I0 = 0.0093 ± 0.0013; 0 mV, τ = 09.168 ± 00.063 s−1, I0 = 0.01323 ± 0.00083;
+20 mV, τ = 08.71 ± 00.18 s−1, I0 = 0.0162 ± 0.0024; +40 mV, τ = 08.62 ± 00.59 s−1, I0 = 0.0017 ± 0.0080; vehicle control (gray), +20 mV, τ = 74 ± 21 s−1,
I0 = 0.832 ± 0.023. (C) Apparent rates of inhibition (kapparent) plotted against postpulse voltage. kapparent ± SD from fits to individual cells. Stars and
triangles correspond to exemplars shown in A and B. (D) Relation of RY785 inhibition rate during the postpulse (kpost) to postpulse voltage. Geometric
mean rate ± SEM (circles) calculated from cells in C. Boltzmann function fitted to RY785 inhibition rates (curve). Function variables ± SD: x held at 1.
Vhalf = −20.2 ± 4.9 mV, z = 1.97 ± 0.30 e0, A = 2.41 ± 0.24 s−1. (E) Comparison of RY785 inhibition rates to Kv2.1 G–V relation (yellow) and OFF gating
charge–voltage (QOFF–V) relation (blue). Means ± SEM. G–V from cells in vehicle, n = 4 cells.QOFF–V replotted from a prior publication (Tilley et al., 2019). Amplitudes
normalized to fitted Boltzmann functions (Eq. 2), shown as solid curves. Function variables ± SD;QOFF, x set to 1, Vhalf = −23.7 ± 1.6mV, z = 1.81 ± 0.12 e0; G, x set to 4,
Vhalf = −19.95 ± 0.73 mV, z = 0.968 ± 0.020 e0.
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dependent on voltage activation of the channel, occurring at
a lower rate when the channel is deactivated. This result is
inconsistent with a simple allosteric mechanism in which
RY785 dissociates more rapidly from resting channels. Our
observations instead suggest that RY785 has better access to
and from its inhibitory site when channels are voltage
activated.

TEA competes with RY785
A gated-access mechanism was first used to explain open
channel block by intracellular quaternary ammonium ions such
as TEA (Armstrong and Hille, 1972). TEA binds within the cen-
tral cavity of voltage-gated K+ channels, with access to the in-
tracellular solution gated by the protein’s sixth transmembrane
helix (S6; Armstrong and Hille, 1972; Choi et al., 1993; Zhou et al.,
2001). If RY785 binds in the central cavity, thenwewould expect
it to compete for its binding site with TEA. To test this, we asked
whether the rate of inhibition by RY785 could be reduced by
intracellular TEA. At +20 mV, the predicted IC50 of internally

applied TEA against rat Kv2.1 is 0.25 mM (Taglialatela et al.,
1991). We supplemented our pipette solution with 2 mM TEA,
which is predicted to occupy the central cavity 89% of the time at
+20 mV, then applied 1 µM RY785 and stimulated with a two-
pulse protocol with postpulses to +20 mV. We found that pre-
treatment with TEA slowed RY785 inhibition by a factor of 4
(Fig. 6). Thus, although RY785 is not exclusively an open channel
blocker, occupancy of the intracellular TEA binding site pre-
vents RY785 from binding in the channel.

RY785 alters gating charge movement
To search for evidence of allosteric modulation by RY785, we
measured Kv2.1 gating currents. After treatment with 1 µM
RY785, both ON and OFF gating currents appeared to be altered
(Fig. 7, A and B). RY785 diminished the amount of ON gating
charge movement compared with vehicle controls (Fig. 7 C) and,
to a greater extent, diminished OFF gating charge (Fig. 7 D),
indicating that RY785 inhibits components of voltage sensor
movement. We suspect that the discrepancy between the mag-
nitude of diminishment of the ON and OFF gating charges is an
artifact of our current integration procedures. While we were
able to reliably integrate a fast component of ON gating charge
movement, the final steps of Kv2.1 voltage activation are much
slower, and these small gating currents were difficult to reliably
differentiate from integration noise. Consequently, more charge
is apparent in OFF gating charge movements after these slow
steps have occurred, leading to an apparent QOFF/QON ratio >1
(Tilley et al., 2019). Here, the average apparent QOFF/QON ratio
from 0 to +80 mV in vehicle controls was 1.6 ± 0.1 (SEM, n = 8).
However, the QOFF/QON ratio drops to near unity in 1 µM
RY785, 0.9 ± 0.2 (SEM, n = 4), indicating that that, in addition
to the diminishment of fast ON charge movement, a slower
component of ON charge movement is eliminated by RY785.
To probe how gating charge dynamics are modulated by
RY785, we analyzed gating current kinetics. The kinetics and
voltage dependence of the decay of ON gating current re-
maining in RY785 are similar to vehicle controls (Fig. 7 E).
However, RY785 accelerates OFF gating charge kinetics
(Fig. 7 F), indicating that deactivation of channels inhibited by
RY785 is accelerated. Altogether, the gating current mod-
ifications indicate that RY785 prevents movement of a com-
ponent of gating charge and accelerates deactivation of the
gating charge that remains mobile.

Discussion
The mechanism of inhibition
We conclude that intracellular TEA competes with RY785, that
RY785 binds to and dissociates from an inhibitory site only ac-
cessible when voltage sensors are activated, that channel
opening itself has little impact on access, and that RY785 binding
prevents some gating charge movement and promotes voltage
sensor deactivation. A physical model that might explain our
observations is RY785 binding within a central cavity, with ac-
cess available in activated-not-open and open states. Further,
the accelerated OFF gating currents suggest that RY785 binding
closes the cavity, trapping RY785 within the channel. Together,

Figure 4. Rates of inhibition determined from single voltage steps. (A)
Representative current decay during postpulses. First pulse in 1 µM RY785
(red) fitted with an exponential function (Eq. 4, gray curve). Function varia-
bles ± SD, I0 = 34.6 ± 1.4 pA, τ = 0.19591 ± 0.00051 s. Average of 10 traces in
vehicle (black) and fit (light gray curve), τ ± SD = 7.4 ± 1.2 s, I0 held at 34.6 pA.
(B) Category plot showing inhibition rates at three voltages. Hollow symbols
represent rates of current decay in RY785 from individual cells. Filled symbols
represent rates of current decay in RY785 corrected by subtracting rate of
current decay in vehicle from the same cell. Stars correspond to the exemplar
shown in A. Geometric means ± SEM of corrected rates are shown as hori-
zontal lines. n = 4 or 5 per voltage.
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these results suggest that RY785 may act as a “closed-channel
blocker” similar to 4-aminopyridine in Kv1 channels (Armstrong
and Loboda, 2001). Trapping of blockers has been documented
for Kv channels including Shaker Kv1 (Holmgren et al., 1997),
and mammalian Kv3.1 (Kirsch and Drewe, 1993). When Kv
channels close their intracellular gate, a constriction is formed
that prevents access of molecules as small as Ag+ (del Camino
and Yellen, 2001) and exit of blockers including quaternary
ammonium ions and 4-aminopyridine (Kirsch and Drewe, 1993;
Holmgren et al., 1997). We have found that RY785 bears the
hallmarks of trapping: requirement for voltage activation for
block or unblock. RY785 appears unique among these trapped
blockers in that it eliminated the majority of OFF gating current,
by 64 ± 15% in our experiments. Trapping of 4-aminopyridine in
Shaker channels or TEA in Shaker I470C does not eliminate
gating charge, but shifts charge movement to more positive
voltages and accelerates OFF gating current (Loboda and
Armstrong, 2001; Melishchuk and Armstrong, 2001).

Alternate interpretations
The observation that RY785 becomes trapped by negative
membrane potentials is incompatible with a simple allosteric
mechanism in which RY785 merely stabilizes voltage-activated
channel conformations, and RY785 destabilizes activated con-
formations, as evidenced by diminished ON gating currents.
While physical trapping of RY785 within the channel seems the
most parsimonious explanation for our results, we cannot ex-
clude more complicated models. Kv2.1 channels adopt in-
activated and other nonconducting states (O’Connell et al., 2010;
Fox et al., 2013; VanDongen et al., 1990). While it is possible that
RY785 induces one of these states, this would offer no obvious
explanation for RY785’s voltage dependence of inhibition or its
effects on gating currents.

We interpreted RY785’s effects on gating current kinetics
under the simplifying assumption that residual gating currents
correspond to conformation changes that also occur in the un-
bound channel. However, multiple other possibilities exist if

Figure 5. Negative membrane potential slows RY785 dissociation. (A) Cartoon timeline of experiments. The number of voltage protocol cycles used to
inhibit and recover Kv2.1 currents varied between cells. (B) Representative current traces from two cells. Dashed lines indicate zero current. Data from these
cells are represented as stars in C and D. (C) Time courses of current recovery with postpulses to −80 (left) or +40 (right) mV. Mean currents from the final 1 ms
of each test pulse, normalized to before RY785 wash-in, are shown as symbols. Arrows indicate time points shown in B. Time courses at −80mV (left, n = 4) are
fitted with gray lines. Time courses at +40 mV (right, n = 6) are fitted with single exponential functions (Eq. 4, gray curves). (D) Category plot showing current
recovery rates at two voltages. Rates were calculated from the fits in C. Geometric means ± SEM are shown as horizontal lines.
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RY785 binding generates new voltage sensor conformations.
Furthermore, differences in the solutions for K+ and gating
current recordings could alter interactions with RY785. For
example, intracellular NMDG+ is an open-channel blocker of

Shaker K+ channels (Melishchuk and Armstrong, 2001), and if
NMDG+ interacts similarly with Kv2.1, then acceleration of OFF
gating current following RY785 application could be due to
RY785 displacing NMDG+ from the channel cavity.

Figure 6. Intracellular TEA competes with RY785. (A) Time
courses of current inhibition by 1 µM RY785 from cells with
postpulses to +20 mV. Mean currents from the final 1 ms of
each test pulse (symbols), normalized to the first test pulse in
RY785. Time courses from a representative control cell (open
symbols) and a representative cell pretreated with 2 mM in-
tracellular TEA (closed symbols). Time courses are fitted with
exponential functions (Eq. 4). Data from these cells are repre-
sented as stars in B. (B) Apparent RY785 inhibition rates ± TEA.
Rates ± SD from fits to individual cells (symbols). Geometric
means ± SEM are shown as horizontal lines.

Figure 7. RY785 modifies gating currents. Kv2.1 gating currents were elicited in K+-free solutions with 100-ms steps to voltages between −80 and +80 mV
from a holding potential of −100 mV (ON gating currents) and during subsequent 50-ms steps to −140 mV (OFF gating currents). (A) Exemplar ON gating
currents at +40 mV before (black) and after (red) application of RY785. Integration windows used for the analysis in C (highlighted) were 0.2–6 ms after the
voltage step. (B) Exemplar OFF gating currents at −140 mV following the steps shown in A before (black) and after (red) application of RY785. Integration
windows used for the analysis in D (highlighted) were 0.2–20 ms after the voltage step. (C)Mean ON gating charge transfer (QON) as a function of voltage from
n = 8 vehicle-treated cells (blue) and n = 4 RY785-treated cells (red). Mean ± SEM. *, P < 0.05. Curve is fit of Eq. 2 with x held at 1. Function variables ± SD,
vehicle: Vhalf = −20.1 ± 5.8 mV, z = 1.62 ± 0.57 e0, A = 0.79 ± 0.11. RY785 data was not well fitted by Eq. 2. (D) Mean OFF gating charge (QOFF) transfer as a
function of voltage from vehicle-treated cells (blue) and RY785-treated cells (red). Mean ± SEM. *, P < 0.05. Vehicle: n = 7 overall, ≥6 at each voltage; RY785: n = 4
overall, ≥2 at each voltage. Curve is a fit of Eq. 2 with x held at 1. Function variables ± SD: Vhalf = −34.4 ± 9.0 mV, z = 1.7 ± 1.0 e0, A = 0.84 ± 0.21. RY785 was
not well fitted by Eq. 2. (E) Mean time constants of activation (τON) determined by fitting Eq. 4 to the decay phase of ON gating current traces from n = 8
vehicle-treated cells (blue) and n = 4 RY785-treated cells (red). Mean ± SEM. Lines are fits of Eq. 7. Function variables ± SD; vehicle, τ = 3.2 ± 0.6 ms, z = 0.52
± 0.09 e0; RY785, τ = 2.7 ± 0.5 ms, z = 0.41 ± 0.09 e0. (F)Mean time constants of deactivation (τOFF) determined by fitting Eq. 4 to the decay phase of OFF gating
current traces from vehicle-treated cells (blue) and RY785-treated cells (red). Mean ± SEM. *, P < 0.05. Vehicle, n = 8 overall, ≥6 at each voltage; RY785, n = 4
overall, ≥2 at each voltage.
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Implications regarding channel gating
Taken together, competition with TEA and the requirement
of voltage sensor activation for block imply that the channel
creates a pathway for RY785 to enter the central cavity of activated-
not-open channels. What might this activated-not-open confor-
mation be? When Kv2.1 activates in response to positive voltage
steps, pore opening is far slower than voltage-sensor activation,
and the G–V is shifted to voltages more positive than the fourth
power of the Q–V (Tilley et al., 2019; Islas and Sigworth, 1999;
Scholle et al., 2004). This behavior resembles that of the ILT
mutant of the Shaker voltage-gated K+ channel (Smith-Maxwell
et al., 1998; Ledwell and Aldrich, 1999). However, the central
cavity of the activated-not-open Shaker ILT channel is not open
to the cytosol (del Camino et al., 2005). If the S6 gate in acti-
vated-not-open Kv2.1 is also closed, and RY785 indeed binds
within the central cavity, then RY785 would need to gain access
through a voltage-dependent gate which is distinct from the
intracellular S6 movements that gate access to K+ and TEA. Such
a gate exists in voltage-gated Na+ channels that have membrane-
buried fenestrations in their pores through which lipophilic drug
molecules may enter (Hille, 1977; Nguyen et al., 2019). However,
no fenestrations are apparent in the open state of Kv1.2, the
closest relative of Kv2.1 with a high-resolution structure (Long
et al., 2005). As such, RY785 access to the central cavity with a
closed S6 intracellular gate seems unlikely.

It seems more plausible that Kv2.1 adopts an activated-not-
open conformation with the central cavity open to the cytosol,
providing RY785 and intracellular TEA a route of access and
subsequent egress. It is not clear whether widening of the in-
tracellular S6 gate is the final opening step in the Kv2.1 activa-
tion path. BK and CNG channels, which are structurally related
to Kv channels, gate access of blocking molecules to the intra-
cellular cavity, yet gate ionic permeation with the selectivity
filter (Wilkens and Aldrich, 2006; Contreras et al., 2008;
Contreras and Holmgren, 2006; Tang et al., 2009; Thompson
and Begenisich, 2012; Yan et al., 2016). If selectivity filter
opening is the final step in the Kv2.1 activation pathway, then
intracellular S6 movements could gate access of RY785. This
mechanism would also explain voltage-gated access of 4-
aminopyridine to closed states of Kv2.1 (Kirsch and Drewe,
1993). Selectivity filter gating in Kv2.1 channels has been stud-
ied in the context of inactivation and operates differently than in
Kv1 channels (Klemic et al., 1998; Cheng et al., 2011; Coonen
et al., 2020; Immke et al., 1999; Andalib et al., 2004). We note
that a selectivity filter mutation that abolishes selectivity filter
gating also abolishes the slow step in Kv2.1 activation gating and
shifts the G–V to more negative voltages (Coonen et al., 2020).
These behaviors are consistent with gating at the selectivity
filter underlying the separation of gating-charge movement
from conductance in both time and voltage. Considering these
features of Kv2 gating, we propose an explanation for gated
access of RY785: upon voltage sensor activation, Kv2.1 adopts an
activated-not-open conformation in which the intracellular S6
gate has opened to the cytosol, yet the selectivity filter is in a
nonconducting state (Scheme 1). The gating current mod-
ifications could potentially be accounted for by RY785 acceler-
ating deactivation from the activated-not-open conformation

(red arrows) or other modifications to gating kinetics. As
deactivation traps RY785 and RY785 accelerates voltage sen-
sor deactivation, the slow unblock kinetics may result from
“self-trapping” upon RY785 binding.

Pharmacological implications
We find that 1 µM RY785 almost completely inhibits the K+

conductance mediated by rat Kv2.1 channels heterologously
expressed in CHO-K1 cells. Extrapolating from the block and
recovery kinetics with 1 µM RY785 and postpulses to +40 mV,
we estimate a Kd of 6.2 ± 1.2 nM (SEM) for the rat Kv2.1 channels
expressed in CHO-K1 cells. This appears more potent than the
reported IC50 of 50 nM for RY785 against human Kv2.1 ex-
pressed in CHO-K1 cells (Herrington et al., 2011). However, we
do not know whether there is a difference in affinities between
human and rat Kv2.1 or whether the difference is due to distinct
measurement methods or other differences in experiments, e.g.,
temperature, voltage clamp configuration, or voltage protocols.
We did not measure an IC50 from concentration-effect experi-
ments and note that slow kinetics of block at nanomolar con-
centrations, slow kinetics of unblock, time-dependent changes
in Kv2.1 gating after whole-cell break, voltage dependence of
RY785 access, and allosteric effects all pose challenges to accu-
rate measurement of a meaningful IC50.

The process of RY785 block appears to simply decrease K+

conductance density, and a simple decrease in Kv2 conductance
density is the expected effect of RY785 in other experimental
conditions. As RY785 appears to alter gating charge equilibria,
the principle of coupled equilibria requires that RY785 affinity
for Kv2.1 be affected by gating. As such, the extensive regulation
of Kv2 channel gating in vivo could alter the affinity and dy-
namics of RY785 inhibition. Because RY785 stabilizes a deacti-
vated conformation, more positive membrane potentials could
weaken RY785 affinity. However, any changes in membrane
potential within the physiological voltage range would be ex-
pected to only slowly impact RY785 blockade. The estimated
dissociation rates at −80 mV and +40 mV, of 0.0001 s−1 and
0.01 s−1, respectively, suggest that any unblock induced by more
positive voltages would equilibrate far too slowly to impact K+

conductance kinetics on the millisecond timescale of a typical
action potential.

Scheme 1. Proposed mechanism of inhibition. State diagram depicting a
Kv2.1 channel gating in the presence of RY785 (red rectangle). RY785 has
access only to voltage-activated conformations of the channel. RY785 pro-
motes deactivation and is trapped by deactivation of voltage sensors to a
resting state.
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As TEA competes with RY785, it is possible that residues of

the intracellular cavity, in which TEA binds, also form the RY785
binding site. If so, sequence similarities suggest that RY785 will
be effective at blocking the Kv2 channels of many animals.
Residues lining the intracellular cavity are identical between
Kv2.1 and Kv2.2 and among several deuterostome species with
divergence occurring among protostomes (Fig. S3 A). Consistent
with this sequence conservation, human Kv2.1 and Kv2.2 have
similar affinities for the parent compound from which RY785
was derived (Herrington et al., 2011). Kv1.2 is inhibited by this
parent compound with 61-times lower affinity and no apparent
use dependence (Herrington et al., 2011). The apparent lack of
use dependence could result from a separate mechanism of in-
hibition, or use dependence could be obscured by rapid equili-
bration of RY785 with its Kv1.2 binding site. Kv2 subunits can
heteromultimerize with Kv5, Kv6, Kv8, and Kv9 subunits, which
are collectively known as KvS or silent subunits. The pore re-
gions of KvS subunits are poorly conserved with Kv2 (Fig. S3 B).
Some, but not all, Kv2/KvS heteromers have altered TEA phar-
macology (Moreno-Domı́nguez et al., 2009; Zhu et al., 1999),
leaving open the question of how Kv2/KvS heteromers will be
affected by RY785.

While Kv2 channel heterogeneity may complicate howRY785
impacts endogenous Kv2 currents, we expect the fundamentals
of the RY785 gated-access trapping mechanism to apply gener-
ally. We suggest that understanding the trapping mechanism
presented here could aid interpretation of experiments using
RY785 to block endogenous Kv2 channels: channel activation is
required for block by RY785 to equilibrate, after which, trapped
RY785 will simply decrease the Kv2 conductance density.
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Supplemental material

Figure S1. Residual currents in 1 µM RY785 resemble endogenous CHO currents. (A) Top: Voltage command. Bottom: Representative currents from
Kv2.1-CHO cells or CHO cells without heterologous Kv2.1, in vehicle (black) and RY785 (red). Black arrow indicates time point used for current amplitude
quantification in B. (B) Current amplitudes at +90 mV. Currents from 98 to 100 ms after stepping to +90 mV from a holding potential of −100 mV (symbols).
Exemplars from A are shown as stars. Three cells had voltage clamp errors exceeding 10mV at +90mV (triangles). For these three cells, currents were analyzed
from +20 to +30 mV, where voltage clamp errors were <10 mV, and extrapolated to +90 mV using the Boltzmann fit to the Kv2.1 G–V (Fig. 3 E). n = 8 Kv2.1-
CHO cells and n = 4 CHO cells. Bars are arithmetic means ± SEM.
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Figure S2. RY785 does not affect Kv2.1 K+ current activation kinetics. (A) Representative K+ current traces during our two-pulse protocol in the presence
of RY785. Overlaid traces from a representative cell during sequential steps to +40 mV from −100 mV (red traces), fitted with a single exponential function
(Eq. 4, gray curves). Later traces are smaller in amplitude. Postpulse was to −60 mV in this cell. (B) Activation τ ± SD from fits as in A plotted against the
corresponding trace’s peak current relative to that recorded during the first +40-mV step in RY785. Different symbols represent n = 10 cells. Stars correspond
to the cell in A. Only measurements with >10% remaining current are presented, as fitted time constants became noisier at smaller current amplitudes.
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Figure S3. Conservation of pore-lining residues of Kv2 orthologs and paralogs. The Rattus norvegicus Kv2.1 (RnKv2.1) sequence is used for residue
numbering at top. Homology to Kv1.2 was used to infer the locations of pore-lining residues (purple highlights) in RnKv2.1. (A) Conservation of pore-lining
residues of RnKv2.1 with Kv2-family orthologs. Alignments created in Jalview 2.11.1.4 (Waterhouse et al., 2009). Dots represent residues in protein subunits
that are identical to corresponding residues in RnKv2.1. Residues forming the tetraalkylammonium binding site in RnKv1.2 (Lenaeus et al., 2014; Long et al.,
2005) are shown in black. Species: Homo sapiens (Hs), Gallus gallus (Gg), Ophiophagus Hannah (Oh), Xenopus laevis (Xl), Danio rerio (Dr), Mytilus coruscus (Mc),
Drosophila melanogaster (Dm), Caenorhabditis elegans (Ce), Nematostella vectensis (Nv). (B) Conservation of pore-lining residues of mammalian Kv2.1 with KvS
silent subunits.
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ABSTRACT 

KvS proteins are voltage-gated potassium channel subunits that form functional channels when 
assembled into heterotetramers with Kv2.1 (KCNB1) or Kv2.2 (KCNB2). Mammals have 10 KvS subunits: 
Kv5.1 (KCNF1), Kv6.1 (KCNG1), Kv6.2 (KCNG2), Kv6.3 (KCNG3), Kv6.4 (KCNG4), Kv8.1 (KCNV1), Kv8.2 
(KCNV2), Kv9.1 (KCNS1), Kv9.2 (KCNS2), and Kv9.3 (KCNS3). Electrically excitable cells broadly express 
channels containing Kv2 subunits and most neurons have substantial Kv2 conductance. However, 
whether KvS subunits contribute to these conductances has not been clear, leaving the physiological 
roles of KvS subunits poorly understood. Here, we identify that two potent Kv2 inhibitors, used in 
combination, can distinguish conductances of Kv2/KvS channels and Kv2-only channels. We find that 
Kv5, Kv6, Kv8, or Kv9-containing channels are resistant to the Kv2-selective pore-blocker RY785 yet 
remain sensitive to the Kv2-selective voltage sensor modulator guangxitoxin-1E (GxTX). Using these 
inhibitors in mouse superior cervical ganglion neurons, we find that little of the Kv2 conductance is 
carried by KvS-containing channels. In contrast, conductances consistent with KvS-containing channels 
predominate over Kv2-only channels in mouse and human dorsal root ganglion neurons. These results 
establish an approach to pharmacologically distinguish conductances of Kv2/KvS heteromers from Kv2-
only channels, enabling investigation of the physiological roles of endogenous KvS subunits. These 
findings suggest that drugs targeting KvS subunits could modulate electrical activity of subsets of Kv2-
expressing cell types.  

  



 
 

  

 2 

INTRODUCTION 

The Kv2 voltage-gated K+ channel subunits, Kv2.1 and Kv2.2, are broadly expressed in electrically 
excitable cells throughout the body and have important ion-conducting and non-conducting functions (Liu 
and Bean, 2014; Bishop et al., 2015; Kirmiz et al., 2018; Vierra et al., 2021; Matsumoto et al., 2023). 
Consistent with this widespread expression, Kv2 channels have profound impacts on many aspects of our 
physiology including vision, seizure suppression, stroke recovery, pain signaling, blood pressure, insulin 
secretion, and reproduction (Bocksteins, 2016). Although modulation of Kv2 channels may seem to hold 
therapeutic promise, Kv2 subunits are poor drug targets due to their importance in many tissues.   

A potential source of molecular diversity for Kv2 channels are a family of Kv2-related proteins referred 
to as regulatory, silent, or KvS subunits (Bocksteins et al., 2009; Kobertz, 2018). KvS subunits are an 
understudied class of voltage-gated K+ channel (Kv) subunits that comprise one fourth of mammalian Kv 
subunit types. Like all other Kv proteins, the ten KvS proteins (Kv5.1, Kv6.1-6.4, Kv8.1-8.2, and Kv9.1-9.3) 
have sequences encoding a voltage sensor and pore domain. Distinct from other Kv subunits, KvS have 
not been found to form functional homomeric channels. Rather, KvS subunits co-assemble with Kv2 
subunits to form heterotetrameric Kv2/KvS channels (Salinas et al., 1997a; Kramer et al., 1998) which have 
biophysical properties distinct from those of homomeric Kv2 channels (Post et al., 1996; Salinas et al., 
1997b; Kramer et al., 1998; Richardson and Kaczmarek, 2000; Zhong et al., 2010; Bocksteins et al., 2012; 
Bocksteins et al., 2017). KvS mRNAs are expressed in tissue and cell-specific manners that overlap with 
Kv2.1 or Kv2.2 expression (Castellano et al., 1997; Salinas et al., 1997b; Kramer et al., 1998; Bocksteins et 
al., 2012; Bocksteins and Snyders, 2012; Bocksteins, 2016). These expression patterns and functional 
effects suggest that Kv2 conductances in many cell types might be Kv2/KvS conductances. Consistent with 
narrow expression of the many KvS subunits, genetic mutations and gene-targeting studies have linked 
disruptions in the function of different KvS subunits to defects in distinct organ systems including retinal 
cone dystrophy (Wu et al., 2006; Hart et al., 2019; Inamdar et al., 2022), male infertility (Regnier et al., 
2017), seizures (Jorge et al., 2011), and changes in pain sensitivity (Tsantoulas et al., 2018; Lee et al., 
2020b). These organ-specific disruptions suggest that each KvS subunit selectively modulates a subset of 
the wide-ranging functions of Kv2 channels. However, studies of the physiological roles of KvS subunits 
have been hindered by a lack of tools to identify native KvS conductances. Due to limited KvS 
pharmacology, there is little evidence that definitively ascribes native K+ conductances to KvS-containing 
channels. While studies have identified native conductances attributed to KvS subunits (reviewed by 
Bocksteins, 2016), it has not been clear whether the Kv2 conductances that are prominent in many 
electrically-excitable cell types are carried by Kv2-only channels, or Kv2/KvS heteromeric channels. 

No drugs are known to be selective for KvS subunits. However, Kv2/KvS heteromeric channels do have 
some pharmacology distinct from channels that contain only Kv2 subunits. Quaternary ammonium 
compounds, 4-aminopyridine, and other broad-spectrum K+ channel blockers have different potencies 
against certain KvS-containing channels as compared to Kv2 channels (Post et al., 1996; Thorneloe and 
Nelson, 2003; Stas et al., 2015). However, these blockers are poorly selective and cannot effectively isolate 
Kv2/KvS conductances from the many other voltage-gated K+ conductances of electrically excitable cells.  

Highly-selective Kv2 channel inhibitors fall into two mechanistically distinct classes. One class is the 
inhibitory cystine knot peptides from spiders. An exemplar of this class is the tarantula toxin guangxitoxin-
1E (GxTX), which has remarkable specificity for Kv2 channel subunits over other voltage-gated channels 
(Herrington et al., 2006; Thapa et al., 2021). GxTX binds to the voltage sensor of each Kv2 subunit (Milescu 
et al., 2009), and stabilizes that voltage sensor in a resting state to prevent channel opening (Tilley et al., 
2019). GxTX binding requires a specific sequence of residues, TIFLTES, at the extracellular end of the Kv2 
subunit S3 transmembrane helix (Milescu et al., 2013). This GxTX-binding sequence is conserved between 
Kv2 channels but is not retained by any KvS subunit. A second class of selective Kv2 inhibitors is a family 
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of small molecules discovered in a high throughput screen for use-dependent Kv2 inhibitors (Herrington 
et al., 2011). Of these, RY785 is the most selective for Kv2 channels over other channel types. RY785 acts 
like a pore blocker which binds in the central cavity of Kv2 channels (Marquis and Sack, 2022). The central 
cavity-lining residues of all KvS subunits have differences from Kv2 subunits. We recently reported that 
coexpression of Kv5.1 with Kv2.1 led to a conductance that was resistant to RY785 (Ferns et al., 2024). 

 In this study, we develop a method to isolate conductances of KvS-containing channels. We 
identify that the combination of GxTX and RY785 can distinguish conductances of Kv2-only channels 
from channels that contain KvS subunits of the Kv5, Kv6, Kv8, or Kv9 subfamilies. To determine whether 
cell types enriched with KvS mRNA have functional KvS-containing channels, we use these inhibitors to 
reveal native neuronal conductances consistent with Kv2/KvS heteromers in mouse and human dorsal 
root ganglion neurons. These findings suggest that KvS conductances could be targeted to selectively 
modulate discrete subsets of cell types.  
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RESULTS 

 Kv2.1/Kv8.1 heteromers are resistant to RY785 and sensitive to GxTX 

To test whether Kv2 inhibitors also inhibit Kv2/KvS heteromeric channels, we transfected KvS cDNA into 
a stable cell line which was subsequently induced to express Kv2.1 (Kv2.1-CHO) (Figure 1 Supplement) 
and later recorded whole cell currents. We previously found that 1 μM RY785 or 100 nM GxTX blocked 
almost all the voltage-gated K+ conductance of this Kv2.1-CHO cell line, leaving 1 ± 2% or 0 ± 0.1% (mean 
± SEM) current remaining respectively at 0 mV (Tilley et al., 2019; Marquis and Sack, 2022). However, 
after transfection of Kv8.1 into Kv2.1-CHO cells, we find that a sizable component of the delayed 
rectifier current became resistant to 1 μM RY785 (Fig 1 A). This RY785-resistant current was inhibited by 
100 nM GxTX, suggesting that the GxTX-sensitivity arises from inclusion of Kv2.1 subunits in the channels 
underlying the RY785-resistant current. A simple interpretation is that RY785-resistant yet GxTX-
sensitive currents are carried by Kv2.1/Kv8.1 heteromeric channels. The fraction of RY785-resistant 
current had pronounced cell-to-cell variability (Fig 1 D). Co-expression of KvS and Kv2 subunits can result 
in Kv2 homomers and Kv2/KvS heteromers (Pisupati et al., 2018), so variability in the RY785-sensitive 
fraction could represent cell-to-cell variability in the proportion of Kv8.1-containing channels.  

As a control, we transfected Kv2.1-CHO cells with Navβ2, a transmembrane protein not expected to 
interact with Kv2.1. In Kv2.1-CHO cells transfected with Navβ2, 1 μM RY785 efficiently blocked Kv2.1 
conductance, leaving 4 ± 0.6 % (mean ± SEM) of current (Fig 1 B and D). We also transfected Kv2.1-CHO 
cells with a member of the AMIGO family of Kv2-regulating transmembrane proteins. AMIGO1 promotes 
voltage sensor activation of Kv2.1 channels in these Kv2.1-CHO cells (Sepela et al., 2022). 1 μM RY785 
blocked Kv2.1 conductances in cells transfected with AMIGO1, leaving 0.6 ± 1% (SEM) of current (Fig 1 C 
and D). These control experiments indicate that transfection of a set of other transmembrane proteins 
did not confer resistance to RY785, suggesting that the RY785 resistance is not generically induced by 
overexpression of non-KvS transmembrane proteins. 

To determine whether Kv8.1-containing channels are completely resistant to RY785, we performed an 
RY785 concentration-effect experiment. To pre-block Kv2.1 homomers we began concentration-effect 
measurements at 0.35 μM RY785, which we expect to block 98% of homomers based on the estimated 
KD of 6 nM RY785 for the Kv2.1 currents in these Kv2.1-CHO cells (Marquis and Sack, 2022). Notably, 
currents resistant to 0.35 μM RY785 were blocked by higher concentrations of RY785, with nearly 
complete block observed in 35 μM RY785 (Fig 2 A). We quantified block of tail currents at -9 mV 
following a 200 ms step to +71 mV, and normalized to current from the initial 0.35 μM RY785 treatment. 
This protocol revealed an IC50 of 5 ± 1 μM (SD) (Fig 2 B). The Hill coefficient of 1.2 ± 0.2 is consistent with 
1:1 binding to a homogenous population of RY785-inhibited channels.  

We had noted that solution exchanges can change current amplitudes, and also interleaved time-
matched solution exchange controls. These controls revealed variable current rundown of 
approximately 30% on average (Fig 2 C). Time-matched control washes were followed by treatment with 
35 μM RY785 to confirm that currents in these cells had similar RY785 sensitivity to those in our 
concentration-effect experiment. Following block by 35 μM RY785, washing with 0.35 μM RY785 caused 
increases in current amplitudes in every trial (Fig 2 D). The run-down and incomplete wash-out indicate 
that the 5 μM IC50 of RY785 for these resistant channels may be an underestimate. Kv2.1/Kv8.1 currents 
were unblocked in the first current test following RY785 washout (Fig 2 Supplement). This rapid recovery 
indicates unblocking of Kv2.1/Kv8.1 heteromers occurred during the less than 3 min wash time at -89 
mV, or if RY785 remained trapped in the channels during wash then it unblocked on the millisecond 
time scale during activating voltage pulses. This is distinct from Kv2.1 homomers, where RY785 becomes 
trapped in deactivated channels and unblocks much more slowly, with a time constant of about 2 hours 
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at -92 mV or 100 s at +28 mV (Marquis and Sack, 2022). The dramatically faster unblock from 
Kv2.1/Kv8.1 is consistent with the weaker affinity observed for RY785. Overall, the results suggest that 
Kv8.1-containing channels in these Kv2.1-CHO cells form a pharmacologically-homogenous population 
with an affinity for RY785 ~3 orders of magnitude weaker than for Kv2.1 homomers. Our estimates of 
the affinities of Kv2.1 homomeric and Kv2.1/Kv8.1 heteromeric channels for RY785 suggest that ~1 μM 
RY785 elicits nearly complete block of Kv2.1 homomer conductance while blocking little Kv2.1/KvS 
heteromer conductance. 

 

 Biophysical properties of RY785-resistant conductance are consistent with Kv2.1/Kv8.1 channels. 

We wondered whether RY785 block of Kv2 homomers could better reveal the gating of heteromers. 
While concentrations of RY785 that partially block Kv2.1/Kv8.1 modified the kinetics of voltage-
dependent gating, suggesting state-dependent block (Fig 3), we did not observe modification of kinetics 
with 3.5 μM or lower concentrations of RY785. To study the biophysical properties of the Kv8.1 
conductance in the Kv2.1-CHO cells, we analyzed currents in 1 μM RY785 to block the Kv2.1 homomers. 
For comparison, Kv2.1-CHO cells were transfected with a control plasmid and treated with a vehicle 
control (Fig 4 Supplement 1). We stepped cells to -9 mV from a holding potential of -89 mV and fit the 
current rise with an exponential function (equation 1). Cells transfected with Kv8.1 and blocked with 1 
μM RY785 had a significantly slower activation time constant and lower sigmoidicity (shorter relative 
activation delay) than Kv2.1 (Fig 4 A-C). Conductance-voltage relations were fit with a Boltzmann 
function (equation 2) revealing that the half-maximal conductance of Kv8.1-transfected cells is shifted 
positive relative to Kv2.1 alone (Fig 4 D and E). We did not detect a significant difference in the 
steepness (z) of the conductance voltage relation (Fig 4 F). Currents from Kv8.1-transfected cells 
inactivated less during a 10 s step to -9 mV (Fig 4 G and H). However, the steady-state inactivation of 
Kv8.1-transfected cells was shifted to more negative voltages and is less steep than Kv2.1-transfected 
cells (Fig 4 I-K). These biophysical properties are consistent with a previous report which identified that 
co-expression of Kv8.1 with Kv2.1 in Xenopus oocytes slows the rate of activation, reduces inactivation 
and shifts steady-state inactivation to more negative voltages (Salinas et al., 1997b). This previous report 
also identified a positive shift in the conductance-voltage relation when Kv8.1 is co-expressed with a Kv2 
subunit (Kv2.2), similar to our findings with Kv2.1/Kv8.1. Together these results show that RY785-
resistant currents in cells transfected with Kv8.1 are distinct from Kv2.1 and have changes in gating 
consistent with the prior reports of Kv8.1/Kv2 biophysics. This validates using RY785 block of Kv2 
homomers as a method to reveal the biophysics of a Kv8.1-containing population. 

 

 A subunit from each KvS family is resistant to RY785 but sensitive to GxTX. 

To test if RY785 resistance is shared broadly by KvS subunits, we studied a subunit from each KvS 
subfamily. We previously found that the sole Kv5 subunit, Kv5.1, was resistant to RY785 (Ferns et al., 
2024). We transfected Kv5.1, Kv6.4, and Kv9.3, to find if they also produced delayed rectifier current 
resistant to 1 μM RY785 yet sensitive to 100 nM GxTX (Fig 5 A-C). We observed that, in 1 μM RY785, 
>10% of the voltage-gated current remained in 12/13 Kv5.1, 9/14 Kv6.4, and 5/5 Kv9.3 transfected cells 
(Fig 5 D). Like Kv8.1, the fraction of RY785-resistant current had pronounced cell-to-cell variability (Fig 5 
D) suggesting that the RY785-sensitive fraction could be due to different ratios of functional Kv2.1 
homomers to Kv2.1/KvS heteromers. Addition of 100 nM GxTX blocked RY785-resistant current from 
cells transfected with each of these KvS subunits. A slightly higher fraction of Kv9.3 current remained in 
100 nM GxTX, possibly due to Kv9.3 negatively shifting the midpoint of the conductance voltage 
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relationship (Kerschensteiner and Stocker, 1999). These results show that voltage-gated outward 
currents in cells transfected with members from each KvS family have decreased sensitivity to RY785 but 
remain sensitive to GxTX. While we did not test every KvS regulatory subunit, the ubiquitous resistance 
across all KvS subfamilies results suggest that all KvS subunits may provide resistance to 1 μM RY785 yet 
remain sensitive to GxTX, and that resistance is a hallmark of KvS-containing channels.  

 

 The Kv2 conductances of mouse superior cervical ganglion neurons do not have KvS-like 
pharmacology. 
 
We set out to assess whether RY785 together with GxTX could be a means of distinguishing endogenous 
Kv2/KvS channels from Kv2 channels in native neurons. We first designed experiments to test whether 
RY785 could inhibit endogenous Kv2 currents in mice, by studying neurons unlikely to express KvS 
subunits. Rat superior cervical ganglion (SCG) neurons have robust GxTX-sensitive conductances (Liu and 
Bean, 2014) yet transcriptomics have revealed little evidence of KvS expression (Sapio et al., 2020). We 
investigated whether SCG neurons have KvS-like conductances by performing whole cell voltage clamp 
on dissociated mouse neurons. To help isolate Kv2 and Kv2/KvS currents, we bathed SCG neurons in a 
cocktail of Nav, Kv1, Kv3, and Kv4 inhibitors and recorded voltage-gated currents. We found that 
exposing SCG neurons to 1 μM RY785 inhibited most of the voltage-gated current, and subsequent 
addition of 100 nM GxTX inhibited little additional current (Fig 6 A and B). To quantify inhibition, we 
analyzed tail currents 10 ms after repolarizing to -45 mV, as a hallmark of Kv2 currents is relatively slow 
deactivation (Thorneloe and Nelson, 2003; Zheng et al., 2019). Tail currents after application of 1 μM 
RY785 were decreased by 88  5 % (mean  SEM) in SCG neurons (Fig 6 B). Subsequent application of 
100 nM GxTX had little further effect. To determine if the RY785-sensitive conductances are consistent 
with previous reports of Kv2 channels, we examined the biophysical properties of the Kv2-like (RY785-
sensitive) currents defined by subtraction (Fig 6 C). Current activation began to be apparent at -45 mV 
and had a conductance that was half maximal at -11 mV (Fig 6 D). The faster component of deactivation 
of RY785-sensitive currents in SCG neurons had a time constant of 16 ms  0.6 (mean   SEM) at -45 mV 
(Fig 6 E). These results are consistent with reported biophysical properties of Kv2 channels (Kramer et 
al., 1998; Liu and Bean, 2014; Tilley et al., 2019; Sepela et al., 2022). Together these results show that 1 
µM RY785 almost completely inhibits endogenous Kv2-like conductances in these mouse neurons, 
suggesting that mouse SCG neurons have few functional Kv2/KvS channels. We cannot rule out that the 
small amount of current remaining after RY785 (12% of the control) is due to Kv2/KvS channels, but its 
insensitivity to GxTX suggests that it may instead be current from a non-Kv2 channel remaining in the 
cocktail of K-channel inhibitors.    

 

 Mouse nociceptors have KvS-like conductances. 

To determine if RY785/GxTX pharmacology could reveal endogenous KvS-containing channels, we next 
studied neurons likely to express KvS subunits. Mouse DRG somatosensory neurons express Kv2 proteins 
(Stewart et al., 2024), have GxTX-sensitive conductances (Zheng et al., 2019), and express a variety of 
KvS transcripts (Bocksteins et al., 2009; Zheng et al., 2019). To record from a consistent subpopulation of 
mouse somatosensory neurons, we used a MrgprdGFP transgenic mouse line which expresses GFP in 
nonpeptidergic nociceptors (Zylka et al., 2005; Zheng et al., 2019). Deep sequencing identified that 
mRNA transcripts for Kv5.1, Kv6.2, Kv6.3, and Kv9.1 are present in GFP+ neurons of this mouse line 
(Zheng et al., 2019) and we confirmed the presence of Kv5.1 and Kv9.1 transcripts in GFP+ neurons from 
MrgprdGFP mice using RNAscope (Fig 7 Supplement 1). We investigated whether these neurons have KvS-
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like conductances by performing whole cell voltage clamp on cultured DRG neurons that had clear GFP 
fluorescence. Voltage-clamped neurons were bathed in the same cocktail of channel inhibitors used on 
SCG neurons with the addition of a Nav1.8 inhibitor, A-803467. Application 1 μM RY785 inhibited 
outward currents somewhat, but unlike in SCG neurons, a prominent delayed-rectifier outward 
conductance with slow deactivation remained (Fig 7 A left panel). Tail currents in 1 μM RY785 decreased 
29  3% (mean  SEM) (Fig 7 B left panel). Subsequent application of 100 nM GxTX decreased tail 
currents by 68  5% (mean  SEM) of their original amplitude before RY785. We observed variable 
current run-up or run-down but no significant effect of vehicle in blinded, interleaved experiments, 
while RY785 significantly decreased tail currents relative to vehicle controls (Fig 7 A and B right panel). 
Concurrent application of 100 nM GxTX and 1 μM RY785 to neurons in vehicle decreased currents by 69 
 5% (mean  SEM).  

To determine if the RY785- and GxTX-sensitive conductances in GFP+ neurons from MrgprdGFP mice are 
consistent with previous reports of Kv2- or KvS-containing channels, we examined the biophysical 
properties of the Kv2-like (RY785-sensitive) and KvS-like (RY785-resistant, GxTX-sensitive) currents 
defined by subtraction (Fig 7 C). Obvious Kv2-like and KvS-like channel conductances began at -44 mV 
and had half-maximal conductances around -19 mV (Fig 7 D), consistent with Kv2 and many KvS-
containing channels (Kramer et al., 1998; Richardson and Kaczmarek, 2000; Sano et al., 2002; Thorneloe 
and Nelson, 2003). Moreover, KvS-like, GxTX-sensitive currents deactivated slower than Kv2-like, RY785-
sensitive currents (Fig 7 E), consistent with the effects of several KvS subunits whose transcripts are 
expressed in nociceptor DRG neurons. Kv5.1, Kv6.3, and Kv9.1 all slow deactivation of Kv2 conductances 
in heterologous cells (Salinas et al., 1997a; Kramer et al., 1998; Sano et al., 2002), and in Kv2.1-CHO cells 
transfected with Kv5.1, we confirmed that RY785-resistant currents deactivate slower than Kv2.1 
controls (Fig 7 Supplement 2). Together, these results indicate that, in these mouse DRG neurons, 
RY785-sensitive currents are Kv2-like, while RY785-resistant yet GxTX-sensitive currents are KvS-like. Of 
the total conductance sensitive to RY785 + GxTX, 58  3 % (mean  SEM) was resistant to RY785 (KvS-
like) (Fig 7 F). Overall, these results show that these non-peptidergic nociceptor DRG neurons from mice 
have KvS transcripts and endogenous voltage-gated currents with KvS-like pharmacology and gating. 

 
 Human somatosensory neurons have KvS-like conductances. 

Human DRG neurons express Kv2 proteins (Stewart et al., 2024), and express KvS transcripts (Ray et al., 
2018) suggesting that they may have Kv2/KvS conductances. We performed whole-cell voltage clamp on 
cultured human DRG neurons, choosing smaller-diameter neurons and using the same solutions as 
mouse DRG neuron recordings. The human DRG neurons had KvS-like delayed-rectifier outward 
conductances that were sensitive to 100 nM GxTX that were insensitive to 1 μM RY785 (Fig 8 A, B, C). 
These RY785- or GxTX-sensitive conductances became apparent near -44 mV and were half-maximal 
between -14 and -4 mV (Fig 8 D). Of the total conductance sensitive to RY785 or GxTX in these human 
DRG neurons, 76  2 % (mean  SEM) was KvS-like, being resistant to RY785 but sensitive to GxTX (Fig 8 
E). Overall, these results show that human DRG neurons can produce endogenous voltage-gated 
currents with pharmacology and gating consistent with Kv2/KvS channels. 
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DISCUSSION 

These results identify a method for pharmacologically isolating conductances of Kv2/KvS channels and 
Kv2-only channels. RY785 blocks homomeric Kv2 channels, and subsequent application of GxTX 
selectively inhibits Kv2/KvS-containing channels. Such a protocol can aid in identification of Kv2/KvS 
conductances separately from the Kv2 homomer conductances that are likely to be in the same cell. 
Characterization of these now separable conductances can reveal impacts of Kv2-only channels and KvS-
containing channels on electrophysiological signaling. This is valuable as there are few other tools to 
probe the contributions of KvS subunits to electrical signaling in native cells and tissues.  

It is remarkable that resistance to RY785 is shared across all of the KvS families. We found Kv2.1/Kv8.1 
conductances to be ~1000 times less sensitive to RY785 than Kv2.1 homomer conductances in the same 
cell line. Based on the observation that >50% of Kv current was resistant to 1 µM RY785 in some Kv2.1-
CHO cells transfected with Kv5.1, Kv6.4, or Kv9.3, these Kv2.1/KvS channels are expected to have IC50 > 1 
µM, at least 100-fold less sensitive than the ~10 nM IC50 for Kv2.1 in this cell line. This could suggest that 
the RY785 inhibitory site is substantially disrupted by KvS subunits. Site disruption by KvS subunits could 
result from steric change in the binding site itself or could be allosteric. In Kv2.1 homomeric channels, 
intracellular tetraethylammonium competes with RY785 inhibition, and voltage gates RY785 access to its 
inhibitory site, suggesting that RY785 binds within the voltage-gated intracellular cavity lined by 
transmembrane segment S6 helices. In all KvS subunits, the S6 residues lining this cavity are distinct 
(Marquis and Sack, 2022). The precise subunit compositions of KvS-containing channels are debated, 
with evidence for KvS:Kv2 stoichiometries of either 1:3 (Kerschensteiner et al., 2005; Pisupati et al., 
2018) or 2:2 (Moller et al., 2020). If KvS subunits sterically disrupt the RY785 site, this would suggest that 
the RY785 site spans multiple Kv2 subunits, at least one of which is replaced in the Kv2/KvS heteromers. 
If the KvS disruption of RY785 inhibition is allosteric, KvS subunits would reduce the occurrence of 
channel state(s) which bind most tightly to RY785. Allosteric interactions between RY785 inhibition and 
channel gating are apparent for Kv2.1 homomeric channels as RY785 alters voltage-sensor movement, 
indicating that RY785 affinity must be state-dependent (Marquis and Sack, 2022). We note that the 
altered Kv2.1/Kv8.1 conductance kinetics in 35 µM RY785 are consistent with state-dependent binding 
(Fig. 3). An allosteric mechanism seems generally plausible, as all KvS subunits imbue kinetics and 
voltage dependencies distinct from Kv2 (Bocksteins, 2016). For example, Kv6.4 alters the voltage-
activation of Kv2.1 subunits (Bocksteins et al., 2017), and alters dynamics of the S6 pore-gating 
apparatus (Pisupati et al., 2018). Notably, the S6 helical bundle crossing of Kv2.1 constricts 
asymmetrically during channel inactivation in ways that are allosterically modulated by 4-aminopyridine 
(Fernández-Mariño et al., 2023), and KvS-containing channels allosterically alter interactions with 4-
aminopyridine (Stas et al., 2015). These observations suggest KvS subunits could allosterically disrupt 
RY785 inhibition. 

While we have identified a potential means to isolate KvS conductances, it is important to consider the 
limitations of these findings.  
 First, although every KvS subunit we tested is resistant to RY785, and these subunits span all the 
KvS subfamilies (Kv5, Kv6, Kv8, and Kv9), we have not tested all KvS subunits, species variants, cell types, 
or voltage regimens. Any of these could alter the RY785 IC50. Pharmacology can yield surprises, such as 
the unexpected resistance of human Nav1.7 to saxitoxin (Walker et al., 2012). The degree of resistance 
to RY785 may vary among KvS subunits as with other central cavity drugs such as tetraethylammonium 
and 4-aminopyridine (Post et al., 1996; Thorneloe and Nelson, 2003; Stas et al., 2015). While 
Kv2.1/Kv8.1 channels appeared to be homogenously susceptible to RY785 (with Hill slope close to 1), 
other KvS subunits might present multiple pharmacologically-distinct heteromer populations.  
 Second, it is possible that RY785 can modulate other voltage-gated channels. However, we think 
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RY785 is unlikely to have substantial off-target effects as RY785 is much less potent against other non-
Kv2 voltage-gated potassium channel subtypes as well as voltage-gated sodium and calcium channels 
(Herrington et al., 2011).  
 Third, concentrations of RY785 which partially blocked Kv2.1/Kv8.1 modified the gating of the 
voltage-activated conductance, indicating that RY785 can alter properties of heteromer conductance. 
Notably, 4-aminopyridine can increase Kv2 or Kv2/KvS conductances under specialized conditions (Stas 
et al., 2015; Fernández-Mariño et al., 2023). As discussed above, channel state-dependent binding is 
expected to influence the affinity of RY785.  
 Fourth, it is possible that other factors could imbue RY785 resistance. While it seems unlikely 
that pore-forming subunits other than KvS subunits complex with Kv2 subunits, other factors could 
potentially disrupt the RY785 site. Regulation of Kv2 channel gating could potentially allosterically 
disrupt RY785 inhibition. Extensive homeostatic regulation of Kv2.1 gating maintains neuronal 
excitability (Misonou et al., 2006); for example, ischemia (Misonou et al., 2005; Aras et al., 2009), 
glutamate (Misonou et al., 2008), phosphorylation (Murakoshi et al., 1997), SUMOylation (Plant et al., 
2011) and AMIGO auxiliary subunits (Peltola et al., 2011; Maverick et al., 2021) all alter Kv2 gating.  
 Despite these possibilities, we think the most parsimonious interpretation of RY785-resistant, 
GxTX-sensitive conductances is that they are produced by heterotetrameric Kv2/KvS channels. However, 
it is important to consider other possibilities when interpreting RY785 resistance of GxTX-sensitive 
conductances. With these caveats in mind, we suggest that RY785-resistance combined with GxTX-
sensitivity is strong evidence for Kv2/KvS channel currents. 

Delayed-rectifier Kv2-like conductances are prominent in many electrically excitable cell types. Our 
findings in Mrgprd-lineage mouse DRG neurons as well as human DRG neurons suggest that the majority 
of the Kv2 conductance originates from Kv2/KvS channels, while in mouse SCG neurons Kv2-only 
channels seem to predominate. Beyond these cell types, it is unclear how prevalent KvS-containing 
conductances are. While Kv2 subunits are broadly expressed in electrically excitable cells throughout the 
brain and body, transcripts for KvS subunits have unique expression patterns that are specific to each 
KvS family member (Bocksteins, 2016) which can fluctuate with age (Regnier et al., 2016). However, 
transcript levels alone are not sufficient to predict protein levels (Liu et al., 2016). We found recently 
that native Kv2 channels in mouse brain contain KvS subunits, including Kv5.1, Kv8.1. Kv9.1 and Kv9.2. 
Notably, the KvS mass spectral abundance relative to Kv2.1 ranged from ≈18% for Kv5.1 to 2% for Kv9.1 
(Ferns et al., 2024), and Kv5.1 protein expression was largely restricted to cortical neurons. Thus, it 
seems likely that significant KvS conductances also exist in specific subsets of brain neurons.  

The physiological role of Kv2/KvS channels in neurons and other excitable cells remains enigmatic. 
Previous studies have used knockout mice (Regnier et al., 2017; Miyamae et al., 2021), transient 
transfection of KvS subunits (Lee et al., 2020b), siRNA knockdown (Tsantoulas et al., 2012), and 
modeling (Miyamae et al., 2021) to probe the presence of endogenous and functional KvS-containing 
channels, and these methods can identify phenotypic changes that suggest potential roles of KvS-
containing channels. Moreover, genetic mutations and gene targeting studies have linked disruptions in 
the function of KvS-containing channels to epilepsy (Jorge et al., 2011), neuropathic pain sensitivity 
(Tsantoulas et al., 2018), labor pain (Lee et al., 2020a) and retinal cone dystrophy (Wu et al., 2006; Hart 
et al., 2019; Inamdar et al., 2022), stressing their functional importance in specific cell types. The unique 
pharmacology of KvS-containing channels identified here provides a new and direct method of 
identifying conductances mediated by KvS-containing channels in native neurons, and establishing what 
contributions KvS subunits make to electrophysiological signaling. 

Finally, these findings also support the potential utility of KvS channels as drug targets. Kv2-targeted 
drug leads have poor tissue and cell specificity and suffer from pronounced side effects (Li et al., 2013). 
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KvS transcripts show far greater tissue- and cell-type specific expression relative to Kv2 (Bishop et al., 
2015; Bocksteins, 2016), and we identified prominent KvS conductances in mouse nociceptor and 
human DRG neurons. Consequently, KvS-targeted drugs could offer greater specificity and the ability to 
modulate neuronal excitability in a variety of pathological contexts, such as neuropathic pain. 
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MATERIALS AND METHODS 

 Mice 

Studies were approved by the UC Davis and Harvard Medical School Institutional Animal Care and Use 
Committees and conform to guidelines established by the NIH. Mice were maintained on a 12 hr 
light/dark cycle, and food and water were provided ad libitum. The MrgprdGFP mouse line was a 
generous gift from David Ginty at Harvard (MGI: 3521853).  

 Human tissue collection 

Human dorsal root ganglia (DRG) were obtained from Sierra Donor Services. The donor was a 58-year-
old Asian Indian female and DRG were from the 1st and 2nd lumbar region (cause of death: Stroke). DRG 
were extracted 6 hours after aortic cross clamp and placed in an ice cold N-methyl-D-glucamine-artificial 
cerebral spinal fluid (NMDG-aCSF) solution containing in mM: 93 NMDG, 2.5 KCl, 1.25 NaH2PO4, 30 
NaHCO3, 20 HEPES, 25 Glucose, 5 L-Ascorbic acid, 2 Thiourea, 3 Na pyruvate, 10 MgSO4 and 0.5 CaCl2 pH 
adjusted to 7.4 with HCl. Human DRG were obtained from the organ donor with full legal consent for 
use of tissue for research in compliance with procedures approved by Sierra Donor Services. 

 
 Chinese hamster ovary (CHO) cell culture and transfection 

The CHO-K1 cell line transfected with a tetracycline-inducible rat Kv2.1 construct (Kv2.1-CHO; Trapani 
and Korn, 2003) was cultured as described previously (Tilley et al., 2014). Transfections were achieved 
with Lipofectamine 3000 (Life Technologies, L3000001). 1 μl Lipofectamine was diluted, mixed, and 
incubated in 25 μl of Opti-MEM (Gibco, 31985062). Concurrently, 0.5 μg of KvS or AMIGO1 or Navβ2, 0.5 
μg of pEGFP, 2 μl of P3000 reagent and 25 μl of Opti-MEM were mixed. DNA and Lipofectamine 3000 
mixtures were mixed and incubated at room temperature for 15 min. This transfection cocktail was 
added to 1 ml of culture media in a 24 well cell culture dish containing Kv2.1-CHO cells and incubated at 
37 °C in 5% CO2 for 6 h before the media was replaced. Immediately after media was replaced, Kv2.1 
expression was induced in Kv2.1-CHO cells with 1 μg/ml minocycline (Enzo Life Sciences, ALX-380-109-
M050), prepared in 70% ethanol at 2 mg/ml. Voltage clamp recordings were performed 12-24 hours 
later. During recordings, the experimenter was blinded as to whether cells had been transfected with 
KvS, or Navβ2 or AMIGO1. Human Kv5.1, human Kv6.4 and human Kv8.1, AMIGO1-YFP, and pEGFP 
plasmids were gifts from James Trimmer (University of California, Davis, Davis, CA). Human Kv9.1 and 
human Kv9.3 plasmids were purchased from Addgene. Human Navβ2 plasmid was a kind gift from Dr. 
Alfred George (Lossin et al., 2002). 

 

 Neuron cell culture 
 
o Mouse 

Cervical, thoracic and lumbar dorsal root ganglia (DRGs) were harvested from 7- to 10-week-
old MrgprdGFP mice and transferred to Hank’s buffered saline solution (HBSS) (Invitrogen). Ganglia were 
treated with collagenase (2 mg/ml; Type P, Sigma-Aldrich) in HBSS for 15 min at 37 °C followed by 0.05% 
Trypsin-EDTA (Gibco) for 2.5 min with gentle rotation. Trypsin was neutralized with culture media 
(MEM, with l-glutamine, Phenol Red, without sodium pyruvate) supplemented with 10% horse serum 
(heat-inactivated; Gibco), 10 U/ml penicillin, 10 μg/ml streptomycin, MEM vitamin solution (Gibco), and 
B-27 supplement (Gibco). Serum-containing media was decanted and cells were triturated using a fire-
polished Pasteur pipette in MEM culture media containing the supplements listed above. Cells were 
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plated on laminin-treated (0.05 mg/ml, Sigma-Aldrich) 5 mm German glass coverslips (Bellco Glass, 
1943-00005), which had previously been washed in 70% ethanol and sterilized with ultraviolet light. 
Cells were then incubated at 37 °C in 5% CO2. Cells were used for electrophysiological experiments 24–
38 hr after plating. 

Superior cervical ganglia (SCG) were harvested from Swiss Webster (CFW) mice (postnatal day 13-15, 
either sex) and treated for 20 min at room temperature (RT) with 20 U/ml papain (Worthington 
Biochemical), 5 mM dl-cysteine, 1.25 mM EDTA, and 67 M -mercaptoethanol in a Ca2+, Mg2+-free 
(CMF) Hank’s solution (Gibco) supplemented with 1 mM Sodium Pyruvate (Sigma-Aldrich, St. Louis, MO), 
and 5 mM HEPES (Sigma-Aldrich, St. Louis, MO). Ganglia were then treated for 20 min at 37 °C with 3 
mg/ml collagenase (type I; Roche Diagnostics) and 3 mg/ml dispase II (Roche Diagnostics) in CMF Hank’s 
solution. Cells were dispersed by trituration with fire-polished Pasteur pipettes in a solution composed 
of two media combined in a 1:1 ratio: Leibovitz’s L-15 (Invitrogen) supplemented with 5 mM HEPES, and 
DMEM/F12 medium (Invitrogen). Cells were then plated on glass coverslips and incubated at 37 °C (95% 
O2, 5% CO2) for 1 hr, after which Neurobasal medium (Invitrogen) with B-27 supplement (Invitrogen), 
penicillin and streptomycin (Sigma) was added to the dish. Cells were incubated at 25 °C (95% O2, 5% 
CO2) and used within 10 hr. 

o Human 

Dura were removed from human DRG with a scalpel in ice cold NMDG-aCSF solution (Valtcheva et al., 
2016). Human DRG were then cut into approximately 1 mm thick sections and were placed in 1.7 mg/mL 
Stemxyme (Worthington Biochemical, LS004107) and 6.7 mg/mL DNAse I (Worthington Biochemical, 
LSOO2139) diluted in HBSS (Thermo Fisher Scientific, 14170161) for 12 hr at 37 °C. DRG were then 
triturated with a fire-polished Pasteur pipette and passed through a 100 µm cell strainer. Cells were 
then spun at 900 g through 10% BSA. The supernatant was removed, and cells were resuspended in 
human DRG culturing media that contained 1% penicillin/streptomycin, 1% GlutaMAX (Gibco, 35050-
061), 2% NeuroCult SM1 (05711, Stemcell technologies), 1% N2 Supplement (Thermo Scientific, 
17502048), 2% FBS (Gibco, 26140-079) diluted in BrainPhys media (Stemcell tehnologies, 05790). DRG 
neurons were plated on poly-D-lysine treated (0.01 mg/mL) 5 mm German glass coverslips, which had 
previously been washed in 70% ethanol and sterilized with ultraviolet light. DRG neurons were then 
incubated at 37 °C in 5% CO2. Human DRG neuron experiments were performed up to 7 days after 
plating. 

 
 Whole cell voltage clamp of CHO cells 

Voltage clamp was achieved with a dPatch amplifier (Sutter Instruments) run by SutterPatch software 
(Sutter Instruments). Solutions for Kv2.1-CHO cell voltage-clamp recordings: CHO-internal (in mM) 120 
K-methylsulfonate, 10 KCl, 10 NaCl, 5 EGTA, 0.5 CaCl2, 10 HEPES, 2.5 MgATP pH adjusted to 7.2 with 
KOH, 289 mOsm. CHO-external (in mM) 145 NaCl, 5 KCl, 2 CaCl2, 2 MgCl2, 10 HEPES pH adjusted to 7.3 
with NaOH, 298 mOsm. Osmolality was measured with a vapor pressure osmometer (Wescor, 5520). 
The liquid junction potential of -9 mV between these solutions was accounted for. The liquid junction 
potential was calculated according to the stationary Nernst–Planck equation (Marino. et al., 2014) using 
LJPcalc (RRID:SCR_025044). For voltage-clamp recordings, Kv2.1-CHO cells were detached in a PBS-EDTA 
solution (Gibco, 15040-066), spun at 500 g for 2 minutes and then resuspended in 50% cell culture 
media and 50% CHO-external recording solution. Cells were then added to a recording chamber 
(Warner, 64–0381) and were rinsed with the CHO-external patching solution after adhering to the 
bottom of the recording chamber. Transfected Kv2.1-CHO cells were identified by GFP fluorescence and 
were selected for whole cell voltage clamp. Thin-wall borosilicate glass recording pipettes (Sutter, 



 
 

  

 13 

BF150-110-10) were pulled with blunt tips, coated with silicone elastomer (Sylgard 184, Dow Corning), 
heat cured, and tip fire-polished to resistances less than 4 MΩ. Series resistance of 2–14 MΩ was 
estimated from the Sutterpatch whole-cell parameters routine. Series resistance compensation between 
13 and 90% was used to constrain voltage error to less than 15 mV; compensation feedback lag was 6 µs 
for most experiments or 100 µs for concentration-effect experiments. Capacitance and ohmic leak were 
subtracted using a P/4 protocol. Output was low-pass filtered at 5 kHz using the amplifier’s built-in 
Bessel and digitized at 25 kHz or, for concentration-effect experiments, 1 and 10 kHz. Experiments were 
performed on Kv2.1-CHO cells with membrane resistance greater than 1 GΩ assessed prior to running 
voltage clamp protocols while cells were held at a membrane potential of –89 mV. RY785 (gift from 
Bruce Bean, Harvard, or Cayman, 19813) was prepared in DMSO as a 1 mM stock for dilutions to 1 µM 
or a 35 mM stock for concentration-effect experiments. Stocks of GxTX-1E Met35Nle (Tilley et al., 2014) 
in water were 10 µM. Stocks were stored frozen and diluted in recording solution just prior to 
application to cells. Solutions were flushed over cells at a rate of approximately 1 mL/min. Concentrated 
RY785 and GxTX stocks were stored at -20 °C. Kv2.1-CHO cells were given voltage steps from -89 mV to -
9 mV for 200 ms every 6 seconds during application of RY785 until currents stabilized. When vehicle 
control was applied to cells, -9 mV steps were given for a similar duration. The DMSO concentration in 
RY785 and vehicle control solutions was 0.1%. Perfusion lines were cleaned with 70% ethanol then 
doubly-deionized water. For concentration-effect experiments, changes in current amplitude due to 
solution exchange were controlled for by treating every other tested cell with multiple washes of the 
same, 0.35 μM RY785 solution instead of increasing concentrations of RY785. The timing and duration of 
these control washes was similar to that of the washes in concentration-effect experiments. 

 

 Whole cell voltage clamp of mouse and human dorsal root ganglion neurons 

Whole cell recordings from mouse and human neurons were performed using the same methods as 
CHO cell recordings with the following exceptions. Voltage clamp was achieved with a dPatch amplifier 
run by SutterPatch software or an AxoPatch 200B amplifier (Molecular Devices) controlled by 
PatchMaster software (v2x91, HEKA Elektronik) via an ITC-18 A/D board (HEKA Instruments Inc). 
Solutions for voltage-clamp recordings: internal (in mM) 140 KCl, 13.5 NaCl, 1.8 MgCl2 0.09 EGTA, 4 
MgATP, 0.3 Na2GTP, 9 HEPES pH adjusted to 7.2 with KOH, 326 mOsm. The external solution contained 
(in mM) 3.5 KCl, 155 NaCl, 1 MgCl2, 1.5 CaCl2, 0.01 CdCl2, 10 HEPES, 10 glucose pH adjusted to 7.4 with 
NaOH, 325 mOsm. The calculated liquid junction potential of -4 mV between these solutions was 
accounted for. For voltage-clamp recordings, neurons on cover slips were placed in the same recording 
chamber used for CHO cell recordings and were rinsed with an external patching solution. Neurons 
from MrgprdGFP mice with green fluorescence were selected for recordings. Human DRG neurons with 
cell capacitances between 22.5 and 60 pF were used. After whole-cell voltage clamp was established, 
Kv2/KvS conductances were isolated by exchanging the external solution with external solution 
containing 100 nM alpha-dendrotoxin (Alomone) to block Kv1, 3 μM AmmTX3 (Alomone) to block Kv4, 
100 μM 4-aminopyridine to block Kv3, 1 μM TTX to block TTX sensitive Nav channels, and 10 μM A-
803467 (Tocris) to block Nav1.8. After addition of 1 μM RY785 neurons were given 10 steps to -24 mV 
for 500 ms to allow for voltage dependent block of RY785. Thin-wall borosilicate glass recording pipettes 
were pulled with blunt tips, coated with silicone elastomer, heat cured, and tip fire-polished to 
resistances less than 2 MΩ. Series resistance of 1–4 MΩ was estimated from the whole-cell parameters 
circuit. Series resistance compensation between 55 and 98% was used to constrain voltage error to less 
than 15 mV. Ohmic leak was not subtracted. Neurons were held at a membrane potential of –74 mV. 
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 Whole cell voltage clamp of mouse superior cervical ganglion neurons 

Whole cell recordings from mouse superior cervical ganglion neurons were performed using an Axon 
Instruments Multiclamp 700B Amplifier (Molecular Devices). Electrodes were pulled on a Sutter P-97 
puller (Sutter Instruments) and shanks were wrapped with Parafilm (American National Can Company) 
to allow optimal series resistance compensation without oscillation. Voltage or current commands were 
delivered and signals were recorded using a Digidata 1321A data acquisition system (Molecular Devices) 
controlled by pCLAMP 9.2 software (Molecular Devices). The internal solution was (in mM): 140 mM K 
aspartate, 13.5 mM NaCl, 1.8 mM MgCl2, 0.09 mM EGTA, 9 mM HEPES, 14 mM creatine phosphate (Tris 
salt), 4 mM MgATP, 0.3 mM Tris-GTP, pH 7.2 adjusted with KOH.  The base external solution was the 
same as for DRG recordings: (in mM) 3.5 KCl, 155 NaCl, 1 MgCl2, 1.5 CaCl2, and 0.01 CdCl2, 10 HEPES 10 
glucose pH adjusted to 7.4 with NaOH, 325 mOsm. The calculated liquid junction potential of -15 mV 
between these solutions was accounted for. After establishing whole-cell recording, cell capacitance was 
nulled and series resistance was partially (60%) compensated to constrain voltage error to less than 2 
mV. The cell was then lifted and placed in front of a series of quartz fiber flow pipes for rapid solution 
exchange and application of RY785 and GxTX. The external solution used for recording Kv2 currents used 
the same cocktail of inhibitors for sodium channels and other potassium channels as for the DRG 
recordings except that A-803467 was omitted because the sodium current in SCG neurons is all TTX 
sensitive (Toledo-Aral et al., 1997): 100 nM alpha-dendrotoxin (Alomone), 1 μM TTX, 3 μM AmmTX3 
(Alomone), and 100 μM 4-aminopyridine.  

 

 Voltage clamp analysis 

Activation kinetics were fit from 10-90% of current ( ) rise with the power of an exponential function: 

Equation 1  

 

where  is the maximum current amplitude, is the time constant of activation, σ is sigmoidicity, and 
 is time. The  = 0 mark was adjusted to 100 μs after the start of the voltage step from the holding 

potential to correct for filter delay and cell charging.  

Conductance values were determined from tail current levels at -9 mV after 200 ms steps to the 
indicated voltage. Tail currents were the mean current amplitude from 1 to 5 ms into the -9 mV step. 
Conductance–voltage relations were fit with the Boltzmann function: 

 

Equation 2 

 

where  is voltage,  is amplitude,  is the number of elementary charges,  is Faraday’s constant,  is 
the universal gas constant, and  is temperature (held at 295 K). 

Deactivation kinetics were fit with a double exponential: 
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Equation 3 

 

 

Where  is time,  is the initial current amplitude,  is the start time of the exponential decay,  and 
 are the time constants, and  and  are the amplitudes of each component. 

 

 Immunofluorescence 

Kv2.1-CHO cells were fixed for 15 minutes at 4 C in 4% formaldehyde prepared fresh from 
paraformaldehyde in PBS buffer pH 7.4. Cells were then washed 3 x 5 minutes in PBS, followed by 
blocking in blotto-PBS (PBS, pH 7.4 with 4% (w/v) non-fat milk powder and 0.1% (v/v) Triton-X100) for 1 
hr. Cells were incubated for 1 hr with primary antibodies diluted in blotto-PBS and subsequently washed 
3 x 5 minutes in PBS. Antibodies used were mAb K89/34 for Kv2.1 (NeuroMab, RRID:AB_1067225), 
rabbit pAb 5.1C for Kv5.1 (in-house, RRID:AB_3076240), and rabbit anti-V5 for Kv9.3-V5 (Rockland, 600-
401-378). For surface labeling of Kv5.1, non-permeabilized cells were incubated with Kv5.1 mAb (Santa 
Cruz Biotech, 81881) in blotto-PBS lacking Triton-X100. The cells were then incubated with mouse IgG 
subclass- and/or species-specific Alexa-conjugated fluorescent secondary antibodies (Invitrogen) diluted 
in blotto-PBS for 45 min and washed 3 x 5 min in PBS. Cover glasses were mounted on microscope slides 
with Prolong Gold mounting medium (ThermoFisher, P36930) according to the manufacturer’s 
instructions. Widefield fluorescence images were acquired with an AxioCam MRm digital camera 
installed on a Zeiss AxioImager M2 microscope with a 63×/1.40 NA Plan-Apochromat oil immersion 
objective and an ApoTome coupled to Axiovision software version 4.8.2.0 (Zeiss, Oberkochen, 
Germany). 

 

 Multiplex in situ hybridization 

A 6-week-old MrgprdGFP mouse was briefly anesthetized with 3–5% isoflurane and then decapitated. The 
spinal column was dissected, and the left and right L1 DRG were removed and drop fixed for 12 minutes 
in ice cold 4% paraformaldehyde in 0.1 M phosphate buffer (PB) pH adjusted to 7.4. The L1 vertebrae 
was identified by the 13th rib. The DRG was washed 3 × 10 minutes each in PB and cryoprotected at 4 °C 
in 30% sucrose diluted in PB for 2 hr. The DRG were then frozen in Optimal Cutting Temperature (OCT) 
compound (Fisher, 4585) and stored at –80 °C until sectioning. Samples were cut into 20 μm sections on 
a freezing stage sliding microtome and were collected on Colorfrost Plus microscope slides (Fisher 
Scientific, 12-550-19). Sections were processed for RNA in situ detection using an RNAscope Fluorescent 
Detection Kit according to the manufacturer's instructions (Advanced Cell Diagnostics) with the 
following probes: KCNF1 (508731, mouse) or KCNS1 (525941, mouse). TSA Vivid 650 Fluorophore was 
used to label probes (TSA Vivid, 7527) Following in situ hybridization, immunohistochemistry to label 
GFP was performed. Sections were incubated in vehicle solution (4% milk, 0.2% triton diluted in PB) for 1 
hr at RT. Tissue was then incubated in a rabbit polyclonal anti-GFP antibody (Rockland 600-401-215S) 
diluted 1:1000 in vehicle overnight at 4 °C. Sections were washed three times in vehicle for 5 minutes 
per wash and then incubated in a goat anti-rabbit secondary antibody (Invitrogen, A-11008) diluted 
1:1500 in vehicle. Sections were then mounted with Prolong Gold (Thermo Fisher, P36930) and #1.5 
cover glass (Fisher Scientific, NC1776158). 
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 Imaging 

Images were acquired with an inverted scanning confocal and airy disk imaging system (Zeiss LSM 880 
Airyscan, 410900-247-075) run by ZEN black v2.1. Laser lines were 488 nm and 633 nm. Images were 
acquired with a 0.8 NA 20x objective (Zeiss, 420650-9901) details in figure legends. 

 

 Statistics 

All statistical tests were performed in Igor Pro software version 8 (Wavemetrics, Lake Oswego, OR). 
Independent replicates (n) are individual cells/neurons while biological replicates (N) are individual 
mice. All tests were two-tailed. Wilcoxon rank tests were used for two-sample comparisons. Dunnett 
tests were used for multiple comparisons. 
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FIGURES AND LEGENDS 

 
Figure 1. Kv2.1/Kv8.1 heteromers are resistant to RY785 and sensitive to GxTX 

A) Exemplar traces from a voltage-clamped Kv2.1-CHO cell transfected with Kv8.1. Black and red 
traces are currents before and after application of 1 µM RY785 respectively. Brown trace is 
current after subsequent application of 1 μM RY785 and 100 nM GxTX.  

B) Exemplar traces from a Kv2.1-CHO cell transfected with Navβ2.  
C) Exemplar traces from a Kv2.1-CHO cell transfected with AMIGO1.  
D) Current remaining after application of 1 μM RY785 or 1 μM RY785 + 100 nM GxTX. Black bars 

represent mean. Each point represents current from one cell at the end of a 200 ms voltage step 
to -9 mV. Dunnett tests with Kv8.1 + RY785 as control.  
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Figure 1 Supplement. KvS subunits colocalize with Kv2.1 on the surface of CHO cells. 

Kv2.1-CHO cells transfected with the designated KvS subunits (c = no KvS transfection) were 
immunolabeled for Kv2.1 (green) and Kv5.1 or Kv9.3 (magenta). Immunolabeling for Kv5.1 and Kv9.3 
were detected both intracellularly and on the apparent cell surface where they colocalized with 
Kv2.1 labeling. The anti-Kv5.1 mAb recognizes an extracellular epitope and was used on non-
permeabilized cells, confirming surface expression of Kv5.1. Scale bars = 5 m. 

Figure 1 Supplement
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Figure 2. RY785 blocks Kv2.1/Kv8.1 heteromers in a concentration-dependent manner. 

A) Current amplitudes during an RY785 concentration-effect experiment on a Kv2.1-CHO cell 
transfected with Kv8.1. Circles represent tail current amplitudes 2-4 ms into a step to –9 mV 
following a 200 ms activating step to 71 mV. Voltage protocol was repeated in 5 s intervals. 
Solution exchanges occurred during the gaps in the time axis. For exemplar current traces, see 
Figure 2 Supplement and Figure 3. 

B) Mean normalized tail current amplitudes with increasing concentrations of RY785. Error bars 
represent SEMs. Black curve is a fitted Hill function with nH = 1 (IC50 = 5.1 ± 1.0 μM, base = 1.0 ± 
0.1 %).  

C) Vehicle control tail current with repeated solution exchanges (washes) into 0.35 μM RY785, 
mimicking solution exchanges in panel B. Vehicle control solution exchanges were followed by 
exchange into 35 μM RY785 (wash #5). Error bars represent SEMs from n = 4 cells. 

D) Tail current recovery following solution exchange from 35 μM RY785 into 0.35 μM RY785 
(washout). Bars represent mean current amplitudes from n = 5 cells.  
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Figure 2 Supplement. Rapid unblock of RY785 from Kv2.1/Kv8.1 heteromers  

A) Exemplar traces showing current recovery following solution exchange from 35 μM RY785 into 
0.35 μM RY785. Voltage protocol is the same as in Figure 2. Cells were held at -89 mV without 
pulsing during solution exchange. 

B) Tail current amplitudes, as in Figure 2, normalized to pulse #5.  n = 5 cells treated first with 35 
μM RY785 (dark red) then 0.35 μM RY785 (orange). n = 4 control cells treated first with 0.35 μM 
RY785 and washed again with 0.35 μM RY785 (pink). The transient increase in current 
amplitudes upon solution exchange also occurs with Kv2.1 (Marquis and Sack, 2022). 

  

50
0 

pA

500 ms

no
rm

al
iz

ed
 ta

il 
cu

rre
nt

pulse #
before

solution exchange

pulse # 1

A B

1.0

0.5

0.0

54321
be

for
e

2 3 4 5

35 μM 0.35 μM

Figure 2 Supplement



 
 

  

 26 

 

 
Figure 3. RY785 can affect Kv2.1/Kv8.1 current kinetics. 

A) Kinetics of currents from a Kv2.1-CHO cell transfected with Kv8.1 are altered by RY785. Traces 
normalized to max. 

B) Latency to peak current during steps to +71 mV. The time axis of this plot is aligned with that of 
Panel A. Bars represent means. Unpaired Wilcoxon rank tests. 

C) Time constant of deactivation at -9 mV is constant after washes with 0.35 μM RY785. Time 
constants are derived from fits of a monoexponential function (Equation 3 with A2 set equal to 
0) to tail currents like those shown in Panel A. Fits were from the peak of each tail current to 200 
ms after the voltage step. Brown and Forsythe test p = 0.98. ANOVA p = 0.98. Statistics were 
performed on natural logarithms of time constants. n = 4 cells. 

D) RY785 can alter time constant of deactivation. Brown and Forsythe test p = 3x10-12. Unpaired 
Welch test p = 1x10-7. Dunnett tests with 0.35 μM RY785 (initial) as control. Unpaired Wilcoxon 
rank test comparing 35 μM RY785 to 0.35 μM RY785 (washout) p = 0.001. Statistics were 
performed on natural logarithms of time constants. 
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Figure 4. RY785-resistant current is consistent with Kv2.1/Kv8.1 heteromers 

Kv2.1/8.1 data (purple) are from Kv2.1-CHO cells transfected with Kv8.1, and are in 1 μM RY785. 
Kv2.1/control (black) were transfected with Navβ2, and are in vehicle control solution. Before 
measurements, repeated voltage steps to -9 mV were given until currents stabilized. p values are from 
two-tailed unpaired Wilcoxon rank test. 

A) Exemplar currents during a step to -9 mV.  
B) Time constants from exponential fit (Equation 1). Geometric mean. 
C) Sigmoidicity from exponential fit (Equation 1). Geometric mean. 
D) Conductance-voltage activation relation. Conductance was measured from initial tail currents at 

-9 mV. Mean ± SEM. Kv2.1/Kv8.1 n = 7 cells Kv2.1 n = 6 cells. Lines are Boltzmann fits (Equation 
2) (Kv2.1/Kv8.1: V1/2 = 6 ± 1 mV, z = 1.6 ± 0.1 e0; Kv2.1/control: V1/2 = -6.3 ± 1 mV, z = 1.7 ± 0.1 
e0). 

E) Activation V1/2 values from individual cells.  
F) Activation z values. 
G) Exemplar currents during a 10 s step to -9 mV.  
H) Percent of current inactivated after 10 seconds at -9 mV.  
I) Steady state currents at -9 mV after holding at indicated voltages for 10 seconds. Normalized to 

the max and min. Mean ± SEM. Kv2.1/Kv8.1 n = 5 cells Kv2.1 n = 5 cells. Lines are Boltzmann fits 
(Equation 2) (Kv2.1/Kv8.1: V1/2 = -66 ± 1 mV, z = 1.8 ± 0.1 e0; Kv2.1/control: V1/2 = -54.7 ± 0.8 mV, 
z = 3.1 ± 0.3 e0). 

J) Inactivation V1/2 values from individual cells.  
K) Inactivation z values. 
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Figure 4 Supplement. Effect of vehicle control on Kv2.1. 

Left: Exemplar traces from a Kv2.1-CHO cell transfected with Navβ2. Black and green traces are currents 
before and after application of vehicle control respectively. Right: Current remaining after application of 
vehicle control. Black bar represents mean. Each point represents current from one cell at the end of a 
200 ms -9 mV voltage step. 
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Figure 5. A subunit from each KvS family is resistant to RY785 

A) Exemplar traces from a voltage-clamped Kv2.1-CHO cell transfected with Kv5.1. Black and red 
traces are currents before and after application of 1 µM RY785 respectively. Brown trace is 
current after subsequent application of 1 μM RY785 + 100 nM GxTX 

B) Exemplar traces from a Kv2.1-CHO cell transfected with Kv6.4.  
C) Exemplar traces from a Kv2.1-CHO cell transfected with Kv9.3.  
D) Current remaining after application of 1 μM RY785 or 1 μM RY785 + 100 nM GxTX. Black bars 

represent mean. Each point represents current from one cell at the end of a 200 ms voltage step 
to -9 mV. Unpaired Wilcoxon rank tests. 
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Figure 6. Mouse superior cervical ganglion neurons lack substantial KvS-like currents. 

A) Exemplar currents from a voltage-clamped SCG neuron. Black and red traces are currents before 
and after application of 1 µM RY785 respectively. Brown trace is current after subsequent 
application of 1 μM RY785 + 100 nM GxTX. 

B) Tail current amplitude 10 ms after voltage was stepped from +5 mV to -45 mV normalized to 
current amplitude before RY785. Paired Wilcoxon rank tests, n = 7 neurons, N = 3 mice. 

C) Subtracted currents from A. Kv2-like current is the RY785-sensitive current (black trace minus 
red in A). KvS-like current is the GxTX-sensitive current remaining in RY785 (red trace minus 
brown in A). 

D) Conductance-voltage activation relation of Kv2-like current in SCG neurons. Conductance was 
measured from tail currents at -45 mV. V1/2 = -11 ± 1 mV, z = 2.1 ± 0.2 e0 Mean ± SEM. n = 7 
neurons, N = 3 mice.  

E) The faster time constant of a double exponential (Equation 3) fit to channel deactivation at -45 
mV. 
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Figure 7. Mouse nociceptors have RY785-resistant KvS-like currents. 

A) Exemplar currents from nonpeptidergic nociceptors, GFP+ neurons from MrgprdGFP mice. 
B) Tail current amplitude 10 ms after voltage was stepped from +6 mV to -44 mV normalized to 

current amplitude before RY785 or vehicle treatment. Wilcoxon rank tests were paired, except 
the comparison of RY785 to vehicle which was unpaired. RY785 then GxTX: n = 7 neurons, N = 4 
mice. Vehicle then GxTX: n = 6 neurons, N = 4 mice. 

C) Exemplar subtracted currents from A. Kv2-like is the initial current minus RY785 (black trace 
minus red in A left panel). KvS-like is the current in RY785 minus GxTX (red trace minus brown in 
A left panel). Kv2-like+KvS-like is the current in vehicle minus RY785 + GxTX (blue trace minus 
brown in A right panel). 

D) Voltage dependance of activation of subtraction currents in MrgprdGFP+ neurons. Pink points 
represent Kv2-like currents, brown points represent KvS like currents, and light blue points 
represent Kv2+KvS-like currents after vehicle treatment. Conductance was measured from initial 
tail currents at -44 mV. Kv2-like: V1/2 = -18 ± 1 mV, z = 2.7 ± 0.3 e0, KvS-like: V1/2 = -18 ± 1 mV, z = 
3 ± 0.2 e0, Kv2 + KvS-like: V1/2 = -19 ± 1 mV, z = 2.9 ± 0.1 e0. Mean ± SEM. KvS-like and Kv2-like n = 
7 neurons N = 4 mice, Kv2+KvS-like n = 6 neurons N = 4 mice. 

E) The faster time constant of a double exponential fit (Equation 3) to channel deactivation at -44 
mV. p value represents paired Wilcoxon rank test. 

F) Fractional KvS-like conductance relative to the total RY785 + GxTX-sensitive conductance. KvS-
like is only sensitive to GxTX. 



 
 

  

 33 

 
Figure 7 Supplement 1. Nonpeptidergic nociceptors express Kv5.1 and Kv9.1 mRNA transcripts. 

Exemplar images of DRG sections from a MrgprdGFP mouse labeled with RNAscope in situ hybridization 
for KCNF1 (Kv5.1) (top magenta) or KCNS1 (Kv9.1) (bottom magenta). Scale bars are 50 μm. 
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Figure 7 Supplement 2. RY785 resistant currents from Kv2.1-CHO cells transfected with Kv5.1 or Kv9.1 
deactivate slower than currents from untransfected Kv2.1-CHO cell. 

A) Exemplar traces of channel deactivation at -49 mV after a 50 ms step to +11 mV. Traces are 
normalized to max current during the -49 mV step. 

B) The faster time constant of a double exponential fit (Equation 3) to channel deactivation. 
Dunnett tests versus control (ctl). Ctl n = 7. Kv9.1 n = 4. Kv5.1 n = 6. 
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Figure 8. Human somatosensory neurons have RY785-resistant KvS-like currents. 

A) Exemplar currents from human dorsal root ganglion neurons. 
B) Tail current amplitude 10 ms after voltage was stepped from +6 mV to -44 mV normalized to 

current amplitude before RY785 or vehicle treatment. Paired Wilcoxon rank tests. RY785 then 
GxTX: n = 3 neurons. Vehicle then GxTX: n = 4 neurons. All neurons from same human. 

C) Exemplar subtracted currents from A. Kv2-like is the initial current minus RY785 (black trace 
minus red in A left panel). KvS-like is the current in RY785 minus GxTX (red trace minus brown in 
A left panel). Kv2+KvS-like is the current in vehicle minus RY785 + GxTX (blue trace minus brown 
in A right panel).  

D) Voltage dependence of activation of subtraction currents in human dorsal root ganglion 
neurons. Pink points represent Kv2-like currents, brown points represent KvS like currents, and 
blue points represent Kv2 + KvS-like currents after vehicle treatment. Conductance was 
measured from initial tail currents at -44 mV. Mean ± SEM. Kv2 + KvS-like n = 3 neurons N = 1 
human, KvS+Kv2-like n = 4 neurons N = 1 human. 

E) Fractional KvS-like conductance relative to the total RY785 + GxTX-sensitive conductance. KvS-
like is only sensitive to GxTX. 
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