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Abstract

A primary goal of molecular physiology is to understand the coupling between protein
conformational change and systemic function. To see the conformational changes of a voltage-
sensing protein within tissue, we synthesized a fluorescent molecular probe compatible with
two-photon microscopy and developed a method to deconvolve conformational changes from
fluorescence images. The probe was a fluorescently-tagged variant of a tarantula venom
peptide that binds Kv2-type voltage gated K* channel proteins when their voltage-sensing
domains are in a resting conformation. Kv2 proteins in cell membranes were labeled by the
probe, and the intensity of labeling responded to voltage changes. Voltage-response
characteristics were used to calibrate a statistical thermodynamic model relating labeling
intensity to the conformations adopted by unlabeled voltage sensors. Two-photon imaging of rat
brain slices revealed fluorescence consistent with conformation-selective labeling of
endogenous neuronal Kv2 proteins. In principle, this method of deconvolving images into
measures of protein conformational change is generalizable to other proteins labeled with

conformation-selective probes.
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Introduction

Proteins are dynamic, alternately settling into a few energetically favorable spatial
arrangements, or conformations. Proteins respond to changes in their environment by changing
their conformation. In response to changes in voltage across a cell membrane, ion channel
voltage sensor domains change conformation (Zheng and Trudeau, 2016). These
conformational changes are the initiating steps of a systemic physiological response to the
voltage change. We have previously reported the synthesis and mechanistic validation of
exogenous probes that fluorescently label ion channels voltage sensors in a conformational-
sensitive fashion (Tilley et al. 2014). Here we synthesize a related probe specifically for the task
of measuring conformational changes of endogenous ion channel voltage sensors. Importantly,
we develop a method, grounded in statistical thermodynamics, to deconvolve conformational
changes from images of probe fluorescence. We test the capabilities of the probe and
deconvolution method by measuring protein conformational changes of endogenous ion

channel voltage sensors in brain slices.

The probe described here reports conformational change of the voltage sensors of Kv2 proteins,
which form voltage-gated K* channels. Like other members of the voltage-gated cation channel
superfamily, Kv2 channels contain specialized 'voltage sensor domains' comprised of a bundle
of four 'S1-S4' transmembrane helices (Long, Campbell, and Mackinnon 2005). The S4 helix
contains positively charged arginine or lysine residues, 'gating charges', which harvest energy
from voltage changes by moving through the transmembrane electric field (Aggarwal and
MacKinnon 1996)(Islas and Sigworth 2001)(Islas and Sigworth 1999)(Seoh et al. 1996)(Tao et
al. 2010) . When voltage sensor domains encounter a transmembrane voltage that is more
negative on the inside of the cell membrane, voltage sensors are biased towards 'resting'
conformations where gating charges are localized intracellularly. When voltage becomes more
positive, gating charges translate towards the extracellular side of the membrane, and voltage
sensors are progressively biased towards 'active' conformations, in a process of 'voltage
activation'(Zagotta et al. 1994)(Zagotta, Hoshi, and Aldrich 1994).

The coupling of voltage activation to ion channels pore opening and downstream physiological
processes has been extensively studied (Zheng and Trudeau, 2016). Activation of voltage
sensor domains is coupled to the opening of pore domains within the ion channel, allowing
conduction of ionic currents. The conformational change of ion channel voltage sensors can

also have nonconducting functions by inducing conformational changes in nearby proteins. For
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example, in skeletal muscle, voltage activation of certain plasma membrane Ca*" channels
drives conformational changes in intracellular ryanodine receptor proteins (Rios and Brum
1987)(Schneider and Chandler 1973)(Tanabe et al. 1988).

Conformational changes of voltage sensors have been detected with electrophysiological
measurements of gating currents (Armstrong and Bezanilla 1973)(Schneider and Chandler
1973)(Bezanilla 2018) or by optical measurements from fluorophores covalently attached to
voltage sensors by genetic (Siegel and Isacoff 1997) or chemical engineering (Mannuzzu,
Moronne, and Isacoff 1996). Each of these techniques have enabled breakthroughs in our
understanding of how protein conformational changes are coupled to one another (Zheng and
Trudeau, 2016). However, these existing techniques have limited utility for measuring voltage
activation under physiological conditions: gating currents can only be measured when the
proteins are expressed at high density in a voltage-clamped membrane; engineering
fluorophores into voltage sensors irreversibly alters the structure and function of the labeled
proteins. Here, we develop a different strategy, where fluorescent probes dynamically label

voltage sensors to reveal conformational states.

Our probe reports voltage sensor activation of Kv2-type voltage-gated K* channels. Kv2
proteins form delayed-rectifier K* channels and contribute to many physiological outputs
(Palacio et al. 2017)(Blaine and Ribera 2001)(Speca et al. 2014)(Du et al. 2000). The coupling
between Kv2 voltage sensors and K* conduction is cell type specific and dynamically regulated
(O’Connell, Loftus, and Tamkun 2010). Kv2 proteins also have nonconducting functions,
including regulating exocytosis and plasma membrane—endoplasmic reticulum junctions (Fu et
al. 2017)(Kirmiz, Palacio, et al. 2018)(Fox et al. 2015)(Fu et al. 2017)(Feinshreiber et al. 2010).
Interest in understanding the dynamic coupling of Kv2 voltage sensors to their conducting and

nonconducting physiological outputs has motivated the development of this probe.

Our Kv2 probe reports where voltage sensor conformational change occurs by selectively
labeling resting voltage sensors. This conformation-selectivity comes from the peptide portion of
the probe, a synthetic derivative of the tarantula peptide guangxitoxin-1E (GxTX). GxTXis a
selective inhibitor of currents from Kv2 channels (Liu and Bean 2014)(Herrington et al.
2006)(Schmalhofer et al. 2009). GxTX has a high affinity for a resting voltage sensor
conformation: 13 nM Ky for rat Kv2.1 in CHO-K1 cells (Tilley et al. 2014) . In this conformation,

all gating charge is detained intracellularly. When the voltage sensor adopts active
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conformations, GxTX affinity becomes at least 5400-fold weaker (Tilley et al. 2018). When Kv2
voltage sensors are resting, fluorescently-tagged derivatives of GxTX label Kv2 proteins on the
cell surface. When voltage sensors adopt active conformations, GxTX dissociates from the Kv2
proteins and diffuses away into the extracellular solution (Tilley et al. 2014). Thus, the intensity
of fluorescent labeling of a cell's surface decreases as the degree of Kv2 voltage sensor
activation increases.

Our goal is to exploit the conformation-selective binding of a GxTX-based probe to measure
where and when in tissue Kv2 proteins adopt resting conformations. To do this we synthesized
a probe compatible with two-photon imaging through light scattering tissue, and determined
whether any fluorescence from tissue originates from probes bound to Kv2 channels. Crucially,
we also develop a deconvolution method to extract measures of Kv2 voltage sensor
conformational change from images of the conformation-selective probe. We then deploy the
GxTX-based probe for two-photon imaging in brain slices, and find voltage-sensitive
fluorescence changes consistent with originating from conformational changes of endogenous

Kv2 neuronal channels.
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Results

Throughout this study, we tested a probe developed from the tarantula peptide guangxitoxin-1E
(GxTX) that is compatible with two-photon imaging. We have termed this probe, and others like
it, Endogenous Channel Activity Probes or ECAPs. To generate this ECAP, we replaced the
fluorophore on a previously presented ECAP that reports voltage-activation dynamics of a
voltage gated ion channel with fluorescence change (Tilley et al. 2014). The prior ECAP is a
synthetic derivative of the tarantula peptide guangxitoxin-1E (GxTX) conjugated to a DyLight
550 fluorophore (GxTX-550). However, DyLight 550 has poor two-photon excitation properties,
so it was replaced with a dye that has more desirable photophysical properties. Alexa 594
exhibits a large two-photon excitation cross-section and ample spectral separation from green
fluorescent protein (GFP), making it well-suited for multiplexed, two-photon experiments
(Bestvater et al. 2002). We chemoselectively conjugated an Alexa 594-maleimide to a synthetic
GxTX Ser13Cys derivative to create the ECAP used throughout this study, GxTX-594 (Fig 1
Supplement 1).

GxTX-594 colocalizes with Kv2.1 and Kv2.2, but not other K" channels

To determine whether this ECAP could potentially report activation of Kv2 channels in tissue,
we first characterized its selectivity for Kv2 channels over other channels, each heterologously
expressed in isolation. Previously, we had found that GxTX-550 labels Kv2.1 channels, but the
selectivity of fluorescently-labeled GxTX derivatives for K* channel subtypes had not been
determined (Tilley et al. 2014). To test the extent of GxTX-594 labeling of different K* channel
types, we conducted multiplex imaging of GxTX-594 with GFP-tagged K* channel subunits in a
CHO-K1 cell line, which do not express endogenous Kv channels. We first assessed whether
GxTX-594 binds Kv2 channels. Mammals have two Kv2 pore-forming subunits, Kv2.1 and
Kv2.2, both of which are expressed in neurons throughout the brain. CHO cells were transfected
with either a rat Kv2.1-GFP or Kv2.2-GFP construct and were imaged 2 days later. Both Kv2.1-
GFP and Kv2.2-GFP transfections yielded delayed rectifier K currents (Fig 2, Supplement 1 A).
Kv2.1-GFP and Kv2.2-GFP localized predominantly in clusters on the glass-adhered basal
surface of CHO cells (Fig 1 A). Clustered basal expression is a hallmark of Kv2 channel
localization in neurons and other mammalian cells when they are adhered to surfaces. In
cultured HEK293 cells, COS-1 cells, and central neurons, these clusters mark cortical
endoplasmic reticulum junctions with the plasma membrane (Cobb et al. 2015)(Kirmiz, Palacio,
et al. 2018)(Kirmiz, Vierra, et al. 2018)(Fox et al. 2015)(Johnson et al. 2018)(Antonucci et al.
2001)(Johnson et al. 2018). GxTX-594 fluorescence localized to regions with GFP signal after
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Kv2 transfected cells were incubated with 100 nM GxTX-594 for five minutes, indicating GxTX-
594 labels surface Kv2.1 and Kv2.2 (Fig 1 A). Pearson correlation coefficients were calculated
to quantify the colocalization between Kv2-GFP and GxTX-594 signals. Kv2.1-GFP and Kv2.2-
GFP colocalized to GxTX-594 with an average Pearson correlation coefficient of 0.86 and 0.80,
respectively, verifying a high degree of colocalization of both Kv2 proteins with GxTX-594 (Fig 1
B). The ratio of GxTX-594 to GFP fluorescence intensity was similar for Kv2.1 or Kv2.2 (Fig 1
B).

To test whether GxTX-594 binds other subtypes of K* channels, we tested whether its
fluorescence would label other GFP-labeled K* channel subtypes. Electrophysiological assays
with the native GxTX peptide concluded that it is more selective for Kv2 channels than any other
known modulator, with only Kv4 channels showing any indication of modulation (Herrington
2007). However, electrophysiological testing only indicates whether GxTX modulates channels;
electrophysiology would be unable to detect if GXTX benignly bound other channels, in a
manner similar to antibodies which bind, but do not alter the currents of channels (Sack et al.
2013). Furthermore, the substitution of serine to cysteine at position 13 and the addition of
Alexa 594 dye could potentially alter selectivity among channel subtypes. GFP-channel fusions
were selected that had been demonstrated to express and retain function with a GFP tag: rat
Kv4.2-GFP(Shibata et al. 2003), rat Kv1.5-GFP(Li et al. 2001), and mouse BK-GFP.
Transfection of each of these channel subtypes into CHO cells resulted in voltage dependent
outward currents, consistent with cell surface expression of functional channels (Fig 2,
Supplement 1A). As not all channels localize to the basal membrane, GxTX-594 and channel-
GFP imaging was conducted at a plane slightly above the basal surface for consistency. A
wheat germ agglutinin (WGA) stain was used to identify the membrane surface. After incubation
with 100 nM GxTX-594 for five minutes, Kv4.2, Kv1.5, and BK channels had little to no GxTX-
594 fluorescence while Kv2.1 and Kv2.2 channels were clearly labeled (Fig 2, Supplement 1 B).
When the background-subtracted GxTX-594:GFP fluorescence intensity ratio was normalized to
Kv2.1, this ratio was close to zero for Kv4.2, Kv1.5, or BK (Fig 2, Supplement 1 C), suggesting
minimal binding to these channel subtypes. Furthermore, no colocalization was apparent
between Kv4.2, Kv1.5, or BK and GxTX-594 (Fig 2 Supplement 1 D). In these experiments we
observed that the majority of GFP signal from Kv4.2 and Kv1.5 channels did not appear to
colocalize with the WGA surface marker, suggesting the majority of channels were retained
intracellularly (Fig 2, Supplement 1 B). More efficient cell surface expression was achieved by
co-transfection with auxiliary subunits: Kv4.2 with KChIP2 (Shibata et al. 2003) and Kv1.5 with


http://dx.doi.org/10.1101/541805

bioRxiv preprint first posted online Feb. 10, 2019; doi: http://dx.doi.org/10.1101/541805. The copyright holder for this preprint
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
All rights reserved. No reuse allowed without permission.

KvB-2 (Shi et al. 1996). The experiments were repeated, with airydisk imaging for improved
resolution (Fig 2 A). GxTX-594 fluorescence and colocalization was not apparent on cells
expressing Kv4.2 + KChIP2, Kv1.5 + Kv-2, or BK (Fig 2 B and C). While not a complete survey
of all the 80 voltage-gated ion channels in the mammalian genome, these results indicate that
GxTX-594 fluorescence labels the location of Kv2 channels and not a subset of other K*

channels with voltage sensors.

GxTX-594 binds Kv2.1 in the presence of its neuronal auxiliary subunit AMIGO-1
AMIGO-1 is an auxiliary subunit for Kv2 channels, that is colocalized with most if not all Kv2
channels in the brain (Peltola et al. 2011)(Bishop et al. 2018). AMIGO-1 is a single pass
transmembrane protein with a large extracellular domain, an architecture similar to other
auxiliary subunits that modulate binding of peptide toxins to other ion channels (Gilchrist et al.
2013)(Maffie et al. 2013)(Yu et al. 2016). To determine if AMIGO-1 affects GxTX-594 channel
labeling, Kv2.1-expressing cells were transiently transfected with an AMIGO-1-YFP construct,
and assayed for GxTX-594 binding. We used a CHO-K1 cell line stably transfected with rat
Kv2.1 under control of a tetracycline-inducible promoter (Kv2.1-CHO)(Trapani and Korn 2003).
Consistent with Kv2.1:AMIGO-1 colocalization observed in other cell types (Peltola et al.
2011)(Bishop et al. 2018). AMIGO-1-YFP fluorescence was observed in clusters at the basal
membrane (Fig 3 A) similar to Kv2.1-GFP (Fig 1 A). GxTX-594 labeled both AMIGO-1 positive
and AMIGO-1 negative cells (Fig 3 A). High Pearson's correlation coefficients indicated
colocalization between AMIGO-1 and GxTX-594, consistent with AMIGO-1 colocalizing with
clustered Kv2.1 (Fig 3 B). Increasing concentrations of GxTX-594 were applied to the cells and
the relationship between GxTX-594 fluorescence intensity and dose was quantified for AMIGO-
1 positive and negative cells (Fig 3 C). The Langmuir binding isotherm was fit to GxTX-594
fluorescence intensity (lines, Fig 3 D), and resulted in indistinguishable dissociation constants
(Kg) between AMIGO-1 positive (27 nM £ 14) and AMIGO-1 negative cells (26.9 nM £ 8.3).
While we do not know the stoichiometry of expression of AMIGO vs. Kv2.1 in these cells, there

was no indication that AMIGO colocalization disrupted the GxTX-594—Kv2 interaction.

GxTX-594 fluorescence dynamics report Kv2 channel voltage activation

To image activity of ion channels, ECAP fluorescence needs to respond to changes in ion
channel activity. To make conclusions about channel gating from ECAP fluorescence, the
relation between ECAP fluorescence and channel conformational changes must be established.

To assess whether GxTX-594 has a fluorescence response suitable for an ECAP, we measured
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how fluorescence intensity on cells expressing Kv2.1 responded to changes in voltage,

subcellular localization, and temperature.

To assess the voltage response of GxTX-594 in a preparation with consistent levels of channel
expression, we voltage clamped Kv2.1-CHO cells that had been cultured with minocycline for
two days before imaging to induce Kv2.1 channel expression. For these experiments, Kv2.1-
CHO cells were incubated in a bath solution containing 100 nM GxTX-594 for five minutes
before dilution to 9 nM. This labeling protocol resulted in cell surface fluorescence emissions
consistent with Alexa 594. Establishing the whole-cell voltage clamp configuration required at
least 5 minutes after dilution to 9 nM, during which labeling was predicted to equilibrate
(discussed below). Fluorescence intensity images were generated with airydisk confocal
imaging. Cells were held at -80 mV and stepped to test potentials while measuring fluorescence
(Fig 4 A). A region of interest (ROI) corresponding to the cell surface was manually identified
and average fluorescence intensity quantified during time lapse sequences. Average
fluorescence intensity from the cell surface was corrected by subtracting the average
fluorescence intensity from an ROl in a region without cells to account for fluorescence from
GxTX-594 freely diffusing in solution. Both the amplitude and kinetics of fluorescence change
from cell surface ROls appeared sensitive to voltage (Fig 4 B), similar to prior findings with
GxTX-550 (Tilley et al. 2014). This suggests the mechanism underlying the voltage dependent
fluorescence change of GxTX-594 is similar to GxTX-550: a conformational change in the
voltage sensor of Kv2.1 causes a change in affinity for GxTX-594. Resultant binding or
unbinding causes GxTX-594 to enter or leave imaging voxels containing Kv2.1 voltage sensors,
and this movement of GxTX-594 is responsible for the apparent fluorescent labeling or
unlabeling of the cell surfaces. Additionally, cells appeared to approach a baseline fluorescence
intensity that was well above background fluorescence even when given a +80 mV depolarizing
voltage stimulus (Fig 4 B). This residual fluorescence varied from cell to cell (Fig 4 C) potentially
due to internalized GxTX-594 and auto fluorescence. However, some residual fluorescence
appeared to be localized to the cell membrane (Fig 4 A) indicating that a population of GxTX-

594 present in the membrane is insensitive to changes in voltage.

To determine which region of cells to quantitate fluorescence from, we compared the voltage
dependent labeling at the center of the glass-adhered basal surfaces to the periphery. The
confocal imaging plane containing the most GxTX-594 fluorescence was the basal surface (Fig

4 Supplement 1 A). In response to voltage change, the kinetics of fluorescence change were
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slower at center of the basal surface and faster towards the outer periphery (Fig 4 Supplement 1
B). We quantified rates of fluorescence change (kar) by fitting a single exponential function
(Equation 1), and found a progressive increase in kar as the ROl moved away from the center of
cell (Fig 4 Supplement 1 C and D).

(t=to)
T

F =F,+ Ae (Equation 1)

This suggests the concentration of freely diffusing GxTX-594 in the restricted space between
the cell membrane and the glass surface is transiently non-uniform after voltage change. The
location dependence of kar was more pronounced during GxTX-594 labeling at -80 mV than
unlabeling at +40 mV. We suspect that the more extreme location dependence at -80 mV is due
to a high density of Kv2.1 binding sites in the restricted extracellular space between the cell
membrane and coverslip, such that GxTX-594 is depleted from solution by binding Kv2.1 before
reaching the center of the cell. After unbinding at +40 mV, each GxTX-594 molecule is less
likely to rebind to Kv2.1 as it diffuses out from under the cell, because Kv2.1 voltage sensors
are in an active, low affinity conformation (Tilley et al. 2014)(Tilley et al. 2018). This expected
difference in GxTX-594 buffering by Kv2.1 could explain the difference in location dependence
of kar during labeling and unlabeling. To avoid complications resulting from the variability of
kinetics at the basal surface, voltage dependent labeling experiments were conducted while

imaging at plane above the basal surface.

We next determined the range of voltages that triggered dynamic labeling of Kv2.1 by GxTX-
594. We quantified labeling intensity by normalizing to initial fluorescence at a holding potential
of -80 mV, and subtracting residual fluorescence after a +80 mV step to maximally unlabel
channels (F/Finitnorm). Steps to -40 mV reduced labeling to 70% F/Finit norm, @nd labeling
decreased with increasing voltage such that steps to +40mV reduced labeling to 10% F/Finit norm
(Fig 4 C). The fluorescence—voltage response was fit with a Boltzmann function with a half
maximal voltage midpoint (V1,2) of -27 mV and a steepness (z) of 1.4 eo (Fig 4 C, black line).
This is strikingly similar to the voltage dependence of integrated gating charge of Kv2.1 in the
same cell line, without any GxTX present, V12 =-26 mV, z = 1.6 eo (Tilley et al. 2018). This
suggests that the degree of GxTX-594 labeling corresponds to the fraction of the channels'
voltage sensors that have their gating charges in their most intracellular resting conformation.
Although GxTX-based probes perturb the gating of the Kv2.1 channels they label (Tilley et al.
2014),these changes in fluorescence intensity appear to report conformational changes of the

unlabeled channels.
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To determine the temporal response to voltage change, we compared rates of GxTX-594
labeling and unlabeling (Fig 4 D). In response to voltage steps from a holding potential of -80
mV to more positive potentials, kar increased progressively as the voltage was increased above
-40 mV, possibly beginning to saturate at positive voltages. These temporal response
characteristics are similar to the GxTX-550 probe (Tilley et al. 2014). The kar—voltage response
was fit with a Boltzmann function with V12 = +2 mV and z = 1.1 eo (Fig 4 D, black line). The
relation of GxTX-594 labeling and unlabeling rate to conformational changes in Kv2.1 voltage
sensors appears more complicated than the simple correspondence of fluorescence change the
fraction of voltage sensor at rest. Notably, the dynamic fluorescence responses of GxTX-594 to
voltage changes occurred at physiologically relevant potentials, suggesting that changes in
GxTX-594 labeling intensity or rate could occur in response to changes in cellular electrical

signaling.

We noted substantial variability between cells in the kar responses. We wondered if this could
be due to fluctuations in ambient temperature (27-29°C), given the substantial temperature
sensitivity reported for Kv2.1 conductance (F. Yang and Zheng 2014). To assess the
temperature dependence of GxTX-594 labeling, the cell bath solution was heated to either 27°C
or 37°C and stepped to 0 mV for a measurement of kar (Fig 4 Supplement 2). The fold change
in kar over this 10 °C difference, or Qq0, was 3.8-fold. This was less than the up to 6-fold cell-to-
cell variability observed under otherwise identical conditions. This indicates that the variation in
kar is likely not attributed to temperature variation, and suggests it results from variability

intrinsic to cells.

The probability of activation of unlabeled voltage sensors can be calculated from
fluorescence dynamics

We developed a model relating ECAP labeling to voltage sensor activation. The ratio of labeled
to unlabeled Kv2 is determined by binding and unbinding rates of the ECAP (Scheme A). These
rates approach equilibrium when the membrane voltage remains constant producing a defined
population of labeled and unlabeled channels. Labeling is voltage dependent because the
binding and unbinding rates are different for resting and active conformations of voltage
sensors. As voltage sensors change from a resting to an active conformation the binding rate of
an ECAP decreases and the unbinding rate increases (Fig 4 E). The mechanism underlying the
voltage dependence of binding is the increased affinity of an ECAP for resting vs active voltage

sensor conformations. An increase in voltage establishes a new equilibrium for ECAP binding
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and a smaller population of channels are labeled. In order to capture these changes in binding
and unbinding rates that drive the voltage dependence of ECAP dynamics, a more complex
four-state model (Scheme B) is minimally required.

The scheme B model assumes the innate voltage sensitivity of the Kv2 channel is solely
responsible for controlling voltage dependence.

Scheme B assumes that voltage sensor conformational changes equilibrate much faster than
ECAP binding or unbinding, such that binding and unbinding are the rate limiting steps. As
ECAP binding/unbinding occurs about 3 orders of magnitude more slowly than Kv2 channel
gating, seconds and milliseconds respectively, the simplifying approximation that voltage sensor
conformations are in constant equilibrium seems reasonable. We assume that the voltage
sensor equilibria of Kv2 channels at any given voltage is described by a Boltzmann distribution

(Equation 2):
- F — F .
Keq,Free = e(V Vhalf.unbound) . z- (E) Keq,Bound = e(V Vhaif,Bound) . A (E) (Equatlon 2)

Where V112 is the voltage where the equilibrium constant = 1, z is the number of elementary
charges determining voltage dependence, F is the Faraday constant, R is the ideal gas
constant, and T is absolute temperature. In a separate study (Tilley et al. 2018) we measured
Kv2.1 gating currents, and found that GxTX shifts all voltage sensor charge movement 73 mV
more positive. The values of Vi, (41.3 mV) and z (1.5 ) from this dataset were input into
Equation 2 in the model.

To relate voltage sensor activation to labeling and unlabeling, we determined binding rates
(kon[ECAP]) and unbinding (ko) rates separately for resting and active voltage sensors. The
microscopic rates for resting voltage sensors, KonResting @nd Kot resting Were determined from
kinetic and equilibrium measures. In 10 nM GxTX-594, the rate kxr appeared to stabilize
below -40 mV where the fitted Boltzmann function approaches a rate of 7.6e-3 s-1 (Fig 4 D). We

assume
kar = kon[ECAP] + kyff (Equation 3)

for resting voltage sensors. Using a Kq of 27 nM from GxTX-594 labeling of unpatched CHO

cells (Fig 3 D), we assume
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K, =St (Equation 4)

kOTL

to arrive at the Kon resting @aNd Kofr resting reported in Table 1. The estimate for ko active Was obtained
from the value of ksr at extreme positive voltages, where the fitted Boltzmann function (Fig 4 D)
approaches a rate of 0.31 s". In 9 nM GxTX-594 at 240 mV, surface labeling become
undiscernible from back ground, indicating the labeling rate is much smaller than the unlabeling
rate and hence kAF =~ Ko aciive. WWhile the particularly slow labeling of active voltage sensors
made it difficult to measure kon active directly, the statistical thermodynamic principle of
microscopic reversibility(Lewis 1925) constrained kon active. VWe formalize this constraint here with

an allosteric factor, C (Equation 5):

koff,Rest
KeqBound Keg,Rest kon,Rest[TX] .
== =—A = (Equation 5)
Keq,unbound Keg,Active of f.Active

kon,ActivelT]

At any static voltage, scheme B collapses into scheme A, where kon, Total is @ weighted sum of
both Kon Resting @Nd Kon active SCheme B, and Ko, Total IS @ weighted sum of Kot resting @Nd Kot Active. The
weights for kon 1ot @re the relative probabilities that unbound voltage sensors are resting or
active, which is determined by the Boltzmann distribution at a specified voltage (Keg,unbound)

(Equation 6):

1 1

+ kon,Active [TX] ' T (Equation 6)

Keq,Unbound

kon,Total = kon,Rest[Tx] .W

The total kot is determined by the unbinding rate from resting voltage sensors (Koftrest) and the
unbinding rate from active voltage sensors (koractive). Similarly, these rates are adjusted by the

relative probability that ECAP-bound voltage sensors are resting or active (Equation 7):

1 1

koff,Total = koff,Rest ! m + koff,ACtive ' 1_'_—1 (Equation 7)

Keq,Bound

Using kon,total @nd Kot Total We can compute kar using Equation 3. To test the predictive value of
the scheme A model, we compared the predicted kar to experimental measurements in 10 nM
GxTX-594 (Fig 4 D). We conclude that the Scheme B model reasonably reproduced the voltage

dependence of Kv2.1 labeling.
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This simple 2-state model (Scheme A) also predicted the magnitude of the change in
fluorescence with voltage. The fluorescence at any voltage (F) relative to fluorescence at an
initial voltage (Finitiar) is the ratio of the probabilities that the ECAP is bound at both voltages
(Equation 8).

F _ Ppoundfinal (Equation 8)

Finitiat  PBound,initial

The Puoung at any voltage can be determined from Scheme A where:

Poouna = ———— = ! (Equation 9)

1"‘Keq,Total 1+M
kon,Total-[Tx]

Using our model, we calculated the fluorescence—voltage relation from Pyouna (Equation 8) and
compared these calculated values to our experimental data. The model predicts fluorescence

response within the range of the experimental data (Fig 4 C).

ECAP labeling reports average degree of activation of unlabeled voltage sensors

The Scheme A model relating labeling to voltage sensor activation was developed for static
voltages. However, in electrically active cells, voltage is dynamic. For example, neurons fire
action potentials during their electrical signaling. Action potentials occur on the millisecond time
scale, orders of magnitude faster than the GxTX-594 response. Thus, the slow ECAP response
will integrate voltage fluctuations occurring over many seconds. The scheme A model assumes
that voltage sensors are at continuous equilibrium, and this assumption breaks down when
voltage is rapidly changing. We determined whether our model could predict labeling during
dynamic voltage changes.

To assess the response of GxTX-594 to a dynamic waveform, we stimulated voltage-clamped
Kv2.1 cells with brief voltage steps that crudely mimic action potentials. We used simple 2 ms
voltage steps from -80 to +40 mV. When repeated at 200 Hz, labeling decreased (Fig 5 A, B).
To assess frequency response, step frequency was varied from 0.02 to 200 Hz. At frequencies
higher than 25 Hz, detectable unlabeling occurred (Fig 11 C). Similar to the voltage dependence

of this ECAP, kur varied with stimulus frequency as well (Fig 5 D).
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Frequency-dependent predictions of F/Fnax and kar were made from the Scheme A model.
These predictions were calculated assuming the summed probability of being at each voltage (-

80 or +40 mV) determines the overall Pyound (Equations 10 and 11).

karnz = (Paomy * karaomyv) + (P—gomy * kar-gomv) Equation 10

F/Enax = (Paomy * AFsomy) + (P-gomv - AF_gomy)  Equation 11

When predictions are compared to empirical measurements (blue lines, Fig 5 C and D), the
predictions are within range of the measurements for frequencies less than 150 Hz. Generally,
the model captures the waveform of the frequency dependence but predicts a weaker response
than observed. In other words, the labeling changes occur at lower frequencies than they are
predicted to, yet the slope of the predicted frequency dependence appears to be accurate. This
discrepancy could be due to voltage sensor movement not being fully equilibrated by the end of
the voltage steps. This is consistent with Kv2.1 gating currents which can have time constants
of several milliseconds (Tilley et al. 2018). Despite the system not being in equilibrium at high
frequencies, the predictions of the model were not far off, suggesting that the predictions of the

model will be reasonably accurate at neuronal firing frequencies <150 Hz.

Labeling intensity is proportional to overall voltage sensor activation

We used the ECAP model (Scheme B, parameters from Table 1) to investigate general
principles of the relation between voltage sensor activation and labeling. In particular, we were
interested in using ECAP labeling to reveal information about voltage sensor activation in the
unbound channel population. The model indicates that when an ECAP is applied at sub-
saturating concentrations (below the Ky for resting voltage sensors), the change in labeling is
proportional to the probability of unlabeled voltage sensors becoming active (Fig 6 A). This,
perhaps counterintuitive, phenomenon emerges when the majority of voltage sensors are
unlabeled, and this unlabeled majority dominates the response of the overall population. The
lower the concentration of the ECAP, the better its labeling response predicts the voltage sensor
activation of unlabeled channels. This model predicts that the degree of unlabeling with 10 nM
GxTX-594 (Fig 4 C and 5 C), is nearly proportional to the degree of voltage sensor activation.
Thus, a broadly qualitative conclusion can be made from ECAP fluorescence changes: a
change in labeling occurs when the voltage sensors of unlabeled channels become more or less

active.
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Unlabeling kinetics are accelerated by voltage sensor activation

The ECAP model predicts the observed changes in voltage ksr in 10 nM GxTX-594 (Fig 4 D).
The voltage dependence of kxr appears to saturate at extreme positive and negative voltages,
and the model provides some insight into the thermodynamics underlying these responses. At
extreme positive voltages, kar is almost exclusively determined by labeling and unlabeling of the
active state. Similarly, at negative voltages, kar is determined by labeling and unlabeling of the
resting state. Interestingly, as the concentration drops below the Ky of resting voltage sensors
kar becomes insensitive to the concentration of ECAP (Fig 6 B) because the kinetics are
determined primarily by ko (Equation 3,7). Thus, all subsaturating concentrations of ECAPs are
expected to produce similar kar responses. This result is useful as it indicates that if the
concentration of ECAP is below the K, the fluorescence kinetics are expected to be consistent
throughout a tissue as the ECAP diffuses through it, and insensitive to vagaries in

concentration.

GxTX594 fluorescence response in brain slice appears consistent with activation of Kv2
channels

Having determined that GxTX-594 indicates the location of Kv2 channels, and developed a
methodology to convert fluorescence changes into a measure of voltage sensor activation, we
proceeded to assess its potential to report Kv2 activation in living tissue. We used scanning two-
photon excitation to construct images of GxTX-594 fluorescence in cultured brain slices. In live
tissue, we first determined whether GxTX-594 colocalized with overexpressed Kv2.1-GFP. Next,
we assessed whether GxTX-594 fluorescence responded to depolarizing stimuli. Finally, we
examined whether fluorescence from GxTX-594 labeled neurons could indicate the activity of

endogenous Kv2 channels.

GxTX-594 colocalizes with Kv2 channels in brain slice

To test whether GxTX-594 can identify Kv2 channel location in neurons, we assessed its
colocalization with Kv2.1-GFP. Brain slice cultures were sparsely transfected with Kv2.1-GFP,
resulting in a small fraction of neurons displaying green fluorescence. When imaged two and
four days after transfection, GFP fluorescence was seen evenly dispersed throughout the
plasma membrane surrounding neuronal cell bodies and proximal dendrites (Fig 7 A, Fig 7

Supplement 1 A and B), suggesting that neurons may have had insufficient time to localize
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Kv2.1-GFP to the endoplasmic reticulum—plasma membrane junctions where endogenous Kv2
channels have been found to reside (Kirmiz, Palacio, et al. 2018)(Kirmiz, Vierra, et al. 2018)(H |
Bishop et al. 2015). Six days or more after transfection, Kv2.1-GFP fluorescence became more
clustered on the cell soma and proximal processes, (Fig 7 B,C, Fig 7 Supplement 1 C green
images) a pattern consistent with endogenous Kv2.1 (Fig 2 C , (Misonou et al. 2005)). After
identifying a neuron expressing Kv2.1-GFP, perfusion was stopped and GxTX-594 was added
to the static bath solution to a final concentration of 100 nM. After five minutes incubation,
perfusion was restarted, leading to wash-out of GxTX-594 from the slice bath. After wash-out,
GxTX-594 fluorescence colocalized with Kv2.1-GFP (Fig 7 A,B,C), indicating that GxTX-594 is
able to diffuse through dense neural tissue and bind to neuronal Kv2 channels. We quantitated
the degree of colocalization of GxTX-594 with Kv2.1-GFP using compressed stack images of
the GFP transfected neurons. Pearson correlation coefficients confirmed the colocalization of
GxTX-594 with Kv2.1-GFP in multiple slices (Fig 7 D). In most images of Kv2.1-GFP transfected
neurons, similar punctate GxTX-594 labeling with was observed on neighboring untransfected
neurons, suggesting that GxTX-594 also labeled endogenous Kv2 channels (Fig 7 C, white

arrow).

In brain slice, punctate GxTX-594 fluorescence is modulated by neuronal depolarization,
consistent with voltage activation endogenous of Kv2 channels

To test whether GxTX-594 labeling of brain slices is consistent with labeling of endogenous Kv2
voltage sensors, we determined whether GxTX-594 labeling responds to voltage changes. First,
we looked for Kv2-like labeling patterns on CA1 pyramidal neurons in untransfected brain slices
bathed in 100 nM GxTX-594. In two-photon optical sections thinner than the neuronal cell
bodies, fluorescent puncta circumscribed dark intracellular spaces (Figure 8 A). This was similar
to the pattern of fluorescence in Kv2.1-GFP expressing neurons (Figure 7 C), and consistent
with the punctate expression pattern of Kv2.1 in CA1 pyramidal neurons seen in fixed brain
slices (Misonou 2005). We tested whether the punctate fluorescence was voltage sensitive by
voltage clamping neurons circumscribed by puncta. To ensure voltage clamp of the neuronal
cell body, slices were bathed in tetrodotoxin to block Na* channels, and a Cs*-containing patch
pipette solution was used block K* channels. In each experiment a patch clamp pipette was
lowered onto a GxTX-594 labeled neuron, and whole cell configuration was achieved with
holding potential set to -70 mV. At this point time-lapse imaging of a two-photon optical section
was initiated (Supplemental Movie 1). Depolarization to 0 mV resulted in loss of fluorescence

from a subset of puncta surrounding the voltage-clamped neuron (Fig 8 B, red arrows). Other
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fluorescent puncta appeared unaltered by the 0 mV step (Fig 8 B, red arrows). To assess if the
fluorescence decrease noted in some puncta after voltage step to 0 mV was due to random
fluctuations during imaging, we compared fluorescence of the apparent cell membrane region to
regions more distal from the patch-clamped cell body. To quantify this fluorescence change, an
ROI 30 pixels (4.8 um) wide containing the apparent membrane of the cell body was compared
to other regions within each image (Fig 8 C). The region containing the membrane of the cell
body lost fluorescence during the 0 mV step (Fig 8 D, ROI 1) while neither of the regions more
distal (ROI 2&3), nor the intracellular region (ROI 0) showed a dramatic change. In multiple
slices, the voltage-dependent decrease of fluorescence was similarly pronounced only in the
region of the neuronal membrane (Fig 8 E). The kinetics of fluorescence response of the
voltage-clamped membrane region was similar in multiple slices (Fig 8 F). Toe determine
whether the fluorescence response to depolarization was driven by the Kv2-like puncta on the
cell membrane, the fluorescence along a path containing the apparent cell membrane was
selected by drawing a path connecting fluorescent puncta surrounding the dark cell body region,
and averaging fluorescence within 5 pixels (0.8 ym) on either side of this path (Fig 8 G, yellow
line). The fluorescence intensity along the path of the ROI revealed distinct peaks
corresponding to puncta (Fig 8 H, red line). After stepping the neuron to 0 mV, the intensity of
fluorescence of a subset of puncta lessened (Fig 8 H, black line, peaks 1,3,4,5,8). However,
other puncta which appeared to be on the surface of the same cell body, maintained or
increased in brightness (Fig 8 H, black line, peaks 2,6,7). These puncta could possibly
represent Kv2 proteins on a neighboring cell, off-target or non-specific labeling by GxTX-594, or
Kv2 channels that are unresponsive to voltage. When the kinetics of fluorescence intensity
decay of individual voltage-sensitive puncta were fit with Eq. 1, kar values were within two-fold
of each other (Fig 8 1), consistent with these spatially separated puncta all being on the surface
of the voltage-clamped neuron.

To address whether the fluorescence change at the cell membrane was driven by decreases in
regions of punctate fluorescence, the punctate and non-punctate fluorescence intensity changes
were analyzed separately. The regions with fluorescence intensities above average for the path
(Fig 8 H, dashed line) were binned as one group, and the regions with below average
fluorescence binned as another. The above average group, by definition contained all punctate
fluorescence. When comparing the fluorescence before and during the 0 mV step, the regions
that were initially below average maintained the same intensity (103 £ 8%); regions of above
average fluorescence decreased in the intensity (70 £ 8%). This suggests that the detectable

unlabeling was driven by puncta.
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The voltage response of this 100 nM GxTX-594 labeling in brain slice was similar to that
predicted by the statistical thermodynamic model for Kv2.1 expressed in CHO cells (Fig 6 B,
and Fig 8 K dotted line). To further determine how consistent the responses of brain slices and
Kv2.1-expressing CHO cells were, we performed experiments with CHO cells under similar
conditions as brain slice (100 nM GxTX-594, 30°C, Cs*-containing patch pipette solution). kar
values with 100 nM GxTX-594 on CHO cells were consistent with the predictions of the
statistical thermodynamic model, and similar to brain slices (Fig 8 K).

We find that GxTX-594 labeling of neurons is consistent with GxTX-594 labeling endogenous
Kv2 proteins. This conclusion is based on several metrics. The punctate GxTX-594 labeling of
CA1 neurons is consistent with the patterns of endogenous Kv2 expression seen by
immunofluorescence (Misonou et al. 2005)(H | Bishop et al. 2015)(Hannah | Bishop et al. 2018),
and Kv2.1-GFP expression (Fig 7). GxTX-594 labels Kv2 proteins in the presence of its obligate
neuronal auxiliary subunit AMIGO-1 (Fig 3), but does not label other related Kv proteins (Fig 2).
The voltage response of GxTX-594 brain slice labeling was consistent with labeling of Kv2.1.
Steps to 0 mV resulted in unlabeling by GxTX-594 in CHO cells (Fig 4) and neurons (Fig 8), and
the kinetics of this unlabeling were similar (Fig 8 J). Altogether, these results are consistent with
the GxTX-594 probe labeling endogenous Kv2 channels in rat CA1 hippocampal pyramidal

neurons and unlabeling in response to activation of their voltage sensors.
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Discussion

The results presented herein suggest that GxTX-594 acts as an endogenous voltage sensor
probe. Specifically, we found that:

1) GxTX-594 is a two-photon imaging compatible molecular probe that selectively binds resting
conformations of Kv2 voltage sensors.

2) Functions derived from statistic thermodynamics can deconvolve changes in Kv2 labeling into
a measure of voltage sensor conformational change.

3) Voltage-dependent fluorescence changes in brain slices are consistent with fluorescence
changes expected from endogenous Kv2 voltage sensors.

Together these results indicate that tracking the fluorescence of conformation-dependent
ligands such as GxTX-594 can reveal conformational changes of endogenous proteins. Below
we discuss physiological questions that could be addressed with a GxTX-based Kv2 voltage
sensor probe, the limitations of GxTX-594 as a probe, and the potential for conformation-

selective ligands to be engineered into imaging probes for your protein of interest.

A voltage sensor probe to study Kv2 physiology

The GxTX-594 probe revealed conformational changes of Kv2 voltage sensors. Activation of
Kv2 voltage sensors is required for opening of its K*-conductive pore (Islas and Sigworth 1999).
Cells dynamically regulate the voltage sensitivity of Kv2 channel pore opening (MacDonald,
Salapatek, and Wheeler 2003)(Mandikian et al. 2014)(Misonou et al. 2005)(Murakoshi et al.
1997)(Redman et al. 2007)(Misonou et al. 2006)(Plant et al. 2011). It is unknown whether these
regulatory processes impact voltage sensor movement directly, or impact conformational
changes that are coupled to voltage sensor movement, such as pore opening. By specifically
measuring voltage sensor movements, the mechanisms by which pore opening is regulated can
be better understood. In studies of the mechanism of cellular regulation of Kv2.1 in HEK cells, it
was concluded that voltage sensor movements were decoupled from pore opening in the
majority of channels with punctate localization (O’Connell, Loftus, and Tamkun 2010)(Fox,
Loftus, and Tamkun 2013). This conclusion was supported by assessing movement of voltage
sensors with gating currents, currents arising from the movement of voltage sensors
themselves. Gating current measurements are feasible only in cell preparations where a
sufficiently high density of voltage sensors can be voltage clamped. This density requirement
has resulted in gating current measurement being most commonly conducted in heterologous
expression systems, such as HEK cells. Measurements of endogenous gating currents have

been restricted a limited number of cell preparations such as invertebrate giant axons and
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muscle cells. Gating currents or other measures of conformational change of endogenous

voltage sensors have never, to our knowledge, been measured in a brain slice.

The GxTX-594 probe has revealed the first glimpse of how Kv2 voltage sensors are operating in
a tissue. Our results indicate that the voltage sensors of endogenous Kv2 proteins clustered on
the surface of CA1 pyramidal neurons in rat hippocampus are responsive to voltage. This is
consistent with the proposal of Tamkun and colleagues, extrapolating from gating current
measurements in HEK cells. Additionally, the kinetics of the GxTX-594 response to voltage
were similar in brain slice and CHO cells, indicating that the stimulus-response relation between
transmembrane voltage and voltage sensor conformational change is similar in the two

situations.

Conformational change of the voltage sensors of ion channels can trigger cellular signaling
processes besides opening the protein's ion conductive pore. For example, conformational
change in the voltage sensors of calcium channels is coupled to conformational change of
ryanodine receptors in the sarcoplasmic reticulum of skeletal muscle (Rios and Brum 1987).
Kv2 channels have nonconducting functions: Kv2 channels recruit endoplasmic reticulum to the
plasma membrane(Fox et al. 2015); Kv2.1 binds syntaxin proteins and influences exocytosis
(Feinshreiber et al. 2010)(Greitzer-Antes et al. 2018)(Singer-Lahat, Chikvashvili, and Lotan
2008). Whether Kv2 voltage sensor conformational change influences these nonconducting
functions is unknown. By reporting voltage sensor activation, the GxTX-594 probe could
potentially be used to determine whether voltage sensor conformational change is crucial for the

nonconducting functions of Kv2 proteins.

Limitations of using GxTX-594 to measure conformational change

The ability of conformation-selective probes to report conformational change is inherently
limited. Some limitations result from the properties of the particular probe deployed, while other
limitations are inherent to the mechanism of conformation-selective binding. We discuss
limitations of GxTX-594 and how those limitations can be managed in the realms of

temporal resolution, signal to noise, protein modulation by probes, and errors in interpretation of

images.
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Temporal resolution. With GxTX-594, the average probability that voltage sensors are activated
(Pact), can be measured. GxTX-594 requires seconds to respond, much slower than the
membrane voltage changes associated with action potentials. Probes with faster kinetics will
allow measurements of faster patterns of channel activity. Modifying probe kinetics becomes a
question of sensor design and toxin engineering; the response properties of probes can be
readily altered by chemical modification of side chain residues, allowing the dynamics to be
optimized in next-generation probes. Ultimately the response time of any conformation-selective
probe will be limited by the labeling rate which is a product of the probe's concentration and its

inherent association constant.

Signal to noise. The fluorescence signal intensity from GxTX-594 limited spatial and temporal
resolution, estimates of Pac, and interpretation of data. Continuing advances in microscopy will
undoubtedly improve fundamental signal to noise of fluorescence imaging in tissue. However,
the signal to noise in all experiments is ultimately limited by the photophysics of the fluorophore
as well as photodamage to the probe and tissue. Probes with improved fluorescence
characteristics are expected to improve the ultimate signal to noise. Quantum dot nanoparticles
offer orders of magnitude improvement in signal to noise for one- and two-photon excitation
microscopy methods. We have developed synthetic methods for making Kv2 quantum dot
ECAPs from GxTX (Mann et al. 2018). These probes are expected to respond to Kv2 channel
voltage sensor activation with similarly interpretable fluorescence changes, yet offer orders of
magnitude improvements in signal to noise ratio. A major contributor to signal to noise is
fluorescence due to non-specific and off-target binding. The affinity and specificity of the GxTX
peptide that guides the fluorophore to Kv2 will presumably influence non-selective fluorescence.
Additionally, incubation with GxTX-594 eventually leads to intracellular accumulation of
fluorescence in Kv2-expressing CHO cells, presumably due to internalization of Kv2—GxTX-594
complexes; we have not determined the extent to which this internalization occurs in brain
slices.

Protein modulation by probes. GxTX-based probes inhibit the Kv2 channels they bind. Thus,
they deplete the population of channels responding normally to physiological stimuli. This is a
general problem with molecular probes: they disrupt the process they report (e.g. free calcium
indicators deplete free calcium). This probe perturbation problem can be minimized by working
with low concentrations of probe to inhibit a minimal subset of the total Kv2 population. Channel
activity can be recorded optically even when only a small fraction of Kv2 channels are affected

(Tilley et al. 2014). Furthermore, as indicated in Figure X, GxTX-594 most accurately reports


http://dx.doi.org/10.1101/541805

bioRxiv preprint first posted online Feb. 10, 2019; doi: http://dx.doi.org/10.1101/541805. The copyright holder for this preprint
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
All rights reserved. No reuse allowed without permission.

conformational change when used at sub-saturating concentrations. Thus, low concentrations

are optimal for both accuracy of measurement and minimizing the perturbation of physiology.

Errors in interpretation of images. The models enabling deconvolution of conformational change
involve approximations. The statistical thermodynamics developed here involve ligand binding
and conformational change dynamics using approximations of Eyring rate theory (Eyring 2004).
Thus, models will always have limitations stemming from the necessary approximations. The
model of Kv2 voltage sensor conformational change developed here is an oversimplification.
While the gating dynamics of Kv2 channels have never been fully described with an explicit
thermodynamic model, they are certainly more complex than our model. Our model assumes
each of the of the channel’s 4 voltage sensors bind 1 GxTX, and that the 4 voltage sensors
change conformation independently of each other. However, Kv2 channels exhibit cooperative
gating when they open their pores, and pore opening impacts voltage sensors (Tilley et al.
2018)(Islas and Sigworth 1999)(Scholle et al. 2004)(Jara-Oseguera et al. 2011). Under some
conditions the assumption of voltage sensor independence may limit the models' predictive
power. Additionally, the model of GxTX-594 labeling developed here assumes that voltage
sensors are in continuous equilibrium. This simplification is expected to result in diminished
accuracy during high frequency voltage changes, such as during action potentials. These
deviations from equilibrium could explain the deviation of the model from the data in response to

high frequency voltage steps (Fig 5D).

Conformation-selective probes reveal conformational change of endogenous proteins

If the limitations of conformation-selective binding are given proper consideration, deconvolution
of fluorescence intensities can reveal conformational changes of endogenous proteins
(Irannejad et al. 2013)(Koide et al. 2002). Importantly, measurements of dynamic labeling by a
conformation-selective probe, such as GxTX, can enable deduction of how unlabeled proteins
behave, despite the fact that GxTX nearly completely inhibits Kv2 voltage sensor movement of
the subunit it binds, and only proteins that are bound by a fluorescent GxTX-based probe
generate optical signals (Tilley et al. 2014)(Tilley et al. 2018). This approach is analogous to
calcium imaging experiments, which have been spectacularly informative about physiological
calcium signaling (W. Yang and Yuste 2017), despite the fact that no optical signals originate
from the physiologically relevant free Ca®*, only from Ca?" that is chelated by a dye. In all such
experiments, fluorescence from Ca?*-bound dyes is deconvolved using the statistical

thermodynamics of Ca®* binding to calculate free Ca?* (Adams 2010). Similarly, GxTX-based
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probes are dynamically binding to unlabeled Kv2 proteins, and the binding rate is dependent on
the probability that unlabeled voltage sensors are in a resting conformation (Fig 6). Thus, the
conformations of unlabeled Kv2 proteins influence the dynamics of labeling with GxTX-based
probes. Consequently, the dynamics of labeling reveal the conformations of unlabeled Kv2

proteins.

Deployment of GxTX-594 to report conformational changes of endogenous channels
demonstrates that conformation-selective ligands can be used to image occurrence of the
conformations they bind to. The same principles of action apply to any conformation-selective
labeling reagent, suggesting that probes for conformational changes of many different proteins
could be developed. Probes could conceivably be developed from the many other voltage
sensor toxins and other gating modifiers that act by a similar mechanism as GxTX, yet target
the voltage sensors of different ion channel proteins (Peretz et al. 2010)(McCormack et al.
2013)(Ahuja et al. 2015)(Zhang et al. 2018)(Catterall et al. 2007)(Dockendorff et al. 2018)(Sack,
Aldrich, and Gilly 2004).

Conformation-selective binders have been engineered for a variety of other proteins, yet
methods to quantify conformational changes from their fluorescence are needed. For example,
fluorescently-labeled conformation-selective binders have been used to understand GPCR
signaling (Irannejad et al. 2013). These GPCR probes are GFP-tagged recombinant camelid
antibodies that bind to GPCRs with enhanced affinity when the GPCRs adopt activated
conformations. GPCR probes have revealed that endocytosed GPCRs continue to remain in a
physiologically active conformation, leading to the proposition that substantial GPCR signaling
takes place in endosomes (Tsvetanova, Irannejad, and von Zastrow 2015)(Eichel and von
Zastrow 2018). However, a means to measure the conformational equilibria of GPCRs from
probe fluorescence has not yet been developed. The statistical thermodynamic framework
developed here could provide a starting point for more quantitative interpretation of time-lapse

imaging of these GPCR probes.

Probes such as GxTX-594 that bind select conformations of ion channels are expected to have
the general response properties displayed in Figure 6. That is, as the equilibrium between
conformations changes, the probe will label or unlabel at different rates. Importantly, when
concentrations of a probe are less than the apparent Kq, fluorescence change becomes

proportional to conformational change of unlabeled proteins. We suggest that generation of
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further conformation-dependent probes and models to interpret their fluorescence could allow

the measurement of conformational equilibria of a wide variety of endogenous proteins.
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Figure Legends
Figure 1: GxTX-594 colocalizes with Kv2-GFP channels.

A

Fluorescence from CHO cells transfected with Kv2.1-GFP (Top Row) or Kv2.2-GFP
(Bottom Row) and labeled with GxTX-594. Imaging plane was near the glass adhered
cell surface. Cells were incubated with 100 nM GxTX-594 for 5 minutes and rinsed
before imaging. Fluorescence shown corresponds to emission of GFP (Left), Alexa 594

(middle), or an overlay of GFP and Alexa 594 channels (right).

. Pearson correlation coefficient for GxTX-594 colocalization with Kv2.1-GFP (N=1, n=8)

or Kv2.2-GFP (N=1, n=7) (Top). Ratio of Magenta to green intensity between GxTX-594
and Kv2-GFP (Bottom). Scale bar is 20 pm.

Figure 1Supplement1: Synthesis of GxTX-594

A

Molecular model for Alexa-594 conjugated to GxTX-Ser13-(Cys). Thiol-Maleimide
conjugation chemistry was used to synthesize the fluorescent probe.

HPLC chromatogram and MALDI-TOF MS profile for GxTX-Ser13-Cys. GxTX-Ser13-
Cys eluted at 12.6 minutes which corresponds to 33 % Acetonitrile.

HPLC profile for GxTX-594 post the conjugation reaction between Alexa-594 and GxTX-
Ser13-(Cys). 1 is GxTX-Ser13-Cys (Retention time: 12.8 minutes, 33% Acetonitrile), 2 is
the minor product from conjugation, and 3 is the major product from conjugation
(Retention time: 16.4 minutes, 35% Acetonitrile) which was further purified and used for

experiments.

. HPLC and MALDI-TOF MS profile for GxTX-594. 2 is the minor product and 3 is the

major product which was used in experimental assays. GxTX-594 (3) eluted at 12.5
which corresponds to 33 % ACN.
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Figure 2: GxTX-594 is selective for Kv2 channels.

A. Fluorescence from live CHO cells transfected with Kv2.1-GFP, Kv2.2-GFP, Kv4.2-GFP +
KChIP2, Kv1.5-GFP+Kvp2, or BK-GFP (labeled by row) and labeled with GxTX-594.
Imaging plane was at the solution exposed surface which is higher than the glass
adhered surface. Cells were incubated with 100 nM GxTX-594 and 5 ng/mL WGA405
which binds to carbohydrates in the plasma membrane and rinsed before imaging.
Fluorescence shown corresponds to emission of GFP (Column 1), Alexa 594 (Column
2), WGA405 (Column 3), or an overlay of GFP, Alexa 594, and WGA405 channels
(Column 4)

B. Background subtracted GxTX-594:GFP ratio for different GFP and K* channel subtypes
normalized to the average GxTX-594:Kv2.1-GFP ratio. The area of an image that

contained no cells was selected as background.

C. Pearson correlation coefficients between GxTX-594 and GFP. Pearson values were
calculated in imagedJ. Colocalization for individual cells was determined using hand

drawn ROIs around the cell membrane using the WGA405 fluorescence as a membrane

proxy.

Kv2.1 n =16, Kv2.2 n =10, Kv4.2 n =13, Kv1.5 =13, BK n =10. For all K+ subtypes N=1. N
refers to the number of plates imaged for each transfected subtype and n refers to the number
of cells analyzed in each plate. The same cells were used for analysis in B and C. Scale bars
are 20 um. Significant differences were observed between Pearson value and GxTX:GFP ratio
for Kv2.1 or Kv2.2 and Kv1.5, 1.4, or BK by Mann-Whitney (p<0.0001)
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Figure 2 Supplement 1: GxTX-594 colocalizes with Kv2 ion channels
A. Exemplar whole - cell voltage clamp recordings of CHO cells expressing Kv 2.1-GFP, Kv
2.2 GFP, Kv4.2-GFP, Kv1.5-GFP, or BK-GFP. Recordings shown are representative
responses to 100 ms steps from - 100 mV to -40, 0 and +40 mV.

B. Fluorescence from live CHO cells transfected with Kv2.1-GFP, Kv2.2-GFP, Kv4.2-GFP
Kv1.5-GFP, or BK-GFP (labeled by row) and labeled with GxTX-594. Imaging plane was
at the solution exposed surface which is higher than the glass adhered surface. Cells
were incubated with 100 nM GxTX-594 and 5 ug/mL WGA405 which binds to
carbohydrates in the plasma membrane and rinsed before imaging. Fluorescence shown
corresponds to emission of GFP (Column 1), Alexa 594 (Column 2), WGA405 (Column
3), or an overlay of GFP, Alexa 594, and WGA405 channels (Column 4)

C. Background subtracted GxTX-594:GFP ratio for different GFP and K* channel subtypes
normalized to the average GxTX-594:Kv2.1-GFP ratio. The area of an image that

contained no cells was selected as background.

D. Pearson correlation coefficients between GxTX-594 and GFP. Pearson values were
calculated in imagedJ. Colocalization for individual cells was determined using hand

drawn ROIs around the cell membrane using the WGA405 fluorescence as a membrane

proxy.

Kv2.1n=11,Kv2.2n=9,Kv4.2 n =13, Kv1.5 =13, and BK n =12. For all K+ subtypes N=2. N
refers to the number of plates imaged for each transfected subtype and n refers to the number
of cells analyzed in each plate. The same cells were used for analysis in C and D. Scale bars

are 20 ym.
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Figure 3: GxTX594 binds Kv2.1 in the presence of its auxiliary subunit AMIGO-1.

A. Fluorescence from Kv2.1-CHO cells transfected with AMIGO-1-YFP. Imaging plane was
near the glass adhered cell surface. Cells were incubated in respective concentrations of
GxTX-594 for 15 minutes. GxTX-594 images in each panel represents fluorescence after
indicated concentration was washed out. Fluorescence shown corresponds to YFP
(Green) and Alexa 594 (Magenta). Scale bar is 20 pym.

B. Pearson correlation coefficient between YFP and GxTX-594. Amigo positive ROls were
used as a mask when measuring colocalization between Amigo-1-YFP and GxTX-594.
An exemplar ROI for AMIGO-1 positive cells is shown in A. n=8 N=3 (n is the number of
cells analyzed N is the number of dose response experiments performed).

C. Fluorescence intensity during the dose response experiment shown in A. The grey trace
represents AMIGO-1 positive (YFP positive) cells while the black trace represents
AMIGO-1 negative (YFP negative) cells . AMIGO-1 positive cells were selected by hand
drawing an ROI around cells that expressed AMIGO-YFP while AMIGO-1 negative cells
were selected by drawing an ROI around cells that showed evident GxTX-594 labeling
but no AMIGO-YFP expression. An exemplar of the ROI used for AMIGO-1 positive cells
is shown in A. Traces were not background subtracted but were normalized to the max
fluorescence that was reached during incubation with 1000 nM GxTX-594.

D. Changes in fluorescence were analyzed at each concentration from multiple dose
response experiments. Different symbols correspond to different experiments (N=3).
Global fits for the data were done using the Hill equation with the slope held at 1 to
obtain a dissociation constant (Kq) for GXxTX-594. The K4 from these fits are 26.7 nM +
14.3 for AMIGO-1 positive cells and 26.9 nM £ 8.3 for AMIGO-1 negative cells.
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Figure 4: GxTX-594 labeling responds to transmembrane voltage.

A

GxTx-594 fluorescence intensity on Kv2.1 expressing CHO cells incubated in 100 nM
GxTX-594 for 5 minutes. GxTx-594 was diluted to 9 nM before starting voltage stimuli.
Rows indicate voltage steps from a holding potential of -80 mV. Columns indicate time
after voltage steps. Images were taken at the solutions exposed surface which is higher

than the glass adhered surface. Scale bar is 10 ym.

. Representative traces for GxTX-594 labelling decay at indicated voltages. Traces were

fit with using Eq. 1. Fits are overlaid and are the same color as the corresponding trace.
The rate of fluorescence change (KAF) at each voltage were obtained from these fits.
The kAF measured for -40 mV, 0 mV, 40 mV and 80 mV were 2.2e-2 + 2.2e-3 s, 1.3e-1
+2.3e-3s", 2.6e-1+6.2e-3 s, and 5.3e-1 + 1.1e-2 s" respectively. ROIs were hand
drawn capturing the cell membrane based on GxTX-594 fluorescence. Background was
determined by taking the average fluorescence of a region that did not contain cells over
the time course of the voltage protocol. This average was subtracted from each
experimental group. Traces were normalized to initial fluorescence intensity before the
application of the voltage stimulus.

Change in fluorescence after maximal unlabeling (+80mV stimulus) for multiple CHO
cells. Each point represents one CHO cell. Background subtraction and normalization

methods are the same as described in B.

. Decrease in fluorescence at increasing voltages for multiple cells (Different colors

represents different cells) when stepped to indicated voltages from a holding potential of
-80 mV for 50 s. Error bars are Standard Error of Mean from average fluorescence
change at each voltage. Black line represents global fit when all the data were fit using
the Boltzmann equation (V12 =-27.39 £ 2.48, z= 1.38 + 0.13, n held at 1, A held at -100).
Blue line represents decreases in fluorescence at increasing voltages derived from the
model shown in scheme B at a concentration of 10 nM. Note the close overlap between
experimental and model generated data set. Traces were normalized to initial
fluorescence intensity at -80 mV before the application of the voltage stimulus.
Additionally, the plot was scaled by subtracting the residual fluorescence intensity after a
+80 mV step.

GxTX-594 unlabeling rates (kAF) at increasing voltages for multiple cells (Different
colors represent different cells). Rates were obtained from fitting decreases in

fluorescence with Eqg. 1 as shown in B, except for the rates at -80 mV which were
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obtained by fitting increases in fluorescence after depolarization steps with Eq. 1. Error
bars are the Standard Error of Mean from the average rate of fluorescence change at
each voltage. Black line represents a global fit when all data were fit using the
Boltzmann equation (V12 =2.26 + 7.89, z= 1.14 £ 0.38, nis held at 1, Ais 1.61). Blue line
represents the rates of fluorescence change at increasing voltages derived from the

model shown in scheme B at a concentration of 10 nM.

Figure 4 Supplement 1: GxTX-594 kinetics is impacted by restricted regions.

A

D.

GxTX-594 fluorescence from Kv2.1 channels in CHO cells. Image plane is near the
glass-adhered surface. ROls are indicated in yellow. Scale bar is 10 um

Representative traces for GxTX-594 labelling decay at indicated voltages. Traces were
fit using Eq. 1 for both unlabeling at 40mV and labeling at -80 mV. Fits are overlaid and
are in red. The rate of fluorescence change (kAF) at each ROI was obtained from these
fits. The KAF measured during the 40mV step for ROI 1, 2, 3 and 4 were 4.3e-2 £ 2.6e-3
s, 4.4e-2+ 1.6e-3s",5.7e-2 £ 1.5e-3 s, and 9.7e-2 + 3.3e-3 5" respectively. The kAF
measured when cells were returned to -80mV for ROI 1, 2, 3 and 4 were 4.3e-4 + 1.1e-5
s, 7.9e-4 +5.3e-6 s, 2.8e-3 + 7.4e-6s", and 5.5e-3 + 1.3e-4 s respectively. ROl 4
was hand drawn capturing the cell membrane based on GxTX-594 fluorescence. ROI
1,2, and 3 are concentric circles. Background was determined by taking the average
fluorescence of a region that did not contain cells over the time course of the voltage
protocol. This average was subtracted from each experimental group. Traces were
normalized to initial fluorescence intensity before the application of the voltage stimulus.
The off rate at 40 mV for multiple cells when ROIs were drawn as depicted in A.
Individual cells are represented by different colors.

The on rate at -80 mV for multiple cells when ROIs were drawn as depicted in

Individual cells are represented by different colors.
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Figure 4 Supplement 2: Temperature dependence of GxTX-594 on Kv2.1 CHO cells.

A. Representative traces for GxTX-594 labelling decay when depolarized to 0 mV from a
holding potential of -80 mV at 27°C (black) and 37°C (gray). Traces were fit with using
Eq. 1. Fits are overlaid and are the same color as the corresponding trace. The rate of
fluorescence change (kAF) at both temperatures were obtained from these fits. The kAF
measured for 27°C (black) and 37°C (gray) were 2.8e-2 + 3.9e-3 s, and 7.5e-2 * 5.4e-
3. Background was determined by taking the average fluorescence of a region that did
not contain cells over the time course of the voltage protocol. This average was
subtracted from each experimental group. Traces were normalized to initial fluorescence
intensity before the application of the voltage stimulus.

B. Rate of fluorescence change in multiple cells at 27°C and 37°C. The rate of fluorescence
change is significantly faster at higher temperatures (p=0.0005). A Q10 of 3.8 was

calculated between 27°C and 37°C. Each point represents one cell n=7.
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Figure 5: GxTX-594 fluorescence has a frequency dependence

A. GxTx-594 fluorescence intensity on Kv2.1 expressing CHO cells incubated in 100 nM
GxTX-594 for 5 minutes. GxTx-594 was diluted to 9 nM before starting frequency stimuli.
GxTX-594 fluorescence before frequency stimulus (Left), after 50s of 200 Hz stimulus
(Middle), and 100 s after the cell is returned to resting potential of -80 mV (Right). Note
that in each panel the unpatched cell (left cell) does not show a change in fluorescence.
Scale bar is 10um.

B. Representative trace for GxTX-594 unlabeling at 200 Hz. The trace was fit using Eq. 1.
Fit is overlaid and is in red. The rate of fluorescence change kAF) at 200 Hz was
obtained from this fit. The KAF measured for 200 Hz was 0.223 + 9.96e-3 s™'. ROIs were
hand drawn capturing the cell membrane based on GxTX-594 fluorescence. Background
was determined by taking the average fluorescence of a region that did not contain cells
over the time course of the frequency protocol. This average was subtracted from each
experimental group. Traces were normalized to initial fluorescence intensity before the
application of the frequency stimulus.

C. Decrease in fluorescence at increasing frequency for multiple cells (Different colors
represents different cells) when stepped to indicated frequencies from a holding potential
of -80 mV. Error bars are Standard Error of Mean from average fluorescence change at
each frequency. Black line represents global fit when all the data were fit using the
Boltzmann equation (V12 =-0.35 + 0.035, z= 51.2 + 4.2, n held at 1, A held at -1). Blue
line represents decreases in fluorescence at increasing voltages derived from the model
shown in scheme B at a concentration of 10 nM. Traces were normalized to initial
fluorescence intensity at -80mV before the application of the frequency stimulus.

D. GxTX-594 unlabeling rates (kAF) at increasing frequencies for multiple cells (Different
colors represent different cells). Rates were obtained from fitting decreases in
fluorescence with Eq. 1 as shown in B. Error bars are the Standard Error of Mean from
the average rate of fluorescence change at each frequency. Black line represents a
global fit when all data were fit using the Boltzmann equation (V1. =-0.67 + 0.007, z=
79.8 £1.9,nis held at 1, A is 1.29). Blue line represents the rates of fluorescence
change at increasing frequencies derived from the model shown in scheme B at a

concentration of 10 nM.
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Figure 6: Model of GxTX-594 binding relates fluorescence response to probability of
channel activation.

A. Model predicted changes in fluorescence at different voltages for indicated
concentrations (Left). Relation between change in fluorescence and probability of
activation at various concentrations (Right). Dotted black line represents the probability
that unliganded voltage sensors are active at different voltages based on a 4th order
Boltzmann distribution.

B. Model predicted rates for changes in fluorescence at different voltages for indicated
concentrations (Left). Relation between rates of fluorescence change and probability of

activation (Right).
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Figure 7: GxTX-594 labels CA1 hippocampal pyramidal neurons transfected with Kv2.1-

GFP.

A

Rat CA1 hippocampal pyramidal neuron four days after transfection with Kv2.1-GFP
(Left), labeled with 100 nM GxTX-594 (Middle) and overlay (Right). Kv2.1 four days after
transfection exhibits a dispersed expression pattern through the soma and dendrites
Rat CA1 hippocampal pyramidal neuron six days after transfection with Kv2.1-GFP
(Left), labeled with 100 nM GxTX-594 (Middle) and overlay (Right). Kv2.1 six days after
transfection exhibits a clustered expression pattern through the soma and dendrites
GxTX-594 labels both Kv2.1- GFP punctae and endogenous Kv2.1 channels in the
same frame.

Pearson correlation coefficients from CA1 hippocampal neurons six days after
transfection with Kv2.1-GFP shows a high degree of colocalization. Each point
represents a different neuron (n=6). Colocalization analysis combines Kv2.1-GFP

transfected neurons from both four days and six days post transfection

All scale bars are 10 ym.

Figure 7 Supplement 1: GxTX-594 labels CA1 hippocampal pyramidal neurons transfected
with Kv2.1-GFP.
A. Rat CA1 hippocampal pyramidal neuron two days after transfection with Kv2.1-GFP

(Left), labeled with 100 nM GxTX-594 (Middle) and overlay (Right).

Rat CA1 hippocampal pyramidal neuron four days after transfection with Kv2.1-GFP
(Left), labeled with 100 nM GxTX-594 (Middle) and overlay (Right). Kv2.1 four days after
transfection exhibits a dispersed expression pattern through the soma and dendrites
Rat CA1 hippocampal pyramidal neuron six days after transfection with Kv2.1-GFP
(Left), labeled with 100 nM GxTX-594 (Middle) and overlay (Right). Kv2.1 six days after

transfection exhibits a clustered expression pattern through the soma and dendrites
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Figure 8: GxTX-594 puncta on hippocampal CA1 neurons are sensitive to voltage

stimulus

A

2-photon excitation image of fluorescence from CA1 pyramidal neurons in a cultured
hippocampal slice after incubation with 100 nM GxTX-594. This projected image was
reconstructed from a series of optical slices. Scale bar is 10 ym.

Response of GxTX-594 fluorescence to depolarization. A whole cell patch-clamped
neuron was held at indicated voltage. Text label indicates approximate position of the
patch-clamp pipette. Red arrows indicate stimulus-sensitive clusters, white arrows
indicate stimulus-insensitive clusters. Images are of a single 2-photon excitation optical
slice. Left panel is the average fluorescence of the three frames before depolarization
while the right panel is the average fluorescence of three frames at 30, 40, and 50
seconds after depolarization. Scale bar is 10 um. A movie of time-lapse images the
experiment can be found in the supplementary materials.

Regions of interest used in analysis for panels D, E, and F. Same slice as panel B. ROI
1 contains the apparent plasma membrane of the cell body of the patch-clamped
neuron, it was generated by drawing a path tracing the apparent plasma membrane and
then expanding to an ROI containing 15 pixels on either side of the path (4.8 um total
width). ROI 2 contains the area 15-45 pixels outside the membrane path (4.8 um total
width). RO1 3 contains the area more than 45 pixels outside of the membrane path. ROI
0 contains the area more than 15 pixels inside the membrane path. Scale bar is 10um.
Fluorescence from each ROI shown in C. Squares represent ROI 0, circles represent
ROI 1, upward triangles represent ROI 2 and upside-down triangles represent ROI 3.
0% F/Finit (background) was defined as the mean fluorescence of ROI 0 during the
experiment. 100% F/Fi,i was defined as the mean fluorescence of ROI 1 during the first
six frames, after subtraction of background. Dashed lines represent the average
fluorescence of the first six frames of each ROI. The voltage protocol is shown above.
Change in fluorescence during 0 mV step for different ROls in multiple hippocampal
slices. ROls defined by method in panel C. Circles represent mean fluorescence from six
frames during 0 mV stimulus, normalized to mean fluorescence from same ROl in six
frames before stimulus. Circle color is consistent between ROls for each hippocampal
slice, red circles are slice in panel D. Black bars are mean £+ SEM from 3 hippocampal
slices.

Kinetics of fluorescence change during a 0 mV step from ROI 1 in multiple hippocampal

slices. ROI 1 defined by method in panel C. Lines are single exponential fits (Eq.1). kar =
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0.068 + 0.026 s (yellow), 0.068 + 0.046 s™ (red), and 0.049 + 0.021 s™ (green). The
voltage protocol is shown above.

G. Region of interest used in analysis for panels H, |, and J. Same images as panel C, left
image. The shaded ROI was generated by drawing a path tracing the apparent plasma
membrane and then expanding to an ROI containing 5 pixels on either side of the path
(1.6 um total width). Numbers indicate puncta that appear as peaks in panel H. Scale
bar is 10um.

H. A plot of the fluorescence intensity along the ROl shown in panel G before (red line) and
during (black line) 0 mV stimulus. Numbers above peaks correspond to puncta labeled in
panel G. Red line: mean fluorescence intensity during the three frames immediately
before the stimulus, normalized to mean intensity of entire ROI, plotted against distance
along path. Black line: mean fluorescence intensity during the three frames at 30, 40,
and 50 seconds after the 0 mV stimulus began, normalized by the same value as the red
line.

I.  Kinetics of fluorescence change of individual puncta from panel G. Asterisks indicate
mean fluorescence intensity puncta 1 (red), 4 (yellow), and 5 (blue). Lines are single
exponential fits (Eq.1). kar = 0.071 £ 0.029 s (red), 0.067 + 0.025 s (yellow) and 0.119
+0.056 s (blue). Fits to other puncta had errors larger than kar values. Values are
means of all distances within the width at half maximum of each peak, as determined by
eye. 100% F/Fint was defined as the mean background subtracted fluorescence of the
puncta during the six frames before stimuli. The voltage protocol is displayed above.
Note that only 3 puncta are shown in this figure, this was because kar values were
excluded for puncta which had fit errors larger than the kar.

J. Comparison of fluorescence change in response to 0 mV stimulus of puncta and inter-
puncta regions. The distances before stimulus shown in the red line of panel H that had
F/Finit =2 1 (above average) were binned separately from distances with F/Fi.it < 1. The
mean fluorescence of each region during 0 mV stimulus, panel H black line, was
compared to the fluorescence before stimulus, panel H red line. Circles indicate values
from three independent hippocampal slices, colors indicate same slices as panel E.
Black bars are mean + SEM from the 3 hippocampal slices.

K. Rate of fluorescence change of GxTX-594 after a OmV stimulus from puncta (as in panel
), ROI 1 (as in panel F) or Kv2.1-CHO (as in Figure 4 B) cells under similar conditions
as neurons in hippocampal slices. Kv2.1-CHO cells were recorded from at the same

temperature as neurons (30 °C), in the presence of 100 nM GxTX-594, and using
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neuronal intracellular solution. Kv2.1-CHO measurements were made by airydisk
confocal imaging and used normal CHO extracellular solution. Black bars are mean +

SEM from data shown.
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MATERIALS AND METHODS

GxTX594 synthesis

The GxTX peptide used was a guangxitoxin-1E variant. GxTX was functionalized at serine 13
and replaced with a spinster thiol cysteine. Methionine 35 was replaced with norleucine to help
prevent oxidation. This peptide was synthesized as described (Tilley et al. 2014).

GxTX was labeled with a Texas red derivative (Alexa Fluor 594 Cs maleimide, ThermoFisher
Scientific, 10256, Waltham, MA). To label the peptide, GxTX lyophilisate was brought to 560 uM
in 50% ACN + 1 mM Na;EDTA. 2.43 uL of (1M Tris, pH 6.83), 4 uL of (10 mM of maleimido-
fluorophore in DMSO) and 17.9 uL of (560 uM GxTX-Ser 13-Cys) were added to get a final
molarity of 100 mM Tris, 1.6 mM fluorophore and 0.412 mM GxTX in 24.33 uL of reaction
solution. Reactants were mixed in a 1.5 mL low protein binding polypropylene tube (LoBind,
Eppendorf, Hauppauge, NY) and mixed at 1000 RPM, 20°C for 4 hours (Thermomixer R,
Eppendorf). After incubation the tube was centrifuged at 845 RCF for 10 minutes at room
temperature. A purple pellet was observed post-centrifugation. The supernatant was transferred
to a fresh tube and centrifuged at 845 RCF for 10 minutes. After this 2" centrifugation, no
visible pellet was seen. The supernatant injected onto a reverse phase HPLC C+g column
(Biobasic- 4.6mm RP-C+ 5 um, Thermo Scientific 72105-154630) equilibrated in 20% ACN,
0.1% TFA at 1 mL/min and eluted with a protocol holding in 30% ACN for 2 minutes, increasing
to 30% ACN over 1 minute, then increasing ACN at 0.31% per minute. HPLC effluent was
monitored by fluorescence and an absorbance array detector. 1 ml fractions were pooled based
on fluorescence (280 nm excitation/ 350 nm emission) and absorbance (214 nm, 280 nm and
594 nm). GxTX-594 peptide-fluorophore conjugate eluted at approximately 35% ACN, and mass

was confirmed MALDI-TOF mass spectrometry.

Brain slice methods

Hippocampal slice culture preparation and transfection

All experimental procedures were approved by the University of California Davis Institutional
Animal Care and Use Committee and were performed in strict accordance with the Guide for the
Care and Use of Laboratory Animals of the NIH. Animals were maintained under standard light
dark cycles and had ad libitum access to food and water. Organotypic hippocampal slice
cultures were prepared from postnatal day 5-7 rats, as described (Stoppini, Buchs, and Muller
1991)and detailed in the video protocol(Opitz-Araya and Barria 2011). DIV15-30 neurons were

transfected 2, 4 ,or 6 days before imaging via biolistic gene transfer (160 psi, Helios gene gun,
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Bio-Rad), as described in the detailed video protocol(Woods and Zito 2008). 10 ug of plasmid

was coated to 6-8 mg of 1.6 um gold beads.

Two-photon slice imaging

Image stacks (512*512 pixels, 1 mm Z-steps; 0.035 pm/pixel) were acquired using a custom 2-
photon microscope (Olympus LUMPLFLN 60XW/IR2 objective, 60x, 1.0 NA) with two pulsed
Ti:sapphire lasers (Mai Tai: Spectra Physics) tuned to 810 nm (for GxTX594 imaging) and 930
nm (for EGFP imaging) and controlled with Scanimage (Pologruto, Sabatini, and Svoboda
2003). After identifying a neuron expressing Kv2.1-GFP, perfusion was stopped and GxTX-594
was added to the static bath solution to a final concentration of 100 nM. After five minutes
incubation, perfusion was restarted, leading to wash-out of GxTX-594 from the slice bath. Red
and green photons emitted from the sample were collected with two sets of photomultiplier
tubes (Hamamatsu R3896).

Whole-cell slice recording

6 to 7 day old organotypic hippocampal slice cultures, that had not been transfected, were
transferred to an imaging chamber with recirculating ACSF maintained at 30°C. To hold the
slice to the bottom of the chamber, a horseshoe-shaped piece of gold wire was used to weight
the membrane holding the slice. ACSF contained (in mM) 127 NaCl, 25 NaHCO3, 25 D-
glucose, 2.5 KCI, 1.25 NaH2PO4, 1 MgCl2, 2 CaCl2, 200 nM TTX, pH 7.3 and aerated with
95% 02/ 5% CO2 (~310mOsm). 4 mL of 100nM GxTX-594 in ACSF were used in the
circulating bath to allow the toxin to reach the slice and reach the desired concentration of 100
nM throughout the circulating bath. Images were acquired beginning 3 minutes after GxTX-594
was added. Apparent CA1 neurons with GxTX-594 labeling in a Kv2-like pattern were selected
for whole cell patch clamp. Voltage clamp was achieved using an Axopatch 200B amplifier
(Axon Instruments) controlled with custom software written in Matlab (MathWorks, Inc.). Patch
pipettes (5-7 MQ) were filled with intracellular solution containing (in mM): 135 Cs-
methanesulfonate, 10 Na2-phosphocreatine, 3 Na-L-ascorbate, 4 NaCl, 10 HEPES, 4 MgCl2, 4
Na2ATP, 0.4 NaGTP, pH 7.2. Neurons were clamped at -70 mV. Input resistance and holding
current were monitored throughout the experiment. Cells were excluded if the pipette series
resistance was higher than 25 MQ or if the holding current exceeded -100 pA. Neurons with a
resting membrane potential of -65 +/- 5 mV were selected for imaging experiments. To activate

Kv2 channels, a 50 s depolarizing step from -70 mV to 0 mV was given.
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Image analysis

Fluorescence images were analyzed using ImageJ 1.47 software (Schneider, Rasband, and
Eliceiri 2012) . Regions of interest (ROIs) were selected manually. Fluorescence intensity (F)
was background subtracted using mean F of a region lacking cells. For F/Fi.: normalization, F
was the mean preceding stimuli, or the max observed intensity in dose response experiments.

Time dependence of fluorescence intensity was fit with a single exponential decay (Eq. 1).

(t=to)

F=F,+Ae = (Equation 1)

Fo corresponds to initial intensity and t, corresponds to initial time. The variables A, tand t
correspond to the amplitude, time and rate constant, respectively. For colocalization analyses
the Pearson coefficient was calculated using the JACoP plugin (Bolte and Cordelieres 2006) .
Plotting and curve fitting was performed with IgorPro software (Wavemetrics, Portland, OR),
which performs nonlinear least-squares fits using a Levenberg-Marquardt algorithm. Standard
deviations are reported in text from individual fits. Arithmetic means are reported for intensity
measurements. Geometric means are reported for time constants and rates. Error bars indicate

standard errors. Statistical comparison was carried out by a Mann-Whitney U test.

CHO cell methods

CHO cell culture and transfection

CHO-K1 (ATCC) and a variant stably transfected with tetracycline inducible rat Kv2.1 construct
(Kv2.1 TREx CHO) were cultured as described previously (Tilley et al. 2014). To induce channel
expression in the Kv2.1 TREx CHO cells (Trapani and Korn 2003), 1 ug/mL minocycline (Enzo
Life Sciences, Farmingdale), prepared in 70% ethanol at 2 mg/mL, was added to the
maintenance media to induce K* expression. Minocycline was added 40-48 hours before
imaging and voltage clamp fluorometry experiments.

Transfections were achieved with Lipofectamine 2000 (Invitrogen, Product Number 11668027,
Lot Number 1888663). 1.1 uL of Lipofectamine was diluted, mixed, and incubated in 110 pL of
Opti-MEM (Gibco, Product Number 31985-062, Lot Number 1917064 ) in a 1:100 ratio for 5
minutes at room temperature. Concurrently, 1 ug of plasmid DNA and 110 uL of Opti-MEM were
mixed in the same fashion. After incubation, the DNA and Lipofectamine 2000 mixtures were
combined, titurated, and allowed to incubate for 20 minutes. Transfection cocktail mixture was
added to freshly seeded cells at approximately 40% confluency and allowed to settle at 37°C.

The transfection cocktail was added to cells for 4-6 hours before the media was replaced. Rat
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Kv2.1-GFP (Antonucci et al. 2001), rat Kv2.2-GFP (Kirmiz, Palacio, et al. 2018)(Kirmiz, Vierra,
et al. 2018), rat Kv1.5-GFP (Li et al. 2001), rat Kv4.2-GFP (Shibata et al. 2003), mouse BK-
GFP, rat Kv2.1 S586A-GFP (Kirmiz, Palacio, et al. 2018), rat AMIGO-YFP (H | Bishop et al.
2015), Kv Beta 2 (Shibata et al. 2003) and K CHiP2 plasmids were all kind gifts from James
Trimmer, University of California, Davis. Identity of constructs were confirmed by sequencing

from their CMV promoter.

Confocal imaging

The CHO cell external (CE) solution used for imaging and electrophysiology contained (in mM):
3.5 KCl, 155 NaCl, 10 HEPES, 1.5 CaCl,, 1 MgCl., adjusted to pH 7.41 with NaOH. Osmolarity
was 315 mOsm. When noted, solution was supplemented with either 10 mM glucose (CEG) or
10 mM glucose and 1% BSA (CEGB).

Confocal images were obtained with an inverted confocal system (Zeiss LSM 880 410900-247-
075) run by ZEN black v2.1. A Plan Apochromat 63x/1.40 NA Oil immersion DIC objective
(Zeiss 420782-9900-799) was used for imaging experiments; a 63x/ 1.2 Water DIC Ill objective
(Zeiss 441777-9970-000) and voltage clamp fluorometry experiments. GFP and YFP were
excited with the 488 nm line from an argon laser (3.2 mW at installation) powered at 0.5%
unless otherwise noted. GxTX594 was excited with 594 nm helium-neon laser (0.6 mW at
installation) powered at 10% unless otherwise noted. WGA-405 was excited with a 405 nm
diode laser, (3.5 mW at installation) powered at 1% unless otherwise noted. Temperature inside

the microscope housing was 27-30 °C.

In confocal imaging mode, fluorescence was collected with the microscope’s 32-channel gallium
arsenide phosphide detector array arranged with a diffraction grating to measure 400-700 nm
emissions in 9.6 nm bins. Emission bands were 495-550 nm for GFP and YFP, 605-700 nm for
GxTX594, and 420-480 nm for WGA-405. Point spread functions were calculated using ZEN
black software using emissions from 0.1 um fluorescent microspheres, prepared on a slide
according to manufacturer’s instructions (ThermoFisher T7279) and. The point spread functions
for confocal images with the 63x/1.40 QOil DIC objective in the X-Y direction were: 228 nm (488

nm excitation) and 316 nm (594 nm excitation).

In Airy disk imaging mode, fluorescence was obtained with a 32-channel gallium arsenide

phosphide detector array arranged in a concentric hexagonal pattern (Zeiss Airyscan 410900-
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2058-580). Point spread functions were calculated using ZEN black software using emissions
0.1 um fluorescent microspheres, prepared on a slide according to manufacturer’s instructions
(ThermoFisher T7279). After deconvolution, the point spread functions for the 63x/1.40 NA Oil
DIC objective were: 124 nm in X-Y and 216 nm in Z (488 nm excitation); 168 nm in X-Y and 212
nm in Z (594 nm excitation).

For 63x/1.20 Water DIC Il objective after deconvolution, the point spread function for 488 was
187nm in X-Y and 214nm in Z. The PSF for 594 was 210 nm in X-Y and 213 nm in Z.

Prior to imaging, cell maintenance media was removed and replaced with CEGB.

For time-lapse, dose-response experiments, cells were incubated in the microscope chamber
with indicated concentrations of GxTX594 for 10 minutes followed by manual wash-out with
CEGB solution. 15 minutes after wash-out, GxTX594 was added again at a 10-fold higher
concentration. Washout and toxin solutions were added manually via a syringe into a ~100 uL
perfusion chamber (Warner Instrument RC-24N). Flow rate was ~1mL/10sec. Images were
taken every 5 sec. Laser power was set to 0.5% for the 488 nm laser and 1.5% for the 594 nm
laser.

For all other imaging experiments, cells were plated in uncoated 35 mm dishes with an inset No.
1.5 coverslip (MatTek P35G-1.5-20-C).

For colocalization experiments with GFP-tagged proteins, cells were incubated in 100 nM

GxTX594 for 5 minutes and then thoroughly washed in CEGB before imaging.

CHO cell voltage clamp fluorometry

Kv2.1-TREx-CHO cells plated in glass bottom 35 mm dishes were washed with CEGB, placed
in the microscope, and then incubated with 100 uL of 100 nM GxTX594 for 5 minutes to rapidly
load cells. Before patch clamping, the solution was diluted with 1 mL of CEG for a working
concentration of 9 nM GxTX594 during experiments. Cells with obvious GxTX594 surface
staining were voltage clamped in whole cell mode with a patch clamp amplifier (HEKA EPC-10)
run by Patchmaster software (HEKA, Bellmore, NY). The patch pipette contained a potassium-
deficient cesium internal pipette solution to limit channel conductance and reduce voltage error:
70 mM CsCl, 50 mM CsF, 35mM NaCl, 1 mM EGTA, 10 mM HEPES, brought to pH 7.4 with
CsOH. Osmolarity was 310 mOsm. The calculated liquid junction potential of 3.5 mV was not
accounted for. Borosilicate glass pipettes (Sutter BF 150-110-10HP) were pulled with blunt tips
to resistances less than 3.0 MQ in these solutions. Cells were held at -80mV unless noted and
stepped to indicated voltages. The voltage step stimulus was held until there was an observed a

change in fluorescence. For stimuli frequency dependence experiments, cells were given 2 ms
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steps to 40 mV at various frequencies (0.02, 5, 10, 20, 50,100,150 or 200 Hz). Images for
voltage clamp fluorometry were taken using the Airy-disk detector with the settings described
above.

Electrophysiology

Whole cell voltage clamp was used to measure currents from CHO cells transfected with Kv2.1-
GFP, Kv2.2-GFP, Kv1.4-GFP, Kv4.2-GFP, BK-GFP or GFP using the methods mentioned
above. Cells were plated on glass bottom dishes and media replaced with CEG just before
recording. Cells were held at -80 mV, then 100 ms voltage steps were delivered ranging

from -80 mV to +80 mV in +5 mV increments. Pulses were repeated every 2 seconds. The
external (bath) solution contained CE solution. The internal (pipette) solution contained (in mM):
35 KOH, 70 KCl, 50 KF, 50 HEPES, 5 EGTA adjusted to pH 7.2 with KOH. Liquid junction
potential (calculated to be 7.8 mV) was not corrected for. Borosilicate glass pipettes (Sutter
Instruments, Cat #BF150-110-10HP) with resistance less that 3 MQ were used to patch the
cells. Recordings were at room temperature (22—24 C). Voltage clamp was achieved with an
Axon Axopatch 200B amplifier (MDS Analytical Technologies, Sunnyvale, CA) run by
PATCHMASTER software, v2x90.2 (HEKA, Bellmore, NY). Holding potential was -80 mV.
Capacitance and Ohmic leak were subtracted using a P/5 protocol. Recordings were low pass
filtered at 10 kHz and digitized at 100 kHz. Voltage clamp data were analyzed and plotted with
IGORPRO software, version 7 (Wavemetrics, Portland, OR,). Current amplitudes at each
voltage were the average from 0.19-0.20 s after voltage step. As the experiments plotted in
Figure 6 Supplement 1A were merely to confirm functional expression of ion channels at the cell
surface, series resistance compensation was not used and substantial cell voltage errors are

predicted to result.
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