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Preface 

I am interested in understanding how ionic conductances integrate during pathophysiological 

and physiological signaling events. Ion channels are specialized proteins that can form a passageway 

through the cellular membrane for charged ions to move down their electrochemical gradient. Since the 

electrochemical gradient is dictated by both the difference in ionic concentration and charge across a 

membrane, any ionic flux readjusts the driving force that defines how ionic conductances flow. As such, 

ion channels feed back on their own activities and on the activities of other proximal ion channel 

populations, both promoting and partaking in complex electrical cascades. A subclass of ion channels 

further defines electrical activity through characteristic voltage dependence such that ionic flux is gated 

to only occur in response to certain membrane potentials. The mechanisms that define the gating of these 

voltage-gated ion channels are ingrained within the protein sequence and structure of that individual 

channel. However, factors not directly dictated by ion channel protein sequence can redefine the voltage 

dependence of ion channel activity, further modulating how that ion channel participates in complex 

electrical cascades. Deciphering the role of a single ion channel subtype during these symphonic 

signaling events is very difficult. But since many of life’s processes depend on maintaining a harmonious 

and regulated flow of ions, understanding the role of each player will better prepare us for addressing the 

cacophonous consequences when ionic flow goes awry.  

One such example of ionic flow gone awry is in ischemic stroke. Stroke is the 5th leading cause of 

death and a major contributor to disability in the USA (1). Of all stroke cases, ischemic stroke accounts for 

87% (1). During ischemia, the voltage-gated potassium ion channels of subtype 2 (Kv2), are heavily 

modulated and their expression and their K+ conductance is linked to neuronal death. Characterizing the 

actions of Kv2 channels during ischemia is important for understanding stroke-induced neuronal death 

and future development of therapeutics. 
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Kv2 ion channels are highly expressed in most central neurons (2) in distinct punctate clusters (3). 

These channels respond to cellular depolarization to regulate the efflux of potassium and control 

electrical excitability (4–7). Kv2’s electrical properties are dynamically regulated by intracellular ionic 

composition (8), expression level (9), phosphorylation state (10), expression morphology (11–15), and 

subcellular expression patterns (16). Due to this dynamism, identifying the precise role Kv2 channels play 

in shaping an electrical signal is difficult. Kv2 channels are hypothesized to modulate their activity in 

excitotoxic insults, like ischemic attack (17). During a cerebral ischemic stroke, decline in blood flow and 

oxygen deprivation lead to dysregulation of ionic homeostasis within the brain (18). Neurons become 

hyperexcitable, intracellular calcium drastically increases, and excitotoxic cascades are initiated (19) 

resulting in neurodegeneration. Previous studies suggest that Kv2 ion channels become very active 

during ischemia (17), suppress electrical excitability (5–7), and provide neural protection from excitotoxic 

signaling. However, there has also been evidence that excessive efflux of potassium through Kv2 

channels during ischemia can trigger apoptotic cascades leading to neuronal death (20–22). Both 

proposed responses assume a dramatic increase in the number of active Kv2 channels. However, due to 

technological limitations, the hypothesized mass activation has never been observed in real time or in 

vivo. In vitro studies propose a putative mechanism for mass activation. Increases in intracellular Ca2+ 

during ischemia lead to biochemical modification of Kv2 channels, changed expression morphology from 

clustered punctate to diffuse, and cause a heightened sensitivity to voltage (23). Lowering the threshold 

for voltage-activation could lead to mass activation of Kv2 channels (17). However, the biophysical 

mechanism through which Kv2 channels can shift their voltage-dependence is unknown. 

 The pathophysiological modification of Kv2 channels presupposes an integral 

electrophysiological role in the ischemic response. However, gaps in understanding the actions of Kv2 

channels during ischemic insult limit our comprehension of how the channels participate in complex 

electrical cascades. 
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Filling in the knowledge gaps of how Kv2 ion channels contribute to neuronal circuitry, respond 

to ischemic insult, and modulate their function is technically difficult in vivo. Neurons possess a variety of 

electrical signaling patterns ranging in shape, size, and frequency. The summed conductance from the 

dynamic and distinct collection of ion channels present in any particular neuron creates this diversity. 

Despite advances made with patch-clamp recording and heterologous expression of cloned channels, our 

understanding of how different ionic conductances form a unified electrical signal is still incomplete, 

even in the best-studied neurons (24). Because ionic currents can be controlled-by and are effectors-of 

voltage change, the role of any singular ion channel is crucially dependent on the other conductances 

present in a cell. Adding or removing a particular channel can have counter-intuitive effects, potentially 

limiting the interpretability of classical genetic or technological approaches (24). Specifically, prior 

conclusions regarding the basal functions of Kv2 channels based on studies using channel blockers or 

genetic manipulation (6, 25–28) are not obviously reconcilable with recent electrophysiology studies (29). 

Moreover, techniques that exist to catalog the channels expressed in a neuron or to record the ensemble 

ionic flux are problematic when studying live Kv2 dynamics which are regulated by Ca2+ dependent 

mechanisms. Altogether, technological limitations have restricted our ability to probe Kv2 channel 

activation during signaling events, especially in native tissue.  

This goal of this thesis research is two-fold, to (1) develop technologies for live, cellular and 

subcellular resolution of subtype-specific ion channel activation in native systems, and (2) describe the 

biophysical mechanism through which Kv2 channels shift their voltage-dependence. During ischemic 

conditions, Kv2 channels shift their voltage-dependence through a phosphorylation-dependent 

mechanism (17). However, since phosphorylation status is subject to the whims of cell regulation (30, 31), 

phenomena that depend on phosphorylation can be challenging to control. To similarly interrogate the 

biophysical mechanisms that could underlie the shifting of Kv2 voltage-dependence by a method that 

does not directly depend on phosphorylation, this thesis explores the Kv2.1-AMIGO1 interaction. 
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AMIGO1 is an extracellular adhesion molecule that is also an auxiliary subunit to Kv2 channels (32, 33). 

AMIGO1 modulates ionic conductances of Kv2 channels, yet the underlying mechanism is unknown (33).  

Within this thesis, I will introduce a family of ion channel auxiliary subunits and discuss how 

these proteins mediate the flux through their voltage-gated ion channel partners. This group of auxiliary 

subunits also exhibit adhesion-type functions and I will review these roles as well, discussing the possible 

interplay between auxiliary and adhesive functions (Chapter 1). I then describe the development of a 

family of tools that deciphers changes in Kv2 ion channel activity (Chapter 2 and Appendix A). Next, I 

will convey how these tools can be deployed to interrogate the biophysical mechanism through which 

AMIGO1 modulates Kv2.1 voltage dependence to change ion channel activity (Chapter 3 and Appendix 

B). Finally, I present concluding ideas and open questions that can be further investigated to better 

understand how ionic conductances integrate during pathophysiological and physiological signaling 

events (Chapter 4). 
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Abstract 

Voltage-gated potassium (Kv) channels sense voltage and facilitate transmembrane flow of K+ to 

control the electrical excitability of cells. The Kv2.1 channel subtype is abundant in most brain neurons 

and its conductance is critical for homeostatic regulation of neuronal excitability. Kv2.1 channel must 

progress through a series of conformational changes, including consecutive voltage-sensor activation and 

pore opening, to permit the flux of this potassium conductance. Many forms of regulation modulate 

Kv2.1 conductance, yet the biophysical mechanisms through which the conductance is modulated are 

unknown. In my thesis research, I helped develop two molecular tools to track and control Kv2.1 ion 

channel conformational change to interrogate which conformational changes are modulated to alter 

Kv2.1 conductance.  

For the first method, I synthesized GxTX–594, a variant of the peptidyl tarantula toxin 

guangxitoxin-1E (GxTX-1E), conjugated to a fluorophore (AlexaFluor-594) optimal for two-photon 

excitation imaging through light-scattering tissue. GxTX–594 targets the voltage sensors of Kv2 proteins 

and dynamically labels cell surface Kv2 proteins, responding to voltage stimulation and the 

conformational state of the voltage sensor. To interpret dynamic changes in fluorescence intensity, we 

developed a statistical thermodynamic model that relates the conformational changes of Kv2 voltage 

sensors to degree of labeling. This tool permitted us to visually determine the conformational state of 

endogenous Kv2 voltage sensors in live hippocampal tissue. For the second method, we synthesized 

GxTX Ser13Pra(JP) and GxTX Lys27Pra(JP), different variants of guangxitoxin-1E conjugated to an 

fluorophore, JP (julolidine phenoxazone), that has an inherent response to the polarity of its immediate 

surroundings. GxTX–JP variants offer site-specific structural insight into Kv2.1 voltage sensing domain 

allostery that occurs during membrane depolarization. Using voltage-clamp spectroscopy to collect 

emission spectra as a function of membrane potential, we found that emission spectra of these tools vary 

with toxin labeling site, the presence of Kv2 channels, and changes in membrane potential. With a high-
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affinity conjugate in which the fluorophore itself interacts closely with the channel, the emission shift 

midpoint is 50 mV more negative than the Kv2.1 gating current midpoint. This suggests that substantial 

conformational changes at the toxin−channel interface are associated with early gating charge transitions 

and these are not concerted with voltage sensing domain motions at more depolarized potentials. 

I then deployed these tools to investigate a biophysical mechanism through which Kv2.1 

conductance could be modulated by its auxiliary binding partner, AMIGO1. The neuronal adhesion 

protein AMIGO1 associates with and modulates the voltage-dependence of Kv2.1 channel activation, yet 

the underlying mechanism for this or any other modulator of Kv2 conformational change was unknown. 

With voltage clamp recordings and spectroscopy of heterologously expressed Kv2.1 and AMIGO1 in 

mammalian cell lines, I demonstrated that AMIGO1 modulates Kv2.1 voltage sensor movement to 

change Kv2.1 conductance. AMIGO1 speeds early voltage sensor movements and shifts the gating 

charge–voltage relationship to more negative voltages. From the gating charge–voltage relationship I 

found that AMIGO1 exerts a larger energetic effect on voltage sensor movement than apparent from the 

conductance–voltage relationship, which is largely dependent on pore opening. I propose that the 

mechanistic separation between early voltage sensor movements and pore opening makes the magnitude 

of the AMIGO1 impact dependent on modulation of Kv2 gating. Conductance-voltage measurements 

made in the presence of GxTX–594 reveal an increased impact of AMIGO1 on Kv2.1 conduction 

compared to conditions lacking Kv2 gating modulators. Finally, fluorescence measurements from GxTX 

Lys27Pra(JP) and GxTX Ser13Pra(JP) bound to Kv2.1 indicate that the voltage sensors enter their earliest 

resting conformation, yet this conformation is less stable upon voltage stimulation. From this work I 

concluded that AMIGO1 modulates the Kv2.1 conductance activation pathway by destabilizing the 

earliest resting state of the voltage sensors. Based on a series of thermodynamic calculations, I speculate 

that removal of AMIGO1 could be functionally equivalent to blocking the majority of Kv2 current in 

neurons, which would suggest that AMIGO1 plays a supporting role in controlling the electrical 
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excitability of cells. This work has contributed to the greater understanding of the allosteric mechanisms 

through which ion channel voltage-dependence can be modulated and raises new questions about the 

molecular interactions that occur during these early resting conformations. 
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Chapter 1: Why are ion channels sticky? A review examining the curious 

coupling of voltage-gated ion channels with cell adhesion molecules. 

 

Preface 

A major focus of this thesis is the Kv2 voltage-gated potassium channel and the single transmembrane 

pass auxiliary subunit, AMIGO1. To provide context for these studies, this introduction chapter is a 

review of structural and functional aspects of single transmembrane pass auxiliary subunits with cell 

adhesion molecule-like extracellular domains that modulate voltage-gated ion channels. Here, I define 

what constitutes an ion channel auxiliary subunit and compare the mechanisms through which auxiliary 

subunits act on their ion channel partners. I also discuss the cell adhesion molecule-like properties of 

these auxiliary subunits and consider whether these properties could be influenced by ion channel 

activity. This chapter is unpublished. I conceptualized and wrote this chapter. Jon Sack provided 

organizational feedback and constructive criticism for revisions. 
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Abstract  

Voltage-gated ion channels (VGICs) proteins respond to changes in membrane potential to 

mediate ionic flux through cell membranes. VGICs can form complexes with non-conducting, auxiliary 

subunits that modify VGIC expression and function. Auxiliary subunits range in structure from globular 

intracellular proteins, to single-pass transmembrane proteins, to multi-pass transmembrane proteins, to 

secreted proteins, many of which have roles that are ancillary to the modulation of VGIC expression and 

function. In this review, I highlight a subset of single transmembrane pass, auxiliary proteins that have 

cell adhesion molecule (CAM)-like ancillary functions. CAMs are transmembrane proteins composed of 

three domains: an intracellular domain that anchors the protein to the cytoskeleton, a transmembrane 

domain, and an extracellular domain capable of making contacts with other extracellular proteins. Here, I 

first discuss the shared structural topology of this group of proteins and present the evidence that led to 

their classification as VGIC auxiliary subunits. I highlight a few key examples to demonstrate the 

different mechanisms of action through which these auxiliary subunits modulate ionic flux and the 

molecular regions important for mediating this interaction. I then discuss the requisites for defining a 

protein as a CAM and give key examples showcasing the range of adhesive activities exhibited within 

this group of auxiliary proteins. Finally, I review select instances where the auxiliary and adhesive 

functions of these proteins coalesce to influence ion channel activity in a tissue- or niche-specific manner. 

The purpose of this review is not to be comprehensive, but instead to highlight structural similarities 

within this group of 20 proteins, to suggest an overarching hypothesis on the commonality of functions 

these proteins might share, and to suggest gaps where more research could be done. This review 

proposes that viewing ion channel interactors through a wholistic lens, and not just as an auxiliary 

subunit or an adhesion molecule, could result in a more nuanced understanding of how ion channel 

conductances function in physiological and pathophysiological signaling events.  
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Introduction 

Voltage-gated ion channels (VGICs) are multi-pass transmembrane proteins that are selectively 

permeable to specific ions and control the flux of that ion across the cell membrane. VGICs play 

important roles in the electrical signaling of excitable cells. Thus far nearly 40 K+ channel genes (34), 10 

Ca2+ channel genes (35), 9 Na+ channel genes (36), and 9 Cl- channel genes (37) have been found in 

mammals. The cationic VGICs (K+, Ca2+, and Na+ channels) are composed of four voltage sensitive 

domains (VSD), which consist of 4 transmembrane helices (S1-S4), and a pore domain (PD), which is 

lined by transmembrane helices (S5 and S6) and an intervening reentrant P-loop. Changes in membrane 

potential are detected by charged residues, or gating charges, that exist within the VSD. Movement of 

gating charges triggers a cascade of conformational rearrangements throughout the protein that then 

causes the PD to open, permitting ionic flux across the membrane. The PD is responsible for the ion 

selectivity and conduction, permitting the passive flow of ions down their electrochemical gradients at 

near rates of diffusion (~10-8 ions/sec).  The coupling between the gating charge movement of voltage 

sensor domains and opening of the pore domain varies between channel types (38–43).   

Much of our understanding of VGIC function has been defined by isolated studies of these 

proteins in heterologous systems; however, VGICs are commonly expressed in multimeric complexes and 

found with auxiliary proteins in vivo (44). Though nonconducting themselves, auxiliary proteins are 

capable of altering VGIC-pharmacological interactions (45), influencing VGIC trafficking and expression 

(46–48), modifying the post-translational status of their VGIC partner (49), and/or modifying VSD voltage 

sensitivity of activation or inactivation (50). Auxiliary subunits of voltage-gated ion channels can be 

intracellular, secreted, or transmembrane proteins. Transmembrane auxiliary subunits can be single-pass 

or multi-pass proteins. This review will highlight a select subset of single-pass transmembrane auxiliary 

subunits (Fig. 1.1). While the proteins examined here are not closely related in sequence, they were 

chosen to be examined as a group because they meet two criteria (1) they are single transmembrane pass 



 4 

auxiliary partners of VGICs and have “auxiliary” functions in modulating channel conductance and (2) 

they have (or one of their closest homologs has) “adhesive” functions and carry out cellular adhesion 

molecule-like (CAMs) roles. 

CAMs can regulate cell differentiation, inhibit cell growth and apoptosis, mediate mechanical 

adhesion between cells or with the extracellular matrix, and propagate intracellular signals (51). 

Additionally, CAMs have been studied for their ability to coordinate cellular responses through 

adhesion-independent mechanisms such as interacting with growth factor receptors, transcription 

cofactors, or even through immobilizing cytosolic partners at the membrane preventing further 

downstream signaling (51).  

Prior to 2010, only a short list of proteins with cellular adhesion molecule-like adhesive domains 

were known to have auxiliary roles as ion channel partner proteins: Nav!$%&2', and DPPL. However, 

since then, the list of validated auxiliary proteins with these adhesive domains has expanded to include 

proteins in the ", AMIGO, LINGO, and HEPACAM families1,2. Much work has been done to classify the 

various effects of these auxiliary proteins on their ion channels partners, see (50, 52–68), and some work 

has been done to characterize the adhesive properties of these proteins (69–73). However, the auxiliary 

and adhesive properties of these proteins have largely remained disparate. This review highlights this 

interesting group of proteins that seem to lead a double life. A previous review discussed how the 

adhesive and auxiliary roles of some auxiliary subunits coalesce in the context of cancer pathophysiology 

(73). Here, I examine more broadly how the auxiliary and adhesive properties of these proteins pertain to 

 
1 Chloride channel accessory proteins, CLCA1-4 (461), are also auxiliary (462, 463) and adhesive (464) 
subunits. Some proteins in this family are single-pass transmembrane proteins (465) while others are 
secreted (466, 467). CLCA-1 and CLCA-2 are auxiliary subunits to the TMEM16A Cl- channel (462, 463). 
2 Osteopetrosis associated transmembrane protein 1 (Ostm1) has a single transmembrane, a short 
cytoplasmic tail and a large luminal domain with many glycosylation sites (468). Ostm1 modulates the 
electrogenic 2Cl--H+ exchanger (468, 469) that is located in the late endosome and lysosome compartments 
(470). 
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physiological function. I identify 20 different proteins that meet the two-part criteria, possessing both 

auxiliary functions that modulation ion channel conductance and adhesive functions, to be included 

within this review. I aim to present the dual roles of these proteins as a means to highlight an intersection 

of the disparate fields of ion channel physiology and cell adhesion, where ion channel function might 

affect adhesion and adhesion might affect ion channel function. Since the study of this auxiliary-adhesion 

intersection is in its infancy, my goal is to identify research in this area and suggest interesting directions 

for future study. Understanding the relationship between cell adhesion molecules and VGIC function will 

help further our understanding the physiological implications of auxiliary protein-VGIC association in 

physiological and pathophysiological settings (53, 73–83). 

 

Defining a molecule as an auxiliary subunit  

Specific criteria have been established to categorize proteins as ion channel auxiliary subunits (50, 

59, 84–88).  

(1) An auxiliary subunit is not a pore-forming subunit.  

The putative auxiliary subunit should not show any ion channel activity. This facet can be 

assessed by expressing the subunit alone assessing and electrophysiological activity with voltage clamp 

(89, 90). However, the absence of current does not mean a protein is not a channel, only that any 

conductance has not been observed. While there are many reasons that could lead to a lack of a detectable 

conductance, one possible explanation is that some auxiliary subunits only traffic to the surface 

membrane with coexpression of an ion channel partner3. Without a structure, it is difficult to assess if a 

transmembrane protein is a channel. 

 
3 LRRC52 trafficking is reorganized by BK (120) and KSper  (115, 471). Similarly, AMIGO1/2/3 trafficking 
is dependent on Kv2.1 (33, 121) or Kv2.2 (33, 121). HEPACAM(1) trafficking is not dependent on ClC-2 
(90). 
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(2) Direct and stable interaction with a pore-forming subunit.  

 The putative auxiliary subunit should have a sustained interaction with a pore-forming subunit. 

There are many ways to assess direct and stable interactions and the experimental preparation from 

which this interaction is probed might change depending on the scientific motivation for interrogating a 

particular auxiliary subunit. Physiologists, or those interested in recapitulating biological functions of an 

auxiliary subunit interaction, might only classify a protein as an auxiliary subunit if the stable interaction 

persists in native samples. On the other hand, biophysicists, or those interested in studying mechanistic 

phenomena, might be satisfied with stability studies done in heterologous preparations. Regardless of the 

system of interest, stable interactions can be by verified by binding experiments of two purified 

recombinant proteins in vitro (88) or by native polyacrylamide gel electrophoresis. Co-

immunoprecipitation with properly validated antibodies (91) and/or co-crystallization/co-vitrification4 

are also valid approaches. Other methods to evaluate protein-protein interactions take advantage of 

recent advances in microscopy and can include imaging of protein co-diffusion or reorganization, 

functional imaging techniques like Forster resonance energy transfer, fluorescence recovery after 

photobleaching, proximity ligation assay, tryptophan quenching, and voltage-clamp fluorometry, and 

colocalization (Table 1.1). When considering evidence from imaging studies, it is important to consider 

the limits of resolution for a particular approach. 

(3) Modulation of channel properties and/or trafficking in heterologous cells.  

Auxiliary subunits modulate channel properties and/or trafficking when co-expressed with ion 

channels in heterologous cells. This facet can be assessed by electrophysiological approaches that 

measure the voltage-dependence or the total amount of current in conditions with and without the 

 
4 Techniques used for atomic scale structure determination. 
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putative auxiliary subunit. Protein quantitation approaches, including immunoblots, or protein imaging 

approaches, like fluorescent-tagging or immunolabeling, can be used to validate changes in channel 

trafficking. 

 

(4) Demonstrate interaction with channels in vivo.  

This final criterion is that auxiliary subunits impact native ion channel function or expression in 

vivo (46, 88). Since it is possible that regulatory effects of a putative auxiliary subunit observed under high 

expression conditions differ with what is seen in native systems, this criterion can be of paramount 

importance to physiologists, but is not necessary for those interested in biophysical interactions. This 

criterion has been developed more recently than the former three and is likely a reflection of the increased 

accessibility of genetic and native tissue approaches. Genetic approaches to disrupt putative auxiliary 

proteins in vivo can be paired with an electrophysiological or imaging tests to assess if the channel 

expression, channel properties, and/or localization of ion channels changes with this manipulation. This 

criterion will distinguish native auxiliary subunits from proteins behaving as auxiliary subunits only in 

heterologous cells (88).  

 

Structural aspects of VGIC auxiliary subunits 

While not all the auxiliary subunits reviewed here have met all of these four criteria (mainly 

criteria #1 and #4), these proteins impact ion channel function when coexpressed in heterologous 

expression systems (Table 1.1)5. In the coming section, I introduce this group of auxiliary subunits and 

highlight the extracellular structural features that contribute to their adhesive qualities. I also highlight 

when homology to other validated cell adhesion molecules has been found. 

 
5 This list is not exhaustive.  
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Nav !1-4 

Nav β auxiliary subunits interact with voltage gated Na+ (Nav) channels (59, 66, 92–95), and some 

voltage gated K+ (Kv) channels (96–98). The Nav ! family of single transmembrane pass auxiliary 

subunits is comprised of four members, Nav !1 (92), Nav !2 (99), Nav !3 (100), Nav !4 (101), and one 

embryonic splice variant of Nav !1 that is secreted, Nav !1B (72). All four auxiliary subunits with 

transmembrane segments have Type I6 topology and contain a single extracellular immunoglobulin (Ig) 

domain that is highly conserved within the Ig superfamily of cell adhesion molecules. Overall, Nav !1 

and Nav !3 are most similar to each other (100), and share some homology to the myelin P0 family of cell 

adhesion molecules, which form antiparallel dimers to stabilize membrane-membrane structures such as 

the myelin intraperiod line (100, 102). Nav !2 and Nav !4 are homologous to each other and their 

extracellular Ig domain7 contains regions with similarity to contactin CAMs, which can create cis and 

 
6 Type I membrane protein topology indicates that the auxiliary subunit contains an extracellular N-
terminal domain that is glycosylated, a single transmembrane domain, and an intracellular C-terminal 
tail (472). An N-terminal sequence directs the protein to the endoplasmic reticulum and an internal stop-
transfer membrane-anchor sequence that becomes the membrane-spanning & helix (473). In mature 
proteins, the NH2 terminal sequence is an amino-terminal cleavable signal peptide necessary for 
extracellular localization of the remainder of the N-terminal domain (289).  
7 Ig domain: A large collection of CAMs are members of the immunoglobulin superfamily and contain Ig 
domains in their extracellular segment. Ig domains are found in 765 genes within the human genome 
(474), making them one of the most populous domain families. Ig domains are characterized by a 
globular structure composed of 70-110 amino acids (193). This sequence creates a sandwich-like fold 
structure composed of two sheets of antiparallel ! stands (195).  On the interior of the Ig domain are in-
pointing hydrophobic residues while the exterior is lined with out-pointing hydrophilic residues. The 
two ! sheets are connected by a disulfide bond between well-conserved cysteine residues that stabilize 
the domain structure (193). Ig-CAMs can form complexes in cis and in trans, creating zipper like arrays 
(194) and facilitating protein-protein interactions (475). 
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trans cell adhesion interactions (99). Nav ! subunits exhibit tissue-dependent expression (47, 99, 103–110) 

and development-dependent expression (111, 112). 

 

LRRC/"1-4 

LRRC/" auxiliary subunits interact with large-conductance Ca2+-activated K+ (BK) channels (113). 

The LRRC/" family of auxiliary subunits is comprised of four members, LRRC26/"1 (114), LRRC52/"2 

(113), LRRC55/"3 (113), and LRRC38/"4 (113). All four auxiliary subunits have a single-transmembrane 

domain and belong to the Type I single-span membrane protein family. They contain a N-terminal 

cleavable signal peptide that is necessary for proper trafficking but is cleaved in mature proteins to 

promote the extracellular localization of a N-terminal Leucine Rich Repeat (LRR) domain8 (113). The LRR 

domain contains six LRR units and two cysteine-rich regions: the LRRNT capped on the N-terminal side 

and the LRRCT capped on the C-terminal side (68). Within the LRR domains, the LRRC/y subunits also 

contain consensus N-glycosylation sites (113). This family of auxiliary subunits also has a short C-

terminal tail. Overall, the four family members share an overall sequence similarity of 35-40%, with the 

most sequence similarity in the structurally determinant residues of the LRR domains and sequence 

 
8 LRR domain: Leucine-rich repeat (LRR)-containing proteins are also key regulators of cell adhesion, 
extracellular matrix assembly, cell-signaling and synaptic organization (476, 477). LRR domains are found 
in 188 genes, the 16th most populous domain (474). LRRs are 20-29 amino acid motifs that are comprised 
of an 11 amino acid consensus sequence of LxxLxLxxN (113) or LxxLxLxxNx(L/I)xx(a)xxxx(F/L/I) (69), 
where x can be any residue, a is an aliphatic residue, and L and Asp can be replaced with other 
hydrophobic residues (192). Leucine rich repeat units are often capped at the N and C terminal sides by 
two-cysteine-rich sequences of variable length (LRRNT and LRRCT respectively). This sequence creates a 
horseshoe-shaped structure with a short α-helix connected by loops flanking the outer circumference and 
a concave β-sheet lining the inner circumference (192). The concave surface of the β-sheet structure 
provides an effective ligand binding site while the convex surface consists of α helices that can vary 
substantially among LRR proteins and affect the curvature of the LRR domain (196). 
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divergence in the transmembrane and intracellular C-terminal tail regions (68). LRRC/" subunits exhibit 

tissue-dependent expression (113, 115–120) and development-dependent expression (115). 

 

AMIGO1-3 

AMIGO auxiliary subunits interact with the voltage gated K+ channels of family 2 (Kv2) (32, 33, 

121). The AMIGO family of auxiliary subunits comprises three members, AMIGO1 (alivin-2)(32), 

AMIGO2 (alivin-1, DEGA) (33), and AMIGO3 (alivin-3)(33). All three members are Type I single-span 

transmembrane proteins (69). The AMIGOs contain a putative N-terminal cleavable signal peptide (69). 

The extracellular domain contains six LRR units, flanked on each side by cysteine-rich LRRNT and 

LRRCT domains, and one Ig domain close to the transmembrane domain (69). The cytosolic portion of 

the AMIGOs does not contain any known domains (69). Within the LRR domains, the AMIGO subunits 

also contain consensus N-glycosylation sites (69). Overall, the three family members share an overall 

amino acid sequence similarity of 48-50% (69), with the most conserved regions being the LRRs, the 

transmembrane region, and some parts of the cytosolic tail. Interestingly, the entire transmembrane 

domain and the cytoplasmic tail are 100% identical between the murine and human AMIGOs (69). The 

extracellular region of AMIGO shares some homology with the Slit family of extracellular axon guiding 

proteins and the Nogo-66 receptor (69). AMIGO subunits exhibit tissue-dependent expression (69, 122) 

and development-dependent expression (123, 124). 

 

LINGO 

The LINGO1 auxiliary subunit interacts with BK channels (125). The LINGO family contains 

homologs 1-4 (122), however since only LINGO1 has a verified interaction with a VGIC, LINGO1 will be 

the focus of this section. LINGO1 is a single-transmembrane domain proteins that belongs to the Type I 
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single-span membrane protein family. LINGO1 contains a putative N-terminal cleavable signal peptide 

(126). The extracellular LINGO1 domain contains one Ig domain, 12 complete LRR units, one partial LRR 

unit, and two cysteine-rich regions: the LRRNT capped on the N-terminal side and the LRRCT capped on 

the C-terminal side (126). LINGO1 contains eight consensus N-glycosylation sites, two within the IgI1 

domain and six within the LRR domain (126). Like the other auxiliary subunits, LINGO1 also contains a 

short C-terminal tail. Between species, LINGO1 has a high degree of evolutionary conservation with 92.7-

99.8% sequency identity of the extracellular sequence between monkey, mouse, rat, and chicken (126). 

The IgI1 domain of LINGO1 shares sequence homology with the third Ig3 modules of the neural cell 

adhesion molecule, NCAM (126). LINGO subunits exhibit tissue-dependent expression (122) and 

development-dependent expression (127). 

 

HEPACAM 

The HEPACAM family of auxiliary subunits is comprised of two members HEPACAM(1) 

(GlialCam) (90) and HEPACAM2 (Miki) (128). HEPACAM(1) interacts with the voltage-gated Cl- channel 

ClC-2 (90). To date, there is no known interacting VGIC partner for HEPACAM2 (90). Both members are 

Type I single-span transmembrane proteins (56). The HEPACAMs contain a putative, N-terminal 

cleavable, signal peptide (90, 128). The putative extracellular domain of HEPACAM(1) contains two Ig-

like domains, one V-set and another one of the C2-type (56), while HEPACAM2 contains one additional 

Ig-like domain. The C-terminus of HEPACAM(1) is intracellular and contains a low-complexity proline-

rich tail that can be phosphorylated (56). Within the extracellular domains, the HEPACAM(1) subunit 

also contains consensus glycosylation sites (56, 129). HEPACAM subunits exhibit tissue-dependent 

expression (70, 90, 130) and development-dependent expression (131). 
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#2$-1-4 

 The &2' family interacts with Cav channels (54, 132). The &2' family includes four 

variants, &2'-1 (133), &2'-2 (134), &2'-3 (135), &2'-4 (136)9. While other &2' family variants have been 

identified by bioinformatic means (137), they have yet to be validated as auxiliary subunits and will not 

be discussed here. The topology of &2'-1 has been solved biochemically and is thought to be shared with 

the other &2' subunits (54). The &2' protein is a Type I transmembrane protein that is proteolytically 

cleaved post translationally into two separate segments, &2 and ', that remain coupled by a disulfide 

bond (138). The NH2-terminal signal sequence targets the &2 to the extracellular space, while the short C-

terminal ' region tethers the protein to the membrane by a glycosyl-phosphatidylinositol (GPI)-anchoring 

motif. Both the &2 and ' segments are highly glycosylated (139). The extracellular domain of &2 domain 

contains a Von Willebrand Factor A (VWA) domain10. Within the VWA domain of both &2'-1 and &2'-2, 

the MIDAS motif within the VWA domain contains all 5 co-coordinating amino acids essential for 

binding divalent cations (140) and for interacting with the partner ion channel (141). VWA domains are 

 
9 Cachd1 is predicted to be a single transmembrane protein with homology to the &2' family (478). 
Cachd1 interacts with Cav2.2 (478), Cav3.1, Cav3.2, and Cav3.3 (479) Cachd1 has a VWA domain with a 
disrupted MIDAS motif and multiple Cache domains. Unlike the &2', Cachd1 is predicted to have a large 
intracellular C-terminal tail. 
10 VWA domain: The majority of well-characterized von Willebrand factor type A (VWA) domains are 
found in cell adhesion and extracellular matrix (ECM) proteins, which are or could be involved in 
protein–protein interactions (137). VWA domains are found in 81 genes of the human genome, the 36th 
most populous family (474). VWA domains are ~200 amino acids that come together to make a Rossmann 
fold with a metal ion adhesion site (MIDAS motif) that mediates divalent-cation-dependent interactions 
with ligands. It has been suggested that VWA domains with a perfect MIDAS motif undergo divalent-
cation-dependent structural rearrangements upon ion binding (137). VWA domains are often found in 
integrin-like adhesion molecules (137).  
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also found in cell adhesion molecules including integrin !-subunit (140). Immediately following the VWA 

domain, there are also two bacterial chemosensory-like Cache domains, that could mediate binding to 

small ligands like amino acids. &2' subunits exhibit tissue-dependent expression (133–135, 142–144). 

 

DPPL  

 The family of dipeptidyl-peptidase-like (DPPL) proteins interact with Kv4 channels (145).	

This	family includes DPP6 (DPPX, BSPL, KAF) and DPP10 (DPPY). Alternative splicing of the DPPL 

transcripts creates a set of DPPL proteins with variable N-terminal regions attached to a set of common 

C-terminal cores. Thus far five DPP6 (DPP6a, DPP6K, DPP6L, DPP6D, DPP6S) and four DPP10 (DPP10a, 

DPP10b, DPP10c, DPP10d) N-terminal variants have been isolated in mammals (46). All these proteins 

are Type II11 transmembrane proteins that have a cytoplasmic NH2 terminus, a single transmembrane 

helix and a large extracellular COOH terminal domain. The extracellular domain has many with N-

glycosylation sites (146), a cysteine-rich domain, and an aminopeptidase-like domain, which justifies the 

classification of these proteins in the family of prolyl oligopeptidase serine proteases (147). This domain 

takes on the conformation of an eight-bladed !-propeller domain12 with an &/! hydrolase domain (146). 

Other proteins within the DPPL family (ie. CD-26) use an active aminopeptidase domain to remove 

 
11 Type II membrane proteins have an intracellular N-terminal tail, a single transmembrane domain, and 
an extracellular C-terminal domain (472). Type II proteins are targeted to the endoplasmic reticulum and 
anchored in the membrane with a signal-anchor sequence that also functions as a stop-transfer sequence. 
Membrane orientation is typically defined by both the length of the hydrophobic transmembrane 
segment, (long, > 20 amino acid hydrophobic segments tend to adopt type I topology and short < 20 
amino acid segments tend to adopt type II topology) and by whichever membrane-flanking segment has 
the greatest net positive charge (the side with more positive charge will remain on the cytosolic face of 
the membrane) (473). 
12 !-propeller domain: !-propeller domains are characterized by 4-8 symmetrical blade-shaped, beta 
sheets arranged around a central axis. Beta propellers often surround an active site for ligand binding but 
protein-protein interactions can also occur at multiple areas around the domain.  
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dipeptides from regulatory proteins and peptides (9,10), however DPP6 and DPP10 have amino acid 

substitutions (aspartic acid and glycine, respectively) at the catalytic serine, which renders them inactive 

as proteases (8,13). DPP6 shares homology with this known cell-adhesion molecule CD-26 (148). DPPL 

subunits exhibit tissue-dependent expression (149–154) and development-dependent expression (155). 

 The formerly listed group of auxiliary subunits are distinct from other known VGIC auxiliary 

subunits in that they (1) are single-transmembrane pass proteins and (2) have a defined extracellular 

topology that is known to accommodate adhesive-like interactions13. While an intracellular or multi-pass 

topology does not preclude a molecule from participating in adhesive interactions (e.g., (156)), I chose to 

limit the review to this group of proteins because I am additionally interested in how single-

transmembrane pass auxiliary subunits alter VGIC conductance (Chapter 3). Since cationic VGICs are 

generally considered to have similar architecture, it is intriguing to hypothesize that they might interact 

with auxiliary subunits of a similar topology in a similar manner. However, based on the limited number 

of available atomistic structures available for CAM-like single-transmembrane pass auxiliary subunits 

(157–162)14, it is not yet clear if this group adopts a uniform binding pose with their partner channel (Fig. 

1.4). However, it is clear that these structures are distinct from the binding poses seen with other 

intracellular (160–163)15, multi-pass16 (161, 164), or non-adhesive single-transmembrane pass proteins 

(165)17. Will the elucidation of more structures show similar binding poses for this group of subunits? 

 
13 OSTM1, CLCA1-4, and Cachd1 are similar in their single transmembrane topology and potential to 
facilitate adhesive-like interactions. However, these auxiliary subunits were excluded from the review 
due to the limited amount of current research on these proteins. 
14 Notably, there are no structures detailing the channel binding mode for AMIGO, LINGO, HEPACAM, 
or LRRC/"(%The structure for &2' lacks resolution of the transmembrane segment (161, 162) 
15 Intracellular auxiliary VGIC subunits include Cav β1-4, KChIP, Kv β1.1- 3, and LRRC10. 
16 Multi-pass auxiliary VGIC subunits include BK β1-4, Barttin, and Cav γ1-8. 
17 Single-transmembrane pass auxiliary VGICs subunits not yet documented to have adhesive-like 
functions include KCNE1 (MinK/IsK), KCNE2 (MiRP1), KCNE3 (MiRP2), KCNE4 (MiRP3), and 
KCNE5(KCNE1L/AMMERCR2, 
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Does the localization of the auxiliary subunit to the channel determine the mechanisms through which a 

subunit can modulate ion channel conductance? These are questions that warrant further investigation. 

 

Modulation of channel function by single transmembrane pass auxiliary subunits  

Auxiliary subunit expression can influence many properties of ion channel function. Ion channel 

current can be increased or decreased by modulating trafficking and stability or by altering the post 

translational decorations. Here, I categorize the manner in which different single transmembrane pass 

auxiliary subunits affect channel conductance (Table 1.2), and then compare different mechanisms 

through which these effects could be incurred. The conductance of a cell (G) is related to the measured 

current in that cell (I) (Eqn. A) which can be experimentally determined with whole-cell voltage-clamp 

electrophysiology experiments. The conversion factor between current and conductance is unique to the 

experimental preparation and for each conducting ion is dictated by the electrochemical driving force, 

which is determined at a certain membrane potential (Vm), the valence of the conducting ion (z) and the 

concentration gradient of the ion (Cout / Cin).  

 𝐼 = 	𝐺	𝑥	(𝑉! −	
𝑅𝑇
𝑧𝐹 	𝑥	𝑙𝑛 /

𝐶"#$
𝐶%&

1) Eqn. A 

To frame the mechanisms that auxiliary subunits affect to change cell conductance, we can similarly 

analyze the mechanisms that are used to alter cell current. The total amount of current (ITotal) measured 

from a cell during a whole-cell voltage-clamp experiment is determined by Eqn. B.  

 𝐼'"$() = 	𝑁	𝑥	𝑃"	𝑥	𝑖 Eqn. B 

Here, the number of channels expressed on the cell surface (N), the probability of each channel to 

be open and conductive at certain test potential (Po) and the amount of current that a single channel 

passes at that same test potential (i) determine the total amount of current that can be expected from the 

cell when stimulated to the same test potential. Thus, to change channel conductance, auxiliary subunits 
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may alter the number of channels, the single channel conductance, and/or the open probability. To link 

these biophysical parameters to the conformations that are responsible for their properties, we will adopt 

language used in the Horrigan-Aldrich models for channel conductance (166). Modifications that are 

expected alter the single channel open probability will be described as effects that alter either pore 

opening, voltage sensor movement, or voltage sensor-pore coupling.  

Change the number of conducting channels 

 Many auxiliary subunits are associated with increasing the number of conducting channels. One 

mechanism to effect this change is by increasing channel expression in the plasma membrane, either 

through helping channels traffic to the surface or by stabilizing channel expression at the surface without 

changing the proportion of intracellular to plasma membrane expression. Imaging approaches with the 

capacity to isolate thin optical sections of the cell membrane are sufficient to assess cases where auxiliary 

subunit expression helps channels traffic from the cytosol to the cell surface, especially when paired with 

a cell surface marker. Such methods have identified changes in channel localization driven by auxiliary 

subunit including: LRRC52("2), which directs the localization of BK& in mammalian inner hair cells (167); 

DPP6 and DPP10, which help traffic Kv4.2 from its intracellular localization in transiently transfected 

CHO cells (147, 151) and COS-7 cells (145) to the cell-surface; HEPACAM(1), which redirects ClC-2 

expression to cell-to-cell junctions in HeLa cells and in cotransduced cultured rat astrocytes (90). 

Complementarily, surface channel expression can be quantified by protein content measurements that 

isolate surface and intracellular proteins. Changes in surface expression can be affected by auxiliary 

subunits including: DPP6, which increases Kv4.2 surface protein content in cotransfected CHO cells (147), 

Nav β1 which increases surface Nav1.5 in cotransfected CHO cells (77) and surface Kv4.2 in cotransfected 

HEK293 cells (96). Notably, not all ion channels require their auxiliary subunit to direct localization18, not 

 
18 Kv2 channels traffic to cell surface clusters without AMIGO1 coexpression (121) 
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all auxiliary subunits increase the expression of their ion channel partner19, and measurement of surface 

expression density by voltage clamp can be misleading, as not all surface expressing ion channels are 

conducting20. When increases in channel expression or surface localization do lead to an increase in 

number of conducting channels, this effect may manifest as an increase in current density in response to 

voltage steps (Table 1.2) 21. Current density is typically normalized by cell capacitance, which 

approximates cell surface area.  

 

Change single channel conductance 

 Changes in current density can originate from changes in the unitary conductance of individual 

channels. The unitary conductance of a channel is defined by the rate of ion permeation. While 

permeation is defined by interactions in the selectivity filter, the pore helix and the C-terminus of S6, 

which localizes near the internal cavity of the channel, can further influence ion permeation rates (173). 

DPP6 is one example of an auxiliary subunit that modulates channel conductance, in part, by altering the 

unitary conductance of its partner channel, Kv4.2 (174). Single channel recordings from TSA-201 cells 

coexpressing DPP6 and Kv4.2 exhibit three distinct open levels, each nearly twice as large compared to 

those recorded from cells expressing Kv4.2 only (174)22. Charge neutralization of two negatively charged 

amino acid side chains (D18 and E20) in the juxtamembrane cytoplasmic N-terminal region of DPP6 

abolished the effect of DPPVI on Kv4.2 channel unitary conductance but preserved the ability of DPP6 to 

 
19 LINGO1 expression suppresses BKα surface expression in HEK293 cells (125).  
20 Conductance through Kv2 channels depends on the density of expression (345).  
21 Current density is another means to distinguish an increase the number of conducting channels, 
however this measurement alone is unable to distinguish between increases in surface expression, 
increases in single channel conductance, or increases in channel open probability.  
22 Similarily, Kv4 recordings from mammalian neurons exhibit a unitary conductance that is 1.5-2 fold 
larger (5, 7, 480, 481) than the unitary conductance from mammalian Kv4 & subunits expressed alone 
(482–484). Single channel recordings from native cerebellar granule neurons, which likely express DPP6 
(150, 485, 486), are also ~2 fold greater than unitary conductances from primary neurons in dpp6-/- mice 
(174).] 
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shift the G-V by -30 mV 23. This result suggests that the effects of DPP6 on pore conductance are separable 

from other effects that DPP6 has on voltage sensor movements. Further, these differential effects could be 

explained by an electrostatic mechanism where the cytoplasmic N-terminal region of DPP6 influences 

conduction (174) while the transmembrane segment interacts with the channel core to mediate additional 

effects on Kv4 gating24 (175, 176). While recent structures could not resolve most of the intracellular 

interactions to structurally validate this pore interaction, the structures do confirm that the 

transmembrane segment of DPP6 hydrophobically associates with the voltage sensor of Kv4.2 between 

the S1 and S2 helices localizing the extracellular region of DPP6 above the channel core (160). 

Change open probability 

Changes in the probability that a channel is open can arise by many means. Here we discuss 

several mechanisms by which auxiliary subunits have been found to act, including blocking the pore, a 

shift in the conductance–voltage (G–V), or steady state inactivation–voltage (SSI–V) relations. While 

blocking the pore decreases open probability shifts in voltage dependence can increase or decrease open 

probability. A hyperpolarizing shift of the G–V or a depolarizing shift of the SSI–V can result in more 

open channels. G–V and SSI–V relations can be shifted by modulating pore opening (125, 166, 168), 

voltage sensor movement (169, 170), or voltage sensor-pore coupling (114, 171, 172). 

Block the pore: diminish open probability 

Auxiliary subunits also decrease channel current densities by blocking the channel pore. Similar 

to ‘ball-and-chain’ N-type inactivation seen in K+ channels, a cytosolic region of auxiliary subunits can 

 
23 Alternative hypotheses to explain DPP6 effects on unitary conductance including a significant 
contribution of the KChIP (K+ channel interacting proteins, a cytoplasmic auxiliary subunit) to Kv4 
unitary conductance (483, 484), exacerbated outward rectification and/or reduced K+ selectivity were 
ruled out through macroscopic recordings (147, 175, 486). 
24 Gating current recordings revealed that DPP6 destabilized the resting and intermediate states of the 
voltage-dependent activation pathway (175). 
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physically occlude the pore25. The auxiliary subunit LINGO1 seems to act on BK channel conductance in 

this manner. Coexpression of LINGO1 with BK channels drastically alters channel inactivation, 

transforming sustained outward BK currents into fast-inactivating currents that begin activating at more 

negative potentials (125). Trypsin application to the cytosolic side of a patches containing LINGO1 and 

BK increases current amplitudes and abolishes this inactivation. Macroscopic current recordings made 

from C-terminal truncation mutants of LINGO1 reveal that this effect of LINGO1 is conferred by the 8 

most distal amino acids of the intracellular domain, and that exogenous application of a synthetic peptide 

with these amino acids could reconstitute the drastic inactivation. Interestingly, even with the removal of 

these amino acids and the mitigation of inactivation, the hyperpolarizing effect of LINGO1 on the 

voltage-dependence of BK conductance persisted, suggesting that similar to DPP6, different regions of 

the auxiliary subunit are important for mediating different biophysical effects (125).  

Change voltage sensor movement: shift the G-V  

 Another way auxiliary subunits change channel open probability is to alter the voltage-

dependence of channel activation. Distinct from altering the current density at any one voltage, shifting 

the voltage-dependent range of channel activation changes the voltages which open the channel. Most of 

the auxiliary subunits reviewed here confer hyperpolarizing shifts in channel activation (Table. 1.3)26, 

such that channels are more active at more negative voltages. One example of an auxiliary subunit that 

shifts the voltage-dependence of channel activation to more hyperpolarized voltages is AMIGO1. When 

coexpressed with Kv2.1 channels, AMIGO1 increases the amount of Kv2.1 current elicited with voltage-

steps near the threshold for channel activation but does not alter detectably increase current elicited at 

 
25 The intracellular Kv ! auxiliary subunits (487) and the multi-pass transmembrane BK ! subunits (488) similarly 
affect ‘ball and chain’ inactivation. 
 
26 Some of the auxiliary subunits reviewed here (Nav ! and DPPL) to shift the voltage-dependence of 
channel activation to more positive voltages in certain experimental preparations (Table. 1.3).  
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voltages which already maximally activate the conductance (32, 33, 177). I would expect that at negative 

voltages where very little Kv2 conductance is activated that AMIGO would increase that small current. 

In Chapter 3, I describe the biophysical mechanism through which AMIGO1 alters the voltage-

dependence of Kv2.1 conduction and show that the presence of AMIGO1 shifts the voltage-dependence 

of gating charge movement to hyperpolarized voltages and accelerates voltage sensor activation. While 

the region of interaction responsible for this biophysical effect of AMIGO1 is not known, in Appendix B I 

present preliminary data suggesting that the intracellular regions of the channel are important interactors 

for mediating the effects of AMIGO1 on voltage sensor activation.  

Change voltage sensor movement: shift the SSI-V  

Another mechanism auxiliary subunits use to alter channel open probability is shifting the 

voltage-dependence of channel inactivation (Table. 1.4). Inactivated channels enter a conformation that 

prevents them from passing permeant ions through the channel irrespective of the membrane potential. 

When the voltage dependence of channel inactivation is shifted to more depolarized voltages, the 

window current, or the range of voltages at which the channel is in a conductive state, is increased27. For 

instance, Nav !1 and Nav !3 both shift the voltage dependence of Nav1.5 inactivation to more 

depolarized potentials, creating a larger window current. Gating charge measurements and voltage-

clamp fluorometry experiments reveal that both Nav !1 and Nav !3 shift the voltage-dependence of some 

gating charge activation to more depolarized potentials28; while Nav !1 alters the movement of the 4th 

 
27 Conversely, shifting the threshold of channel inactivation to more negative potentials causes channels 
to enter an inactive and nonconductive state at lower voltages and can lead to decreased channel 
conductance.  
28 The effects of the +5-+10 mV shift in the V1/2 of gating charge-voltage curve are more apparent in the 
voltage-dependence of inactivation curve than the voltage-dependence of activation curve, suggesting 
that not all conformational changes incurred upon voltage sensor movement are directly translated to the 
pore opening conformational step. Such an effect is similarly seen with AMIGO1, which exhibits 
preferential effects on voltage sensor movement compared to pore opening, as described in Chapter 3. 
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domain voltage sensor, Nav !3 alters the movement of both the 3rd and 4th domain voltage sensors. 

Experiments with protein chimeras designed to reveal which domain of the subunits interact with the 

channel reveal that the extracellular and transmembrane regions of Nav !3 are essential for modulating 

the 3rd domain voltage sensor (169).29 Experiments carried out in different systems aimed at answering the 

same question for Nav !1 suggest that the Nav !1 extracellular domain is critical for modulating channel 

gating and the voltage dependence of activation of brain and skeletal muscle sodium channels (178–180), 

while the transmembrane and intracellular regions30 are responsible for determining the voltage-

dependence of inactivation (179, 181). Congruently, recent atomic structures localize Nav !1 near the 3rd 

domain voltage sensor of EeNav1.4(182), hNav1.4 (183), and hNav1.7 (184) (Fig. 1.2), such that the 

transmembrane region of Nav !1 is nestled between the S0 and S2 helices of the 3rd domain voltage 

sensor (182–184) and the extracellular Ig domain interacts with extracellular loop domains, S5 from the 1st 

domain and S6 from the 4th domain. While these structures did not resolve the C-terminal domain (183, 

184), a previous atomic structure collected without the presence of auxiliary subunits, shows the globular 

C-terminal domain interacting with the 3rd and 4th domain linker, the 4th domain voltage sensor, the 4th 

domain S4-S5 segment, the 4th domain S6 segment, and the 3rd domain S6 segment of the channel (185). 

Such interactions suggest that the C-terminal domain could also affect channel function by sequestering 

the S3-S4 linker and preventing it from inactivating (185)31.  

 
29While Nav !1 and Nav !3 associate with voltage-gated sodium channels through a noncovalent 

interaction  (92, 100), Nav!2 and !4 form covalent disulfide bonds with the & subunit (99, 101). Cys55 in !
2 form a disulfide bridge with Cys910 in the 2nd domain pore loop (93, 94). As such, the mechanism of 
interaction may vary for these two subunits. 
30 The intracellular region of Nav !1 facilitates binding to the C-terminus of Nav1.1 (181) or the S5-S6 
linker of the 4th domain of Nav1.4 (489). 
31 Biophysical studies on DPP10-Kv4.2 interactions suggest that DPP10 alters Kv4.2 conductance by 
accelerating the time course of inactivation and recovery (145). In these studies, the cytoplasmic N-
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Change voltage sensor-pore coupling  

Another mode to alter channel conductance is through modulation of the coupling between the 

voltage sensor conformational change and the pore opening conformational change.  

Selective conduction of ion permeation through a channel pore requires a conversion from potential 

energy created by the membrane electric field (and sensed by voltage sensors), to the mechanical work 

needed to open the pore (186). Increasing the energy conversion of this process could increase the 

responsiveness of ion permeation to voltage, and foreseeably increase channel conductance. One example 

of an auxiliary subunit that modulates this process is the LRRC26/"1 subunit of the BK channel (114).  BK 

channels have both a dependency on the intracellular calcium concentration and a voltage-dependence. 

Without modulating BK calcium sensitivity, coexpression of BK with LRRC26/"1 induces a large negative 

shift in the V1/2 (~-140 mV) of activation. This large negative shift in V1/2 is accompanied by reduced 

deactivation speed, and an increase in the rate of activation, yet the voltage-dependence of pore opening 

and open probability at extreme negative voltages is unaffected (114). These combined effects on BK 

activation can be accounted for by a great enhancement of the allosteric coupling factor, which stabilizes 

the channels open state when the voltage sensor is activated and reciprocally stabilizes the activated 

voltage sensor when the channel is open. While it is not known how LRRC26/"1 assembles with BK, or 

the structural region through which voltage sensor-pore coupling is enhanced, several functional studies 

suggest that interactions between the S4-S5 linker and the distal S6 region of the pore domain are 

important for transmission of conformational changes from the voltage sensors to the pore (186). 

Electrophysiological analyses reveal that many regions of LRRC26/"1 protein are important for the 

 
terminal domain of DPP10 determines the rate of inactivation (145). The intracellular region of DPP6 is 
unresolved in the most recent atomic structure of Kv4.2-DPP6 (160). 
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modulatory function of LRRC26/"1 on BK V1/2, however only the putative transmembrane region is 

necessary for LRRC26/"1 to associate with BK by co-immunoprecipitation (187).  

The mode of action of &2' on increasing Cav current could also be through increased voltage 

sensor-pore coupling (132). The available atomic structures of &2'-1 in complex with a channel 

(Cav1.1(188) or Cav2.2(162)) lack a transmembrane density (161). However, the structure does reveal that 

the channel interacts with &2 through its extracellular loops, particularly the L5 loops of the 1st, 2nd, and 

3rd domain and the intervening loop between S1 and S2 of the 1st domain (188)32. Interestingly, from this 

structure the MIDAS motif is seen localized immediately above the L1-2 loop in the 1st domain voltage 

sensor, suggesting that conformational changes of MIDAS could be directly coupled to the modulation of 

VSD.  

 

Defining a molecule as CAM-like 

In addition to functionalities as auxiliary subunits, the proteins discussed in this review also have 

properties similar to cell adhesion molecules. The term “cell adhesion molecule” was coined in the mid-

1970s where it was used to describe molecules that form bonds between cells (189). Adhesion molecules 

are now defined more broadly as cell surface proteins that mediate the interaction between cells or 

between cells and the extracellular matrix (190). Cell adhesion is mediated by a variety of molecules, but 

is often broadly grouped into immunoglobulin-like CAMs, integrins, cadherins, selectins, or nectins (51, 

191). Many different structural motifs are responsible for mediating the adhesive properties of cell 

adhesion molecules, but generally these proteins are grouped based on their extracellular domains (70, 

 
32 The structure also reveals intracellular interactions between the C-terminal, the S3-S4 linker, the 4th 
domain voltage sensor, the 4th domain S4-S5 segment, the 4th domain S6 segment, and the 3rd domain S6 
segment of the channel, similar to those seen in the NavPaS channel (185). 
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118, 123, 137, 192–195). The proteins highlighted within this review possess extracellular domains 

associated with adhesion: immunoglobulin-like (Ig) domain(s) (193–195), leucine rich repeat (LRR) 

domain(s) (118, 192, 196, 197), von Willebrand Factor-A (VWA) domain(s) (137), or !-propeller 

domain(s)33 (198, 199) (Fig. 1.1).  

Functions of CAM-like molecules 

As implied by this definition, CAMs create cell-cell interactions, which can arise from CAM-

mediated homo- or heterophilic trans interactions. CAMs can also be responsible for cis interactions with 

other proteins anchored in the same cell. Further, they can interact with intracellular components to affect 

intracellular signal transduction, cytoarchitecture, and gene transcription. Because of these 

functionalities, CAMs often have roles in cell outgrowth, proliferation, and migration. 

Structures of the following molecules indicate the capacity34 of these proteins to form dimers, trimers, 

or tetramers, a prerequisite to forming homophilic or heterophilic interactions: Nav !3 (95), Nav !4 (200), 

AMIGO1 (201), LINGO1 (202), HEPACAM(1) (126), DPP6 (146, 160), DPP10 (203). Further,  Nav! (73, 204, 

205) HEPACAM (206, 207) AMIGO (69) LINGO (126) LRRC/" (208–210) DPPL (148) &2' (211, 212) all 

have documented roles in cell outgrowth, proliferation, and/or migration. Does this group of auxiliary 

subunits similarly take on some of the other classical roles of CAMs?  

 

 
33 !-propeller domains are seen integrin molecules (198, 199), which have binding properties distinct from 
cadherins and Ig Cams; see (490) for a helpful info graphic.  
34 Whether oligomerization between auxiliary subunits occurs in the presence of an ion channel partner is 
still an open question. The following structures lacked obvious oligomerization: &2' (146, 203), Nav !1 

(182), Nav !2 (252), and Nav !4 (158). However, an atomic structure indicates that DPP6 is able to form 
cis dimers while associated with its partner channel (160). 
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Homophilic trans interactions  

 One functional role of cell adhesion molecules is to foster adhesion in trans, or between cells. The 

potential for CAM auxiliary subunits to create homophilic trans adhesions is commonly assessed by 

separately transfecting cultured cells with auxiliary subunits tagged with distinct tags for biochemical 

identification (Myc, GFP, HA, etc). After leaving sufficient time for expression, the separate populations 

of cells are then mixed in a confluent coculture where cells are touching. If both populations of auxiliary 

subunit are coprecipitated from cell lysates incubated with only one tag binder, then there is strong 

evidence that the extracellular domain of the auxiliary subunit can interact with a compliment of itself 

when expressed in a neighboring cell. Alternatively, bead aggregation assays can also test for trans 

interactions; if bead populations functionalized with interacting domains readily aggregate, then trans 

interactions are likely present. A third approach is to add a molecule predicted to compete with the 

domains that participate in a trans interaction; if the competition molecule abrogates a cell-to-cell 

interaction, then it is likely preventing a trans interaction. Nav%!1 (213), Nav%!2 (214), Nav%!3 (215), Nav%!

4 (216), AMIGO1-3 (69), and HEPACAM(1) (217) all have the capacity to facilitate trans homophilic 

binding.  

 

Heterophilic trans interactions 

Cell adhesion molecules can also foster trans adhesions between cells by mediating heterophilic 

interactions. Heterophilic trans interactions can be assessed through similar techniques to those used to 

assess homophilic trans interactions, except a different adhesion molecule is used for bait or competition. 

Independent of ion channel presence, AMIGO1, AMIGO2, and AMIGO3, Nav%!1 (215, 218), Nav%!2 (218), 

and secreted Nav β3 (215) are all able to support heterophilic trans interactions. 
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The physiological ramifications of trans interactions are seen in adhesion experiments carried out 

with AMIGO1. Exogenous application of the AMIGO1 ectodomain has a dominant negative effect and is 

able to inhibit AMIGO1-mediated adhesion and fasciculation in brain neurons in vitro (69). Further, when 

tested in vivo, zebrafish injected with antisense AMIGO1 mRNA or AMIGO1-ectodomain mRNA 

demonstrated disturbed development of the early neuronal fiber tracts (124). This fiber tract defective 

phenotype could be recused by co-injection with the full-length AMIGO1 mRNA or AMIGO1-

ectodomain mRNA, but not with co-injection of Kv2.1 mRNA (124). This data supports a role for 

AMIGO1-facilitated adhesion that is independent of its role as an auxiliary protein. While I expect 

heterophilic trans interactions to mediate similar adhesive roles as homophilic trans interactions, whether 

this is the case is unclear.  

 

Cis interactions between auxiliary subunits  

 As opposed to interacting with fellow adhesion proteins across cell junctions, CAMs also 

meditate cis interactions between proteins within a single cell. Cis interactions can be interrogated by 

proximity-dependent imaging (219, 220) or labeling techniques. For instance, bioluminescence resonance 

energy transfer (BRET) can be used to probe molecular interactions when two proteins labeled with either 

an energy donor domain or an energy acceptor domain localize 10-100A of each other. Alternatively, cis 

interactions can sometimes be detected in cryo-EM atomistic structures. Independent of ion channel 

coexpression35, Nav β3 (95, 221, 222), Nav β4 (200), HEPACAM(1) (206, 217). and LINGO1 (202) can 

interact in cis; further, LINGO1 can form cis homo- and heterooligomers with itself or its homologs 

 
35 DPP6 subunits interact in cis while bound to Kv4.2 channels (160). 
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(202)36. Cis interactions can facilitate intra-membranous interactions in a conformation dependent 

manner, suggesting that the physiological role of these interactions might be context dependent (223). 

 

Interactions with the extracellular matrix  

Cell adhesion molecules can also interact with extracellular matrix proteins, which can occur in 

trans or in cis. A prime example of this in Nav β1, which interacts with other cell adhesion molecules 

including neurofascin-155, N-cadherin, connexin, contactin, neuronal CAM, and neurofascin-186 (214, 

218, 224, 225). Further, both Nav β1 and Nav β2 interact with the extracellular matrix molecule tenascin-R 

(226, 227). Nav β2 also interacts with laminin (228). Similarly, &2' interacts with thrombospondins to 

mediate excitatory synaptogenesis (229). 

 

Interactions with the cytoskeleton  

Another function of cell adhesion molecules it to interact with cytoskeletal proteins. 

HEPACAM(1) was found to colocalize and coimmunoprecipitate with the actin cytoskeleton (206). Nav 

β1 subunits bind to ankyrin G and ankyrin B (230, 231), which are known for linking Nav channels to the 

cytoskeleton37.  

 

 
36 Co-immunoprecipitation experiments with LINGO1 and its homologs conducted from mouse brain 
confirmed the presence of physiological heterocomplexes, but do not differentiate whether these 
complexes are formed in cis or in trans (202). 
37 Nav β1 subunit promotes direct binding of ankyrin G to the pore forming Nav1.2 alpha subunit (230, 
231). 
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Recruiter of intracellular interacting partners  

 Cell adhesion molecules can also be involved in localizing intracellular interacting partners and 

facilitating intracellular signaling cascades. For instance, Nav !1 directly binds with the receptor protein 

tyrosine kinase B (232), a molecule which participates in intracellular signaling cascades38.  

 Additionally, AMIGO2 directly interacts with 3-phosphoinositide-dependent kinase 1 to activate the 

phosphoinositide 3-kinase-Akt pathway to control cell survival and angiogenesis (233). While these 

functions are independent of ion channel association, it is intriguing to speculate about if these functions 

overlap or are modulated with ion channel coexpression.  

 

Participation in downstream signaling cascades 

 An additional mode through which CAM molecules can affect intracellular signaling is by 

participating in signaling cascades. Such an effect has been documented for Nav! subunits, which are 

substrates for proteolytic processing by BACE1 (!-site amyloid precursor protein-cleaving enzyme) and "

-secretases (234, 235). In in vitro cell experiments, Nav!2 can be sequentially cleaved by ADAM10 (an 

ectodomain sheddase) (234) or BACE1 (which similarly cleaves the ectodomain) (235) and then by "-

secretase, which acts on the intracellular C-terminal fragment39. These enzymatic actions can have 

downstream impacts 40.  

 
38 Tyrosine phosphorylation of Nav β1 influences how the auxiliary protein interacts with ankyrin (224, 
491) and tyrosine phosphorylation of sodium channels alters the voltage-dependence, rate of inactivation, 
and current levels (232). Similarly, digestion of the GPI anchor of &2'-3 by prokaryotic 

phosphatidylinositol-phospholipase C releases &2 from the membrane and decreases Ca2+ current (492). 
39 Application of a "-secretase inhibitor prevented cell-cell aggregation and migration in a wound healing 
assay and negatively affected migration of neuroblastoma cells (234).  
40 Interestingly, the presence of the intracellular domain of Nav !2 positively affects Nav1.1 mRNA and 
protein levels in cell-based assays, however BACE1 activity caused this increase in channel production to 



 29 

 

Implications of auxiliary-adhesion duality  

 I have presented a few select examples of the ion channel-dependent auxiliary roles of these 

subunits and the ion channel-independent, CAM-like activities. While the auxiliary and adhesive roles of 

these proteins are interesting in their own right, I am particularly intrigued by the potential convergence 

between auxiliary and adhesive functions. This group of proteins has the potential to bring ion channels 

to the site of certain adhesions, change the behavior of ion channels specifically at sites of adhesions, 

create adhesions in response to ion channel activity and could even couple channel activity to 

extracellular adhesion formation or intracellular signaling cascades. I discuss a few specific examples 

where this seems to be the case (see footnotes 35, 37, 38, and 40). To date there are only a few studies on 

this topic. 

 

Is auxiliary subunit adhesion dependent on ion channel activity? 

Auxiliary proteins change ion channel conductances and their adhesive properties can influence 

channel localization, might these disparate functions overlap through activity-dependent adhesion? Such 

a phenomena has been explored with HEPACAM(1), which forms a ternary complex with ClC-2 and 

MLC-1, a multi-pass membrane protein. In oligodendrocytes, HEPACAM(1) is necessary for targeting 

ClC-2 localization to cell-to-cell junctions and for the modification of ClC-2 rectification. Interestingly, a 

recent study found that in cultured astrocytes, ClC-2 function and localization showed no signs of 

HEPACAM(1) influence under basal conditions. However, when the astrocytes were exposed to 

depolarizing conditions, ClC-2 trafficked to cell–cell junctions and exhibited currents similar to those 

 
accumulate intracellularly (493). Together, Nav !2 processing controls Nav1.1 current densities and 
regulates gene expression of the alpha subunit (493). 
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expected from HEPACAM(1) co-association. Immunoprecipitation followed by mass spectrometry 

revealed that ClC-2 only associated with HEPACAM(1) under depolarizing conditions. Interestingly, 

ClC-2 depolarization-induced reorganization was inhibited by the calcium chelator BAPTA, the calcium 

channel blocker nifedipine, and by blocking calpain proteases (236). While these results do not suggest 

that the conductive activity of the ClC-2 channel directly regulates HEPACAM(1) adhesive functions, 

they do suggest that HEPACAM(1) adhesive properties are dependent on signals that are integrated by a 

different ion channel41. These results could have intriguing ramifications for pathophysiological 

conditions where extracellular potassium is increased. Under these depolarizing conditions, ClC-2 would 

be expected to associated with HEPACAM(1) at cell-to-cell junctions, exhibit increased rectification 

activity, and could facilitate the necessary chloride influx needed to mediate potassium siphoning (236). 

Such reorganization could be concomitant with rearrangements in cytoskeleton. Do auxiliary subunits 

help mediate these transmembrane signaling and cytoskeletal reorganizing events?  

 

Do trans junctional electrical signaling domains enable ephaptic coupling? 

 Another potential ramification of adhesion-protein mediated coupling of ion channels is the 

formation of intercellular signaling domains. By facilitating trans homophilic and heterophilic 

interactions, auxiliary subunits could localize their ion channel partners into regions closely opposed to 

other ion channels. A recent study explored this possibility in the context of cardiac conduction, which 

computer models have suggested may involve ephaptic coupling42. Ephaptic coupling is a type of 

 
41 Kv2.1 channels are known to undergo activity-dependent changes in localization. Ischemic insults and 
glutamate exposure transforms clustered Kv2.1 localization into diffusion localization (23, 27, 374) . While 
AMIGO1 follows Kv2.1 during these stimuli (32), this reorganization event occurs independently of 
AMIGO1 function and instead is mediated by dephosphorylation of a Kv2.1 C-terminal residue that 
abrogates the interaction with ER-resident proteins (349). 
42 While controversial (237), theoretical studies suggest that ephaptic coupling could represent a 
functional means of signal transduction due to (1) the close proximity between membranes of adjacent 
myocytes, (2)  the high density of sodium channels localized at points of membrane apposition, and (3) 
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coupling that involves the intercellular transmission of action potentials via ion accumulation/depletion 

transients that occur within the narrow extracellular clefts between closely opposed cells. This study 

tested the hypothesis that Nav%!1 could mediate adhesion scaffolds necessary for trans-activating Nav1.5 

channels within the perinexal clefts adjacent to gap junctions in myocytes. Super-resolution revealed 

preferential colocalization of Nav%!1 and Nav1.5 at the clefts and smart patch clamp43 revealed that there 

was a greater sodium current density at the perinexi compared to non-junctional sites. Application of a 

peptide designed to selectively inhibit Nav%!1 widened perinexi in guinea pig ventricles. Further, this 

peptide reduced perinexal sodium currents without altering whole cell sodium currents in myocyte 

monolayers, and precipitated arrhythmogenic conduction in Langendorff-perfused guinea pig hearts 

(237). Though the smart-patch experiments within this study were conducted on a scale that was too 

large to directly assess the presence of ephaptic signaling, these results suggest a plausible role for Nav%!

1 in adhesion and ephaptic action potential propagation. Due to the paradigm-shifting nature of the 

hypothesis that action potentials propagate through extracellular ion accumulation or depletion, 

additional research on this topic is certainly warranted. Ephaptic coupling has also been observed in 

neural tissues (238), another context in which roles of auxiliary subunit adhesion could be assessed.  

Do intramembranous clustering domains enable channel oligomerization? 

Because some auxiliary-adhesion subunits can facilitate cis oligomerization, another potential 

implication of VGIC-CAM pairing could be to create cis ion channel oligomers or heterogenous 

intramembranous clustering domains. While some VGICs form clusters through pathways independent 

of their auxiliary partner (10, 17, 222, 239–243), some channels do need coexpression of their auxiliary 

 
experimental findings that knockout mice lacking a principle ventricular gap junction protein (494) and 
humans with dominant negative mutations in the same protein still conduct (495). 
43 Smart patch clamp is an approach that uses a high resistance patch electrode to record electrical events 
that are localized at a specific site within a narrow region of the cell (496). 
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subunit to localize into clusters (90, 167). In either instance, the adhesive properties of these ion channel 

auxiliary subunits could mediate cis interactions and further reinforce or tighten already clustered ion 

channels or create new clusters in instances where clustering is not mediated by the channel. Nav !3 

could be playing such a role. Super resolution, atomic force images have documented Nav1.5 trimers44, a 

structure that increases in prevalence with Nav%!3 coexpression (95). Additionally, super-resolution 

STORM imaging of fixed Nav1.5 channels suggests that larger radii Nav1.5 clusters are more prevalent 

with Nav%!3 coexpression (222). Further, the number of Nav1.5 channel signals illuminated by proximity 

ligation assay increase with Nav%!3 coexpression (222). While this data seems to be consistent with 

oligomerization, there are experimental caveats that could lead to data artifacts (222). Accordingly, recent 

atomistic structures of full length Nav%!1 in complex with Nav1.4 (183) have permitted the superposition 

of modeled/assembled Nav%!3 monomeric structures on to this homologous scaffold (244)45. For channel 

trimers to form, molecular dynamics simulations suggest that Nav%!3 Ig domains must adopt 

conformations that are briefly and infrequently sampled in silico. As such, trimerization would likely be a 

very slow process (244) and more research is warranted to confirm the presence of these structures in 

 
44 In an atomic-resolution crystal structure lacking a sodium channel alpha subunit, the Ig domain of Nav 
!3 forms a trimeric oligomer (95). Analysis of individual protomers showcased that adjacent faces of the 

Nav !3-Ig fold are stabilized by disulfide bonds and an intramolecular salt bridge. This slightly unusual 
Ig fold leaves key hydrophobic residues and hydrogen bonding residues free to interact with other 
protomers and create/stabilize a trimer interface (222).  
45 Molecular dynamics simulations suggest the extracellular domain of Nav%!3 monomers have increased 
conformational freedom and enter orientations amenable for trimer formation. This is in comparison to 
the more conformationally restricted Nav%!1 subunits, which were used as the scaffold for modeling 

oligomerization (244). Further, even though the Nav%!3 primary sequence is most closely related to that 

of Nav%!1 and most of the residues of the Nav%!3 trimer interface, including two critical cysteines, are 

fully conserved (95), select residues necessary for trimerization are unique to Nav%!3 (Arg115 and Pro6) 
(95). 
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vivo. What would be the electrophysiological or physiological implication of such oligomers? An 

independent report suggests Nav1.5 channels dimerize through a mechanism independent of auxiliary 

subunits and exhibit altered gating (245, 246), however, more research is still needed. Whether 

oligomerization occurs with other auxiliary subunits and VGICs is still an open question46.  

 

Do auxiliary subunits recruit other intracellular interacting partners that affect ion channel 

function? 

Aside from forming clustering domains composed of ion channel oligomers, the adhesive roles of 

auxiliary proteins could also facilitate the formation of heterogenous clustering domains by localizing 

other intracellular or intramembranous ancillary interactors. Does the presence of auxiliary subunit-

mediated interactions change ion channel function? Curious results from LRRC52/"2 knockout mice 

suggest that this might be the case. While heterologous expression of LRRC52 in oocytes shifts the 

activation of BK channel gating by ~ -90 mV, the absence of LRRC52/"2 in LRRC52 knockout mice, results 

in a BK gating shift of about ~210 mV in inner ear hair cells and disrupted BK localization (167). The 

drastic disparity in shifts in voltage-dependence suggests that the effect of LRRC52/"2 on BK gating alone 

is insufficient to account for the BK gating phenotype seen in inner ear hair cells. Maybe the disrupted BK 

localization and clustering also disassembles a part or all of a BK macromolecular complex that could 

contain other elements necessary to confer a full 210 mV gating shift (167)? Do auxiliary subunit 

 
46 Nav%!2 and Nav%!4 do not seem to share this capability for oligomerization as there is little sequence 

similarity between the trimer interface of Nav%!3 and the equivalent regions on Nav%!2 and Nav%!4 (94). 
Structures of the extracellular domains of AMIGO1 (201) and LINGO1 (126) demonstrate a potential to 
assemble into higher order oligomers, however these structures were acquired in conditions lacking a 
channel subunit.  
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interactions with the extracellular matrix proteins or intracellular proteins affect ion channel function? 

More research is required to address this possibility and disentangle the closely coupled adhesive and 

auxiliary roles these proteins.  

 

Is auxiliary subunit adhesion responsive to ion channel activity?  

Though still largely unexplored, a few additional studies have attempted to broach the question 

of how ion channel signaling affects the adhesive properties of their auxiliary subunits. For instance, 

MCF-7 cells transfected with a silencing RNA targeted to Nav !1, exhibited reduced adhesion and 

increased migration. However, when treated with tetrodotoxin (a sodium channel pore blocker), 

adhesion could be increased and the increased in migration could be reversed (71). While there are many 

mechanisms that could explain this phenomena, the observation that a sodium channel pore blocker 

could influence adhesive properties either directly or indirectly (maybe by mediating the expression of 

other proteins involved in adhesion), suggests that electrical cues could be important for patterning (71). 

AMIGO2 expression in cultured cerebellar granule neurons is regulated by neuronal activity, which can 

be induced either by KCl depolarization or NMDA (247). Interestingly, AMIGO2 expression is regulated 

at the transcriptional level by Ca2+ influx through voltage-dependent L-type Ca2+ channels, which in some 

cell types, the Ca2+ influx through these channels is facilitated by Kv2 channel-mediated organization 

(248). Conversely, application of tetrodotoxin to cultured cortical neurons inhibits both spontaneous 

electrical activity and increases in AMIGO2 mRNA expression (247). Both AMIGO1 and AMIGO2 are 

proteins that enhance cell adhesion (69, 249). While the mechanisms through which electrical activity are 

coupled to the expression of these adhesion proteins are unclear, these experiments suggest that the 

activities of electrically conductive ion channels and adhesive subunits may be more intertwined than 

currently understood.  
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Conclusion 

Thus far I have reviewed the defining characteristics of auxiliary proteins and the mechanisms 

through which auxiliary subunits alter ion channel function. I have also reviewed the adhesive functions 

of these same proteins and, while more research is needed, I put forth some examples where the adhesive 

properties of these subunits seem to alter ion channel function.  

By the principle of microscopic reversibility, if the adhesive functions of the auxiliary subunits 

were to affect ion channel function, then ion channel function would affect the adhesive properties. 

However, whether the conductive status of the ion channel partner modulates cell adhesion properties is 

an open question. While structural coupling between adhesion proteins and ion channels is well-

established, the degree to which the disparate activities of these two molecules are intertwined is 

unknown and experimentally difficult to disentangle. 

Ion channels play key roles in both interpreting electrical signals and integrating information into 

patterns of neural activity. Ion channels feedback on their own activities as well as on the activities of 

other neighboring channel populations, both promoting and partaking in complex, symphonic electrical 

cascades. Life’s processes depend on maintaining a harmonious and regulated flow of ions and such 

signaling can only be accomplished with a high degree of spatial and temporal precision. Molecular 

dissection of the ion channel interactome and detailed analyses of the functional impacts that auxiliary 

subunits have on ion channel proteins has greatly expanded our understanding of how such precision 

may be achieved. Moving forward, it will be important to take these same approaches in considering how 

the adhesive properties of auxiliary subunits similarly contribute to signaling and if signaling contributes 

to cell adhesion properties. Understanding the role of each ion channel complex will better prepare us for 

addressing the cacophonous consequences when ionic flow goes awry, as in pathophysiological states. By 

integrating these two perspectives and utilizing holistic approaches, we may discover new and 

unexpected mechanisms the define our physiology.   
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Figures and Tables 

Figure 1.1 

 

Figure 1.1 

The topology of the different auxiliary subunits reviewed here. TM: Transmembrane domain. Ig: 

Immunoglobulin domain. SP: Signal peptide. LRR: Leucine rich repeat domain (+CT: C-terminal, +NT: N-

terminal). EA: Extended arm (203). VWA: Von Willebrand A Factor. MIDAS: Metal ion-dependent 

adhesion site. GPI: Glycosylphosphatidylinositol anchor. The length of the different proteins represents 

their rank order total number of amino acids as reported for the human homolog by Uniprot. Within a 

protein, the different domains are ordered sequentially, but the size of the domain does not necessarily 

reflect the number of amino acids dedicated to forming that domain. Information regarding structures 

can be found at https://alphafold.ebi.ac.uk.  
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Figure 1.2 

 

Figure 1.2 

Atomistic structures of different auxiliary subunit-ion channel pairs. More information regarding the 

structures can be found in the references listed.  

 

 

  

Kv4.2 & DPP6S 
Kise et al., 2021

Cav1.1 & α2δ-1
Zhao et al., 2019

Cav1.1 & α2δ-1
Zhao et al., 2019

Nav1.7 & β1 & β2
Shen et al., 2019

Nav1.4 & β1
Pan et al., 2018
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Table 1.1 

Subunit Native Tissue Heterologous Expression Subunit Native Tissue Heterologous Expression 

Nav β1 

Nav1.1: Co-IP (47), 
Coloc (47) 

Nav1.5: Co-IP (47), 
Coloc (250)  

Kv4.2: Co-IP (97), IP-
MS (96) 

Kv4.3: Co-IP (97) 

Nav1.4: Co-vit (182, 183) 
Nav1.5: FRET (169) 
Nav1.7: Co-vit (184) 

Kv4.2: Co-IP (96) 

AMIGO3  

Kv2.1: Co-IP (33), Reorg 
(33, 177), Coloc (33, 177) 
Kv2.2: Co-IP (33), Reorg 

(33), Coloc (33) 

Nav β2 

Nav1.1: Co-IP (47), 
Coloc (47) 

Nav1.2: IP-MS (251) 
Nav1.5: Co-IP (47), 

Coloc (250) 

Nav1.2: Co-vit (252) 
Nav1.7: Co-vit (184) 

 
LINGO1 BK!: Co-IP (125)  

Nav β3 
Nav1.5: Co-IP (253) 
Nav1.7: Co-IP (254) 

Nav1.5: Co-IP (253),FRET 
(169), Coloc (253) 

Nav1.7: Co-IP (254) 
HEPACAM(1) 

ClC-2: Co-IP (90, 236), 
IP-MS (90, 236), PLA: 

(236), Coloc: (90) 

ClC-2: Co-IP (90), Reorg: 
(90), Coloc: (90) 

Nav β4  
Nav1.1: Co-vit (158) 
Nav1.2: Co-IP (101) 

HEPACAM2   

LRRC26/ 
!1 

BK!: Co-IP (114, 116, 
255, 256), IP-MS (114), 
FRET (255), Coloc (255, 

256) 

BK!: Co-IP (114) !2"-1 

Cav1.1: Co-AP (257) 
Cav2.1: IP-MS (258) 
Cav2.2: IP-MS (258) 
Cav2.3: IP-MS (258) 

Cav1.1: Co-vit (188) 
Cav2.2: Co-vit (162) 

 

LRRC52/!
2 

BK!: Reorg (167), PLA 
(120), Coloc (120) 

KSper: Co-IP (115) !2"-2 
Cav2.1: IP-MS (258) 
Cav2.2: IP-MS (258) 
Cav2.3: IP-MS (258) 

 

LRRC55/!
3 

  !2"-3 
Cav2.1: IP-MS (258) 
Cav2.2: IP-MS (258) 
Cav2.3: IP-MS (258) 

 

LRRC38/!
4 

  !2"-4  Cav1.2: Co-IP (136) 

AMIGO1 

Kv2.1: Co-IP (32, 124), 
Reorg (32), Coloc (32, 

121) 
Kv2.2: Coloc (121) 

Kv2.1: Co-IP (33), Reorg 
(33, 121, 177), Coloc (32, 

33, 121, 177) 
Kv2.2: Co-IP (33), Reorg 
(33, 121), Coloc (33, 121) 

DPP6 Kv4.2: Co-IP (147, 151), 
IP-MS (96, 147) 

Kv4.1: Co-IP (152)* 
Kv4.2: Co-vit (160), Co-IP 

(152)*, Reorg (147, 151, 259) 
Kv4.3: Co-IP (152) 

AMIGO2  

Kv2.1: Co-IP (33), Reorg 
(33, 177), Coloc (33, 177) 
Kv2.2: Co-IP (33), Reorg 

(33), Coloc (33) 

DPP10 
Kv4.2: Co-IP (151, 260), 

IP-MS (96, 151) 
Nav1.5: Co-IP (261) 

Kv4.1: Co-IP (152)* 
Kv4.2: Co-IP (145, 152, 260), 

Reorg (151)(145) 
Kv4.3: Co-IP (152) 

Nav1.5: Co-IP (261) 

 
Table 1.1 

Key: Co-IP = coimmunoprecipitation. IP-MS = immunopurification followed by mass spectrometry 

identification. Reorg = imaging data suggests that localization of one protein is dependent on the other. 

FRET = Forster resonance energy transfer. Coloc = colocalization (resolution of confocal imaging ~250 

nm). Co-vit = co-vitrification. PLA = proximity lifation assay (resolution </= 40nm). Co-AP = co-affinity 

purification. *= data not shown in the publication. 
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Table 1.2 

 Effect of coexpression on current density 
Subunit Native cell systems Heterologous expression systems 

Nav "1 ↑ (IA, cortical neurons) (96). 
# (INav1.2) (230, 262)– (INav1.4)(263). #–(INav1.5) (47, 77). – 

(INav1.6) (264).#(INav1.7) (265).#(INav1.8) (264).  

Nav "2 
#(INa, ventral cardiomyocytes) (266). 
– (INa, artial cardiomyocytes) (266). 

– (INav1.5) (47). – (INav1.6) (264). – (INav1.7) (265). – (INav1.8) 
(264). 

Nav "3  
– (INav1.2 )(230). – (INav1.5) (221, 253). – (INav1.6)(264). #

(INav1.7) (265). $(INav1.8) (264, 267). 

Nav "4 $(INa, purkinjie cells) (268). – (INav1.6) (264). – (INav1.7) (265). – (INav1.8) (264). 

LRRC26/!1 
– (IK, parotid cells) (116). – (IBKα, parotid cells) (116). – 

(IBKα, inner hair cells) (167). 
 

LRRC52/!2 #(IBKα, inner hair cells) (167). #IBK! (167). 

HEPACAM(1)  #(IClC-2) (90). 

%2&-1 #(ICa,L-type, cardiomyocytes) (269).  

%2&-2 #(IBa, purkinjie cells) (134).  

%2&-3  – (ICav2.1) (135). 

DPP6 – (IK, hippocampal CA1 neurons) (270). #(IKv4.3) (152). 

DPP10  #(IKv4.2) (260). #(IKv4.3) (152). 

 
Table 1.2 

Auxiliary subunit effects on current density in native systems is assessed by comparing currents in cells 

isolated from knockout or knockdown to those in wild type cells. Here, ↑= a proportional relationship 

between subunit present and current density, where knockout currents were smaller than wildtype ones. 

– = no effect was seen in the knockout animal compared to wildtype. ↓ = an inverse relationship where 

currents in the knockout animal were larger than the wildtype animal. The effects in heterologous cells 

systems were assessed by coexpression and compared to singular expression of the channel. Here, ↑= an 

increase in current density with subunit coexpression. – = no effect. ↓ = a decrease in current density with 

subunit coexpression. 

 

 



 40 

Table 1.3 
 + Subunit 

Boltzmann  
Channel Channel  

Boltzmann  
Ref ΔG 

Kcal 
/mol V1/2 z V1/2 z 

N
av

 β
1 

-19.1 
-23.2 

-6.5 
4.4 

Nav1.1 -18.3 
-27 

-7.5 
5.4 

(271) 
(181) 

-0.3 
0.4 

-18.4 
-20.1 

6.5 
-7.8 

Nav1.2 -24.3 
-18.8 

5.3 
-6.9 

(272) 
(271) 

1.8 
-0.5 

-22.6 4.9 Nav1.3 -15.8 5.2 (72) -0.8 
-33.3 
-23.9 
-33.4 
-22 
-23.9 
-70.9 

5.2 
6.3 
3.1 
4.1 
6.3 
4.4 

Nav1.4 
 

-28.6 
-22.8 
-25.9 
-25 
-22.8 
-75.5 

4.5 
6.4 
1.8 
4.6 
6.4 
4.8 

(183) 
(273) 
(274) 
(275) 
(273) 
(263) 

-0.5 
-0.4 
-0.4 
0.3 
-0.2 
0.5 

-48.9 
-36 
-43 
-41.8 
-24.9 
-36.7 
-20.3 
-50.6 
-34.6 
-34.3 
-20.7 
-57.6 

8.5 
4.4 
6.7 
5.8 
5.9 
8.2 
-8.4 
7.3 
7.2 
4.9 
6.4 
6.3 

Nav1.5 -38.7 
-48 
-36 
-36.4 
-25.6 
-37.8 
-17.4 
-46.1 
-35.8 
-35.2 
-25.3 
-58 

7.7 
4.7 
6.4 
6.7 
6.0 
8.2 
-8.7 
7.8 
6.8 
5.1 
8.0 
7.5 

(276) 
(275) 
(77) 
(277) 
(47) 
(278) 
(157) 
(279) 
(169) 
(280) 
(281) 
(282) 

-1.9 
1.3 
-1.1 
-1.8 
0.1 
0.2 
-0.6† 
-1.9 
0.2 
0.1 
0.8 
0.1 

-34.8 -5.8 Nav1.6 -36.7 -5.6 (264) 0.3† 
-17.4 5.8 Nav1.7 -18.6 6.8 (265) 0.2 
1.6 
6.5 
-16.5 

-6.3 
7.2 
-7.5 

Nav1.8 10.3 
13.0 
-12.5 

-6.6 
8.0 
-10.5 

(267) 
(283) 
(264) 

-1.3† 
-1.1 
-0.8† 

N
av

 β
2 

-19.4 5 Nav1.1 -19.6 4.6 (284) 0.0 
-20.7 
-18.8 

6.4 
4.5 

Nav1.2 -24.3 
-22.5 

5.3 
5.4 

(272) 
(285) 

1.2 
0.5 

-23.2 
-38 
-34.7 

5.9 
6.2 
6.5 

Nav1.5 -25.6 
-39.6 
-39.8 

6 
7.6 
4.6 

(47) 
(276) 
(285) 

0.3 
0.3 
0.7 

-35.3 -5.6 Nav1.6 -36.7 -5.6 (264) 0.2† 
-18.2 6.2 Nav1.7 -18.6 6.8 (265) 0.1 
9.5 
0.9 
-13.9 

-5.7 
6.4 
-9.7 

Nav1.8 10.3 
13 
-12.5 

-6.6 
8.0 
-10.5 

(267) 
(283) 
(264) 

-0.1† 
-2.0 
-0.3† 

N
av

 β
3 

-12.1 8.3 Nav1.2 -24.3 5.3 (272) 4.7 
-17.2 
-20.6 

9.3 
-6.1 

Nav1.3 -24.1 
-12.3 

7.8 
-4.8 

(286) 
(108) 

1.4 
-1.0† 

-20.7 
-42.6 
-30.4 
-23.7 
-36 
-39 

-8.2 
9.4 
7.4 
9.6 
5.1 
4.7 

Nav1.5 
 

-17.4 
-42.6 
-35.8 
-25.3 
-34 
-36 

-8.7 
7.3 
6.8 
8.0 
4.8 
4.7 

(157) 
(221) 
(169) 
(281) 
(253) 
(253) 

-0.6† 
0.0 
0.9 
0.3 
-0.2 
-0.3 

-37.3 -5.9 Nav1.6 -36.7 -5.6 (264) -0.1† 
-22.3 5.4 Nav1.7 -18.6 6.8 (265) -0.5 
11.5 
4.1 
-14 

-6 
7.3 
-9.8 

Nav1.8 10.3 
13 
-12.5 

-6.6 
8.0 
-10.5 

(267) 
(283) 
(264) 

0.2† 
-1.6 
-0.4† 

 

 

 

 
 + Subunit 

Boltzmann  
Channel Channel  

Boltzmann  
Ref ΔG 

Kcal
/mol V1/2 z V1/2 z 

N
av

 β
4 

-22.1 
-21.8 
-20.6 

5.7 
5.2 
5.7 

Nav1.1 -20.5 
-16.8 
-15.6 

6.3 
4.9 
5.7 

(285) 
(287) 
(287) 

-0.2 
-0.6 
-1.7 

-21.9 5.1 Nav1.2 -22.5 5.4 (285) 0.1 
-43.7 
-35.6 

3.6 
5.7 

Nav1.5 -43.8 
-39.8 

3.1 
4.6 

(288) 
(285) 

0.0 
0.5 

-44.3 -5.6 Nav1.6 -36.7 -5.6 (264) -1.0† 
-16.1 7.1 Nav1.7 -18.6 6.8 (265) 0.4 
9.9 
-29.2 

8.1 
-7.2 

Nav1.8 13 
-12.5 

8.0 
-11 

(283) 
(264) 

-0.6 
-3.4† 

LR
R

C
26

  

23 
22 
18 
-64 

1.6 
1.8 
1.8 
1.7 

BK 164 
167 
165 
76 

1.3 
1.3 
1.3 
1.5 

(289) 
(290) 
(113) 
(113) 

-3.6 
-4.8 
-5.1 
-5.1 

LR
R

C
52

  

61 
61 
64 
47 
9 
-22 
-69 

1.2 
1.2 
1.4 
1.3 
1.5 
1.7 
1.7 

BK 164 
167 
165 
106 
76 
41 
-2 

1.3 
1.3 
1.3 
1.5 
1.5 
1.6 
1.6 

(289) 
(290) 
(113) 
(113) 
(113) 
(113) 
(113) 

-2.4 
-3.0 
-3.0 
-1.9 
-2.3 
-2.4 
-2.6 

LR
R

C
55

  
115 
115 
114 
93 
55 
17 
-6 

1.4 
1.4 
1.8 
1.6 
1.6 
1.5 
1.7 

BK 164 
167 
165 
106 
76 
41 
-2 

1.3 
1.3 
1.3 
1.5 
1.5 
1.6 
1.6 

(289) 
(290) 
(113) 
(113) 
(113) 
(113) 
(113) 

-1.3 
-1.6 
-1.8 
-0.5 
-0.7 
-0.9 
-0.2 

LR
R

C
38

  

154 
154 
146 
61 
24 
-25 

1.3 
1.3 
1.1 
1.6 
1.7 
1.6 

BK 164 
167 
165 
76 
41 
-2 

1.3 
1.3 
1.3 
1.5 
1.6 
1.6 

(289) 
(290) 
(113) 
(113) 
(113) 
(113) 

-0.3 
-0.4 
-0.5 
-0.5 
-0.6 
-0.9 

A
M

IG
O

1 

-7.4 
-7.6 
10.2 
-8.5 

7.8 
5.6 
6.7 
8.7 

Kv2.1 -1.7 
-1.8 
17.6 
-2.4 

7.2 
5.6 
6 
9.6 

(177) 
(177) 
(177) 
(33) 

-0.9 
-0.8 
-1 
-1.3 

-7.8 7.1 Kv2.1 -2.2 7.7 (33) -1 

A
M

IG
O

2 -8.7 
-10.3 

9.0 
6.5 

Kv2.1 -2.0 
-2.4 

5.9 
9.6 

(177) 
(33) 

-1.1 
-1.5 

-9.2 4.6 Kv2.2 -2.2 7.6 (33) -1.0 

A
M

IG
O

3 -7.8 
-9.1 

7.5 
7.1 

Kv2.1 -2.0 
-2.4 

5.9 
9.6 

(177) 
(33) 

-0.9 
-1.3 

9 5.3 Kv2.2 -2.2 7.6 (33) -1.0 

α
2 δ

- 1
 

-6.2 
2.3 

5.7 
6.0 

Cav1.2 2.2 
12 

7.4 
7.8 

(144) 
(144) 

-1.7 
-2.1 

6.9 4.4 Cav2.1 6.1 4.7 (144) 0.1 
-3.9 4.9 Cav2.3 -3.1 5.0 (144) -0.1 
-28.1 
-23.4 

4.4 
4.3 

Cav3.1 -28.4 
-24.9 

4.0 
3.9 

(291) 
(144) 

0.0 
0.2 
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Table 1.3 continued 
 

! 2
"-

2  

-7.1 
3.0 
-6.1 
3.8 

5.2 
6.4 
5.7 
6.9 

Cav1.2 2.2 
12 
2.2 
12 

7.4 
7.8 
7.4 
7.8 

(144) 
(144) 
(144) 
(144) 

-2.1 
-2.4 
-2.1 
-2.4 

4.2 
3.0 

4.2 
4.1 

Cav2.1 6.1 
6.1 

4.7 
4.7 

(144) 
(144) 

-0.3 
-0.6 

-12.2 
-9.1 

4.1 
4.1 

Cav2.3 -3.1 
-3.1 

5 
5.0 

(144) 
(144) 

-1.7 
-1.2 

-22.3 
-21.9 

4.1 
4.2 

Cav3.1 -24.9 
-24.9 

3.9 
3.9 

(144) 
(144) 

0.5 
0.5 

! 2
" -

3  4.9 5.9 Cav1.2 10.6 6.2 (291) -1.6 

-29.8 4.1 Cav3.1 -28.4 4.0 (291) -0.3 

D
PP

6 

-31.9 16.1 Kv4.1 -16 14 (145) -14.1 

-22.1 
-25.8 
-33.4 
-25.1 
-24.9 
-31.5 
-44 
-22 
-26.9 

16.2 
17 
16.5 
18.6 
16.1 
17.2 
7 
16 
22.2 

Kv4.2 -0.1 
-0.1 
-5.3 
-4.1 
-4.1 
-4.1 
-20 
2.0 
-6.6 

20.6 
20.6 
17.6 
21.5 
21.5 
21.5 
8.0 
22 
26.7 

(145) 
(145) 
(147) 
(150) 
(150) 
(150) 
(260)* 
(260)* 
(292) 

-24.3 
-29.5 
-11.0 
-9.7 
-9.0 
-12.2 
-11.4 
-29.2 
-32.3 

-30.3 
-23.3 
-36.7 

16.3 
17.4 
17 

Kv4.3 -15.4 
-6.2 
-6.0 

19.9 
21.5 
23 

(147) 
(152) 
(174) 

-6.2 
-7.7 
-14.2 

D
PP

10
 

-39 2.4 Nav1.5 -44 2.3 (261) 0.3 

-59.9 11 Kv1.4 -55 15.6 (293) -1.5 

-1.3 19.4 Kv4.1 -16 14 (145) 5.7 

-18.9 
-28.6 
-36 
-26 
-26.9 
-29.1 
-30.7 

17.5 
18.2 
6 
20 
19.7 
12.6 
15.6 

Kv4.2 -0.1 
-0.1 
-20 
2.0 
0.5 
0.5 
0.5 

20.6 
20.6 
8.0 
22 
21 
21 
21 

(145) 
(145) 
(260)* 
(260)* 
(149) 
(149) 
(149) 

-8.3 
-34.3 
-7.4 
-39.4 
-12.9 
-11.5 
-13.2 

-41.8 
-17.4 

22 
19.4 

Kv4.3 -31.7 
-6.2 

19.7 
21.5 

(293) 
(152) 

-4.9 
-5.3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 42 

Table 1.3 

Estimation of energy that auxiliary subunit association confers onto shifting the voltage-dependence of 

channel activation. #G = #VzF, where #V=%#V1/2 as reported directly by a 1st order Boltzmann or 

calculated if 4th order Boltzmann relations were used to approximate data; z = the average slope derived 

from the Boltzmann fits for control G–V curves and G–V curves with the subunit (z was multiplied by 4, if 

derived from a 4th order Boltzmann); F = Faraday’s constant. All data presented here was combined from 

different cell expression systems and different recording solutions; all of these parameters have unique 

effects on the recorded modulatory properties of the auxiliary subunit with respect to the channel. * = 

Boltzmann fit parameters for this analysis was estimated from a graphical representation provided by the 

original publication. † = Boltzmann fit for the original data was carried out in an inverse fashion, the 

signage was reversed for consistency within this report. A negative #G represents a left- or 

hyperpolarizing-shift in voltage–dependence. The opposite is represented by a positive #G. 
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Table 1.4 
 + Subunit 

Boltzmann  
Channel Channel  

Boltzmann  
Ref ΔG 

Kcal/
mol V1/2 z V1/2 z 

N
av

 β
1 

-54.2 
-41.5 

4.6 
8.1 

Nav1.1 -55.5 
-32 

4.7 
6.6 

(271) 
(181) 

0.1 
-1.6 

-49.7 
-58.1 
-49.1 

8.3 
7.2 
5.9 

Nav1.2 -53.4 
-51.7 
-45.1 

8.9 
10 
9.8 

(272) 
(271) 
(100) 

0.7 
-1.3 
-0.7 

-64 -6 Nav1.3 -51.8 -5.5 (72) -1.6† 
-64.9 
-70.9 
-66.5 
-61.8 
-59 

9.5 
4.4 
6.3 
4.7 
5.5 

Nav1.4 -68.9 
-75.5 
-66.1 
-54.5 
-67 

10 
4.8 
6.4 
5.0 
7.0 

(183) 
(263) 
(273) 
(274) 
(275) 

0.9 
0.5 
-0.1 
-0.8 
1.2 

-73 
-85 
-78.4 
-72.9 
-90.9 
-70.7 
-92.6 
-74 
-77.2 
-95.5 
-105 

5.8 
8.3 
-7.7 
4.7 
-6.6 
5.9 
6.4 
-5.7 
-5.7 
4.7 
-4.9 

Nav1.5 -96 
-77 
-81.4 
-77.1 
-95.2 
-61.1 
-85.1 
-84.8 
-83.7 
-96.1 
-113 

6.9 
8.3 
-9.2 
4.9 
-7.3 
5.7 
7.3 
-8.9 
-5.9 
4.5 
-5.3 

(275) 
(77) 
(277) 
(47) 
(278) 
(157) 
(279) 
(169) 
(280) 
(281) 
(282) 

3.4 
-1.5 
0.6† 
0.5 
0.7† 
-1.3 
-1.2 
1.8† 
0.9† 
0.1 
1.0† 

-72.2 6.6 Nav1.6 -74.3 6 (264) 0.3 
-65.7 7 Nav1.7 -70.9 8.1 (265) 0.9 
-58.4 
-47.2 
-47.8 

7.1 
-11 
7.7 

Nav1.8 -52.9 
-30.3 
-43.2 

8.9 
-12 
6.0 

(267) 
(283) 
(264) 

-1.0 
-4.4† 
0.7 

N
av

 β
2 

-44.4 -6.7 Nav1.1 -44.1 -5.2 (284) 0.0 
-44.9 
-34.9 

7.6 
9.3 

Nav1.2 -53.4 
-37.7 

8.9 
9.0 

(272) 
(285) 

1.6 
0.6 

-77.1 
-67.2 

5.1 
7.9 

Nav1.5 -77.1 
-73.8 

4.9 
8.0 

(47) 
(285) 

0.0 
1.2 

-73.3 6.4 Nav1.6 -74.3 6 (264) 0.1 
-70.9 7.5 Nav1.7 -70.9 8.1 (265) 0.0 
-49 
-37.7 
-43.7 

9.9 
-15 
5.4 

Nav1.8 -52.9 
-30.3 
-43.2 

8.9 
-12 
6.0 

(267) 
(283) 
(264) 

0.8 
-2.3† 
-0.1 

N
av

 β
3 

-41.5 8.6 Nav1.2 -53.4 8.9 (272) 2.4 
-49.3 
-70.1 
-72.6 

6.1 
5.6 
5.9 

Nav1.3 -45.1 
-71.9 
-61.1 

9.8 
7.4 
5.7 

(100) 
(286) 
(108) 

-0.8 
0.3 
-1.5 

-90.6 
-75.2 
-85.2 

-6.5 
-6.2 
4.2 

Nav1.5 -96.1 
-84.8 
-96.1 

-7.2 
-8.9 
4.5 

(221) 
(169) 
(281) 

0.9† 
1.7† 
1.1 

-75.8 6.5 Nav1.6 -74.3 6 (264) -0.2 
-67.4 7 Nav1.7 -70.9 8.1 (265) 0.6 
-47.9 
-48.1 
-45.9 

9.0 
-7.9 
6.0 

Nav1.8 -52.9 
-30.3 
-43.2 

8.9 
-12 
6.0 

(267) 
(283) 
(264) 

1.0 
-4.1† 
-0.4 

N
av

 β
4 
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Table 1.4 

The approximate amount of energy that auxiliary subunit association confers onto shifting the voltage-

dependence of channel steady-state inactivation. Values were calculated the same as for Table 1.3. 

Similarly, a negative #G represents a left- or hyperpolarizing-shift in voltage–dependence. The opposite 

is represented by a positive #G. * = Boltzmann fit parameters for this analysis was estimated from a 

graphical representation provided by the original publication. † = Boltzmann fit for the original data was 

carried out in an inverse fashion, the signage was reversed for consistency within this report 
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Chapter 2: Fluorescent tarantula toxins to track and control conformational 

change of Kv2 ion channels. 

 

Preface 

This chapter details my contributions to the development and characterization two labeled toxins used to 

track and control conformational change of the Kv2.1 voltage-gated ion channel. The first half of this 

section has been adapted from work published as research article in the Journal of General Physiology in 

2021 as: *Thapa, P., *Stewart, R.G., Sepela, R.J., Vivas, O., Parajuli, L.K., Lillya, M., Fletcher-Taylor, S., 

Cohen, B.E. Zito, K., and Sack, J.T. EVAP: A two-photon imaging tool to study conformational changes in 

endogenous Kv2 channels in live tissues. JGP 153(11): e202012858. While the entirety of this work 

includes contributions from many authors, for this thesis chapter I distilled this body of work down into 

a smaller synopsis to better encapsulate my contributions. Regarding the work presented in this thesis, I 

conjugated and purified GxTX594 (Fig. 2.1) and patched CHO cells with and without GxTX–594 to assess 

activity (Fig. 2.3). Parashar Thapa patched CHO cells to determine the voltage-dependence of the off rate 

(Fig. 2.4) and this data was analyzed by both Parashar Thapa and Robert Stewart. Parashar Thapa, Robert 

Stewart, Jon Sack and I all contributed to the conceptualization of the statistical model of EVAP binding 

(Fig. 2.5); Robert Stewart and Jon Sack were instrumental in finalizing this model (Fig. 2.6). The writing 

for this section was largely adapted from the JGP article, which was drafted by Parashar Thapa, Robert 

Stewart, Jon Sack and I (with feedback from Oscar Vivas, Laxmi Parajuli, Sebastian Fletcher-Taylor, Bruce 

Cohen, Karen Zito, and Jon Sack). Minor changes to layout and organization were made to best fit this 

thesis.  
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The second half of this section has been adapted from work published as research article in the American 

Chemical Society Journal for Chemical Neuroscience in 2020 as: Fletcher-Taylor, S., Thapa, P., Sepela, R.J. 

Kaakati, R., Yarov-Yarovoy, V., Sack, J.T and Cohen, B.E. Distinguishing potassium channel resting state 

conformations in live cells with environment-sensitive fluorescence. ACS Chem. Neurosci 11 (15): 2316-

2326. While the entirety of this work includes contributions from many authors, for this thesis chapter I 

distilled this body of work down into a smaller synopsis to better encapsulate my contributions. 

Regarding the work presented in this thesis, Jon Sack imaged the hippocampal neuron stained with GxTX 

Lys27Pra(JP) and I processed the image (Fig. 2.8A), Sebastian Fletcher-Taylor and Parashar Thapa imaged 

the selectivity of GxTX–JP conjugates (Fig. 2.8B), Sebastian Fletcher-Taylor acquired and analyzed data 

regarding the spectral emission of GxTX-JP conjugates in solution (Fig. 2.8C) and bound to cells (Fig. 

2.8D). Parashar Thapa conducted voltage-clamp fluorometry experiments to determine the voltage-

dependence of the GxTX Lys27Pra(JP) spectral response (Fig. 2.9 red) and I conducted gating current 

recordings to characterize voltage sensor movement in the presence of GxTX Lys27Pra(JP) (Fig. 2.9 black). 

Some work conducted by my colleagues is included within this chapter for context.  
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Abstract 

A primary goal of molecular physiology is to understand how regulated conformational changes 

of proteins affect the function of cells, tissues, and organisms. Here, I describe two imaging methods for 

measuring the conformational changes of the voltage sensors of endogenous ion channel proteins within 

live tissue, without genetic modification. For the first method, I synthesized GxTX–594, a variant of the 

peptidyl tarantula toxin guangxitoxin-1E, conjugated to a fluorophore optimal for two-photon excitation 

imaging through light-scattering tissue. GxTX–594 targets the voltage sensors of Kv2 proteins, which 

form potassium channels and plasma membrane–endoplasmic reticulum junctions. GxTX-594 

dynamically labels Kv2 proteins on cell surfaces in response to voltage stimulation. To interpret dynamic 

changes in fluorescence intensity, we developed a statistical thermodynamic model that relates the 

conformational changes of Kv2 voltage sensors to degree of labeling. Two-photon excitation imaging of 

Kv2 proteins in rat brain slices revealed puncta of GxTX–594 on hippocampal CA1 neurons that 

responded to voltage stimulation and retained a voltage response roughly similar to heterologously 

expressed Kv2.1 protein.  

For the second method, we synthesized GxTX Ser13Pra(JP) and GxTX Lys27Pra(JP), different 

variants of guangxitoxin-1E conjugated to an fluorophore, JP (julolidine phenoxazone), that has an 

inherent response to the polarity of its immediate surroundings. GxTX–JP variants offer site-specific 

structural insight into Kv2.1 voltage sensing domain allostery that occurs during membrane 

depolarization. Using voltage-clamp spectroscopy to collect emission spectra as a function of membrane 

potential, we find that spectra vary with toxin labeling site, the presence of Kv2 channels, and changes in 

membrane potential. With a high-affinity conjugate in which the fluorophore itself interacts closely with 

the channel, the emission shift midpoint is 50 mV more negative than the Kv2.1 gating current midpoint. 

This suggests that substantial conformational changes at the toxin−channel interface are associated with 

early gating charge transitions and these are not concerted with voltage sensing domain motions at more 
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depolarized potentials. Both of these fluorescent probes enable study of conformational changes that can 

be correlated with electrophysiology, putting channel structures and models into a context of live-cell 

membranes and physiological states47.  

  

 
47  A third method to track conformational change through photoacoustic imaging is described in 
Appendix A. 
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Introduction 

To move the field of voltage-sensitive physiology forward, we need new tools that indicate when 

and where voltage-sensitive conformational changes in endogenous proteins occur. Many classes of 

transmembrane proteins have been found to be voltage sensitive (295). One important class of voltage-

sensitive proteins is the voltage-gated potassium (Kv) ion channels. Kv channels are highly polymorphic 

(i.e., able to adopt many functional conformations), and electrophysiological studies have long shown 

that changes in channel structure underlie voltage-gated K+ flux. The voltage sensors of proteins in this 

superfamily comprise a bundle of four transmembrane helices termed S1–S4 (163, 296). The S4 helix 

contains positively charged arginine and lysine residues, gating charges, that respond to voltage changes 

by moving through the transmembrane electric field (297–299). When voltage sensor domains encounter 

a transmembrane voltage that is more negative on the inside of the cell membrane, voltage sensors are 

biased toward resting conformations, or down states, in which gating charges are localized 

intracellularly. When voltage becomes more positive, gating charges translate toward the extracellular 

side of the membrane, and voltage sensors are progressively biased toward up states in a process of 

voltage activation (159, 300–302). 

In some voltage-gated ion channel proteins, voltage sensor movement is also coupled to 

nonconducting protein functions (303, 304). These nonconducting protein functions are largely 

inaccessible to study by electrophysiology and are more poorly understood. Novel approaches are 

needed to learn more about voltage sensing in intact tissues and could be used to unlock the mysterious 

realm of nonconducting voltage-sensitive physiology. One important class of Kv proteins that has 

documented nonconducting functions is the Kv2 subtype. Kv2 proteins form voltage-gated K+ channels 

(2) that are capable of integrating their response to voltage with many other cellular processes, including 

phosphorylation (305), SUMOylation (306), oxidation (307), membrane lipid composition (308), and 

auxiliary subunits (32, 33, 309). Additionally, Kv2 proteins bind endoplasmic reticulum proteins to form 
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plasma membrane–endoplasmic reticulum junctions (242, 243) and regulate a wide variety of 

physiological responses in tissues throughout the body (310). To study the functional outputs of voltage 

sensors, both conducting and nonconducting, it is essential to measure voltage sensor activation itself.   

Attempts to understand dynamic changes in Kv voltage sensors have spanned decades and have 

included electrophysiological measurements of gating currents (295, 300, 301, 311, 312), site-directed 

mutagenesis (313, 314), side chain reactivity studies (315–317), and optical measurements from 

fluorophores inserted near voltage sensors by genetic encoding (315, 318) or chemical modification (319). 

However, the following experimental limitations prevent these existing techniques from measuring 

conformational changes of voltage sensors of most endogenous proteins: gating currents can only be 

measured when the proteins are expressed at high density in a voltage-clamped membrane; engineered 

proteins differ from endogenous channels; most chemical modification strategies result in off-target 

labeling; and conjugation of fluorophores into voltage sensors irreversibly alters structure and function.  

Here, we develop a different strategy to reveal conformational states of Kv2 proteins. To image 

where in tissue the voltage sensors of Kv2 proteins adopt a specific resting conformation, we exploited 

the conformation-selective binding of the tarantula peptide guangxitoxin (GxTX)-1E, which can be 

conjugated to fluorophores to report Kv2 conformational changes (320–322). Venomous species 

commonly target ion channels with peptidyl gating-modifying toxins that preferentially bind to specific 

channel conformations, trapping them in particular physiological states (323). This conformational 

specificity has made GMTs critical tools for understanding channel allostery and physiology. GxTX-1E, a 

lipophilic cystine-knot peptide from the Chinese hissing bronze wolf tarantula C. guangxiensis, (29, 324, 

325) targets the Kv2.1 closed state VSD with 5400-fold greater affinity than its open state (321), shifting 

channel opening to more depolarized potentials and effectively closing the channel without directly 

occluding its pore. Synthetic analogues of GxTX have been functionalized with optical probes and 

preferentially bind to closed, wild-type Kv2.1 channels in cells and tissue (320–322). 
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Here, we synthesize GxTX–594 and variants of GxTX–JP. GxTX–594 is a Ser13Cys GxTX variant 

conjugated to Alexa Fluor 594, a fluorophore compatible with two-photon excitation imaging through 

light-scattering tissue. GxTX–594 dynamically binds Kv2 channels in living tissue. When GxTX-594 binds, 

it becomes immobilized and fluorescently labels Kv2 proteins at the cell surface. When Kv2 channels 

become voltage activated, GxTX–594 unbinds, resulting in unlabeling (Fig. 1.2). This labeling/unlabeling 

dynamic is similar to a recently reported point accumulation for imaging of nanoscale topology 

superresoluton imaging method (326), yet the method reported here is sensitive to changes in protein 

conformation. GxTX–594 labeling of Kv2 proteins equilibrates on the time scale of seconds, revealing the 

probability (averaged over time) that unbound voltage sensors are resting or active. Here, we develop a 

method to calculate the average conformational status of unlabeled Kv2 proteins from images of GxTX–

594 fluorescence and deploy the GxTX–594 probe in brain slices to image voltage-sensitive fluorescence 

changes that reveal conformational changes of endogenous neuronal Kv2 proteins. With standard 

fluorescent reporters such as AlexaFluor 594, labeled GxTX can be used to image endogenous Kv2.1 

gating but offers no molecular insight into the toxin-VSD structure or channel allostery. To meet this 

need, we also synthesized GxTX–JP variants. GxTX–JP variants incorporate an environment-sensitive 

fluorophore into different sites on the GxTX peptide to gain information about protein motion at single 

amino acid level resolution. Environment sensitive fluorophores respond to the polarity of their 

immediate surroundings with large shifts in excitation and emission peaks (327–329) and are particularly 

well-suited for reporting protein allostery (330, 331). Voltage-clamp spectroscopy and collection of full 

emission spectra of JP−GxTX conjugates as a function of membrane potential reveals that different 

labeling sites on the toxin vary have varied environmentally-sensitive responses to Kv2.1 voltage 

activation. We use these varied responses to understand voltage sensor conformational status. One 

GxTX–JP variant with high affinity is especially useful in interrogating early gating charge transitions 

that are not concerted with later voltage sensor domain motions. These approaches provide an imaging 
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technique to study conformational changes of endogenous voltage-sensitive Kv2 proteins in samples that 

have not (or cannot) be genetically modified.  

  



 53 

Results  

GxTX–594 retains bioactivity for Kv2.1 after chemoselective modification   

To monitor activation of Kv2 proteins in heterologous cells or tissue slices, I synthesized GxTX–

594 (Fig. 2.1), which is compatible with two-photon imaging. Here GxTX is conjugated to Alexa Fluor 594, 

a persulfonated Texas Red analogue with a large two-photon excitation cross section and ample spectral 

separation from GFP, making it well suited for multiplexed, two-photon excitation imaging experiments 

(332). I performed electrophysiological analyses to determine whether GxTX–594 retains the ability to 

allosterically modulate Kv2.1 following conjugation (Fig. 2.3). GxTX is a partial inverse agonist of Kv2.1, 

which lowers channel open probability by stabilizing voltage sensors in a resting conformation. 

Consequently, more positive intracellular voltage is required to activate voltage sensors and achieve the 

same open probability as without GxTX (320). Previously, it was estimated that a Kv2.1 voltage sensor 

with GxTX bound is 5,400-fold more stable in its resting conformation and requires more positive 

intracellular voltage to become activated (320). To characterize the efficacy of GxTX–594 in allosterically 

modulating Kv2.1 gating, I voltage clamped Kv2.1-CHO cells and measured K+ currents in GxTX–594. 

The Kv2.1 conductance–voltage (G–V) relation was analyzed by fitting with a fourth power Boltzmann 

function. The voltage at which the conductance of the fitted function is 50% of maximum, VMid, was +73 ± 

13 mV for 100 nM GxTX–594 (Fig. 2.3G). For comparison, the VMid of 100 nM GxTX was +67 ± 6 mV (320). 

This shift of the G–V indicates that GxTX–594 retains an efficacy similar to GxTX.  

The relationship between GxTX-594 cell-surface fluorescence and Kv2.1 voltage activation 

To understand the relationship between channel gating and GxTX–594 fluorescence, my 

colleagues determined how fluorescence intensity on cells expressing Kv2.1 responds to changes in 

membrane voltage (methods found in (321)). My colleagues incubated Kv2.1–CHO cells for 5 min in a 

bath solution (CEG) containing 100 nM GxTX–594, which was then diluted with extracellular solution to 
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9 nM. Once GxTX–594 fluorescence intensity stabilized at the cell membrane (at least 9 min), cells were 

voltage clamped in whole-cell mode. The fluorescence response of GxTX–594 was measured while the 

membrane voltage of Kv2.1-CHO cells was stepped from a holding potential of −80 mV to more positive 

voltages that ranged from −40 mV to +80 mV (Fig. 2.4A). ROIs corresponding to the cell surface were 

manually identified and average fluorescence intensity quantified from time-lapse sequences. To 

compare voltage response properties between cells, fluorescence was normalized to analyze only the 

voltage-sensitive fraction of the total fluorescence from each cell, which was defined as the fluorescence 

that changed between −80 mV and +80 mV. The initial fluorescence at a holding potential of −80 mV was 

normalized to 100% F/Finit, and residual fluorescence after a +80-mV step was normalized to 0% F/Finit, 

(Fig. 2.4D). To characterize the voltage dependence of the Kv2.1–GxTX–594 interaction, fluorescence–

voltage (F–V) responses were fit with a Boltzmann distribution. This fit had a half maximal voltage 

midpoint (V1/2) of −27 mV and a steepness (z) of 1.4 e0 (Fig. 2.4D, bottom panel, black line). This is similar 

to voltage sensor movement in Kv2.1-CHO cells without any GxTX present: V1/2 = −26 mV, z = 1.6 e0 (320). 

These results suggest that at 9 nM GxTX–594, the F–V appears to be a good surrogate for the gating 

current–voltage (Q–V) response of unlabeled Kv2 channels.  

To determine the voltage dependence of the kinetics of GxTX–594 labeling and unlabeling, kΔF 

was compared at varying step potentials. kΔF was quantified by fitting the average fluorescence from 

voltage-clamped cells with a monoexponential function. In response to voltage steps from a holding 

potential of −80 mV to more positive potentials, kΔF increased progressively as step potential was 

increased above −40 mV and appeared to begin to saturate at higher voltages (Fig. 2.4E). Upon return to 

−80 mV, kΔF was similar to −40 mV. While the kΔF did not clearly display saturation at positive voltages 

that would justify fitting with a Boltzmann function, a model of GxTX594 dynamics, which we develop 

later in this study, indicated that Boltzmann fitting could yield physical insight (Fig. 2.4E, bottom panel, 

black line). We noted that the degree of variability in kΔF measurements became greater at more positive 
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potentials (Fig. 2.4E, top and bottom panels). At −80 mV, there was a twofold range in kΔF values and a 

ninefold range at +80 mV. The relatively low variation in kΔF at −80 mV suggests that despite variance in 

fluorescence intensity after rebinding, kΔF from fits of the upward relaxation at −80 mV are relatively 

consistent. The average kΔF equilibration at 10 nM GxTX–594 in concentration–effect experiments was 

comparable to Kv2.1-CHO cells incubated in 9 nM GxTX–594 and voltage clamped at −80 mV (0.0011 s-1 

and 0.0014 s-1, respectively; Supplemental Fig 2.5). This suggests that the Kv2 voltage sensors in the 

unclamped cells for concentration–effect experiments are in the same early resting conformation as 

voltage-clamped cells at −80 mV.  

The relation between voltage sensor activation and GxTX-594 dynamics can be recapitulated 

by rate theory modeling 

To enable translation of the intensity of fluorescence from GxTX–594 on a cell surface into a 

measure of Kv2 conformational change, we developed a model, a series of equations derived from rate 

theory that relate cell labeling to voltage sensor activation. The framework of the model is generalizable 

to fluorescent molecular probes that report conformational changes by a change in binding affinity. In the 

model, the proportion of labeled versus unlabeled Kv2 in a membrane is determined by the proportion of 

voltage sensors in resting versus activated conformations. The model assumes that the innate voltage 

sensitivity of the Kv2 subunit is solely responsible for controlling voltage dependence. GxTX labeling is 

voltage dependent because the binding and unbinding rates are different for resting and activated 

conformations of voltage sensors. Voltage activation of Kv2 channels involves many conformational 

changes (320, 333, 334). However, models that presume independent activation of a voltage sensor in 

each of the four Kv2.1 subunits accurately predict many aspects of voltage activation and voltage sensor 

toxin binding (320, 335). For simplicity, we model Kv2 proteins as having only resting and activated 

conformations that are independent in each voltage sensor and developed a rate theory model consisting 

of four interconnected states (Fig. 2.5, Scheme 1).  
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When voltage sensors change from resting to activated conformations, the binding rate of the 

GxTX–594 decreases, and the unbinding rate increases. When the membrane voltage is held constant for 

sufficient time, the proportions of labeled and unlabeled proteins reach an equilibrium. GxTX–594 

labeling requires seconds to equilibrate (Fig. 2.4), whereas Kv2 channel gating equilibrates in milliseconds 

(320), three orders of magnitude more quickly. These distinct time scales of equilibration suggest an 

approximation to model the reversible GxTX–594 labeling response: voltage sensor conformations 

achieve equilibrium quickly such that only their distribution at equilibrium is expected to greatly impact 

the kinetics of labeling and unlabeling, allowing Scheme 1 to collapse into Scheme 2 (Fig 2.5), which 

depicts the structure of the GxTX–594 model used for calculations.  

We constrained the GxTX–594 model with measurements of GxTX–594 binding kinetics and 

GxTX impacts on Kv2.1 gating (see Fig 2.6 and Table 2.1). We tested the viability of model predictions by 

comparison with GxTX–594 labeling measurements. The model predicts that the F–V for GxTX–594 

labeling will conform to a Boltzmann distribution. The F–V prediction in 9 nM GxTX–594 had a V1/2 and z 

that differ by only −4 mV and 0.06 e0, respectively, from the Boltzmann fit of experimental data (Fig. 2.4D, 

bottom panel, black and green lines). The model also predicts that the kΔF–V will conform to a Boltzmann 

distribution. The kΔF–V prediction differs by only 3 mV and 0.05 e0 from the Boltzmann fit of experimental 

data (Fig. 2.4E, bottom panel, black line). However, this fit was poorly constrained as we failed to obtain 

sufficient data at voltages above +80 mV where kΔF–V is predicted to saturate. In our attempts, the 

durations required at more positive voltages irreversibly increased membrane leak. The V1/2 and z values 

from the GxTX–594 F–V and kΔF–V were not used as constraints of the model, and the similarity between 

the predictions and empirical findings seemed remarkable enough to warrant further exploration of the 

model predictions.  

We used the model to investigate general principles of the relation between voltage sensor 

activation and reversible labeling. The model predicts that as GxTX–594 concentration decreases, the 
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change in labeling (ΔF/ΔFMax) approaches the probability that unlabeled voltage sensors are resting (Fig. 

2.6A). This prediction explains the similarity between the F–V in 9 nM GxTX–594 (V1/2 = −27 ± 3mV, z = 1.4 

± 0.1 e0; Fig. 2.4D) and the Q–V of Kv2.1 (V1/2 = −26 ± 1 mV, z = 1.6 ± 0.1 e0; (320)). As the concentration of 

GxTX–594 is increased, the F–V shifts to more positive voltages such that the fractional change in 

fluorescence intensity is always less than the fraction of unlabeled voltage sensors that are active. As 

GxTX–594 concentration increases and approaches the activated state Kd (1790 nM), voltage sensor 

activation becomes less effective at dissociating GxTX–594 due to binding to activated voltage sensors 

(Fig. 2.6B). The model predicts that at any concentration, this simple interpretation will be valid: A 

decrease in GxTX–594 surface fluorescence indicates activation of unlabeled voltage sensors.  

The model also yields a simple interpretation of labeling kinetics, it predicts that as GxTX–594 

concentration decreases, the rate of fluorescence change (kΔF) approaches the probability that labeled 

channels are active (Fig. 2.6C). This prediction explains the similarity between the kΔF–V in 9 nM GxTX–

594 (V1/2 = 38 ± 15 mV, z = 1.4 ± 0.4 e0; Fig. 2.4D) and the Q–V of Kv2.1 in saturating GxTX (V1/2 = 47 ± 1 mV, 

z = 1.6 ± 0.1 e0; (320)). At low concentrations, the dependence of kΔF on the conformation of channels 

bound to GxTX594 is due to the rate of unbinding dominating kΔF, with the rate of unbinding being solely 

determined by the conformation of channels bound to GxTX–594.  

GxTX–JP labels Kv2 proteins 

To measure voltage-dependent Kv structural changes in live cell membranes, we synthesized 

conjugates of GxTX-1E with a novel far-red fluorophore whose emission is responsive to changes in the 

polarity of its environment. Single substitutions with the alkynyl amino acid propargylglycine (Pra) were 

introduced at Ser13 and Lys27 positions of GxTX for fluorophore conjugation by Cu-catalyzed click 

chemistry (336).  To conjugate to these alkynyl toxins, azide-functionalized fluorophores were synthesized 

(Fig. 2.7) with an aminophenoxazone (AP) ring system, which has shown large polarity-based spectral 
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shifts both in	vitro	and when conjugated to membrane proteins (331). To reduce rotation of the exocyclic 

nitrogen, which reduces fluorophore brightness and stability, the dimethylamine of AP was replaced with 

the julolidine ring system found in Texas Red (337).  

To assess whether JP−GxTX conjugates are able to selectively label endogenous Kv2 channels, we 

stained dissociated rat hippocampal neurons with Lys27Pra(JP) GxTX (Fig. 2.8A). JP fluorescence is 

observed in clusters in the plasma membrane surrounding neuronal cell bodies and proximal dendrites, 

consistent with known patterns of Kv2.1 localization (338). Kv2.1-specific JP fluorescence was also 

observed in Kv2.1-expressing Chinese hamster ovary (CHO) cells co-plated with Kv2-free CHO cells and 

treated with JP conjugated at Ser13 and Lys27 (322). JP emission appears predominantly as clusters at the 

glass-adhered basal surface, which is a hallmark of Kv2.1 channel localization in neurons and other 

mammalian cells grown on glass (242, 243).  

Spectra of resting cells stained with JP−GxTX conjugates were fit using split pseudo-Voigt 

functions, which are commonly used to fit asymmetric peak shapes (339, 340).  Full JP emission spectra 

from resting CHO cells (Fig. 2.8C) show that JP conjugates at Ser13 have emission peaks of ∼650 nm, 

consistent with JP−GxTX conjugates in buffer (Fig. 2.8D) and aqueous localization of AP fluorophores on 

membrane proteins (331). Relative to these aqueous JP conjugates, the emission peak from GxTX 

Lys27Pra(JP) is blue-shifted by 40 nm, similar to nonpolar environments like hydrocarbon solvents (322). 

In cell membranes without Kv2 channels, GxTX Lys27Pra(JP) emission is ∼50-fold weaker and 

significantly red-shifted compared to membranes with Kv2.1 (Fig. 2.8D). My colleague also observed that 

GxTX Lys27Pra(JP) washes out far more slowly than unlabeled GxTX from resting Kv2.1-expressing cells 

(322). At a holding potential of −100 mV, the channels are in resting states, and the affinity of this JP 

conjugate is 3-fold higher than that of unlabeled GxTX. A Rosetta-generated homology model of the 

Kv2.1 VSD in its activated state in complex with GxTX  shows the Lys27 side chain residing in the polar 
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region of the membrane adjacent to S4, sitting within roughly 8 Å of Arg296 and Arg299 (termed R2 and 

R3, based on homology to Shaker Kv channels) (322).  

GxTX Lys27Pra(JP) tracks voltage-dependent conformational changes  

To determine the voltage-dependent changes in the GxTX–voltage sensing domain structure, my 

colleagues measured full emission spectra from Lys27Pra(JP) on Kv2.1-expressing cells at membrane 

potentials from −100 to +100 mV (Fig. 2.9). Unlike GxTX conjugates with lipophobic fluorophores (341), 

there was no substantial dissociation of Lys27Pra(JP) from cell membranes in response to the 1−5 s 

depolarization steps for spectral measurement, consistent with its slow koff rate (322). Raw emission data 

were fitted with split pseudo-Voigt functions, with 2-component fits more accurate than single 

component fits or other line shape functions. At all voltages, fit functions consistently show nonpolar 

(∼610 nm) and polar (∼640 nm) peaks, with gradual increases in the polar component as the voltage 

sensing domain moves from its resting to activated states (322). This suggests that multiple JP−GxTX–

voltage sensing domain species are present and that depolarization changes the dominant JP species from 

a lipid/protein environment to a more polar one (although less polar than the fully aqueous positions in 

Fig. 2.8). In contrast to GxTX Lys27Pra(JP), emission maxima of JP−GxTX conjugates substituted at Lys10 

or Ser13 show no significant voltage dependence (322). Control cells not expressing Kv2 channels showed 

weaker GxTX Lys27Pra(JP) emissions that are also independent of voltage. These emissions are not 

satisfactorily fit by 2-component split pseudo-Voigt functions, suggesting nonspecific interactions with 

cell membranes (325).  We emphasize that the 2-component fits are optimal line shapes for the data but do 

not necessarily mean there are exactly 2 species or that the weightings of the fit components reflect 

percentages of particular conformations.  

GxTX Lys27Pra(JP) tracks conformational changes that occur before gating charge movement 

To better understand the conformational changes of the GxTX-voltage sensing domain complex, 

we compared voltage-dependent changes in GxTX Lys27Pra(JP) fluorescence with Kv2.1-gating currents 
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that I recorded (Fig. 2.9). Mean emission spectra calculated from integrations of 2-component fittings 

show a red shift fit well by a two-state Boltzmann function with a midpoint (F1/2) of −15 mV and that 

plateaus above +40 mV. This two-state Boltzmann function may hide more subtle transitions within the 

data but is better constrained than more complex functions. By comparison, gating currents (QOFF) of the 

Kv2.1-Lys27Pra(JP) GxTX complex, which reflect the activation of S4 and movement of its 3 Arg through 

the membrane electric field, have a midpoint of +36 mV, similar to those of Kv2.1 with unlabeled GxTX 

(320, 322). At the F1/2 of −15 mV, QOFF is at ∼5% of its maximal value. This large discrepancy between 

voltage-dependent fluorescence shifts and gating currents suggests a complex voltage sensing domain 

allostery. While high-resolution resting state Kv channel structures have not been reported, one structural 

hypothesis for this voltage sensing domain allostery that the solvatochromic shift of Lys27Pra(JP) GxTX 

emission occurs at voltages far more negative than the majority of Kv2.1-gating currents (Fig. 2.9) or 

subsequent channel opening, suggesting that the conformational changes that alter the chemical 

environment of the JP are early voltage sensor domain motions in the closed channel. The mean emission 

wavelength plateaus by +40 mV, giving no indication of a component corresponding to the +37 mV 

midpoint of QOFF and suggesting that the conformational changes at the GxTX-voltage sensing domain 

interface are distinct from later S4 motions.  
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Discussion 

The molecular targeting, conformation selectivity, and spatial precision of fluorescence from 

GxTX tools enable identification of where, both in tissue and cells, the conformational status of Kv2 

voltage sensors becomes altered. However, the utility of GxTX-based tools is limited by several factors 

including emission intensity, variability between experiments, and inhibition of Kv2 proteins. We also 

discuss the potential utility and limitations of the model for Kv2 activity reporting by GxTX unlabeling. 

 

Unique capabilities of GxTX-based tools  

GxTX-based tools offer the only imaging method we are aware of for measuring voltage-sensitive 

conformational changes of a specific, endogenous protein. As GxTX binding selectively stabilizes the fully 

resting conformation of Kv2.1 voltage sensors  , reversible GxTX labeling is expected to bind with highest 

affinity specifically to the fully resting conformation of the Kv2 voltage sensor, in which the first gating 

charge of the Kv2 S4 segment is in the gating charge transfer center (302). Images of GxTX–594 and 

GxTX–JP fluorescence reveal this conformation's occurrence, with subcellular spatial resolution. 

Importantly, the model we develop for GxTX–594 dynamics allows deconvolution of the behavior of 

unlabeled Kv2 proteins. This enables the subcellular locations where Kv2 voltage sensing occurs to be 

seen for the first time. 

Since the original Hodgkin and Huxley description of voltage-gated K+ channel gating in squid 

giant axons, channels have been proposed to adopt multiple conformations before opening in response to 

depolarizing voltage stimuli (342). Over half a century later, advances in membrane protein X-ray 

crystallography and single particle cryo-EM have enabled determination of full structures of voltage-

gated K+ channels (296, 302, 343)  and analogous voltage-gated channels (159, 184) which have offered 

insight into the allostery of voltage gating. While structures of channels that are gated or modulated by 

ligands can be determined in apo	and ligand-bound states, channels that are gated primarily by voltage 
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present an added challenge of determining the corresponding physiological state of a particular structure 

in the absence of functional cell membranes with clearly defined potentials. For example, in cryo-EM 

analysis of Nav1.7 bound to the GMT ProTxII, the “deactivated”	structure may show a partially or fully 

down S4 (159), but these cannot be distinguished on the basis of structure alone. For these and Kv 

structures, making sense of conformational heterogeneity and dynamics requires novel techniques able to 

characterize channel allostery with correlated electrophysiological recording in live cell membranes. The 

observed voltage-dependent solvatochromic shifts (Fig. 2.9) demonstrate that JP-conjugated GxTX (GxTX 

Lys27Pra(JP)) detects conformational changes in the Kv2.1−GxTX complex. 	

Electrophysiological approaches can detect the voltage-sensitive K+ conductance of Kv2 channels. 

However, the majority of Kv2 proteins on cell surface membranes do not function as channels and are 

nonconducting (344, 345), and Kv2 proteins dynamically regulate cellular physiology by nonconducting 

functions(242, 243, 338, 346–350). GxTX tools reports on the conformation of Kv2 voltage sensors 

independently from ion conductance, enabling the study of voltage sensor involvement in Kv2’s 

nonconducting physiological functions. 

During our initial testing of GxTX–594, we observed that the majority of Kv2 protein detected at 

discrete individual clusters was voltage sensitive. While it may not sound surprising to find that voltage-

gated ion channel proteins are voltage sensitive, the voltage sensors of surface-expressed proteins can be 

immobilized. For example, gating charge of the L-type Ca2+ channel Cav1.2 is immobilized until it is 

bound by an intracellular protein (351). Kv2.1 channel function is extensively regulated by neurons. In rat 

CA1 neurons the clustered Kv2 channels are proposed to be nonconducting (352). Our results show that 

clustered Kv2 proteins in rat CA1 neurons remain voltage-sensitive. Interestingly, when Kv2.1 is 

expressed in CHO cells, a fraction of the GxTX–594 fluorescence is voltage insensitive. This observation is 

consistent with voltage sensor immobilization of some surface-expressed Kv2.1 protein, although it could 

be due to intracellular Kv2.1–GxTX–594 proteins that appear to be at the cell surface. 
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We used images of GxTX–594 fluorescence to measure the coupling between endogenous Kv2 

proteins and membrane potential at specific, subcellular anatomical locations. Similarly, GxTX–594 

imaging should detect changes of voltage sensor status when Kv2 proteins become engaged or 

disengaged from nonconducting functions such as formation of plasma membrane–endoplasmic 

reticulum junctions (243, 338, 348), regulation of exocytosis (346, 347), regulation of insulin secretion 

(353), interaction with kinases, phosphatases and SUMOylases (23, 354–357), formation of specialized 

subcellular calcium signaling domains (350), and interactions with astrocytic end feet (16). GxTX–594 

could potentially reveal conformational changes in organs throughout the body where Kv2 proteins are 

expressed, which include muscle, thymus, spleen, kidney, adrenal gland, pancreas, lung, and 

reproductive organs (310). 

 

Limitations of GxTX-based tools  

There are important limitations to the GxTX approach, and of the underlying mechanism 

generally. We discuss several limitations which are worth considering in the design of any studies with 

GxTX-based tools. 

 

GxTX–594 labeling is slower than channel gating and GxTX Lys27Pra(JP) measures conformational 

changes that occur prior to gating 

The kinetics of reversible GxTX–594 labeling are limited to measuring changes in Kv2 activity on 

a time scale of tens of seconds. While the temporal resolution of GxTX–594 is compatible with live 

imaging and electrophysiology experiments, labeling kinetics do not provide sufficient time resolution to 

distinguish fast electrical signaling events. The response time of GxTX–594 is far slower than the kinetics 

of Kv2 conformational change, limiting measurements to the probability, averaged over time, that voltage 

sensors are resting or active. It is worth noting that the probability of a conformation's occurrence can be 
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a valuable measure, and is the ultimate quantitation of many biophysical studies of ion channels (e.g., 

open probability, steady state conductance and gating charge-voltage relation).  

GxTX Lys27Pra(JP) however is not limited by labeling kinetics and instead is limited by the 

fundamental limits of obtaining spectral images with appropriate resolution for necessary deconvolution 

of the voltage-induced spectral shift. With the advent of dyes with greater polarity sensitivities that 

require less spectral resolution for deconvolution and faster imaging technologies, this limit will decrease. 

Yet, the conformational state information that can be gleaned from GxTX–JP tools is limited by where JP 

can be conjugated to GxTX without reducing GxTX activity and by where JP localizes with respect to the 

channel. For instance, GxTX Lys27Pra(JP) only detects early conformational changes that occur prior to 

gating charge translocation. If other transitions were to be detected, a whole different GxTX–JP would 

have to be designed and validated.  

 

GxTX-594 dynamics are variable between CHO cells 

The variability of GxTX–594 response rates and amplitudes and GxTX–JP spectral profiles 

between CHO cells limited the precision of results. Some of this variability is expected from technical 

imprecisions: fits poorly approximating the data, small changes due to variations of room temperature, 

photobleaching, and other potential sources. However, we often found that results were more consistent 

between stimuli of the same cell and the variability was greatest between cells. We suspect that cell-to-cell 

differences in Kv2.1 conformational equilibria are responsible for much of the variability in GxTX 

responses. The Kv2.1 conductance-voltage relation is regulated by many cellular pathways including 

kinases, phosphatases, and SUMOylases (23, 354, 355, 357, 358). Large cell-to-cell variation in Kv2.1 

conductance-voltage, and gating charge-voltage relations have been reported in CHO cells by our group 

and others (320, 341, 359, 360). For instance, in the GxTX–594 study, when we predicted the voltage 

sensor V1/2 of Kv2.1 from electrophysiology, we observed a 6.4 mV standard deviation with a range of 19 
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mV, and this variance appeared to be exacerbated by GxTX–594 having a 9.7 mV standard deviation and 

range of 36 mV (Fig 2.3). A similar increase in standard deviation with GxTX Lys27Pra(JP) was seen in F–

V measurements. As GxTX dynamics and the G–V are both determined by voltage sensor activation, 

variability in the GxTX response is expected. 

The hypothesis that cell-to-cell variation in fluorescence dynamics is due to the inherent 

variability of Kv2.1 voltage sensor activation could be more definitively tested by identifying if a 

correlation exists between the V1/2 of the Q–V and fluorescence–voltage relationship from individual cells 

labeled with GxTX-based tools. While we have not attempted this, the structure of the variance in GxTX–

594 fluorescence–voltage relationships is informative. For instance, the fluorescence–voltage relationships 

compiled from many cells exposed to GxTX–594 become more variable near the midpoint of relevant 

voltage sensor movements. The response amplitude, F/Finit, (Fig. 2.4D), is determined by unlabeled 

voltage sensor activation, and appears most variable near the V1/2 of the unlabeled QV relation, -32 mV 

(320). The response kinetics, k∆F, are determined by activation of voltage sensors which have GxTX–594 

bound and appear to become increasingly variable at voltages higher than -20 mV (Fig. 2.4E bottom 

panel). Despite this variability, the V1/2 and z from the Boltzmann fit of the k∆F–V relationship from many 

cells were remarkably close to the Q–V of the GxTX–Kv2.1 complex with a V1/2 and z that differ by 3.3 mV 

and 0.07 e0 respectively (320).  

Fluorescence Intensity  

Optical noise limits interpretation of GxTX imaging. Though the GxTX–594 signal from CA1 

neurons was sufficient to identify voltage sensing of endogenous Kv2 protein (321), fluorescence signal to 

noise issues limit interpretation with all GxTX-based tools. This signal to noise ratio is influenced by the 

density of GxTX binding sites, the fluorescence intensity from each binding site, characteristics of the 

imaging system, and background fluorescence from unbound GxTX molecules or other sources. As the 

concentration of fluorophore is lowered, background fluorescence from unbound GxTX molecules will 
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decrease, and the percentage of labeled binding sites will decrease. In theory, fluorescence measurements 

from a single GxTX molecule immobilized by binding to a single voltage sensor could be informative, as 

fluorescence from a single binding site is eliminated altogether after unbinding and diffusion away. Yet, 

we have not been able to obtain single molecule resolution, so the density of EVAP binding sites can limit 

the signal to noise. 

CA1 hippocampal neurons express Kv2 proteins at a density typical of central neurons (23, 25, 

361), and we expect that GxTX-594 imaging will have similar signal to noise characteristics in most brain 

regions. Improved signal to noise would be expected from such cells that express higher densities of Kv2 

proteins, such as neurons of the subiculum, or the inner segment of photoreceptors (13). Kv2 proteins are 

also expressed by many other cell types throughout the body (310), where GxTX labeling techniques may 

reveal Kv2 activity, if protein densities are sufficient.  

 

GxTX-594 inhibits Kv2 proteins  

GxTX-based probes inhibit the Kv2 proteins they label by stabilizing the resting conformation of 

Kv2 voltage sensors. The Kv2.1–GxTX complex does not open to conduct K+ ions in the physiological 

voltage range (Fig. 2.3). Thus, GxTX depletes the population of Kv2 proteins responding normally to 

physiological stimuli, which could alter Kv2 signaling. The concentration of GxTX can be lowered such 

that only an inconsequential minority of proteins are bound, with the trade-off being dimmer 

fluorescence. With a related probe, we explored the impact of decreasing concentration on fluorescence 

response of a GxTX-based tool, and saw substantial fluorescence responses to voltage while inhibiting 

only ~10% of Kv2.1 current (341). Here, we demonstrate that lower concentration and physiological 

stimuli are not always required for scientifically meaningful implementation of a GxTX-based tool. Even 

when GxTX inhibits most Kv2 proteins, the behavior of unlabeled Kv2 proteins can be calculated using 
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the model we have developed. Of course, the electrical feedback within cells will be altered by such 

protocols.  

 

The GxTX model is oversimplified 

Another limitation of the analysis developed here is that the model of Kv2 voltage sensor 

conformational change is an oversimplification. The gating dynamics of Kv2 channels are more complex 

than our model (299, 320, 333, 334). Under some conditions the assumption of voltage sensor 

independence will limit the model's predictive power.  

Conformation-selective probes reveal conformational changes of endogenous proteins 

Measurements of dynamic reversible labeling by a conformation-selective probe such as GxTX-

594 can enable deduction of how unlabeled proteins behave. This is perhaps counterintuitive because 

GxTX inhibits voltage sensor movement of the Kv2 protein it binds, and thus only bound proteins 

generate optical signals. This approach is analogous to calcium imaging experiments, which have been 

spectacularly informative about physiological calcium signaling (362), despite the fact that no optical 

signals originate from the physiologically relevant free Ca2+, but only from Ca2+ that is chelated by a dye. 

In all such experiments, fluorescence from Ca2+-bound dyes is deconvolved using the statistical 

thermodynamics of Ca2+ binding to calculate free Ca2+. Similarly, GxTX-based probes dynamically bind to 

unlabeled Kv2 proteins, and the binding rate is dependent on the probability that unlabeled voltage 

sensors are in a resting conformation (Fig. 2.6). 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-based tools to report conformational changes of endogenous proteins 

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, 
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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 or other gating modifiers that 

act by a similar mechanism as GxTX, yet target the voltage sensors of different ion channel proteins (323, 

363–365). Conformation-selective binders have been engineered for a variety of other proteins, and 

methods to quantify conformational changes from their fluorescence are needed. For example, 

fluorescently-labeled conformation-selective binders have revealed that endocytosed GPCRs continue to 

remain in a physiologically activated conformation. A means to determine the conformational equilibria 

of GPCRs from fluorescence images has not yet been developed. We suggest that the statistical 

thermodynamic framework developed here could provide a starting point for more quantitative 

interpretation of other conformation-selective molecular probes.  
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Methods and Materials  

 

GxTX–594 synthesis  

We used solid-phase peptide synthesis to generate a variant of GxTX, an amphiphilic 36-amino 

acid cystine knot peptide. We synthesized the same peptide used for GxTX–550, GxTX Ser13Cys, where a 

free thiolate side chain of cysteine 13 is predicted to extend into extracellular solution when the peptide is 

bound to a voltage sensor (341). GxTX–1E folds by formation of three internal disulfides, and cysteine 13 

was differentially protected during oxidative refolding to direct chemoselective conjugation. Following 

refolding and thiol deprotection, Alexa Fluor 594 C5 maleimide was condensed with the free thiol, and 

Ser13Cys (Alexa Fluor 594) GxTX–1E (called GxTX–594) was purified.  

The Ser13Cys GxTX peptide was synthesized as previously described (341). Methionine 35 of 

GxTX was re-placed by the oxidation-resistant noncanonical amino acid norleucine to avoid 

complications from methionine oxidation, and serine 13 was replaced with cysteine to create a spinster 

thiol. GxTX Ser13Cys was labeled with a Texas Red derivative (Alexa Fluor 594 C5 maleimide, cat. 

#10256; Thermo Fisher Scientific) to form GxTX-594. Ser13Cys GxTX lyophilisate was brought to 560 µM 

in 50% acetonitrile (ACN) + 1 mM Na2EDTA. 2.4 µl of 1M Tris (pH 6.8 with HCl), 4 µl of 10 mM Alexa 

Fluor 594 C5 maleimide in DMSO, and 17.9 µl of 560 µM Ser13Cys GxTX were added for a final solution 

of 100 mM Tris, 1.6 mM Alexa Fluor 594 C5 maleimide, and 0.4 mM GxTX in 24 µl of reaction solution. 

Reactants were combined in a 1.5-ml low- protein–binding polypropylene tube (LoBind, cat. #022431081; 

Eppendorf) and mixed at 1,000 rpm at 20°C for 4 h (Thermo-mixer 5355 R; Eppendorf). After incubation, 

the tube was centrifuged at 845 RCF for 10 min at room temperature. A purple pellet was observed after 

centrifugation. The supernatant was transferred to a fresh tube and centrifuged at 845 RCF for 10 min. 

After this second centrifugation, no visible pellet was seen. The supernatant was injected onto a reverse-
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phase HPLC C18 column (Biobasic 4.6-mm RP-C18 5 µm, cat. #2105-154630; Thermo Fisher Scientific) 

equilibrated in 20% ACN, 0.1% trifluoroacetic acid (TFA) at 1 ml/min, and eluted with a protocol holding 

in 20% ACN for 2 min, increasing to 30% ACN over 1 min, 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 ∼35% ACN, and mass was confirmed by 

mass spectrometry using a Bruker ultrafleXtreme matrix-assisted laser desorption ionization time-of-

flight (MALDI-TOF; Fig. 2.1). Samples for identification from HPLC eluant were mixed 1:1 in an aqueous 

solution of 25% MeOH and 0.05% TFA saturated with α-cyano-4- hydrocinnamic acid, pipetted onto a 

ground-steel plate, dried under vacuum, and ionized with 60–80% laser power. Molecular species were 

detected using a reflector mode protocol and quantitated using Bruker Daltonics flexAnalysis 3.4 

software. Lyophilizate containing GxTX–594 conjugation product was dissolved in cell external (CE) 

buffer (defined below) and stored at −80°C. GxTX–594 concentration was determined by 280-nm 

absorbance using a calculated molar attenuation coefficient of 18,900 M-1cm-1.  

 

CHO cell culture and transfection for gating current and ionic current recordings  

The CHO-K1 cell line (American Type Culture Collection) and a subclone transfected with a 

tetracycline-inducible rat Kv2.1 construct (Kv2.1-CHO; (366)) were cultured as described previously (341). 

To induce Kv2.1 expression in Kv2.1-TREx-CHO cells, 1 μg/ml minocycline (cat. #ALX-380-109-M050; 

Enzo Life Sciences), prepared in 70% ethanol at 2 mg/ml, was added to the maintenance media to induce 

Kv2.1 expression. Minocycline was added 40–48 h before imaging and voltage-clamp fluorometry 

experiments. Minocycline was added 1–2 h before whole-cell ionic current recordings to limit K+ 

conductance such that voltage clamp could be maintained.  
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Kv2.1 ionic current recordings with GxTX–594  

Prior to patching, Kv2.1-CHO cells were washed in divalent-free PBS and then harvested in 

Versene (cat. #15040066; Gibco-BRL). Cells were scraped and transferred to a polypropylene tube, 

pelleted, and washed three times at 1,000 g	for 2 min and then resuspended in the same external solution 

as used in the recording chamber bath. Cells were rotated in a polypropylene tube at room temperature 

(22–24°C) until use. Cells were then pipetted into a 50-μl recording chamber (RC-24N; Warner 

Instruments) prefilled with external solution and allowed to settle for ≥5 min. After adhering to the 

bottom of the glass recording chamber, cells were thoroughly rinsed with external solution using a 

gravity-driven perfusion system. Cells showing uniform intracellular GFP expression of intermediate 

intensity were selected for patching.  

Voltage clamp was achieved with a patch clamp amplifier (Axon Axopatch 200B; Molecular 

Devices) run by Patchmaster software. Borosilicate glass pipettes (BF150-110-7.5HP; Sutter Instruments) 

were pulled with blunt tips, coated with silicone elastomer (Sylgard 184; Dow Corning), heat cured, and 

tip fire-polished to resistances <4 MΩ. Capacitance and ohmic leak were subtracted using a P/5 protocol. 

Recordings were low-pass filtered at 10 kHz using the amplifier’s built-in Bessel function and digitized at 

100 kHz.  

For whole-cell ionic current measurements in Kv2.1-CHO cells, the external patching solution 

contained (in mM) 3.5 KCl, 155 NaCl, 10 HEPES, 1.5 CaCl2, and 1 MgCl2, adjusted to pH 7.4 with NaOH. 

The internal (pipette) solution contained (in mM) 70 KCl, 5 EGTA, 50 HEPES, 50 KF, and 35 KOH, 

adjusted to pH 7.4 with KOH. The osmolality was 315 mOsm/liter for the external solution and 310 

mOsm/liter for the internal solution measured by a vapor pressure osmometer. Following establishment 

of the whole-cell seal, ionic K+ current recordings were taken in the presence of a vehicle, which consisted 

of 100 nM tetrodotoxin, 10 mM glucose, and 0.1% BSA prepared in external solution. Cells were held at 
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−100 mV with channel activation steps ranging from −80 mV to +120 mV in increments of +5 mV (100 ms) 

before being returned to 0 mV (100 ms) to record tail currents. The intersweep interval was 2 s. To 

determine the bioactivity of GxTX594, Kv2.1 ionic currents were recorded once more, 5 min following the 

wash-in of bath solution also containing 100 nM GxTX–594. Wash-ins were performed while holding at 

−100 mV; 100 µl was washed through the chamber and removed distally through vacuum tubing to 

maintain constant bath fluid level.  

 

Ionic current analysis 

The average current in the 100 ms before voltage step was used to zero subtract the recording. 

Outward current taken as the mean value between 90 and 100 ms of the channel activation step was used 

to calculate and correct for series resistance-induced voltage error. Tail current values were derived from 

the mean value between 0.2 and 1.2 ms of the 0-mV tail current step. Tail current was normalized by the 

mean activation step current from 50 to 80 mV and plotted against the estimated membrane potential, 

which had been corrected for voltage error and the calculated liquid junction potential of 8.5 mV. These 

tail G–V	plots were fit with a fourth-power Boltzmann function (364), and the fit parameters were used for 

statistical analysis.  

 

Gating Current Measurements with GxTX Lys27Pra(JP) 

Channel expression was achieved by 48 h incubation with minocycline during culture. The 

external gating current recording solution contained 150 mM TEA-Cl, 41 mM HEPES, 1 mM 

MgCl2·6H2O, 1.5 mM CaCl2, adjusted to pH 7.3 with NMDG; measured osmolarity was 311 mOsm. The 

internal (pipette) solution contained 90 mM NMDG, 1 mM NMDG-Cl, 50 mM HEPES, 5 mM EGTA, 50 

mM NMDG-F, 0.01 mM CsCl, adjusted to pH 7.4 with methanesulfonic acid, with a measured osmolarity 

of 303 mOsm. To avoid monovalent cation contamination of the recording solution, the pH was 
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determined from small aliquots that were discarded. Osmolarity was measured with a VAPRO vapor 

pressure osmometer 5520. Recording pipettes were pulled from thin-walled borosilicate glass (1.5 mm 

outer diameter, 1.1 mm inner diameter, with filament; Sutter Instruments). Pipette resistances with gating 

current solutions were 6−14 MΩ. Cultured cells were dissociated with 0.48 mM EDTA in PBS for 30 s and 

then harvested by scraping. Cells were pelleted by centrifugation (2 min × 1500g) and washed three times 

in NE. Following the final pelleting, cells were resuspended in the gating current external solution and 

left to sit in a 1.5 mL polypropylene tube. Prior to patching, 100 µL of cell suspension was added to the 

<100 µL recording chamber (Warner R-24N). Cells were given 4 min to adhere before gently washing 

with 10 mL of the gating current recording solution to dilute any monovalent cation contamination. GxTX 

Lys27Pra(JP) (100 µL of 100 nM) with 1% BSA was pipetted into the bath with vacuum line suctioning of 

the fluid surface to maintain constant bath volume. Seals with GΩ resistances were formed either before 

(n = 3) or after (n = 2) the addition of toxin. In all cases, the cell was incubated in GxTX Lys27Pra(JP) for at 

least 4 min before the gating current measurements were recorded. Patched cells were stepped from a 

−100 mV holding potential to the indicated potential for 100 ms and then to −140 mV to record OFF gating 

currents. Cell series resistances were 14−30 MΩ (before compensation), and 50% compensation was used 

when series resistance exceeded 10 MΩ. Cell capacitances were 6−10 pF. Remaining capacitance and 

ohmic leak were subtracted offline using the average of five traces recorded during P/5.9 voltage 

protocols from a −133 mV holding potential. In sequences of voltage steps, at least 2 s elapsed between 

the start times of each recording. Qoff-gating charge movement was quantified by integrating the area 

under the OFF-gating currents in a 10.5 ms window following the end of any obvious fast capacitative 

artifacts created from the voltage step to −140 mV. Currents were baseline-subtracted with the average 

current elicited during a 10 ms long period after current decay had ceased. This window began 10 ms 

following the −140 mV voltage step stimuli. Each Qoff curve was normalized using the average Qoff value 

elicited with 100−120 mV steps. The mean of the normalized data set is plotted with the standard error of 
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the mean, which was computed following normalization. Fitting with a Boltzmann distribution was as 

described previously, where VMid is the voltage where the function reaches half maximal conductance and 

z is valence in units of elementary charge (e0). The calculated liquid junction potential of 13.5 mV between 

bath and pipette was corrected post hoc.  

 

Hippocampal Neuron Imaging with GxTX Lys27Pra(JP) 

  All animal procedures were approved by the University of California at Davis Animal Care and 

Use Committee following NIH guidelines. Dissociated hippocampal neurons were prepared from 

embryonic day 18 rats of both sexes (Sprague−Dawley, Charles River Laboratories) as described 

previously (367). ). Surface localization of Kv2.1 protein in similar cultures has been found to be maximal 

after 2 weeks in vitro (338), and neurons were imaged after 17 days. Neurons were rinsed with NEG 

solution and imaged during incubation at room temperature in NEGB with 100 nM GxTX Lys27Pra(JP) 

(from 73 µM stock) and 200 nM tetrodotoxin (diluted from a 10 mM stock in 50 mM HEPES-free acid, 

stored at −20 °C). Spectral images were acquired on a Zeiss 880 laser scanning confocal microscope run by 

ZEN black v2.1. Images were collected using a 63x 1.4 NA Plan-Apochromat DIC oil objective. GxTX 

Lys27Pra(JP) was excited using a 561 nm laser set to 4.0% power. Emission spectra were collected using 

34 different PMT detectors. Two detectors binned emission signals from 371−410 and 697−758 nm. The 

remaining detectors used 8.9 nm wide bins to detect emission signals from 410−694 nm. A final detector 

collected TPMT/brightfield images. Images were analyzed with Zen Blue Desk. The JP signal was isolated 

from broadband autofluorescence signals using Zeiss linear unmixing methods, with the 

autofluorescence ROI taken from a region outside of the cell boundary. Unmixed images were further 

processed in ImageJ as max intensity stack projections.  
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Model for determining Kv2 activity based on GxTX–594 unlabeling 

In the GxTX model, at any given voltage, there is a probability that a voltage sensor is either in its 

resting conformation (Presting) or in its activated conformation (Pactivated) such that Pactivated	= (1 –	Presting). The 

equilibrium for voltage sensor activation is then a ratio of activated-to-resting voltage sensors 

(Pactivated/Presting) in which  

*!"#$%!#&'
*(&)#$*+

𝑢𝑛𝑙𝑎𝑏𝑒𝑙𝑒𝑑 = 𝑒(,-,,/.,0*1!2&1&')
34
56                           (Eqn. 1a)  

*!"#$%!#&'
*(&)#$*+

𝑙𝑎𝑏𝑒𝑙𝑒𝑑 = 𝑒(,-,,/.,1!2&1&')
34
56                 (Eqn. 1b) 

Where V1/2 is the voltage where Pactivated/Presting = 1. In a prior study, our analysis of the conductance-voltage 

relation of Kv2.1 yielded a V1/2	= −32 mV with z	= 1.5 elementary charges (e0) for the early movement of 

four independent voltage sensors, and we found that with a saturating concentration of GxTX, the V1/2	= 

+42 mV (Fig. 2.3C; (320)). These values were used for V1/2,unlabeled, z, and V1/2,labeled, respectively. To relate 

voltage sensor activation to transient labeling and unlabeling, we used microscopic binding (kon[GxTX–

594]) and unbinding (koff) rates that are distinct for resting and activated voltage sensors. We estimated 

values for these rates assuming  

𝑘∆0 = 𝑘"&[𝐸𝑉𝐴𝑃] +	𝑘"11     (Eqn. 2) 

And  

𝐾2 =
3788
37*

     (Eqn, 3) 

To calculate the kon,resting and koff,resting values, we used the saturating value at negative voltages of the kΔF– 

voltage relation (see Fig. 2.4E), and Kd from concentration–effect imaging (Supplemental Fig. 3.5). In 9 nM 

GxTX–594, at greater than +40 mV, voltage-dependent unlabeling was nearly complete, indicating that 

koff,activated >> kon,activated[GxTX–594]. The model does not include GxTX–594 signal that is insensitive to 

voltage (Fig. 2.4C). We input the saturating amplitude of the Boltzmann fit to the kΔF at positive voltages 

as koff,activated (Fig. 2.4E). The slow labeling of activated voltage sensors confounded attempts to measure 
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kon,activated directly, and we used the statistical thermodynamic principle of microscopic reversibility to 

constrain kon,activated:  

9!"#$%!#&'
9(&)#$*+

,)(56)62

9!"#$%!#&'
9(&)#$*+

,#&)(56)62
=

:788,(&)#$*+
:7*,(&)#$*+

:788,!"#$%!#&'
:7*,!"#$%!#&'

     (Eqn. 4) 

		

The GxTX–594 model depicted in Scheme 2 has only a single microscopic binding rate, kon,total[GxTX–594], 

and unbinding rate, koff,total. kon,total is a weighted sum of both kon,resting and kon,activated from Scheme 1. The 

weights for kon,total are the relative probabilities that unlabeled voltage sensors are resting or activated, 

which is determined at any static voltage by an equilibrium constant, Pactivated unlabeled:  

𝑘"&,$"$() = 𝑘"&,768$%&9[𝐸𝑉𝐴𝑃] ∙
:

:;
9!"#$%!#&'
9(&)#$*+

#&)(56)62
+ 𝑘"&,(<$%=6[𝐸𝑉𝐴𝑃] ∙

:
:; ,

9!"#$%!#&'
9(&)#$*+

0*1!2&1&'

 (Eqn. 5) 

Similarly, koff,total is determined by the unbinding rate from resting voltage sensors (koff,resting) and the 

unbinding rate from activated voltage sensors (koff,activated) and weighted such that  

𝑘"11,$"$() = 𝑘"11,768$%&9 ∙
:

:;
9!"#$%!#&'
9(&)#$*+

)(56)62
+ 𝑘"11,(<$%=6 ∙

:
:; ,

9!"#$%!#&'
9(&)#$*+

1!2&1&'

  (Eqn. 6) 

Using kon,total and koff,total, we compute kΔF using Eqn. 2. The GxTX–594 model was also used to predict the 

magnitude of GxTX–594 fluorescence changes on cell surfaces. In theory, the ratio of fluorescence at a test 

voltage to fluorescence at a prior voltage (F/Finit) is equal to the probability that a Kv2 subunit is 

reversibly labeled by GxTX–594 (Plabeled):  

0
0$*$#

= *1!2&1&'	
*1!2&1&',$*$#

     (Eqn. 7) 

The equilibrium Plabeled at any voltage can be determined from microscopic binding rates associated with 

Scheme 2 where  

𝑃)(56)62 =
:

:;
<',#7#!1
[>?@9]

= :

:;
:788,#7#!1

:7*,#7#!1∙[>?@9]

	 	 	  (Eqn. 8) 
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Predictions of F / Finit and kΔF during trains of 2-ms voltage steps from −80 mV to +40 mV were made from 

the model by summing the products of time-averaged probability of being at each voltage (PVn) and the 

fluorescence change predicted at that voltage (ΔFVn ) :  

𝐹/𝐹%&%$ 	= (𝑃,: ∙ ∆𝐹,:) + (𝑃,> ∙ ∆𝐹,>)	+	. . .		+	(𝑃,& ∙ ∆𝐹,&)    (Eqn. 9) 

For voltage steps from -80 to +40 mV, Eqn. 9 is:  

𝐹/𝐹%&%$ 	= (𝑃?@!, ∙ ∆𝐹?@!,) + (𝑃-A@!, ∙ ∆𝐹-A@!,)    (Eqn. 9) 

We predicted EVAP kinetics responses as  

𝑘∆0 = G𝑃,: ∙ 𝑘∆0,,:H + G𝑃,> ∙ 𝑘∆0,,>H	+	. . .		+	(𝑃,& ∙ 𝑘∆0,,&)   (Eqn. 10)  

where PVn is as in Eqn. 9 and k∆F,n is k∆F at that particular voltage. For voltage steps from -80 to +40 mV 

Eqn. 10 is: 

𝑘∆0 = (𝑃?@!, ∙ 𝑘∆0?@!,) + (𝑃-A@!, ∙ 𝑘∆0-A@!,) 
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Figures and Tables 

Figure 2.1 

 

Figure 2.1 Synthesis of GxTX–594 

(A) Molecular model of GxTX-594. Scale bar is 10 angstroms. Backbone of GxTX peptide depicted with 

ribbon. Cys13(maleimide-Alexa 594) depicted with CPK coloring. (B) HPLC chromatogram of Ser13Cys 

GxTX. Gradient described in Materials and Methods - GxTX Synthesis. GxTX Ser13Cys eluted at 12.6 

minutes, peak 1, which corresponds to 33% acetonitrile. MALDI-TOF MS profile of peak 1 (Inset). Rel. Int. 

is Relative Intensity. (C) HPLC chromatogram of GxTX–594 conjugation reaction between Alexa Fluor 

594-maleimide and GxTX Ser13Cys. Peak 1 is GxTX Ser13Cys (Retention time: 12.8 minutes, 33% 

acetonitrile), peak 2 is a minor product from conjugation, and peak 3 is GxTX–594, the major product 

from conjugation (Retention time: 16.4 minutes, 35% acetonitrile). The fractions corresponding to peak 3 

were combined. (D) HPLC chromatogram of the combined peak 3 fractions from panel C, a GxTX–594 

preparation used in this study. 2 uL of 13.1 µM GxTX–594 diluted in 200 uL of 0.1% TFA was injected. 

MALDI-TOF MS profile of the combined peak 3 fractions (Inset). 
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Figure 2.2 

 

Figure 2.2 Schematic of the GxTX–594 tool 

Schematic detailing the conceptual mode of action for GxTX–594.  
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Figure 2.3 
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Figure 2.3 GxTX-594 modulates Kv2.1 conductance. 

(A) Representative Kv2.1-CHO current response under whole cell voltage-clamp. Cells were given 100-

ms, 5-mV increment voltage steps ranging from -80 mV (blue) to +120 mV (red) and then stepped to 0 mV 

to record tail currents. The holding potential was -100 mV. (B) Kv2.1 currents from the same cell 5 

minutes after the addition of 100 nM GxTX-594. Scale bars are the same for panels A and B. (C) 

Normalized conductance–voltage relationships from Kv2.1 tail currents before application of GxTX-594 

(n = 13). Different symbols correspond to individual cells and the green corresponds to cell in panel A. 

(D) Normalized conductance–voltage relationships in 100 nM GxTX–594 (n = 11). (E) Mean midpoint of 

each of four independent voltage sensors in the fourth-power Boltzmann fit (V1/2) before (-31 ± 6 mV SD) 

and after (+27 ± 10 mV SD) 100 nM GxTX–594. p < 0.0001 by Mann-Whitney U test. (F) Mean elementary 

charge associated with Boltzmann fit (z) before (1.5 ± 0.3 e0 SD) and after (1.0 ± 0.4 e0 SD) 100 nM GxTX-

594. ***, P = 0.0007 by Mann-Whitney U test. (G) Mean midpoint of conductance change in the fourth-

power Boltzmann fit (VMid) before (-2 ± 6 mV SD) and after (+73 ± 13 mV SD) 100 nM GxTX–594. ***, p < 

0.0001 by Mann-Whitney U test. 
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Figure 2.4 

0.01

0.1

1

80400-40-80

100%

0%

80400-40-80

0.01

0.1

1

80400-40-80

step (mV)

 -40 mV
 0 mV
 40 mV
 80 mV

-80mV -40mV

-80mV 40mV

-80mV 0mV

-80mV 80mV

0s 6. 22s 12.44sA

ED

B C

step (mV)

Figure 6
F 

/ F
in

it 
no

rm
F 

/ F
in

it 
no

rm
F 

/ F
in

it

F 
/ F

in
it

100%

0%

100%

0%
6050403020100

Time (s)

100%

0%

80400-40-80

k Δ
F

(s
-1
)

k Δ
F

(s
-1
)



 84 

Figure 2.4 GxTX-594 labeling responds to transmembrane voltage 

(A) Fluorescence from an optical section of a voltage-clamped Kv2.1-CHO cell in 9 nM GxTX–594. Color 

progression for pseudocoloring of fluorescence intensity is shown in vertical bar on right. Middle column 

in each row indicates voltage step taken from a holding potential of -80 mV. Times listed at top of each 

column correspond to time axis in panel B. Scale bar is 10 µm. (B) GxTX–594 fluorescence during steps to 

indicated voltages. Smooth lines are monoexponential fits: -40 mV k∆F = 2.15 x 10-2 ± 0.22 x 10-2 s-1, 0 mV k∆F 

= 1.279 x 10-1 ± 0.023 x 10-1 s-1, 40 mV k∆F = 2.492 x 10-1 ± 0.062 x 10-1 s-1 and 80 mV k∆F = 4.20 x 10-1 ± 0.11 x 10-

1 s-1. ROIs were hand-drawn around the apparent cell surface membrane based on GxTX–594 

fluorescence. 0% was set by subtraction of background which was the average intensity of a region that 

did not contain cells over the time course of the voltage protocol. For each trace, 100% was set from the 

initial fluorescence intensity at -80 mV before the subsequent voltage step. Raw initial fluorescence values 

before normalization were within 10% of one another. (C) Fluorescence intensity remaining at the end of 

50 s steps to +80 mV. Each circle represents one cell. Background subtraction as in panel B. (D) Voltage-

dependence of fluorescence intensity at the end of 50 s steps. For each cell, 100% was set from the initial 

fluorescence intensity at -80 mV before the first step to another voltage. Cells did not always recover to 

initial fluorescence intensity during the -80 mV holding period between voltage steps. (Top panel) Circle 

coloring indicates data from the same cell and lines connect points from the same cell. Gray circles 

represent data shown in B. (Bottom panel) black bars represent the mean F/Finit at each voltage and error 

bars represent the standard error of the mean. Black line is fit of a first-order Boltzmann equation: V1/2 = -

27.4 ± 2.5 mV, z = 1.38 ± 0.13 e0. Green line is prediction from the EVAP model at 9 nM GxTX. (E) Voltage 

dependence of fluorescence intensity kinetics (kDF). (Top panel) circle coloring is the same as panel D. 

(Bottom panel) black bars represent the average kDF at each voltage and error bars represent the standard 

error of the mean. Black line is a first-order Boltzmann equation fit to the kDF–voltage relation: V1/2 = +38 ± 
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15 mV, z = 1.43 ± 0.35 e0. Green line is prediction from the EVAP model at 9 nM GxTX. Error bars are 

standard error of the mean. 
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Figure 2.5 

 

Figure 2.5 Model of the GxTX–594 mode of action 
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Figure 2.6 

 

Figure 2.6 Relationship of GxTX-594 labeling to probability of Kv2 voltage sensor activation. 

(A) EVAP model predictions of concentration- and voltage-dependence of cell surface fluorescence 

intensity at different concentrations of EVAP in solution. Bottom axis represents membrane voltage. The 

left axis represents the predicted fluorescence relative to when all voltage sensors are at rest (Finit) and 

does not include EVAP signal that is insensitive to voltage. The dashed line corresponds to the right axis 

and represents the probability that voltage sensors of unlabeled Kv2.1 are in their resting conformation. 

(B) EVAP model prediction of the cell surface fluorescence when cells are given a +40 mV depolarization 

relative to when all voltage sensors are at rest (Finit) at increasing concentrations of EVAP. Dashed orange 

line represents Kd of resting voltage sensors. Dashed blue line represents Kd of activated voltage sensors. 

(C) EVAP model predictions of concentration- and voltage-dependence of k∆F. Colors correspond to panel 

A, except dashed line is the probability that voltage sensors bound by GxTX-594 are an activated 

conformation.  
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Figure 2.7 

 

Figure 2.7 Schematic of the GxTX–JP tools 

Schematic detailing the conceptual mode of action for GxTX Lys27Pra(JP) and GxTX Ser13Pra(JP). 

Ser13Pra(JP) is localized to a polar environment regardless of the Kv2.1 voltage sensing domain 

conformation. The dissociation rate of GxTX Ser13Pra(JP) is similar to that of GxTX–594 (unpublished 

data), such that the response of GxTX Ser13Pra(JP) emission to voltage is a complex mixture of 

fluorescence intensity (which increases with voltage activation) and probe occupancy (which decreases 

with voltage activation). Modification to GxTX at the Lsy27Pra position increases the affinity of GxTX to 

the resting voltage sensing domain and decreases the dissociation rate to be on a time scale significantly 

slower than GxTX–594 (Fletcher taylor 2020). As a result, this tool reports real-time changes to Kv2.1 

voltage sensing domain-GxTX conformation. Prior to voltage stimulation, Lys27Pra(JP) is localized in a 

position that is largely nonpolar, such that the emission of JP is red-shifted. Following voltage 

stimulation, JP is exposed to a polar environment and the emission undergoes a blue-shift. Interestingly, 

the mid-point of the spectral transition occurs at a voltage more depolarized than what is necessary to 

activate Kv2.1 gating charge movement, such that this tool reports early conformational changes in the 

resting voltage sensing domain.  
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Figure 2.8 

 

 

Figure 2.8 Fluorescence of JP−GxTX conjugates on live cells. 

(A) Compressed z-stack confocal image of a live rat hippocampal neuron stained with 100 nM GxTX 

Lys27Pra(JP). The cell is excited at 561 nm, and its emission isolated around 625 nm. Scalebar is 10 μm. (B) 

Specificity of GxTX–JP conjugates for Kv2-expressing cells. Confocal image of co-plated CHO cells with 

or without Kv2.1, stained with 100 nM GxTX Lys27Pra(JP) (red membranes). Only cells without Kv2 

channels express nuclear BFP. (C) Spectral imaging of JP−GxTX conjugates on Kv2.1 CHO cells. (D) 

Emission spectra of GxTX Lys27Pra(JP) imaged from CHO cells with (blue line) or without Kv2.1 (green 

line, magnified 20×) or from extracellular regions (red line, magnified 100×). Spectra are fit with 2-

component split pseudo-Voigt functions.  
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Figure 2.9 

 

 

Figure 2.9 Fluorescence shifts and gating currents of Kv2.1 with Lys27Pra(JP) GxTX, recorded from 

Kv2.1-expressing CHO cells.		

Mean fluorescence emission of Lys27Pra(JP) as a function of membrane potential (red circles), calculated 

from integrations of 2-component split pseudo-Voigt fittings of spectral data. Normalized Kv2.1-gating 

charge (black triangles), with 100 nM GxTX Lys27Pra(JP), shown as Q/QMax and measured as QOFF from 

−140 mV. For both plots, data are mean ± SEM and solid lines are two-state Boltzmann functions. Blue 

dashed lines are midpoint voltages of fluorescence shift (−15 mV) and QOFF (+37 mV).  
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Table 2.1  

Parameters used for calculations to generate Scheme I: EVAP Allosteric Expansion. 

 

Parameter Value 
  

kon,resting 0.30 µM-1 s-1 

koff,resting 0.0081 s-1 
  

kon,activated 0.21 µM-1s-1 

koff,activated 0.39 s-1 
  

V1/2,unlabeled -32 mV 

V1/2,labeled 41 mV 

z 1.5 e0 
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Chapter 3: The AMIGO1 adhesion protein activates Kv2.1 voltage sensors.  

 

Preface 

This chapter details my research into the mechanistic underpinnings through which an auxiliary subunit 

modifies the conformational state of its voltage-gated potassium channel partner. This work has been 

submitted for publication to the Biophysical Journal as: R.J. Sepela, R.G. Stewart, L.A. Valencia, P. Thapa, 

Z. Wang, B.E. Cohen, J.T. Sack. The AMIGO1 adhesion protein activates Kv2.1 voltage sensors. Jon Sack 

and I conceived of all experiments in this chapter. For most experiments, I conducted testing and data 

analysis. Notably, for Fig. 3.8, the data was acquired by me and was analyzed by Luis A. Valencia and 

Bruce E. Cohen. Zeming Wang and Parashar Thapa provided GxTX–JP conjugates for experiments 

conducted in Fig. 3.8. For Supplemental Fig. 3.5 the data was acquired by Robert G. Stewart and analyzed 

by both Robert G. Stewart and I. Jon Sack, Karen Zito, James Trimmer, and Tsung-Yu Chen provided 

valuable feedback when designing experiments. Jon Sack and I wrote the manuscript that has been 

submitted to the Biophysical Journal and that verbiage is preserved in its entirety in this chapter.  
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Abstract 

 

 Kv2 voltage-gated potassium channels are modulated by AMIGO neuronal adhesion proteins. 

Here, we identify steps in the conductance activation pathway of Kv2.1 channels that are modulated by 

AMIGO1 using voltage clamp recordings and spectroscopy of heterologously expressed Kv2.1 and 

AMIGO1 in mammalian cell lines. AMIGO1 speeds early voltage sensor movements and shifts the gating 

charge–voltage relationship to more negative voltages. The gating charge–voltage relationship indicates 

that AMIGO1 exerts a larger energetic effect on voltage sensor movement than apparent from the 

midpoint of the conductance–voltage relationship. When voltage sensors are detained at rest by voltage 

sensor toxins, AMIGO1 has a greater impact on the conductance–voltage relationship. Fluorescence 

measurements from voltage sensor toxins bound to Kv2.1 indicate that with AMIGO1, the voltage sensors 

enter their earliest resting conformation, yet this conformation is less stable upon voltage stimulation. We 

conclude that AMIGO1 modulates the Kv2.1 conductance activation pathway by destabilizing the earliest 

resting state of the voltage sensors.  
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Introduction 

 

Voltage–gated potassium (Kv) channels of the Kv2 family open following membrane 

depolarization and are critical regulators of neuronal electrical excitability. Mammals have two Kv2 pore-

forming a subunits, Kv2.1 and Kv2.2, which function as homo- or heterotetramers (368). The molecular 

architecture of Kv2 channels is similar to Kv1 channels for which atomic resolution structures have been 

solved (296). Each a subunit monomer has six transmembrane helical segments, S1-S6. S1-S4 comprise a 

voltage sensor domain (VSD) while S5 and S6 together form one quarter of the central pore domain. In 

response to sufficiently positive intracellular voltages, gating charges within the VSD translate from an 

intracellular resting position to a more extracellular activated conformation. This gating charge 

movement powers the conformational changes of voltage sensor activation, which are coupled to 

subsequent pore opening and K+ conduction (299). Kv channels progress through a landscape of 

conformations leading to opening, all of which define a pathway for the activation of the K+ conductance. 

The activation pathway of Kv2 channels is distinct from Kv1 channels, as Kv2.1 channels have a pore 

opening step which is slower and more weakly voltage-dependent than the VSD movement of Kv1 

channels (299, 320, 333). The unique kinetics and voltage dependence of Kv2 currents are critical to 

neuronal activity, as they regulate action potential duration and can either support or limit repetitive 

firing (6, 29, 344, 369, 370). 

Kv2 channels are abundant in most mammalian central neurons (361). Genetic deletion of Kv2.1 

leads to seizure susceptibility and behavioral hyperexcitability in mice (25), and human Kv2.1 mutations 

result in developmental epileptic encephalopathy (360, 371, 372), underscoring the importance of these 

channels to brain function. Homeostatic Kv2.1 regulation maintains neuronal excitability (27). Kv2.1 

regulation by ischemia (17, 373), glutamate (374), phosphorylation (305) and SUMOylation (306) and 

AMIGO auxiliary subunits (32, 33) all shift the midpoint of the conductance–voltage relation (G–V). 
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However, it is not known which steps in the conductance activation pathway are modulated by any of 

these forms of regulation.  

To identify steps in the Kv2.1 conduction activation pathway that are susceptible to modulation, 

we studied the impact of an AMIGO auxiliary subunit. The AMIGO (AMphoterin–Induced Gene and 

Open reading frame) family of proteins contains three paralogs in mammals: AMIGO1, AMIGO2, and 

AMIGO3. AMIGO proteins are single-pass transmembrane proteins with an extracellular 

immunoglobulin domain and several leucine-rich repeats (69). AMIGO1 has been proposed to play a role 

in schizophrenia biology (375). In vertebrate brain neurons, AMIGO1 is important for cell adhesion (69), 

neuronal tract development (124), and circuit formation (124, 375, 376). AMIGO1 colocalizes with Kv2 in 

neurons throughout the brains of multiple mammalian species (32, 121). Coimmunoprecipitation of 

AMIGO1 and Kv2.1 (32, 33, 124) and co-diffusion through cell membranes (32) indicate a robust 

interaction, consistent with an AMIGO1–Kv2.1 complex being sufficiently stable for intensive biophysical 

studies. All three AMIGO proteins activate the conductance of both Kv2 channel subtypes, shifting the 

conductance–voltage relation by -5 to -15 mV (32, 33). While these shifts may seem small in excitable cells 

that can have voltage swings of more than 100 mV, human mutations that shift the conductance–voltage 

relation of ion channel gating by similar magnitudes are correlated with physiological consequences (360, 

377–379). However, it is difficult to determine whether the physiological consequences of mutations are 

caused by the gating shifts themselves.  

Here we investigate which steps in the Kv2.1 conductance activation pathway are modulated by 

AMIGO1. In other voltage-gated ion channels, the G–V relation can be shifted to more negative voltages 

by modulating pore opening (125, 166, 168), voltage sensor movement (169, 170), or voltage sensor-pore 

coupling (114, 171, 172). Single-pass transmembrane auxiliary subunits modulate other voltage-gated ion 

channel a subunits by a variety of mechanisms (125, 171, 204, 380). However, AMIGO1 only shares a 

limited degree of homology with other single-pass transmembrane auxiliary subunits (123), and 
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divergent structural interactions have been observed among single-pass transmembrane auxiliary 

subunits (184, 343). As there is no consensus binding pose or mechanism of interaction for auxiliary 

subunits, it is difficult to predict on which step in the conductance activation pathway AMIGO1 acts. A 

recent study proposed that AMIGO proteins shift Kv2.1 conductance by increasing voltage sensor-pore 

coupling and that AMIGO-conferred changes to Kv2 voltage-sensing machinery are unlikely (33). Here 

we ask whether AMIGO1 alters conformational changes associated with pore opening or with voltage 

sensor movement using a combination of electrophysiological and imaging approaches. We find that 

AMIGO1 modulates voltage sensor movements which occur before pore opening. We find AMIGO1 to 

have a greater impact on early voltage sensor movements than the conductance–voltage relation. We 

conclude that AMIGO1 destabilizes the earliest resting conformation in the pathway of channel 

activation. 
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Results 

 

AMIGO1 shifts the midpoint for activation of Kv2.1 conductance  

 Voltage-clamp recordings from cotransfected HEK293 cells indicate that mouse AMIGO1 shifts 

the G–V relation of mouse Kv2.1 by -5.7 ± 2.3 mV (SEM) (Supplemental Fig. 3.1). This shift was similar to 

the -6.1 mV ± 1.6 mV shift reported of rat Kv2.1–GFP by human AMIGO1–mRuby2 (33), and smaller than the -

15.3 mV (no error listed) shift of mouse Kv2.1–GFP by mouse AMIGO1 (32). This small effect of AMIGO1 was 

similar to the cell-to-cell variability in our recordings. We suspected that endogenous voltage-activated 

conductances of HEK293 cells (381, 382) and variability inherent to transient co-transfection could 

increase variability. To minimize possible sources of cell-to-cell variability, further experiments were with 

a Chinese Hamster Ovary K1 cell line with inducible rat Kv2.1 expression (Kv2.1–CHO) transfected with 

a YFP-tagged mouse AMIGO1. Inducible Kv2.1 expression permits tighter control of current density (366) 

and fluorescence tagging of AMIGO1 permits visualization of protein expression and localization. Unlike 

HEK293 cells, CHO cells lack endogenous voltage-gated K+ currents (383).  

As expression systems can influence auxiliary protein interactions with ion channels (92, 99, 218, 

262, 271), we assessed Kv2.1–AMIGO1 association in these CHO cells. We evaluated two hallmarks of 

Kv2.1 and AMIGO1 association: Kv2.1 reorganization of AMIGO1, and AMIGO1 / Kv2.1 colocalization 

(32, 33, 121).  

In HEK293 cells, heterologously expressed AMIGO1 localization is intracellular and diffuse (33, 

121). However, when co-expressed with Kv2.1, AMIGO1 reorganizes into puncta with Kv2.1, similar to 

the expression patterns in central neurons (33, 121). To determine whether Kv2.1 reorganizes AMIGO1 in 

Kv2.1–CHO cells, the degree of AMIGO1–YFP reorganization was quantified using the Coefficient of 

Variation (COV), which captures non–uniformity of YFP localization (243). COV was quantified 

following the limited 1.5 h Kv2.1 induction period used in whole-cell and single channel K+ current 
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recordings and the prolonged 48 h induction period used for gating current recordings or imaging 

studies. COVs were compared against an uninduced control (0 h induction) and against an engineered 

protein, ChroME-mRuby2, which contains the Kv2.1 PRC trafficking sequence, but lacks the Kv2.1 

voltage sensing and pore forming domains (12, 384). COVs were evaluated from the glass-adhered, basal 

membrane where evidence of reorganization is most notable (Fig. 3.1). Both COV1.5h and COV48h were 

greater than the COV0h or COVChroME-mRuby control. This result is consistent with Kv2.1 and AMIGO1 

association in CHO cells.  

As an additional measure of whether Kv2.1 reorganizes AMIGO1 in Kv2.1–CHO cells, we 

assessed AMIGO1–YFP and Kv2.1 colocalization using the Pearson’s correlation coefficient (PCC) (385). 

Surface-expressing Kv2.1 on live cells was labeled with GxTX Ser13Cys(Alexa594), a conjugate of a 

voltage sensor toxin guangxitoxin-1E derivative with a fluorophore, abbreviated as GxTX–594 (321). As 

auxiliary subunits can impede binding of toxins to voltage-gated ion channels (94), we tested whether 

AMIGO1 impacted GxTX–594 binding to Kv2.1. Under conditions where AMIGO1 modulates most, if not 

all, Kv2.1 voltage sensor movements (Fig. 3.6, 3.7), we found no evidence that AMIGO1 impedes GxTX–

594 binding to Kv2.1 (Supplemental Fig. 3.5). Colocalization between AMIGO1–YFP and GxTX–594 was 

apparent as PCC48h, measured from the glass-adhered basal membrane, was greater than the negative 

control, PCCChroME-mRuby2 (Fig. 3.2B). With a limited 1.5 h induction, GxTX–594 was difficult to detect at the 

glass-adhered membrane, so we moved the confocal imaging plane further from the cover glass to image 

Kv2.1 on apical cell surfaces where GxTX–594 labeling was more apparent. On these apical surfaces, 

PCC1.5h and PCC48h were greater than PCC0h (Fig. 3.2A), consistent with some colocalization of AMIGO1–

YFP and Kv2.1. The weakly significant increase of the PCC1.5h compared to PCC0h is consistent with some 

colocalization. Disproportionate expression can skew PCC values (386), and the limited GxTX–594 signal 

is expected to depress the PCC1.5h value. Similarly, the lower PCC48h values were associated with either 

minimal or exceptionally bright AMIGO1–YFP signal. Overall, we see no sign of Kv2.1 channels lacking 
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colocalized AMIGO1 in cells with high levels of AMIGO1 expression. Altogether, the reorganization and 

colocalization indicate that AMIGO1–YFP and Kv2.1 interact in the CHO cells used for K+ current 

recordings and for gating current measurements. 

AMIGO1 shifts the midpoint of activation of Kv2.1 conductance in CHO cells 

To determine whether AMIGO1 affected the macroscopic K+ conductance in Kv2.1–CHO cells, we 

conducted whole-cell voltage clamp recordings. Cells were transfected with GFP (Kv2.1–control cells) or 

with AMIGO1–YFP (Kv2.1 + AMIGO1 cells) and identified for whole-cell voltage clamp based on the 

presence of cytoplasmic GFP fluorescence or plasma membrane-associated YFP fluorescence, respectively 

(Fig. 3.3A). Macroscopic ionic current recordings were made in whole-cell voltage-clamp mode and K+ 

conductance was measured from tail currents (Fig. 3.3B, C). In expectation of small AMIGO1 effects 

relative to cell-to-cell variation, recordings from control cells and AMIGO1 cells were interleaved during 

each day of experiments and cell identity was blinded during analysis. G–V relations were fit with a 4th 

power Boltzmann function (Eqn. C) (Fig. 3.3D, E, F) and average midpoints of half-maximal conduction 

(Vi,Mid) and steepness equivalents (zi) were determined (Table 2.1). In Kv2.1–control cells, the average Vi,Mid 

was -1.8 mV (Fig. 3.3H), consistent with prior reports of Vi,Mid ranging from -3 mV to +8 mV in CHO cells 

(33, 333, 341, 387). Cell-to-cell variation in Vi,Mid remained notable between Kv2.1–CHO cells, with 

variation in Vi,Mid on par with other reports (see Discussion/Limitations). The range of Vi,Mid values of Kv2.1 

+ AMIGO1 cells overlapped with Kv2.1–control cells (Fig. 3.3H), yet the average Vi,Mid was negatively 

shifted by -5.7 ± 2.2 mV (SEM), similar to ΔVi,Mid from mouse Kv2.1 in HEK293 cells (Table 3.1). No effect 

on zi was observed. We also tested AMIGO2 and AMIGO3 on Kv2.1, and found they colocalize and 

induce ΔVi,Mid shifts similar to those reported from HEK293 cells by Maverick and colleagues (33) 

(Supplemental Fig. 3.3, 3.4), indicating that the small G–V shifts by the AMIGO proteins are robust across 

different experimental preparations.  
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To test if AMIGO1 also alters the rate of activation of Kv2.1 conductance, we analyzed activation 

kinetics. The 10-90% of the rise of Kv2.1 currents following a voltage step (Fig. 3.3A, B) was fit with the 

power of an exponential function (Eqn. F) for sigmoidicity (σ) which quantifies delay before current rise, 

and activation time constant (τact). σ was not significantly altered by AMIGO1 (Fig. 3.3J, L, N), suggesting 

that the Kv2.1 activation pathway retains a similar structure with AMIGO1 (320). At a subset of voltages 

less than +70 mV, AMIGO1 expression accelerated activation, decreasing τact (Fig. 3.3I, K, M), consistent 

with results of Maverick and colleagues (33). Following the +10 to +120 mV activating steps, time 

constants of tail current decay at 0 mV were similar to τact at 0 mV (Fig. 3.3O, Eqn. G). A prior study 

found no impact of AMIGO1 on Kv2.1 deactivation kinetics at -40 mV (33), and deactivation is not 

studied further here. A model of Kv2.1 activation kinetics suggests that voltage sensor dynamics 

influence τact below ~+70 mV, and that at more positive voltages a slow pore opening step limits kinetics 

(320). This analysis suggests that AMIGO1 accelerates activation kinetics only in the voltage range which 

is sensitive to voltage sensor dynamics.   

Effects of AMIGO1 on pore opening conformational changes were not apparent in single channel 

recordings 

To more directly assess whether the pore opening step of the Kv2.1 activation pathway is 

modulated by AMIGO1, we analyzed pore openings of single Kv2.1 channels during 1 s long recordings 

to 0 mV (Fig. 3.4A, B). At 0 mV we expect >85% of all Kv2.1–control voltage sensors or >95% of all Kv2.1–

AMIGO1 voltage sensors (Fig. 3.6T) to activate in less than 2 ms (Fig. 3.6N), such that the majority of 

single channel openings represent stochastic fluctuations between a closed and open conformation of the 

pore. Neither the single channel current amplitude (Fig. 3.4C, D, E) nor the intra–sweep open probability 

(Fig. 3.4F) were significantly impacted by AMIGO1. AMIGO1 did not significantly impact the single 

channel open or closed dwell times (Fig. 3.4G-L). These results constrain any impact of AMIGO1 on Kv2.1 

pore opening to be smaller than the variability in these single channel measurements. 
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A voltage sensor toxin enhances modulation of AMIGO1 on the Kv2.1 conductance 

To test whether AMIGO1 modulation is dependent on voltage sensor dynamics, we altered 

voltage sensor movement with a voltage sensor toxin. GxTX binds to the voltage sensing domain of Kv2.1 

(388), such that exit from the earliest resting conformation limits opening to more positive voltages (320). 

If AMIGO1 modulates voltage sensors, then GxTX might be expected to amplify the AMIGO1 effect. 

Alternately, if AMIGO1 acts directly on pore opening, the AMIGO1 impact on the pore opening 

equilibrium should persist, regardless of voltage sensor modulation. To distinguish between these 

possibilities, we measured AMIGO1 modulation in the presence of the imaging probe GxTX–594, which 

modulates Kv2.1 by the same mechanism as GxTX (321) and has a similar affinity for the resting 

conformation of Kv2.1 with or without AMIGO1 (Supplemental Fig. 3.5). We applied 100 nM GxTX–594 

to cells and activated the Kv2.1 conductance. We note that the 100-ms activating pulses are much shorter 

than the >2 second time constants of GxTX–594 dissociation at extreme positive voltages (321) and during 

these short activating pulses we saw no evidence of GxTX–594 dissociation. The AMIGO1 ΔVi,Mid of -22.1 

± 4.8 (SEM) with GxTX–594 was distinct from the AMIGO1 ΔVi,Mid of -5.7 ± 2.2 mV (SEM) without GxTX–

594 (p = 0.00018, unpaired, two-tailed t-test), indicating that GxTX–594 amplifies the impact of AMIGO1 

on Kv2.1 conductance. We did not observe a significant effect of AMIGO1 on tact or s  in GxTX–594 (Fig. 

3.5J-N). We calculated the impact of AMIGO1 on a pore opening equilibrium constant (Keq) at the 

midpoint of the Kv2.1 G–V relation and found a 3.7-fold bias towards a conducting conformation in 100 

nM GxTX–594 versus a 1.4-fold bias under control conditions (ΔGAMIGO1 = -0.77 versus -0.28 kcal/mol 

respectively, Table 3.1). This result indicates that the impact AMIGO1 has on the Kv2.1 conductance is 

dependent on the dynamics of the activation path. Further, this result indicates that AMIGO1 opposes the 

action of GxTX–594, which stabilizes the earliest resting conformations of Kv2.1 voltage sensor. We also 

note that the more dramatic modulation by AMIGO1 with GxTX–594 verifies that most Kv2.1 channels 
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are modulated by AMIGO1 in this cell preparation in which only a small impact on Vi,Mid was observed 

without GxTX–594 (Fig. 3.3). 

AMIGO1 facilitates the activation of Kv2.1 voltage sensors 

To determine if AMIGO1 affects voltage sensor movement, we measured gating currents (Ig), 

which correspond to movement of Kv2.1 voltage sensors across the transmembrane electric field. Kv2.1–

CHO cells were patch clamped in whole–cell mode in the absence of K+ (Fig. 3.6A) and given voltage 

steps to elicit gating currents (Fig. 3.6B, C). The resolvable ON gating currents (Ig,ON) represent an early 

component of gating charge movement, but not all of the total gating charge; the later charge movements, 

which include any charge associated with the pore opening, move too slowly for us to resolve accurately 

in ON measurements (320, 333). If AMIGO1 acts solely through the pore we would not expect to detect an 

impact on early components of ON gating currents which occur before pore opening. 

At voltages above 50 mV, the charge density translocated over the first 3.5 ms, QON,fast, was not 

significantly different with AMIGO1 (Fig. 3.6D, E, F), indicating that AMIGO1 did not alter the total 

charge translocated during early conformational transitions. However, between -10 mV and +50 mV, 

Kv2.1–control cells did not move as much gating charge as Kv2.1 + AMIGO1 cells, indicating a shift in 

gating current activation (Fig. 3.6F). The shift in voltage dependence was quantified by fitting QON,fast–V 

with a Boltzmann (Fig. 3.6G, H, I) yielding ΔVg,Mid,ON,fast of -12.8 ± 3.5 mV (SEM) (Fig. 3.6K) and a Δzg,ON,fast 

of 0.215 ± 0.058 e0 (SEM) (Fig. 3.6J) (Table 3.2). This result indicates that AMIGO1 modulates the early 

gating charge movement which occurs before pore opening.  

To determine whether AMIGO1 modulates the kinetics of early gating charge movement, we 

extracted a time constant (τON) from the decay phase of Ig,ON that occurs before 10 ms (Fig. 3.6B top, C top) 

(Eqn. H) as in (320). In Kv2.1 + AMIGO1 cells, the τON–V relation shifts to more negative voltages 

compared to control (Fig. 3.6L, M, N). Above +30 mV, the mean τON for Kv2.1 + AMIGO1 cells was faster 

than the mean τON from Kv2.1–control cells (Fig. 3.6N). Fitting the τON–V with rate theory equations 
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indicated AMIGO1 accelerates the forward rate of gating charge movement by 1.7x at neutral voltage and 

decreases the voltage dependence of this rate by 13% (Fig. 3.6N). This result indicates that voltage sensors 

activate faster in the presence of AMIGO1, consistent with destabilization of the earliest resting 

conformation of the voltage sensors by AMIGO1.  

To measure if AMIGO1 alters the total gating charge movement, we integrated OFF gating 

currents (Ig,OFF) at -140 mV after 100 ms voltage steps (Fig. 3.6B bottom, C bottom, O, P, Q). The density of 

QOFF elicited by voltage steps above -10 mV was not significantly different between Kv2.1–control and 

Kv2.1 + AMIGO1 cells (Fig. 3.6Q), indicating that AMIGO1 did not alter the density of channels 

expressed, nor the total gating charge per channel. However, between -25 mV and -10 mV, Kv2.1–control 

cells did not move as much gating charge as Kv2.1 + AMIGO1 cells, indicating a shift in voltage 

dependence (Fig. 3.6Q). Boltzmann fits (Fig. 3.6R, S, T), yielded ΔVg,Mid,OFF of -10.8 ± 2.4 mV (SEM) (Fig. 

3.6V) and a Δzg,OFF of 0.43 ± 0.20 e0 (SEM) (Fig. 3.6U) (Table 3.2),  indicating that AMIGO1 shifts total 

gating charge movement to more negative voltages. Overall, we find that AMIGO1 affects every aspect of 

gating current we have analyzed to a greater degree than the K+ conductance. As both QON,fast–V and α0mV 

measurements report the gating charge movements out of the earliest resting conformation, these results 

indicate that AMIGO1 destabilizes the earliest resting conformation relative to voltage sensor 

conformations later in the conduction activation pathway of Kv2.1. 

AMIGO1 accelerates voltage-stimulated GxTX–594 dissociation  

To further test the hypothesis that AMIGO1 specifically destabilizes the earliest resting 

conformation of Kv2.1 voltage sensors, we probed the stability of this conformation with GxTX–594 

fluorescence. The earliest resting conformation is stabilized by GxTX (320) and when occupancy of this 

conformation is decreased by voltage activation, the rate of GxTX–594 dissociation accelerates (321). 

Destabilization of the earliest resting conformation by AMIGO1 is expected to increase the rate of GxTX–

594 dissociation when voltage sensors are partially activated. To test this prediction, we measured the 
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rate of GxTX–594 dissociation at +30 mV, a potential at which about 20% of Kv2.1 gating charge is 

activated with GxTX bound (320). The rate of GxTX–594 dissociation from Kv2.1 (kΔF) accelerated from 

0.073 ± 0.010 s-1 (SEM) in control cells to 0.115 ± 0.015 s-1 (SEM) in cells positive for AMIGO1–YFP 

fluorescence (Fig. 3.7). As we see no evidence that AMIGO1 alters GxTX–594 affinity in cells at rest 

(Supplemental Fig. 3.5), this 1.6-fold acceleration of kΔF is consistent with AMIGO1 destabilizing the 

earliest resting conformation of voltage sensors. The thermodynamic model developed to interpret the kΔF 

of GxTX–594 dissociation (321) estimates that AMIGO1 decreases the stability of the earliest resting 

conformation of each voltage sensor by 1.9-fold or a ΔGAMIGO1 of -1.5 kcal/mol for Kv2.1 tetramers (Eqn. L). 

This result is consistent with AMIGO1 destabilizing the resting voltage sensor conformation to speed up 

voltage sensor activation and shift conductance to lower voltages.  

An extracellular surface potential mechanism of AMIGO1 was not detected 

 To differentiate between mechanisms through which AMIGO1 could change voltage sensor 

activation we probed whether the large AMIGO1 extracellular domain is directly changing the 

electrostatic environment of Kv2.1's voltage sensors. Per surface charge theory, local extracellular 

negative charges could attract positive gating charges to activate channels (389). AMIGO1 possesses five 

extracellular glycosylation sites (201), each potentially decorated with negatively-charged sugar moieties 

(121). AMIGO1 also has a conserved negatively charged residue predicted to be near the extracellular 

side of the membrane (69, 201). Similar structural characteristics are found in Nav b auxiliary subunits 

which, like AMIGO1, are glycosylated, single transmembrane pass protein with an immunoglobulin-

domain. Nav b1 has been proposed to interact with Nav1.4 a subunit through surface charge effects (273, 

390, 391). We tested if AMIGO1 likewise affects Kv2.1 activation through electrostatic surface charge 

interactions. 

To measure the electrostatics of the environment immediately surrounding the Kv2.1 voltage 

sensor domain complex with and without AMIGO1, we employed far-red polarity-sensitive fluorescence 
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(331). The polarity-sensitive fluorophore, JP, was localized to the Kv2.1 voltage sensor by conjugating 

GxTX to JP at either residue Ser13 or Lys27 (322). When GxTX binds to the extracellular S3b region of the 

Kv2.1 channel, Ser13 and Lys27 occupy positions of distinct polarity (322). At resting membrane 

potentials, GxTX Ser13Pra(JP) has an emission maximum of 644 nm, consistent with the homology-based 

prediction that Ser13 of GxTX localizes in an aqueous environment branched away from S4. Conversely, 

GxTX Lys27Pra(JP) has an emission maximum of 617 nm, consistent with the prediction that Lys27 sits in 

the polar region of the membrane adjacent to S4 (322). If AMIGO1 were to alter the electrostatic 

environment of the resting conformation of the Kv2.1 voltage sensor domain, we would expect either of 

these environmental point detectors, GxTX Ser13Pra(JP) or GxTX Lys27Pra(JP), to exhibit an altered 

emission maximum.    

Full emission spectra of JP fluorescence from Kv2.1–CHO cells transfected with AMIGO1–YFP 

and treated with GxTX Ser13Pra(JP) or GxTX Lys27Pra(JP) were fitted with 2-component split pseudo-

Voigt functions (Fig. 3.8C, F). Fitting shows emission peaks, 644 nm and 617 nm, respectively, are 

unchanged with or without AMIGO1–YFP, consistent with the local electrostatic environment 

surrounding the JP probes positioned on resting Kv2.1 voltage sensors not being altered by AMIGO1 

expression. Previous work has shown that GxTX Lys27Pra(JP) emission peak wavelength is sensitive to 

conformational changes among early resting states of voltage sensors (322). The absence of any AMIGO1-

induced change in environment for either of these GxTX sidechains suggests that AMIGO1 does not 

cause significant changes to the local environment of the GxTX binding site on the S3b segment of Kv2.1, 

nor the GxTX position in the membrane when bound to the channel. These results are consistent with 

destabilization of the GxTX binding site by AMIGO1 being indirect, as the binding site itself appears to 

retain the same conformation and local environment in the presence of AMIGO1. However, it remains 

possible that AMIGO1 acts extracellularly to modulate Kv2.1 by a mechanism that these GxTX(JP)-based 

sensors do not detect. 
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We also tested whether AMIGO1 acts by a surface charge mechanism with a classical charge 

screening approach. Surface charge interactions can be revealed by increasing the concentration of Mg2+ to 

screen, or minimize, the impact of fixed negative charges near the voltage sensors (389, 392).  If 

AMIGO1 alters surface potential, we would expect elevated Mg2+ to shrink DVi,Mid. To determine whether 

surface charge screening suppresses the AMIGO1 effect, voltage clamp experiments were conducted as in 

Fig. 3.3, except external recording solutions contained 100 mM Mg2+ (Fig. 2.9A, B, C). Kv2.1 requires more 

positive voltage steps to activate in high Mg2+ solutions (Table 3.1), consistent with sensitivity to surface 

charge screening (393). In high Mg2+, AMIGO1 effected a DVi,Mid of -7.4 ± 2.4 mV (SEM) (Fig. 3.10H) but did 

not change zi (Fig. 3.9G) (Table 3.1). When compared to low Mg2+ conditions by Ordinary 2-way ANOVA, 

ΔVi,Mid was not significantly different in normal versus 100 mM Mg2+ (interaction of p = 0.33). Hence, Mg2+ 

altered Kv2.1 activation in a manner consistent with surface charge screening, yet Mg2+ did not detectably 

abrogate the AMIGO1 effect. However, we cannot rule out the possibility of a screened site that is 

inaccessible to Mg2+. While neither extracellular fluorescence measurements nor surface charge screening 

detected an extracellular impact of AMIGO1, we are not able to rule out the possibility of an extracellular 

coupling to AMIGO1 that was not detected by these methods. 
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Discussion 

 

We asked whether AMIGO1 modulates Kv2.1 conductance by modulating conformational changes of 

pore opening or voltage sensor activation. We found that AMIGO1 destabilizes the resting, inward 

conformation of Kv2.1 voltage sensors, causing channels to activate at more negative voltages. This 

conclusion is supported by three major results: 

1) AMIGO1 destabilizes the earliest resting conformation of Kv2.1 voltage sensors.  

AMIGO1 expression accelerated conductance activation only at a subset of voltages where the 

activation kinetics are voltage sensitive (Fig. 3.3M). When voltage sensor movements were measured 

directly, gating current recordings revealed an acceleration of the forward rate constant (τON) of gating 

charge activation in cells with AMIGO1. Between 0 and 120 mV, pore opening is 10-30x slower than Ig,ON 

decay (Fig. 3.3M, 3.6N), too slow to influence the first few ms of Ig,ON. When the change in the forward 

rate α0mV (Fig. 3.6N), was used to estimate the amount of energy AMIGO1 contributes to modulating 

Kv2.1 conformational bias, we found that AMIGO1 imparted -1.3 kcal/mol per channel (Eqn. J) to 

ΔG‡AMIGO1. From this result we conclude that AMIGO1 speeds the rate of conformational change between 

the earliest resting conformation and its transition state in the activation path. Additionally, the AMIGO1 

effect on GxTX–594 dissociation at +30 mV is consistent with AMIGO1 opposing the action of GxTX–594, 

which stabilizes resting voltage sensors. All available evidence indicates that AMIGO1 destabilizes the 

earliest resting conformation of Kv2.1 voltage sensors. We estimate that AMIGO1 destabilizes the fully 

resting conformation of Kv2.1 channels by ~3 kcal/mol, relative to the fully active open state, and that 

about half of this energy lowers the barrier for the initial exit of voltage sensors from their resting 

conformation (Fig. 3.10A). 
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2) AMIGO1 has a greater impact on the voltage sensors than the pore opening. 

Free energy estimates indicate more AMIGO1 perturbation of the Q–V than the midpoint of the G–V. 

The ∆G for AMIGO1’s impact on voltage sensor activation ranged from -1.9 kcal/mol to -3.1 kcal/mol 

depending on the calculation method (Table 3.2). Yet, the ∆GAMIGO1 calculated at the conductance 

midpoint was only -0.3 kcal/mol (Table 3.1). This lesser impact on pore opening is consistent with a direct 

impact of AMIGO1 on voltage sensor movements which are coupled to pore opening. Notably ∆GAMIGO1 

calculated at the conductance midpoint widens to -0.8 kcal/mol when voltage sensor activation is limited 

with GxTX–594. When we looked at pore opening directly, we saw no evidence suggesting a direct effect 

of AMIGO1. We saw no change in the slope of the G–V relationship with AMIGO1 (Table 3.1), nor 

sigmoidicity (Fig. 3.3), nor single channel measurements (Fig. 3.4). While these negative results do not 

eliminate the possibility that AMIGO1 has a small direct effect on pore opening, these negative results 

constrain the effect size of AMIGO1 on pore opening equilibria to be smaller than the error associated 

with our measurements.  

3) The AMIGO1 impact on conductance is malleable 

In Kv2.1–CHO cells, AMIGO1 shifts the VMid of conductance by -5.7 ± 2.2 mV (SEM). With GxTX–594, 

the AMIGO1 G–V shift widens to -22.3 ± 4.8 (SEM) (Table 3.1). This remarkable result indicates that the 

AMIGO1 effect on conductance can change in magnitude. While we have not completely excluded the 

possibility that AMIGO1 has a direct interaction with GxTX–594, we think this unlikely, as we saw no 

sign of an AMIGO1-dependent environmental change around GxTX–JP conjugates, and GxTX–594 had a 

similar affinity for resting Kv2.1. We think it is more likely that AMIGO1 and GxTX–594 interact only 

allosterically, and favor the explanation that GxTX makes the Vi,Mid of conductance more sensitive to the 

early voltage sensor transition which AMIGO1 modulates. After its fast voltage sensor movement, Kv2.1 

has a slow conductance-activating step that makes the 4th power of the Q–V not predictive of the G–V 

(299, 320, 333, 334). GxTX stabilizes the earliest resting conformation of Kv2.1 voltage sensors such that 4th 
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power Boltzmann fits to the G–V are similar to the Q–V (320). This suggests the Vi,Mid is more responsive 

to AMIGO1 in GxTX–594 because the G–V becomes limited by early voltage sensor movement. 

To test the idea that AMIGO1 modulation of voltage sensors could result in different ∆Vi,Mid of G–Vs, 

we performed calculations with a voltage sensor shift model composed of simple gating equations. This 

voltage sensor shift model incorporates distinct V1/2 values assigned to independent voltage sensor 

(VVSD,1/2) and pore (VPore,1/2) transitions, all of which must activate to allow channel opening. Calculations 

incorporating a constant ∆VVSD,1/2 shift with no change in VPore,1/2 demonstrate that the ∆Vi,Mid  of G–V can be 

malleable. In these calculations an AMIGO1 shift of ∆VVSD,1/2 = -22.4 mV resulted in ∆Vi,Mid = -5.0 mV (Fig. 

3.10B), similar to the empirical measurement ∆Vi,Mid = -5.7 mV of Kv2.1 with AMIGO1 (Fig. 3.3).  However, 

when VVSD,1/2 was modified to fit GxTX–594 data, this same AMIGO1 shift of ∆VVSD,1/2 = -22.4 mV yielded a 

larger shift G–V shift, ∆Vi,Mid = -21.8 mV (Fig. 3.10B). While the gating model implied by these calculations 

is highly simplified and does not recapitulate all of our data, it does demonstrate a mechanism by which 

a fixed modulation of voltage sensors could result in varying ΔVi,Mid shifts. As the voltage dependence of 

Kv2.1 activation is dynamically modulated by many forms of cellular regulation and can vary 

dramatically (17, 23, 27, 28, 305, 355, 373, 374, 394–396), the impact of AMIGO1 might also fluctuate. A 

malleable impact of AMIGO1 in response to Kv2.1 regulation could perhaps explain why a larger G–V 

shift was originally reported (32), than was observed here or elsewhere (33). 

The voltage sensor shift mechanism we propose does not require changes in pore opening, or 

voltage sensor-pore coupling. Maverick and colleagues (33) suggested that the effects of AMIGO proteins 

on Kv2.1 conductance could be described by increasing the coupling between the voltage sensor and pore 

opening without a shift in the Q–V curve (33), similar to a mechanism by which leucine-rich-repeat-

containing protein 26, LRRC26, modulates large-conductance Ca2+-activated K+ channels (114). As the 

precise voltage sensor-pore coupling mechanisms for Kv2.1 channels have yet to be defined, we cannot 

rule out the possibility that AMIGO1 also alters coupling. However, we see no reason that AMIGO1 must 
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do anything other than destabilize the earliest resting conformation of voltage sensors to modulate Kv2.1 

conductance. 

Limitations 

More detailed investigation of the AMIGO1 impact on the Kv2.1 activation pathway was limited 

by the relatively small magnitude of AMIGO1-dependent effects versus the cell-to-cell variability, with 

∆Vi,Mid as low as 5 mV, and standard deviations for Vi,Mid of 4 to 9 mV (Table 3.1, excluding GxTX–594). 

While we compensated for the limited power of the AMIGO1 effect by increasing replicates, a decreased 

cell-to-cell would enable more precise biophysical investigation. This degree of cell-to-cell variability does 

not appear to be unique to our laboratory. Midpoints reported for rat Kv2.1 activation in HEK293 cells 

span a 36 mV range, from -20.2 mV to 16.4 mV (32, 33, 243, 345, 354, 388, 397–403). When we calculated VMid 

standard deviation values from the standard errors and n-values in these studies, standard deviations 

ranged from 1 to 17 mV, on par with our own. We suspect these notable VMid deviations result from the 

many different types of regulation to which Kv2.1 channels are susceptible (305, 306). Techniques to 

constrain the cell-to-cell variability in Kv2.1 function could allow more precise mechanistic studies of 

AMIGO1 modulation. 

Our interpretations assume that the AMIGO1 effect is similar whether Kv2.1 is expressed at low 

density to measure K+ currents or at high density for gating current and imaging experiments. Auxiliary 

subunit interactions with pore α subunits can be influenced by many factors that can alter their assembly 

and functional impact on channel currents (265, 404–408). However, if Kv2.1 channels in K+ current 

recording were modulated less by AMIGO1, we would expect a decrease in Boltzmann slope of the fit, a 

bimodal G–V relation, or increased cell-to-cell variability with AMIGO1. We do not observe any of these 

with CHO cells. The similar impact of AMIGO1 on Kv2.1 conductance in two cell lines (Table 3.1) and 

consistency in effect magnitudes with an independent report (33), further suggest that AMIGO1 effect is 

saturating in our K+ conductance measurements. Thus, while incomplete complex assembly and other 
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factors could in theory influence the magnitude of the AMIGO1 impact on Kv2.1 conductance, we do not 

see evidence that would negate our biophysical assessment of the mechanism through which AMIGO1 

alters Kv2.1 conductance.  

The most parsimonious explanation for the effect AMIGO1 has on the Kv2.1 conduction–voltage 

relation seems to be a direct interaction with Kv2.1 voltage sensors. However, it also seems possible that 

AMIGO1 proteins could change cellular regulation of which in turn modulates Kv2.1. Even if AMIGO1 

acts by an indirect mechanism, our mechanistic conclusions remain valid, as they are not predicated on a 

direct protein–protein interaction between AMIGO1 and Kv2.1.   

 

Potential physiological consequences of an AMIGO1 gating shift 

The impact of AMIGO1 on Kv2.1 voltage sensors suggests that all voltage-dependent Kv2 

functions are modulated by AMIGO1. How might the AMIGO1 impact on voltage sensor dynamics affect 

cellular physiology? As AMIGO1 is colocalized with seemingly all the Kv2 protein in mammalian brain 

neurons (32, 121, 409), our results suggest that AMIGO1 could cause Kv2 voltage-dependent functions to 

occur at more negative potentials in neurons. Consistent with this suggestion, IK currents from 

hippocampal pyramidal neurons isolated from AMIGO1 knockout mice are altered compared to wild 

type IK currents (375). AMIGO1 knockout mice display schizophrenia-related features (375) and AMIGO1 

knockdown zebrafish have deformed neural tracts (124). However, it is unclear whether these deficits are 

due to effects on channel gating or other functions of AMIGO1, such as extracellular adhesion. In 

addition to electrical signaling, Kv2 proteins have important nonconducting functions (121, 242, 243, 349, 

350, 352), which AMIGO1 could potentially impact. Currently, we can only speculate about whether 

physiological impacts of AMIGO1 are due to alteration of Kv2-mediated signaling. 

 Are the AMIGO1 effects on Kv2.1 conductance activation big enough to meaningfully impact 

cellular electrophysiology? To begin to address this question, we estimated the impact that AMIGO1 
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would have on neuronal action potentials. In mammalian neurons, Kv2 conductance can speed action 

potential repolarization (29, 410), dampen the fast afterdepolarization phase (410), deepen trough voltage, 

and extend after-hyperpolarization (29) to impact repetitive firing (3, 29, 410–412). To estimate the impact 

AMIGO1 might have on the action potentials, we superimposed the impact of AMIGO1 measured in 

Kv2.1–CHO cells onto the Kv2 conductance in rat superior cervical ganglion (SCG) neurons, which Liu 

and Bean (29) found to account for ~55% of outward current during an action potential. We roughly 

approximated an SCG action potential as a 1.5 ms period at 0 mV, during which the parameters fit by Liu 

and Bean predict 2.2% of the maximal Kv2 conductance will be activated. If the Kv2 parameters are 

modified to mimic removal of AMIGO1, SCG neuron Kv2 conductance at the end of the mock action 

potential decreases by 70% (Table 3.3). This large effect due to small changes in conductance activation 

suggests that the AMIGO1 gating shift could have a profound impact on electrical signaling. 

Furthermore, we think the AMIGO1 impact could be even greater. Liu and Bean found that in SCG 

neurons, Kv2 activation lacks the slow pore-opening step we see in Kv2.1–CHO cells, and SCG Kv2 

kinetics were effectively modeled by a Hodgkin-Huxley n4 model of activation (342). This suggests that 

only voltage sensor activation limits conductance activation in the SCG neurons. When the impact of 

AMIGO1 on Kv2.1–CHO voltage sensors is applied to SCG neuron parameters, Kv2 conductance at the 

end of the mock action potential decreases by 89% (Table 3.3). This analysis suggests that removal of the 

AMIGO1 effect in neurons could be functionally equivalent to blocking the majority of the Kv2 current 

during an action potential, which would in turn be expected to have impacts on repetitive firing (3, 29, 

410–412). However, we stress that any predicted impact of AMIGO1 on action potentials is merely 

speculation.  
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Conclusions  

 

To shift the activation midpoint of Kv2.1 conductance to lower voltages, AMIGO1 destabilizes 

the earliest resting conformations of Kv2.1 voltage sensors relative to more activated conformations. 

While we cannot rule out a direct influence on pore dynamics, we saw no indication of such. We propose 

that AMIGO1 shifts the voltage–dependence of Kv2.1 conduction to more negative voltages by 

modulating early voltage sensor movements. We also propose that because AMIGO1 acts on early 

voltage sensor movements, modulation of Kv2 gating can alter the impact of AMIGO1 on K+ conductance.  
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Methods and Materials  

 

GxTX peptides 

A conjugate of a cysteine–modified guangxitoxin–1E and the maleimide of fluorophore Alexa594 

(GxTX Ser13Cys(Alexa594)) was used to selectively modulate Kv2.1 channel gating and to fluorescently 

identify surface-expressing Kv2.1 channels (321). Conjugates of propargylglycine (Pra)–modified GxTX 

and the fluorophore JP–N3 (GxTX Ser13Pra(JP) and GxTX Lys27Pra(JP)) were used to monitor the 

chemical environment surrounding GxTX when localized to the channel (322). All modified GxTX–

mutants were synthesized by solid phase peptide synthesis as described (322, 341, 413). Stock solutions 

were stored at -80 °C and thawed on ice on the day of experiment. 

 

Cell culture and transfection 

The HEK293 cell line subclone TS201A was a gift from Vladimir Yarov-Yarovoy and was 

maintained in DMEM (Gibco Cat# 11995-065) with 10% Fetal Bovine Serum (HyClone, SH30071.03HI, 

LotAXM55317) and 1% penicillin/streptomycin (Gibco, 15-140-122) in a humidified incubator at 37°C 

under 5% CO2. Chinese Hamster Ovary (CHO) cell lines were a Tetracycline-Regulated Expression (T-

REx) variant (Invitrogen, Cat# R71807), and cultured as described previously (341). The Kv2.1–CHO cell 

subclone (366) was stably transfected with pCDNA4/TO encoding the rat Kv2.1 (rKv2.1) channel. Cell 

lines were negative for mycoplasma by biochemical test (Lonza, LT07). 1 µg/ml minocycline (Enzo Life 

Sciences), prepared in 70% ethanol, was added to Kv2.1–CHO cells to induce rKv2.1 channel expression 

for 1.5 hours to minimize series resistance-induced voltage errors in K+ current recordings or for 48 hours 

to produce sufficient Kv2.1 density necessary for recording gating currents. 5 minutes prior to 

transfection, cells were plated at 40% confluency in unsupplemented culture media free of antibiotics, 

selection agents, and serum and allowed to settle at room temperature. For imaging studies (except 
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concentration–response), cells were plated in 35 mm No. 1.5 glass–bottom dishes (MatTek, P35G-1.5-20-

C). For concentration-response time–lapse imaging, cells were plated onto 22 x 22 mm No. 1.5H cover 

glass (Deckglaser). For electrophysiological studies, cells were plated in 35 mm tissue culture treated 

polystyrene dishes (Fisher Scientific, 12-556-000). Transfections were achieved with Lipofectamine 2000 

(Life Technologies, 11668-027). Each transfection included 220 µL Opti–MEM (Life 

Technologies, 31985062), 1.1 µL Lipofectamine, and the following amount of plasmid DNA. HEK293 cell 

experiments: 0.1 µg of mKv2.1 DNA and either 0.1 µg of pEGFP, mAMIGO1–pIRES2–GFP DNA, or 

hSCN1β–pIRES2–GFP. The pIRES2–GFP vector has an encoded internal ribosome entry site which 

promotes continuous translation of two genes from a singular mRNA (414) so that GFP fluorescence 

indicates the presence of AMIGO1 or SCN1β mRNA. Kv2.1–CHO cell experiments: 1 µg of either 

mAMIGO1–pEYFP–N1, pEGFP, rAMIGO2–pEYFP–N1, or rAMIGO3–pEYFP–N1. CHO cell experiments: 

1 µg of both pCAG–ChroME–mRuby2-ST and mAMIGO1-pEYFP-N1. Cells were incubated in the 

transfection cocktail and 2 mL of unsupplemented media for 6-8 hours before being returned to regular 

growth media, and used for experiments 40-48 hours after transfection. pEGFP, mAMIGO1–pEYFP–N1, 

and pCAG–ChroME-mRuby2-ST (384) plasmids were gifts from James Trimmer. mAMIGO1–pEYFP–N1 

uses a VPRARDPPVAT linker to tag the internal C–terminus of wild–type mouse AMIGO1 

(NM_001004293.2 or NM_146137.3) with eYFP. pCAG–ChroME–mRuby2–ST encodes an mRuby2–tagged 

channelrhodopsin with a Kv2.1 PRC trafficking sequence (12, 384). mKv2.1 (NM_008420) was purchased 

from OriGene (MG210968). hSCN1β–pIRES2–GFP was a gift from Vladimir Yarov-Yarovoy. mAMIGO1 

was subcloned into pIRES2–GFP between NheI and BamHI restriction sites. rAMIGO2–pEYFP–N1 and 

rAMIGO3–pEYFP–N1 were generated by subcloning rat AMIGO2 (NM_182816.2) or rat AMIGO3 

(NM_178144.1) in place of mAMIGO1 in the mAMIGO1–pEYFP–N1 vector.  
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Whole-cell K+ ionic currents 

Voltage clamp was achieved with an Axopatch 200B patch clamp amplifier (Axon Instruments) 

run by Patchmaster (HEKA). Solutions: HEK293 internal (in mM) 160 KCl, 5 EGTA, 10 HEPES, 1 CaCl2, 2 

MgCl2, and 10 glucose, adjusted to pH 7.3 with KOH, 345 mOsm. HEK293 external (in mM) 5 KCl, 160 

NaCl, 10 HEPES, 2 CaCl2, 2 MgCl2, 10 glucose, pH 7.3 with NaOH, 345 mOsm, 5 µM tetrodotoxin added 

to recording solution: LJP 3.9 mV, EK: -89.0 mV with HEK293 internal. Kv2.1–CHO internal (in mM) 70 

KCl, 5 EGTA, 50 HEPES, 50 KF, and 35 KOH, adjusted to pH 7.4 with KOH, 310 mOsm. Kv2.1–CHO 

external (in mM) 3.5 KCl, 155 NaCl, 10 HEPES, 1.5 CaCl2, 1 MgCl2, adjusted to pH 7.4 with NaOH, 315 

mOsm: LJP 8.5 mV, EK: -97.4 mV with Kv2.1–CHO cell internal. High Mg2+ Kv2.1–CHO external (in mM) 

3.5 KCl, 6.5 NaCl, 10 HEPES, 1.5 CaCl2, 100 MgCl2, adjusted to pH 7.4 with NaOH, 289 mOsm: LJP 13.1 

mV, EK: -97.4 mV with Kv2.1–CHO internal. Osmolality measured with a vapor pressure osmometer 

(Wescor, 5520), 5% difference between batches were tolerated. Liquid junction potential (LJP) values were 

tabulated using Patcher's Power Tools version 2.15 (Max-Planck), and corrected post hoc, during analysis. 

Voltage protocols list command voltages, prior to LJP correction. Kv2.1–CHO cells were harvested by 

scraping in Versene (Gibco, 15040066) or TrypLE (Gibco, 12563011). HEK293 cells were dislodged by 

scraping. Cells were washed three times in a polypropylene tube in the external solution used in the 

recording chamber bath by pelleting at 1,000 x g for 2 min, and rotated at room temperature (22-24 °C) 

until use. Cells were then pipetted into a 50 µL recording chamber (Warner Instruments, RC-24N) and 

allowed to settle for 5 or more minutes. After adhering to the bottom of the glass recording chamber, cells 

were rinsed with external solution using a gravity–driven perfusion system. Cells showing plasma 

membrane-associated YFP, or intracellular GFP of intermediate intensity, were selected for patching. 

Thin-wall borosilicate glass recording pipettes (BF150-110-7.5HP, Sutter) were pulled with blunt tips, 

coated with silicone elastomer (Sylgard 184, Dow Corning), heat cured, and tip fire-polished to 
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resistances less than 4 MW. Series resistance of 3–9 MΩ was estimated from the whole-cell parameters 

circuit. Series resistance compensation (of < 90%) was used as needed to constrain voltage error to less 

than 10 mV, lag was 10 µs. Cell capacitances were 4–15 pF. Capacitance and Ohmic leak were subtracted 

using a P/5 protocol. Output was low-pass filtered at 10 kHz using the amplifier’s built-in Bessel and 

digitized at 100 kHz. Traces were filtered at 2 kHz for presentation. Intersweep interval was 2 s. HEK293 

cells with less than 65 pA/pF current at +85 mV were excluded to minimize impact of endogenous K+ 

currents (382).). The average current in the final 100 ms at holding potential prior to the voltage step was 

used to zero-subtract each recording. Mean outward current (Iavg,step) was amplitude between 90-100 ms 

post depolarization. Mean tail current was the current amplitude between 0.2-1.2 ms into the 0 mV step. 

100 µL of 100 nM GxTX-594 was flowed over cells with membrane resistance greater than 1 GW, pulses to 

0 mV gauged the time course of binding, and the G–V protocol was run. Data with predicted voltage 

error, Verror ≥ 10 mV was excluded from analysis. Verror was tabulated using estimated series resistance post 

compensation (Rs,post)  

 𝑉677"7 =	 𝐼(=9,8$6B ∗ 𝑅8,B"8$ (Eqn. A) 

For G–V profiles cell membrane voltage (Vmembrane) was adjusted by Verror and LJP.  

 𝑉!6!57(&6 =	𝑉<"!!(&2 − 𝑉677"7 − 	𝐿𝐽𝑃	 (Eqn. B) 

Tail currents were normalized by the mean current from 50 to 80 mV. Fitting was carried out using Igor 

Pro software, version 7 or 8 (Wavemetrics, Lake Oswego, OR) that employs nonlinear least squares curve 

fitting via the Levenberg-Marquardt algorithm. To represent the four independent and identical voltage 

sensors that must all activate for channels to open, G–V relations were individually fit with a 4th power 

Boltzmann  

 
𝑓(𝑉) = 	𝐴 M1 +	𝑒

-(,-,,/.)C0
D' O

-E

 
(Eqn. C) 

where f(V) is normalized conductance (G), A is maximum amplitude, x is the number of independent 

identical transitions required to reach full conductance (for a 4th power function, x=4), V1/2 is activation 
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midpoint, z is the valence in units of elementary charge (e0), F is the Faraday constant, R is the ideal gas 

constant, and T is absolute temperature. The half-maximal voltage (VMid) for 4th power functions is  

 𝑉FGH =	𝑉G,:/> +
42.38
𝑧G

	 (Eqn. D) 

Reconstructed Boltzmann curves use average zi and V1/2 ± SD.  The minimum Gibbs free energy (∆GAMIGO1) 

that AMIGO1 imparts to conductance, was tabulated as  

 ∆𝐺 =	−R	 × T	 × lnG𝐾JKH (Eqn. E) 

Here R = 0.00199 kcal/(K•mol) and T = 298K. 𝐾JK, or the equilibrium constant of channel opening, was 

approximated by 1CD..,FGHIJK,(,L,HLM,CD..,)
:-1CD..,FGHIJK,(,L,HLM,CD..,)

 where fKv2.1+AMIGO1(Vi,Mid,Kv2.1) is the reconstructed relative 

conductance of Kv2.1 + AMIGO1 at Vi,Mid of Kv2.1–control cells (Table 2.1).  

Activation time constants (tact) and sigmoidicity values (σ) (415) were derived by fitting 10-90% 

current rise with  

 
𝐼L = 𝐴	 /1 −	𝑒-

$
tNOP1

M

 
(Eqn. F) 

Where current at end of step, Iavg,step, was set to 100%. t = 0 was adjusted to 100 µs after voltage step start 

to correct for filter delay and cell charging. Deactivation time constants (tdeact) were from fitting 1 to 100 

ms of current decay during 0 mV tail step with an exponential function  

 
𝐼L = 𝑦@ +	𝐴𝑒

- $-$Q
N'&!"# 	 (Eqn. G) 

Reported tdeact was the average after steps to +10 mV to +120 mV or +50 mV to +120 mV in GxTX–594. 

Kv2.1 deactivation kinetics became progressively slower after establishment of whole-cell mode, similar 

to Shaker deactivation after patch excision (312). Due to the increased variability of deactivation kinetics 

expected from this slowing phenomenon, deactivation kinetics were not analyzed further. 
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On-cell single channel K+ currents  

Single channel recordings were made from on-cell patches, to avoid Kv2.1 current rundown that 

occurs after patch excision (416). Methods same as whole-cell K+ ionic currents unless noted. While cells 

selected for recording had AMIGO1–YFP fluorescence apparent at the surface membrane, we cannot be 

certain each single Kv2.1 channel interacted with AMIGO1. Solutions: Kv2.1–CHO single channel internal 

(in mM) 155 NaCl, 50 HEPES, 20 KOH, 2 CaCl2, 2 MgCl2, 0.1 EDTA, adjusted to pH 7.3 with HCl, 347 

mOsm. Kv2.1–CHO single channel external (in mM) 135 KCl, 50 HEPES, 20 KOH, 20 NaOH, 2 CaCl2, 2 

MgCl2, 0.1 EDTA, adjusted to pH 7.3 with HCl, 346 mOsm: LJP -3.3 mV with Kv2.1–CHO single channel 

internal. Thick-wall borosilicate glass (BF150-86-7.5HP; Sutter Instruments) was pulled, Sylgard-coated 

and fire–polished, to resistances >10 MW. Analysis methods were same as prior (320) unless noted. To 

subtract capacitive transients, traces without openings were averaged and subtracted from each trace 

with single-channel openings. Peaks in single channel amplitude histograms were fit to half maximum 

with a Gaussian function to define single channel opening level for idealization by half-amplitude 

threshold. Open dwell times were well described by a single exponential component which was used to 

derived tclosing. Average open dwell times were also described as the geometric mean of all open dwell 

times. Closed dwell times appeared to have multiple exponential components and were solely described 

as the geometric mean of all closed dwell times. 

 

Whole–cell gating current measurements  

Methods same as whole-cell K+ ionic currents unless noted. Solutions: gating current internal (in 

mM) 90 NMDG, 1 NMDG-Cl, 50 HEPES, 5 EGTA, 50 NMDG-F, 0.01 CsCl, adjusted to pH 7.4 with 

methanesulfonic acid, 303 mOsm. Gating current external (in mM) 150 TEA-Cl, 41 HEPES, 1 MgCl2 · 6 

H2O, 1.5 CaCl2, adjusted to pH to 7.3 with NMDG, 311 mOsm: LJP -3.3 mV with gating current internal. 
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To avoid KCl contamination of the recording solution from the pH electrode, pH was determined in 

small aliquots that were discarded. Cells were resuspended in Kv2.1–CHO external and washed in the 

recording chamber with 10 mL gating current external. Pipettes has resistances of 6-14 MΩ. Series 

resistances were 14-30 MΩ and compensated 50%. Cell capacitances were 6-10 pF. Verror was negligible (< 1 

mV). P/5.9 leak pulses from -133 mV leak holding potential. An early component ON gating charge 

movement was quantified by integrating ON gating currents in a 3.5 ms window (QON,fast) following the 

end of fast capacitive artifacts created from the test voltage step (which usually concluded 0.1 ms 

following the voltage step). The slow tail of the ON charge movement is difficult to accurately integrate in 

these cells, making the cutoff point arbitrary. This 3.5 ms integration window resulted in a more positive 

QON,fast–V midpoint than with a 10 ms window (320), and more positive midpoint than the G–V relation. 

Differences in gating current solutions compared to prior studies may also contribute to the different 

midpoints reported (320, 333, 334). Currents were baseline-subtracted from 4 to 5 ms into step. QOFF was 

determined by integration of OFF charge movement in a 9.95 ms window after capacitive artifacts 

(usually 0.1 ms). Currents were baseline-subtracted from 10 to 20 ms into the step. Gating charge density 

fC/pF was normalized by cell capacitance. Q–V curves normalized to average from 100-120 mV. Q–V 

relations were individually fit with a 1st power Boltzmann (Eqn. C., x=1). Time constants (tON) were 

determined from a double-exponential fit function  

 
𝐼O,PQ = 𝐴/𝑒

-$
NKR1 + 𝐵 − 𝐴RGSJ /𝑒

-$
NSLTU1 (Eqn. H) 

trise was not used in analyses. Ig,OFF  was not well fit by Eqn. H andtOFF was not analyzed. The voltage-

dependence of the forward voltage sensor activation (α) rate was determined by fitting the average tON–V 

weighted by the standard error 

 𝜏PQ =
1

α@TU𝑒
,CV0

D'V + β@TU𝑒
,CW0

D'V
 (Eqn. I) 
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Reverse rates were not analyzed. Energy of AMIGO1 impact on the activation rate of all 4 voltage sensors 

(ΔG‡AMIGO1) was 

 ∆𝐺 = −4	 × 	𝑅 × 𝑇 × ln	(
𝑘WX>.:	;	[F\]P:

𝑘WX>.:
) (Eqn. J) 

where k = α0mV. Estimates of ∆GAMIGO1 from Q–V relations were with Eqn. E or  

 ∆𝐺 = 𝑉:/> × 𝑄 × 𝐹	 (Eqn. K) 

Here F = 23.06 kcal/V • mol • e0. Q was either zg from fits or 12.5 e0 as determined from a limiting slope 

analysis of the Kv2.1 open probability-voltage relation (299). V1/2 was either Vg,Mid or a median voltage 

(Vg,Med) as calculated from integration above and below QOFF–V relations using a trapezoidal rule (417).  

 

Fluorescence imaging  

Images were obtained with an inverted confocal/airy disk imaging system with a diffraction 

grating separating 400-700 nm emission into 9.6 nm bins (Zeiss LSM 880, 410900-247-075) run by ZEN 

black v2.1. Laser lines were 3.2 mW 488 nm, 1.2 mW 514 nm, 0.36 mW 543 nm, 0.60 mW 594 nm. Images 

were acquired with a 1.4 NA 63x (Zeiss 420782-9900-799), 1.3 NA 40x (Zeiss 420462-9900-000), or 1.15 NA 

63x objectives (Zeiss 421887-9970-000). Images were taken in either confocal or airy disk imaging mode. 

The imaging solution was Kv2.1–CHO external supplemented with 0.1% bovine serum albumin and 10 

mM glucose. Temperature inside the microscope housing was 24-28 °C. Representative images had 

brightness and contrast adjusted linearly.  

Concentration-effect imaging. Cells plated on coverslips were washed 3x with imaging solution 

then mounted on an imaging chamber (Warner Instruments, RC-24E) with vacuum grease. 100 𝜇L GxTX–

594 dilutions were applied for 10 minutes, then washed-out by flushing 10 mL at a flow rate of ~1 mL / 10 

sec. 15 minutes after wash–out, the next GxTX–594 concentration was added. Airy disk imaging, 1.4 NA 

63x objective (Zeiss 420782-9900-799), 0.13 µm pixels, 0.85 µs dwell, 5 sec frame rate. YFP excitation 488 

nm 2% power, emission 495-550 nm. GxTX–594 excitation 594 nm 2% power, emission 495-620 nm. 
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Intensities extracted using FIJI (418). ROIs drawn around groups of cells ± YFP fluorescence. Dissociation 

constant (Kd) fit with fluorescence intensity at 0 nM GxTX–594 set to 0 with  

 𝑓(𝑥) = 𝐴	
1

(1 + 𝐾H �̀�)
+ 𝐵 (Eqn. L) 

Voltage clamp fluorimetry was conducted as described (321). Briefly, 100 𝜇L 100 nM GxTX–594 in 

imaging external was applied for 10 minutes then diluted with 1 mL Kv2.1–CHO external for imaging. 

Airy disk imaging, 1.15 NA 63x objective (Zeiss 421887-9970-000), 0.11 µm pixels, 0.85 µs dwell, 2x 

averaging, 1 sec frame rate.  GxTX–594 excitation 594 nm 1% power, emission 605nm long-pass. Cells 

with obvious GxTX–594 labeling were whole-cell voltage-clamped. Voltage clamp fluorimetry internal (in 

mM) 70 mM CsCl, 50 mM CsF, 35mM NaCl, 1 mM EGTA, 10 mM HEPES, adjusted to pH 7.4 with CsOH, 

310 mOsm: LJP -5.3 mV with Kv2.1–CHO external. Pipettes from thin-wall glass were less than 3.0 MΩ. 

Cells were held at -100 mV for 30 images and stepped to +35 mV until fluorescence change appeared 

complete. Intensity data was extracted using Zen Blue from ROIs drawn around apparent surface 

membrane excluding pipette region. For presentation, fluorescence intensity traces were normalized from 

minimum to maximum. Rate of GxTX–594 dissociation (kDF) was fit with a monoexponential function 

(Eqn. G), and Keq for resting vs. activated voltage sensors was calculated as described (321). ∆GAMIGO1 from 

with Eqn. J where k = Keq. 

Environment-sensitive fluorescence imaging with GxTX Ser13Pra(JP) and GxTX Lys27Pra(JP). Cells 

were incubated in 100 µL of GxTX(JP) solution for 5-10 minutes then washed with imaging solution. 

Spectral confocal imaging, 1.4 NA 63x objective, 0.24 µm pixels, 8.24 µs dwell, 2x averaging. YFP 

excitation 514 nm. GxTX Ser13Pra(JP) excitation 594 nm. GxTX Lys27Pra(JP) excitation 543 nm.  

Fluorescence counts extracted in Zen Blue. JP emission spectra were fit with two-component split 

pseudo-Voigt functions (322) using the curve fitting software Fityk 1.3.1 (https://fityk.nieto.pl/), which 

employed a Levenberg−Marquardt algorithm. Goodness of fit was determined by root-mean-squared 

deviation (R2) values, which are listed in Supplemental Table 2.2 along with the parameters of each 
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component function. To avoid YFP overlap, fittings for spectra from cells expressing AMIGO1–YFP 

include emission data points from 613-700 nm for GxTX Ser13Pra(JP) and 582-700 nm for GxTX 

Lys27Pra(JP). Fittings for JP spectra from cells without AMIGO1-YFP included all data from 550-700 nm. 

 

Experimental Design and Statistical Treatment  

Independent replicates (n) are individual cells pooled over multiple transfections. The n from 

each transfection for each figure are listed in Supplemental Tables 2.3 and 2.4. In each figure panel, 

control and test cells were plated side by side from the same suspensions, transfected side by side, and 

the data was acquired from control and test cells in an interleaved fashion. Identity of transfected 

constructs was blinded during analysis. ANOVA analysis of transfection- or acquisition date-dependent 

variance of Boltzmann fit parameters and PCC/COV did not reveal a dependence, and all n values were 

pooled. Statistical tests were conducted with Prism 9 (GraphPad Software, San Diego, CA), details in 

figure legends. 
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Figures and Tables 

Figure 3.1  

 

Figure 3.1. Kv2.1 reorganizes AMIGO1 in CHO cells. 

(A) Coefficient of variation of fluorescence from AMIGO1–YFP (blue circles), GxTX–594 (red circles), or 

ChroME-mRuby2 (red circles). Bars are mean ± SEM. COV measurements were calculated from confocal 

images acquired from the glass–adhered basal membrane of the cell (exemplar confocal images in B-G). 

All cells were transfected with AMIGO1–YFP 48 h prior to imaging. COV from individual cells (n) were 

pooled from 4 separate transfections for each experimental condition. AMIGO1–YFP fluorescence from 

cells (B) not induced for Kv2.1 expression (COV0h = 0.3492 ± 0.0098, n = 134), (C) induced 1.5 h (COV1.5h = 

0.4013 ± 0.0077, n = 217), (D) induced 48 h (COV48h = 0.6984 ± 0.0083, n = 277). (E) GxTX–594 labeling from 

panel D (COV48h(GxTX–594) = 0.6822 ± 0.010, n = 197). (F) AMIGO1–YFP fluorescence from CHO cells which 

lack Kv2.1 co-transfected with ChroME-mRuby2 (COVlack = 0.3377 ± 0.0059, n = 125). (G) ChroME-

mRuby2 fluorescence from panel F (COV(ChroME-mRuby2) = 1.102 ± 0.030, n = 128). Scale bars 10 µm. 

(Statistics) Outliers removed using ROUT, Q = 1%. Ordinary one-way ANOVA with multiple 

comparisons. P-values: COV0hCOV1.5h: p = 0.0467; COV0hCOVlack: p = 0.9936; COV1.5hCOVlack: p = 0.0081; 

COV48h(GxTX–594) COV(ChroME-mRuby2): p =0.9010. All other p-values ≤ 0.0001.   
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Figure 3.2 

 

Figure 3.2. AMIGO1 colocalizes with Kv2.1 in CHO cells. 

(A) Costes thresholded, Pearson’s colocalization between AMIGO1–YFP and GxTX–594 at the cell 

membrane following, from left to right, 0, 1.5, or 48 h of Kv2.1 induction (exemplar confocal images in B-J 

below). Mean ± SEM (one-tailed ≥ 0 t-test): PCC0h = 0.0321 ± 0.0033, (p < 0.0001), n = 101; PCC1.5h = 0.0718 ± 

0.0042, (p < 0.0001), n = 118; and PCC48h = 0.365 ± 0.017, (p < 0.0001), n = 101. (B) Costes thresholded, 

Pearson’s colocalization between (left to right) AMIGO1–YFP/GxTX–594 and AMIGO1–YFP/ChroME-

mRuby2 at the glass-adhered basal membrane of the cell. Exemplar images are the same as in Fig. 1 D-G. 

From left to right: PCCGxTX–594 = 0.4449 ± 0.0090, (p < 0.0001), n = 195; PCCChroME-mRuby2 = 0.0242 ± 0.0045, (p < 

0.0001), n = 129. Image panels with merge overlays (white) of GxTX–594 (red) and AMIGO1–YFP (cyan) 

correspond to conditions above. All scale bars are 10 𝜇m. (Statistics) Outliers were removed using ROUT, 

Q = 1%. Ordinary one-way ANOVA with multiple comparisons. P-values: PCC0hPCC1.5h: p = 0.346; 

PCC1.5hPCCChroME-mRuby2: p = 0.0025; PCC0h5hPCCChroME-mRuby2: p = 0.9777. All other p-values were ≤ 0.0001.  
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Figure 3.3 
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Figure 3.3. AMIGO1 shifts the midpoint and speeds activation of the Kv2.1 conductance in CHO cells. 

(A) Experimental set up: Whole-cell K+ currents (arrow) from Kv2.1–CHO transfected with GFP (red) or 

AMIGO1–YFP (blue). (B, C) Representative Kv2.1–control (6.0 pF) or Kv2.1 + AMIGO1 (14.5 pF) cell. 100 

ms voltage steps ranging from -80 mV (dark red trace) to +120 mV (dark blue trace) in 5 mV increments 

and then to 0 mV for tail currents. Holding potential was -100 mV. Data points from representative cells 

are bolded in analysis panels. (D, E) Normalized tail G–V relationships for Kv2.1–control or Kv2.1 + 

AMIGO1 cells. Symbols correspond to individual cells. Lines are 4th order Boltzmann fits (Eqn. C). (F) 

Reconstructed Boltzmann fits from average Vi,Mid and zi (Table 2.1). Shading Vi,Mid ± SEM. (G) Steepness 

and (H) midpoint of fits. (I, K) τact and (J, L) σ from fits of Eqn. F to activation (M) Mean τact and (N) σ. (O) 

τdeact fits of Eqn. G to 0 mV tails: Kv2.1–control 24.9 ± 3.6 ms, Kv2.1+AMIGO1 20.6 ± 3.8 ms. Unpaired t-

test p > 0.5 between 0 mV τact and τdeact for Kv2.1–control and Kv2.1 + AMIGO1. All other statistics in 

Table 2.1. ***: p = ≤0.001, **: p = ≤0.01, *: p = ≤0.05, ns: not significant. Bars are mean ± SEM.   
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Figure 3.4 
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Figure 3.4. Effects of AMIGO1 on pore opening conformational changes were not apparent in single 

channel recordings. 

(A) Representative single channel currents at 0 mV from Kv2.1–control and (B) Kv2.1 + AMIGO1. Red or 

blue lines are idealizations. (C,D) Amplitude histograms at 0 mV from the patches in A,B fit with 

Gaussians. (E) Mean single channel current amplitude: Kv2.1–control 0.43 ± 0.01 pA, Kv2.1 + AMIGO1 

0.45 ± 0.02 pA. (F) Open probability from amplitude histograms: Kv2.1–control 28 ± 4.9%, Kv2.1 + 

AMIGO1 20 ± 4.2%. (G) Open dwell-time distributions and single exponential fits for a Kv2.1–control or 

(H) Kv2.1 + AMIGO1 patch. (I) Open dwell times from mean (filled circles) or exponential fit (hollow 

circles). Kv2.1–control: 13.0 ± 1.3 𝜇s. Kv2.1 + AMIGO1: 9.98 ± 2.3 𝜇s. (J) Closed dwell-time distributions 

and single exponential fit for a Kv2.1–control or (K) Kv2.1 + AMIGO1 patch.  (L) Closed dwell times from 

mean.. Kv2.1–control: 3.80 ± 0.67 𝜇s. Kv2.1 + AMIGO1: 3.73 ± 0.250 𝜇s. ns = two-tailed t-test p-value > 0.05. 

Means ± SEM.  
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Figure 3.5 
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Figure 3.5. The voltage sensor toxin GxTX–594 enhances AMIGO1 modulation of Kv2.1 conductance. 

(A) Experimental set up: Whole-cell K+ currents (arrow) from Kv2.1–CHO transfected with GFP (red) or 

AMIGO1–YFP (blue). Cells were treated with 100 nM GxTX–594 (tarantulas). (B, C) Representative 

Kv2.1–control (6.0 pF) or Kv2.1 + AMIGO1 (14.5 pF) cell. Same voltage protocol and representations as 

Fig. 2.3. (D, E) Normalized G-V relationships (F) Reconstructed 4th order Boltzmann fits from Vi,Mid and zi 

in Table 2.1. Shading Vi,Mid ± SEM. (G) Steepness and (H) midpoint of fits. (I, K) τact and (J, L) σ from fits of 

Eqn. F to activation (M) Mean τact and (N) σ. (O) τdeact fits of Eqn. G to 0 mV tails: Kv2.1 with GxTX–594 = 

12.4 ± 2.7 ms. Kv2.1+AMIGO1 with GxTX–594 = 15.7 ± 4.2 ms. All other statistics in Table 2.1. ***: p = 

≤0.001, **: p = ≤0.01, *: p = ≤0.05, ns: not significant. Bars are mean ± SEM.  
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Figure 3.6 
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Figure 3.6. AMIGO1 facilitates the activation of Kv2.1 voltage sensors. 

(A) Experimental set up: Gating currents (arrows) from Kv2.1–CHO transfected with GFP (red) or 

AMIGO1–YFP (blue). K+ currents were eliminated removal of K+ ions and the external 

tetraethylammonium, a Kv2 pore-blocker (orange). (B, C) Top/Bottom: Representative Ig,ON/Ig,OFF from 

Kv2.1–control (11.9 pF) or Kv2.1 + AMIGO1 (8.2 pF). Cells were given 100 ms voltage steps ranging from -

100 mV (dark red trace) to +120 mV to record Ig,ON and then stepped to -140 mV to record Ig,OFF. The 

holding potential was -100 mV. Voltage pulses to -100, -50, -25, +0, +25, +50, and +100 mV are presented. 

Data points from representative cells are bolded in analysis panels. (D, E) QON,fast/pF–V relation from 

individual cells. QON,fast/pF is gating charge integrated over the first 3.5 ms normalized to cell capacitance. 

(F) Mean QON,fast/pF (G, H) QON,fast–V relations normalized to maximum QON,fast from +50 to +100 mV 

voltage steps. Solid lines represent Boltzmann fit (Eqn. C). (I) Reconstructed Boltzmann fits from average 

Vg,Mid,ON,fast and zg,ON,fast (Table 2.2). Shading Vg,Mid,ON,fast ± SEM. (J) Steepness and (K) midpoint of Boltzmann 

fits. (L, M) 𝜏PQ from individual cells fit with Eqn. I. (N) Average 𝜏PQ–V. Solid lines are Eqn. I fit. Fit values 

± SD for Kv2.1–control cells: α0mV = 254 ± 26 s-1, zα = 0.468 ± 0.026 e0, β0mV = 261 ± 50 s-1, zβ = -1.31 ± 0.37 e0; for 

Kv2.1 + AMIGO1 cells: α0mV = 443 ± 26 ms-1, zα = 0.405 ± 0.019 e0, β0mV = 157 ± 52 ms-1, zβ = -2.00 ± 0.55 e0. (O, 

P) QOFF/pF relation from individual cells normalized to cell capacitance. (Q) QOFF/pF–V relation. (R, S) 

QOFF–V relations normalized to average QOFF from +50 to +100 mV voltage steps. Solid lines are Boltzmann 

fits (Eqn. C). (T) Reconstructed Boltzmann fits using the average Vg,Mid,OFF and zg,OFF (Table 2.2). Shading 

Vg,Mid,OFF ± SEM (U) Steepness and (V) midpoint of Boltzmann fits. Mean ± SEM. Statistics in Table 2.2. 

****: p = ≤ 0.0001, ***: p = ≤0.001, **: p = ≤0.01, *: p = ≤0.05, ns: not significant. Bars are mean ± SEM.   
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Figure 3.7

 

 

 Figure 3.7. AMIGO1 accelerates voltage-stimulated GxTX–594 dissociation. 

(A, B) Fluorescence from the solution-exposed membrane of voltage-clamped Kv2.1–CHO cells ± 

AMIGO1–YFP. Kv2.1 expression was achieved through a 48-hour induction period. Cells were held at -

100 mV for 30 seconds before being stimulated to +30 mV (time = 0 s) to trigger GxTX–594 dissociation. 

The time point in seconds of each image is listed. Region of interest for analysis is shown by the white 

line in left panel, which excludes the point contact with pipette and intracellular regions which have 

voltage-insensitive fluorescence. 10 µm scale bar. (C, D) Normalized fluorescence intensity decay plots for 

Kv2.1–CHO cells without (red) and with (blue) AMIGO1–YFP fluorescence. The bolded traces 

correspond to exemplar cells in (A) and (B). Solid line is monoexponential fit (Eqn. G). (E) Averaged 

fluorescence intensity decay for AMIGO1–YFP negative (red), and AMIGO1–YFP positive (blue) cells. 

SEM is shaded. (F) Rates of fluorescence change (kDF) were calculated as 1/τ from Eqn. G fits. *: p = 0.03 

unpaired, two-tailed, t-test.  
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Figure 3.8

 

 

Figure 3.8. AMIGO1 does not alter the Kv2.1–GxTX interface on resting voltage sensors. 

Kv2.1–CHO cells transfected with AMIGO1-YFP were treated with GxTX Ser13Pra(JP) or GxTX 

Lys27Pra(JP) (A, D) Confocal image of AMIGO1–YFP fluorescence (blue) and (B, E) JP fluorescence. (C, F) 

Fitted emission spectra of cells positive (blue) and negative (red) for AMIGO1–YFP fluorescence. Data 

points for all spectra are the mean of normalized emission from AMIGO1–YFP positive cells and 

AMIGO1–negative cells. Spectra were fit with two–component split pseudo–Voigt functions with shape 

parameters and root–mean–squared values found in Supplemental Table 2.1.  
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Figure 3.9 

 

Figure 3.9. Surface charge screening does not suppress the AMIGO1 effect. 

(A) Experimental set up: Whole-cell K+ currents (arrow) from Kv2.1–CHO transfected with GFP (red) or 

AMIGO1–YFP (blue). 100 mM magnesium was used to shield surface charges (peach halo). Same voltage 

protocol and representations as Fig. 2.3. (B, C) Representative Kv2.1–control (10.0 pF) or Kv2.1 + AMIGO1 

(6.3 pF) cell. (D, E) Normalized G–V relationships. (F) Reconstructed 4th order Boltzmann fits from 

average Vi,Mid and zi (Table 2.1). Shading Vi,Mid  ± SEM. (G) Steepness and (H) midpoint of 4th order 

Boltzmann fits. Mean ± SEM. Statistics in Table 2.1. **: p = ≤0.01, ns: not significant.  
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Figure 3.10 

 

 

Figure 3.10. AMIGO1 destabilizes the resting conformation of Kv2.1 voltage sensors. 

(A) AMIGO1 raises resting state energy (DG) of Kv2.1 voltage sensors and lowers the energy barrier (DG‡) 

of Kv2.1 activation. (B) Voltage sensor shift model of AMIGO1 modulation (dark lines) plotted with 

reconstructed G–Vs from Kv2.1–CHO Table 2.1 values (pale lines). From left to right: Kv2.1+AMIGO1, 

Kv2.1–Control, Kv2.1+AMIGO1 with GxTX–594, Kv2.1–Control with GxTX–594. Voltage sensor shift 

model is 𝑓(𝑉) = 	 G1 + 𝑒-(,-,XYZ,,/.)(C >^.?_V )H
-?
∙ c1 + 𝑒-`,-,[\SU,,/.a`C >^.?_V ad

-:
, where  z = 1.5 e0 , VPore,1/2 = -16 

mV, and VVSD,1/2 varies. Kv2.1–Control VVSD,1/2 = -33 mV and Kv2.1–Control with GxTX–594 VVSD,1/2 = 51 mV. 

AMIGO1 DVVSD,1/2 = -22 mV with or without GxTX–594. 
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Table 3.1  

 G–V fit parameters ΔGAMIGO1 (kcal/mol) 
 Vi,1/2 (mV) Vi,Mid (mV) zi (e0) n  (Eqn. E) 
HEK293 cells      
mKv2.1 + GFP -26.8 ± 3.0 -1.7 ± 1.4 A 1.79 ± 0.17 D 7 -0.31 

 mKv2.1+ AMIGO1 + GFP -30.9 ± 0.8 -7.4 ± 1.8 B 1.95 ± 0.16 E 14 
mKv2.1 + SCNβ1 + GFP -24.8 ± 1.5 0.2 ± 1.8 C 1.720 ± 0.074 F 8  
Kv2.1–CHO cells      
rKv2.1 + GFP -33.4 ± 1.7 -1.8 ± 1.2 G 1.411 ± 0.070 I 20 -0.28 

 rKv2.1+ AMIGO1–YFP -42.0 ± 3.3 -7.6 ± 1.8 H 1.40 ± 0.11 J 19 
Kv2.1–CHO cells + Mg2+      
rKv2.1 + GFP -13.8 ± 1.8 17.6 ± 2.2 K 1.51 ± 0.11 M 18 -0.37 

 rKv2.1+ AMIGO1–YFP -16.3 ± 1.5 10.2 ± 1.0 L 1.682 ± 0.082 N 23 
Kv2.1–CHO cells + GxTX–594      
rKv2.1 + GFP 26.8 ± 2.9 73.2 ± 3.8 O 1.03 ± 0.11 Q 13 -0.77 

 rKv2.1+ AMIGO1–YFP 12.9 ± 4.4 50.9 ± 2.8 P 1.27 ± 0.14 R 12 

 

Table 3.1. Fourth order Boltzmann parameters for G–V relationships. 

Average Vi,1/2, Vi,Mid, and zi values were derived from a 4th order Boltzmann fits (Eqn. C) of n individual 

cells. All values are given ± SEM. Brown-Forsythe and Welch (appropriate for differing SD) ANOVA test 

with a Dunnett’s T3 multiple comparisons p-values: AB: 0.046. AC: 0.64. DE: 0.75. DF: 0.91. Unpaired, 

two-tailed t-test p-values: GH: 0.012. IJ: 0.95. KL: 0.0051. MN: 0.21. OP: 0.00018. QR: 0.19. ΔGAMIGO1 from 

Eqn. E, at Vi,Mid for Kv2.1 + GFP.  

  



 140 

Table 3.2 

Kv2.1–CHO cells Q–V fit parameters ΔGAMIGO1 (kcal/mol) 
QON,fast Vg,Mid (mV) zg (e0) n Eqn. E 
rKv2.1 + GFP 30.6 ± 2.0 S 1.38 ± 0.03 U 20 

-1.92 
rKv2.1+ AMIGO1–YFP 17.8 ± 2.9 T 1.61 ± 0.05 V 20 
QOFF Vg,Mid (mV) Vg,Med (mV) zg (e0) n Eqn. E Eqn. K* Eqn. K*° 

rKv2.1 + GFP -22.0 ± 1.3 W -19.5 2.00 ± 0.13 Y 20 
-2.45 -3.11 ± 0.69 -2.74 

rKv2.1+ AMIGO1–YFP -32.8 ± 2.0 X -29.0 2.43 ± 0.15 Z 20 

 

Table 3.2. Boltzmann parameters and ΔG calculations for gating charge movement.  

Average Vg,Mid and zg values were derived from 1st order Boltzmann fits of n individual cells. Means ± 

SEM. Vg,Mid = Vg,1/2. Vg,Med is median voltage (417). Unpaired, two-tailed t-test p-values: QON,fast: ST: 0.00093. 

UV: 0.00084. OFF Gating currents: WX: 7.82x10-5. YZ: 0.038. *z =12.5 e0, ° Vg,Med was used.  
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 Table 3.3 

Calculated activation of native Kv2 conductance after 1.5 ms at 0 mV  
Type of AMIGO1 impact  τ0mV (s) VMid (mV) Relative Conductance 

none, values from (29) 0.0029  -13.1  0.022 
from conductance data  0.0040† -7.1 0.0067 

from voltage sensor data 0.0050† -2.3 0.0024 

 

Table 3.3. Prediction of AMIGO1 impacts on Kv2 conductance in superior cervical ganglion neurons.  

Liu and Bean fit Kv2 kinetics with c1 − 𝑒-$ NQ]?V
^
d and the G–V with /1 + 𝑒

-(U-,_$')
3V 1

-:
, and these 

equations are used to calculate relative conductance here τ0mV and ∆VMid adjusted for the impact of loss of 

AMIGO1 from Kv2.1–CHO cells. The AMIGO1 impact on conductance activation was a 1.38-fold 

acceleration of τ0mV (Fig. 3.3M) and G–V ∆Vi,Mid = -5.7 mV (Table 3.1). The AMIGO1 impact on voltage 

sensor activation was a 1.74-fold acceleration of τ0mV (change in α0mV from fit in Fig. 3.6N) and QOFF–V 

∆Vg,Mid = -10.8 mV (Table 3.2). 
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Supplemental Figure 3.1
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Supplemental Figure 3.1. AMIGO1, but not SCN1β, modulates Kv2.1 conductance in HEK293 cells.  

(A) Experimental set up: Whole-cell K+ currents from HEK293 cells co-transfected with mKv2.1 and either 

GFP (red), or AMIGO1–pIRES2–GFP (blue), or SCN1β–pIRES2–GFP (black). (B, C, D) Representative 

mKv2.1–control (14.8 pF), mKv2.1 + AMIGO1 (9.6 pF), or mKv2.1 + SCN1β (10.0 pF) HEK293 cell. Data 

points from representative cells are bolded in analysis panels. (E, F, G) Normalized G–V relationships for 

mKv2.1–control, mKv2.1 + AMIGO1, or mKv2.1 + SCN1β cells. Symbols correspond to individual cells. 

Lines are 4th order Boltzmann relationships (Eqn. C). (H) Reconstructed 4th order Boltzmann fits using the 

average Vi,Mid and zi (Table 2.1). Shaded areas represent Vi,Mid  ± SEM. (I) Steepness and (J) midpoint of 4th 

order Boltzmann fits. For the mKv2.1 + AMIGO1 cells, individual Vi,Mid and zi values are displayed in dark 

or light blue to highlight an increase in variability. Specifically, the standard deviation of Vi,Mid increased 

from ± 3.6 mV in control cells to ± 6.9 mV in mKv2.1 + AMIGO1 cells. We note that the Vi,Mid values for 

mKv2.1 + AMIGO1 cells seemed to partition into two groups: a more negatively shifted group with an 

average Vi,Mid of -13.9 mV (light blue), and a group similar to mKv2.1 alone with an average Vi,Mid of -2.5 

mV (dark blue). Although all cells analyzed had GFP fluorescence indicating transfection with the 

AMIGO1–pIRES2–GFP vector, it is possible that some cells were not expressing sufficient AMIGO1 to 

have a functional effect. Statistics in in Table 2.1. *: p = ≤0.05, ns: not significant. Bars are mean ± SEM.  
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Supplemental Figure 3.2
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Supplemental Figure 3.2. Kv2.1 current density ± AMIGO1 in HEK293 and Kv2.1–CHO cells. 

AMIGO1 has mixed effects on current density in HEK293 and Kv2.1–CHO cells. Outward current 

densities normalized by cell capacitance were calculated from mean of the last 10 ms of each voltage step 

and plotted against the command voltage. Symbols represent individual cells. (A, B, C) HEK293 cells co-

transfected with mKv2.1 + GFP, mKv2.1 + AMIGO1–pIRES2–GFP, or mKv2.1 + SCN1B–pIRES2–GFP. To 

limit the proportion of currents from endogenous voltage-dependent channels (381, 382), we set a 

minimum outward current density as an inclusion threshold for analysis (65 pA/pF at +85 mV). Of the 

cells patched, 7 of 18 mKv2.1–control cells, 14 of 28 mKv2.1 + AMIGO1 cells, and 8 of 27 mKv2.1 + SCN1β 

cells satisfied this inclusion threshold and displayed currents consistent with a Kv2.1 delayed rectifier 

conductance (IK). Cells that did not meet the inclusion criteria are not plotted making the full variability 

of current densities is extreme than depicted here. Bolded symbols are exemplars from Supplemental Fig. 

3.1B, C, or D. (D) Averages of A, B, and C. (E, F) Kv2.1–CHO ± AMIGO1–YFP. Bolded symbols are 

exemplars from Fig. 3.3B or 3.3C. (G) Averages of E and F. (H, I) Kv2.1–CHO ± AMIGO1–YFP in 100 nM 

GxTX–594. Bolded symbols are exemplars from Fig. 3.5B or 3.5C. Cell symbols matched between E/H and 

F/I before and after GxTX–594 addition. (J) Averages of H and I. (K, L) Kv2.1–CHO ± AMIGO1–YFP in 3.5 

mM K+/100 mM Mg2+ external. Bolded symbols are exemplars from Fig. 3.9B or 3.9C. (M) Averages of E 

and F. Averaged data are means ± SEM. 
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Supplemental Figure 3.3
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Supplemental Figure 3.3. Kv2.1 reorganizes and colocalizes with AMIGO homologs in CHO cells. 

(A) Coefficient of variation of fluorescence from AMIGO2–YFP (dark blue circles), AMIGO3–YFP (light 

blue circles), or GxTX–594 (red circles). COV from confocal images of glass–adhered membranes 

(exemplar images in B-G). AMIGO2–YFP fluorescence from cells (B) not induced for Kv2.1 expression 

(COVA2,0h = 0.2090 ± 0.0062, n = 144), (C) induced 48 h for Kv2.1 expression (COVA2,48h = 0.342 ± 0.022, n = 

65). (D) GxTX–594 labeling of the cells in C (COVA2,48h(GxTX–594) = 0.631 ± 0.013, n = 65 cells). AMIGO3–YFP 

fluorescence from cells (E) not induced for Kv2.1 expression (COVA3,0h = 0.2186 ± 0.0052, n = 160), (F) 

induced 48 h for Kv2.1 expression (COVA3,48h = 0.503 ± 0.014, n = 109). (G) GxTX–594 labeling of the cells 

in panel F (COVA3,48h(GxTX–594) = 0.650 ± 0.013, n = 109 cells). (H) Costes thresholded, Pearson’s colocalization 

coefficients from cells induced for Kv2.1 expression 48 h prior to imaging.. From left to right: PCCA2,GxTX–

594 = 0.342 ± 0.022, ≥ 0 (p <  0.0001, one–tailed, t-test), n = 65; PCC A3,GxTX–594 = 0.597 ± 0.020, ≥ 0 (p <  0.0001, 

one–tailed, t-test), n = 108. (I, J, K) Exemplar images where merge overlay (white) shows colocalization 

between GxTX–594 (red) and AMIGO2–YFP (cyan) or (L, M, N) AMIGO2–YFP (cyan) Arithmetic means 

and standard errors are plotted. (Statistics) Outliers were removed using ROUT, Q = 1%. An ordinary 

one-way ANOVA with multiple comparisons was used to evaluate the differences between groups in 

COV analysis, while a t-test was used to evaluate the PCC data. ****: p = ≤0.0001. Bars are mean ± SEM. 

All scale bars are 10 𝜇m. 
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Supplemental Figure 3.4 

 

Supplemental Figure 3.4. AMIGO2 and AMIGO3 modulate Kv2.1 conductance in CHO cells.  

(A) Experimental set up: Whole-cell K+ currents (arrow) from Kv2.1–CHO transfected with GFP (red), 

rAMIGO2–YFP (dark blue), or rAMIGO3–YFP (light blue). Same voltage protocols and representation as 

Fig. 2.3. (B, C, D) Representative Kv2.1–control (5.1 pF), Kv2.1 + AMIGO2 (6.6 pF) or Kv2.1 + AMIGO3 

(2.4 pF) cells. (E, F, G) Normalized G-V relationships. 5 of the Kv2.1–control cells were recorded from side 

by side with the Kv2.1 + AMIGO2 cells and Kv2.1 + AMIGO3 cells (light red). There was no statistical 

difference between these 5 cells and the data previously acquired during Kv2.1 + AMIGO1 recordings for 

Fig. 2.3 (assessed by t-test), and data was pooled. Solid lines a 4th order Boltzmann fits (Eqn. C). (H) 

Reconstructed 4th order Boltzmann fits from average Vi,Mid and zi (Supplemental Table 2.1). Shading Vi,Mid  

± SEM. (I) Steepness and (J) midpoint of fits. Statistics in Supplemental Table 2.1. ***: p = ≤0.001, **: p = 

≤0.01, *: p = ≤0.05. Bars are mean ± SEM.  
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 Supplemental Figure 3.5 

 

Supplemental Figure 3.5. AMIGO1 does not impede GxTX–594 binding to Kv2.1. 

(A) Fluorescence from Kv2.1–CHO cells transfected with AMIGO1–YFP, induced for Kv2.1 expression for 

48 hours and labeled with indicated concentrations of GxTX–594 (red). Scale bar 20 𝜇m. (B) Overlap 

(white) between AMIGO1–YFP (cyan) and GxTX–594 fluorescence. (C) Mean fluorescence intensities 

from ROIs encompassing AMIGO1–YFP positive or negative cells from the concentration-response 

experiment shown in A. (D) Normalized fluorescence intensity after 500 s at each concentration as in 

panel C. Symbol shapes represent data from each of 3 experiments. Curves and shaded regions represent 

the mean ± SEM of a Langmuir binding isotherm (Eqn. L) fit to individual experiments. Kd = 27.5 ± 8.3 nM 

without and 27.9 ± 7.2 nM with AMIGO1–YFP. Kd likely is overestimated due to incomplete equilibration 
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at 1 and 10 nM. (E) Cells expressing AMIGO1–YFP had brighter GxTX–594 fluorescence with 1000 nM 

GxTX–594. Symbols correspond with D.  
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Supplemental Table 3.1 

 G–V fit parameters ΔGAMIGOX (kcal/mol) 
 Vi,1/2 (mV) Vi,Mid (mV) zi (e0) n  (Eqn. E) 
Kv2.1–CHO cells      
rKv2.1 + GFP -32.5 ± 1.5 -2.0 ± 1.0 A 1.471 ± 0.067 D 25  
rKv2.1+ AMIGO2–YFP -29.7 ± 3.4  -8.7 ± 2.1 B 2.25 ± 0.23 E 11 -0.39 
rKv2.1+ AMIGO3–YFP -31.8 ± 2.4  -7.8 ± 1.7 C 1.88± 0.12 F 16 -0.31 

 

Supplemental Table 3.1. Fourth order Boltzmann parameters for G–V relationships of AMIGO homologs. 

Average Vi,1/2, Vi,Mid, and zi values were derived from a 4th order Boltzmann fits (Eqn. C) of n individual 

cells. All values are given ± SEM. Ordinary one-way ANOVA test with Dunnett’s multiple comparisons 

p-values: AB: 0.0082. AC: 0.010. DE: 0.0002. DF: 0.026. ΔGAMIGO1 from Eqn. E, at Vi,Mid for Kv2.1 + GFP. 

  



 152 

Supplemental Table 3.2 

GxTX(JP) 
conjugate 

AMIGO1–
YFP 

Expression  

fitting 
component a0 a1 a2 a3 a4 a5 R2 

GxTX 
Ser13Pra(JP)  

- AMIGO 
1 0.229 670.4 47.88 11.41 1.075 2.323 

0.999 
2 0.813 647.0 25.73 21.77 0.631 1.685 

+ AMIGO 
1 0.893 646.7 23.30 25.63 1.822 0.721 

0.997 
2 0.006 -1610 -15206 -1877 4967 461.2 

GxTX 
Lys27Pra(JP)   

- AMIGO 
1 0.352 594.3 12.11 -11.53 0.568 5.364 

0.998 
2 0.719 608.2 9.71 59.05 0.359 -0.264 

+ AMIGO 
1 0.715 597.8 16.07 18.08 1.578 2.912 

0.997 
2 0.632 616.3 9.05 26.28 -1.657 1.488 

 

Supplemental Table 3.2. Split Pseudo–Voigt fitting parameters. 

Fluorescence emission spectra split pseudo–Voigt fitting parameters and root-mean squared values.  
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 Supplemental Table 3.3 

Figure # Transfections n per transfection 
Fig. 3.3 7 peGFP: 5, 2, 2, 4, 1, 2, 4 +AMIGO1: 3, 3, 3, 4, 3, 2, 1 
Fig. 3.4 6 peGFP: 2, 1, 1, 1, 1, 2 +AMIGO1: 1, 2, 1, 3, 0, 0 
Fig. 3.5  5 peGFP: 4, 2, 2, 3, 2 +AMIGO1: 3, 3, 1, 3, 2 
Fig. 3.6 6 peGFP: 5, 4, 4, 2, 1, 4 + AMIGO1: 2, 3, 4, 1, 4, 6 
Fig. 3.7 2 AMIGO1 (-): 6, 5  AMIGO1 (+): 5, 6 
Fig. 3.9 4 peGFP: 1, 3, 4, 10  +AMIGO1: 5, 5, 7, 6 
Sup. Fig. 
3.1 

4 peGFP: 3, 3, 1, 0  +AMIGO1: 4, 4, 6, 0 +SCNB1: 1, 1, 2, 4 

Sup. Fig. 
3.4 

5 peGFP: 5, 0, 0, 0, 0  
(+peGFP n-values from Fig. 2.3) 

+AMIGO2: 1, 2, 0, 1, 7 +AMIGO3: 1, 7, 5, 0, 3 

 

Supplemental Table 3.3. N-values for electrophysiology experiments. 
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Supplemental Table 3.4 

Figure # Transfections # n values per transfection 
Fig. 3.1 4 YFP (0 hr): 28, 

48, 0, 58 
YFP (1.5 hr): 
25, 55, 42, 95 

YFP (48 hr): 
82, 54, 74, 67  

YFP (ChR):  
11, 21, 32, 61 

GxTX-594 (48 
hr, AMIGO1): 

84, 44, 69, 0 

mRuby-ChR 
(AMIGO1):  
20, 16, 32, 60 

Fig. 3.2. 4 AMIGO1-YFP +GxTX-594 (48 hr):  
85, 41, 69, 0 

AMIGO1-YFP +ChR-mRuby:  
18, 22, 28, 61 

Fig. 3.2 3 0 hr: 41, 35, 25 1.5 hr: 38, 39, 41 48 hr: 28, 17, 56 
Fig. 3.8 3 AMIGO1(-) (GxTX Ser27Pra-JP): 20, 12, 8 AMIGO1(+) (GxTX Ser27Pra-JP): 39, 20, 13 

2 AMIGO1(-) (GxTX Ser13Pra-JP): 15, 55 AMIGO1(+) (GxTX Ser13Pra-JP): 7, 62 
Sup. Fig. 
3.3  

2 AMIGO2-YFP 
(0 hr):  
28, 116  

AMIGO2-YFP 
(48 hr):  

59, 6 

GxTX-594 (48 
hr, AMIGO2): 

59, 6 

AMIGO3-YFP 
(0 hr):  
117, 43 

AMIGO3-YFP 
(48 hr):  
109, 0 

GxTX-594 (48 
hr, AMIGO3): 

109, 0 
Sup. Fig. 
3.3 

2 AMIGO2-YFP +GxTX-594: 64, 1 AMIGO3-YFP +GxTX-594: 108,0 

Sup. Fig. 
3.5 

3 AMIGO1(-): 1, 1, 1 AMIGO1(+): 1, 1, 1 

 

Supplemental Table 3.4. N-values for imaging experiments. 
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Chapter 4: Conclusion and potential directions for future study of AMIGO1-

Kv2 interactions.  

 

Preface 

This concluding chapter describes the main conclusions of my thesis and highlights potential future 

directions for the study of AMIGO1-Kv2 interactions. I drafted and conceptualized this chapter. Jon Sack 

and James Trimmer provided editorial feedback. 
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Conclusions 

Over the course of this thesis I set out to (1) develop technologies for live, cellular and 

subcellular resolution of subtype-specific ion channel activation in native systems, and (2) describe 

the biophysical mechanism through which Kv2 channels shift their voltage-dependence.  

In Chapter 2, I presented GxTX–594, which is the only method we are aware of for measuring 

voltage-sensitive conformational changes of a specific, endogenous protein. As GxTX binding selectively 

stabilized the fully resting conformation of Kv2.1 voltage sensors (320), reversible GxTX–594 labeling is 

expected to bind with highest affinity specifically to the fully resting conformation of the Kv2 voltage 

sensor in which the first gating charge of the Kv2 S4 segment is in the gating charge transfer center (302). 

Images of GxTX–594 fluorescence reveal this conformation’s occurrence with subcellular spatial 

resolution. Importantly the statistical model we developed allows deconvolution of the behavior of 

unlabeled proteins. This enables the subcellular locations where Kv2 voltage sensing occurs to be seen for 

the first time. Similarly, the novel far-red environment-sensitive GxTX–JP tools report voltage-dependent 

conformational changes of Kv2.1 channels in the cell membrane. Fluorescence of these tools is both 

position- and state-specific for GXTX conjugates bound to Kv2.1 channels, which enables us to use 

fluorescence shifts to characterize channel allostery. For GxTX Lys27Pra(JP), a conjugate in which JP 

interacts directly with the channel, we saw that emission shifts occurred at voltages almost 50 mV more 

negative than those measured for Kv2.1-channel opening or gating currents. This suggests that there are 

substantial conformational changes at the toxin-channel interface associated with early gating charge 

transitions distinct from VSD motions at more depolarized potentials. These GxTX–JP tools place channel 

structures and models into the context of cell membranes and physiological states for detailed study of 

channel allostery.  

Then in Chapter 3 and Appendix B, I dissect the biophysical mechanism through which AMIGO1 

shifts the voltage-dependence of Kv2.1 channels. We found that to shift the activation midpoint of Kv2.1 
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conductance to lower voltages, AMIGO1 destabilizes the earliest resting conformations of Kv2.1 voltage 

sensors relative to more activated conformations. While we cannot rule out a direct influence on pore 

dynamics, we saw no indication of such. We propose that AMIGO1 shifts the voltage–dependence of 

Kv2.1 conduction to more negative voltages by modulating early voltage sensor movements. Studies 

executed with Kv2.1 truncation mutants suggest that the residues retained in the C-terminus of #333C, 

but not #376C, are necessary for detaining Kv2.1 voltage sensors in their earliest resting conformation. 

Further, without these residues, the effect of AMIGO1 on destabilizing Kv2.1 voltage sensors disappears. 

Together these experiments provide a method to interrogate how Kv2 conductances integrate in 

endogenous signaling cascades and further a biophysical method that can be targeted in order to tune 

how Kv2 channels participate within these signaling events.  

 

Discussion  

There are still many open questions regarding the AMIGO1-Kv2.1 interaction: what are the 

molecular determinants of AMIGO1-Kv2.1 association? What is the structural mechanism through which 

AMIGO1 modulates Kv2.1 conformational change? More broadly, what is the structural mechanism 

through which Kv2.1 voltage-dependence is susceptible to modulation? I explore possibilities on these 

topics in this final chapter.  

 

Potential technique improvements for future studies 

 As noted in Chapter 3, interrogating the mechanism by which AMIGO1 modulates Kv2.1 

conformational change is hampered by the effect size and the cell-to-cell variation exhibited with Kv2.1 

current recordings. I would advise interested researchers to consider the practical signal-to-noise 

limitations associated with electrophysiological recording techniques before undertaking further voltage-
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clamp studies with AMIGO1-Kv2.1. I utilized an approach optimized for biophysical characterization 

which included patching detached cells with nonphysiological solutions. Some approaches that could be 

explored to further control cell-to-cell variability including: waiting for current recordings to stabilize 

after break-in (419), intracellular inclusion of phosphorylating/dephosphorylating enzymes (354), 

inclusion of enzymes that affect glycosylation (420), intracellular application of the phospholipid PIP2 

(398), working with Kv2.2 which is less regulated by phosphorylation (421), working with adhered cells , 

or utilizing more physiological internal and external patching solutions, or utilizing a concatenated Kv2-

AMIGO1 construct to regulate 1:1 transfection efficiency (113).  

 

Determining the Region of AMIGO1-Kv2.1 Interaction 

 In Chapter 3, I found that AMIGO1 destabilized the earliest resting conformation of the Kv2.1 

voltage sensing domains. AMIGO1 did not significantly change the amount of gating charge expressed 

within the cell (Fig. 3.6.F), and it did not localize near enough to the Kv2.1 S3-S4 linker to be resolved 

with GxTX–JP tools (Fig. 3.8), consistent with AMIGO1 modulating Kv2.1 voltage-sensing allosterically. 

What are the molecular determinants through which AMIGO1 interacts with Kv2 channels? Determining 

the region of interaction between AMIGO1 and Kv2.1 will shed light on the molecular determinants that 

control ion channel conformational change. In the following sections, I propose additional experiments 

designed to determine the molecular region and mechanism of AMIGO1-Kv2.1 interaction.  

 

Does AMIGO1 associate with Kv2.1 channels via the transmembrane, extracellular, or intracellular 

region? 

 One way to determine the molecular regions necessary for an interaction is to create truncation 

mutants that are missing the region of interest. Under this paradigm, to investigate if AMIGO1 associates 

with Kv2.1 channels through a particular region, each region would need to be systematically removed 



 159 

from the protein and then interactions could be assessed either visually (as an assay for colocalization) or 

electrophysiologically (as an assay for AMIGO1-dependent modulation). A group interested in testing a 

similar question about the molecular region(s) necessary for the AMIGO1-Kv2.1 interaction created a 

series of AMIGO1-NCAM chimeras, where NCAM is the non-related neuronal cell adhesion molecule 

that has similar Type I topology and extracellular domains as AMIGO1 (32). Since NCAM had no 

electrophysiological effect on Kv2.1 voltage-dependence on its own, this approach could isolate different 

regions of AMIGO1 that were sufficient to reconstitute a Kv2.1 gating shift. From this study, the 

researchers revealed that the AMIGO1 transmembrane domain was absolutely necessary to confer a 

Kv2.1 gating shift. However, the presence of the AMIGO1 intracellular domain and extracellular domain 

were necessary for conferring the full Kv2.1 gating shift (32). Because this study was not paired with 

imaging approaches, we do not know if constructs lacking the AMIGO1 transmembrane domain had no 

effect on Kv2.1 gating because (1) the necessary molecular interactors were not present or because (2) the 

NCAM transmembrane chimera was unable to localize with the channel and therefore molecular 

interactors were physically unable to confer a functional effect. Further, the small effects seen with 

chimeras that had the AMIGO1 transmembrane domain but lacked the AMIGO1 intracellular or 

extracellular domain could have been a result of non-specific interactions resulting from localizing a 

protein near Kv2 voltage sensing machinery. 

 To complement these prior studies and investigate the region for AMIGO1-Kv2.1 interaction a 

competition assay could be employed. In a competition experiment, a solution containing an exogenously 

prepared peptide fragment composed of the AMIGO1 intracellular (99 amino acids), transmembrane (20 

amino acids), or extracellular domain (344 amino acids)48 could be flooded into an imaging or 

 
48 Producing purified protein fragments of this size is significant task itself. Structural elucidation of the 
AMIGO1-Kv2.1 interaction could narrow down small regions of interest that could be competitively 
targeted with smaller peptide fragments that are able to be produced synthetically. Cell-penetrating TAT 
peptides could be an additional approach for localizing the peptide fragment on the appropriate side of 
the cell membrane.  
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electrophysiology experiment. In theory, application of a saturating amount of transactivator of 

transcription (TAT) peptides49 or the AMIGO1 intracellular domain, would out compete endogenous 

AMIGO and Kv2.1 interactions. If the effects of AMIGO1 on Kv2.1 voltage sensor movement were 

abolished, then this experiment would provide evidence that the targeted molecular region participates 

in AMIGO1-Kv2.1 interactions. 

An alternate approach would be to progressively mutate residues thought to be important in 

facilitating interacting regions. If the addition of one repulsive residue into an interacting face abrogates a 

functional output and a complementary, attractive mutation on the opposite face rescues it, those two 

residues are likely form an interacting pair, which could constitute all or some of an interacting face. This 

type of approach is work intensive and would be best executed with a corresponding atomistic structure. 

However, there are still caveats as exemplified by a recent study that used this approach to investigate 

the molecular determinants of the DPP6-Kv4.2 interaction. Functional experiments identified the single 

transmembrane helices and short intracellular segments of DPP6 as regions responsible for shifting the 

voltage-dependence of Kv4 channel activation and inactivation to more negative potentials (152, 176). To 

validate these molecular determinants with single residue resolution, researchers used an atomistic 

structure of DPP6 with Kv4.2, which revealed that the single transmembrane pass portion of DPP6 forms 

hydrophobic interactions between S1 and S2 of the Kv4.2 voltage sensor (160). The researchers created a 

series of single point mutants in the DPP6-S1/S2 interface of Kv4.2 and then measured the voltage-

dependence of activation, inactivation, and recovery as it compared to the voltage-dependences of wild 

type Kv4.2 with and without DPP6. Interestingly, G–V measurements made from these single-point 

mutants revealed that the interface had some effect on influencing the voltage-dependence of activation. 

However, no single mutation was able to completely abrogate the effect of DPP6 on Kv4.2 voltage-

dependence. This intermediate result could mean that either no one residue is fully responsible for 

 
49 TAT peptides are derived from the human immunodeficiency virus and are cell-penetrating peptides. 
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conferring the interaction, and possibly the residues identified were just a small part of a bigger 

interacting face, or rather, the wrong interacting face was probed50.  

My favored hypothesis regarding the molecular determinants of the AMIGO1-Kv2.1 interaction 

is that the transmembrane region of AMIGO1 is responsible for localizing AMIGO1 to the Kv2 channel. 

Based on the DPP6-Kv4.2 (160) and Nav !1/!2-Nav1.7 (159) structures, I would predict that AMIGO1 

similarly localizes between the S1 and S2 of the Kv2.1 voltage sensing domain. To test the idea that the 

AMIGO1 transmembrane domain is responsible for localizing AMIGO1 with the Kv2.1 channel, one 

could create recreate the chimeras employed by Peltola et al.,2011 but with fluorescent tags to follow 

protein localization visually (32). If constructs lacking the AMIGO1 transmembrane still trafficked to the 

surface but were unable to colocalize with Kv2.1 channels, then the transmembrane segment would be 

necessary for interaction. To troubleshoot trafficking issues that might be associated with this chimeric 

construct, one could create an N-Kv2.1-AMIGO1-C “concatemer”. When arranged in this order, the two 

proteins would be translated as part of the same peptide, but because of AMIGO1’s signal sequence, I 

would expect the two proteins to be cleaved post-translationally, similar to a technique used in (113). The 

inverse experiment could also be conducted using a chimera made from the transmembrane regions of 

the Kv2.1 S1-S2 helices along with the N-terminal, S3-S6 helices, and C-terminal from a different channel 

(e.g., Kv1.5). If AMIGO1-YFP were to colocalize with the chimeric construct and not the wild-type 

unrelated channel, then together these results could support the hypothesis that the transmembrane 

regions of AMIGO1 are needed for interacting with Kv2.1. However, I predict that new structures 

determined from cryo-EM and advances in computational biology such as paired application of 

 
50 In contrast, these mutations had drastic effects on steady-state inactivation and recovery, suggesting 
that the DPP6-S1/S2 interface is important for regulating the speed and stability of voltage sensor 
movement but does not entirely define the mechanism for modulating voltage-dependence of activation. 
Most of the intracellular segment of DPP6 was not resolved, so similar structure-guided studies were not 
implemented to interrogate cytosolic interactions (160). 
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AlphaFold and RoseTTAFold molecular docking (422) will be transformative approaches in uncovering 

the molecular determinants of interacting protein pairs going forward.  

 

Which AMIGO1 domain(s) are responsible for modulating Kv2.1 conformational change? 

In Appendix B, I found that cotransfection of AMIGO1 with Kv2.1%#376C produced a Q–V curve 

statistically indistinguishable from the Q–V curve of Kv2.1%#376C alone, yet the preliminary trafficking 

and colocalization data was consistent with AMIGO1 still associating with Kv2.1%#376C. Because of this 

preliminary result, I hypothesize that the AMIGO1 intracellular terminus interacts with the Kv2.1 C-

terminus to alter the stability of the earliest resting conformation. Interestingly, the preliminary results 

presented in Appendix B suggest that AMIGO1 gating modulation and Kv2.1 association are separable 

properties of the AMIGO1 protein. Because of this observation, my preferred hypothesis surrounding the 

AMIGO1-Kv2.1 interaction is that specific interactions between the AMIGO1 transmembrane and Kv2.1 

transmembrane regions are responsible for conferring colocalization, while localization of an intracellular 

domain near the cytoplasmic face of the channel is sufficient to modulate Kv2.1 conformational change. 

The experiments presented in the following paragraphs are designed to test this hypothesis. However, it 

is worth noting that AMIGO1 could, alternatively, influence Kv2.1 voltage sensing by interacting 

extracellularly51 with its Ig/LRR domains or intramembraneously52 with its transmembrane domain to 

destabilize the resting conformation of the Kv2.1 voltage-sensing helix. 

 
51 Extracellular effects are expected for &2' subunits. A recent structure demonstrated that the VWA 

domain of &2'-1 makes contacts with Cav1.1 through the extracellular S5 and P1 helices in the 2nd and 3rd 

domains (161) and further, &2'-2 enhancement of Cav2.2 expression requires an intact VWA domain 
(140). 
52 Weak effects on Kv4.2 gating are seen with mutations of transmembrane regions of DPP6 (160). 
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Prior to testing the hypothesis that the intracellular domains are responsible for gating 

modulation, additional replication and further analyses of experiments presented in Appendix B are 

advised, first and foremost. ON gating current measurements could be analyzed to assess the effects of 

AMIGO1 on early gating charge movements, the charge movement previously determined to be the 

primary target of AMIGO1’s biophysical effect (177). Gating charge density could to be measured to 

assess if channel expression is altered between WT Kv2.1, Kv2.1%#333C, and Kv2.1%#376C. Additionally, a 

negative control could be done to assess colocalization between two non-interacting membrane proteins 

with diffuse surface expression; I expect that AMIGO1–YFP coexpression with Kv4.2–RFP or Kv2.1 

coexpression with a YFP-labeled single-pass transmembrane protein (any of the proteins listed in Fig. 1.1) 

could serve as negative controls as long as they are verified to not independently associate with Kv2.1 

channels. A complementary positive control to supplement these experiments would be simultaneous 

imaging of GxTX594 labeled Kv2.1%#333C and AMIGO1-YFP, while this channel is still predicted to 

express in a diffuse manner, the presence of an AMIGO1–dependent shift in the Q–V suggests that these 

two proteins might still be interacting. Finally, images demonstrating deferential AMIGO1 trafficking 

need to be quantitatively assessed. One method to assess trafficking would be to quantitate the total 

fluorescence intensity within an entire cell (AMIGO1Total) and then to quantitate the amount of 

fluorescence associated with the cell surface membrane, a region that could be labeled with WGA-405 

(AMIGO1Surface) or identified systematically in analysis. The ratio of (AMIGO1Surface)/(AMIGO1Total) would 

approximate how much AMIGO1 is trafficked to the cell surface under the different expression 

conditions. Such a method was previously employed to study how Kv2 expression modulates AMIGO 

trafficking (33). To automate this assessment, new images with better signal to noise ratios or lower 

plating densities might be warranted.  
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Do intracellular domains interact sterically? 

The aforementioned analyses could make a convincing, but incomplete case that the most distal 

376 amino acids of the Kv2.1 C-terminus are necessary for AMIGO1 to confer gating modulation. The 

hypothesis that these domains interact sterically could additionally be tested by a reconstitution assay in 

which patches containing AMIGO1 and #376C Kv2.1 are exposed to a solution containing an 

exogenously prepared peptide fragment composed of the most distal 376 amino acids. If a gating 

modulation of AMIGO1’s approximate magnitude were to be recovered, then this experiment could 

provide strong evidence that the distal Kv2.1 C-terminus is needed for gating modulation. Alternately, 

the Kv2.1 C-terminus could be tested by first identifying the minimum fragment necessary to confer a 

gating shift, something that could be assessed by making gating current measurements from serial 

truncation mutants that successively narrow down the region of interaction. Once this region is 

identified, one could carry out a competitive binding assay targeted at this region using cell penetrating 

TAT-peptides (423). Alternatively, competition experiments could be carried out with a solution 

containing an exogenously prepared peptide fragment composed of the AMIGO1 intracellular domain. In 

theory, application of a saturating amount of TAT peptides or the AMIGO1 intracellular domain, would 

out compete endogenous AMIGO and Kv2.1 interactions. If the effects of AMIGO1 on Kv2.1 voltage 

sensor movement were abolished, then this experiment would provide evidence that the targeted 

molecular region participates in AMIGO1-Kv2.1 interactions. 

Does AMIGO1 expression alter the phosphorylation status of Kv2.1 intracellular domains? 

 Alternative to AMIGO1 and Kv2.1 intracellular domains interacting sterically, it is also possible 

that AMIGO1 alters the Kv2.1 C-terminal domain in a manner that cannot affect the #376C truncation 

mutant, but does affect the #333C truncation mutant. One key difference between these two Kv2.1 

mutants is the inclusion of S563 in #333C, a residue that is important for phosphorylation-dependent 
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modulation of Kv2.1 activation (354)53. Further, there are at least five other residues present in #333, but 

not in #376C, that are predicted by sequence or determined by mass spectrometry to be sites for 

phosphorylation (Fig. B.4). Kv2.1 channels are known to regulate their voltage-dependence based on their 

phosphorylation status; does AMIGO1 modulate Kv2.1 voltage sensing by changing the phosphorylation 

status of the C-terminal?  

 To test this hypothesis, one could carry out immunohistochemical experiments with 

phosphospecific antibodies raised against the S563 site. If S563 site was differentially phosphorylated in 

cells that lack AMIGO1 compared to cells that coexpress AMIGO1, this would suggest that AMIGO1 

influences channel post-translational modifications, an effect similarly seen between DPP6 and Kv4.2 

(259). These results could be complemented with an electrophysiological study of AMIGO1 coexpressed 

with Kv2.1 S563A mutant and wild-type Kv2.1. If both constructs gave similar AMIGO1-dependent shifts 

in the G–V or Q–V, then these two results would be consistent with the presence of AMIGO1 changing 

Kv2.1 phosphorylation patterns at S563 to confer a hyperpolarizing shift in the voltage-dependence of 

activation, much like what is seen with dephosphorylation of other sites on the Kv2.1 C-terminus (354). 

If the intracellular regions appear to be important for facilitating AMIGO1-Kv2.1 interactions, the 

ramifications for voltage-dependent modulation of gating could be tested by carrying out voltage-clamp 

FRET experiments. The Kv2.1 C-terminals and N-terminals of a doubly-tagged CFP-Kv2.1-YFP construct 

undergo voltage-dependent rearrangements that can be resolved through FRET (424). To assess if 

AMIGO1 disrupts this intracellular conformational change, AMIGO1-pIRES-mplum could be expressed 

in the presence of CFP-Kv2.1-YFP, and CFP-YFP FRET would be assessed while under voltage-control. If 

voltage steps that do not activate gating charge movement alter CFP-YFP FRET in cells that express 

 
53 S563A (a non-phosphorylate-able mutant) and S563D (a phosphomimetic mutant) exhibit a #V1/2 of -
15.6 mV, with the voltage-dependence of S563D being more depolarized than S563A (354). 
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AMIGO1, but not in control cells, this would provide evidence that C-terminal rearrangements precede 

voltage-dependent activation and that AMIGO1 alters these arrangements.  

 

Determining the structural mechanism through which the voltage-dependence of Kv2.1 can be 

modulated 

While more experiments are required to determine the structural mechanism through which 

AMIGO1 alters Kv2.1 conformational change, a second interesting result from Appendix B raises a larger 

question about the overall structural mechanism that underlies the voltage-dependence of Kv2.1 

conformational change. In these experiments, I observed that the Q–V relationship for #376C was shifted 

to hyperpolarized voltages, which suggests that the distal 376 amino acids of the C-terminal domain 

detain Kv2.1 voltage sensors in an early resting conformation. Why would this be? From FRET 

experiments, it is clear that Kv2.1 intracellular domains undergo voltage-dependent rearrangements 

(425). Further, electrophysiology experiments, demonstrate that the phosphorylation status of the C-

terminus affects the voltage-dependence of activation (354), suggesting that C-terminal and voltage 

sensor conformations are coupled. What are the structural underpinnings of this coupling? Does the C-

terminus directly interact with the resting conformation of the voltage sensor or is there an allosteric 

interaction? 

To being to answer these questions, we can first turn to the atomistic structures of other voltage-

gated ion channels. Intracellular C-terminal interactions were characterized in the cockroach NavPaS 

structure (185), which depict the globular C-terminus interacting with the 3rd and 4th domain linker 

(reminiscent of the Cav1.1 structure (161)), the 4th domain voltage sensor, the 4th domain S4-S5 linker, the 

4th domain S6 helix, and the 3rd domain S6 helix. While these interactions were nearly the same as those 

seen in the crystal structure of the Nav1.5 C-terminal domain (426), Nav channels have a considerably 
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smaller intracellular domain than Kv2.1 channels. Might disrupting intracellular C-terminal interactions 

be an additional mechanism to alter voltage sensor movement? My preferred hypothesis is that 

cytoplasmic interactions between the C-terminus form an intracellular gate that must be unlocked by 

sufficient S4 activation in order for the channel pore to open.  

To test this hypothesis, one could carry out a competitive binding experiment designed to 

abrogate the intracellular face between the globular C-terminal domain and the intracellular faces of the 

voltage sensor. Alternatively, Kv2.1 constructs could be engineered by tandem protein splicing to contain 

non-natural amino acids near the hypothesized sites of interaction (30), the fluorescence of which could 

be monitored while simultaneously carrying out voltage clamp experiments to provide functional insight 

into intracellular conformational changes.  

 

Open Questions 

Potential roles of AMIGO1 as a part of the Kv2.1 channel complex 

Because of the ubiquity of AMIGO1 and Kv2.1 coexpression and codiffusion (32, 121), I conclude 

that the extracellular adhesion protein, AMIGO1, forms a functional part of the Kv2.1 voltage sensing 

domain. Further research is warranted to understand the physiological role of such a coupling and what 

the pathophysiological implications of decoupling would be. Several outstanding questions about Kv2–

AMIGO1 interactions could be worth investigating: 

  

Is the AMIGO1 gating shift physiologically important? 

We have previously outlined the impact of Kv2.1 conductance on macroscopic neuronal signaling (29, 

427) and even though the effect of AMIGO1 on Kv2.1 voltage dependence is only ~ -7 mV a study from 

AMIGO1 knockout mice does reveal modified IK currents. Without AMIGO1 present, IK currents from 
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CA1 pyramidal neurons require ~5-10 mV of additional voltage to activate (375), consistent with the lack 

of an AMIGO1–dependent leftward shift in voltage dependence that we note here. Interestingly, 

AMIGO1 knockout mice also display schizophrenia-related features (375), suggesting that the 

physiological role of AMIGO1 is important. Similarly, our assessment that the AMIGO1-induced shift is 

small, stems from a comparative frame of reference. Other auxiliary subunits have much larger effects on 

their partner ion channels (113, 114, 125, 171, 401, 428)(Table 1.3) and hippocampal neurons, a cell type 

where Kv2 channel are populous, experience ~90 mV voltage swings during the course of an action 

potential (429). Both reference points suggest that a ~7 mV voltage shift might be inconsequential. 

However, are these metrics the correct reference points? Might conceptualization of AMIGO1’s effect size 

be more comprehensible if compared to the physiological and pathophysiological bounds to which Kv2 

channel voltage-dependence can be modulated. Under a hypoxic, pathophysiological-like insult, Kv2 

channels experience a ~-20mV depolarizing shift in the conductance–voltage relationship of Kv2.1 (17, 

23), and compared with this scale, a ~-7 mV voltage shift would be significant. The extent to which 

AMIGO1 is physiologically important is further supported by data from ~125,000 aggregated genome 

data sets, which suggest that loss of function mutations within AMIGO1 are more rare than expected by a 

depth corrected probability of mutation for each gene; 12.6 loss of function mutations are expected, yet 

none are observed (430)54.  

 
54 Similar analyses on other auxiliary subunits report (X observed loss of function mutations/ Y expected 
loss of function mutations): Nav%!1: (2/4.9). Nav !2: (5/7.4). Nav%!3: (4/11.4). Nav%!4: (9/8.2). AMIGO2: 
(2/11.4). AMIGO3: (7/10.5). LINGO1: (0/15.3). HEPACAM(1): (2/15.4). HEPACAM2: (17/20.3). LRRC26: 
(3/4.2). LRRC52: (8/8.4). LRRC55: (4/10.6). LRRC38: (2/5.8). DPP6: (11/48.3). DPP10: (4/51.4). &2' -1: 

(17/119.1). &2' -2: (10/74). &2' -3: (15/68.5). &2' -4: (60/73.6). For Kv2.1 there are 24 predicted loss of 
function mutations, yet none are observed. For reference, the gnomAD exome project found a median of 
17.9 expected loss of function variants per gene and that 72.1% of genes had more than 10 loss of function 
variants observed (430).  
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Could AMIGO1 modulate nonconducting functions of Kv2 channels?  

Nearly twice the size of AMIGO1’s impact on Kv2.1 conductance is AMIGO1’s impact on Kv2.1 

voltage sensor movement (Table 3.1, Table 3.2). Due to a striking finding that Kv2.1 conductance is tied to 

the density of surface expression (352, 431), it has been proposed that the vast majority of Kv2.1 channels 

exist in a nonconducting, but still voltage–sensitive, state (432). Identification of Kv2.1 nonconducting 

roles is an area of active study (243, 350), and while the stoichiometry between AMGIO1 and Kv2.1 in 

these large clusters is unknown, we expect AMIGO1 to alter any and all of voltage-sensitive, 

nonconducting functions of Kv2.1 that may exist. 

 
Does Kv2.1 conformational change affect AMIGO1 function? 

 The principle of microscopic reversibility and coupled equilibria dictates that because AMIGO1 

destabilizes the conformation of Kv2.1 voltage sensors, then the resting conformation of Kv2.1 voltage 

sensors must destabilize an AMIGO1 conformation. In theory this could confer a voltage sensitivity to 

AMIGO1 function.  Could Kv2.1 voltage sensing modulate AMIGO1 actions as an extracellular adhesion 

protein? Could AMIGO1 actions as an extracellular adhesion protein modulate Kv2.1 voltage sensing? 

While it is unclear whether there are functionally important allosteric interactions between AMIGO1 

conformational change and AMIGO1 conformational change, but it could be an interesting avenue for 

future studies. 

 

Does AMIGO1 facilitate Kv2 electrical signaling between cells? 

Using its leucine rich repeat domain, AMIGO1 homo- and heterotetramerizes with other AMIGO 

proteins in vitro (201). It would be interesting to test if AMIGO1 participates in cell-cell trans interactions. 

Based on the Kv4.2-DPP6 structure, it is reasonable to speculate that four AMIGO1 subunits might 
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associate with the Kv2.1 channel, forming two dimers that interact in cis above the pore of the channel 

(160). This cis interaction could create an interface suited to facilitate additional trans interactions. To test 

if AMIGO1 formed trans interactions in culture, individual stocks of cells could be transfected with either 

AMIGO1 extracellularly tagged with a donor molecule or AMIGO1 extracellular tagged with an acceptor 

molecule, the presence of FRET or BRET at cell-to-cell junctions would suggest that AMIGO1 localizes 

within a distance suitable for making trans interactions. Exogenous application of the AMIGO1 

ectodomain could be applied to abrogate these interactions. If the trans interactions are present, one cell 

could be identified for current clamp while the opposing cell could be monitored for changed in the 

membrane potential. If application of exogenously prepared AMIGO1 ectodomain alters the electrical 

coupling between cells, this could be grounds for further investigation into whether AMIGO1 promotes 

epiphatic electrical coupling between cells. Such intercellular electrophysiological communication is 

facilitated by HEPACAM at tripartite synapses, which are the junctions between the presynaptic, 

postsynaptic, and glial cell membranes  (433). 

 

 Could AMIGO facilitate communication between the extracellular matrix and endoplasmic reticulum? 

AMIGO1 cis-intracellular interactions could further reinforce Kv2.l’s proclivity to cluster, or even 

packing channel proteins in tighter than what is seen in the absence of AMIGO1, creating Kv2.1 channel 

dimers, such as seen for Nav channels (245). In HEK293T cells and cultured hippocampal neurons, Kv2.1 

interaction with ER-resident VAMP-associated proteins creates ER-plasma membrane junctions (349) that 

are densely populated with Kv2.1 channels and are platforms for ion channel insertion and endocytosis 

(241). Here, Kv2.1 clustering promotes local and global Ca2+ signaling by bringing plasma membrane L-

type Ca2+ channels and ER-localized ryanodine receptors into a range sufficient to foster Ca2+ induced Ca2+ 

release (350). These Kv2.1 clusters and ER-plasma membrane junctions are found both on neuronal cell 

membranes directly opposed to astrocytic end feet (16) and on rat alpha motor neuron membranes 
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apposed to cholinergic c-type synaptic terminals (434), as such, any changes in surface potential 

experienced by or created by Kv2.1 voltage sensors/channel complexes in these microdomains could be 

propagated intercellularly. How these intracellular communication hubs are created is unknown. Does 

AMIGO1 localize Kv2.1 to these tightly apposed intercellular membrane junctions? To test this, one could 

potentially use single particle TIRF imaging with GxTX-Qdot technology, Kv2.1-GFP, or 

immunohistochemistry and image the distribution or density of channel clusters with and without 

AMIGO1. This could be assessed in closely apposed cells expressing nonclustering Kv2.1(S586A) or with 

a limited induction time using the Kv2.1–CHO cell line. Alternatively, this could be assessed in co-culture 

of transduced or transfected astrocytes and neurons.  

 

Concluding Remarks 

 To fully integrate and assess potential of AMIGO1-Kv2.1 physiology, studies designed to dissect 

how the adhesive properties of AMIGO1 contribute to and intermingle with Kv2.1 voltage-sensitivity 

physiology are needed. Ultimately, the importance of any of these in vitro results would be difficult to 

interpret without a glimpse of physiological relevance. To probe this, cell types that localize in proximity 

(such as at astrocytic end feet) would need to be genetically engineered or transduced so that the effects 

of cell-type specific knockdown of AMIGO1 could be assessed. Cell-to-cell junction morphology, Kv2.1 

localization, and electrical activity could be assessed to determine if AMIGO1 is key in forming these cell-

to-cell interactions. Alternatively, similar parameters could be assessed a mouse line with genetically 

altered Kv2.1 voltage sensing to determine if the formation of these junctions have a voltage dependence. 

Understanding the interdependence of adhesion proteins and ion channels will provide insight into 

potentially unique aspects of the molecular machines that drive electrical systems.  
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APPENDIX A: Efforts towards developing a photoacoustic tracer to detect Kv2 

ion channel conformational change in deep tissue 

 

Preface 

This appendix details my efforts towards developing a tracker for Kv2.1 conformational change that is 

compatible with photoacoustic imaging. This work has not been previously published, and some 

preliminary results were presented as an abstract at the 2016 3rd annual NIH BRAIN Investigators 

meeting in Rockville, MD and at the 2017 SPIE Biophotonics West Conference in San Francisco, CA. I 

wrote this chapter with editorial feedback from Jon Sack. I acquired and analyzed most of the data 

included within this chapter. Notable exceptions include the following. The absorbance data was 

collected by Lindsay Fague (Fig. A.2B). The fluorescence emission data was collected by Sebastian 

Fletcher-Taylor (Fig. A.2C). The voltage clamp data was acquired with technical assistance from Parashar 

Thapa (Fig. A.4). Diego Yankelevich, Ben Sherlock, and Clay Sheaff were instrumental in helping to 

assemble the photoacoustic microscope for image acquisition (Fig. A.5A). Ben Sherlock also wrote the 

MatLab code for photoacoustic image processing.  
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Abstract  

A three-dimensional understanding of electrophysiological dynamics in the brain requires a 

technique that spatially and temporally resolves neuronal activity deep in the brain. Photon scattering in 

brain tissue limits most light microscopy to superficial depths. When photons propagate longer than one 

mean free path, about 1 mm in turbid tissue, they lose coherence and are not resolved with integrity by 

ballistic imaging methods. Photoacoustic imaging, an emerging technology, combines a photonic 

stimulus with deep-tissue ultrasonic detection to create an absorbance-based imaging modality capable of 

imaging cm depths in tissue. To take advantage of the tissue-penetrative capacity of this imaging 

modality, I conjugated a tracker of Kv2 conformational change, GxTX, to a photoacoustic contrast agent 

with the goal of creating a tracer for neuronal ionic activity in the deep brain. GxTX affords molecular 

selectivity and conformational specificity to the molecular tracer by binding to resting state Kv2 ion 

channels. In response to depolarizing membrane voltages, Kv2 channels change conformational states 

which alters the Kv2.1–GxTX complex. Different activity-dependent conformations of the Kv2.1–GxTX 

complex expose the 27th GxTX residue to different environments and garner a contrast agent with 

different spectroscopic properties. So far, we have confirmed that different spectroscopic properties 

coincide with different photoacoustic properties, suggesting that this approach may be compatible for 

photoacoustic imaging Kv2.1 conformational changes in deep tissue. While we were able to collect data 

suggesting that there is a robust photoacoustic signal intensity change when the tracer moves between 

chemical environments that mimic those experienced by resting and activated Kv2.1 voltage sensing 

domains. However, I was unable to see similar photoacoustic intensity shifts in response to modulated 

ion channel dynamics in live cells, suggesting a new approach is warranted. Deep tissue imaging of 

electrophysiological channel dynamics will identify key regions and temporal patterns involved in 

physiological and pathophysiological neural activity.  
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Introduction  

Neuronal signaling is governed by diverse ion channels that gate the flow of electrical currents 

within a cell. There are over 80 voltage gated ion channel proteins encoded in the human genome (331, 

435) that work in concert to gate this current and produce cohesive electrical signals. The voltage-gated 

potassium channel family (Kv) is the largest and most genetically varied subset of neuronal ion channels 

(436); these channels respond to cellular depolarization, and regulate the efflux of potassium current in 

order to both facilitate repolarization and control action potential firing frequency (4). Kv channels are 

crucial in regulating neural electrical excitability (5–7). Within the potassium channel family, Kv2 

channels are the most ubiquitously expressed subtype in the mammalian brain (2). Kv2’s electrical 

properties are dynamically regulated by its expression level (9), phosphorylation state (10), expression 

morphology (11–15), and subcellular expression patterns (16). Due to this dynamism, identifying the 

precise role Kv2 plays in regulating excitability, especially neuronal hyperexcitability, has proven to be 

difficult. 

Our ability to directly assay Kv2 activity is largely limited by available technologies. This is 

especially true when studying pathophysiologically vulnerable and therapeutically relevant areas of the 

brain, like the hippocampus. Evaluation of native hippocampal Kv2 activity is currently out of reach. 

Buried deep within the brain, live hippocampus activity is typically studied with invasive and low 

molecular/spatial resolution and nonspecific electrical recording techniques. Assessment via noninvasive, 

optical imaging techniques is limited by light scattering in turbid brain tissue. Photoacoustic imaging 

(PAI) is a noninvasive, absorbance-based imaging technique. In PAI, electromagnetic energy, delivered 

from a laser pulse, is absorbed by a contrast agent. Electrical excitation and subsequent relaxation creates 

a small increase in temperature that is transformed into an acoustic wave via thermoelastic expansion 

(437, 438). Acoustic waves propagate through turbid issue 2-3 orders of magnitude better than light (439) 

and as a result this technique breaks the 1 mm depth limit of conventional light microscopy techniques 
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(440). Fully optimized PAI systems can achieve 5-100 µm spatial resolution at 1-20 mm depths with 100 

KHz temporal resolution (441). PAI can monitor endogenous contrast agents and track hemodynamics 

(441). By multiplexing detection of endogenous contrast agents and exogenous tracers for Kv2 

conformational change, PAI could provide a wealth of information about how, when, and where Kv2 

channels respond most to different pathophysiological insults.  

Compared to competing methodologies that probe neural activity, PAI provides unmatched 

spatial: depth resolution (1:200). fMRI has superior depth penetration, however only able to probe 

hemodynamics, a correlative output of neuronal activity, on the spatial scale of large neuronal ensembles. 

Conventional fluorescence imaging of molecular neural activity tracers offers high, sub-micron, spatial 

resolution but is restricted to superficial imaging depths less than 1 mm. This mesoscale system utilizes 

tissue-penetrating near infrared light (NIR) and can achieve 100 µm resolution at 2 mm depths, with 20 

Hz temporal resolution (442). 

To evaluate endogenous Kv2 activity with high spatial and temporal resolution during neuronal 

hyperexcitability, I aimed to create a molecular tracker of Kv2 conformational change that was 

compatible with deep-tissue photoacoustic imaging. I combined the tarantula toxin based backbone, 

guangxitoxin 1-E (GxTX) (321, 443) with a poorly fluorescent contrast agent, aminophenoxazone (AP) 

(331), with spectroscopic potential for photoacoustic imaging. AP is a small molecule fluorophore with 

electron donating and accepting groups that are separated by an aromatic ring system. AP is zwitterionic 

and thus exhibits polarity-dependent spectral changes shifts of about ~30 nm (331). In polar solvents like 

water and methanol, AP exhibits a red-shifted excitation maxima, a poor absorption coefficient, and a 

poor quantum yield. In nonpolar solvents like acetonitrile, AP has a blue-shifted excitation maxima, a 

large absorption coefficient, and a high quantum yield (331). Thus, changes in the environment 

surrounding AP can be detected either by changes in fluorescence intensity or by a shift in the absorption 

and emission spectra. A photoacoustic signal is determined by the amount of photonic relaxation that 
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occurs by non-radiative (heat-producing) decay and any relaxation that proceeds through photochemical 

decay (or a fluorescence-producing route), directly detracts from the total photoacoustic signal. 

Accordingly, molecules that are efficient fluorophores are predicted to make weak photoacoustic contrast 

agents and vice versa.  

In the following section, I discuss my attempt to create a photoacoustic tracer of Kv2 channel 

conformational change. I present fluorescence data supporting that AP and GxTX K27Pra(AP) exhibit 

environment sensitive signals and compelling data suggesting that these environmentally dependent 

signals could be detected by photoacoustic imaging at certain concentrations. However, I was unable to 

successfully detect GxTX K27Pra(AP) bound to cells with a large enough signal to noise ratio for this 

method to be viable in tissues. As such, I detail a list of pitfalls and challenges associated with the project 

and comment on what could be done next to further this line of research.   
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Results  

Approach  

The photoacoustic tracers tested here consist of an activity-responsive, Kv2 channel-selective 

ligand conjugated to a fluorophore. The guangxitoxin-1E (GxTX) ligand confers both channel activity 

detection and channel-selectivity to the tracer. Mutation of key GxTX residues, such as K27, or truncation 

of the toxin terminal tails, #C1N3, results in a ligand with altered state-dependent binding preferences 

and significantly decreased dissociation rates in response to voltage activation of the voltage sensing 

domains. We hypothesized that conjugation of GxTX K27 or GxTX #C1N3 to a dye with optical 

properties that are environmentally sensitive, will create a non-dissociating, photoacoustic tracer that 

changes its photoacoustic properties with respect to Kv2.1 conformational status (Fig. A.1).  

 

GxTX–AP is environmentally sensitive and responds to Kv2.1 conformational change 

 Aminophenoxazone (AP) is a fluorescent molecule (Fig. A.2.A) that undergoes a large polarity-

dependent bathochromic (or red) shift in its excitation and emission spectra when in a more polar 

environment (331). To predict how this shift in optical properties might translate to a photoacoustic 

output, we first assessed the absorption (extinction) coefficient of AP in two solvents of varying polarity. 

We found that in a less polar solvent, acetonitrile, AP has a seven-fold greater absorption coefficient than 

it does in a more polar solvent, neuronal buffer (Fig. A.2.B). Interestingly, when GxTX Lys27Pra(AP) is 

bound to channels with resting voltage sensors, its fluorescent emission spectrum mimics that of AP dye 

dissolved in acetonitrile (Fig. A.2.C). When GxTX Lys27Pra(AP) is dissolved in neuronal buffer, its 

fluorescent emission spectrum mimics that of AP dye dissolved in neuronal buffer (Fig. A.2.C). Work 

with a chemically related fluorophore has demonstrated that phenoxazone derivatives conjugated to 

GxTX at the 27th position are exposed to a polar environment upon voltage sensor activation (322). Based 
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on this, we would expect GxTX Lys27Pra(AP) to exhibit two distinct absorption and emission profiles 

when bound to the resting (nonpolar-exposed) and activated (polar-exposed) states of the Kv2 voltage 

sensor. Further, fluorescent images of a coculture of Kv2.1 expressing CHO cells with BFP CHO cells that 

lack Kv2.1 expression demonstrates that GxTX Lys27Pra(AP) has selectivity for cells that express 

channels (Fig. A.2.D), suggesting that this tool could be used to photoacoustically track where Kv2 

channels are localized in their active state.  

 Prior to testing this hypothesis, I wanted to validate that an experimental preparation compatible 

with the constraints of photoacoustic imaging did not abrogate the ability of GxTX Lys27Pra(AP) to 

preferentially bind to samples expressing Kv2 channels. Since photoacoustic imaging tracks sound 

waves, a conducive medium like water or ultrasound gel must be used to couple the sample to the 

ultrasound transducer. Since salts present in neuronal buffers and cell media could harm the ultrasound 

transducer over time, we decided that cells must be separated with a physical barrier from the 

transducer. Initial attempts to couple the sample and the transducer employed a plastic wrap seal over 

wells loaded with cells and media, so that the transducer, coated in ultrasound gel, could raster scan over 

the sample atop of this barrier. While this approach had the benefit of a simple sample preparation, any 

air bubbles that were trapped between the liquid surface of the sample and the plastic wrap created large 

artifacts that were detrimental to image reconstruction. To overcome this obstacle, we switched 

approaches and instead loaded a suspension of cells into capillary tubes that could be suspended in water 

(Fig. A.5.A). This approached allowed us to couple the sample to the transducer by water and had the 

added benefit of exponentially increasing the number of channels present in an imaging voxel over what 

we could achieve in a monolayer of cell culture. To achieve the maximum density of cells possible for 

imaging, cells were cultured in T-175 flasks, harvested with trypsin prior to imaging, treated with GxTX 

Lys27Pra(AP) while in suspension, washed multiple times, and then dissolved in a minimum amount of 

neuronal buffer before being loaded into the capillary and sealed-in with glue. CHO cells were either 
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induced to express Kv2.1 channels for 48 hours or left uninduced, such that when labeled with GxTX 

Lys27Pra(AP), only the cells expressing Kv2.1 channels were expected to retain the GxTX–AP signal 

throughout the multiple wash steps. To test this hypothesis, both groups of CHO cells were loaded into 

capillaries and imaged with a confocal microscope (Fig A.2.E). While we did see AP aggregates in both 

capillaries, the average AP emission was 3-fold greater in the capillary loaded with cells that expressed 

Kv2.1 channels compared to the control (Fig. A.2.F). Spectral imaging of these samples revealed that the 

AP emission from the cells expressing Kv2.1 was largely left-shifted while the AP emission from control 

cells was largely right-shifted (Fig. A.2.GH). This result is consistent with GxTX Lys27Pra(AP) specifically 

labeling resting Kv2.1 channels in CHO cells that express Kv2.1 and nonspecifically aggregating with 

CHO cells that lack Kv2.1 channels in the preparation necessary for photoacoustic imaging. Similar 

results were obtained from GxTX #C1N3 Ser13Pra(AP) (Fig. A.3.A-C).  

 To test if GxTX Lys27Pra(AP) responds to changes the conformation of the Kv2.1 voltage sensor, 

we voltage clamped CHO cells induced to express Kv2.1 channels. Cells were treated with GxTX 

Lys27Pra(AP) and progressively stepped to depolarized potentials. Spectral imaging of AP fluorescence 

revealed that similar to GxTX Lys27Pra(JP) (322), GxTX Lys27Pra(AP) exhibited a small spectral shift in 

emission with voltage (Fig. A.4). 

 

AP environmental sensitivity can be resolved with photoacoustic imaging  

 To test if we could detect the environmentally-dependent signals of AP using photoacoustic 

imaging and determine a rough approximation of the noise limit of the photoacoustic imaging system, 

we first measured the photoacoustic signal of different concentrations of AP dissolved in either neuronal 

buffer and acetonitrile (Fig. A.5.B). Similar to our hypotheses, AP exhibited a greater photoacoustic signal 

when it was exposed to the polar, neuronal buffer compared to when it was dissolved in acetonitrile (Fig. 

A.5.C). AP concentrations of 10 µM and higher, could be discernably distinguished from the background.  
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To test if the photoacoustic profile of AP retained the same sensitivities to polarity as the 

fluorescence emission profile, we also assessed the photoacoustic signal of AP dissolved in a battery of 

solvents (Fig. A.5.D). Since the polarity of the solvent dictates the stability of the zwitterionic molecule 

when in its excited state, the ), absorption coefficient, and QF, quantum yield, of AP vary based on 

solvent. PA intensities of AP when dissolved in ethyl acetate () = 47,000 M-1•cm-1 ; QF = 0.49), acetone () = 

51,000 M-1•cm-1 ; QF = 0.91), acetonitrile () = 47,000 M-1•cm-1 ; QF = 0.78), DMSO () = 48,000 M-1•cm-1 ; QF = 

0.45), methanol (QF = 0.34), and neuronal buffer (QF = 0.05) were all consistent with signals predicted from 

the approximation of photoacoustic intensity based on ) and QF (Fig. A.5.D) () and QF values from (331)).  

When the photoacoustic signal was assessed for cells in capillaries, we were able to detect a slight 

increase in signal for Kv2.1-expressing cells that had been treated with GxTX #C1N3 Ser13Pra(AP) 

compared to those that had been treated with a vehicle (Fig. A.5.F), however a similar increase with GxTX 

#C1N3 Ser13Pra(AP) was also seen in CHO cells that were not expressing Kv2.1 channels. While we 

expect GxTX #C1N3 Ser13Pra(AP) to be photoacoustically “quiet” when bound to resting Kv2.1 voltage 

sensors, the inability to distinguish the GxTX #C1N3 Ser13Pra(AP) signal in CHO cells lacking channels 

from the signal from CHO cells expressing Kv2.1 channels indicates that some GxTX #C1N3 

Ser13Pra(AP) might be nonspecifically associating in cell membranes or accumulating as aggregates.  
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Discussion  

While we were able to conjugate a slow-dissociating GxTX variant to an environmentally-

sensitive dual-modality contrast agent (AP) that exhibited environmentally-sensitive photoacoustic 

signals (Fig. A.5), we were unable to demonstrate with photoacoustic images that this probe was selective 

for Kv2.1 channels (Fig. A.5.F) or that it responded to conformational changes within the Kv2.1 voltage 

sensor. Fluorescently, these GxTX–AP tools showed environmental-sensitivity (Fig. A.2), activity-

responsiveness (Fig. A.4), and Kv2 channel specificity (Fig. A.2-3). However, several limitations 

prevented us from detecting these same qualities by this complementary, photoacoustic imaging 

modality.  

 

Limitations 

The first limitation that prevented us from assessing the specificity of GxTX–AP by photoacoustic 

imaging was the signal to noise ratio of the imaging system and sample preparation. In order to achieve a 

2-3:1 SNR ratio with our photoacoustic system, a concentration of > 10 µM AP was necessary (Fig. A.5.C). 

Based on estimates (Table A.1), to even approach the number of channels necessary to accumulate these 

levels of AP within the imaging voxel, it was necessary to localize > 50000 cells with resting Kv2 voltage 

sensors within a 50 µm2 region. This is not practical for monolayer cell culture of CHO cells which are 10 

µm in diameter and have a footprint area of ~30 µm2. We attempted to overcome this barrier by imaging 

the cells while loaded in 3D suspension in a capillary tube. With our PA setup, we were able to image 

through several mm of sample while achieving depth resolution of ~70 µm (444). Through summation of 

the time-resolved depth signal, we were able to integrate PA signal from cells suspended in 3D that were 

localized in the same voxel. This approach helped us decrease our threshold for signal detection but 

required large volumes of cell culture and high concentrations of GxTX–AP (> 3 µM).  
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The aforementioned requirements for dense cell culture likely contributed to the second 

limitation that we faced: GxTX–AP aggregation (Fig. A.2-3) and non-specific accumulation of GxTX–AP 

within the membranes of cells not expressing Kv2.1 channels (Fig. A.5.F). When binding Kv2 channels, 

GxTX first partitions into the outer leaflet of the plasma membrane and then localizes on the extracellular 

edge of the channel’s voltage sensing domains (445–449). When treating with such high concentrations of 

GxTX–AP we expect that some of the toxin might remain non-selectively partitioned within the 

membrane even during the aggressive wash steps. This nonspecific signal is expected to be polar-exposed 

and thus would have greater photoacoustic properties than what we would expect to see from GxTX–AP 

specifically bound to resting Kv2 channels. Additionally, the for the PA imaging cell preparation 

protocol, cells were subjected to long periods in suspension in minimal media (> 45 min). These 

nonoptimal conditions could have led to channel internalization, which would decrease the number of 

GxTX–AP binding sites available, or cell death, which could lead to GxTX–AP internalization and an 

artificial increase in GxTX–AP signal. While all samples were treated in series, Kv2.1 expression is known 

to alter cell health (21), so it is possible for the control and test groups of cells to respond differently to the 

extensive cell preparation protocol.  

We concluded that this specific contrast agent was too “quiet” for viable use in deep tissue 

imaging. While activation of Kv2.1 channels in CHO cells could have preferentially increased the signal 

of GxTX Lys27Pra(AP) by shifting the environment proximal to AP, the technical and physical limitations 

of this project prevented us from assessing this hypothesis.  

 

Future Directions  

Due to the limitations encountered and technical difficulties with photoacoustic instrumentation, 

I chose to not pursue this project further. However, one could continue this work by testing if a high 

potassium external solution to momentarily activates the Kv2.1 voltage sensors to increase the PA signal. 
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While we have had success using this stimulus to track Kv2.1 activation with fluorescent imaging 

approaches (443), the time-intensive requirements for PAI sample preparation would likely result in all 

effects of this stimulus disappearing before we are able to image. Kv2.1 channels deactivate on the 

timescale of ms (320) and inactivate on the timescale of s (450). While we do not expect GxTX 

Lys27Pra(AP) to dissociate from inactivated channels, we have not measured the optical properties of 

GxTX Lys27Pra(AP) when bound to inactivated channels, and do not know if this would increase or 

decrease the AP signal. As such, a new sample preparation protocol would likely need to be 

implemented.  

 

Conclusions  

Combining GxTX peptides that track conformational changes of Kv2.1 channels with contrast 

agents suited for photoacoustic imaging remains a viable approach for monitoring Kv2 conformational 

change in deep tissue. However, for this approach to be practical, GxTX must be paired with a high 

intensity, PA contrast agent.  
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Methods and Materials  

GxTX peptides  

GxTX K27Pra was synthesized as described in Appendix B.  

 

Conjugation and purification 

GxTX K27Pra was conjugated with aminophenoxazone (AP) using 1M Tris pH 6.8 (2 uL 10 mM CuSo4  

(1.5 uL), 20 mM BTTAA (4.5 uL), 10 mM AP azide in DMSO (2 uL), 100% DMSO (2 uL), 2 mM GxTX 

K27Pra in H2O (2 uL) and fresh 150 mM sodium ascorbate (5 uL). Reagents were mixed in a Lo Bind 

Eppendorf tube and allowed to react for 5-24 hours on the Thermomixer at 1000 RPM at 20 °C 

temperature. The reaction was quenched with an equal volume of 20 mM EDTA pH 5. If precipitate was 

found, the supernatant was removed, centrifuged at 10,000 RMP for 10 min and was checked again for a 

pellet. Soluble conjugated product was purified using a Biobasic-18 4.6 mm RP-C18 (5 µm) column using 

a gradient from 5-50% ACN over approximated 50 min. Fractions of unconjugated AP, conjugated AP 

and GxTX, and unconjugated GxTX were collected and saved. Before running the samples on the HPLC. 

2 uL of a test peptide were injected with 100 uL of 95% A and 5% B to test that GxTX could be detected by 

280 nm excitation and 350 nm emission. The approximated molar extinction coefficient of GxTX (18,900 

AU mol-1 cm-1) was used to calculate the concentration of the conjugated product.  

 

Cell culture  

A CHO cell line stably expressing nuclear BFP and the Kv2.1–CHO cell subclone were cultured as 

described in Chapter 2.  
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Capillary sample prep  

For capillary imaging experiments, cells were grown up in T-275 flasks and harvested with 0.05% trypsin 

and counted using a hemocytometer. 107  harvested cells were resuspended in minimal volumes of 

neuronal external solution and treated with 3 µmoles GxTX K27Pra(AP) or #C1N3 Ser13Pra(AP) for 5 

min in an Eppendorf tube. Cells were then spun at 500 rcf and washed with 1 mL NE to remove the 

unbound fraction. Spinning and washing was repeated 3 times.  

 

Fluorescence capillary imaging  

5-10 uL of the cell slurry labeled with GxTX K27Pra(AP) or #C1N3 Ser13Pra(AP) was loaded into quartz 

capillaries (ID: 0.5 mm, OD: 1.0 mm) by pipetting. A 10x objective was used to visualize both capillaries 

in the same field of view. Fluorescence images were taken with the 543 or 594 nm laser. Fluorescence 

intensity was quantitated from regions of the capillary devoid of cellular debris. Spectral images of the 

same capillaries were acquired with the 543 or 594 nm laser. AP emission spectra were normalized with 

the maximum value and background subtracted. A ration of the average emission intensity between 590-

611 nm and 623-644 nm was computed to assess the nonpolar characteristic of AP emission.   

 

Photoacoustic capillary imaging  

5-10 uL of the cell slurry labeled with GxTX K27Pra(AP) or #C1N3 Ser13Pra(AP) was loaded into quartz 

capillaries (ID: 0.5 mm, OD: 1.0 mm) by pipetting. Careful attention was paid to prevent the inclusion of 

bubbles. Capillaries were sealed shut with hot glue and then loaded onto the imaging apparatus. A 

singular piece of graphite lead or an india ink loaded capillary was also loaded into the imaging 

apparatus to be used as an internal standard to calibrate image intensity between imaging sessions and to 
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denote the identities of the different samples. Capillaries were locked in place with tape or a weight and 

suspended in water. The UBM/laser fiber head was placed 1.5 mm above the samples, so that the entire 

head of the photoacoustic transducer was submerged in the water. The transducer raster scanned above 

the samples.  

 

The photoacoustic imaging set up was powered by an Nd:Yag laser (1.56 V), pulsed through an OPO to 

tune the laser to 800 nm. The laser was triggered by a function generator powered by the computer. The 

laser was focused into a NA 0.22 fiber that was threaded through a donut-shaped ultrasound transducer 

so that 3 mm of the fiber was protruding from the face of the transducer. The output power of the laser 

was 300-600 µJ, for a fluence of 100 mJ/cm2, as measured by a Thor power meter. The ultrasound waves 

generated by the pulse laser light were amplified and digitized by a GaGe card. In the second iteration of 

the photoacoustic setup, a polarizer was integrated into the light path and a beam splitter was used to 

divert ~30% of the energy directly to a power meter so the stability of the input laser light could be 

monitored in conjunction with the output sample intensity. Photoacoustic images were reconstructed 

using MatLab. 
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Figures and Tables  

Figure A.1 

 

 

Figure A.1 

A schematic detailing the relationship between absorbance and fluorescence properties with predicted 

photoacoustic signal generation. We hypothesize that when AP fluorescence is dim, such as when bound 

to activated Kv2.1 voltage sensors, that the corresponding photoacoustic signal will be loud. 
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Figure A.2 

 

Figure A.2 

(A) Structure of aminophenoxazone (AP). (B) The absorption maxima of AP shifts in neuronal external 

(burgundy) and acetonitrile (red). (C) Fluorescence emission spectra of AP dye in solution (solid lines) 

and of GxTX K27Pra(AP) bound to cells (dots). (D) Fluorescence image of a co-culture of CHO-K1 cell 

lines stably expressing either Kv2.1 or nuclear BFP (blue) labeled with 100 nM of GxTX K27Pra(AP). (E) 

Representative fluorescence image at 10x magnification of two quartz capillaries each loaded with 107 

CHO cells that had been treated with 100 nM GxTX K27Pra(AP). Cells in the top capillary were induced 

to express Kv2.1 channels while cells in the bottom capillary were not. (F) Quantification of the 

fluorescence intensity for capillaries in (E).  
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Figure A.3  

 

 
Figure A.3 

(A) In a co-culture of CHO-K1 stable cell lines expressing either Kv2.1 or nuclear BFP, 1 µM GxTX #C1N3 

Ser13Pra(AP) (red) selectively labels cells expressing Kv2.1 channels. (B) 10x image of two quartz 

capillaries (ID: 0.5 mm, OD: 1.0 mm) each loaded with 10*106 CHO cells either induced to express Kv2.1 

channels (top) or not (bottom). Before capillaries were loaded, cells were treated with 1 µM GxTX #C1N3 

Ser13Pra(AP) for 5 min and spun at 500 rcf. The supernatant was aspirated. Cells were washed and spin 3 

times more and then loaded for imaging. (C) Quantitation of fluorescence intensity for the two capillaries. 

Values were measured from images of 4 different regions of the same capillary preparation (biological 

rep = 1).  
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Figure A.4 

 

 
Figure A.4 

(A) Normalized fluorescence emission spectra of a voltage-clamped CHO-K1 cell overexpressing Kv2.1 

channels. The cell was treated with 100 nM GxTX K27Pra(AP) for 5 minutes and then stepped from a 

membrane potential of -100 mV to +0 mV and +40 mV while simultaneous lambda scan images were 

taken. (B) Normalized fluorescence emission spectra of a non-voltage clamped cell from the same field of 

view as (A). (C) Ratio of the background subtracted and normalized fluorescence intensity from spectral 

imaging with scan bins between 590-611 nm and 623-644 nm. The patched cell (red) sees a positive 

change with voltage steps to either 0 mV (circles) or +40 mV (squares) while the non-patched cell (grey) 

sees a negative percent change in this ratio.   
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Figure A.5 

 

Figure A.5 

(A) Scheme describing the photoacoustic setup. (B) Photoacoustic images of glass capillaries containing 

AP-azide dye dissolved to different concentrations in either neuronal buffer (left column) or acetonitrile 

(right column). (C) Quantitation of the average photoacoustic intensity from the images in (B). Four 

technical replicates were acquired from one preparation were acquired by taking imagines while 

translating down the length of the capillaries. (D) AP-azide dye was dissolved in solvents with varying 

dielectric constants (polarities) to a concentration of 100 µM. Multiple technical replicates were acquired 

from one preparation. (E) Photoacoustic image of quartz capillaries loaded with (1) CHO-K1 cells 

overexpressing Kv2.1 channels (2) CHO-K1 cells overexpressing Kv2.1 channels treated with 3 µM GxTX 

K27Pra(AP), (3) the saved supernatant from the first was of these cells, (4) CHO-K1 cells not expressing 

Kv2.1 channels, (5) CHO-K1 cells lacking channels by treated with GxTX K27Pra(AP), (6) the saved 

supernatant from the first wash. (F) Quantification of PA image intensities. Multiple technical replicates 

were taken from 2-3 biological replicates (triangles, circles, or squares).   
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Table A.1 

GxTX intensity at 1.5 hrs  1 (Fig. 3.2) 
GxTX intensity at 48 hrs  28 (Fig. 3.2) 
Scale factor to determine channel # at 48 hrs  28 
IKv2.1 at 1.5 hrs 1 nA (Supplemental Fig. 3.2) 
Calculated IKv2.1 at 48 hrs 28 nA 
iKv2.1  500 fA (Fig. 3.4) 
Open Probability   0.5 (approximated) 
Channels/cell at 48 hours of induction (I=iPN) 112000 channels 
GxTX molecules/cell (4 molecules/channel) 448000 GxTX molecules  
Cell size: 10D x 0.5H µm 5 µm2 

Voxel size: 50 axial x 70 lateral µm (442) 2500 µm2  or 2.5x10-5 cm2 (lateral dimension is 
resolved by time) 

Cells/Voxel 500 
Obtained GxTX molecules/Voxel 2.24x108 GxTX molecules  
AP detection limit (10 µM in NE, 100 µM in ACN) 
(1 mol/L = 6.02*1020 molecules/ cm3) 

6.02x1015 molecules/cm3 in NE 

6.02x1016 molecules/cm3 in ACN 
Approximate AP requirement for a 2D volume 1.82x105 molecules/cm2 in NE 

3.92x105 molecules/cm2 in ACN 
Approximate AP requirement/voxel 5.2x109 molecules/cm2 in NE 

1.12x1010 molecules/cm2 in ACN 
 

 
Table A.1. Estimation of the concentration limit for AP detection by photoacoustic imaging 

In order to achieve a SNR of 2-3:1 for AP detection over background noise with our current photoacoustic 

setup, an AP concentration of at least 10 µM (if in neuronal buffer) or 100 µM (if in acetonitrile) must be 

achieved within the imaging voxel.  
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APPENDIX B: The C-terminus influences Kv2.1 ion channel conformational 

change.  

 

Preface 

This appendix details preliminary experiments testing the role of the Kv2.1 C-terminus in Kv2 

conformational change and AMIGO1 association. I conceived of, conducted, and analyzed the 

experiments presented in this chapter. Jon Sack provided editorial feedback.  
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Abstract 

In Chapter 3 I identified that AMIGO1 modulates Kv2.1 voltage sensor movement. In this 

Appendix, I report that a truncation of Kv2.1's intracellular C-terminal domain prevents AMIGO1 from 

modulating voltage sensor movement. Based on gating current recordings from Kv2.1 channels with two 

different C-terminal truncations, I suggest that the AMIGO1-effect requires a portion of the Kv2.1 

intracellular C-terminal domain. The voltage-dependence of OFF gating current movement measured 

from Kv2.1 channels lacking the 376 amino acids distal from the C-terminus showed no sign of AMIGO1-

dependent modulation. Preliminary data suggest that AMIGO1 is still trafficked to the cell surface by this 

Kv2.1 truncation mutant, consistent with a preserved molecular association. If confirmed, this result 

would suggest that channel association and gating modification are separable properties of the AMIGO1 

protein.  
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Introduction  

As described in the Chapter 3 of this thesis, the single transmembrane pass auxiliary subunit, 

AMIGO1, readily associates with and modifies voltage activation of Kv2 channel conductance (121). 

Behavioral and developmental studies have characterized the physiological impacts associated with 

aberrant AMIGO1 expression (124, 375) and electrophysiological reports have characterized the 

biophysical mechanisms underlying AMIGO1-inducted gating modulation (33, 177), however the full 

spectrum of physiological ramifications of the AMIGO1-Kv2.1 association is unknown.  

AMIGO1 is both a Kv2 auxiliary subunit and an adhesion protein (Chapter 1). Untangling the 

physiological roles and pathophysiological complications associated with these two disparate 

functionalities is difficult due to their linked nature. Immunoblots of membrane protein samples from 

brains of AMIGO1 knockout mice and western blots of extracts from AMIGO1-knockdown zebrafish 

larvae exhibit reduced Kv2.1 protein content (124, 375), suggesting that AMIGO1 might increase the 

stability of Kv2 protein expression. Are the pathophysiological phenotypes seen in the AMIGO1 

knockout mouse and knockdown zebrafish a result of the decreased Kv2 expression? Similarly, 

electrophysiological recordings from heterologous and native samples demonstrate that AMIGO1 

coexpression alters the voltage dependence of Kv2 channel activation (32, 33, 177, 375). Since the voltage 

dependence of channel conduction determines the extent to which that conductance can impact electrical 

signaling events, we theorized in Chapter 3 that even a small shift in the voltage-dependence of 

activation, as seen with AMIGO1, could significantly skew Kv2.1 participation in a signaling event. Are 

the pathophysiological phenotypes seen in the AMIGO1 knockout mouse and knockdown zebrafish a 

result of the abrogated Kv2 voltage sensing? Conversely, AMIGO1 has the capacity to participate in cell-

to-cell adhesions (69, 201). Are the pathophysiological phenotypes in the AMIGO1 knockout mouse and 

knockdown zebrafish solely related to the roles of AMIGO1 as an adhesion protein? One method to 

interrogate such questions, would be to decouple the adhesive and auxiliary properties of AMIGO1 and 
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interrogate the resulting physiological consequences of abrogated adhesion or abrogated Kv2 

conductance. In order to carry out such experiments, it is first necessary to understand the molecular 

regions that define the AMIGO1-Kv2.1 interaction.  

The Kv2.1 C-terminus is known to be involved in protein-protein interactions (Fig. B.4), undergoes 

voltage-dependent molecular rearrangements (425), and the phosphorylation status of the C-terminus 

influences the voltage-dependence of channel conduction (354). In this Appendix, I test the hypothesis 

that the Kv2.1 C-terminus is similarly important in conferring AMIGO1-dependent shifts in the voltage-

dependence of gating charge movement. Here, I assess the necessity of the Kv2.1 C-terminus for 

AMIGO1-dependent gating modulation by assessing if two different Kv2.1 C-terminal truncation 

mutants are receptive to AMIGO1 gating modulation. The preliminary results presented here suggest 

that a portion of the Kv2.1 C-terminus is necessary for AMIGO1-induced gating modulation but is not 

crucial for AMIGO1 association. If validated further, this result would be consistent with voltage sensor 

modulation as a non-obligatory yet conserved function of AMIGO proteins.  
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Results  

AMIGO1 modulation of Kv2.1 gating charge movement is abolished by truncation of the distal 

376 amino acids of the Kv2.1 C-terminus 

To determine if AMIGO1 affects voltage sensor movement, I measured gating currents (Ig), which 

correspond to movement of Kv2.1 voltage sensors across the transmembrane electric field. Kv2.1–CHO 

cells were patch clamped in whole–cell mode in the absence of K+ (Fig. B.1A) and given voltage steps to 

elicit gating currents. Cells were cotransfected with different Kv2.1 channel mutants possessing 

progressively shorter intracellular C-termini and either peGFP or AMIGO1–YFP. We chose to compare 

the effect of AMIGO1 on wild-type (WT) Kv2.1, Kv2.1 #376C, and Kv2.1 #333C. Of a list of characterized 

Kv2.1 channel constructs, Kv2.1 #376C is the most aggressive truncation mutation that still exhibits cell-

surface expression (451) and the slightly less aggressive Kv2.1 #333C truncation includes a region known 

to be important for facilitating protein-protein interactions (Fig. B.4)(21, 248).  

To measure if AMIGO1 alters gating charge movement, I integrated OFF gating currents (Ig,OFF) at 

-140 mV after 100 ms voltage steps. Between -25 mV and -10 mV, WT Kv2.1–control cells did not move as 

much gating charge as WT Kv2.1 + AMIGO1 cells (Fig. B.1B,C), a result similar to previous OFF gating 

currents measured with a cell line with inducible Kv2.1 expression (177). Boltzmann fits yielded 

ΔVg,Mid,OFF of -11.9 ± 3.5 mV (SEM) and a Δzg,OFF of 0.36 ± 0.27 e0 (Table B.1), which was similar to a 

previously reported ΔVg,Mid,OFF -10.8 ± 2.4 mV (SEM)(Fig. 3.6V) and a Δzg,OFF of 0.43 ± 0.20 e0 (SEM) (Fig. 

3.6U)(Table 3.2), indicating that AMIGO1 shifts total gating charge movement to more negative voltages. 

Control and AMIGO1 OFF gating currents measured from cells expressing Kv2.1 #333C produced Q–V 

relationships similar to those recorded from WT Kv2.1 cells and WT Kv2.1+AMIGO1 cells respectively 

(Fig. B.1D,E,H); ΔVg,Mid,OFF  and Δzg,OFF were not statistically distinct from corresponding measures made 
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from WT Kv2.1 currents as assessed by an Ordinary 2-way ANOVA (Table B.1). Q–V relationship for 

control and AMIGO1 OFF gating currents measured from cells expressing Kv2.1 #376C were distinct 

from all previous measures. Kv2.1 #376C Q–V relationships exhibited a pronounced left-shift in the 

threshold for activation compared to all other OFF gating currents (Fig. B.1F,H). Additionally, the left-

shift of AMIGO1 was completely absent (Fig. B.1 G,H). Boltzmann fits yielded ΔVg,Mid,OFF of 1.9 ± 3.6 mV 

(SEM) and a Δzg,OFF of 0.01 ± 0.27 e0 (Table B.1). Both ΔVg,Mid,OFF and Δzg,OFF from Kv2.1 #376C currents 

were distinct from corresponding measures from #333C and WT Kv2.1 OFF currents as assessed by 

Ordinary two-way ANOVA. This result suggests that most distal 376 amino acids of the Kv2.1 C-

terminus, but not the most distal 333, are necessary for AMIGO1 to confer an effect on Kv2.1 voltage 

sensor movement. 

AMIGO1–YFP colocalizes with GxTX–594 labeled Kv2.1 %376C 

 If the Kv2.1 #376C truncation abolished AMIGO1 association, then I would expect a lack of an 

AMIGO1 dependent effect on OFF gating current measurements. To test if AMIGO1 associates with 

Kv2.1 #376C, I assessed AMIGO1–YFP and Kv2.1 #376C colocalization using the Pearson’s correlation 

coefficient (PCC) (385). Surface-expressing Kv2.1 on live cells was labeled with GxTX 

Ser13Cys(Alexa594), a conjugate of a voltage sensor toxin guangxitoxin-1E derivative with a fluorophore, 

abbreviated as GxTX–594 (321). Notably, the #376C truncation removes the proximal clustering domain 

from the Kv2.1 C-terminus and though this does not negatively impact cell-surface trafficking, this 

modification abolishes the stereotypic punctate expression patterns seen with WT Kv2.1 (451). 

Colocalization between AMIGO1–YFP and GxTX–594 was apparent as the PCC, measured from the glass-

adhered, basal membrane was greater than the staining control (Fig. B.2A). The PCC value was also 
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similar to PCC measurements made from AMIGO1–YFP and GxTX–594 labeling of WT Kv2.1 channels 

(Fig. 3.2B). Even though the PCC for AMIGO1–YFP and GxTX–594 was near 1, a standard for perfect 

signal colocalization, I did not conduct negative controls to assess whether this apparent colocalization 

was merely the product of two diffuse signals overlapping. Further experiments comparing 

colocalization between unrelated, single-transmembrane pass, surface expressing proteins are needed to 

fully interpret this result.  

AMIGO1–YFP is trafficked to the cell periphery when coexpressed with Kv2.1 Δ376C 

To supplement the previous experiment, I also assessed AMIGO1–YFP localization following 

Kv2.1 coexpression. In HEK293 and CHO cells, the localization of heterologously expressed AMIGO1 is 

intracellular and diffuse (33, 121, 177). However, when co-expressed with Kv2.1, AMIGO1 reorganizes 

into puncta with Kv2.1, similar to the expression patterns in central neurons (33, 121, 177). To determine 

whether Kv2.1%#376C is sufficient to reorganize AMIGO1 in CHO cells, a hallmark of an interaction, I 

imaged AMIGO1–YFP signal at a transverse plane that was apical to the basal membrane. In cells 

transfected with AMIGO1–YFP alone, optically sectioned images revealed that AMIGO1–YFP signal was 

diffuse throughout the cytosolic region of the cell. (Fig. B.3A). However, when AMIGO1–YFP was 

cotransfected with either Kv2.1%#376C (Fig. B.3B) or WT Kv2.1 (Fig. B.3C), AMIGO1–YFP trafficked to the 

cell periphery and formed distinctive rings at the cell surface devoid of intracellular signal. Further 

confirmatory experiments to substantiate observations are needed. When combined with the 

colocalization analysis, these preliminary data provide evidence that Kv2.1%#376C can facilitate a 

molecular interaction with AMIGO1, despite being unable to support AMIGO1 gating modification.  
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Discussion  

In Chapter 3, I discussed AMIGO1 and the mechanism through which it alters Kv2.1 

conformational change. However, Kv2.1 is receptive to many other modulators of conformational change 

including biochemical modifications that occur on the C-terminal domain, such as phosphorylation (354) 

and SUMOylation (306). The C-terminal domain is also known to interact with the N-terminal domains 

and undergo voltage-dependent changes in conformation (424). Further, the C-terminal domain is also a 

hotspot for protein-protein interactions (Fig. B.4). With these experiments I found that the C-terminal 

domain of Kv2.1 was similarly important for AMIGO1 modulation of Kv2.1 conformational change. 

Independent of AMIGO1, these experiments also revealed that the C-terminal domain was important for 

conferring a depolarizing shift in the threshold for voltage sensor activation, suggesting that the residues 

retained in the C-terminus of #333C, but not #376C, detain Kv2.1 voltage sensors in their earliest resting 

conformation.  

 

Why does the C-terminus matter for modulation of voltage sensor movement? 

 To date, there are no atomistic structures of the intracellular domains of Kv2 channels. Because of 

this void, we turn to atomistic structures of other ion channels to understand available mechanisms for 

allosteric coupling that could similarly modulate to Kv2 voltage sensor movement. One of these 

comparators is the TRP channel family; nearly 50 cryo-EM structures have revealed that transient 

receptor potential channels (TRPs) have an architecture similar to Kv channels (452). These channels 

contain extended cytoplasmic N- and C-termini that are involved in the regulation of function and 

trafficking. While most TRP channels are not clearly voltage-dependent, nearly all TRPs have two shared 

features that are relevant to gating: a long S4-S5 linker connecting the VSD-like domain and the S5-pore-

S6 segment, and then a TRP domain that forms extensive interactions with the S4-S5 linker and the pre-S1 



 201 

region (453). This structural arrangement suggests that different cytoplasmic regions, including the N- 

and C-terminus contribute to a TRP channel coupling mechanism that communicates between the pore 

gate and voltage sensors (453)55. A different coupling mechanism has been described for Kv7.1 channels. 

Here it is thought that the S4-S5 linker binds to the base of the S6 helix, locking channels in a closed 

conformation that is distinct from the canonical electromechanical, S4 locking mechanism employed by 

other Kv channels (454, 455). In this coupling interaction, membrane depolarization drags the S4-S5 linker 

away from its S6 binding site, permitting the dilatation of the S6 helices bundle that constitutes the 

cytoplasmic gate (455)5657. Additionally, in Kv1.1 and Kv1.2 channels, the N-terminal cytoplasmic T1 

domain is thought to similarly play an allosteric role in defining channel gating (453). This example is 

relevant to Kv2.1 gating since Kv2.1 N- and C-terminal are suspected to interact with each other (456). 

Based on these examples, my favored hypothesis for why the Kv2.1 C-terminal domain influences gating 

is that intracellular interactions detain Kv2.1 voltage sensors in their resting conformation. Any attractive 

 
55 The atomistic structure of the NavPaS channel, resolved at 3.8 A (185), similarly reveals structural 
mechanisms through which the channel C-terminal domain could influence gating charge movement. 
The NavPaS channel is the putative Nav channel from the American cockroach. While it exhibits most of 
the same structural hallmarks as a voltage-gated sodium channel it is distinct from Kv channels in that it 
is composed of single polypeptide chain that folds to four homologous repeats (domains I to IV). Each 
domain of the channel contains six transmembrane segments, S1-S6, where S1-S4 comprise a voltage-
sensing domain and S5-S6 comprise the central pore. Similar to Kv channels, the S4 of Nav channels 
carries the positively charged residues that are essential for voltage-sensing and underly gating charge 
movement (185). In the closed structure of NavPaS, the C-terminal domain interacts with the 4th domain 
voltage sensor, the 4th domain S4-S5 linker, 4th domain S6 helix, and the 3rd domain S6 helix.  The 
cytoplasmic interactions captured in NavPaS are predicted to provide a molecular foundation for the 
involvement of the 4th domain voltage sensor and the C-terminal domain in inactivation (185), and could 
similarly influence voltage sensor activation. The structure of the NavPaS C-terminal domain is nearly 
identical to the resolved Nav1.5 C-terminal domain (426), suggestive that the cytoplasmic interfaces are 
preserved in human Nav channels. 
56 This allosteric coupling mechanism has also been proposed for Kv7.2 and Kv7.3 channels (497) 
57 Another example of channels with an allosteric gating mechanism are Kv1.1 and Kv1.2 channels; the N-
terminal cytoplasmic T1 domain is thought to allosterically define channel gating (453). This example is 
relevant to Kv2.1 gating since Kv2.1 N- and C-terminal are suspected to interact with each other (456). 
While I have chosen to focus on C-terminal interactions in this Appendix due to the experimental setup, 
in practice abrogation of C- and N-terminal interactions could similarly facilitate modified voltage sensor 
movement. 
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interactions with the C-terminal domain must be energetically overcome before the gating charges can 

translocate in response to changes in membrane potential. Paired electrophysiological studies and an 

atomistic structure58 detailing the faces for Kv2.1 cytoplasmic interactions could help test this hypothesis.  

 

Through what structural regions does AMIGO1 interact with Kv2.1? 

While more research is needed to characterize the full suite of conformational change that VGICs 

undergo in response to changes in membrane potential, using atomistic structures, we can similarly 

formulate hypotheses surrounding the structural determinants of the Kv2.1 and AMIGO1 interaction. 

The recent atomistic structure of Kv4.2 was captured in the presence of DPP6 (160). While DPP6 lacks 

sequence and structural homology with AMIGO1, it is similarly a single-pass transmembrane auxiliary 

subunit that possesses an adhesion-like extracellular domain and alters the rate and voltage dependence 

of Kv4.2 voltage sensor movement. The structure of DPP6 and Kv4.2 revealed that DPP6 binds to Kv4.2 

and interacts with the voltage sensing domain through its transmembrane domain, hydrophobically 

interacting with the lower half of S1 and the upper half of S2 (160). This structure is consistent with 

experimental results that suggest that DPP6 confers its effects on Kv4.2 gating through the 

transmembrane helices and short intracellular segments (152, 176). Notably, this structural arrangement 

was distinct from previous structures of with other Kv channels in complex with their auxiliary subunits 

including Kv7.1 with KCNE (343), which is a single-pass transmembrane auxiliary subunit, and Slo1 with 

β1 (164), which is a two-pass transmembrane auxiliary subunit. However. the DPP6-Kv4.2 structure, in 

some respects resembles that of Nav1.4 and β1 (183) and Nav1.7 and β1/β2 (184); both Nav auxiliary 

subunits are single-pass transmembrane auxiliary subunits that possess an adhesion-like extracellular 

 
58 Notably, the large intracellular C-terminal domain of Kv2.1 could be difficult to resolve in a structure; a 
recent structure of Kv4.2, a close Kv2 homolog (498), was unable to resolve most of the C-terminal 
domain due to the lack of secondary structure (160). 
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domain, similar to DPP6 and AMIGO1. The Nav1.4, Nav1.7, and Kv4.2 structures all indicated that the 

transmembrane region of the single-pass auxiliary subunit localized closely to the voltage sensing 

domain of the channel. Based on these structures, I hypothesize that AMIGO1 would similarly localize 

near the voltage-sensing domain. To conclude this discussion, I will raise some mechanistic hypotheses 

that could be tested to further investigate how AMIGO1 modulates Kv2.1 gating.  

 

Possible interaction of intracellular domains? 

Based on this hypothesized localization of AMIGO1, where the AMIGO1 transmembrane 

localizes near the Kv2 voltage sensing domain, my favored mechanistic hypothesis is that the ~99 amino 

acid long, intracellular domain of hAMIGO1 disrupts C-terminal interactions that detain Kv2.1 voltage 

sensors in their earliest resting conformation. Previous electrophysiology studies attempted to identify 

the structural regions of AMIGO1 important for conferring an effect on the voltage-dependence of Kv2.1 

conductance (32). Using whole cell recordings, the G–V relation for Kv2.1 conductance was measured 

from cells coexpressing different AMIGO1-chimera constructs. Chimeras were made by systematically 

substituting one or two regions of the AMIGO1 protein with the unrelated NCAM (neural cell adhesion 

molecule) protein. From these experiments, it was clear that the AMIGO1 transmembrane domain was 

necessary for conferring any G–V shift, while both the extracellular domain and the intracellular domains 

were needed to confer the full effect as seen with full-length AMIGO1. While this experiment highlights 

the importance of AMIGO1’s transmembrane region, the results do not distinguish if the transmembrane 

region is responsible for associating with the channel or if it is also responsible for conferring a 

biophysical effect unto Kv2.1 activation. Interestingly, a chimera that only possessed the AMIGO1 

transmembrane domain (along with the NCAM intracellular domain) had a small effect on the Kv2.1 G–V 

(32). This result would be expected if (1) the AMIGO1 transmembrane itself mediates the gating shift or 

(2) the AMIGO1 transmembrane segment localizes the single transmembrane chimera in a region where 
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even nonspecific intracellular interactions could facilitate a gating shift. While I speculate that the 

AMIGO1 transmembrane domain is responsible for colocalization with Kv2 and intracellular interactions 

are responsible for the AMIGO1-dependent gating shift, this model fails to address the necessity of the 

extracellular domain for conferring the entirety of the voltage-dependent shift in activation. I suspect that 

the actual nature of these interactions might not be quite as domain-separable as postulated here.   

 

Could AMIGO1 influence Kv2.1 phosphorylation? 

Alternatively, AMIGO1 localization with Kv2.1 channels could alter Kv2.1 gating through an 

indirect mechanism. Auxiliary subunit coexpression can alter the post-translational modification status of 

the ion channel partner (259). The hyperpolarizing gating shifts we see from AMIGO1 and the truncated 

Kv2.1 constructs could similarly be explained if AMIGO1’s presence was correlated with 

dephosphorylation of some of the Kv2.1 C-terminal residues responsible for determining the voltage-

dependence of channel activation (354). Kv2.1%#333C has at least five more sites for phosphorylation than 

Kv2.1%#376C (Fig. B.4) and also contains S563, a site implicated in graded regulation of the voltage-

dependence of Kv2.1 conductance (354). If AMIGO1 coexpression influenced any of these residues, 

removal of the distal 376 amino acids would eliminate the region AMIGO1 acts upon, resulting in the 

lack of an AMIGO1 dependent effect on Kv2.1 gating. This hypothesis could be tested through 

immunohistochemical approaches that take advantage of phosphospecific antibodies, such as 

fractionating cell lysates with SDS-PAGE and then characterizing the presence of phosphorylation at 

specific Kv2.1 residues by bands that demonstrate immunoreactivity to the phospho-specific antibody as 

visualized by an immunoblot (355). Notably, if AMIGO1 were to influence Kv2.1 phosphorylation, 

abrogation of this phosphorylation event could further test if AMIGO1 acts solely through a 

phosphorylation-dependent mechanism to modulate the voltage-dependence of Kv2.1 activation. If this 
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were the case, these results would highlight an additional motivation for investigating the biophysical 

mechanism through which Kv2.1 C-terminal phosphorylation allosterically influences gating, a long-

standing question in the Kv2.1 field (17, 23, 27, 354, 374, 421, 457, 458) .  
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Materials and Methods 

GxTX peptides 

A conjugate of a cysteine–modified guangxitoxin–1E and the maleimide of fluorophore Alexa594 

(GxTX Ser13Cys(Alexa594)) was used to fluorescently identify surface-expressing Kv2.1 channels (321), as 

in Chapter 3. 

Cell culture and transfection 

Chinese Hamster Ovary (CHO) cells were cultured as described in Chapter 3. 48 hours prior to 

experiments cells were transfected as described in Chapter 3. Kv2.1 plasmids including rKv2.1 rgb4, 

rKv2.1#C333-HA, and rKv2.1#C376-HA were gifts from James Trimmer (451). 

 

Whole–cell gating current measurements  

Gating current measurement methods and OFF gating current analyses are listed in Chapter 3. 

 
Fluorescence imaging  

Images were acquired using the same instruments and settings described in Chapter 3. For PCC 

analysis, cells were transfected and/or induced and plated as described in the “Transfection” methods 

section and washed as described in the “GxTX–594 dose response time–lapse imaging” section in Chapter 3. 

~5 min prior to imaging, cell culture media was exchanged with an “imaging solution”. In instances 

where Kv2.1 was labeled with GxTX–594, cells were then incubated in 100 𝜇L of 100 nM GxTX–594 as 

described in “Environment–sensitive fluorescence and imaging”. Cells were incubated in the labeling 

solutions for 5-10 minutes before 1 mL of the imaging solution was used to wash out fluorescent dyes. All 

cells were imaged in 1 mL of fresh imaging solution. Temperature inside the microscope housing was 24-

28 °C. For analysis, ROIs were drawn around the inner perimeter of each individual cell. Prior to 

Pearson’s colocalization coefficient (PCC) analysis, images were Gaussian filtered with a *=1. After 
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automatic Costes thresholding, PCC values were calculated using the colocalization function in Zen Blue 

software. Costes thresholding uses an algorithm to distinguish labeled structures from background and 

then removes low-intensity values from analysis (386, 459). Although Costes thresholding decreases the 

empirical value of a PCC measurement, it is an unbiased form of thresholding designed to account for 

nonuniformities in background fluorescence both within a singular image and between images (386).  

High PCC values are only obtained when two fluorescent signals overlap spatially and have linked 

fluorescent intensities (bright with bright and dim with dim). Perfect colocalization is represented by a 

value of +1, while a value of -1 represents fluorophores with mutually exclusive compartmentalization. A 

value of 0 indicates no colocalization, and intermediate positive values indicate some extent of 

colocalization (460).   
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Figures and Tables 

Figure B.1 

 

 
Figure B.1. AMIGO1 modulation of Kv2.1 gating charge movement requires distal 376 amino acids of the 

C-terminus  

(A) Experimental set up: Gating currents (arrows) from Kv2.1–CHO transfected with GFP (red) or 

AMIGO1–YFP (blue). K+ currents were eliminated removal of K+ ions and the external 

tetraethylammonium, a Kv2 pore-blocker (orange). (B-G) QOFF–V relations normalized to average QOFF 

from +50 to +100 mV voltage steps. Solid lines are Boltzmann fits (Chpt. 3, Eqn. C). (H) Reconstructed 

Boltzmann fits using the average Vg,Mid,OFF and zg,OFF (Table B.1). Shading Vg,Mid,OFF ± SEM. (I) Steepness and 

(J) midpoint of Boltzmann fits. Mean ± SEM. Statistics in Table B.1.  

A 

B 
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H I J J 
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Figure B.2 

 

 

Figure B.2. AMIGO1–YFP colocalizes with GxTX–594 labeled Kv2.1 #376C 

(A) Costes thresholded, Pearson’s colocalization between AMIGO1–YFP and GxTX–594 at the cell 

membrane following transfection with AMIGO1–YFP only (B, C, D) or AMIGO1–YFP with Kv2.1 #376C 

(E, F, G). 
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Figure B.3

 

 
Figure B.3. AMIGO1YFP is trafficked to the cell periphery when coexpressed with Kv2.1 Δ376C 

Exemplar images of CHO cells transfected with AMIGO1–YFP only (A), AMIGO1–YFP + Kv2.1 #376C 

(B), or AMIGO1–YFP + Kv2.1 (C). Images were acquired 20 nm above the basal membrane of the cell.   
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Figure B.4 

 

 
Figure B.4. The Kv2.1 C-terminal is a hot-spot for protein interactions and channel modulation 
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Table B.1  

Kv2.1–CHO cells Q–V fit parameters 
QOFF Vg,Mid (mV) ΔVg,Mid zg (e0) n 
rKv2.1 + GFP -15.2 ± 2.1  

-11.9 ± 3.5 A 
2.24 ± 0.28 Y 12 

rKv2.1+ AMIGO1–YFP -27.1 ± 3.3  1.879 ± 0.083 Z 10 
rKv2.1Δ333 + GFP -17.0 ± 2.2  

-8.1 ± 3.1 B 
1.683 ± 0.090 Y 15 

rKv2.1Δ333 + AMIGO1–YFP -25.1 ± 2.3  2.20 ± 0.22 Y 12 
rKv2.1Δ376 + GFP -36.9 ± 2.5  

1.9 ± 3.6C 
2.04 ± 0.18 Y 13 

rKv2.1Δ376 + AMIGO1–YFP -35.1 ± 1.7  2.05 ± 0.16 Y 9 

 

Table B.1. Boltzmann parameters for gating charge movement. 

Average Vg,Mid and zg values were derived from 1st order Boltzmann fits of n individual cells. Means ± 

SEM. Vg,Mid = Vg,1/2. 2-way ANOVA test with multiple comparisons p-values: AB: >0.999. AC: <0.0001. BC: 

<0.0001.  
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