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ABSTRACT 

Voltage-gated potassium channels generate diverse current properties influenced by various 

signaling mechanisms that are still not well understood. Among these channels, Kv1.2 in particular 

demonstrates highly variable activation properties based on their ability to shift between a fast permissive 

and slow resistant gating mode. This feature is coined “slow gating regulation” and is sensitive to 

modulation by extrinsic factors. Reducing agents can promote the resistant gating mode resulting in a 

profound depolarizing shift of voltage-dependence and use-dependent activation. Similarly, 

overexpression of Kv1.2 channels with transmembrane lectin LMAN2 recapitulates these functional 

outcomes. It remains uncertain whether Kv1.2 redox and LMAN2 sensitivity is present in Kv1 

heteromeric channels and also whether these mechanisms are interconnected.  

In my thesis, I report that redox and LMAN2 sensitivity are exclusive to Kv1.2 among Kv1 

homomeric channels and can persist in Kv1.2-containing heteromeric channels. These findings 

demonstrate that Kv1.2 can act as an adaptor subunit capable of recruiting sensitivity to redox and 

LMAN2 to other Kv1 channels. Additionally, it highlights the overlapping subunit dependence (i.e. 

Kv1.2 α-subunits) of redox and LMAN2, supporting LMAN2 as a redox-sensitive auxiliary subunit that 

regulates Kv1.2 slow gating. Furthermore, my research reveals that multiple signaling pathways can 

simultaneously regulate ion channels, leading to even greater current diversity. Redox and LMAN2-

mediated slow gating strongly suppress Kvβ and Kv1.4-mediated inactivation by decelerating channel 

opening. This inhibitory effect can then be rescued through depolarizing prepulses or mutagenesis 

targeting redox/LMAN2 sensitivity. 

Overall, this thesis expands our understanding of Kv1.2 channel modulation, highlights the 

profound impact of extrinsic regulatory mechanisms, and provides a solid foundation for future 

investigations into ion channel regulation. 
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CHAPTER 1: INTRODUCTION 

1.1 OVERVIEW OF VOLTAGE GATED POTASSIUM CHANNELS 

Potassium channels are a diverse class of transmembrane proteins found in nearly all species 

(Kuo et al., 2005; Yu et al., 2005) and are involved in a variety of cellular and physiological processes 

including cellular excitability (Kim and Nimigean, 2016), apoptosis (Pal et al., 2006), cellular growth 

(Deutsch and Chen, 1993), cognitive processing (Baculis et al., 2020; Ghelardini et al., 1998), hormone 

secretion (MacDonald et al., 2002), and cardiac functioning (Wang et al., 1996). These proteins can be 

divided into four major classes: the inward rectifying channels (Kir), calcium-activated channels (KCa), 

tandem pore channels (K2P), and voltage-gated (Kv) channels (Grizel et al., 2014; Guéguinou et al., 

2014). This thesis will focus on Kv channels which facilitate efflux of potassium ions (K+) down their 

electrochemical gradient in response to membrane depolarization (Catterall, 2013). This outward 

movement of K+ ions is responsible for the repolarization and hyperpolarization of the membrane 

potential (Kim and Nimigean, 2016) and as such, Kv channels play important roles in regulating action 

potential generation and termination (Robbins and Tempel, 2012; Wulff et al., 2009). While voltage is the 

primary determinant of Kv channel opening (Yellen, 1998), it is crucial to acknowledge the influence of 

various additional regulatory mechanisms that contribute to the remarkable functional diversity observed 

in these channels. 

 

Kv channel assembly 

Kv channels are the largest ion channel family in humans with over 40 voltage gated potassium 

genes divided among 12 families (Kv1-12) (Ranjan et al., 2019). Each gene encodes a single unique Kv 

α-subunit that can assemble to form functional channels containing four subunits (Wulff et al., 2009). 

These channels can either be homotetrameric (i.e. containing all four of the same subunits) or 

heterotetrameric (i.e. containing combinations of different subunits). A single Kv α-subunit has six 
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transmembrane helices (S1-S6) with cytosolic N and C termini (Figure 1.1) (Noda et al., 1984; Ranjan et 

al., 2019; Wulff et al., 2009). The first four transmembrane segments (S1-S4) form the voltage sensor 

domains (VSD) which sit at the periphery of the channel (Chen et al., 2010; Jiang et al., 2003a). The S4 

domain is considered the main voltage sensing element and contains a series of positive arginine and 

lysine residues which are regularly spaced at intervals of three (in Shaker R362, R365, R368, K374, 

R377, and R380) (Gandhi and Isacoff, 2002). These S4 charges displace through the membrane in 

response to changes in membrane potential and this is the fundamental mechanism underlying how 

voltage gated ion channels respond to voltage (Bezanilla, 2002; Gandhi and Isacoff, 2002). The S5, 

transmembrane loop, and S6 helices assemble to form a central ion-conducting pore (Chen et al., 2010; 

Heginbotham et al., 1994; Jiang et al., 2003a).  

 

Figure 1.1. Structural schematic diagram of Kv1 α-subunit. Kv1 α-subunits are composed of six 

transmembrane helices (S1-S6) with cytoplasmic N- and C-termini. Four Kv1 α-subunits assemble to 

form functional channels, with the S1-S4 segments forming the voltage sensing domain and the S5-S6 

segments forming the pore domain. The voltage sending domain detects changes in membrane potential 

and induces the necessary conformational changes for channel opening and closing. The pore domain 

allows for K+ efflux. The P-loop, consisting of the TXGYG sequence, forms the selectivity filter which is 

responsible for K+ selectivity. While the highly conserved T1 domain governs channel assembly, the NH2 
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and COOH regions, which are relatively more variable, play crucial roles in inactivation and recruiting 

auxiliary proteins. 

 

Located on the N-terminus is the highly conserved T1 domain which dictates proper Kv channel 

assembly (Bixby et al., 1999; Cushman et al., 2000). Kv channels only co-assemble with members of the 

same subfamily (Covarrubias et al., 1991; Li et al., 1992; Shen et al., 1993; Shen and Pfaffinger, 1995; 

Xu et al., 1995). For example, Kv1(KCNA gene family) α-subunits will only assemble with other Kv1 α-

subunits, but not Kv2(KCNB), Kv3(KCNC), etc. (Li et al., 1992). Deletion of the T1 region hence allows 

Kv α-subunits to assemble promiscuously. For example, elimination of the T1 domain in Kv2.1 enabled it 

to assemble with Kv1.4 subunits (Lee et al., 1994). 

 

Kv channel pore, selectivity filter, and S6 bundle crossing  

As mentioned previously, the S5 and S6 transmembrane segments connected by the P loop 

constitute the Kv channel central pore, which is crucial for the passage of ions across the cell membrane 

(Chen et al., 2010; Heginbotham et al., 1994; Jiang et al., 2003a). This structure is often depicted as an 

inverted teepee with a wider diameter towards the extracellular side that narrows as it approaches the 

cytoplasmic side (Figure 1.2) (Doyle et al., 1998). The Kv channel pore can be characterized as having 

three distinct regions: the S6 bundle crossing at the base of the teepee, the selectivity filter at the top, and 

the central cavity connecting the two (Figure 1.2) (Kim and Nimigean, 2016; Kuang et al., 2015). 
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Figure 1.2. Inverted teepee structure and selectivity filter. The following shows two Kv1.2 α-subunits 

forming the inverted teepee structure with an S6 bundle crossing and central cavity. This representation 

excludes two other subunits for visibility. The P-loops form the selectivity filter with four K+ binding 

sites (S1-S4). Upon channel activation, the S6 bundle crossing will open up allowing K+ to enter the 

hydrophobic central cavity. K+ ions can then enter the selectivity filter in a single-file manner wherein 

they will be pseudo-hydrated by the backbone carbonyl groups of the TVGYG sequence and the hydroxyl 

group of threonine. Charge-charge repulsion then rapidly pushes K+ out the cell.  

 

The S6 segments converge to form the S6 bundle crossing acting as a gate to regulate ion flow 

into the pore (Kuang et al., 2015; Labro and Snyders, 2012). At hyperpolarized voltages, the S6 bundle 

crossing constricts, preventing K+ entry (Kim and Nimigean, 2016; Labro and Snyders, 2012). At 

depolarized voltages, the S6 bundle will bend and open up, thereby allowing K+ flow. This mechanism is 

facilitated by the presence of the conserved PXP motif within the S6 segments, where X represents any 

amino acid (Labro and Snyders, 2012; Labro et al., 2003; Long et al., 2007). This PXP motif acts as a 

flexible “hinge” that bends when the channel is closed and unbends when the channel is open.  

The selectivity filter is responsible for the high selectivity of K+ and the near diffusion-limited 

rate of ion conductance (Doyle et al., 1998; Kim and Nimigean, 2016; Kuang et al., 2015). Unlike the 

central cavity which is predominantly composed of hydrophobic amino acids, the selectivity filter 
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contains hydrophilic residues, particularly the conserved TXGYG (TVGYG in Kv1.2) sequence located 

on the P-loop (Doyle et al., 1998; Kim and Nimigean, 2016). The P-loops form the narrowest region of 

the pore (~3Å) and the carbonyls of the TVGYG and hydroxyl group of the threonine form four K+ 

binding sites (S1-S4) (Kim and Nimigean, 2016). K+ ions enter the filter in a single file manner to occupy 

one of these binding sites during which they will be surrounded by eight oxygens (Doyle et al., 1998; 

Kim and Nimigean, 2016; Kuang et al., 2015). This configuration mimics K+ hydration which lowers the 

energy required for entry to the selectivity filter. Due to the smaller size of Na+ ions, the distance between 

the oxygens and Na+ would be too great for effective hydration making the process energetically 

unfavorable (Doyle et al., 1998; Kim and Nimigean, 2016; Kuang et al., 2015). With regards to the fast 

diffusion rates, two K+ ions will bind to the selectivity filter at either positions S1 and S3 or S2 and S4. 

The charge-charge repulsion results in rapid conduction of K+ (Doyle et al., 1998; Kim and Nimigean, 

2016).  

 

 

Kv voltage sensing domain 

The interaction between the S4 segment and electric field forms the basis of voltage sensing in 

voltage gated ion channels. In response to changes in the membrane voltage, the charged side chains in 

the VSD will move across the membrane electric field and produce a small amount of transient electric 

current known as “gating currents” (Bezanilla, 2018; Hodgkin and Huxley, 1952). These gating currents 

reflect the conformational change in the membrane protein which is coupled to opening of the channel 

pore to produce the ionic current. Various experimental approaches have confirmed this principle. 

Mutagenesis experiments combined with electrophysiology approaches have shown that mutating the 

conserved positive charges in the S4 segments can result in significant changes to voltage-dependence, 

thereby confirming the importance of the S4 region in voltage dependent gating (Chen et al., 1996; Kontis 

and Goldin, 1997; Stühmer et al., 1989). Site-directed fluorimetry, a technique in which fluorescent 

reporter dyes were introduced into the S4 region of Shaker potassium channels, further demonstrated that 
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the occurrence of gating currents was correlated with conformational changes in that region (Cha and 

Bezanilla, 1997; Mannuzzu et al., 1996).  

How the VSD moves in response to changes in membrane potential has remained a source of 

contention with multiple models proposed over the years. The three most endorsed models include the 

helical-screw, the transporter, and the paddle model (Kuang et al., 2015). In the helical screw model, a 

depolarization triggers a 13.5 Å outward displacement of S4 along with a 180˚ rotation (Börjesson and 

Elinder, 2008; Durell and Guy, 1992; Keynes and Elinder, 1999). In doing so, positive residues in the S4 

segment form a series of ion pairs with negative counter-charges in the S1-S3 segments. In contrast, the 

transporter model proposes that the VSD movement is due primarily to the 180˚ rotation with only 

minimal outward movement (Bezanilla, 2000; Chanda et al., 2005; Durell and Guy, 1992). This 

conformational change is proposed to shift the orientation of the basic S4 residues from an internal 

aqueous crevice to another crevice that is connected to the external environment. Finally, the paddle 

model suggests that the S3 and S4 segments form a “paddle-like structure” that undergoes a large 

translation across the membrane (15-20 Å) (Jiang et al., 2003b). With the development of new atomic 

resolution structures, a consensus model is emerging that incorporates aspects from all three previous 

models. This new model, coined the “focused electric field model”, proposes a hydrophobic region that 

the positive charges pass through (Chen et al., 2010). When excited, S4 moves outward and each positive 

residue moves past the hydrophobic region and interacts with S1-S3 negative residues (Catterall, 2010). 

During this process, parts of the S4 within the hydrophobic region will adopt a 3:10-helical conformation 

while parts outside this region will maintain their alpha helical conformation (Durell and Guy, 1992). 

Doing so, the S4 segment can be extended which will allow S4 residues to maintain their electrostatic 

interactions (Yarov-Yarovoy et al., 2012).  

 

N and C-type channel inactivation 

Many Kv channels undergo a stepwise transition from closed (C) to open (O) to inactivated (I) 

states (Loots and Isacoff, 1998; Olcese et al., 1997). Different Kv1 subtypes exhibit variable rates of entry 
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into non-conducting inactivated states and this results in a time-dependent current decay during prolonged 

depolarizing stimuli. The two major categories of inactivation include fast N-type inactivation and 

(usually) slower C-type inactivation (Kuang et al., 2015). 

N-type inactivation, also known as ball-and-chain inactivation, occurs very rapidly (milliseconds 

to tens of milliseconds time scale) and is mediated by a mobile peptide located on the N-terminus of 

channels that can occlude the channel pore (Hoshi et al., 1991; Kuang et al., 2015). Certain channels such 

as Kv1.4 possess a blocking peptide that enables N-type inactivation and confers these properties when 

co-assembled as heteromers with other Kv channels (Hoshi et al., 1991; Kim and Nimigean, 2016). 

Furthermore, assembly of Kv1 channels with certain Kvβ subunits can also result in N-type inactivation 

(Rettig et al., 1994). Most importantly, channels must be open for N-type inactivation to take place. 

Intracellular blockers such as TEA+ can inhibit N-type inactivation. This is because internal blockers can 

compete with the N-terminal mobile peptide for occupancy of the open pore which then decelerates the 

rate of N-type inactivation (Choi et al., 1991). In contrast, extracellular blockers do not affect N-type 

inactivation.  

C-type inactivation is typically slower and involves a distinct mechanism of conformational 

changes in the selectivity filter (Hoshi et al., 1991). Recent structural studies suggest more specifically 

that C-type inactivation occurs via the dilation of the external selectivity filter which disrupts two of their 

ion binding sites and this prevents ion permeation (Reddi et al., 2022; Tan et al., 2022). Unlike N-type 

inactivation, removal of the N-terminus does not abolish C-type inactivation (Choi et al., 1991). Instead, 

residues in the pore, particularly Thr449 and Ala463 in Shaker, dictate the rate of C-type inactivation 

(Hoshi et al., 1991). Furthermore, C-type inactivation was found to be coupled to channel opening but is 

usually not voltage-dependent through -25 to +50 mV (Hoshi et al., 1991). While internally applied TEA+ 

can prevent N-type inactivation, intracellular blockers and N-type inactivation can promote the rate of C-

type inactivation (Baukrowitz and Yellen, 1996; Kurata and Fedida, 2006). This is because by preventing 

potassium from entering the pore, this increases the possibility for an empty selectivity filter, which has a 

destabilizing effect and promotes entry into a C-type inactivated conformation (Baukrowitz and Yellen, 
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1996). Conversely, externally applied TEA+ or high concentrations of extracellular potassium can inhibit 

the rate of C-type inactivation (Choi et al., 1991; Hoshi et al., 1990; Rasmusson et al., 1998). This occurs 

because the likelihood of either K+ or TEA+ to enter and occupy ion binding sites in the selectivity filter 

increases, which stabilizes the filter and prevents the conformational change needed for C-type 

inactivation (Rasmusson et al., 1998).  

Given the importance of the extracellular pore in C-type inactivation, mutations in this region can 

have dramatic impacts. In particular, replacement of residue T449 in Shaker with a polar residue such as 

arginine, lysine, glutamate, or alanine drastically accelerates C-type inactivation (López-Barneo et al., 

1993). Replacement with a hydrophobic residue such as tyrosine or valine greatly inhibits C-type 

inactivation. Other mutations including Shaker W434F and D447N mutants accelerate C-type inactivation 

to such a degree that channel conduction is abolished (Hurst et al., 1996; Pless et al., 2013; Yang et al., 

1997). For Kv1.2, the V381T mutant (equivalent/homologous to Shaker T449) accelerates C-type 

inactivation and when combined with W366F mutant, results in a nonconducting channel similar to 

Shaker 434F and D447N (López-Barneo et al., 1993; Suárez-Delgado et al., 2020). Collectively, these 

studies highlight the significant impact that channel mutations can have on inactivation. These effects are 

similarly investigated in Chapter 4, specifically focusing on the influence of mutations on N-type 

inactivation. 
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1.2 LOCALIZATION AND FUNCTION OF KV1.2 CHANNELS 

Axon initial segment  

Neurons receive synaptic inputs that converge onto the axon initial segment (AIS). This area 

represents the site of action potential initiation and contains a high density of voltage-gated sodium and 

potassium channels (Huang and Rasband, 2018). Kv1.2 is commonly co-assembled with Kv1.1 channels 

and found throughout the AIS of various cell types where they perform multiple functions. These 

Kv1.1/1.2 clusters can control the action potential waveform of layer V pyramidal neurons in the 

neocortex and inhibit the excitability of fast-spiking neocortical GABAergic interneurons (Goldberg et 

al., 2008; Kole et al., 2007). Kv1.2 also regulates rodent lumbar motoneurons. Specifically Kv1.2 

inactivation contributes to the delayed spike-frequency acceleration of spinal motoneurons such that 

pharmacological inhibition of Kv1.2 abolished this hallmark feature (Bos et al., 2018). These findings 

suggest that Kv1.2 channels may play an important role in regulating locomotion. Moreover, in the 

context of this thesis, this result demonstrates the potential significance of Kv1.2 inactivation as a 

powerful regulator of various physiological processes.  

The mechanism by which Kv1.2 clusters in the AIS remains unclear. While Kv1 channels have 

been found to be colocalized with Caspr2 in the AIS of human cortical pyramidal neurons and Cortactin2 

in motor neurons, neither of these cell adhesion proteins were required for Kv1 channel recruitment in the 

AIS (Duflocq et al., 2011; Ogawa et al., 2008). Rather, a membrane-associated guanylate kinase 

postsynaptic density-93 (PSD-93), localizes and mediates Kv1 clustering at the AIS in hippocampal 

neurons (Ogawa et al., 2008). More recently, the acetyltransferase ZDHHC14 was shown to control AIS 

clustering of both PSD-93 and Kv1 potassium channels (Sanders et al., 2020). 

 

Juxtaparanode 

The juxtaparanode represents the part of the axon underneath the myelin sheath and between the 

paranode and internode of the nodes of Ranvier (Arancibia-Carcamo and Attwell, 2014). While it has 

been well-established that Kv1 channels are highly expressed in this region with Kv1.1 and Kv1.2 being 
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the most abundant, the specific role of these channels remains elusive (Arancibia-Carcamo and Attwell, 

2014; Rasband et al., 1998, 1999; H. Wang et al., 1993). Attempts to answer these questions have resulted 

in inconclusive and contradictory findings. In optic nerves, Devaux et al. reported that application of Kv1 

channel blocker 4-aminopyridine (4-AP) resulted in profound changes to the amplitude, duration, and 

refractory periods of action potentials but Foster et al. found that 4-AP has only minor effects (Devaux et 

al., 2002; Foster et al., 1982). In central myelinated axons, potassium conductance was undetectable 

altogether and application of Kv1 channel blocker 4-AP only slightly reduced late outward currents 

(Kocsis and Waxman, 1980). These findings may reflect that depending on the type of axon, the 

contribution of potassium channels to the action potential may differ (Arancibia-Carcamo and Attwell, 

2014). A possible explanation for the minor effects of 4-AP in spite of the high density of Kv1 channels is 

that the small voltage changes at the juxtaparanode may not be sufficient to activate Kv channels. It has 

been suggested that Kv channels offer a protective mechanism by maintaining the resting membrane 

potential and preventing improper action potential firing (Gittelman and Tempel, 2006; Kopp-Scheinpflug 

et al., 2003; Vabnick et al., 1999).  

Over the years, various cell adhesion proteins have been identified to regulate Kv1 clustering to 

the juxtaparanode. Caspr2 and Cortactin2/TAG-1 form a complex that mediates the localization of Kv 

channels (Rasband, 2010). Caspr2 KO mice resulted in a significant but incomplete reduction in Kv1 

channels at the juxtaparanode of the sciatic nerve, optic nerve, and spinal cord (Poliak et al., 2003; 

Saifetiarova et al., 2017). Likewise, Cortactin2 KO mice also exhibited a reduction in Kv1 channels at the 

juxtaparanode of optic and sciatic nerves (Traka et al., 2003). The scaffolding protein 4.1B also plays a 

role in Kv1.1/1.2 clustering. In myelinated DRG neurons, it was found that Kv1.1/1.2 channels were co-

localized with Caspr2 at the distal juxtaparanodes and that knock-out of 4.1B disrupted this clustering 

while not altering the assembly of the paranode itself (Hivert et al., 2016). The incomplete attenuation of 

Kv1 channels in these knockout models suggest that compensatory mechanisms exist to maintain a lesser 

degree of Kv1 assembly or that the interaction between Caspr2, Cortactin2, and 4.1B, is not solely 

responsible for this effect. The known Kv1 juxtaparanodal complex is therefore likely incomplete with 
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future experiments needed to fully elucidate the various binding partners and the mechanism behind their 

effects.  

Together, these findings parallel the core themes of this thesis, which proposes that Kv1.2 

channels are regulated by various auxiliary binding partners which can then have important physiological 

relevance. The incompletely understood relationship between Kv1 channels, auxiliary subunits, and site 

of localization highlights the complexity of ion channels and the need for continual research and 

investigation.  

 

Hippocampus  

Toxin data and anti-Kv1 specific antibody studies show that both Kv1.1 and Kv1.2 channels are 

expressed throughout the hippocampus, often as heteromeric channels (Koschak et al., 1997; Sheng et al., 

1994, 1993; Willis et al., 2018). Specifically, Kv1.2 was found to be most highly localized to the 

molecular layer of the dentate gyrus, CA3 stratum lucidum and stratum oriens, and CA1/2 stratum 

radiatum (Willis et al., 2018). Kv1.2 haploinsufficiency in CA3 pyramidal cells resulted in decreased 

threshold for long term potentiation. Kv1.2 +/- mice showed impaired ability to recognize context-threats 

during a contextual fear discrimination task (Eom et al., 2020). These findings suggest that Kv1.2 may 

play a role in memory and pattern recognition. In hippocampal neurons, Kv1.2 has been found to localize 

to the dendrites and AIS where it contributes to the dendrotoxin-sensitive current (D-current) which is 

responsible for regulating the threshold for action potential generation (Sánchez-Ponce et al., 2012; Sheng 

et al., 1994; Wu and Barish, 1992). Blockade of Kv1.2 with 4-AP increased action potential duration, 

repetitive firing, and neuronal hyperstimulation (Wu and Barish, 1992).  

 

Auditory Cortex 

The superior olivary complex represents a region of the brainstem that plays important roles in 

sound localization and is primarily composed of three nuclei: the medial superior olive (MSO), the lateral 

superior olive (LSO), and the medial nucleus of the trapezoid body (MNTB) (Fischl et al., 2016; Moore, 
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2000). Kv1.1 and Kv1.2 are found throughout the LSO and MNTB. Immunochemistry and Kv1 specific 

toxins confirmed that Kv1.2 homomeric and Kv1.2/1.1 heteromeric channels localized to the AIS of 

MNTB neurons where they contribute the majority of the low voltage activated current (Dodson et al., 

2002). This current is important for ensuring that a sustained depolarization only generates a single action 

potential and thus, Kv1.2 regulates MNTB neuronal firing. Kv1.2 channels are also found between the 

axon and synaptic terminal of MNTB neurons where they regulate action potential duration to suppress 

terminal hyperexcitability (Dodson et al., 2003). Kv1.2 in LSO neurons are similarly responsible for 

maintaining proper generation and transmission of action potentials (Barnes-Davies et al., 2004; 

Gittelman and Tempel, 2006).  

 

Cerebellum  

Kv1.1 and Kv1.2 channels are expressed in the cerebellum, specifically in the axon terminals of 

basket cells and the dendrites and AIS of Purkinje cells (Feria Pliego and Pedroarena, 2020; Sheng et al., 

1994). As basket cells are inhibitory neurons that integrate Purkinje cells at the pinceau synapse, 

inhibition of basket cells by dendrotoxin was able to increase Purkinje cell spontaneous inhibitory 

postsynaptic potential (IPSP) current frequency and amplitude (Southan and Robertson, 1998; Zhou et al., 

2020). In various rodent and human models, KCNA1 and KCNA2 mutations are associated with ataxia 

and seizures (Browne et al., 1994; Helbig et al., 2016; Herson et al., 2003; Pena and Coimbra, 2015). 

Furthermore, KCNA1 mutations in mice showed increased IPSP current in Purkinje cells similar to the 

effects seen with Kv1 blockers (Herson et al., 2003). This has led to the postulation that the synapse 

where basket cells innervate onto Purkinje cells is important for the development of ataxia (Jan and Jan, 

2012).  

 

Cerebral Cortex  

In the cerebral cortex, Kv1.2 is distributed throughout different regions which include the 

neuropil, the dendrites and AIS of pyramid V neurons, the AIS of pyramidal II/III neurons, and the 
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dendrites of pyramidal I neurons (Lorincz and Nusser, 2008; Sheng et al., 1994). Given the crucial role of 

the AIS for action potential initiation, it has been suggested that Kv1.2 channels play a significant role in 

modulating the activity of various pyramidal neurons. Application of Kv1 channel blockers to layer V 

pyramidal neurons would increase excitability, thereby increasing the firing rate of these neurons 

(Bekkers and Delaney, 2001; Guan et al., 2018; Kole et al., 2007). Similarly, pharmacological inhibition 

of Kv1 channels in layer II/III pyramidal neurons reduced the action potential threshold, decreased the 

rheobase, increased action potential width, decelerated deactivation kinetics and overall increased 

neuronal firing (Guan et al., 2007). These findings highlight the importance of Kv1.2 in regulating the 

excitability of various pyramidal neurons in the cerebral cortex.  

 

Peripheral Nervous System 

Dorsal root ganglia (DRG) neurons are sensory neurons that innervate both the periphery and 

spinal cord, and are responsible for transmitting sensory information to the CNS (Nascimento et al., 

2018). This process is mediated by a variety of ion channels including Na+, K+, acid-gated ion channels, 

and ATP-gated channels (Krames, 2014). Kv1.2 and Kv1.1 channels are the predominant Kv channels 

expressed in large DRG neurons where they contribute to repolarization of the membrane, set the resting 

membrane potential, and protect the neuron from hyperexcitability by contributing to the delayed-rectifier 

current (IKDR) and transient inactivating A current (IKA) (Du and Gamper, 2013; Rasband et al., 2001; 

Vydyanathan et al., 2005; Yang et al., 2004). Nerve injury leads to consistent decreased expression of 

Kv1.2 and Kv1.1 which can then lead to over-sensitization and the development of neuropathic pain (Lee 

et al., 1999; Rasband et al., 2001; Vydyanathan et al., 2005; Yang et al., 2004). 

Over the years, the decreased expression of Kv channels has been attributed to various regulatory 

factors. Liang et al., showed that euchromatic histone-lysine N-methyltransferase 2 (G9a) co-localizes 

with KCNA2 mRNA and suppresses KCNA2 gene transcription (Liang et al., 2016). Similarly, Zhao et 

al., showed that post peripheral nerve injury, DNA methyltransferase DNMT3a expression increases 

leading to methylation of KCNA2 and attenuated Kv1.2 expression (Zhao et al., 2017). More recently, 
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microRNA-137 was shown to downregulate Kv1.2 expression leading to neuropathic pain in rats with 

suppression of microRNA-137 leading to rescue of Kv1.2 and decreased pain (Zhang et al., 2021). 

Ultimately, these variable regulators demonstrate the importance of Kv1.2 in controlling the emergence of 

neuropathic pain.  

 

Cardiovascular System 

While Kv1.2 is primarily expressed in the CNS, Kv1.2 is also found at varying levels in the right 

and left coronary arteries, atrium, and ventricles of various mammalian models (Barry et al., 1995; 

Bertaso et al., 2002; Gautier et al., 2007; Kerr et al., 2001; Lee et al., 1999). Through the use of Kv 

channel blockers like dendrotoxin and 4-AP, it has been shown that Kv1.2 homomeric and Kv1.2-1.5 

heteromeric channels contribute to the delayed rectifier K+ current to repolarize the membrane potential in 

vascular smooth muscle (Barry et al., 1995; Kerr et al., 2001; Yuan et al., 1998). Kv1.2, along with 

Kv1.5, Kv2.1, and Kv3.1, also plays a minor role in regulating the ultrarapid outward IKur current in 

cardiomyocytes (Nattel et al., 1999).  

 

1.3 KV1 FAMILY OVERVIEW 

Kv1.1 

Kv1.1 channels are expressed throughout the body and serve diverse functions (D’Adamo et al., 

2020). In the CNS and PNS, Kv1.1 channels are prominently localized to the AIS, synaptic terminals, and 

juxtaparanode of various cells found throughout the hippocampus, auditory cortex, cerebellum, cerebral 

cortex, and periphery (Dodson et al., 2002; Feria Pliego and Pedroarena, 2020; Fischl et al., 2016; Huang 

and Rasband, 2018; Rasband et al., 2001; Sheng et al., 1993; H. Wang et al., 1993; Willis et al., 2018). 

Upon depolarization, Kv1.1 channels can activate to enable the efflux of potassium which serves to set 

the threshold potential, repolarize the membrane potential, and suppress cellular excitability (D’Adamo et 

al., 2020). Kv1.1 channel mutations or genetic knock out will therefore increase cellular excitability by 

lowering the threshold potential, broadening the action potential, and increasing the firing rate (Brunetti et 



 

15 

al., 2012; D’Adamo et al., 2020; Dodson and Forsythe, 2004; Herson et al., 2003). Mutations have been 

associated with various diseases and symptoms including episodic ataxia, eyelid myokymia (continuous 

contractions of the eyelid or fingers), slurred speech, blurred vision, and developmental delay (Demos et 

al., 2009; Graves et al., 2010; Jen et al., 2007). Kv1.1 is also found in pancreatic β-cells where they 

stimulate insulin secretion and in atrial myocytes to contribute to cellular repolarization and proper heart 

function (Glasscock et al., 2015, 2010; Ma et al., 2011). Kv1.1 can either assemble alone as homomeric 

channels or co-assemble with Kv1.2 and Kv1.4 α-subunits to form heteromeric channels (Dodson et al., 

2002; Imbrici et al., 2007; Trimmer, 2015). Functional Kv1.1 channels can also form complexes with 

Kvβ1.2 and be influenced by its modulation (Rettig et al., 1994)). This interaction with Kvβ1.2 enables 

the channels to exhibit rapid N-type inactivation, which is induced by a large peptide region present on 

the Kvβ1.2 accessory protein (Rettig et al., 1994). When expressed alone, Kv1.1 expresses slow C-type 

inactivation that is believed to be regulated by conformational changes in the channel pore (Kuang et al., 

2015). Other proteins that modulate Kv1.1 include LGI1, ADAM23, PSD-95, and CASPR (Lancaster et 

al., 2019; Poliak et al., 2003; Schulte et al., 2006)  

 

Kv1.3 

Kv1.3 channels are unique in that they regulate the immune response and are found in T and B 

lymphocytes, macrophages, microglia, fibroblasts, and platelets (Gutman et al., 2005; Wang et al., 2020). 

These channels are involved in regulating the membrane potential and Ca2+ homeostasis, which is critical 

for T-cell activation (Cahalan et al., 1985; Wulff et al., 2009). Importantly, upon T-cell activation, Kv1.3 

channels can be upregulated (Wulff et al., 2009). Hence, dysregulation of Kv1.3 channels has been 

associated with a range of immune disorders, including multiple sclerosis, rheumatoid arthritis, diabetes, 

and asthma (Huang et al., 2017; Tanner et al., 2017; Toldi et al., 2010; Zhou et al., 2018). It has been 

proposed that blocking Kv1.3 channels could serve as a viable strategy for treating these diseases (Wang 

et al., 2020; Wulff et al., 2009).  
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Kv1.4 

Kv1.4 is unique in that it contains an N-terminal inactivating particle which can enable rapid N-

type inactivation when expressed either as a homomers or heteromers to produce A-type current (Lee et 

al., 1996). Kv1.4 also performs numerous functions and is found in the brain, heart, and pancreas. In the 

brain, Kv1.4 regularly coexpresses alongside Kv1.1 and Kv1.2 in various regions including the 

axon/nerve terminals, axon initial segments, layer V pyramidal neurons, substantia nigra, dentate gyrus, 

Schaffer collateral axons, and mossy fiber axons (Kole et al., 2007; Monaghan et al., 2001; Sheng et al., 

1992; Shu et al., 2007; Trimmer and Rhodes, 2004; Vacher et al., 2008). In the heart, Kv1.4 is found in 

the myocardium alongside Kv4.3/Kv4.2 to generate the transient outward (Ito) current (Niwa and 

Nerbonne, 2010). Upon depolarization, this current activates and inactivates rapidly and is partially 

responsible for repolarizing the membrane - specifically in shaping the phase 1 initial rapid repolarization 

and setting the phase 2 initial plateau potential. Kv1.4 is also found in pancreatic β-cells where they 

inhibit glucose-stimulated insulin release such that suppression of Kv1.4 current either by GIP or 

truncating the C-terminus enhanced insulin secretion (Kim et al., 2005; MacDonald et al., 2001) 

 

Kv1.5 

In the cardiovascular system, Kv1.5 channels are chiefly expressed in the atria and pulmonary 

artery smooth muscles (Fedida et al., 1993; Wang et al., 1997). In the atria, Kv1.5 channels heavily 

distribute themselves at the intercalated disks and underlie the outward IKur current (Jeevaratnam et al., 

2018; Snyders, 1999). This IKur current activates very rapidly within 10 milliseconds and plays a role in 

atrial repolarization (Jeevaratnam et al., 2018). Further demonstrating the importance of Kv1.5 is that 

various Kv1.5 mutations are associated with cardiac arrest, action potential prolongation, and atrial 

fibrillation (Nielsen et al., 2007; Olson et al., 2006). Given that Kv1.5 channels are not present in the 

ventricle, selective inhibition of Kv1.5 has long been considered as a viable strategy for treating atrial 

arrhythmias (Wulff et al., 2009). Despite this initial optimism, experimental results using 4-AP 

demonstrate both prolonged and shortened action potential duration that seems to be dependent on the 
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degree of electrical remodeling done in response to disease (Escande et al., 1985; Z. Wang et al., 1993; 

Wettwer et al., 2004).  

In pulmonary artery smooth muscles, Kv1.5 contributes to the regulation of resting membrane 

potential and pulmonary vasomotor tone (Archer et al., 1998; Wang et al., 1997). Under hypoxic 

conditions, Kv1.5 expression decreases which results in increased depolarization of the pulmonary artery 

smooth muscles leading to increased pulmonary vasoconstriction (Archer et al., 1998; Wang et al., 1997). 

Using gene therapy to reintroduce Kv1.5 channels can therefore reverse pulmonary vasoconstriction 

further underscoring the importance of Kv1.5 channels in cardiovascular function (Pozeg et al., 2003). 

 

Kv1.6 

Kv1.6 is most found in the medulla-pons, inferior colliculus, and visceral sensory neurons likely 

either as homomeric or heteromeric channels along with Kv1.1 and Kv1.2 (Glazebrook et al., 2002; 

Grupe et al., 1990). More recently, four mutations of Kv1.6 have been identified resulting in varying 

degrees of epilepsy and neurodevelopmental defects (Salpietro et al., 2023).  

 

Kv1.7 

First reported in 1998, Kv1.7 is preferentially localized to the skeletal muscle, heart, kidney and 

pancreatic islet cells. It is also found in the liver to a lesser degree (Kalman et al., 1998; Kashuba et al., 

2001). While Kv1.7 function has yet to be fully explored, it has been shown that Kv1.7 channels are 

involved in pancreatic insulin secretion such that selective inhibition of Kv1.7 led to increased insulin 

release in response to glucose (Finol-Urdaneta et al., 2012). 

 

Kv1.8 

 Lang et al. cloned the Kv1.8 channel in 2000 and described its channel kinetics and sensitivities 

to various pharmacological agents (Lang et al., 2000). Kv1.8 is localized to the renal blood vessels, heart, 



 

18 

and inner ear where it is suspected to regulate renal vascular smooth muscle tone, cardiocyte firing, 

vestibular function, and hearing (Lang et al., 2000; Lee et al., 2013). 
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1.4 REGULATION OF KV1.2 CHANNELS 

Aside from the intrinsic properties of Kv1.2 underlying voltage-dependent gating, there are 

numerous extrinsic regulatory mechanisms that comparatively have not received as much attention but 

have impacts on function and expression. This section aims to provide an overview of some of these 

regulatory mechanisms.  

 

Redox-dependent slow gating  

Across various mammalian cell lines including LM fibroblast, HEK, and CHO cells, Kv1.2 

exhibits variable activation kinetics with reported V1/2 ranging from -40 mV to +40 mV (Baronas et al., 

2017, 2015; Grissmer et al., 1994; Lamothe and Kurata, 2020; Rezazadeh et al., 2007). This 80 mV 

variation in voltage-dependence has been attributed to Kv1.2 occupying distinct gating modes: a “fast” 

permissive gating mode and a “slow” resistant gating mode (Rezazadeh et al., 2007). In their fast gating 

mode, Kv1.2 activates quickly while conversely, in their slow gating mode, Kv1.2 activates slowly and 

requires strong depolarizations to open. Under ambient redox conditions (unbufferred redox), cells 

transfected with Kv1.2 exhibit considerable variability likely due to variable occupancy of channels 

between these two extreme gating modes (Baronas et al., 2017, 2015; Rezazadeh et al., 2007).  

Due to the potential to operate in different gating modes, Kv1.2 channels exhibit use-dependent 

activation (UDA), whereby brief repetitive depolarizations can gradually increase channel current. UDA 

occurs because repetitive depolarizing stimuli cause Kv1.2 channels to progressively shift from the slow 

to fast gating modes, allowing them to activate more readily.  

Past work has identified experimental manipulations that can promote channel gating in either the 

fast or slow modes. For example, strong depolarizing prepulses reduce variable behavior of Kv1.2 by 

shifting channels to a fast gating mode, characterized by accelerated activation, V1/2 = ~-20 mV, and 

decreased % UDA (Baronas et al., 2015; Rezazadeh et al., 2007). Alternatively, extracellular reducing 

conditions induced by various reducing agents including DTT, reduced glutathione, and TCEP, strongly 

promote the slow gating mode of Kv1.2 resulting in slower activation, V1/2 = +40 mV, and increased % 
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UDA (Baronas et al., 2017). Although this process is clearly redox sensitive, Kv1.2 transmembrane 

cysteine mutations do not abolish redox sensitivity, suggesting that these effects are modulated by an 

unknown extrinsic regulator rather than disulfides within the channel itself (Baronas et al., 2017).  

Rezazdeh et al., identified the S2-S3 linker region as the key regulator of the activation gating 

switch in Kv1.2 channels. Replacement of the Kv1.2 S2-S3 linker with Kv1.5 resulted in cells that 

exclusively exhibited the fast gating phenotype. Notably, Thr252, Phe251, and Phe250 residues were 

found to be especially important such that single point mutations could attenuate Kv1.2 variable current 

properties (Baronas et al., 2016; Rezazadeh et al., 2007). It was further demonstrated that Thr252 

mutations could greatly reduce Kv1.2 sensitivity to redox and LMAN2 (Lamothe and Kurata, 2023, 

2020). Taken together, these findings suggest that redox and LMAN2 either directly or indirectly act on 

these residues to promote the slow gating behaviour. Interestingly, introducing Thr in the S2-S3 linker of 

Kv1.1, Kv1.3, and Kv1.4 was insufficient to produce UDA or redox sensitivity (Baronas et al., 2016). 

This suggests the presence of additional unidentified channel features or regulatory factors that are 

required for the slow gating phenomenon. 

 

Lectin Protein LMAN2 (VIP36)  

LMAN2 (VIP36) is a transmembrane mannose-binding lectin that cycles between the Golgi 

apparatus and transmembrane ER (Füllekrug et al., 1999). It interacts with glycosylated proteins and 

facilitates the transport of diverse cargo proteins, particularly GPRC5B and α1-antitrypsin, within the cell 

(Kwon et al., 2016; Reiterer et al., 2010). While LMAN2 has not been directly linked with any 

neurological diseases, mutations in its closely related homolog, LMAN2L, have been associated with 

intellectual disabilities and epilepsy (Alkhater et al., 2019; Rafiullah et al., 2016). We recently identified 

LMAN2 as a candidate protein modulator of Kv1.2 that promotes their slow gating modes (Lamothe and 

Kurata, 2023). Coexpression of Kv1.2 channels with LMAN2 yielded profound functional outcomes that 

mimicked effects of reducing agents, including a rightward shift (V1/2 = +40 mV) in voltage-dependence 

and enhanced % UDA. Overexpression of LMAN2 also sensitizes Kv1.2 channels to reducing agents 
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such that sub-saturating concentrations of DTT (i.e. 30 µM DTT) generate maximal slow gating effects. 

The knockdown of LMAN2 significantly diminished the slow gating phenotypes and attenuated redox 

sensitivity, which were subsequently restored upon re-transfection with LMAN2. Taken together, these 

findings strongly support the role of LMAN2 as a regulator of the Kv1.2 slow gating mechanism and 

Kv1.2 sensitivity to extracellular redox.  

 

Slc7a5 (LAT1) 

Slc7a5 (LAT1) is a neutral amino acid transmembrane transporter that forms a heterodimeric 

complex with Slc3a2 (CD98) (El Ansari et al., 2018; Kanai et al., 1998; Scalise et al., 2018). Its primary 

function is antiport of neutral amino acids leucine, phenylalanine and tryptophan into the cell in exchange 

for glutamine out of the cell. Slc7a5 is believed to play an important role in proper CNS development 

because homozygous mutations result in autism, motor delay and seizures (Sokolov et al., 2020; 

Tărlungeanu et al., 2016). Furthermore, rodent knock down of Slc7a5 led to profound neural defects and 

death (Poncet et al., 2020, 2014). While this was suggested to be due to the role of Slc7a5 in maintaining 

proper amino acid concentrations, Slc7a5 has also been shown to have powerful effects on Kv1.2 channel 

expression and function (Baronas et al., 2018; Lamothe and Kurata, 2020).  

Through mass spectrometry analysis, molecular biology techniques, and electrophysiology 

approaches, Slc7a5 was found to greatly inhibit Kv1.2 expression, suppress current density and induce a  

-40 mV hyperpolarizing shift in gating (V1/2 = -58 mV) (Baronas et al., 2018). These effects could then be 

rescued by co-expression with the shortest isoform of Slc3a2. Slc7a5 was also shown to promote C-type 

inactivation and enable significant disinhibition of Kv1.2 by holding at supraphysiological negative 

potentials (i.e. -120 mV). Further demonstrating the neurological importance of this transporter, Slc7a5 

mutations A246V and P375L, which have been linked with autism, prevented interaction with Kv1.2 

channels thereby attenuating effects on Kv1.2 expression and gating (Baronas et al., 2018; Tărlungeanu et 

al., 2016). Additionally, Kv1.2 gain of function mutations R297Q and L289F caused hypersensitivity to 

Slc7a5 effects (Syrbe et al., 2015). This observation has been proposed as a possible explanation as to 
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why both gain and loss of function Kv1.2 mutants can induce epileptic seizures (Baronas et al., 2018; 

Syrbe et al., 2015).  

 

Kvβ 

The canonical auxiliary proteins of Kv1 channels are the Kvβ subunits. These proteins assemble 

with Kv1 α-subunits in a 1:1 stoichiometry by binding onto the cytoplasmic T1 domain to form 

heteromultimeric complexes (Gulbis et al., 2000, 1999; Kobertz et al., 2000). There are three Kvβ 

mammalian genes and their splice variants which include Kvβ1.1-1.3, Κvβ2.1-2.2, and Kvβ3.1-3.2. Each 

of these Kvβ subunits can modulate the function and properties of Kv1 channels in similar and different 

ways (Pongs and Schwarz, 2010). 

When assembled with Kv1.2 channels, Kvβ1 can facilitate channel localization to the cell surface 

and confer rapid N-type inactivation via a N-terminal ball-and-chain peptide (Accili et al., 1997; 

Heinemann et al., 1996; Rettig et al., 1994). In contrast, Kvβ2, which is the most abundantly expressed β-

subunit in the brain, does not induce N-type inactivation (Heinemann et al., 1996; Rhodes et al., 1995). 

This is due to the relatively shorter N-terminus of Kvβ2 (difference of ~70 amino acids) which lacks the 

inactivating ball domain. When the N-terminus of Kvβ2 is replaced with Kvβ1, these Kvβ2 chimeras can 

then induce fast inactivating currents to Kv1 channels. Instead, Kvβ2 interacts with Kv1 channels in the 

endoplasmic reticulum (ER) and promotes their cell surface expression and stability, and facilitates N-

linked glycosylation (Shi et al., 1996). Unlike Kvβ1 and Kvβ2, Kvβ3 does not increase current size but is 

capable of inducing N-type inactivation depending on the expression system (Bähring et al., 2004; 

Heinemann et al., 1995; Morales et al., 1995). In oocytes, Kvβ3 exclusively affected the inactivation rate 

of Kv1.4 but in CHO cells, Kvβ3 modulated the currents of Kv1.1, 1.2, 1.4, 1.5, and 1.6 (Bähring et al., 

2004; Heinemann et al., 1995; Morales et al., 1995). While the exact mechanism by which this occurs 

remains unknown, it does show that cell expression systems can result in different channel modulation. 

These effects are similar to how Kv1.2 slow gating varies depending on the expresion system (Baronas et 

al., 2015; Grissmer et al., 1994; Minor et al., 2000; Rezazadeh et al., 2007).  
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Additionally, Kvβ proteins are also oxidoreductases and belong to the aldo-keto reductase family 

(Pongs and Schwarz, 2010). While the Kvβ N-terminus is highly variable, the core domain and C-

terminal domain is highly conserved with over 80% homology among the different subtypes. This core 

domain is characterized by a TIM barrel structure with eight alternating α-helices and β-strands, and an 

active site (Hyndman et al., 2003; McCormack and McCormack, 1994; Pongs and Schwarz, 2010). The 

active site is composed of a substrate binding site, a NADP+ (NADPH) cofactor binding site, and a 

catalytic site. Kvβ can reduce aldehydes to alcohols via the oxidation of NADPH (Weng et al., 2006). The 

enzymatic activity of Kvβ is coupled to their inactivating properties. Mutations of key residues in the 

catalytic domain (D119A, D152A, and D124F) prevents Kvβ from conferring N-type inactivation to Kv1 

channels (Bähring et al., 2001). More specifically, the oxidation of bound NADPH to NADP+ is 

responsible for disrupting Kvβ channel inactivation. Increasing the amount of Kvβ substrate to drive the 

consumption of NADPH will decrease the rate of inactivation and moderately increase current size (Weng 

et al., 2006). Alternatively, perfusing excess NADPH in the pipette can rescue these effects and restore N-

type inactivation (Tipparaju et al., 2007; Weng et al., 2006). It has been proposed that upon NADPH 

oxidation to NADP+, positively charged residues on the N-terminus interact with negatively charged 

residues on the AKR core domain (Pan et al., 2011). When the core domain binds to the N-terminus, this 

then inhibits N-type inactivation. While further studies are required to elucidate the full mechanism, it is 

becoming increasingly clear that Kvβ proteins are redox sensitive and that their redox sensitivity can 

impart functional changes to Kv1.2.  

These findings on Kvβ, along with previous studies examining Kv1.2 redox-dependent slow 

gating, demonstrate the existence of diverse mechanisms that have evolved to enable the modulation of 

Kv1 subtypes by redox. Despite these advances, our understanding of redox-dependent modulation of 

excitability remains limited. As such, a major objective of this thesis is to further elucidate this 

phenomenon and aim to gain insight into the intricate interplay between redox signaling, auxiliary 

proteins, and channel excitability.  
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Sigma-1 Receptor 

 The sigma-1 (σ-1) receptor is an intracellular chaperone protein and signaling modulator that 

directly and indirectly regulates a variety of proteins including ion channels, GABA and glutamate 

ionotropic receptors, dopamine D1 receptors, muscarinic and nicotinic acetylcholine receptors, tyrosine 

kinase receptor type 2, kinases and IP3 receptors (Kourrich et al., 2012b). While primarily localized to the 

mitocohondrion-associated ER membrane (MAM), upon stimulation, σ-1 receptors can translocate to 

various cellular compartments, including the ER and plasma membrane, to serve diverse functions 

(Hayashi and Su, 2007). In the context of Kv1.2 channels, activation of σ-1 receptors by agonists such as 

cocaine can induce a direct interaction with Kv1.2, leading to increased translocation of both proteins to 

the plasma membrane of Nucleus Accumbens shell (NAcs) medium spiny neurons (MSNs) (Delint-

Ramirez et al., 2020; Kourrich et al., 2013, p. 201). The NAcs is critically involved in addiction, and 

dopamine release in this area is necessary for establishing appropriate responses to reward-predictive cues 

(Nicola et al., 2005). The increased presence of Kv1.2 channels at the membrane leads to augmented 

outward K+ current and consequently induces neuronal hypoactivity. The reduced firing rate of NACs 

MSNs then results in drug-seeking behaviour (Kourrich et al., 2012a; Taha and Fields, 2006). Conversely, 

knockdown of σ-1 receptors abolishes the cocaine-induced increase in K+ current and reduced firing of 

MSNs (Kourrich et al., 2013). Intriguingly, previous studies have suggested that σ-1 receptors may 

influence the gating state and activation kinetics of Kv1.2 channels, favoring a predominantly slow gating 

mode (Abraham et al., 2019). However, the reported effects of σ-1 receptor co-expression are modest in 

comparison to the pronounced functional changes induced by DTT, LMAN2 (see Chapter 3), or Slc7a5 

(Baronas et al., 2018, 2017; Lamothe and Kurata, 2023).  

 

PIP2 

Phosphatidylinositol-(4,5)-bisphosphate (PIP2) is a phospholipid primarily located in the 

cytoplasmic leaflet of the cell membrane (Suh and Hille, 2008). Despite making up less than 1% of 
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membrane lipids, PIP2 plays diverse functions in regulating actin dynamics, membrane structure, vesicle 

trafficking, and ion channels (Mandal, 2020). Down regulation of PIP2 results in a 20-30% reduction in 

current amplitude, slower channel closure, and a hyperpolarizing shift in voltage dependence (Kruse and 

Hille, 2013; Rodriguez-Menchaca et al., 2012). Conversely, reintroduction of PIP2 can reverse these 

effects. The underlying mechanism for these effects involves the interaction between PIP2 and the S4-S5 

linker - a region that couples the VSD and pore domain. In contrast, Kv1.1, 1.3, 1.4, and 1.5 are all 

insensitive to PIP2, highlighting the diverse and different signaling pathways of each Kv channel subtype 

(Kruse et al., 2012).  

 

Phosphorylation  

Kv1.2 channels have various phosphorylation sites that can affect channel gating, expression, and 

current amplitude (Park et al., 2008). Activation of protein kinase A promotes phosphorylation of the T46 

residue in the N-terminal region, resulting in enhanced Kv1.2 cell surface localization and increased 

current (Huang et al., 1994). On the other hand, activation of tyrosine kinase exerts suppressive effects on 

Kv1.2 current through two distinct mechanisms and by acting on different sites. Phosphorylation of the 

Y132 residue in the N-terminus enhances Kv1.2 endocytosis, reducing the number of channels on the cell 

surface and leading to decreased current amplitude (Huang et al., 1993; Nesti et al., 2004). Additionally, 

tyrosine kinase-mediated phosphorylation of the C-terminus disrupts the interaction between Kv1.2 

channels and cortactin, an actin cytoskeleton-associated protein, further reducing current amplitude 

(Hattan et al., 2002). Moreover, phosphorylation of specific phosphoserine sites (pS434, pS440, and 

pS441) on the C-terminal region can enhance Kv1.2 cell surface expression (Yang et al., 2007). 

Remarkably, Kv1.2 channels were capable of imparting the same phosphorylation-dependent effects to 

Kv1.4 α-subunits when assembled as Kv1.4-1.2 dimeric channels, underscoring the diverse functional 

properties exhibited by heteromeric Kv1 channels (Yang et al., 2007).  

Despite the initial findings, more recent structural studies have raised doubts about the 

plausibility of phosphorylation at sites T46 and Y132 (Chen et al., 2010; Long et al., 2005). Additionally, 
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attempts to replicate these findings by other researchers have been unsuccessful (Rezazadeh et al., 2007).  

 

Glycosylation 

All Kv1 channels, except for Kv1.6, possess a conserved N-linked glycosylation consensus site 

located in the extracellular S1-S2 linker (Shi and Trimmer, 1999). In the case of Kv1.2 channels, this site 

corresponds to asparagine 207 (N207). N-linked glycosylation exerts significant effects on Kv1.2 channel 

function. Increasing the number of glycosylation sites through mutations in Kv1.2 leads to a 

hyperpolarizing shift in V1/2, faster activation kinetics, and slower C-type inactivation (Watanabe et al., 

2007). Conversely, the Kv1.2[N207Q] mutant, lacking glycosylation sites, exhibited a depolarizing shift 

in V1/2, slower activation, and faster C-type inactivation. Furthermore, N-linked glycosylation plays 

crucial roles in the forward trafficking of Kv1.2 channels to the cell surface and their degradation. The 

Kv1.2[N207Q] mutant displays reduced cell surface expression compared to WT Kv1.2 (Thayer et al., 

2016; Watanabe et al., 2007). Moreover, internal Kv1.2[N207Q] channels underwent more rapid 

degradation compared to the wild-type counterpart (Thayer et al., 2016). Treatment of wild-type Kv1.2 

channels with glycosidase, an enzyme that cleaves sialic acid residues from glycoproteins, resulted in 

accelerated degradation rates similar to those observed in the N207Q mutant. Together, these findings 

highlight the importance of glycosylation in the function, localization, and turnover of Kv1.2 channels. 

 

Summary 

This section sheds light on several extrinsic regulatory mechanisms that can influence Kv1.2 

channel function and expression. However, there remain limitations in the field of Kv1 regulation. Firstly, 

the impact of these diverse regulatory mechanisms on Kv1 heteromeric channels is still not well 

understood. Secondly, the interactions between these mechanisms in combination are even less 

comprehended. My thesis aims to tackle both of these limitations.  
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1.5 SCOPE OF THESIS INVESTIGATION 

This thesis is dedicated to investigating the regulation of Kv1.2 potassium channels by novel 

signaling pathways and accessory proteins. Chapter 3 describes the influence of redox and LMAN2 on 

Kv1 homomeric and heteromeric channels. Building on these findings, Chapter 4 further explores the 

impact of redox and LMAN2 on N-type inactivation induced by Kvβ and Kv1.4 α-subunits in Kv1.2-

containing channels. The comprehensive findings presented in this research offer valuable insights into 

the diverse signaling pathways of Kv1.2 channels and the intricate interplay among these mechanisms, 

ultimately contributing to a better understanding of the distinctive current properties observed in vivo. 
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CHAPTER 2: MATERIALS AND METHODS 

Molecular biology and ion channel constructs 

In the current thesis, I utilized previously generated rat Kv1 channel constructs (Baronas et al., 

2015). These constructs encompassed a range of Kv1 homomeric (Kv1.1-1.5) and heteromeric (Kv1.2-

1.1, ∆N1.4-1.2, 1.4-1.2, and 1.5-1.2) channels to investigate use-dependent activation in channels with 

diverse subtype arrangements (Baronas et al., 2015). Building upon this foundation, I reused these Kv1 

constructs to examine redox, LMAN2 sensitivity, and N-type inactivation in homomeric and heteromeric 

complexes.  

All channels were generated by expressing their corresponding cDNAs in the pcDNA3.1 vector 

(Invitrogen). For the generation of heteromeric Kv1 channels, the leading subunit promoter was 

subcloned into the vector at the NheI and XhoI sites, while the trailing subunit promoter was subcloned in 

the EcoRI and HindIII sites. This strategy allowed the formation of tandem linked dimers, which could 

subsequently co-assemble to produce functional channels with a 1:1 subunit stoichiometry (refer to Figure 

2.1 for visualization). In Chapter 3, the Kv1.1, Kv1.4, and Kv1.4-1.2 were chimeras with the N-terminus 

to the T1 domain being replaced by the Kv1.5 N-terminus. The S2-S3 linker region that is responsible for 

redox and LMAN2 sensitivity remained unaltered. This modification was necessary because WT Kv1.1 

did not express well in mouse ltk-fibroblast (LM) cell lines and the inactivating properties of WT Kv1.4 

and WT Kv1.4-1.2 interfered with the slow gating phenotype induced by reducing agents and LMAN2. In 

Chapter 4, the WT Kv1.4 and WT Kv1.4-1.2 channels were used. The 1.2[S2-S3L]1.5 mutant was 

previously generated by a PhD student, Victoria Baronas, by performing two-step overlapping PCR on 

WT Kv1.2. To create the Kv1.4-1.2[S2-S3L]1.5, standard PCR was performed on Kv1.2[S2-S3L]1.5 

using 5’ EcoRI forward and 3’ HindIII reverse primers. The PCR product, which contains the Kv1.2 S2-

S3 linker region, was then subcloned into WT Kv1.4-1.2 at the EcoRI and HindIII sites. To confirm the 

accuracy and identity of the constructs, Sanger sequencing (Genewiz) and Western blots were performed 

as previously described (Baronas et al. 2015). 
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Figure 2.1. Molecular cloning and assembly of Kv heteromeric channels. A sample workflow of how 

Kv1.2-1.1 heteromeric channels were generated. The same approach was used to generate other Kv 

heteromeric channel variants. In accordance with the methods described, the leading protomer (i.e. Kv1.2) 

was subcloned into the pcDNA3.1 vector using the NheI and XhoI sites, while the trailing protomer (i.e. 

Kv1.1) was subcloned using the EcoRI and HindIII sites. Upon translation, the resulting assembly 

consists of one Kv1.2 α-subunit linked to one Kv1.1α construct. These dimers then coassemble with other 

dimers to form functional channels exhibiting a Kv1.2-1.1-1.2-1.1 subunit arrangement, consisting of two 

Kv1.2 α-subunits and two Kv1.1 α-subunits. 

 

Cell culture 

Mouse LM (ltk-) fibroblast cells (ATCC CCL-1.3, referred to as LM cells throughout the thesis) 

were cultured in a 5% CO2 incubator set to 37˚C. Cells were maintained in Dulbecco's Modified Eagle 

Medium (DMEM) supplemented with 10% FBS and 1% penicillin/streptomycin. We have chosen this 

specific cell model for two compelling reasons. First, LM cells are devoid of endogenous currents, a 

characteristic that enables us to specifically isolate Kv1.2 currents in our experimental setup. 

Additionally, existing evidence strongly suggests that LM cells prominently express a significant degree 

of slow gating, making them exceptionally suited for a comprehensive exploration of this mechanism. 

(Baronas et al., 2015; Rezazadeh et al., 2007). LM cells were seeded in 12 or 24 well plates and allowed 

to grow for 24-48 hours prior to transfection. Transfection was then carried out using jetPRIME 

transfection reagent (Polyplus). In Chapter 3, cells were transfected with 200 ng of various voltage-gated 

potassium channel plasmids and either 400 ng of green fluorescent protein plasmid (GFP) or LMAN2 

plasmid N-terminally tagged with GFP. In Chapter 4, for experiments involving Kvβ, we transfected cells 
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with 100 ng of channel plasmid, 1200 ng of Kvβ plasmid, and 400 ng GFP or EGFP-LMAN2 plasmid. 

For experiments involving Kv1.4-1.2 heterodimers, we transfected cells with 100 ng of channel plasmid, 

100 ng of TMEM33 plasmid, and 400 ng fluorescent protein plasmid. TMEM33 disrupts Kv1 channel 

localization to the cell surface and was used to control current amplitudes (Unpublished data). Following 

a 6 hour transfection period, cells were plated on 22x22-1.5 coverslips (Fisher Scientific 12541B) in 6 

well plates. Electrophysiology recordings were performed the subsequent day, roughly 24 hours post-

transfection.  

 

Whole-cell patch clamp recordings 

Patch pipettes were prepared from soda lime capillary glass (Fisher) using a Sutter P-97 puller 

(Sutter Instrument). Pipettes had a tip resistance of 1-3 MΩ when filled with standard internal recording 

solution containing: 135 mM KCl, 5 mM K-EGTA, 10 mM HEPES and was adjusted to pH 7.2 using 

KOH. External (bath) solution contained: 135 mM NaCl, 5 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 10 

mM HEPES, and was adjusted to pH 7.4 with NaOH. Recordings were filtered at 5 kHz, sampled at 

10kHz, with manual capacitance compensation and 80% series resistance compensation, and stored 

directly on a computer hard drive using Clampex 10 software (Molecular Devices). Dithiothreitol (DTT) 

was purchased from Fisher Scientific (BP172-25). It was prepared as a 1 M stock solution in ddH2O, 

stored at -20˚C, and diluted to 200 µM using the external bath solution before being used in experiments. 

Patch clamp experiments were done at room temperature (22 ± 1°C).  

 

Hippocampal neuron extraction and electrophysiology setup 

Embryonic day 18 male and female Sprague-Dawley rats were used to extract hippocampi, 

following a previously established protocol (Xie et al., 2000). Neurons were cultured for 7-16 days in 

vitro before electrophysiology experiments were conducted. To isolate for tityustoxin-sensitive currents 

(also known as Kv1.2-containing currents in this study) neurons were first exposed to 100-300 nM 

tityustoxin and then, the toxin-insensitive current was subtracted from the total current. The recording of 
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hippocampal neurons and subsequent data analysis were conducted by Victoria Baronas following 

established protocols. Harley Kurata then created the accompanying figure (Figure 4.1). 

Pipette tips made from soda lime glass were prepared with a resistance of 1.5-2.5 MΩ and filled 

with the internal recording solution mentioned above. The external recording solution consisted of 135 

mM N-methyl-D-glucamine, 5 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 10 mM HEPES, and the pH was 

adjusted to 7.4 using NaOH. A filtering frequency of 5 kHz was applied, and the sampling rate was set at 

10 kHz. Manual capacitance compensation and 80% series resistance compensation were performed. The 

recorded data was directly stored on a computer hard drive using Clampex 10 software by Molecular 

Devices. 

 

Electrophysiology Analysis 

Conductance-voltage (G-V) relationships were fitted with a Boltzmann equation.  

 

𝐺 =  
1

1 + 𝑒−(𝑉−𝑉1/2)/𝑘
 

G is the normalized conductance, V is the voltage applied, V1/2 is the half-maximal activation 

voltage, and k is the respective slope factor. G–V relationships were fitted for each individual cell using a 

least squares minimization approach in Microsoft Excel (Solver tool). The time constant of activation and 

deactivation was calculated by fitting current traces with the following single exponential equation:  

 

𝐴(𝑡) = 𝐴(1 − 𝑒−𝑡/𝜏)  +  𝐶 

 

A(t) is the current at time (t), A is the maximum current, and C is the constant.  

To calculate the percent inactivation, the steady-state current (typically measured ~250 ms after 

initial depolarization) was subtracted from the peak current, and the result was divided by the peak 
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current for the given test pulse. Box plots were used to visually represent the data. These plots display the 

median, 25th, and 75th percentiles (which define the edges of the box), as well as the 10th and 90th 

percentiles (shown as whiskers). The statistical tests performed to determine significance are described 

throughout the text and in figure legends when applicable. Tests were typically performed to compare 

fitted gating parameters such as V1/2.  
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CHAPTER 3: KV1.2 CONFERS REDOX AND LECTIN SENSITIVITY TO 

HETEROMERIC VOLTAGE GATED POTASSIUM CHANNELS 

3.1 INTRODUCTION 

Kv1.2 is a prominent voltage gated potassium channel in the central nervous system where it 

regulates action potential thresholds and neuronal firing (Bean, 2007; Rama et al., 2017). Among the Kv1 

family, Kv1.2 appears to have an especially important function in the central nervous system, as 

mutations in Kv1.2 cause uniquely severe neurological phenotypes including intractable epilepsy and 

developmental delay. Moreover, the phenotype of Kv1.2 knockout mice is especially severe, including 

100% mortality within three weeks of birth due to generalized seizures (Coetzee et al., 1999; Masnada et 

al., 2017; Robbins and Tempel, 2012; Syrbe et al., 2015; Wang et al., 1994).  

Kv1.2 channels are unique in that they display variable kinetics of activation and voltage-

dependence that are absent in other Kv1 members (Baronas et al., 2015; Grissmer et al., 1994; Lamothe 

and Kurata, 2020; Rezazadeh et al., 2007). Depending on the type of expression system, the extent of this 

variability can change. For instance, while this functional phenotype has been reported in HEK, CHO, 

and LM cells, it is completely absent in oocytes (Rezazadeh et al., 2007). As such, it is believed that 

Kv1.2 channels are regulated by a variety of known and unknown extrinsic factors. Phosphorylation of 

Kv1.2 promotes both cell surface expression and internalization, and affects its interaction with cortactin, 

an actin binding protein (Hattan et al., 2002; Nesti et al., 2004; Yang et al., 2007). Phosphatidylinositol 

4,5-bisphosphate (PIP2) depletion has been shown to induce a hyperpolarizing shift in the half-activation 

voltage (V1/2) and reduce total current amplitude (Rodriguez-Menchaca et al., 2012). Slc7a5, a neutral 

amino acid transporter, influences numerous Kv1.2 and Kv1.1 properties including surface expression, 

and voltage-dependence of activation V1/2 (Baronas et al., 2018). Apart from these regulators that may 

have a specific influence on Kv1.2, the most studied accessory proteins with general effects on Kv1 

channels are the Kvβ subunits. The Kvβ subunits associate with Kv1 α-subunits in a 1:1 stoichiometry 

with functional channels containing up to four Kvβ subunits (Xu et al., 1998). Kvβ subunits can influence 
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Kv1 cell surface expression, channel assembly, and certain subtypes confer rapid N-type inactivation via 

a NH2-terminal “ball and chain” mechanism (Pongs and Schwarz, 2010; Rettig et al., 1994). 

We have reported an additional mode of Kv1.2 regulation by extracellular redox that does not 

involve intrinsic redox sensitivity of the channel (Baronas et al., 2015). Thus, it is likely that an extrinsic 

regulatory molecule influences channel activity in response to altered extracellular redox conditions. With 

this mechanism of modulation, exposure to modest extracellular reducing conditions promotes a slow 

‘resistant’ gating mode of Kv1.2 characterized by a +60 mV depolarizing shift of the voltage-dependence 

of activation, and prominent use-dependent activation (Baronas et al., 2015). In this system, use-

dependent activation arises because activation of channels temporarily relieves the redox-mediated 

inhibition, allowing channels to progressively accumulate in a rapidly-activating mode in response to 

trains of repetitive depolarizations. More recently, we also reported that LMAN2 strongly influences 

redox modulation of Kv1.2, suggesting that LMAN2 is a contributor to the molecular mechanism 

underlying this unique gating behavior. Co-expression of Kv1.2 with LMAN2 mimics many of the slow 

gating features observed in reducing conditions, including a depolarizing shift of voltage-dependent 

activation and use-dependent activation, and enhanced sensitivity to reducing agents (Lamothe and 

Kurata, 2023). Kv1.2 can also assemble to form a wide variety of heterotetrameric channels in 

combination with other Kv1 α-subunits (Plane et al., 2005; Po et al., 1993; Ruppersberg et al., 1990; 

Shamotienko et al., 1997; Sheng et al., 1993), and this heteromerization can recruit distinct gating 

properties and sensitivities to regulatory pathways from different subunits (Coleman et al., 1999; Ranjan 

et al., 2019). For instance, Kv1.4 subunits transfer their rapid N-type inactivation properties when 

expressed as tandem constructs with Kv1.5 non-inactivating subunits (Lee et al., 1996). Alternatively, 

Kv1.5 can confer Src induced current suppression when coexpressed with Kv1.4 (Nitabach et al., 2001).  

In this study, we have explored the subunit specificity of LMAN2 and redox sensitivity, and 

investigated whether Kv1.2 can generate redox and LMAN2 sensitivity in heteromeric channels. We 

found that sensitivity to DTT and LMAN2 has overlapping subunit specificity, as only Kv1.2 subunits 

exhibit sensitivity among Kv1 subtypes. When coexpressed in heteromeric channels with various redox 
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and LMAN2 insensitive subunits (Kv1.1, 1.4, and 1.5), the presence of Kv1.2 subunits endows 

heteromeric channels with prominent redox and LMAN2 modulation of gating. Furthermore, we 

demonstrated that these changes in gating were due to decelerated activation kinetics, but not 

deactivation. Overall, our findings reinforce that LMAN2 is a likely contributor to redox sensitive gating 

in Kv1.2, and that Kv1.2 subunits can recruit this modulatory mechanism into heteromeric Kv1 channels.  

 

3.2 RESULTS 

Kv1 subtype specificity of LMAN2 and redox sensitivity 

Previous reports described redox-dependent shifts of Kv1.2 to a ‘slow’ gating mode that exhibits 

a prominent shift of the voltage-dependence of activation to depolarized potentials (Baronas et al., 2017). 

This slow gating behavior is strongly favored by extracellular reducing conditions, and potentiating 

prepulses can temporarily relieve this inhibitory gating effect and allow channels to open more rapidly. 

Recent work in our group has identified LMAN2 as a candidate regulator of Kv1.2 as co-expression with 

LMAN2 biases channels towards this slow gating behavior (Lamothe and Kurata, 2023). To confirm the 

subunit-dependence of redox sensitivity, and compare this with the LMAN2 subunit sensitivity, we 

measured the effects of DTT and LMAN2 on the voltage-dependence of activation of most members of 

the Kv1 subfamily (Figure 3.1A-E). Reducing agents (200 µM DTT) or co-transfection with LMAN2 

does not significantly alter the activation V1/2 for Kv1.1, 1.3, 1.4, and 1.5 (Figure 3.1F, H-J). This 

insensitivity is also apparent in exemplar traces in Figure 3.1A and Figure 3.1 C-E where the highlighted 

+40 mV pulse is unchanged in all three conditions. In contrast, DTT and LMAN2 induced a prominent 

+60 mV depolarizing shift of activation for Kv1.2 (Figure 3.1G; Table 3.1). This shift is also exemplified 

by the slow activation kinetics and minimal channel activation observed at +40 mV (green/blue sweeps) 

in DTT and LMAN2 conditions relative to control (Figure 3.1B). Together, these data demonstrate that 

Kv1.2 subunits are biased to a slow gating mode by reducing conditions and LMAN2. Also, redox 

sensitivity and LMAN2 sensitivity have the same subtype dependence among the Kv1 channels.  
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Figure 3.1. Redox and LMAN2 induce depolarizing shifts of activation exclusively to Kv1.2 among 

Kv1 homomeric channels. (A-E) Representative current traces of LM fibroblast cells transfected with 

various Kv1 homomeric channels (Kv1.1-1.5) and LMAN2 recorded in ambient redox or 200 µM DTT 

conditions. Cells were held at -100 mV and then stepped to voltages between -100 to +150 mV for 100 

ms (10 mV steps) followed by a -30 mV depolarization for tail currents. The highlighted trace represents 
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a +40 mV pulse. (F-J) Conductance-voltage plots were generated by normalizing tail currents to peak tail 

current and fitting with a Boltzmann function.  

 

Redox and LMAN2 sensitivity of Kv1 heteromeric channels 

Previous work has highlighted that features of slow gating could be conferred to heteromeric Kv1 

channels containing one or more Kv1.2 subunits (Baronas et al., 2015). We tested whether similar subunit 

dependence would extend to LMAN2 sensitivity in heteromeric channels. We used patch clamp recording 

to test the DTT and LMAN2 sensitivity of linked dimeric constructs (Kv1.2-1.1, Kv1.4-1.2, Kv1.5-1.2), 

leading to channels with forced 1:1 stoichiometry of Kv1.2 and a different Kv1 subtype. In all cases, these 

heteromeric channels exhibited prominent depolarizing shifts of the voltage-dependence of activation 

with either DTT or LMAN2 (Figure 3.2). The Kv1.3-1.2 dimers we constructed are problematic in terms 

of reproducibility of currents and expression, and so they were not examined further.  

Kv1.4-1.2 and Kv1.5-1.2 heteromeric channel constructs both exhibited prominent depolarizing 

shifts of activation in either DTT or LMAN2 conditions, in the range of ~75-85 mV (Figure 3.2 and Table 

3.1). The large magnitude of this effect is likely due to both the large Kv1.2-mediated sensitivity to the 

gating modulators tested, but also because both channels have fairly hyperpolarized V1/2s of activation 

under control conditions (ambient redox, no co-transfection with LMAN2). Responses in Kv1.2-1.1 

channels differed slightly in the sense that properties of Kv1.2 were quite apparent even in ambient redox 

conditions, leading to a fairly depolarized V1/2 of activation (19.3 ± 8.3 mV) which is further shifted by 

LMAN2 or DTT (Figure 3.2 and Table 3.1). The varying V1/2 in ambient conditions and degree of shifts 

induced by DTT and LMAN2 could indicate that different Kv1 subtypes influence the magnitude of the 

impact of Kv1.2 on LMAN2 and/or redox sensitivity. 
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Figure 3.2. Kv1.2 transfers redox and LMAN2 induced sensitivity to Kv1 heteromeric channels. (A-

C) Sample current traces of LM fibroblast cells transfected with various Kv1 heterodimeric channels +/- 

LMAN2 in ambient and redox conditions. Highlighted sweeps represent a +40 mV pulse. (D-F) GV 

relationships were obtained from tail currents as described in Figure 3.1. Dashed lines represent 

homomeric Kv1 channel data from Figure 3.1, included for comparison. 
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 V1/2 [mean ± SEM] k [mean ± SEM] n 

Kv1.1 

Kv1.1 + 200 µM DTT 

Kv1.1 + LMAN2 

-30.4 ± 1.6 

-32.0 ± 1.9 

-20.8 ± 6.7 

2.9 ± 0.30 

2.8 ± 0.19 

2.0 ± 0.53 

6 

9 

5 

Kv1.2 

Kv1.2 + 200 µM DTT 

Kv1.2 + LMAN2 

-1.7 ± 6.8 

64.2 ± 7.8* 

69.5 ± 8.1* 

1.8 ± 0.22 

1.3 ± 0.22 

1.2 ± 0.20 

7 

4 

5 

Kv1.3 

Kv1.3 + 200 µM DTT 

Kv1.3 + LMAN2 

-14.5 ± 2.2 

-12.5 ± 5.8 

-17.5 ± 2.0 

2.0 ± 0.28 

2.0 ± 0.46 

2.2 ± 0.15 

6 

5 

8 

Kv1.4 

Kv1.4 + 200 µM DTT 

Kv1.4 + LMAN2 

-25.6 ± 4.2 

-25.6 ± 1.7 

-25.3 ± 2.7 

2.5 ± 0.28 

2.3 ± 0.081 

1.6 ± 0.16 

7 

8 

9 

Kv1.5 

Kv1.5 + 200 µM DTT 

Kv1.5 + LMAN2 

0.79 ± 2.8 

-0.69 ± 2.8 

8.2 ± 3.9 

1.9 ± 0.19 

2.1 ± 0.23 

1.8 ± 0.19 

5 

6 

6 

Kv1.2-1.1 

Kv1.2-1.1 + 200 µM DTT 

Kv1.2-1.1 + LMAN2 

19.3 ± 8.3 

70.4 ± 3.3* 

43.4 ± 6.0# 

1.3 ± 0.19 

1.1 ± 0.039 

1.1 ± 0.089  

8 

6 

11 

Kv1.4-1.2 

Kv1.4-1.2 + 200 µM DTT 

Kv1.4-1.2 + LMAN2 

-10.4 ± 4.1 

76.2 ± 15.3δ 

66.2 ± 5.5δ 

1.6 ± 0.22 

0.97 ± 0.076  

0.93 ± 0.023  

6 

6 

6 

Kv1.5-1.2 

Kv1.5-1.2 + 200 µM DTT 

Kv1.5-1.2 + LMAN2 

-5.3 ± 7.0 

51.3 ± 6.8* 

60.4 ± 8.6* 

1.9 ± 0.39 

1.2 ± 0.091 

1.05 ± 0.031 

6 

6 

5 

Table 3.1. Summary data of V1/2 [mean ± SEM], k [mean ± SEM], and number of cells recorded for 

various Kv1 channels in control, DTT, and LMAN2 conditions. A one-way ANOVA followed by 

Bonferroni post hoc test was performed on the same ion channel in different conditions (e.g. Kv1.1, 
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Kv1.1 + 200 µM DTT, and Kv1.1 + LMAN2). Significant differences relative to the control group are 

indicated with * p<0.001 and # p <0.05. A non-parametric Kruskal-Wallis ANOVA on Ranks test 

followed by Dunn’s method was performed on the Kv1.4-1.2 channel as the data was not normally 

distributed. Significant differences relative to the control group are indicated with δ p<0.05. 

 

Kv1.2 transfers use-dependent activation properties to heteromeric channels 

The redox-dependent slow gating mode of Kv1.2 results in use-dependent activation (UDA), 

which arises because channels temporarily shift to a potentiated or facilitated gating mode as they are 

activated. Thus, if channels are pulsed rapidly enough to prevent significant recovery of the slow gating 

mode, repetitive trains of depolarizations will cause a gradual increase in current amplitude as channels 

that have been activated accumulate in the potentiated mode (Baronas et al., 2015). As it appears that 

LMAN2 is causing a similar gating mode shift as extracellular reducing conditions, we compared the 

effects of LMAN2 and DTT on use-dependent activation properties. Previous studies have shown that 

LMAN2 significantly enhances the degree of use-dependent activation in cells expressing Kv1.2 

channels, similar to the effects of extracellular reducing conditions (Baronas et al., 2017; Lamothe and 

Kurata, 2023). Here, we demonstrate that cells transfected with Kv1.1, 1.4, and Kv1.5 did not exhibit use-

dependence and were unaffected by reducing agents and LMAN2 (Figure 3.3). However, consistent with 

the effects of DTT and LMAN2 in Kv1.2 homomers (Baronas et al., 2017; Lamothe and Kurata, 2023), 

Kv1.2-1.1, Kv1.4-1.2, and Kv1.5-1.2 all exhibited moderate and variable UDA under control conditions 

(Figure 3.3), which was markedly enhanced by DTT and LMAN2. This further confirms that Kv1.2 can 

transfer its slow gating, redox sensitivity, and LMAN2 sensitivity when expressed in heteromeric 

channels.  
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Figure 3.3. Redox and LMAN2 enhance use-dependent activation in Kv1 heterodimeric channels. 

(A) Representative traces of LM fibroblast cells expressing Kv1.1 and Kv1.2-1.1 ± 200 µM 

DTT/LMAN2 being subjected to 20 Hz trains of +60 mV 10 ms depolarizations from a holding potential 
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of -80 mV. (B-D) Box plots illustrate % use-dependent activation (UDA). UDA was calculated by 

subtracting the first pulse from the peak pulse and then dividing by the peak pulse (n = 5-20). Kruskal-

Wallis ANOVA and Dunn’s post hoc test were performed on the same ion channel in different conditions. 

Significance relative to control group (i.e. channel in ambient conditions) was indicated with * <0.05. 

One-way ANOVA and Bonferroni tests were performed on Kv1.4-1.2 channels as normality and equal 

variance were assumed. Significance was indicated with # <0.05.  

 

 

LMAN2 mirrors DTT effects on activation and deactivation of Kv1 channels 

To further confirm the parallels between LMAN2 and DTT in terms of functional outcomes and 

subtype specificity, we compared the effects of DTT and LMAN2 on activation and deactivation rates of 

Kv1 homomeric and Kv1.2-containing heteromeric channels. Time constants of activation were measured 

with single exponential fits of activation kinetics between +100 and 180 mV (10 mV steps, 100 ms 

pulses), from a holding potential of -80 mV. Consistent with the previously described effects of DTT and 

LMAN2 on voltage-dependent activation, only Kv1.2 exhibited a slower activation time constant in DTT 

and LMAN2 (Figure 3.4) (Baronas et al., 2017; Lamothe and Kurata, 2023). Also, all Kv1.2-containing 

heteromeric channels exhibited DTT or LMAN2-sensitive activation kinetics (Figure 3.5A-C). Notably, 

Kv1.2-1.1 had the slowest activation time constant in control conditions, which was further shifted by 

DTT and LMAN2 (Figure 3.5A). Kv1.4-1.2 and Kv1.5-1.2 both exhibited relatively fast activation 

kinetics in ambient conditions, but markedly slower kinetics in the treatment groups (Figure 3.5B-C and 

E-F).  
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Figure 3.4. Redox and LMAN2 decelerate activation kinetics of Kv1.2 homomeric channels. (A-E) 

Time constants of activation (τ activation) were fitted with single exponential curves as described in the 

methods and plotted against voltage (mV) (mean ± SEM). LM fibroblast cells were initially held at -100 

mV and then underwent step depolarizations ranging from +100 to 180 mV for 100 ms in 10 mV 

increments. A Kruskal-Wallis ANOVA and Dunn’s post hoc test were performed on τ activation at +150 

mV. Only Kv1.2 + 200 µM DTT and Kv1.2 + LMAN2 groups showed significant differences relative to 

control (p<0.05). n = 3-7 individual cells recorded for each group. (F) Sample current trace showing 

activation of WT Kv1.2 ± DTT/LMAN2 being depolarized to +150 mV. 
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Figure 3.5. Redox and LMAN2 decelerate activation kinetics of heteromeric channels containing 

Kv1.2 α-subunits. (A-C) Time constants of activation (τ activation) for Kv1.2-1.1, Kv1.4-1.2, and 

Kv1.5-1.2 in control, DTT, and LMAN2 conditions were obtained using the protocol described in Figure 

3.4. Recordings were obtained using LM fibroblast cells. A one-way ANOVA and Bonferroni t-test were 

performed on τ activation at +150 mV. Significant differences relative to control groups were found for 

all +DTT and +LMAN2 groups (p<0.05). n = 3-7 individual cells recorded for each group. (D-F) 

Representative current traces of cells expressing Kv1.2-1.1, Kv1.4-1.2, and Kv1.5-1.2 channels ± 

DTT/LMAN2 being depolarized to +150 mV for 100 ms.  

 

Deactivation kinetics were measured over a range of negative voltages (-80 mV to -150 mV, 10 

mV steps) after a depolarization to +60 mV (Figure 3.6). As shown by the exemplar traces, there were no 

consistent differences in deactivation between control, 200 µM DTT, and LMAN2 conditions in Kv1.1, 

1.2, and 1.2-1.1 (Figure 3.6). Redox and LMAN2 also had no effect on deactivation for all other Kv1 

homomeric or heteromeric channels (Supplementary Figures 1-2). These findings indicate that DTT and 

LMAN2 exert comparable effects on channel activation, while leaving deactivation unaltered. 

Importantly, their shared specificity for Kv1.2 α-subunits strongly suggests that they operate through a 

common or overlapping mechanism that targets the gating properties of Kv1.2 channels. Although the 

precise nature of this mechanism remains elusive and requires further investigation, we present a 

comprehensive working model in our discussion section that integrates all existing findings.  
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Figure 3.6. Redox and LMAN2 induce no changes in deactivation kinetics of Kv1 homomers and 

heteromers. (A-C) Sample traces of LM fibroblast cells expressing Kv1.1, Kv1.2, and Kv1.2-1.1 

channels in control, 200 µM DTT, and LMAN2 conditions being depolarized to +60 mV for 600 ms from 

a -100 mV holding potential and then being repolarized to -80 to -150 mV (10 mV steps) for 500 ms. To 

ensure clarity, only sweeps at -90, -110, -130, and -150 mV repolarization are shown. The highlighted red 

traces depict the -150 mV depolarization. (D-F) Time constants of deactivation (τ deactivation) was 

measured by fitting deactivation curves with a single exponential function as mentioned in the methods 

and measured against voltage (mV). Either a one-way ANOVA or Kruskal-Wallis one-way ANOVA was 

run at -120 mV, depending on if normality and equal variance assumptions were fulfilled, to compare 

between groups. In all conditions, there were no statistically significant differences. n = 4-8 individual 

cells.  

 

3.3 DISCUSSION  

Relative to other Kv1 subtypes, Kv1.2 channels appear especially prone to modulation, and this 

likely underlies the wide variation in the reported kinetics and voltage-dependence of activation (Baronas 

et al., 2015; Grissmer et al., 1994; Rezazadeh et al., 2007). However, apart from the well-characterized 
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Kvβ subunits, extrinsic regulatory proteins that account for the pronounced plasticity of Kv1.2 gating 

properties are not well understood. Further identification and characterization of mechanisms of 

modulation of Kv1.2 may be of general importance because of their propensity for intra-family 

heteromerization, and thus the potential to recruit regulatory mechanisms by individual subunits in 

heteromeric channels in vivo (Lee et al., 1996; Nitabach et al., 2001; Po et al., 1993; Sheng et al., 1993). 

We have reported that Kv1.2 channels expressed in mammalian cell lines are highly responsive to 

changes in extracellular redox potential. Reducing agents shift channels to a slow gating mode with a 

pronounced depolarized shift of activation V1/2 (to ~+60 mV) and use-dependent activation (Baronas et 

al., 2015). There is strong evidence that this sensitivity is not governed by the channel itself: a) redox 

sensitivity persists when transmembrane or extracellular cysteines are mutated, b) redox sensitivity is 

variable between different expression systems (ie. oocytes vs. cell lines), and c) homologous redox-

sensitive cysteines in the TM or extracellular regions are present in all Kv1 channels, but only Kv1.2 

exhibits pronounced redox sensitivity. We have worked towards identifying potential extrinsic regulators 

of redox sensitivity, and recently found that co-expression with LMAN2 strongly sensitizes Kv1.2 to 

redox changes and biases channels towards a slow gating mode (Lamothe and Kurata, 2023). In this 

current study, we have extended these findings and bolstered evidence for a relationship between redox 

sensitivity and LMAN2 modulation of Kv1.2. We systematically characterized the redox sensitivity of the 

most prominently studied Kv1 subunits (Kv1.1-Kv1.5), and demonstrated overlapping subtype specificity 

for DTT and LMAN2 effects, suggesting they operate by the same mechanism. We also demonstrated 

that Kv1.2 confers redox and LMAN2 sensitivity to heteromeric potassium channels. Heteromeric Kv1.2-

1.1, 1.4-1.2, and 1.5-1.2 channels all exhibited V1/2 shifts to depolarized voltages, decelerated activation, 

and increased UDA in response to either DTT or LMAN2 (Figure 3.2-3.5). For both LMAN2 co-

expression and DTT application, the underlying mechanism for gating changes exclusively affected the 

rate of activation, but not deactivation (Figure 3.4-3.6). Overall, all channels (Kv1.2 homomers or 

heteromers) with LMAN2 sensitivity also exhibited redox sensitivity. No channel demonstrated one 

sensitivity without the other. This suggests that the mechanism behind both sensitivities are related. In 
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this regard, previous work identified a highly localized site in the intracellular S2-S3 linker that strongly 

influences variability of Kv1.2 gating - this site (Kv1.2 Thr252, which is a positively charged Lys or Arg 

side chain in nearly all other Kv channels), is also a powerful determinant of redox and LMAN2 

sensitivity (Baronas et al., 2016, 2015; Lamothe and Kurata, 2023; Rezazadeh et al., 2007). The 

convergence of these findings indicates that the unusual variability of Kv1.2 gating is caused by the same 

regulatory mechanisms that underlie redox and LMAN2 sensitivity. 

Our hypothesis is that an extrinsic regulatory molecule interacts and influences Kv1.2 in a redox-

sensitive manner, and that cell-to-cell differences in expression of this regulator (along with perhaps 

localized variations in redox potential) can lead to the remarkable variability of Kv1.2 gating that has 

been reported. In this general model, the association/effect of this regulator with Kv1.2 would be more 

prominent in reducing conditions, and cause stabilization of resting states of the channel. Our recent 

findings characterizing the effects of LMAN2 on Kv1.2 (Lamothe and Kurata, 2023), and evidence here 

presenting the overlapping subunit dependence of LMAN2 and redox sensitivity, indicate that LMAN2 is 

a contributor to this mechanism of redox modulation of Kv1.2-containing channels. However, a clear gap 

in our findings thus far is that we have not been able to demonstrate a direct physical interaction between 

LMAN2 and Kv1.2. Some possible mechanisms that may explain the functional outcomes of LMAN2 co-

expression are that it could be directly involved in sensing extracellular redox changes but its interaction 

with the channel is difficult to detect or possibly mediated by an additional intermediary. Alternatively, 

LMAN2 may influence the expression or assembly of a different redox-sensitive protein that influences 

Kv1.2. Based on our findings thus far, we view LMAN2 as a potential candidate for extracellular 

sensitivity as it contains numerous extracellular disulfide bonds, however we have recognized that co-

expression with LMAN2 is not sufficient to reconstitute redox-sensitivity of Kv1.2 in the oocyte 

expression system (data not shown). Thus, it seems fair to say that LMAN2 can strongly influence redox-

dependent gating of Kv1.2 but is likely only one part of a more complex set of regulatory proteins 

underlying the variable redox-sensitive gating of Kv1.2.  
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The potential involvement of LMAN2 in the regulation of ion channel gating is unusual and a 

departure from the functions typically studied for this protein. LMAN2 is a transmembrane lectin that 

binds to glycoproteins and cycles through the Golgi apparatus and ER, while its localization at the plasma 

membrane has been debated in different publications and may vary depending on cell type and expression 

level (Kamiya et al., 2008, 2005). The function of LMAN2 continues to be investigated but it has been 

suggested to have roles in both anterograde and retrograde vesicle/cargo trafficking (Füllekrug et al., 

1999; Kwon et al., 2016; Reiterer et al., 2010). Our previous characterization of LMAN2 demonstrated 

that mutations introducing strong ER retention signals prevent the reported modulatory effects on Kv1.2 

(Lamothe and Kurata, 2023). Additionally, the location of EGFP fusion to LMAN2 strongly influences its 

ability to modulate Kv1.2. N-terminal EGFP tagged LMAN2 can reach the plasma membrane and 

influence Kv1.2 gating, whereas C-terminal EGFP tagged LMAN2 is retained intracellularly and has no 

effect on Kv1.2. Evidence linking LMAN2 to in vivo ion channel function or neurological diseases is 

largely unexplored. A recent paper reported downregulation of LMAN2 in multiple systems atrophy, 

although the underlying mechanism was undetermined (Bettencourt et al., 2020). Interestingly, LMAN2L 

(a member of the LMAN family and close homolog of LMAN2) mutations have resulted in intellectual 

disabilities, schizophrenia, bipolar disorder, and epilepsy, but potential links to Kv1.2 or perhaps other 

cargo remain undetermined (Alkhater et al., 2019; Lim et al., 2014; Rafiullah et al., 2016). 

We previously reported features of redox-sensitive gating of Tityustoxin-isolated (likely Kv1.2-

containing) channel currents in primary hippocampal and dorsal root ganglion neurons (Baronas et al., 

2017; Lamothe and Kurata, 2023). Much like our findings in cell lines, these currents exhibit highly 

variable rates and voltage-dependence of activation and inactivation. This likely involves the assembly of 

Kv1.2 with different Kv1 α-subunits and potentially β-subunits that confer inactivation. Keeping in mind 

this wide potential for variation in vivo, we were interested by our observation that different Kv1.2 

heteromeric channel assemblies can vary significantly in terms of their gating properties in ambient redox 

or the saturating effects of LMAN2 and DTT. For example, Kv1.2-1.1 heteromers exhibited differences in 

the maximal gating shift generated by LMAN2 vs DTT, which is consistent with our suggestion that 
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LMAN2 is not the sole protein responsible for redox-sensitivity (Figure 3.2, Table 3.1). Perhaps more 

importantly however, Kv1.2-1.1 was more sensitive to Kv1.2 mediated effects under ambient redox 

conditions, compared to Kv1.4-1.2 and Kv1.5-1.2. Kv1.2-1.1 channels exhibited a strongly depolarized 

V1/2 in ambient redox (19.3 ± 8.3 mV) (Table 3.1), diverging significantly from Kv1.1 homomers, 

indicating that Kv1.1 subunits may be more permissive for Kv1.2 modulation of heteromeric channel 

gating, relative to Kv1.4 or Kv1.5.  

 

3.4 CONCLUSION 

In short, we confirm that Kv1.2 channels can confer redox and LMAN2 sensitivity to other Kv1 

channel members when assembled as heteromeric channels. This sensitivity is dependent on the presence 

of Kv1.2 α-subunits, indicating a connected mechanism in which LMAN2 is a candidate sensor for redox 

modulation. Additionally, our results demonstrate that redox and LMAN2 influence the channels by 

decelerating activation kinetics without affecting deactivation. These findings contribute to our overall 

comprehension of the modulation mechanisms of heteromeric voltage-gated potassium channels and 

specifically, contribute to the ongoing investigation of the Kv1.2 slow gating mechanism. 
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CHAPTER 4: REDOX AND LMAN2 SENSITIVE GATING ALTER N-TYPE 

INACTIVATION OF KV1.2 CHANNELS 

4.1 INTRODUCTION 

Kv1.2 was the first eukaryotic voltage-gated channel with a reported atomic resolution structure, 

and has thus served as a valuable model for investigating ion channel gating mechanisms and as a 

template for molecular dynamics studies of ion channel relatives (Han and Zhang, 2008; Jogini and Roux, 

2007; Long et al., 2005; Treptow and Tarek, 2006). Although the intrinsic molecular mechanisms of 

voltage-dependent opening and closing of these channels have been studied in depth, the interplay of 

voltage-dependent gating with extrinsic regulatory mechanisms has received relatively less attention and 

is likely important to understanding Kv1.2 function in vivo. Kv1.2 is ubiquitously expressed in neurons 

throughout the CNS and PNS where it influences action potential properties and regulates neuronal 

excitability (Devaux et al., 2002; Dodson et al., 2003; Goldberg et al., 2008; Kole et al., 2007; Sheng et 

al., 1994). Relative to other Kv1 family members (Kv1.1-1.8), Kv1.2 stands out for its critical functions. 

For example, Kv1.2 knock-out mice exhibit 100% lethality within three weeks of birth (Brew et al., 2007) 

and Kv1.2/KCNA2 mutations are associated with especially severe neurological phenotypes (Allen et al., 

2016; Gao et al., 2022; Nilsson et al., 2022; Pena and Coimbra, 2015; Syrbe et al., 2015).  

Although it has not been directly linked to pathophysiological outcomes, Kv1.2 channels are 

reported to exhibit notable modulation of activation properties in primary neuronal cultures and when 

heterologously expressed in mammalian cell lines (Baronas et al., 2017, 2015; Grissmer et al., 1994; 

Ishida et al., 2015; Rezazadeh et al., 2007; Scholle et al., 2004). We have made some progress in 

identifying the molecular mechanisms and regulators underlying the highly variable activation properties 

of Kv1.2, including the recognition that extracellular reducing conditions strongly shift Kv1.2 gating, and 

that a candidate regulatory protein LMAN2 can influence this redox sensitivity (Baronas et al., 2017; 

Lamothe and Kurata, 2023). These modulators can prominently shift Kv1.2 gating properties, although 

other candidate regulators may also contribute. For example, Sigma-1 receptors are reported to physically 
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interact with Kv1.2 and influence current amplitude (Abraham et al., 2019) and cell surface expression 

(Kourrich et al., 2013). Additionally, RhoA associates with Kv1.2 and suppresses channel expression via 

multiple mechanisms (Cachero et al., 1998; Hattan et al., 2002; Stirling et al., 2009). Lastly, we have 

reported that the amino acid transporter Slc7a5 influences Kv1.2 gating and expression (Baronas et al., 

2018). 

Amongst regulators of Kv1 channels, the most widely investigated auxiliary proteins are the Kvβ 

subunits. Kvβ subunits assemble with Kv1 α-subunits in a 1:1 stoichiometry by direct association with the 

N-terminal T1 domain (Gulbis et al., 2000, 1999; Pongs and Schwarz, 2010). Their effects include 

enhancing the maturation, expression, and localization of Kv1 channels (Accili et al., 1997; Gu et al., 

2003; Heinemann et al., 1995; Shi et al., 1996). Furthermore, Kvβ1 and Kvβ3 subunits possess a N-

terminal peptide that generates N-type inactivation and rapid current decay (Rettig et al., 1994).  

Since N-type inactivation of Kv channels has a state-dependence, and requires channels to be 

open for association with the N-terminal inactivation peptide, we considered whether the modulation of 

Kv1.2 channel activation properties could influence the apparent rate or extent of N-type inactivation 

(Hoshi et al., 1991). Moreover, since activation kinetics of Kv1.2 can be manipulated in an activity-

dependent manner, could interaction between these regulatory mechanisms generate activity-dependent 

changes in the properties of Kv currents? With recent progress in our understanding of mechanisms that 

regulate Kv1.2 activation, we sought to investigate how manipulation of Kv1.2 activation properties could 

influence N-type inactivation properties. We report moment-to-moment and cell-to-cell variability of 

inactivation of Kv1.2-like currents in primary hippocampal neurons. Furthermore, we also describe how 

manipulation of Kv1.2 activation kinetics in mammalian cells can recapitulate several characteristics of 

these neuronal currents. These include the activity-dependent changes in the extent of N-type inactivation, 

and the appearance of slowly activating currents even in the presence of Kvβ subunits. Overall, our study 

contributes to the ongoing exploration of the various regulatory mechanisms governing Kv1.2 channels.  
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4.2 RESULTS 

Diverse properties of Kv1.2-containing currents in primary hippocampal neurons.  

We previously investigated and reported use-dependent or activity-dependent properties of 

tityustoxin-sensitive currents in primary hippocampal neurons (Baronas et al., 2015). In primary cell 

cultures, there is notable variability between cells, presumably because there are varying degrees and 

types of modulation of Kv1.2 in different cells. We took a similar approach and investigated the 

inactivating properties of tityustoxin-sensitive currents (attributed to Kv1.2-containing channels) in this 

cell model.  

When these neurons were stimulated with a +40 mV pulse for 50 ms, we observed that the 

kinetics and degrees of activation and inactivation varied greatly across different neurons. Some neurons 

displayed slow activation and no inactivation (left), some neurons exhibited fast activation and high levels 

of inactivation (right), and some neurons exhibited moderate amounts of activation and inactivation 

(middle) (Figure 4.1A).  
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Figure 4.1. Variable Kv1.2-containing current properties in dissociated hippocampal neurons. (A) 

Sample traces of Kv1.2-containing currents isolated from three different hippocampal neurons using 

tityustoxin. These three traces demonstrate the wide range of Kv1.2 kinetic properties: slow activation 

and no inactivation (left), fast activation and high degrees of inactivation (right), and intermediate 

activation and inactivation effects (middle). (B) Sample traces of three neurons undergoing 50 pulses. 

Black trace represents the first pulse and green trace represents the 50th pulse. (C) Fractional inactivation 

was measured by calculating the difference between peak current within 10 ms and steady state current 

divided by total peak current of the first pulse. Each dot represents a single neuron recorded (n = 28). (D) 

Individual activation was measured from a single pulse by calculating the difference between final steady 

state current and peak current within 10 ms divided by total peak current. Cumulative activation was the 

sum of individual activation for all 50 pulses. Each dot represents a single neuron recorded (n = 28). 

These experiments were conducted and the data were analyzed by Victoria Baronas. 

 

Notably, aside from the variability between cells (i.e. cell-to-cell), these neurons also 

demonstrated internal variability over time within the same cell (i.e. moment-to-moment). To explore this 

variability, neurons next underwent 50 repetitive +40 mV pulses. In Figure 4.1B, we observed that the 

first current sweep highlighted in green can be vastly different from the 50th current sweep highlighted in 

black. When we measure the fractional inactivation of a single sweep or the cumulative activation of 50 

pulses, we again see high variability between cells that are not dependent on days in culture (Figure 4.1C-

D). These findings reinforce that Kv1.2 can exhibit remarkable cell-to-cell and moment-to-moment 
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diversity in current properties. This intriguing phenomenon suggests the involvement of various unknown 

extrinsic regulators that are competing for and modulating Kv1.2 channel activity. 

 

Kv1.2 and Kvβ generate variable levels of N-type inactivation.  

Kv1.2 channels have been reported to exhibit widely variable kinetics and voltage-dependence of 

activation in mammalian cell lines. Kv1.2 can exhibit a slow “resistant” gating mode with slow activation 

kinetics, and can also be shifted to a fast “permissive” gating mode (with much faster activation kinetics) 

in response to conditioning prepulses (Baronas et al., 2015; Rezazadeh et al., 2007). We examined 

whether this activity-dependent plasticity of Kv1.2 activation rate would affect the appearance of Kvβ-

mediated N-type inactivation because the onset of N-type inactivation requires channel activation to occur 

first (Hoshi et al., 1991). 

We measured N-type inactivation in LM cells transfected with Kv1.2 and Kvβ1.2 in a 1:12 ratio 

(to promote association of Kv1.2 with the β-subunit). In response to a single depolarizing pulse (+150 

mV, 300 ms), channels exhibited wide variability of inactivation between cells (Figure 4.2A). In some 

cases, there was little to no inactivation and even some delayed apparent slow activation (Figure 4.2A, 

left). Other cells exhibited intermediate (Figure 4.2A, middle) or high (Figure 4.2A, right) degrees of 

inactivation.  

As previously described, conditioning prepulses to a strong depolarizing voltage will transiently 

relieve the slow gating, and thus lead to accelerated gating kinetics and activation of a second pulse at 

more negative voltages. In the case of Kvβ-mediated inactivation, this acceleration of activation could 

lead to more prominent inactivating behavior (Figure 4.2B). This was indeed the case even in very slow 

cells that initially exhibited 0% inactivation. The average % inactivation significantly increased from 28% 

to 47%, but more importantly, each cell exhibited enhanced % inactivation when potentiated with a 

conditioning pulse (Figure 4.2C). The important outcome of this experiment is that it demonstrates that 

variable gating kinetics of Kv1.2 can mask the apparent onset of N-type inactivation. Use-dependent 

potentiation can then reveal this hidden N-type inactivation. 
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Figure 4.2. Variable Kvβ induced N-type inactivation in Kv1.2 channels in cell lines. (A) 

Representative traces recorded from three LM fibroblast cells transfected with Kv1.2 and Kvβ (1:12). 

Cells were held at -80 mV and then depolarized to +150 mV for 300 ms. The three traces illustrate the 

variable levels of percent inactivation (%) observed: low percent inactivation (left), medium percent 

inactivation (middle), high percent inactivation (right). (B) Sample current traces of LM fibroblast cells in 

the presence (green) and absence (black) of a 100 mV 300 ms prepulse. Recordings shown were again 

from cells that were held at -80 mV and then depolarized to +150 mV for 300 ms. (C) Box plots 

showing % inactivation. The % inactivation was measured by subtracting peak current by end current 

divided by peak current (n = 9). A paired t-test was performed to compare groups. P-values are indicated 

above box plots.  

 

Redox and LMAN2 inhibit Kvβ inactivation in Kv1.2 channels 

Experimental manipulations including extracellular reducing conditions and/or co-expression 

with the transmembrane lectin LMAN2 can strongly bias Kv1.2 towards the slow gating mode, with 

extreme deceleration of activation kinetics and a depolarizing shift of voltage-dependent activation 

(Baronas et al., 2017).  

In terms of effects on Kvβ-mediated inactivation, application of DTT masks virtually all apparent 

inactivation, leading to 0% inactivation in the majority of cells tested (Figure 4.3B). This effect occurs 

because the DTT-mediated deceleration of activation masks the time course of onset of inactivation 

(Figure 4.3A). To demonstrate that the attenuation of % inactivation arises primarily from an indirect 

effect on the kinetics of activation, we again used a conditioning prepulse (double pulse protocol) to 
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transiently relieve the slow gating mode. Under these conditions, channels activate rapidly, and this 

reveals the fast time course of onset of N-type inactivation (Figure 4.3B). Use-dependent potentiation of 

cells in the extracellular reducing condition shifted average % inactivation from 2.8% to 33% (Figure 

4.3B). This finding is helpful to demonstrate that redox-dependent mode shifting of Kv1.2 gating can 

markedly influence the appearance of N-type inactivation and can be modulated with prior depolarizing 

stimuli. 

 

Figure 4.3. Prepulse potentiation and mutagenesis can rescue redox attenuated Kvβ induced N-type 

inactivation. (A) Representative traces recorded from LM cells expressing Kv1.2 or redox-insensitive 

mutant Kv1.2[S2-S3L]1.5 and Kvβ in 200 µM DTT conditions. Black traces were recorded from cells 

that underwent a single 300 ms +150 mV pulse. Green traces were recorded from cells that underwent an 

initial 300 ms +100 mV prepulse and then depolarized to +150 mV for 300 ms. (B) Box plots 

illustrating % inactivation of Kv1.2 + Kvβ + 200 µM DTT (n = 13) and Kv1.2[S2-S3L]1.5 + Kvβ + 200 

µM DTT (n = 5). Measurements were taken using single pulse protocols (black) and double pulse 

protocols (green). A nonparametric Kruskal-Wallis test followed by pairwise multiple comparison Dunn’s 

post hoc test was used to compare groups. Significant differences relative to Kv1.2 + Kvβ + 200 µM DTT 

single pulse are indicated with * p <0.05.  



 

57 

 

It is also of interest that although Kvβ-subunits are closely-related to the redox-sensitive 

NADPH-oxidoreductase protein family, the redox-sensitivity of these effects on inactivation largely occur 

independently of the redox-responsiveness of Kvβ (Pan et al., 2011; Pongs and Schwarz, 2010; Weng et 

al., 2006). Rather, they are attributable to an alternative redox-sensitive mechanism that controls channel 

activation. To confirm this further, we used a chimeric Kv1.2-Kv1.5 construct that abolishes 

responsiveness to both redox and LMAN2 by replacing two residues in the intracellular linker of Kv1.2 

with sequence from Kv1.5 (construct labeled Kv1.2[S2-S3L]1.5, which amounts to the double mutation 

F251S/T252R in Kv1.2). This loss of sensitivity causes Kv1.2[S2-S3L]1.5 channels to only exhibit their 

fast gating modes. The outcome of this loss of sensitivity is that Kv1.2[S2-S3L]1.5 exhibited fast 

activation kinetics and consequently significant inactivation in all conditions (Figure 4.3). This occurs 

because unlike Kv1.2 channels which can be shifted to slow gating modes in the presence of DTT or 

LMAN2, Kv1.2[S2-S3L]1.5 only has a fast gating mode and therefore does not exhibit pulse-to-pulse 

variation of activation and (indirectly) inactivation kinetics. In terms of overall redox modulation of 

Kv1.2 currents, this reaffirms that the modulation of inactivation is chiefly due to the effects redox has on 

Kv1.2 activation rates and not due to effects on Kvβ itself (Figure 4.3B).  

We also tested the effects of combining LMAN2 co-expression with DTT application on N-type 

inactivation. The purpose of this approach was to determine whether further biasing the channels towards 

the slow gating mode would continue to suppress inactivation in repeated pulses. Our prior work has 

demonstrated that LMAN2 is involved in the mechanism underlying DTT sensitivity of Kv1.2, and the 

combination of these treatments further promotes the slow gating mode (Lamothe and Kurata, 2023). 

Similar to findings in Figure 4.3, combination of DTT and LMAN2 causes extremely low % inactivation, 

by decelerating activation and masking the onset of inactivation (Figure 4.4). Delivering a conditioning 

prepulse caused faster Kv1.2 activation unmasking a higher % inactivation (26%) (Figure 4.4). Consistent 

with our previous reports that the Kv1.2[S2-S3L]1.5 chimera is insensitive to both LMAN2 and redox, 

this conditioning pulse-dependence of inactivation was absent for the chimeric channel, and prominent 
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inactivation was apparent in all conditions (Figure 4.4) (Lamothe and Kurata, 2023). Overall, these 

findings demonstrate that reducing conditions and LMAN2 promote the slow gating mode of Kv1.2 

channels which indirectly prevents it from undergoing inactivation by Kvβ.  

 

 

Figure 4.4. Prepulse potentiation and mutagenesis can rescue redox and LMAN2 attenuated Kvβ 

induced N-type inactivation. (A) Representative traces recorded from LM cells expressing Kv1.2, 

Kv1.2[S2-S3L]1.5, Kvβ, and LMAN2 in 200 µM DTT conditions. Black traces were recorded from cells 

that underwent a single 300 ms +150 mV pulse. Green traces were recorded from cells that underwent an 

initial 300 ms +100 mV prepulse and then depolarized to +150 mV for 300 ms. (B) Box plots 

illustrating % inactivation of Kv1.2 + Kvβ + LMAN2 + 200 µM DTT (n = 9) and Kv1.2[S2-S3L]1.5 + 

Kvβ + LMAN2 + 200 µM DTT (n = 12). Measurements were taken using single pulse protocols (black) 

and double pulse protocols (green). A one-way ANOVA followed by Bonferroni post hoc test was used to 

compare groups. Significant differences relative to Kv1.2 + Kvβ + 200 µM DTT + LMAN2 are indicated 

with * p=0.002 and # p <0.001.  
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Variable N-type inactivation of Kv1.4-1.2 heteromeric channels  

Kv1 channel subtypes assemble as heteromeric channels in vivo which can recruit regulatory 

properties from distinct subunits. For example, Kv1.2 confers ‘slow gating’ sensitivity when assembled in 

heteromeric channels with Kv1.1, Kv1.4∆N, or Kv1.5 (see Chapter 3). Since WT Kv1.4 contains a N-

terminal peptide that generates N-type inactivation, we tested the interaction between the Kv1.2-

dependent slow gating mode, and the Kv1.4-dependent N-type inactivation, when these subtypes combine 

to generate heteromeric channels. We used a concatenated dimer of full-length Kv1.4 (N-type inactivation 

intact and accessible at the N-terminus), and Kv1.2. 

Similar to Kvβ-mediated N-type inactivation, WT Kv1.4-1.2 channels displayed a wide range of 

inactivation varying from 0% to 80% (Figure 4.5), likely due in part to the cell-to-cell variability of the 

slow gating mode of Kv1.2 (ie. when slow activation kinetics were prominent, then very little inactivation 

was apparent). We confirmed this interaction of slow gating and N-type inactivation by introducing the 

redox and LMAN2-insensitive form of Kv1.2 (Kv1.2[S2-3L] chimera) into these heterodimeric channels, 

leading to higher levels of % inactivation (Figure 4.5). This suggests that Kv1.2 induced slow gating 

inhibits Kv1.4 N-type inactivation. Interestingly, recovery from Kv1.4-mediated N-type inactivation 

progressed much slower than for Kvβ-mediated inactivation, and this prevented the development of peak 

current using the ‘double pulse’ protocols described in Figures 4.2, 4.3 or 4.4 (data not shown). This 

suggests that although Kv1.2 can strongly influence the kinetics of N-type inactivation, differences in 

pulse-to-pulse variability of N-type inactivation may emerge depending on the subunits used to confer 

inactivation. 
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Figure 4.5. Variable levels of inactivation in Kv1.4-1.2 heteromers. (A) Exemplar recordings from LM 

fibroblast cells transfected with either Kv1.4-1.2 (black traces) or Kv1.4-1.2[S2-S3L]1.5 heterodimers 

(green traces) stimulated with a 300 ms pulse to +50 mV from a -80 mV resting potential. Left and 

middle sweeps demonstrate the extreme kinetics of Kv1.4-1.2 with a slow cell exhibiting no inactivation 

(left) and a fast cell exhibiting high % inactivation (middle). (B) Box plots depicting % inactivation of 

Kv1.4-1.2 heteromers in the absence (black box) and presence (green box) of prepulse (n = 6). A Mann-

Whitney Rank Sum Test was performed to compare groups. P-values are indicated above box plots.  

 

Attenuated redox/LMAN2 sensitivity enhances Kv1.4-mediated N-type inactivation 

Similar to our experiments with Kv1.2 + Kvβ (Figures 4.3 and 4.4), we tested the effects of 

reducing agents and LMAN2 on WT Kv1.4-1.2 inactivation. When WT Kv1.4-1.2 channels were exposed 

to 200 µM DTT and LMAN2, N-type inactivation was nearly completely masked, as cells exhibited 

delayed channel activation and no current decay (Figure 4.6). Due to the previously mentioned 

redox/LMAN2 insensitivity of the Kv1.2[S2-3L] chimera, prominent inactivation persisted in most cells 

expressing Kv1.4-1.2[S2-S3L]1.5 channels, even in the presence of LMAN2 and DTT (Figure 4.6). These 

findings indicate that the slow gating mode markedly limits the appearance of N-type inactivation caused 

by both Kv1.4 and Kvβ.  
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Figure 4.6. Inhibition of inactivation is absent in redox and LMAN2 resistant Kv1.4-1.2[S2-S3L]1.5 

mutant. (A) Exemplar recordings of LM cells transfected with combinations of Kv1.4-1.2, Kv1.4[S2-

S3L]1.5, and LMAN2 in 200 µM DTT conditions. Cells underwent a single 300 ms +50 mV pulse. (B) 

Box plots showing % inactivation of Kv1.4-1.2 + 200 µM DTT (n = 6), Kv1.4-1.2[S2-S3L]1.5 + 200 µM 

DTT (n = 9), Kv1.4-1.2 + 200 µM DTT + LMAN2 (n = 8), and Kv1.4-1.2[S2-S3L]1.5 + 200 µM DTT + 

LMAN2 (n = 8). Kruskal-Wallis followed by Dunn’s post hoc test was used. Statistical differences 

relative to Kv1.4-1.2 + 200 µM DTT was indicated with * p<0.05. Statistical differences relative to 

Kv1.4-1.2 + 200 µM DTT + LMAN2 was indicated with # p<0.05.  

 

4.3 DISCUSSION 

Kv1.2 channels exhibit widely variable activation properties across different studies and 

expression systems, with the reported voltage-dependence of activation spanning a range of 120 mV 

(Baronas et al., 2018, 2017; Grissmer et al., 1994; Hite et al., 2014; Rezazadeh et al., 2007; Rodriguez-

Menchaca et al., 2012). This level of variability is unique to Kv1.2 within the Kv1 subfamily and has 

been attributed to Kv1.2 occupancy of multiple gating modes (i.e a “fast” permissive gating mode and 
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“slow” resistant gating mode with distinct kinetics and voltage-dependence of activation), which can be 

manipulated with various experimental conditions. Preconditioning pulses transiently shift Kv1.2 to the 

fast gating mode. In contrast, reducing agents (e.g. DTT or TCEP) and/or co-expression with the 

transmembrane lectin LMAN2 promotes a slow gating mode (Baronas et al., 2017; Lamothe and Kurata, 

2023). Other regulatory proteins also induce prominent shifts in Kv1.2 voltage-dependence, notably co-

expression with amino acid transporter Slc7a5 induces a -50 mV shift of V1/2 (Baronas et al., 2018). In 

light of emerging structural studies of ion channel ‘mega-complexes’ with diverse and unexpected 

auxiliary proteins/subunits, we have begun to explore the functional outcomes of interactions of 

regulatory proteins that influence Kv1.2 gating (Lin et al., 2021). In this study, we demonstrated that 

LMAN2 indirectly influences the onset of N-type inactivation induced by either Kvβ or Kv1.4 α-subunits 

in Kv1.2 containing channels. A model depicting this relationship is shown in Figure 4.7. The key feature 

of the model is that reducing conditions and overexpression of LMAN2 decelerates Kv1.2 channel 

activation, and therefore reduces the apparent rate and extent of inactivation (Figures 4.3,4.4, and 4.6). 

We demonstrated that this effect is primarily attributed to redox/LMAN2 effects on Kv1.2 gating (rather 

than direct modulation of N-type inactivation), because prepulses or mutations in the Kv1.2 S2-S3 linker 

region attenuate the slow gating mode, thus facilitating inactivation (Figures 4.2-4.6). Altogether, these 

illustrate how the interaction of distinct regulatory mechanisms generate cell-to-cell and moment-to-

moment variation of Kv1.2 gating properties.  
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Figure 4.7. Hypothetical model for the interplay between DTT/LMAN2 and Kvβ/Kv1.4 induced N-

type inactivation. Upon depolarization, Kv1.2 will be activated to their open states and can subsequently 

be inactivated by Kvβ or Kv1.4. DTT and LMAN2 inhibit channel opening and thus reduce the extent 

that N-type inactivation can occur. A prepulse can reverse the inhibitory effects of DTT and LMAN2 

thereby encouraging channel activation and inactivation.  

 

The S2-S3 linker region (particularly residues Thr252, Phe251, and Phe250) strongly influence 

sensitivity of Kv1.2 channels to redox modulation and LMAN2 (Baronas et al., 2016; Lamothe and 

Kurata, 2023; Rezazadeh et al., 2007). Point mutations at these positions strongly attenuate the gating 

effects of redox and LMAN2. The Kv1.2[S2-S3L]1.5 chimera, combines the T252R and F251S 

mutations, and appears sufficient to completely abolish LMAN2 or redox sensitivity. Our report bolsters 

prior studies demonstrating the pivotal role of this structural element, and clarifies how mutations in this 

region can indirectly shape the kinetics of inactivation by influencing sensitivity to reducing conditions 

and LMAN2. 

Lamothe et al. demonstrated that both Slc7a5 and Kvβ can simultaneously regulate Kv1.2 

channels, leading to Slc7a5-induced disinhibition and hyperpolarizing shifts in V1/2, alongside Kvβ1.2-

mediated N-type inactivation (Lamothe and Kurata, 2020). Moreover, Slc7a5 was found to accelerate 

Kvβ-mediated inactivation and prolong recovery from inactivation. These previous findings align with 

our own observations in hippocampal neurons and heterologous mammalian cells, where both LMAN2-
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induced slow gating and Kvβ-induced inactivation were detected (Figure 4.1-4.4). Collectively, these 

outcomes highlight the possibility of multiple regulatory mechanisms coexisting, resulting in diverse 

current outcomes. A notable distinction between Slc7a5 and LMAN2 is the mechanism by which they 

affect inactivation. Slc7a5 directly stabilizes the inactivated state whereas LMAN2 indirectly influences 

inactivation by inhibiting channel activation. This distinction is exemplified by the behavior of 

Kv1.2[L298F] mutant channels, which exhibit a similar hyperpolarizing shift of activation as Slc7a5 but 

fail to replicate the accelerated inactivation or delayed recovery observed with Slc7a5 co-expression. 

Conversely, the Kv1.2[S2-S3L]1.5 mutant, which eliminates the depolarizing shift of activation, exhibits 

increased % inactivation, confirming that the impact of LMAN2 and redox on inactivation are due to their 

modulation on channel activation kinetics. The reason for this difference remains unknown but 

nevertheless, demonstrates the need for further investigation into how channels can be regulated by 

Slc7a5, LMAN2, redox and Kvβ.  

Shortly after the discovery of N-type inactivation, this process was linked with redox modulation. 

Both Kvβ and Kv1.4 α-subunits contain N-terminal cysteine residues (C13 and C7/8 respectively) that are 

reported to be sensitive to oxidation (Rettig et al., 1994; Ruppersberg et al., 1990; Sahoo et al., 2014). In 

general, conditions that promote cysteine oxidation were reported to decelerate the inactivation rate and 

decrease the % inactivation. Conversely, these effects could be rescued via the application of reducing 

agents. This effect may be due to direct structural constraints on the N-terminal inactivating particle. An 

additional mechanism for redox-sensitivity of N-type inactivation is that Kvβ itself may act as a redox 

sensor. Structural and electrophysiological studies have confirmed that Kvβ is a functional aldo-keto 

reductase (AKR) enzyme that catalyzes the reduction of aldehydes to alcohols using an NADPH cofactor 

(Pan et al., 2011; Weng et al., 2006). This enzymatic process is coupled to channel gating as oxidation of 

NADPH bound to Kvβ can reduce inactivation. These two effects suggest that reducing conditions would 

result in accelerated and enhanced Kvβ/Kv1.4 induced N-type inactivation. Our findings lead to a 

different functional outcome as reducing conditions (200 µM DTT) decreased the apparent extent of 

inactivation by blunting the peak current achieved upon depolarization (Figures 4.3-4.4, and 4.6). It is 
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most noteworthy that previous studies of redox sensitivity were not conducted in Kv1.2 channels, but 

instead used Kv1.4, Kv1.1, or other Shaker subtypes. As mentioned, the redox-sensitive slow gating 

phenotype described here is exclusive to Kv1.2 (Baronas et al., 2017, 2015). Our findings do not negate 

the possibility that Kvβ and Kv1.4 α-subunits are redox sensitive, either via a N-terminal cysteine or AKR 

core domain, but rather when co-expressed with Kv1.2, the Kv1.2 redox-sensitive slow gating phenotype 

is more dominant. It is also important to recognize that intracellular redox potential is strongly reducing, 

and thus addition of extracellular reducing agents may not have a large influence on the N-terminal 

cysteines or AKR activity described for Kvβ (Baronas et al., 2017; Moriarty-Craige and Jones, 2004). 

This likely explains why DTT fails to accelerate inactivation kinetics in redox-insensitive Kv1.2 mutants 

such as the Kv1.2[S2-S3L]1.5 and Kv1.4-1.2[S2-S3L]1.5 chimeras.  

Overall, there appear to be a variety of potential mechanisms that have evolved for Kv1 channels 

to respond to redox, and the functional outcomes observed likely will depend on the combination of 

channel subunits and accessory proteins expressed in a given cell. Our findings provide a mechanistic link 

between redox/LMAN2 modulation of Kv1.2 α-subunits and other subunits that confer N-type 

inactivation.  

 

4.4 CONCLUSION 

In conclusion, reducing conditions and LMAN2 can attenuate the appearance of N-type 

inactivation of Kv1.2 channels indirectly by slowing the rate of channel opening. These findings broaden 

our understanding of how auxiliary proteins and regulatory mechanisms can interact to generate complex 

patterns of Kv gating. This highlights the importance of further exploration of extrinsic factors that 

regulate Kv channels.  
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CHAPTER 5: GENERAL DISCUSSION 

5.1 INTERPLAY BETWEEN REDOX, LMAN2, KVβ and KV1.4 

The Kv channel family exhibits remarkable diversity in terms of channel kinetics and sensitivities 

to various signaling pathways. Among these channels, Kv1.2 channels display unique voltage-gating 

characteristics that vary from both a cell-to-cell and moment-to-moment basis (Baronas et al., 2015; 

Grissmer et al., 1994; Rezazadeh et al., 2007). This diversity arises from Kv1.2's ability to occupy either a 

fast permissive gating mode or a slow resistant gating mode, which can be biased by different 

experimental conditions (Rezazadeh et al., 2007). Depolarizing prepulses can drive the channel to their 

fast permissive gating mode resulting in hyperpolarizing shifts in V1/2, and accelerated activation kinetics 

(Baronas et al., 2015; Rezazadeh et al., 2007). Alternatively, exposure to reducing agents biases Kv1.2 

towards a slow resistant gating mode characterized by depolarizing shifts in V1/2, decelerated activation 

kinetics, and use-dependent activation (Baronas et al., 2017). More recently, LMAN2 was found to 

replicate the functional outcomes of reducing agents by also shifting Kv1.2 channels to their 

slow/resistant gating mode (Lamothe and Kurata, 2023). 

This diversity is further complicated by the ability of different Kv1 members to assemble together 

resulting in heteromeric channels with distinct properties and sensitivities to various regulatory pathways 

(Plane et al., 2005; Po et al., 1993; Ruppersberg et al., 1990; Shamotienko et al., 1997; Sheng et al., 

1993). For instance, assembly of Kv1.4 α-subunits with other Kv1 α-subunits leads to heteromeric 

channels that retain N-type inactivation (Lee et al., 1996). As such, heteromerization contributes to 

variability in activation, inactivation kinetics, voltage-dependence, and sensitivities to modulation. These 

findings are also reflected in recordings in which hippocampal neurons exhibit highly variable activation 

and inactivation kinetics (Figure 4.1) (Baronas et al., 2015). In my thesis, I delved into the underlying 

mechanisms that give rise to these diverse current outcomes, shedding light on the role of redox and 

LMAN2 mediated signaling on Kv1.2 slow gating.  
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In Chapter 3 of my thesis, I provided further evidence supporting the role of reducing agents and 

LMAN2 as major regulators of the Kv1.2 slow gating phenotype, with converging mechanisms. Exposure 

of Kv1.2 to either reducing agents or LMAN2 significantly increased the appearance of the slow gating 

phenotype (Figure 3.1 and 3.3). Moreover, I demonstrated that Kv1.2 is capable of conferring redox and 

LMAN2 when combined with other Kv1 subunits in a heterotetrameric channel (Figure 3.2-3.5). 

Channels could only demonstrate sensitivity to both redox and LMAN2 sensitivity, but not exclusively 

one, thus these two regulators exhibit overlapping subtype specificity. It was previously confirmed 

through cysteine mutagenesis that Kv1.2 channels lacked intrinsic redox sensitivity and that an extrinsic 

modulator was likely responsible for the redox-mediated effects on Kv1.2 currents (Baronas et al., 2017). 

Lamothe et al. proposed that LMAN2 contributes to slow gating modulation, as LMAN2 knockdown 

greatly diminishes the effects of reducing agents on Kv1.2 channels and overexpression of LMAN2 

hyper-sensitizes Kv1.2 channels to redox (Lamothe and Kurata, 2023). Taken together, these findings 

strongly support the notion that LMAN2 is a regulator of redox sensitivity of Kv1.2 channel function.  

Based on these findings, I propose a hypothesis/model that when LMAN2 is in its reduced form, 

it exhibits stronger interactions (either direct or indirect) with Kv1.2 channels, leading to a shift toward 

the resistant gating mode. Conversely, when LMAN2 is oxidized, its interaction with Kv1.2 channels is 

weaker, suggesting that reducing agents indirectly impact Kv1.2 channel function by affecting this 

auxiliary subunit and mediating slow gating. It is important to note that heterologous LM cells naturally 

express endogenous levels of LMAN2 (Lamothe and Kurata, 2023). Therefore, even without the 

overexpression of LMAN2 alongside Kv1.2, the application of reducing agents can induce the transition 

of endogenous LMAN2 to its reduced state. This shift in LMAN2 leads to subsequent modulation of 

Kv1.2 channels, driving them towards their slow gating modes.  

Expanding on the theme of extrinsic modulators and slow gating of Kv1.2, in Chapter 4, I further 

demonstrated that LMAN2 and redox can indirectly affect the rate and extent of N-type inactivation 

induced by Kvβ and Kv1.4 α-subunits. This indirect inhibition occurs because channel inactivation occurs 

via a stepwise process (C → O → I) (Hoshi et al., 1991). By inhibiting channel opening (C → O), redox 
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and LMAN2 can indirectly inhibit channel inactivation (O → I). The most compelling evidence 

supporting this claim arose from the examination of redox and LMAN2 insensitive mutants, Kv1.2[S2-

S3L]1.5 and Kv1.4-1.2[S2-S3L]1.5. These mutant channels exhibit notably faster activation kinetics and 

higher degrees of N-type inactivation (Figures 4.3-4.6). This dramatic change in % inactivation based 

solely on the mutation of the crucial S2-S3 linker, which is essential for slow gating, demonstrates the 

significant influence of LMAN2 and redox signaling in governing N-type inactivation in Kv1.2 channels, 

rather than a direct effect of redox on the Kvβ/Kv1.4 subunits that endow N-type inactivation.  

These findings provide insights into the variable rates of activation and inactivation observed in 

Kv1.2-containing currents in primary hippocampal neurons. The expression levels of LMAN2, Kvβ, and 

Kv1.4 α-subunits, as well as the local redox potential, vary across different neurons, possibly resulting in 

distinct Kv1.2 current kinetics. Neurons with LMAN2 expression and/or a relatively reducing 

environment would be expected to produce decelerated Kv1.2 activation kinetics. Conversely, neurons 

with low expression of LMAN2 and/or a relatively oxidizing environment would be expected to produce 

accelerated Kv1.2 activation. Additionally, neurons with low levels of LMAN2, an oxidizing 

environment, and high levels of Kvβ/Kv1.4 α-subunits would exhibit fast activation kinetics and 

significant degrees of inactivation.  

Furthermore, my research highlights the influence a strong depolarizing prepulse and repetitive 

depolarizations can have by shifting Kv1.2 channels to their fast gating mode. It is suspected that strong 

and repetitive depolarizations can inhibit the effects mediated by LMAN2. Consequently, channels will 

then activate more quickly and be more susceptible to N-type inactivation. This explains why 

preconditioning prepulses resulted in the subsequent pulse exhibiting higher levels of % inactivation 

(Figures 4.2-4.4).  

 

5.2 KV1.2-LMAN2 INTERACTION SIGNIFICANCE 

Redox and LMAN2 have prominent effects on the voltage-dependence and activation kinetics of 

Kv1.2. Previously described Kv1.2 regulatory mechanisms including glycosylation, PIP2, and sigma-1 
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receptors elicit comparably modest shifts in voltage dependence (i.e. less than 15 mV shifts) (Abraham et 

al., 2019; Rodriguez-Menchaca et al., 2012; Watanabe et al., 2000). In comparison, reducing conditions 

and LMAN2 induce depolarizing shifts exceeding +60 mV (Table 3.1), and this effect is modulated most 

steeply in the physiological range of extracellular redox potential (Baronas et al., 2017; Moriarty-Craige 

and Jones, 2004). Under physiological conditions and voltages, this means that channels could be shifted 

from completely suppressed or completely active depending on the surrounding redox environment or the 

relative expression of regulatory proteins. These dramatic shifts in activation properties could impact 

neuronal excitability and firing patterns. For example, a high degree of slow gating (resulting in 

decelerated activation kinetics and UDA) would suppress activation of Kv1.2-containing currents, 

potentially leading to prolonged action potential duration and/or increased neuronal firing rate, similar to 

the effects observed when Kv1.2 channels are blocked pharmacologically (Devaux et al., 2002; Southan 

and Robertson, 1998; Wu and Barish, 1992; Zhou et al., 2020). Conversely, relief of slow gating in an 

oxidizing environment would maximize Kv1.2-containing currents, thereby suppressing neuronal 

excitability. Modulating Kv1.2 channel activity, redox signaling and LMAN2 may play a role in fine-

tuning neuronal excitability and shaping action potential firing patterns, thereby allowing the CNS to 

dynamically respond to various physiological conditions such as stress, and learning and memory (Dunn 

and Kaczorowski, 2019; Nawreen et al., 2021; Oh and Disterhoft, 2020; Rosenkranz et al., 2010).  

Further building on these ideas, Kv1.2 slow gating and use-dependent activity may contribute to 

the phenomenon of spike-frequency adaptation. Spike-frequency adaptation refers to the gradual decrease 

in firing rate of neurons subjected to repetitive or prolonged stimuli (Benda and Tabak, 2013). This 

adaptive response is found in various neurons and is important for preventing excessive excitability and 

enabling neurons to better detect and adapt to changes in stimuli (Pineda et al., 1999; Benda et al., 2005; 

Sharpee et al., 2006). While the mechanisms underlying spike-frequency adaptation are diverse, it has 

been established that certain ion currents, specifically M-type currents (Kv7 currents) and AHP-type 

currents (calcium-gated potassium currents) can accumulate over time in response to repetitive 

stimulation (Benda and Tabak, 2013). These currents lead to increased inhibitory effects on neurons, 
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ultimately culminating in spike-frequency adaptation. It is plausible that Kv1.2 channels could exhibit 

similar behavior in the context of spike-frequency adaptation. When in their slow resistant gating modes, 

Kv1.2 would initially produce minimal current in response to the first few stimuli. Over time, Kv1.2 

activity would gradually increase resulting in stronger inhibition of the neuron’s input. This mechanism 

could contribute to the decrease in firing rate during repetitive stimulation reported in some neuron types 

(Pineda et al., 1999; Benda et al., 2005; Sharpee et al., 2006). An experimental approach of verifying this 

hypothesis could involve recording neurons exposed to tityustoxin. If we observe a lack of spike-

frequency adaptation in neurons exposed to tityustoxin while neurons not exposed to tityustoxin exhibit 

typical adaptation responses, this would further confirm the significance of Kv1.2 slow gating.  

The persistence of redox and LMAN2 sensitivity in multiple Kv1.2-containing channels and in 

the presence of auxiliary subunits is noteworthy. It is well documented that Kv1 channel subtypes 

assemble heteromerically in various tissues resulting in diverse functional outcomes (Sheng et al., 1993, 

1992; Vacher et al., 2008). The modulation of Kv1 channel function by Kvβ subunits further adds to the 

complexity (Lamothe and Kurata, 2020; Pongs and Schwarz, 2010). Our observation that the gating effect 

and redox/LMAN2 sensitivity are retained amidst this potential diversity indicates that these effects likely 

persist in physiological conditions.  

Findings here and elsewhere also demonstrate the presence of slow gating in hippocampal and 

DRG neurons, further providing direct evidence of its occurrence in the CNS and in vivo (Figure 4.1) 

(Baronas et al., 2015; Lamothe and Kurata, 2023). Kv1.2 channels are extensively expressed in the CNS 

including in hippocampal and DRG neurons both as homomeric and heteromeric channels and influence 

membrane potential, action potential firing, and overall excitability (Dodson and Forsythe, 2004; Palani et 

al., 2010). As mentioned previously in Chapters 3 and 4, Kv1.2 knockout causes complete mortality in 

mice within three of birth, and Kv1.2 mutants are linked to severe neurodevelopmental delay seizures 

(Coetzee et al., 1999; Masnada et al., 2017; Robbins and Tempel, 2012; Syrbe et al., 2015; Wang et al., 

1994). In conjunction with this, LMAN2 is expressed in the CNS and closely related homologs are 

associated with epileptic seizures (Alkhater et al., 2019; Bettencourt et al., 2020; Rafiullah et al., 2016). 



 

71 

The slow gating properties observed in hippocampal neurons coupled with the Kv1.2-related pathologies 

and the expression/disease patterns of LMAN2 provide intriguing hints of a potential interplay between 

Kv1.2 channels and LMAN2 in the brain.  

Despite these findings, the physiological influence of the Kv1.2 slow gating mechanism has yet to 

be directly established. To address this critical question, further investigations could involve generating 

mutant mice expressing Kv1.2[S2-S3L]1.5, a channel variant that lacks slow gating. Additionally, 

creating KO mouse models lacking LMAN2 expression would be another valuable strategy. From there, 

both electrophysiology studies conducted on neuronal slices and animal testing could be done. My 

hypothesis would be that these mutant mice models would experience neurodevelopmental delay similar 

to Kv1.2 KO mice models given the seemingly large influence of redox and LMAN2 on Kv1.2 function.  

 

5.3 REDOX SENSITIVITY AMONG OTHER ION CHANNELS 

Aside from Kv1.2, several other ion channels have been found to exhibit redox sensitivity 

demonstrating the broad involvement of redox signaling in ion channel regulation. Oxidizing agent H2O2 

was shown to activate TRPC5 and TRPV1 channels through direct modifications to cysteine residues 

(Kozai et al., 2014). Reducing agents such as DTT and L-cysteine can activate T-type calcium channels in 

sensory neurons, which is relevant to pain sensation (Todorovic et al., 2001; Todorovic and Jevtovic-

Todorovic, 2014). Injection of reducing agents in the peripheral receptive fields of adult rats, thus resulted 

in hyperalgesia (Todorovic et al., 2001). In the case of voltage-gated potassium channels, oxidizing agents 

induce Kv2.1 oligomerization, resulting in decreased current amplitude and contributing to neuronal 

apoptosis (Cotella et al., 2012). In contrast, oxidizing conditions enhance the M-current mediated by 

Kv7.2, 7.4 and 7.5 channels, leading to decreased neuronal firing and providing neuronal protection 

against oxidative stress (Gamper et al., 2006). What distinguishes Kv1.2 from these previously mentioned 

examples is that redox is thought to have direct effects on these channels whereas for Kv1.2, we believe 

that redox induces its effects indirectly through LMAN2 and other unidentified regulators. Nevertheless, 

the growing body of literature and the link to physiological mechanisms provide further support for the 
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significance of the interplay between ion channels and redox signaling. It highlights the intricate 

relationship between cellular redox state and ion channel function, which has implications for various 

physiological and pathological processes. 

 

5.4 EVIDENCE FOR NOVEL KV1 AUXILIARY SUBUNITS BEYOND LMAN2 

Throughout my thesis, I propose that LMAN2 is a significant contributor to the slow gating 

mechanism of Kv1.2, but I hope to emphasize that it is likely not the sole regulator. Instead, I suggest that 

Kv1.2 channels interact with numerous proteins to form a complex. There are multiple lines of evidence 

to support this view.  

First, and perhaps the biggest piece of support, is that Kv1.2 channels do not exhibit slow gating 

or use-dependent activation in Xenopus laevis oocytes even when co-expressed with LMAN2 (data not 

shown). This differs from the strong effects of LMAN2 co-expression seen in mammalian cell lines and 

suggests the involvement of other auxiliary proteins or regulatory elements (such as lipids) that may be 

essential for this mechanism. Secondly, while redox and LMAN2 can explain the extreme depolarized 

shifts in voltage-dependence, it cannot explain the hyperpolarized shifts in voltage-dependence. This 

seems to be primarily attributed to Slc7a5 which can induce prominent leftward shifts in V1/2 when 

coexpressed alongside Kv1.2 channels. This suggests the presence of a minimum of two proteins 

regulating Kv1.2 gating, with the possibility of additional regulators. Thirdly, in Chapter 4 of my thesis, I 

demonstrated that LMAN2 and Kvβ can simultaneously regulate Kv1.2 channels to produce intermediate 

effects and combined effects in both primary and heterologous cells. Similarly, Slc7a5 affects Kvβ-

mediated regulation of Kv1.2 channels and vice versa, indicating competition and synchronous 

interactions among regulators (Lamothe and Kurata, 2020). Fourth, as shown with the Kv1.2-1.1 

heterodimer, overexpression of LMAN2 was unable to recapitulate as high of a shift in V1/2 compared to 

reducing conditions (Figures 3.2 and 3.5). The differences between the shifts induced solely by LMAN2 

overexpression versus changes in redox could be attributed to currently unknown regulators.  



 

73 

To identify novel interacting proteins, cross-linking and immunoprecipitation of Kv1.2 channel 

complexes were performed, followed by mass spectrometry analysis, and electrophysiological screening. 

This approach was used to identify LMAN2, Slc7a5, and TMEM33 as potential regulators of Kv1.2 

(Baronas et al., 2018). A limitation of this approach is that because the screening approaches used are 

based upon examining electrophysiological outcomes, it may miss potential regulators which elicit small 

functional changes but are nevertheless essential for slow gating. To address this limitation, a comparative 

analysis of potential regulators between Kv1.2 and Kv1.2[S2-S3L]1.5 could be conducted. Given that the 

Kv1.2[S2-S3L]1.5 chimera exhibits no slow gating behavior, this may indicate the loss of interactions 

with key regulators. Comparing protein levels between the WT and chimera would help identify essential 

proteins for slow gating.  

 

5.5 FUTURE DIRECTION  

LMAN2 cysteine mutants 

In a previous study, Kv1.2 cysteine mutants were individually tested for redox sensitivity 

(Baronas et al., 2017). None of these cysteine mutants affected the response to DTT, indicating the 

involvement of an unknown redox sensitive extrinsic binding partner. Since then, we have identified 

LMAN2 as a potential regulator of Kv1.2 slow gating that likely contributes to redox modulation of 

Kv1.2. To confirm this hypothesis, we intend to generate cysteine mutants (Cys → Ala) of LMAN2. In 

our working-hypothesis, the LMAN2-mediated signaling pathway is strongest when LMAN2 is reduced 

and weakest when LMAN2 is oxidized (Figure 4.7). I would therefore predict that a relevant cysteine 

mutation would prevent the formation of a disulfide bond thereby enabling LMAN2 to always be in their 

reduced form. Consequently, this would then strengthen the Kv1.2 slow gating mechanism. 

If the relevant cysteine can be identified successfully, it could offer valuable insights into the 

mechanism of action of LMAN2 regulation of Kv1.2. This cysteine residue could potentially serve as the 

interaction site between LMAN2 and Kv1.2, or it might be involved in the recruitment of additional 

auxiliary subunits by LMAN2. Another possibility is that LMAN2 undergoes conformational changes 
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dependent on the redox state of this cysteine group. Regardless, investigating this cysteine through 

experimental approaches would provide a solid foundation for further understanding the mechanism by 

which LMAN2 influences slow gating. 

 

Impact of Kv1.2 on LMAN2 function 

While my thesis shows that LMAN2 can vastly impact Kv1.2 function, we have yet to determine 

the effects of Kv1.2 on LMAN2. As mentioned previously in Chapters 1 and 3, the impact of LMAN2 on 

ion channels differs from its more commonly studied roles in vesicular transport through the ER and 

Golgi (Füllekrug et al., 1999; Kwon et al., 2016; Reiterer et al., 2010). It would be interesting to explore 

whether Kv1.2 can impact the localization of LMAN2 as well as its ability to transport various cargo 

proteins.  

 

Patch-sequencing Protocol 

One limitation of my thesis is the lack of direct evidence linking specific regulators to the 

production of slow activating and inactivating properties in hippocampal neurons. To address this gap, I 

propose patch-sequencing as a viable strategy. By combining both whole-cell patch clamp recordings 

with single-cell RNA-sequencing, we can simultaneously determine the electrophysiological properties 

and the gene profile of individual neurons. This approach would allow us to compare the gene expression 

patterns of neurons with slow activation kinetics to those with fast activation and inactivation rates, 

potentially identifying specific regulators associated with these different phenotypes. 

It is important to acknowledge, however, that patch-seq is a labor-intensive and time-consuming 

procedure that demands a high level of technical skill. Performing successful patch-clamp recordings, 

which already has a steep learning curve, is just one aspect of the process. Another crucial consideration 

is the prevention of RNA degradation, which requires an RNAse-free environment and maintaining cell 

integrity during recordings to avoid exposure to external RNAse enzymes. These challenges have posed 

difficulties even for experienced electrophysiologists (Cadwell et al., 2017). Furthermore, the 
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heterogeneity of hippocampal neurons characterized by diverse gene expressions and electrophysiological 

phenotypes may require a large number of neuronal recordings to be done to draw meaningful 

conclusions and capture the full spectrum of hippocampal diversity (Mallory and Giocomo, 2018). 

Consequently, this further adds to the effort and time required to complete such a project.  

 

5.5 CONCLUSION 

Voltage-gated ion channels generate a remarkable range of current diversity, partially stemming 

from their ability to heteromerically assemble and be regulated by auxiliary subunits. This thesis 

contributes to the ongoing exploration of these factors by demonstrating the regulatory role of redox and 

lectin protein LMAN2 in both homomeric and heteromeric Kv1 channels, independently and in 

conjunction with Kvβ and Kv1.4 inactivating subunits. By unveiling the intricate interplay between these 

modulators and ion channels, these findings ultimately shed light on the complex processes governing 

neuronal excitability. 
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APPENDICES 

 

Supplementary Figure 1. Redox and LMAN2 do not influence deactivation kinetics of Kv1 

homomeric channels. (A-E) Sample traces LM fibroblast cells expressing Kv1 homomeric channels in 

control, 200 µM DTT, and LMAN2 conditions being depolarized to +60 mV for 600 ms from a -100 mV 

holding potential and then being repolarized to -80 to -150 mV (10 mV steps) for 500 ms. Sweeps at -90, 
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-110, -130, and -150 mV are shown with the highlighted red sweeps representing the -150 mV 

depolarization. (F-J) Time constants of deactivation (τ deactivation) was measured by fitting deactivation 

curves with a single exponential function as mentioned in Figure 3.6. Either a one-way ANOVA or 

Kruskal-Wallis ANOVA was run, depending on if normality and equal variance assumptions were 

fulfilled, to compare between groups. Neither DTT nor LMAN2 produced significant differences relative 

to control in any of the channels tested. n = 4-10 individual cells.  

 

 

Supplementary Figure 2. Redox and LMAN2 do not influence deactivation kinetics of Kv1 

heteromeric channels. (A-C) Sample traces LM fibroblast cells expressing Kv1.2-1.1, Kv1.4-1.2, and 

Kv1.5-1.2 heteromeric channels in control, 200 µM DTT, and LMAN2 conditions being depolarized to 

+60 mV for 600 ms from a -100 mV holding potential and then being repolarized to -80 to -150 mV (10 

mV steps) for 500 ms. Sweeps at -90, -110, -130, and -150 mV are shown with the highlighted red sweeps 

representing the -150 mV depolarization. (D-F) Time constants of deactivation (τ deactivation) was 

measured by fitting deactivation curves with a single exponential function as mentioned in Figure 3.6. 

Either a one-way ANOVA or Kruskal-Wallis ANOVA was run to determine the effect of different 

conditions on the same channel. Neither DTT nor LMAN2 produced significant differences relative to 

control in any of the channels tested. n = 4-7 individual cells.  


