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ABSTRACT 

Slow gating regulation is an extrinsic regulatory mechanism that inhibits the activation of Kv1.2 

channels. Physiological factors modulating slow gating regulation are incompletely understood 

and the interplay between slow gating regulation and Kv1.2 channel pharmacology is 

unexplored. In chapter 3, I investigated how N-glycosylation influences Kv1.2 sensitivity to slow 

gating regulation. Using site-directed mutagenesis, I generated glycosylation deficient Kv1.2 

channels by mutating the Kv1.2 N-glycosylation site at asparagine (N) 207. Using whole-cell 

patch-clamp electrophysiology, I characterized the activation properties of glycosylation 

deficient Kv1.2 channels in mammalian cell lines. I found the activation of glycosylation deficient 

Kv1.2 channels was strikingly inhibited compared to wild-type Kv1.2, and further investigated 

whether this arose from direct effects on channel gating, or an interaction with Kv1.2 slow 

gating. Manipulations that attenuate slow gating regulation relieved the inhibited activation of 

these channels. Specifically, the Thr252Arg mutation, previously shown to attenuate slow gating 

regulation, also weakened the slow gating features of glycosylation deficient Kv1.2 channels. 

Activating prepulses caused accelerated activation of glycosylation deficient channels, 

consistent with activity-dependent relief of slow gating. Furthermore, co-expression with a 

recently described Kv1.2 regulatory partner, Slc7a5, abolished slow gating regulation in both 

WT and glycosylation deficient Kv1.2. Finally, I showed glycosylation deficient channels and WT 

Kv1.2 channels exhibit similar activation properties in Xenopus oocytes using two-electrode 

voltage clamp, in contrast to the apparent differences between these channels in mammalian 

cell lines, illustrating that the inhibited activation of glycosylation deficient channels is likely not 

an intrinsic property. Taken together, these results demonstrate that glycosylation deficient 

Kv1.2 exhibits enhanced sensitivity to slow gating regulation. 

I also investigated the influence of slow gating regulation on Kv1.2 pharmacology by testing the 

response of various Kv1.2 mutants to the general anaesthetic propofol. Propofol modulation of 
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Kv1.2 mutants was measured using whole-cell patch clamp electrophysiology of cell lines with 

intact mechanisms of slow gating regulation. Propofol exerted a combination of inhibitory and 

potentiating effects on Kv1.2 channels. Propofol inhibited Kv1.2 current magnitudes and caused 

a time-dependent decay of Kv1.2 currents consistent with open state block of Kv1.2 channels. 

However, Kv1.2 channel mutants showed differing sensitivities to these inhibitory effects, 

correlated to their propensity for slow gating regulation. Superimposed on these inhibitory 

effects, propofol shifted the voltage-dependence of Kv1.2 to more negative voltages and 

accelerated Kv1.2 channel activation kinetics. These findings suggest these potentiating effects 

are due to propofol-mediated disruption of the slow gating regulation of Kv1.2 channels. Overall, 

this thesis demonstrates that post-translational modifications of Kv1.2 can influence their 

sensitivity to extrinsic regulatory mechanisms, highlight the impact of extrinsic regulatory 

mechanisms on ion channel pharmacology, and describe the first instance of modulation of slow 

gating regulation of Kv1.2 by a small molecule (propofol). 
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Chapter 1:  Introduction 

Section 1.1: Voltage-gated potassium channels-An overview 

Voltage-gated potassium ion channels (Kv channels) are transmembrane proteins with ion 

selective pores that facilitate the movement of potassium ions through plasma membranes in 

the direction of their electrochemical gradient (Yellen, 1998). Kv channels are expressed in a 

variety of cells and tissues, including excitable cells of the brain, heart, pancreas, and muscle. 

(Chandy et al., 2004; Ranjan et al., 2019; Vallon et al., 2005; Wulff et al., 2009). Opening and 

closing of Kv channels is controlled primarily by voltage (Yellen, 1998), however, additional 

unrecognized mechanisms that influence their gating likely exist. The movement of cationic 

potassium ions from the intracellular environment to the extracellular environment following the 

opening of Kv channels results in hyperpolarization of the membrane potential (Wulff et al., 

2009). Thus in excitable cells, Kv channels contribute to membrane repolarization following an 

action potential, and influence the shape and frequency of action potentials (Robbins and 

Tempel, 2012; Wulff et al., 2009).  

Section 1.2: Architecture of Voltage-gated potassium channels  

Kv channels are tetrameric structures composed of four pore-forming alpha (ɑ)-subunits that 

assemble to form a functional channel (MacKinnon, 1991). In mammals, there are forty pore-

forming Kv channel ɑ-subunits, encoded by individual genes (Ranjan et al., 2019). The Kv 

channel ɑ-subunits are classified into twelve voltage-gated potassium ion channel subfamilies 

based on sequence similarity termed Kv1-Kv12 (Ranjan et al., 2019). Only ɑ-subunits belonging 

to the same subfamily can assemble to form Kv channels (Covarrubias et al., 1991). For 

example, Kv1 subfamily ɑ-subunits can only form Kv channel tetramers with other Kv1 

subfamily ɑ-subunits and do not assemble with Kv2 subfamily ɑ-subunits (Christie et al., 1990; 
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Covarrubias et al., 1991; Li et al., 1992). The T1 domain, in the N-terminal region of  Kv channel 

ɑ-subunits, controls the specificity of Kv channel assembly (Figure 1.1) (Shen and Pfaffinger, 

1995; Shen et al., 1993). Sequences in the T1 domain regulate the recognition and assembly of 

Kv channel ɑ-subunits (Shen and Pfaffinger, 1995). Incompatibility between the T1 domain 

sequences of ɑ-subunits belonging to different Kv channel subfamilies is likely the basis of the 

specificity of Kv channel assembly (Shen and Pfaffinger, 1995).  

 

Figure 1.1: Schematic depiction of the transmembrane topology of an individual Kv channel ɑ-

subunit 

Kv channel ɑ-subunits possess six transmembrane segments termed S1-S6, the voltage-sensing domain 

(VSD) is formed by S1-S4 (olive) and the pore domain (PD) is formed by S5 and S6 (light brown) and the 

P-loop (purple). The T1 domain on the N-terminus (red) regulates ɑ-subunit assembly while the P-loop 

contains the signature sequence and forms the selectivity filter.  

Each Kv channel ɑ-subunit consists of six transmembrane segments termed S1-S6 (Figure 1.1)  

(Kuang et al., 2015). The S1-S4 transmembrane segments form the voltage-sensing domain of 

Kv channels (Figure 1.1) (Kuang et al., 2015; Labro and Snyders, 2012). The S4 

transmembrane segment has positively charged arginine and lysine residues interspersed by 

two hydrophobic residues in a highly conserved triplet pattern, such that there is a positively 

charged residue in every third position (Kuang et al., 2015; Swartz, 2008). The S1-S3 

transmembrane segments also contribute to voltage-dependent gating. Negatively charged 
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residues in the S1-S3 segments stabilize the positive charges in the S4 segment which is 

hypothesized to aid S4 movement (Blunck and Batulan, 2012; Kuang et al., 2015; Swartz, 

2008). The pore domain of Kv channels is formed by the S5 and S6 segments, together with a 

re-entrant loop called the P-loop which links these helices (Figure 1.1) (Barros et al., 2019; 

Sands et al., 2005). The S5, P-loop, and S6 sections from each of the four ɑ-subunits assemble 

to form a central ion conduction pore whose structure is described as an inverted teepee (Figure 

1.2) (Barros et al., 2019; Doyle et al., 1998; Kuang et al., 2015; Sands et al., 2005). At the 

cytoplasmic end of the pore, the C termini of the four S6 segments form a bundle crossing 

called the S6 gate or “bundle crossing” which prevents access to the pore when channels are 

closed (Figure 1.2) (Blunck and Batulan, 2012; Labro and Snyders, 2012). Beyond the S6 gate 

is a wide and central water-filled cavity that leads to the selectivity filter at the extracellular end 

of the pore (Figure 1.2) (Doyle et al., 1998; Heginbotham et al., 1994).  
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Figure 1.2: Inverted teepee structure of the stereotypical Kv channel pore.  

Atomic resolution structure of the pore-forming domain of Kv1.2, with 2 subunits (Front and Rear) omitted 

for clarity. The structure shows the S5 (green), P-loop (yellow), and S6 (magenta) sections of the two ɑ-

subunits. The kink in the S6 transmembrane segment is visible. The backbone carbonyl oxygen atoms of 

the TVGYG signature sequence are shown pointing into the pore and are labeled, threonine contributes a 

carbonyl oxygen and a hydroxyl oxygen to the filter. The location of the S6 gate or bundle crossing is also 

labeled. Structure adapted from PDB file 3LUT, a structural model of Kv1.2 (Chen et al., 2010).  
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1.2.1: Selectivity filter 

The selectivity filter is a narrow structure formed by the P-loops extending towards the pore and 

is responsible for potassium ion selectivity in Kv channels (Doyle et al., 1998; Kim and 

Nimigean, 2016). It contains the conserved signature sequence of potassium ion channels, 

TXGYG, in Kv1.2 channels this sequence is TVGYG (Figure 1.2) (Heginbotham et al., 1994; 

Kim and Nimigean, 2016; Labro and Snyders, 2012). The backbone carbonyl oxygens of the 

TVGYG sequence and the side chain hydroxyl oxygen of threonine point towards the pore and 

form four evenly spaced potassium ion binding sites (Kim and Nimigean, 2016). Each potassium 

ion binding site accommodates a single dehydrated potassium ion (Armstrong, 2003; Kim and 

Nimigean, 2016; Kuang et al., 2015). Thus, potassium ions in the water-filled central cavity must 

dehydrate to pass through the selectivity filter (Armstrong, 2003; Kim and Nimigean, 2016; 

Kuang et al., 2015). The oxygen atoms in the selectivity filter are arranged to mimic the 

hydration of potassium ions in water, which minimizes the energy cost of potassium ions 

dehydrating to enter the filter (Armstrong, 2003; Doyle et al., 1998; Kuang et al., 2015).  

The arrangement of oxygen atoms in the selectivity filter also functions to exclude the passage 

of cations such as sodium ions through the pore (Armstrong, 2003; Doyle et al., 1998; Kim and 

Nimigean, 2016). Their hydration shell is not mimicked by the oxygen atoms in the selectivity 

filter thus entry into the filter is energetically unfavorable (Armstrong, 2003; Doyle et al., 1998; 

Kim and Nimigean, 2016). The selectivity filter is hypothesized to exclude anions by electrostatic 

repulsion from the electronegative end of carbonyl dipoles in the filter (Armstrong, 2003). 

Potassium ions move through the selectivity filter in a single file and only two potassium ions are 

present in the filter at a time (Kuang et al., 2015). The electrochemical gradient of potassium 

controls the direction of net potassium flux through the selectivity filter, and electrostatic 

repulsion between nearby potassium ions in the selectivity filter accelerates the exit of ions 

(Armstrong, 2003; Kim and Nimigean, 2016; Kuang et al., 2015). As a result of the selectivity 
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filter properties, potassium ion channels are approximately 10,000 times more selective for 

potassium ions over sodium ions, and potassium ions conduct through the pore at a rate near 

the diffusion limit (Kuang et al., 2015). 

1.2.2: S6 bundle crossing 

In Kv channels, the cytoplasmic entrance to the pore is blocked by a bundle crossing formed by 

the S6 transmembrane helices (Figure 1.2) (Labro and Snyders, 2012). The S6 segment in Kv 

channels has a conserved PXP motif where X is a hydrophobic amino acid (Labro et al., 2003). 

Proline tends to bend helices, causing the S6 segment to adopt a “bent” or “kinked” structure 

(Figure 1.2) (Labro et al., 2003; Labro and Snyders, 2012). The PXP motif contributes to a 

flexible hinged region that allows for movement of the S6 in response to channel opening and 

closing (Labro et al., 2003; Labro and Snyders, 2012). Mutation of the prolines in the PXP motif 

to other amino acids results in non-functional channels or channels with altered gating 

properties (Labro et al., 2003; Labro and Snyders, 2012). In the closed state, the S6 bundle 

crossing forms a tight constriction that acts as a hydrophobic seal and prevents entry of 

potassium ions into the pore (del Camino and Yellen, 2001; Labro and Snyders, 2012; Long et 

al., 2005a). However, when Kv channels open, the S6 constriction widens and permits pore 

access (del Camino and Yellen, 2001; Labro and Snyders, 2012; Long et al., 2005a).  

1.2.3: Glycosylation of Kv channels 

Glycosylation is a crucial post-translational modification of proteins that occurs mainly in the 

endoplasmic reticulum and Golgi apparatus of cells (Moremen et al., 2012; Spiro, 2002). There 

are 4 known types of glycosylation in vertebrates which are classified based on the nature of the 

glycan-protein linkage: N-glycosylation, O-glycosylation, C-glycosylation, and Glypiation 

(Moremen et al., 2012; Spiro, 2002). In N-glycosylation, glycans are attached to asparagine side 

chains on proteins through an amide bond (Moremen et al., 2012). O-glycosylation refers to 
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glycans attached to the hydroxyl side chains of serine, threonine, tyrosine, or hydroxylysine 

(Moremen et al., 2012; Spiro, 2002). In C-glycosylation, also referred to as C-mannosylation, 

the C1 carbon of mannose is attached to the C2 carbon of Tryptophan’s indole ring in a carbon-

carbon bond (Moremen et al., 2012; Spiro, 2002). In glypiation, a glycosylphosphatidylinositol is 

attached to the C-terminal end of proteins, typically to an amino acid residue with small side 

chains such as alanine and cysteine (Spiro, 2002). Almost fifty percent of human proteins are 

glycosylated with N-glycosylation being the most common type (Moremen et al., 2012). 

Glycosylation affects the stability and surface expression of several Kv channel types (Napp et 

al., 2005; Petrecca et al., 1999; Thayer et al., 2016; Watanabe et al., 2015, 2003). Glycosylation 

is required for surface expression in Kv channels such as HERG (Petrecca et al., 1999), 

however, surface expression can still occur in the absence of glycosylation such as with Kv1.2 

(Watanabe et al., 2007). Glycosylation also influences the gating properties of Kv channels such 

as Kv1.2 and may play a role in the regulation of Kv channel gating (Napp et al., 2005; 

Watanabe et al., 2007, 2003). The results in this thesis indicate glycosylation may play a role in 

Kv1.2 regulation by accessory proteins. 

Section 1.3: Voltage-dependent gating of Kv channels 

Interaction between positive charges on the S4 transmembrane segment and the membrane 

electric field is the basis of Kv channel voltage-dependent gating (Kuang et al., 2015; Swartz, 

2008). The positive charges on S4 translocate through the membrane electric field in response 

to voltage changes (Kuang et al., 2015). However, the motions of the S4 segment and the 

mechanisms that couple this motion to S6 gate opening and closing are incompletely 

understood. 
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1.3.1: Motion of the Kv channel voltage sensor 

There are several models for the motion of S4 following voltage changes. In the helical screw 

model, the S4 segment is drawn towards the intracellular environment by the electrostatic force 

of the negative resting membrane potential (Catterall, 2010). Depolarization alters this 

electrostatic interaction resulting in the vertical movement of the S4 segment towards the 

extracellular environment, rotating as it moves through the membrane (Catterall, 2010). In 

contrast, the paddle model describes a region of S3, S3b, and S4 as a voltage-sensor paddle 

(Jiang et al., 2003b). At rest, the paddle is close to the intracellular environment due to the 

negative resting membrane potential and is positioned almost horizontally (Jiang et al., 2003b, 

2003a). On depolarization. the paddle moves a large distance across the membrane to its 

extracellular position, tilting to a more vertical orientation (Jiang et al., 2003b, 2003a). In the 

transporter model tilting of the S4 segment with minimal movement through the membrane 

occurs in response to voltage changes (Chanda et al., 2005). Over the years, and with the 

ongoing emergence of high resolution structures of ion channels, these diverse models of S4 

movement have been consolidated into a single consensus model (Kuang et al., 2015). In this 

consensus model, negative charges in the S1-S3 transmembrane segments form pair-wise 

interactions with positive charges in the S4 segment (Kuang et al., 2015; Yarov-Yarovoy et al., 

2006). These interactions stabilize the positive charges in S4 (Kuang et al., 2015). On channel 

activation, the S4 segment undergoes conformational changes that are posited to be a 

combination of rotation, vertical translations, and a tilt in position (Kuang et al., 2015; Vargas et 

al., 2011; Yarov-Yarovoy et al., 2006). The S4 segment is also posited to transition from an α-

helix to a 310 helical conformation that allows the S4 to extend and twist to maintain interactions 

with the negative charges in the S1-S3 transmembrane segments (Kuang et al., 2015; Vargas 

et al., 2011). 
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1.3.2: Electromechanical coupling in Kv channels 

Current knowledge prevents detailed elucidation of the mechanisms that couple S4 movement 

to pore opening. However, it is clear that the S4 moves in response to voltage changes, and 

that this movement is transduced to the S6 gate by the S4-S5 linker (Blunck and Batulan, 2012; 

Vardanyan and Pongs, 2012). The S4-S5 linker is an alpha-helical structure that links the S4 

and S5 segments and physically interacts with the C-terminus of the S6 segment from the same 

alpha-subunit (Long et al., 2005b). The S6 helix possesses a bend, created by the conserved 

PXP motif, that allows the C-terminus of S6 to run parallel to the membrane and create a 

platform for the S4-S5 linker (Long et al., 2005b). Mutations and chimeric replacements in the 

regions of the S4-S5 linker and S6 C-terminus that are in close contact often leads to non-

functional Kv channels or channels with aberrant coupling between voltage changes and pore 

opening, highlighting the importance of this interaction in voltage-dependent gating (Blunck and 

Batulan, 2012; Haddad and Blunck, 2011; Lu et al., 2002; Vardanyan and Pongs, 2012). For 

several Kv channels, all four S4 segments must activate before the pore opens in a concerted 

step (Blunck and Batulan, 2012; Jensen et al., 2012; Labro and Snyders, 2012). However, in 

some Kv channels such as KCNQ1, all S4 segments do not need to activate before pore 

opening and potassium ion conduction occurs (Osteen et al., 2012; Westhoff et al., 2019).  

1.3.3: N- and C-type inactivation 

The inactivated state is a non-conducting channel state distinct from the open and closed gating 

states (Kuang et al., 2015; Rasmusson et al., 1998). There are two broadly recognized 

mechanisms of inactivation, N-type inactivation and C-type inactivation (Kuang et al., 2015). N-

type inactivation is a rapid form of inactivation where the cytoplasmic entry to the pore is 

physically blocked following pore opening, preventing the entry of potassium ions (Kuang et al., 

2015). This is often referred to as a ball and chain mechanism, as the blocking particle is 
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thought of as a mobile ‘ball’ tethered to the channel by a flexible peptide ‘chain’ (Kim and 

Nimigean, 2016; Zagotta et al., 1990). Some rapidly inactivating Kv channels such as Kv1.4 

possess an N-terminal region that forms an inactivation ball directly tethered to the channel (Fan 

et al., 2012; Kim and Nimigean, 2016; Rettig et al., 1994). However, in other delayed rectifier Kv 

channels such as Kv1.1 and Kv1.2, rapid N-type inactivation can be conferred by association 

with Kv-beta (Kvß) subunits that possess an inactivation ball (Long et al., 2005a; Rettig et al., 

1994; Stühmer et al., 1989).  

In contrast to N-type inactivation, C-type inactivation is a slower form of inactivation that is 

proposed to occur due to conformational changes in the selectivity filter and the extracellular 

side of the pore (Kurata and Fedida, 2006). This proposition is supported by several 

observations. C-type inactivation is inhibited by high extracellular potassium ion concentrations 

and extracellular application of the pore blocker TEA+ (Baukrowitz and Yellen, 1995; Kurata and 

Fedida, 2006). The presence of K+ or TEA+ ions in the pore is believed to prevent the 

conformational changes that underlie C-type inactivation by promoting occupancy of an ion 

binding site in the selectivity filter (Baukrowitz and Yellen, 1995; Kurata and Fedida, 2006). 

Conversely, intracellular application of quaternary ammonium blockers and N-type inactivation 

promote C-type inactivation, likely by preventing occupancy of the selectivity filter binding site 

controlling C-type inactivation (Baukrowitz and Yellen, 1996; Kurata and Fedida, 2006). 

Furthermore, a structure of the bacterial potassium ion channel KcsA in low potassium 

concentration shows the oxygen atoms in the KCSA selectivity filter adopt a non-conducting 

state in this condition (Zhou et al., 2001). However, this structural arrangement has not been 

directly linked with C-type inactivation (Kurata and Fedida, 2006). 
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Section 1.4: Localization and function of Kv1.2 channels 

Kv1.2 channels belong to the Kv1 subfamily of voltage-gated potassium ion channels 

(Shamotienko et al., 1997). They can be homotetramers composed of four identical Kv1.2 ɑ-

subunits or heterotetramers containing other Kv1 subfamily ɑ-subunits (Coleman et al., 2002; 

Shamotienko et al., 1997). Kv1.2 channels are expressed in the central nervous system, the 

peripheral nervous system, and the cardiovascular system (Coleman et al., 2002; Rasband et 

al., 2001; Roberds and Tamkun, 1991; Wang et al., 1994, 1993). Due to their activation at 

subthreshold voltages, and slow time course of activation and inactivation, Kv1.2 channels 

primarily regulate excitability by setting the action potential threshold (Dodson and Forsythe, 

2004; Robbins and Tempel, 2012). However, heteromerization with other Kv1 subfamily ɑ-

subunits such as Kv1.4 and association with regulators such as Kvß proteins provides functional 

diversity to Kv1.2 channels by altering their gating properties (Coleman et al., 2002; Ranjan et 

al., 2019; Rettig et al., 1994; Rhodes et al., 1995; Sheng et al., 1995). The importance of Kv1.2 

channels in regulating excitability is highlighted by the fact that mutations in Kv1.2 cause severe 

epilepsies and ataxias in humans (Corbett et al., 2016; Hundallah et al., 2016; Pena and 

Coimbra, 2015; Syrbe et al., 2015).  

1.4.1: Central nervous system 

Myelinated axons 

Myelinated axons in several brain regions exhibit high expression of Kv1.2 channels in their 

juxtaparanodes, located near the nodes of Ranvier, and in their axon initial segments  

(Arancibia-Carcamo and Attwell, 2014; Robbins and Tempel, 2012; Wang et al., 1994, 1993). 

The axon initial segment (AIS) is considered the initiation site of action potentials, as the high 

concentration of voltage-gated sodium channels at the AIS enables action potential initiation 

(Robbins and Tempel, 2012). Kv1.2 channels are localized to the AIS in multiple cell types by 
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the membrane-associated guanylate kinase PSD-93, where they play a key role in regulating 

action potential initiation and firing (Dodson et al., 2002; Kole et al., 2007; Lorincz and Nusser, 

2008; Ogawa et al., 2008; Robbins and Tempel, 2012). Kv1.2 channels are clustered to the 

juxtaparanodes of myelinated axons by the cell adhesion molecule TAG-1 and the neurexin 

protein Caspr2 (Poliak et al., 2003; Traka et al., 2003). Kv1.2 channels at the juxtaparanode are 

thought to regulate internodal excitability, and an increase in Kv1.2 activity at the juxtaparanode 

could be involved in the loss of action potential propagation observed in demyelinating 

conditions (Arancibia-Carcamo and Attwell, 2014).  

Cerebral Cortex 

 

Kv1.2 channels are widely distributed in the cerebral cortex. They are expressed in the neuropil 

of the cortex; the axon initial segment (AIS) and apical dendrites of layer V pyramidal neurons; 

the AIS of layer II/III pyramidal neurons, and in the AIS of cortical GABAergic interneurons  

(Lorincz and Nusser, 2008; Sheng et al., 1994). Kv1.2 channels in the AIS of cortical neurons 

likely act to shape action potentials. The expression pattern of Kv1.2 channels in the AIS of 

layer II/III pyramidal neurons appears to correlate with the expression of Nav1.6, the dominant 

voltage-gated sodium channel type at this site (Lorincz and Nusser, 2008). Studies with 

pharmacological blockers of Kv1 channels in layer V pyramidal neurons have demonstrated a 

role for AIS Kv1.2 channels in modulating action potential duration (Katz et al., 2018; Kole et al., 

2007; Lorincz and Nusser, 2008; Shu et al., 2007).  

 

Hippocampus 

 

Kv1.2 channels are expressed in several regions of the human hippocampus, typically as 

heteromeric channels with Kv1.1 (Willis et al., 2018). The CA2/3 stratum pyramidale, dentate 

gyrus hilus, and CA1 stratum oriens show the highest Kv1.2 expression (Willis et al., 2018). 

Kv1.2 expression has also been established in the CA1 stratum radiatum and the molecular 
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layer of the dentate gyrus (Willis et al., 2018). Studies in animal models provide additional 

information on the subcellular localization of Kv1.2 in these regions. Kv1.2 channels in the 

molecular layer of the dentate gyrus are localized to the axons and axon terminals of perforant 

path neurons, originating in the entorhinal cortex (Monaghan et al., 2001; Wang et al., 1994; 

Willis et al., 2018). Kv1.2 channels in the CA1 stratum radiatum are expressed in the axons and 

axon terminals of Schaffer collaterals (Monaghan et al., 2001; Willis et al., 2018). In CA3, Kv1.2 

is localized to the axon terminals of mossy fibers which synapse with CA3 pyramidal neurons 

(Sheng et al., 1994), and to the axon initial segment of CA3 pyramidal neurons (Lorincz and 

Nusser, 2008). Hippocampal Kv1.2 channels contribute to a dendrotoxin sensitive, low 

threshold, and slowly inactivating potassium current called the D-type current which is involved 

in regulating burst firing of hippocampal neurons (Chen and Johnston, 2004; Hyun et al., 2013; 

Metz et al., 2007).  

 

Cerebellum 

 

Approximately 80% of the Kv1.2 channels in the cerebellum are heteromers mixed with a Kv1.1 

ɑ-subunit (Koch et al., 1997). Kv1.2 channels are found in complex with Kv1.1 in the axon 

terminals of cerebellar basket cells (Kole et al., 2015; Wang et al., 1993). Basket cell axon 

terminals make contact with the axon initial segment (AIS) of Purkinje neurons, the sole efferent 

output from the cerebellar cortex, in a structure called the pinceau (Iwakura et al., 2012; Kole et 

al., 2015; Southan and Robertson, 1998). As the AIS is the site of action potential initiation, 

basket cells regulate the ultimate output of Purkinje neurons (Southan and Robertson, 1998). 

Kv1.2 channels are also localized to the cell bodies and dendrites of Purkinje neurons (Sheng et 

al., 1994). Studies with pharmacological blockers of Kv1.2 containing channels have indicated a 

potential role of Kv1.2 in suppressing Purkinje hyperexcitability (Khavandgar et al., 2005; McKay 

et al., 2005). 

Brainstem 
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Kv1.2 channels in the brainstem play a crucial role in sound source localization. In the auditory 

brainstem pathway, a medial nucleus of the trapezoid body (MNTB) neuron receives excitatory 

glutamatergic input from a large synapse, the calyx of Held, formed by the axon terminal of a 

globular bushy cell (Kopp-Scheinpflug et al., 2008). The pattern of action potentials in this 

network transmits information pivotal for localizing sounds (Dodson et al., 2002). Homomeric 

Kv1.2 channels and heteromeric Kv1.1/Kv1.2 channels are expressed presynaptically to the 

calyx of Held, in bushy cell axons (Dodson et al., 2003; Ishikawa et al., 2003). The activation of 

Kv1.2 channels in bushy cell axons prevents hyperexcitability and maintains the temporal 

precision of action potentials that reach the calyx (Dodson et al., 2003; Ishikawa et al., 2003). 

Kv1.2/Kv1.1 channels are also expressed in the axon initial segment of MNTB neurons (Dodson 

et al., 2002). Their localization in the AIS of MNTB neurons ensures that each excitatory 

postsynaptic potential from the calyx produces a single action potential in the target MNTB 

neuron, further acting to preserve the pattern of action potential firing in this network (Dodson et 

al., 2002).  

1.4.2: Peripheral nervous system 

Myelinated afferent axons of medium to large diameter dorsal root ganglion (DRG) neurons 

express Kv1.2 channels in their juxtaparanodes, typically as heteromers with Kv1.1 

(Kv1.2\Kv1.1) or with Kv1.1 and Kv1.4 (Kv1.2/Kv1.1/Kv1.4) (Fan et al., 2014; Rasband et al., 

2001). Downregulation of Kv1.2 channel expression in medium and large DRG neurons raises 

the resting membrane potential, reduces the threshold for action potentials, and increases 

action potential frequency (Zhao et al., 2013), suggesting Kv1.2 channels in these neurons are 

key regulators of excitability. Reduced Kv1.2 channel expression in DRG neurons is observed in 

injury models of neuropathic pain and linked to DRG neuron hyperexcitability, a causative factor 

of neuropathic pain (Fan et al., 2014; Kim et al., 2002; Rasband et al., 2001; Zhao et al., 2013). 
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The reduced expression of Kv1.2 channels following DRG injury may be due to injury-induced 

methylation of KCNA2, the gene encoding Kv1.2, by the DNA methyltransferase DNMT3a which 

suppresses KCNA2 expression (Zhao et al., 2017).   

1.4.3: Cardiovascular system 

The highest Kv1.2 expression is found in the central nervous system. However, Kv1.2 channels 

are also expressed, albeit at lower levels, in the atria and ventricles of the heart, and the aorta 

(Roberds and Tamkun, 1991). In atrial myocytes, Kv1.2 channels underlie the IK ,DTX cardiac 

current, one of the cardiac delayed-rectifier currents that contribute to the repolarization of atrial 

myocytes following an action potential (Bou-Abboud and Nerbonne, 1999; Nerbonne, 2000). 

Kv1.2 channels are also expressed in vascular smooth muscle cells in heteromeric complexes 

(Frances et al., 2005). These Kv1.2 heteromeric channels regulate vasomotor tone by 

contributing to the control of the resting membrane potential (Kerr et al., 2001; Knot and Nelson, 

1995; Plane et al., 2005; Yuan et al., 1998). 

Section 1.5: Regulation of Kv1.2 channels 

This section explores the regulatory mechanisms that influence Kv1.2 channels. The regulatory 

mechanisms discussed in this section likely underrepresent the regulatory signals of Kv1.2 

channels but demonstrate the profound effects regulators have on Kv1.2 channel function. 

1.5.1: Interacting regulatory proteins 

Kvß 

Kvß proteins are cytoplasmic accessory proteins of Kv channels. They bind to Kv channels in 

the endoplasmic reticulum via the T1 domain, located in the N-terminus of Kv channel ɑ-

subunits (Gulbis et al., 2000; Torres et al., 2007). Kvß and Kvɑ subunits assemble in a 1:1 ratio, 
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thus a tetrameric Kv channel will be associated with four Kvß subunits (Torres et al., 2007). The 

Kvß proteins that have been identified are Kvß1, Kvß2, Kvß3, and their splice variants (Pongs 

and Schwarz, 2010). Kvß1 and Kvß2 have the splice variants Kvß1.1-1.3 and Kvß2.1-2.2, 

respectively (Pongs and Schwarz, 2010).  

Kvß proteins alter the surface expression, deactivation kinetics, activation kinetics, and 

inactivation properties of Kv channels (Pongs and Schwarz, 2010). However, the ability of Kvß 

proteins to exert these effects varies depending on the Kvß protein splice variant and Kvɑ 

subunit type (Pongs and Schwarz, 2010). Arguably the most notable gating effect of Kvß 

proteins is their ability to confer rapid N-type inactivation to typically non-inactivating Kv 

channels. This effect is specific to Kvß1 and Kvß3 proteins which possess an N-terminal 

inactivation region that is absent in Kvß2 (Long et al., 2005a; Majumder et al., 1995; Rettig et 

al., 1994). Immunoprecipitation studies in mammalian brains and cell lines indicate Kv1.2 

homomeric and heteromeric channels associate with Kvß1 and Kvß2, while effects of Kvß3 on 

Kv1.2 gating have been demonstrated (Bähring et al., 2004; Coleman et al., 2002; Nakahira et 

al., 1996; Rhodes et al., 1995). Co-expression with Kvß1 confers N-type inactivation to typically 

non-inactivating Kv1.2 channels and significantly increases their surface expression (Accili et 

al., 1997; Peters et al., 2009). Kvß2, the most abundant Kvß subunit in the brain, promotes 

Kv1.2 surface expression, stability, and N-glycosylation in-vitro, but does not induce N-type 

inactivation (Rhodes et al., 1995; Shi et al., 1996). Kvß3 also confers N-type inactivation to 

Kv1.2 channels but does not appear to increase their surface expression (Bähring et al., 2004). 

The effects of Kvß proteins on Kv1.2 surface expression are mediated by co-translational 

association with Kv1.2 which occurs early in the biosynthetic pathway (Shi et al., 1996).  

Studies examining the sequence, structure, and binding properties of the Kvß proteins have 

determined they belong to the aldo-keto reductase enzyme superfamily (Gulbis et al., 2000; 

McCormack and McCormack, 1994; Tipparaju et al., 2007; Weng et al., 2006). Aldo-keto 
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reductases are a superfamily of enzymes that catalyze the reduction of aldehyde or ketone 

groups to alcohols using NADPH or NADH as cofactors (Barski et al., 2008). The conserved 

core sequence of Kvß proteins shows homology to aldo-keto reductase protein sequences, and 

examination of the Kvß2 structure reveals Kvß proteins possess a TIM barrel containing a 

catalytic site, similar to aldo-keto reductases (Gulbis et al., 1999; McCormack and McCormack, 

1994; Pongs and Schwarz, 2010). Furthermore, similar to aldo-keto reductases, Kvß proteins 

can utilize NADPH as a cofactor in catalytic reactions; in fact, the presence of NADPH increases 

the rate of Kv1 channel inactivation when Kvß proteins are present (Tipparaju et al., 2007; 

Weng et al., 2006). Interestingly, Kvß proteins exhibit properties that would indicate a 

physiological function typical of aldo-keto reductases, and yet they are regulators of Kv 

channels. This theme of unconventional proteins regulating Kv1.2 channels features 

prominently throughout this section. 

Slc7a5 

Slc7a5 (or LAT1) is a broadly expressed transmembrane transporter with a canonical role in the 

transport of neutral amino acids (Scalise et al., 2018). Co-expression of Slc7a5 also generates 

profound effects on Kv1.2 expression and gating (Baronas et al., 2018; Sharmin et al., 2020). 

Co-expression of Slc7a5 with Kv1.2 significantly reduces total Kv1.2 protein expression and the 

density of Kv1.2 currents measured in electrophysiological experiments, with some current 

recovery observed following prolonged hyperpolarization (Baronas et al., 2018; Sharmin et al., 

2020). In terms of its consequences on Kv1.2 gating, Slc7a5 co-expression hyperpolarizes the 

activation half-voltage of Kv1.2 channels by ~50 mV and promotes C-type inactivation (Baronas 

et al., 2018; Sharmin et al., 2020). These gating effects are suspected to be mediated by 

interactions with the Kv1.2 voltage sensor (Sharmin et al., 2020). The regulation of Kv1.2 by 

Slc7a5 could play a role in neurological conditions. Mutations in Slc7a5 that have been 

associated with autism spectrum disorder and motor deficits attenuate the effects of Slc7a5 on 
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Kv1.2 gating (Baronas et al., 2018; Tărlungeanu et al., 2016). Additionally, Kv1.2 mutations 

associated with epilepsy and ataxia increased Kv1.2 sensitivity to the effects of Slc7a5 (Baronas 

et al., 2018).  

Sigma-1 receptor 

The sigma-1 (σ-1) receptor is a chaperone and signalling modulator protein that is primarily 

resident in the mitochondria-associated ER membrane (Kourrich et al., 2013, 2012). Following 

binding and activation by agonists such as cocaine, σ-1 receptors can translocate from the 

mitochondria-associated ER membrane to other cellular regions such as the plasma membrane 

(Kourrich et al., 2013, 2012; Su et al., 2010). σ-1 receptors interact with Kv1.2 channels in the 

nucleus accumbens shell, and this interaction is thought to be involved in cocaine addiction 

(Delint-Ramirez et al., 2020; Kourrich et al., 2012). Behavioural sensitization to cocaine is 

associated with the reduced firing of medium spiny neurons in the nucleus accumbens shell 

(Delint-Ramirez et al., 2020; Kourrich et al., 2013; Mu et al., 2010). Cocaine increases the 

formation of σ-1 receptor-Kv1.2 complexes and upregulates the surface expression of Kv1.2 

channels in the nucleus accumbens shell, resulting in elevation of Kv1.2-mediated K+ currents 

(Delint-Ramirez et al., 2020; Kourrich et al., 2013). Knockdown of σ-1 receptor expression 

prevents the increase in Kv1.2 surface expression following cocaine administration (Kourrich et 

al., 2013). Elevated Kv1.2 currents following cocaine administration may contribute to cocaine-

induced hypoexcitability of medium spiny neurons (Delint-Ramirez et al., 2020; Kourrich et al., 

2013). The σ-1 receptor has also been postulated to act as a modulator of Kv1.2 slow gating 

due to its effects on the activation properties of Kv1.2 channels (Abraham et al., 2019). 

However, σ-1 receptor overexpression has considerably smaller gating effects on Kv1.2 relative 

to previous reports on slow gating (Baronas et al., 2017, 2015b, 2015a; Rezazadeh et al., 

2007). 
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1.5.2: Slow gating regulation 

HEK 293, CHO, and Ltk- mammalian cell lines expressing Kv1.2 channels exhibit quite variable 

activation kinetics and voltage-dependence of channel gating (Rezazadeh et al., 2007). Widely 

variable half-activation voltage (V1/2) values ranging from -35 mV to +40 mV have been recorded 

in separate studies (Baronas et al., 2017; Rezazadeh et al., 2007). Examination of their gating 

properties revealed Kv1.2 channels gate along two gating modes with distinctive gating 

properties, a fast gating mode characterized by fast activation kinetics and hyperpolarized GV 

relationships, and a slow gating mode characterized by relatively slow activation kinetics and 

depolarized GV relationships (Rezazadeh et al., 2007). This creates overall variation in gating 

properties for cells expressing Kv1.2 channels, produced by differences in the population of 

slow and fast channels from cell to cell (Rezazadeh et al., 2007). In this thesis, the phenomenon 

of Kv1.2 channel inhibition by the slow gating mode is referred to as slow gating or slow gating 

regulation. 

Previous studies have identified manipulations that modulate Kv1.2 slow gating. The application 

of depolarizing prepulses to slow mode Kv1.2 channels accelerates their activation kinetics and 

shifts their activation half-voltage towards the hyperpolarized voltages characteristic of fast 

mode gating (Baronas et al., 2015a; Rezazadeh et al., 2007). The potentiating effect of 

activating prepulses on Kv1.2 channels reflects activity dependent relief from slow gating 

inhibition (Baronas et al., 2015a; Rezazadeh et al., 2007). Conversely, slow gating recovers 

when channels are held closed by hyperpolarized voltages (Rezazadeh et al., 2007). This 

prepulse potentiation effect demonstrates it is possible to interconvert Kv1.2 channels between 

the slow and fast gating modes, and that the slow gating phenotype is not intrinsic to Kv1.2 

channels (Baronas et al., 2015a; Rezazadeh et al., 2007). Pre-pulse potentiation of Kv1.2 

channels translates to use-dependent increases in Kv1.2 currents in response to brief repetitive 

depolarizations (Baronas et al., 2015a). As a result, slow gating regulation has also been 
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referred to as use-dependent activation (Baronas et al., 2015a). These gating features are 

unique to Kv1.2 channels among the Kv1 family and have also been reported in primary 

hippocampal neuron cultures derived from rats (Baronas et al., 2015a). 

Mutations of Kv1.2 threonine 252 and extracellular reducing conditions also modulate slow 

gating regulation (Figure 1.3). The mutation of Kv1.2 threonine 252, located in the intracellular 

S2-S3 linker of Kv1.2, to charged or bulky amino acids such as arginine or phenylalanine, can 

abolish slow gating entirely (Baronas et al., 2015a, 2015b; Rezazadeh et al., 2007). Conversely, 

reducing agents such as DTT and TCEP promote the slow gating mode (Baronas et al., 2017). 

Kv1.2 channels exposed to reducing agents exhibit prominent use-dependence, considerably 

decelerated activation kinetics, and extremely depolarized activation half-voltages (ranging from 

approximately +50 mV to +80 mV) (Baronas et al., 2017). The effect of reducing agents on 

Kv1.2 channels is insensitive to mutation of Kv1.2 transmembrane cysteines, suggesting this 

effect is not due to modification of Kv1.2 cysteines by reducing agents (Baronas et al., 2017).  

The mechanisms underlying Kv1.2 slow gating regulation are unknown. However, the 

observations regarding this mechanism discussed in this section led to the hypothesis that 

Kv1.2 slow gating is mediated by an extrinsic, transmembrane, redox-sensitive regulatory 

molecule that unbinds from Kv1.2 channels following activation, and rebinds when channels are 

closed, acting to stabilize the closed state (Figure 1.3) (Baronas et al., 2017, 2015b). This 

hypothesis is depicted schematically in Figure 1.3. The likely involvement of a transmembrane 

protein is indicated by the fact that slow gating regulation is attenuated by mutations at Thr252 

in the intracellular S2-S3 linker, but is also is promoted by extracellular reducing conditions 

(Baronas et al., 2017, 2015a). This suggests that the regulatory process is mediated by features 

on both the extracellular and intracellular sides of the plasma membrane. However, the 

possibility exists that additional signaling components are involved (Baronas et al., 2017). Slow 

gating regulation could act to inhibit excitability in-vivo (Baronas et al., 2015a, 2015b). Use-
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dependent activation may produce increases in Kv1.2 currents during periods of repeated action 

potential firing in-vivo, resulting in hyperpolarization of the membrane and suppressing the 

generation of action potentials (Baronas et al., 2015a, 2015b).  

 

 

Figure 1.3: Hypothetical model of Kv1.2 slow gating regulation 

Kv1.2 transmembrane segments are depicted in grey, together with a hypothetical transmembrane 

protein that acts as a slow gating regulator. Kv1.2 channels are either bound to the slow gating regulator 

in the “slow” mode or unbound from the regulator in the “fast” mode. In the slow mode, Kv1.2 channel 

opening is inhibited due to binding of the slow gating regulator, and channel activation is slow. 

Conversely, fast mode channels are unbound from the regulator and activate rapidly. Channel activation 

causes this regulator to unbind, switching Kv1.2 channels from the “slow” gating mode to the “fast” gating 

mode. Conversely, this regulator can rebind to Kv1.2 channels in the closed state, underlying recovery of 

slow gating when channels are held closed. Extracellular reducing conditions are sensed by the slow 

gating regulator (possibly by a vital disulfide bond as depicted), increasing its affinity for Kv1.2 and 

promoting occupancy of the slow gating mode. Mutation of Thr252 in the S2-S3 linker, indicated by the 

asterisk, is proposed to alter the binding site of the regulator, resulting in weakened interaction of the 

regulator with Kv1.2 channels and increased occupancy of the fast gating mode (Baronas et al., 2017, 

2015b).  

1.5.3: Post-translational modifications 

Phosphorylation 
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Kv1.2 channels in mammalian brains are extensively phosphorylated (Yang et al., 2007). The 

phosphorylation state of Kv1.2 channels is a key regulator of their surface expression and 

interaction with other proteins. This is illustrated by M1 muscarinic acetylcholine receptor 

(mAChR) regulation of Kv1.2 expression and currents. Activation of G-coupled M1 mAChRs 

decreases Kv1.2 currents via an endocytotic mechanism dependent on tyrosine kinase 

phosphorylation of Kv1.2 channels (Hattan et al., 2002; Huang et al., 1993; Nesti et al., 2004). 

M1 mAChR mediated suppression of Kv1.2 currents requires RhoA, a GTPase protein involved 

in actin regulation and endocytosis (Cachero et al., 1998; Stirling et al., 2009). RhoA activation 

triggers Kv1.2 endocytosis and significantly decreases Kv1.2 currents, an effect that is 

attenuated by mutation of a Kv1.2 phosphorylation site at Tyrosine 132 (Cachero et al., 1998; 

Stirling et al., 2009). M1 mAChR activation also results in the phosphorylation of tyrosine 

residues in the Kv1.2 C-terminus, this phosphorylation curtails the interaction between Kv1.2 

and cortactin, an actin regulating protein that binds to the C-terminus of Kv1.2 channels (Hattan 

et al., 2002). Further illustrating the role of phosphorylation in the surface expression of Kv1.2 

channels, mutation of Kv1.2 serine residues 440 and 441, which are phosphorylated in human 

brains, inhibits Kv1.2 currents and surface expression in heterologous cell lines (Yang et al., 

2007).  

Glycosylation 

Kv1.2 channels are N-glycosylated at a single glycosylation site at asparagine (N) 207 on their 

S1-S2 linker (Figure 1.4) (Thayer et al., 2016). Interestingly, all Kv1 family proteins are 

glycosylated on their S1-S2 linker except for Kv1.6, which is non-glycosylated (Shi and Trimmer, 

1999; Thayer et al., 2016). Glycosylated Kv1.2 channels in rat brains possess complex glycan 

trees with sialic acid residues (Shi and Trimmer, 1999). However, the Kv1.2 glycan structure 

can vary when channels are expressed in heterologous cell lines (Shi and Trimmer, 1999; 

Thayer et al., 2016). The glycosylation state of Kv1.2 channels is coupled to their surface 
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expression. Loss of Kv1.2 glycosylation decreases the surface expression of Kv1.2 channels 

and increases their degradation rate (Thayer et al., 2016; Watanabe et al., 2007; Zhu et al., 

2009). Glycosylation state may also influence Kv1.2 gating. Non-glycosylated Kv1.2 channels, 

generated by mutating the N207 site, are reported to exhibit modestly slower activation and 

deactivation kinetics, which combine to generate a depolarized shift in their activation V1/2 when 

expressed in CHO cells (Watanabe et al., 2007). These effects were attributed to the loss of 

negatively charged sialic acids that would be present in the glycosylated Kv1.2 sugar tree 

(Watanabe et al., 2007). In this thesis, I demonstrate that glycosylation loss also increases 

sensitivity to regulation by the slow gating regulatory mechanism. 

 

Figure 1.4: Illustration of the Kv1.2 extracellular N207 glycosylation site on the S1-S2 linker and 

the Thr252 site on the intracellular S2-S3 linker. 

1.5.4: Lipids 

Phosphatidylinositol 4,5-bisphosphate (PIP2) 

 

Phosphatidylinositol 4,5-bisphosphate (PIP2) is the most abundant phosphoinositide lipid found 

in the plasma membrane and influences the function of Kv1.2 channels (Kruse and Hille, 2013). 
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The depletion of PIP2 reduces the current amplitude of Kv1.2 channels, decelerates their 

deactivation, and produces a hyperpolarizing shift in their activation V1/2 (Kruse and Hille, 2013; 

Rodriguez-Menchaca et al., 2012). PIP2 perfusion reverses these effects (Rodriguez-Menchaca 

et al., 2012). PIP2 is believed to simultaneously restrain the movement of Kv1.2 voltage-sensors 

and stabilize the open state of Kv1.2 pores via interactions with positively charged amino acids 

on Kv1.2 (Rodriguez-Menchaca et al., 2012). The loss of these interactions may underlie the 

effects of PIP2 depletion on Kv1.2 gating (Rodriguez-Menchaca et al., 2012). The regulation of 

Kv1.2 channels by PIP2 is pertinent to the function of Kv1.1/Kv1.2 channels in spiral ganglion 

neurons, the primary cochlear afferents (Smith et al., 2015). Kv1.1/Kv1.2 channels in spiral 

ganglion neurons regulate rapid adaptation, a mechanism that contributes to the maintenance of 

the temporal precision of action potentials (Smith et al., 2015). The depletion of PIP2 inhibits 

Kv1.1/Kv1.2 channels and prevents rapid adaptation, suggesting regulation of Kv1.2 channels 

by PIP2 is vital to this mechanism (Smith et al., 2015). 

Section 1.6: Pharmacology of Kv1.2 channels 

This thesis examines the effects of the alkylphenol anesthetic propofol on Kv1.2 channels, 

demonstrating novel functional effects of propofol on Kv1.2 channel gating. This section 

provides an overview of chemicals and peptides that act on Kv1.2 channels, their effects, and 

their identified mechanisms of action. 

1.6.1: General anaesthetics  

Volatile inhalation and intravenous general anaesthetics can modulate the activity of Kv 

channels including Kv1.2. The effect of anaesthetics on Kv1.2 channel activity can result in 

channel potentiation or inhibition depending on the anaesthetic (Li et al., 2018). The inhaled 

anaesthetic sevoflurane potentiates heterologously expressed Kv1.2 channels with no inhibitory 
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effects (Barber et al., 2012; Liang et al., 2015; Lioudyno et al., 2013; Woll et al., 2017). At 

physiologically relevant concentrations, sevoflurane increases the maximum conductance of WT 

Kv1.2 channels by ~13% and produces a -4 mV hyperpolarized shift in their activation V1/2 

(Barber et al., 2012; Liang et al., 2015; Lioudyno et al., 2013). Sevoflurane is postulated to 

hyperpolarize the activation V1/2 of Kv1.2 by binding to a cavity formed by the S4-S5 linker and 

S6 segment and promoting electromechanical coupling of Kv1.2 activation (Woll et al., 2017). 

This is supported by experiments demonstrating mutation of the leucine 317 residue in the S4-

S5 linker of Kv1.2 channels diminishes the effect of sevoflurane on their activation V1/2 (Woll et 

al., 2017). However, this mutation does not affect the sevoflurane-induced increase of Kv1.2 

maximum conductance, leading to the suggestion that potentiating effects of sevoflurane occur 

by separate mechanisms (Liang et al., 2015; Woll et al., 2017). The effect of sevoflurane on the 

maximum conductance is suggested to be a result of interactions with residues near the 

external pore region of Kv1.2 (Liang et al., 2015; Woll et al., 2017). Isoflurane, another 

inhalation anaesthetic, potentiates the conductance of Kv1.2 channels by ~11.5% in Xenopus 

laevis oocytes (Liang et al., 2015). Anaesthetics such as chloroform, halothane, n-butanol, and 

propofol have been examined for activity on WT Kv1.2 channels expressed in Xenopus laevis 

oocytes (Bu et al., 2018; Liang et al., 2015). Except for n-butanol which inhibits Kv1.2 currents 

at high concentrations, these anaesthetics showed minimal or no inhibitory or potentiating 

effects (Bu et al., 2018; Liang et al., 2015).  

1.6.2: Peptide toxins 

Scorpion toxins 

Scorpion toxins are structurally related peptides 23-43 amino acids in length that can act as 

potent blockers of Kv channels (Miller, 1995; Rodrı́guez de la Vega et al., 2003). Low 

nanomolar concentrations of the scorpion toxins charybdotoxin, maurotoxin, and tityustoxin-K 
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alpha effectively inhibit currents from heterologously expressed Kv1.2 channels (Visan et al., 

2004; Werkman et al., 1993, 1992). IC50 values of 1.7 nM, 0.7 nM, and 0.21 nM, respectively, 

have been recorded in experiments with mammalian cell lines (Visan et al., 2004; Werkman et 

al., 1993, 1992). These toxins produce a concentration-dependent block of Kv1.2 channel 

currents with minimal or no recorded effects on their activation kinetics and activation half-

voltage (Castle et al., 2003; Sprunger et al., 1996; Visan et al., 2004; Werkman et al., 1993, 

1992). Charybdotoxin however has been shown to accelerate the deactivation kinetics of Kv1.2 

channels expressed in X. laevis oocytes (Sprunger et al., 1996). Scorpion toxins inhibit 

potassium channel currents by binding to sites around the external opening of the pore and 

physically preventing potassium ion conduction (Avdonin et al., 2000; MacKinnon and Miller, 

1989, 1988; Visan et al., 2004; Werkman et al., 1993). 

Dendrotoxins 

Dendrotoxins are 57-60 amino acid proteins isolated from the venom of mamba snakes 

(Harvey, 1997). They are homologous to Kunitz serine protease inhibitors but lack significant 

antiprotease activity (Harvey, 1997). The dendrotoxins are potent blockers of Kv1.1, Kv1.2, and 

Kv1.6 channels, whereas other Kv channel types are relatively insensitive (Rettig et al., 1992; 

Stühmer et al., 1989; Swanson et al., 1990). This property of dendrotoxins has been utilized to 

characterize in-vivo Kv channels (Dodson et al., 2002; Scott et al., 1990; Wang et al., 1999). 

Currents from heterologously expressed Kv1.2 channels are potently and reversibly inhibited by 

alpha (α)-dendrotoxin and dendrotoxin-I in a concentration-dependent manner (Hopkins et al., 

1994; Robertson, 1996; Stühmer et al., 1989; Werkman et al., 1992). IC50 values of 4 nM and 

0.13 nM have been reported for α-dendrotoxin and dendrotoxin-I, respectively, in experiments 

with X. laevis oocytes (Hopkins et al., 1994; Stühmer et al., 1989). Dendrotoxins block Kv 

channels by associating with residues in the external pore mouth, likely in the P-loop, and 
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physically preventing the conduction of potassium ions, similar to scorpion toxins (Hopkins et 

al., 1994; Hurst et al., 1991; Tytgat et al., 1995).  

1.6.3: 4-Aminopyridine 

4-AP inhibits Kv1.2 channel currents in a reversible and concentration-dependent manner, 

although the reported IC50 values for this block vary (Hart et al., 1993; Kerr et al., 2001; Russell 

et al., 1994; Stühmer et al., 1989). The opening of Kv1.2 channels is required for 4-AP block, 

indicating 4-AP inhibition requires pore access and occurs via an open channel block 

mechanism (Russell et al., 1994). The block of Kv channels by 4-AP restores conduction in 

demyelinated neurons (Blight, 1989). Consequently, 4-AP has been utilized to manage 

neurological symptoms in spinal cord injury and demyelinating conditions such as multiple 

sclerosis (Blight, 2011, 1989; Segal et al., 1999). 

Section 1.7: Scope of thesis investigation 

The gating of Kv1.2 channels is modulated by slow gating regulation, one of several recognized 

and unrecognized regulatory mechanisms of voltage-gated ion channels. In chapter 3, I 

describe the increased sensitivity of Kv1.2 channels to slow gating regulation after glycosylation 

loss. In chapter 4, I describe a combination of novel potentiating and inhibitory effects of the 

general anaesthetic propofol on Kv1.2 channels and the influence of slow gating regulation on 

these effects of propofol. Overall, this thesis addresses gaps in our understanding of the factors 

that tune the modulation of ion channels by regulatory mechanisms and the implications of 

regulatory mechanisms on ion channel pharmacology. 
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Chapter 2:  Materials and Methods 

2.1.1: Mutagenesis and expression 

Kv1.2 mutagenesis was done using a two-step overlapping PCR method as described 

previously (Baronas et al., 2017). Mutagenic primers for the N207A and N207Q mutations were:  

N207A 5’: CAC CTA TTC CGC CAG CAC CAT TG 

N207A 3’: CAA TGG TGC TGG CGG AAT AGG TG 

N207Q 5’: CAC CTA TTC CCA AAG CAC CAT TG 

N207Q 3’: CAA TGG TGC TTT GGG AAT AGG TG 

The Kv1.5N/Kv1.2[N207A] chimera was generated using standard PCR and compatible 

restriction digestion and ligation of the N-terminus of human Kv1.5 (amino acid #1-243), and the 

transmembrane domains and C-terminus of rat Kv1.2 (amino acid #156-499). The fragments of 

Kv1.2 and Kv1.5 were joined at a BspEI restriction site that is present in Kv1.5, as described 

previously (Rezazadeh et al., 2007). Construction of mCherry-Slc7a5 was described previously 

(Baronas et al., 2018). All constructs were expressed in the pcDNA3.1(-) vector (Invitrogen) and 

verified by diagnostic restriction digestion and Sanger sequencing (University of Alberta Applied 

Genomics Core). DNA for the constructs of interest was transiently transfected into mouse LM 

(tk-) fibroblast cells for whole-cell patch clamp experiments using jetPRIME transfection reagent 

(Polyplus).  

2.1.2: Cell culture 

Mouse LM (tk-) fibroblast cells (ATCC, referred to as LM cells throughout the study) were used 

for all whole-cell patch clamp experiments. LM cells were maintained in culture at 37 °C in a 5% 

CO2 incubator in Dulbecco's Modified Eagle Medium supplemented with 10% FBS and 1% 

penicillin/streptomycin. Cells were typically seeded in standard 12 or 24 well culture dishes and 
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transfected 12 hours after seeding. Transfection efficiency was approximately 20%. Transfected 

cells were split onto glass coverslips for experiments and recordings were obtained 24-48 hours 

post-transfection. Co-transfection with fluorescent proteins was used to select cells for 

electrophysiological recording. 

2.1.3: Whole-cell patch clamp recordings 

Patch clamp pipettes were manufactured from soda lime capillary glass (Fisher) using a Sutter 

P-97 puller (Sutter Instrument) and were not coated before recordings. Pipettes had a tip 

resistance between 1-4 MΩ when filled with standard recording solutions. Recordings were 

sampled at 10 kHz and filtered at 5 kHz. The typical cell capacitance and series resistance in 

whole-cell recordings were between 10 to 20 pF and 2 to 4 MΩ, respectively. The maximum cell 

capacitance and series resistance were 26 pF and 5 MΩ. The estimated membrane time 

constant ( m), based on the maximal cell capacitance and series resistance, is 130 µs prior to 

any series resistance compensation. Manual capacitance compensation and series resistance 

compensation was between 75%-85%. Recordings were stored on a computer hard drive using 

Clampex 10 software (Molecular Devices). Bath solution had the following composition: 135 mM 

NaCl, 5 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 10 mM HEPES, and was adjusted to pH 7.4 with 

NaOH. Pipette solution had the following composition: 135 mM KCl, 5 mM K-EGTA, 10 mM 

HEPES and was adjusted to pH 7.3 using KOH. Chemicals were purchased from Sigma-Aldrich 

or Fisher. Holding potential for all recordings is -80 mV unless otherwise stated.  

2.1.4: Two-electrode voltage clamp recordings 

For two-electrode voltage clamp experiments in Xenopus laevis oocytes, complementary RNA 

was transcribed from Kv1.2 cDNAs of interest using the mMessage mMachine T7 kit 

(Invitrogen). WT Kv1.2, Kv1.2[N207A], and Kv1.2[T252R] in pcDNA3.1(-) were linearized with 

BglII and transcribed using the T7 primer. Stage V–VI Xenopus laevis oocytes were prepared as 
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previously described (Shih et al., 1998) and injected with mRNA. Voltage-clamped potassium 

currents were recorded in a modified Ringer’s solution composed of: 116 mM NaCl, 2 mM KCl, 

1 mM MgCl2, 0.5 mM CaCl2, and 5 mM HEPES (pH 7.4), using an OC-725C voltage clamp 

(Warner). Glass microelectrodes were backfilled with 3 M KCl and had resistances of 0.1–1 MΩ. 

Recordings were filtered at 5 kHz and digitized at 10 kHz using a Digidata 1440A controlled by 

pClamp 10 software. Holding potential for all recordings was -80 mV unless otherwise stated. 

2.1.5: Wash-in experiments 

Propofol (2,6-Diisopropylphenol, 97%) was obtained from Alfa Aesar. The drug was dissolved in 

DMSO to achieve a stock concentration of 400 mM. Propofol solution for wash-in experiments 

was made by dissolving propofol stock in bath solution to achieve the desired concentrations. 

The control solution for wash-in experiments with propofol consisted of DMSO dissolved in bath 

solution. The DMSO to bath solution ratio in the control solution was equal to the propofol stock 

to bath solution ratio in the propofol solution. For wash-in experiments with DMSO as test, the 

control solution was bath solution alone. 0.10% v/v DMSO solution (vehicle control) was 

prepared by diluting DMSO into bath solution at a 1/1000 ratio. The final concentration of DMSO 

in all solutions was ≤ 0.10% v/v. All solutions were prepared on the same day experiments were 

performed and mixed by vortex for 5 minutes prior to use. Test solutions were perfused into the 

bath for 2-3 minutes prior to test recordings. All solutions were perfused via pressure-driven flow 

at room temperature.  

2.1.6: Electrophysiology data analysis 

Conductance–voltage relationships were normalized to the peak conductance and fit with a 

Boltzmann equation (Equation 1): 

(1) 𝐺 =  1/(1 + 𝑒−(𝑉−𝑉1/2)/𝑘) 
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where V is the voltage applied, V1/2 is the half-maximal activation voltage, and k is a slope factor 

reflecting the voltage range over which an e-fold change in open probability (Po) is observed. 

The sum of two Boltzmanns was occasionally required due to conductance-voltage relationships 

with both slow and fast gating components. In those cases, this form of the Boltzmann equation 

was used (Equation 2):  

(2) 𝐺 =  𝐴/(1 + 𝑒−(𝑉−𝑉1/2,𝑎)/𝑘,𝑎)  +  (1 − 𝐴)/(1 + 𝑒−(𝑉−𝑉1/2,𝑏)/𝑘,𝑏) 

where A is the proportion of the curve exhibiting the fast gating component, and 1-A the slow. 

Time constants (τ) of channel activation were obtained by fitting current traces with a single 

(Equation 3) or double (Equation 4) exponential equation using Clampfit. A sum of two 

exponentials was often required due to the presence of clearly distinct slow and fast activation 

components for some channels:    

(3) 𝐴(𝑡) = 𝐴(1 − 𝑒−𝑡/𝜏)  +  𝐶  

(4) 𝐴(𝑡) = 𝐴, 𝑠𝑙𝑜𝑤(1 − 𝑒−𝑡/𝜏,𝑠𝑙𝑜𝑤)  +  𝐴, 𝑓𝑎𝑠𝑡(1 − 𝑒−𝑡/𝑡,𝑓𝑎𝑠𝑡)  + 𝐶  

where A(t) is the current at time (t) from the start of the depolarization, A is the maximum current 

corresponding to either the slow or fast component, and C is a constant. The fractional slow 

component of gating was calculated as: 

(5) 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑠𝑙𝑜𝑤 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 =
𝐴,𝑠𝑙𝑜𝑤

𝐴,𝑠𝑙𝑜𝑤 + 𝐴,𝑓𝑎𝑠𝑡 + 𝐶
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Chapter 3:  Glycosylation loss increases the sensitivity of Kv1.2 

channels to slow gating regulation 

Section 3.1: Introduction 

The general principles underlying the function of voltage-gated ion channels have been 

described in detail for certain model channel types, however, our understanding of their 

regulation by accessory proteins and signaling pathways is less complete. This knowledge gap 

limits our ability to fully characterize the properties of voltage-gated ion channels, as accessory 

regulatory proteins with significant effects on channel function have been established for all 

major voltage-gated ion channel types (Buraei and Yang, 2010; Calhoun and Isom, 2014; 

Davies et al., 2007; Pongs and Schwarz, 2010). Previously, our group has explored 

unrecognized mechanisms of ion channel regulation using Kv1.2 channels as a model system. 

Kv1.2 was the first mammalian voltage-gated channel with a structure reported at atomic 

resolution, and this information has provided the basis for development of a detailed 

understanding of voltage-dependent regulation of ion channels (Long et al., 2007, 2005a).  

 

Previous reports have demonstrated considerable variability of Kv1.2 channel gating properties, 

specifically highly variable activation kinetics and activation V1/2 values (see page 18)  (Baronas 

et al., 2015a; Rezazadeh et al., 2007). This is due to Kv1.2 channels exhibiting variable 

occupancy of at least two gating modes, a fast gating mode characterized by fast activation 

kinetics and hyperpolarized GV relationships, and a slow gating mode characterized by 

relatively slow activation kinetics and depolarized GV relationships (Baronas et al., 2015a; 

Rezazadeh et al., 2007). Cell to cell variations in the proportion of channels in the slow vs fast 
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gating modes produce the variable activation properties of Kv1.2 channels (Rezazadeh et al., 

2007). A summary of the conditions that modulate slow gating regulation as well as a 

hypothetical model for this mechanism are presented in Figure 1.3. 

 

In this chapter, the effects of glycosylation loss on Kv1.2 channel sensitivity to slow gating 

regulation are examined. Kv1.2 channels are N-glycosylated at residue N207 in the extracellular 

S1-S2 linker. In native mammalian tissue the Kv1.2 glycosylation tree is complex with sialic acid 

residues (Shi and Trimmer, 1999; Thayer et al., 2016; Watanabe et al., 2007; Zhu et al., 2009).  

Glycosylation is coupled to Kv1.2 expression at the cell surface (Thayer et al., 2016; Watanabe 

et al., 2007; Zhu et al., 2009). In addition to an effect on surface expression, altered gating 

properties of glycosylation deficient Kv1.2 channel mutants have been previously described. 

Mutation of Kv1.2 N207 to a glutamine (Kv1.2[N207Q]) slowed the activation kinetics of Kv1.2 

channels and depolarized the Kv1.2 activation half-voltage (Watanabe et al., 2007). The gating 

effects of the Kv1.2[N207Q] mutation in the Watanabe et al. (2007) study motivated us to 

investigate whether Kv1.2 glycosylation affects its regulation by the fast and slow gating modes. 

Using electrophysiological approaches, I have characterized the gating properties of 

glycosylation deficient Kv1.2 channels and demonstrated the significant sensitivity of these 

properties to manipulations known to target slow gating. Utilizing the sensitivity of glycosylation 

deficient Kv1.2 mutants to slow gating regulation, I have extended observations on slow gating 

in this chapter and will demonstrate interaction of slow gating regulation with Kv1.2 

pharmacology in the subsequent chapter. Overall, this chapter reveals that glycosylation plays a 

role in the sensitivity of Kv1.2 channels to slow gating regulation. Specifically, loss of 

glycosylation profoundly increases inhibition of Kv1.2 channels by slow gating.  
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Section 3.2: Results 

3.2.1: Slow activation kinetics of glycosylation deficient Kv1.2 mutants 

Glycosylation deficient Kv1.2 channels were generated by mutating the Kv1.2 N207 residue in 

the S1-S2 linker to alanine (A) and glutamine (Q). The N207 site is the sole glycosylation site of 

Kv1.2 channels (Watanabe et al., 2007; Zhu et al., 2009). Currents recorded from LM cells 

expressing Kv1.2[N207A] and Kv1.2[N207Q] glycosylation deficient channels exhibited 

dramatically slowed activation kinetics compared to currents from cells expressing WT Kv1.2 

channels (Figure 3.1). The difference in activation kinetics is illustrated by exemplar current 

traces in Figure 3.1A. The activation time course of Kv1.2[N207A] in response to a +10 mV 

depolarization is slower than currents from WT Kv1.2 exhibiting either the fast gating phenotype 

(i.e. rapid activation kinetics) or the slow gating phenotype (i.e. slowed activation kinetics) 

(Figure 3.1A&B). Previous reports on slow gating regulation observed a population of WT Kv1.2 

cells with fast activation time courses, and a population of WT Kv1.2 cells with biphasic 

activation time courses, due to varying proportions of fast and slow activation components 

(Rezazadeh et al., 2007). The slow component in these reports was attributed to slow gating 

regulation (Rezazadeh et al., 2007). In our experiments, we observed WT Kv1.2 cells with 

exclusively fast activation time courses that were fit with a single exponential equation. In 

addition, WT Kv1.2 cells exhibiting biphasic activation with slow and fast activation components, 

were fit with a double exponential equation. Kv1.2[N207A] and Kv1.2[N207Q] currents typically 

exhibited exclusively slow or biphasic activation time courses. The slow and fast activation 

components for all currents recorded and their respective time constants were distinguishable. 
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Figure 3.1: Glycosylation deficient Kv1.2 channels have prominent slow activation kinetics. 

(A) Exemplar whole-cell recordings of WT Kv1.2 and Kv1.2[N07A] channels expressed in LM cells (2 s 

depolarization to +10 mV, holding potential of -80 mV). Exponential fits for each current trace are shown 

in red.  WT Kv1.2 exhibits variable activation gating kinetics - samples of a ‘fast’ cell and a cell exhibiting 

the ‘slow’ gating mode are illustrated. (B) Time constants of activation (, activation (ms)) for WT Kv1.2 

(n=21), Kv1.2[N207A] (n=33), and Kv1.2[N207Q] (n=7) channels. Activating currents were elicited using 

the protocol described above. The currents were fit with either a single exponential function (Equation 3) 

or the sum of two exponential functions (double exponential) (Equation 4), to obtain activation time 

constants for the slow (grey box plots; , slow) and fast (white box plots; , fast) activation components. 

(C) The fractional contribution of the slow activation time constant was determined for each cell using 

Equation 5. A one-way ANOVA (non-parametric Kruskal-Wallis), followed by a post-hoc Dunn’s test was 

used to compare fast and slow time constants between WT Kv1.2 and Kv1.2[N207A/Q]. Significant 

differences are indicated by * with the associated P value shown.   

 

For currents elicited from cells expressing WT Kv1.2 channels, the median activation time 

constants (, activation) for the slow and fast components were 31 ms (, slow) and 5 ms (, 

fast). Kv1.2[N207A] and Kv1.2[N207Q] channels activated with considerably slower kinetics 

(Figure 3.1B). The median activation time constants for Kv1.2[N207A] channels were 734 ms (, 

slow) and 58 ms (, fast). For Kv1.2[N207Q] channels, the activation time constants were 903 
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ms (, slow) and 68 ms (, fast). The fractional contribution of the slow activation component to 

the total current magnitude was also calculated for each cell (Figure 3.1C). The slow component 

constitutes a significantly greater proportion of the currents from Kv1.2[N207A/Q] channels 

compared to WT Kv1.2 channels (Figure 3.1C). Thus, Kv1.2[N207A/Q] channels exhibit 

generally slower activation time constants (Figure 3.1B) and a prominent slow activation 

component (Figure 3.1C) compared to WT Kv1.2 channels, resulting in very slow activation 

kinetics. 

3.2.2: Activation properties of Kv1.2[N207A/Q] channels implicate slow gating 

regulation 

We observed cell to cell variations in the activation time constants and the fractional contribution 

of the slow component for glycosylation deficient channels, similar to WT Kv1.2 (Figure 

3.1B&C), and consistent with other reports of slow gating (Rezazadeh et al., 2007). The 

persistence of this variation, and the markedly slow activation of these mutants, prompted 

further investigation into the involvement of slow gating regulation in their altered activation 

kinetics. Thus, manipulations previously reported to modify Kv1.2 slow gating regulation were 

applied to Kv1.2 glycosylation deficient channels. An overview of slow gating regulation and its 

identified modifiers is provided in the introduction (see page 18 and Figure 1.3). Experiments 

were performed with Kv1.2[N207A] channels as the Kv1.2[N207A] and Kv1.2[N207Q] mutations 

had identical functional consequences. 

3.2.3: Slow gating of glycosylation mutants is attenuated by the T252R mutation 

Mutation of the Kv1.2 T252 residue in the S2-S3 linker to an arginine (R) significantly attenuates 

sensitivity to the slow gating mode (Baronas et al., 2015b, 2015a; Rezazadeh et al., 2007). 

Therefore, we tested the effects of the T252R mutation on Kv1.2[N207A] channels (Figure 3.2). 
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The median activation time constants for Kv1.2[T252R] channels were 43 ms (, slow) and 5 ms 

(, fast) (Figure 3.2B), compared to 31 ms (, slow) and 5 ms (, fast) for WT Kv1.2 channels 

(Figure 3.1B). The introduction of the T252R mutation to Kv1.2[N207A] channels significantly 

accelerated their activation kinetics and attenuated the prominent slow activation component 

(Figure 3.2). Activation time constants at +10 mV were determined for all channels as described 

in Figure 3.1. The median activation time constants for Kv1.2[T252R] [N207A] channels were 98 

ms (, slow) and 20ms (, fast), compared to 734 ms (, slow) and 58 ms (, fast) for 

Kv1.2[N207A] channels (Figure 3.2B). Furthermore, the fractional contribution of the slow 

activation component was dramatically attenuated in Kv1.2[T252R] [N207A] channels compared 

to Kv1.2[N207A] channels (Figure 3.2C). Overall, this demonstrates that introduction of the 

T252R mutation to Kv1.2[N207A] channels relieves their slow activation kinetics and 

considerably reduces the fractional contribution of the slow component. The effects of the 

T252R mutation on these parameters provides a direct link between slow gating regulation and 

the inhibited activation kinetics of glycosylation deficient Kv1.2 channels.  

 

 



38 
 

 

Figure 3.2: Slow gating of Kv1.2[N207A] channels is attenuated by the T252R mutation. 

(A) Exemplar whole-cell current recordings of Kv1.2[T252R], Kv1.2[N207A], and Kv1.2[T252R] [N207A] 

channels expressed in LM cells are shown (2 s depolarization to +10 mV, holding potential of -80 mV). (B) 

Slow (grey box plots; , slow) and fast (white box plots; , fast) activation time constants are shown for 

Kv1.2[T252R] (n=11), Kv1.2[N207A] (n=33), and Kv1.2[T252R][N207A] (n=24) channels, time constants 

were determined as described in Figure 3.1B. (C) The fractional contribution of the slow activation time 

constant was determined for each cell as described in Figure 3.1C (note that data for Kv1.2[N207A] has 

been duplicated to allow direct comparison). Kv1.2[T252R] [N207A] and Kv1.2[N207A] gating parameters 

were compared with a Mann-Whitney U test (non-parametric). Significant differences are indicated by * 

with the associated P value shown.   

 

3.2.4: Altered use-dependent activation properties in glycosylation deficient channels 

The slow gating mode of Kv1.2 channels manifests as use-dependent increases in current 

magnitude during trains of brief repeated depolarizations, constructed to approximate the brief 

stimulations Kv1.2 channels may encounter in vivo (Baronas et al., 2015a). This phenomenon is 

termed use-dependent activation and occurs due to progressive rescue of channels from the 
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slow mode. It is exhibited by Kv1.2 containing channels in cell lines and primary neuronal 

cultures (Baronas et al., 2015a, 2015b). Use-dependent activation of Kv1.2 channels has 

previously been characterized using 20 Hz trains of 10 ms depolarizations to +60 mV and 

measured as the % increase between the 1st and peak pulse in a train (Baronas et al., 2017, 

2015a). We utilized a similar protocol in our experiments, 200 sweeps of 10 ms depolarizations 

to +60 mV were applied to cells at a 20 Hz frequency, immediately followed by a 2 second pulse 

to +60 mV to confirm the true peak current magnitude at +60 mV was achieved during the 200 

sweeps. For certain cells, especially cells expressing Kv1.2[N207A] channels, we found that the 

true peak current magnitude at +60 mV could not be achieved during the depolarization trains. 

Thus, % use-dependent activation was calculated as the % increase between the 1st pulse 

current in the +60 mV train and the true peak current magnitude at +60 mV, extracted from 

either the pulse train or the subsequent 2 second +60 mV depolarization. Kv1.2[N207A] 

channels show extreme use-dependent activation (Figure 3.3A&B). On a cell by cell basis, it is 

clear Kv1.2[N207A] channels show increased use-dependent activation compared to WT Kv1.2 

channels (Figure 3.3B). Further confirming the role of slow gating regulation in the inhibition of 

the glycosylation mutants, introduction of the T252R mutation considerably diminishes their 

increased use-dependent activation (Figure 3.3A&B).  
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Figure 3.3: Enhanced use-dependent activation in Kv1.2[N207A] channels. 

(A) Exemplar current traces from LM cells expressing WT Kv1.2, Kv1.2[N207A], and Kv1.2[T252R] 

[N207A] channels were elicited by 20 Hz trains of 10 ms depolarizations to +60 mV (holding potential of -

80 mV). Every 20th pulse up to the peak pulse in the train is shown. Records illustrate increased use-

dependence in Kv1.2[N207A] channels and attenuation of use-dependence by the T252R mutation. (B) 

Scatter/Box plots illustrate % use-dependent activation (1 - 1st pulse current magnitude/true peak current 

magnitude at +60 mV); WT Kv1.2 (n=19), Kv1.2[N207A] (n=21), Kv1.2[T252R] (n=12), and Kv1.2[T252R] 

[N207A] (n=15).* describes a significant difference between Kv1.2[N207A] and Kv1.2[T252R] [N207A] vs. 

WT Kv1.2 using a one-way ANOVA (Kruskal-Wallis non-parametric) followed by Dunn’s post-hoc test 

comparing . # describes a significant difference between Kv1.2[N207A] and Kv1.2[T252R] [N207A] using 

a student’s t-test. 

 

3.2.5: Slow activation is not an intrinsic property of glycosylation deficient Kv1.2 

channels 

The activation kinetics of slow mode Kv1.2 channels can be accelerated by the application of 

strong prior depolarizations (i.e. prepulse potentiation), reflecting activity dependent relief of 

Kv1.2 inhibition by slow gating regulation (Baronas et al., 2015a; Rezazadeh et al., 2007). To 

demonstrate the plasticity and moment-to-moment regulation of Kv1.2[N207A] channel 

activation kinetics, we utilized a double pulse protocol similar to the previously referenced 

reports (Figure 3.4A). Channels were first depolarized to +30 mV for 2 s, repolarized to -100 mV 
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for 400 ms, then depolarized again to +30 mV for 2 s (Figure 3.4A). Due to the variable 

contribution of the fast and slow gating components from cell to cell, we used the 20%-80% rise 

time to generate single value quantifications of activation kinetics. WT Kv1.2 channels exhibit 

variable levels of slow activation kinetics, but frequently exhibit acceleration of activation during 

the second depolarizing step (Figure 3.4B). This effect is far more pronounced for Kv1.2[N207A] 

channels (Figure 3.4B). As expected, Kv1.2[N207A] channels activate very slowly in the first 

pulse relative to WT Kv1.2, however their activation kinetics are considerably accelerated in the 

second pulse (Figure 3.4B). This result indicates that the markedly slow activation kinetics of the 

glycosylation mutants are not an intrinsic property of the channel. Instead, the dramatic 

acceleration of Kv1.2[N207A] activation by activating prepulses (Figure 3.4) and the T252R 

mutation (Figure 3.2 & Figure 3.3) demonstrates that the slow activation kinetics of glycosylation 

deficient Kv1.2 channels are due to extreme sensitivity to slow gating regulation. 
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Figure 3.4: Pre-pulse potentiation of Kv1.2[N207A] channel activation.  

(A) Currents from WT Kv1.2 and Kv1.2[N207A] expressing LM cells were elicited with two successive 

depolarizations to +30 mV (+30 mV for 2 s, -100 mV for 400 ms, +30 mV for 2 s). Exemplar current traces 

illustrate acceleration of activation kinetics in the second pulse compared to the first pulse, but with far 

more prominent slow gating of Kv1.2[N207A] during the first depolarization. (B) Activation rise times 

between 20%-80% of the first and second pulse currents were measured and plotted for WT Kv1.2 (n=12) 

and Kv1.2[N207A] (n=16) channels. Rise time in the 1st and 2nd pulses were compared with a paired 

student’s t-test, and significant difference is indicated by * with the associated P value shown. Rapidly 

activating currents (rise time: 1-2 ms) may be contaminated by capacitive currents in this experiment. 

Based on whole cell voltage clamp compensation parameters, the largest voltage clamp time constant 

among analyzed cells was approximately 130 µs. 

 

3.2.6: Slc7a5 competes with slow gating regulation in Kv1.2 channels 

The amino acid transporter Slc7a5 exerts powerful effects on the gating and expression of 

Kv1.2 channels (Baronas et al., 2018). Notably, Slc7a5 hyperpolarizes the activation half-

voltage of Kv1.2 channels by ~50 mV (Figure 3.5) (Baronas et al., 2018). Our group observed 

WT Kv1.2 channels co-expressed with Slc7a5 did not exhibit markers of slow gating regulation 

(slow activation kinetics, depolarized conductance-voltage relationships, and use-dependence) 

in ambient redox conditions (Figure 3.5B). These markers of slow gating were partially rescued 
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by reducing agents such as DTT that enhance the slow gating mode (Figure 3.5B). The voltage-

dependence of activation of WT Kv1.2 channels in DTT is shifted to depolarized voltages, 

indicating inhibition of channel activation (Figure 3.5A). In contrast to the hyperpolarized 

voltage-dependence of activation of WT Kv1.2 channels in ambient redox subjected to 

activating prepulses to relieve the slow gating mode (potentiated GV) (Figure 3.5A). When these 

experiments are repeated for Kv1.2 channels co-expressed with Slc7a5, there is a prominent 

dissociation of the conductance-voltage relationship in DTT (Figure 3.5B). Compared to the 

strongly hyperpolarized conductance-voltage relationships of Kv1.2 channels co-expressed with 

Slc7a5 in ambient redox (potentiated GV) (Figure 3.5B). Our rationalization for these 

observations is that Slc7a5 occludes the interaction of the slow gating regulatory molecule with 

Kv1.2 channels in ambient redox conditions, preventing its effects on channel gating (Figure 

3.5B&F). In reducing conditions, the affinity of the protein mediating slow gating is increased 

and there is competition for binding to Kv1.2 between this protein and Slc7a5 (3.5F), underlying 

the biphasic conductance-voltage relationships of Kv1.2 channels co-expressed with Slc7a5 in 

DTT (Figure 3.5B). The conductance-voltage relationships of Kv1.2 channels co-expressed with 

Slc7a5 in DTT show a hyperpolarized activation component (V1/2,a = -53 ± 2 mV) corresponding 

to Slc7a5-regulated channels (Figure 3.5B). In addition to a depolarized activation component 

(V1/2,b = 44 ± 4 mV) corresponding to channels in the slow gating mode due to the application of 

DTT (Figure 3.5B).  
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Figure 3.5: Slc7a5 competes with the slow gating mechanism in wild-type Kv1.2 channels. 

(A,B) Conductance-voltage relationships were determined for Kv1.2 (± Slc7a5) in the indicated conditions. 

Cells were pulsed from a holding potential of -80 mV to voltages between -130 mV and +150 mV for 100 

ms, followed by a -20 mV repolarization for tail current measurement. Tail currents were normalized to the 

peak tail current magnitude and fit with a Boltzmann (Equation 1), or the sum of two Boltzmann equations 

(for Kv1.2 + Slc7a5 + DTT, Equation 2). For generation of potentiated GVs, test pulses were each 

preceded by a 500 ms depolarization to +60 mV, and a brief 400 ms repolarization to -120 mV to 

deactivate channels (Kv1.2: potentiated V1/2 = -10 ± 1 mV; Kv1.2 + 1 mM DTT: V1/2 = 64 ± 4 mV; Kv1.2 

+ Slc7a5: potentiated V1/2 = -58 ± 3 mV; Kv1.2 + Slc7a5: + 1 mM DTT: V1/2,a = -53 ± 2 mV (39%) 

V1/2,b = 44 ± 4 mV (61%)). The proportion of the conductance-voltage relationship corresponding to the 

hyperpolarized activation component was obtained from the Boltzmann fit parameter “A” (Equation 2). 

The proportion corresponding to the depolarized activation component was calculated as 1-A. (C,D) 

Exemplar current records for Kv1.2 + 1 mM DTT (top) and Kv1.2 + Slc7a5 + 1 mM DTT (bottom). Every 

4th sweep beginning at -130 mV is depicted for clarity. Sweeps were delivered every 10 s. (E, F) 

Hypothetical mechanism underlying attenuation of slow gating by Slc7a5. A putative regulator of slow 

gating (green) can freely associate with Kv1.2 channels when Slc7a5 levels are low (panel E), but 

overexpression of Slc7a5 (magenta) is proposed to occlude association of the slow gating regulator with 

Kv1.2 (panel F). 
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Slc7a5 also powerfully alters slow gating behavior in glycosylation deficient channels (Figure 

3.6). Cells co-expressing Slc7a5 and Kv1.2[N207A] channels had no significant currents, this 

was likely due to a combination of Slc7a5 suppression of total Kv1.2 channel expression 

(Baronas et al., 2018), and the reduced surface expression of Kv1.2 glycosylation deficient 

channels (Watanabe et al., 2007). To overcome this challenge, we used a chimeric channel 

comprising the N-terminus and T1 domain of Kv1.5, fused to the transmembrane domains and 

C-terminus of Kv1.2, which we have used previously to increase Kv1.2 expression (Baronas et 

al., 2018). The Kv1.5N/Kv1.2[N207A] chimera remained sensitive to the slow gating mode and 

permitted detection of functional currents in the presence of Slc7a5 (Figure 3.6A). These 

channels exhibit considerably depolarized conductance voltage relationships (Figure 3.6B) and 

slow activation time courses (Figure 3.6C) with a significant slow component of activation 

(Figure 3.6D). Co-expression with Slc7a5 strongly diminishes these markers of slow gating 

regulation in the chimera (Figure 3.6B-D). This effect is most apparent in the fractional 

contribution of the slow component (Figure 3.6D). The contribution of the slow activation 

component is significantly smaller in Kv1.5N/Kv1.2[N207A] + Slc7a5 currents compared to 

Kv1.5N/Kv1.2[N207A] currents (Figure 3.6D). The competition between slow gating regulation 

and Slc7a5 regulation is also evident in Figure 3.6B. Kv1.5N/Kv1.2[N207A] + Slc7a5 cells 

exhibit a biphasic conductance-voltage relationship (Figure 3.6B), reminiscent of conductance-

voltage relationships of WT Kv1.2 + Slc7a5 cells in DTT (Figure 3.5B). A proportion of channels 

(23%) are under regulation by slow gating and exhibit the characteristic depolarized 

conductance-voltage relationship (V1/2, a = 61 ± 8 mV), while the rest of the channels (77%) are 

associated with Slc7a5 and exhibit a hyperpolarized conductance-voltage relationship (V1/2,b= -

30 ± 4 mV) (Figure 3.6B). These results strengthen our hypothesis that occlusion of the slow 

gating regulator by Slc7a5 underlies the absence of slow gating in WT Kv1.2 channels co-

expressed with Slc7a5 and further highlight the enhanced inhibition of glycosylation deficient 

Kv1.2 channels by slow gating regulation.  
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Figure 3.6: Slc7a5 antagonizes slow gating regulation of Kv1.2[N207A] channels. 

(A) Exemplar currents elicited from Kv1.5N/Kv1.2[N207A] channels ± Slc7a5 with a 2 s depolarization to 

+10 mV. (B) Conductance-voltage relationships were generated by stepping between -130 mV and +110 

mV (100 ms in 10 mV steps, -100 mV holding potential), followed by a tail current voltage of -30 mV. 

Conductance-voltage relationships were obtained from the tail current amplitudes and fit with the sum of 

two Boltzmann functions (Equation 2) (Kv1.5N/Kv1.2[N207A]: V1/2,a = 38 ± 3 mV (92%), V1/2,b= -10 ± 4 mV 

(8%), n = 7; Kv1.5N/Kv1.2[N207A] + Slc7a5: V1/2,a = 61 ± 8 mV (23%), V1/2,b= -30 ± 4 mV (77%), n= 4). The 

proportion of the conductance-voltage relationship corresponding to the hyperpolarized activation 

component was obtained from the Boltzmann fit parameter “A” (Equation 2). The proportion 

corresponding to the depolarized activation component was calculated as 1-A. (C) Activation time 

constants for Kv1.5N/Kv1.2[N207A] (n=16) and Kv1.5N/Kv1.2[N207A] + Slc7a5 (n=18) channels were 

derived at +10 mV, as described in Figure 3.1. Activating current traces were elicited by a 2 s 

depolarization to +10 mV (-80 mV holding potential). (D) Fractional slow component for 

Kv1.5N/Kv1.2[N207A] (n=16) and Kv1.5N/Kv1.2[N207A] + Slc7a5 (n=18). Fractional slow components 

were compared using a Mann-Whitney U test (non-parametric), with the significance level indicated by *.  
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3.2.7: Reducing conditions attenuate Slc7a5 effects on glycosylation mutants 

Similar experiments were conducted in the presence of DTT to further accentuate the slow 

gating mode (Figure 3.7). In DTT, Kv1.5N/Kv1.2[N207A] channels gate almost exclusively in the 

slow mode (Figure 3.7). The fast component made a significant contribution in only 3/12 cells 

(Figure 3.7C&D). In addition, these channels exhibited extremely depolarized conductance-

voltage relationships (V1/2,a = 48 ± 3 mV (95%), V1/2,b = -2.3 ± 2 mV (5%)) (Figure 3.7B). Co-

expression with Slc7a5 attenuated these effects, however Slc7a5 attenuation of slow gating is 

not as powerful as in ambient redox conditions (Figure 3.6 vs Figure 3.7). Slc7a5 still reduces 

the fractional contribution of the slow component (Figure 3.7D) and introduces a considerable 

hyperpolarized component to the GV relationships of Kv1.5N/Kv1.2[N207A] channels in DTT 

(V1/2,a = 51 ± 2 mV (51%), V1/2,b = -32 ± 4 mV (49%), n= 8), representing the Slc7a5 mediated 

activation component (Figure 3.7B). Overall, these results show that Slc7a5 occludes slow 

gating regulation of Kv1.2 channels. In addition, the competition between Slc7a5 regulation and 

slow gating regulation is influenced by factors that alter channel sensitivity to the slow gating 

mode, such as DTT. 

 

 



48 
 

 
Figure 3.7: The Slc7a5 effect on Kv1.2 channels is diminished in reducing conditions. 

(A) Exemplar current traces of Kv1.5N/Kv1.2[N207A] ± Slc7a5 in the presence of DTT (400 µM). Currents 

were elicited by a 2 s depolarization to +10 mV. (B) Conductance-voltage relationships were obtained as 

described in Figure 3.6B. Kv1.5N/Kv1.2[N207A] (+DTT): V1/2,a = 48 ± 3 mV (95%), V1/2,b = -2.3 ± 2 mV (5%), 

n = 9; Kv1.5N/Kv1.2[N207A] + Slc7a5 (+DTT) V1/2,a = 51 ± 2 mV (51%), V1/2,b = -32 ± 4 mV (49%), n= 8). The 

proportion of the conductance-voltage relationship corresponding to the hyperpolarized activation 

component was obtained from the Boltzmann fit parameter “A” (Equation 2). The proportion 

corresponding to the depolarized activation component was calculated as 1-A.  (C) Activation time 

constants for Kv1.5N/Kv1.2[N207A] (+DTT) (n=12) and Kv1.5N/Kv1.2[N207A] + Slc7a5 (+DTT) (n=10). 

Activation time constants were determined as described in Figure 3.1B. (D) Fractional slow component for 

Kv1.5N/Kv1.2[N207A] (+DTT) (n=12) and Kv1.5N/Kv1.2[N207A] + Slc7a5 (+DTT) (n=13). Fractional slow 

components were compared using a Mann-Whitney U-test with significance level indicated by *. 
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3.2.8: Slow gating regulation is absent in Xenopus laevis oocytes 

Finally, further supporting the hypothesis that increased sensitivity to slow gating regulation 

underlies the inhibited activation kinetics of glycosylation deficient Kv1.2 channels, we observed 

that in X. laevis oocytes, Kv1.2[N207A] channels exhibit similar activation kinetics to WT Kv1.2 

and Kv1.2[T252R] channels (Figure 3.8A&B). This contrasts with the stark differences in 

activation properties between these channels described previously in this chapter (Figure 

3.1&Figure 3.2). In fact, Kv1.2[N207A] channels activate ~40 fold faster in oocytes compared to 

LM cells. Kv1.2[N207A] median activation time constants in oocytes were 18 ms (, slow) and 3 

ms (, fast) compared to 734 ms (, slow) and 58 ms (, fast) for Kv1.2[N207A] channels in LM 

cells (Figure 3.8B vs Figure 3.2B). These results provide additional evidence that slow activation 

kinetics is not an intrinsic property of glycosylation deficient Kv1.2 channels but is due to 

considerably increased sensitivity to slow gating regulation. We hypothesize that slow gating 

regulation is mediated by an extrinsic regulator (Figure 1.3), and our findings suggest that this 

regulator is present in LM cells but likely absent or significantly diminished in X.laevis oocytes, 

given the absence of slow gating behavior for all channels (Figure 3.8A&B). 
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Figure 3.8: Slow gating of Kv1.2 channels is absent in Xenopus laevis oocytes. 

(A) Superimposed representative traces illustrating the comparable activation kinetics of WT Kv1.2, 

Kv1.2[N207A], and Kv1.2[T252R] channels expressed in Xenopus laevis oocytes. Currents were elicited 

by a 2 s depolarization to +10 mV (holding voltage -80 mV) using two-electrode voltage clamp. (B) 

Activation time constants for WT Kv1.2 (n=7), Kv1.2[N207A] (n=5), and Kv1.2[T252R] channels (n=9). 

Activation time constants were generated as described in Figure 3.1. Dashed lines indicate the median 

slow and fast activation time constant values for Kv1.2[N207A] channels expressed in LM cells (see 

Figure 3.1). 

3.2.9: Delayed deactivation kinetics of glycosylation deficient channels 

Another noteworthy feature that we observed in these channels was significant deceleration of 

deactivation (Figure 3.9). This property was not sensitive to the T252R mutation and is likely 

due to an effect of glycosylation loss on the intrinsic biophysical properties of Kv1.2 (Figure 

3.9B&D). This property resulted in incomplete closure of Kv1.2[N207A] channels in Figure 3.3A, 

producing a small instantaneous current observed at the beginning of each depolarization in the 

train.  
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Figure 3.9: Glycosylation deficient Kv1.2 channels exhibit delayed deactivation kinetics. 

(A&B) Superimposed representative current traces illustrating the slowed deactivation kinetics of 

Kv1.2[N207A] and Kv1.2[T252R] [N207A] channels compared to WT Kv1.2 and Kv1.2[T252R] 

respectively. Currents were obtained by a 1 s test pulse to -140 mV following a 2 s depolarization to 0 

mV. (C) Deactivation time constants (, deactivation) in milliseconds as a function of voltage for 

Kv1.2[N207A] (n=20) and WT Kv1.2 (n=8) channels expressed in LM cells. Cells were subjected to 0 mV 

depolarizations for 2 s then stepped to the test pulses (-30 to -160 mV in 10 mV increments) for 1 s 

(holding voltage -100 mV).  values were generated by fitting tail currents with a single exponential 

function (Equation 3). (D) Deactivation time constants (, deactivation) in milliseconds as a function of 

voltage for Kv1.2[T252R] (n=10) and Kv1.2[T252R] [N207A] (n=10) channels expressed in LM cells. The 

voltage protocol and  value derivations are as described in C. 
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Section 3.3: Discussion 

In this chapter, I have demonstrated that glycosylation loss increases the sensitivity of Kv1.2 

channels to slow gating regulation, underlying the inhibited activation properties of glycosylation 

deficient Kv1.2 channels. Several pieces of data support this conclusion. Currents from 

Kv1.2[N207A] and Kv1.2[N207Q] channels, which are non-glycosylated due to mutation of the 

consensus Kv1.2 N207 glycosylation site, exhibited slow activation kinetics and a slow 

activation component that dominated the currents from most cells compared to WT Kv1.2 

channels (Figure 3.1). Cell to cell variations are evident in the activation kinetics and fractional 

slow component (Figure 3.1), reminiscent of earlier descriptions of Kv1.2 slow gating regulation 

(Rezazadeh et al., 2007). Prior studies have demonstrated considerable attenuation of slow 

gating regulation following mutation of Threonine 252 in the S2-S3 linker of Kv1.2 (Baronas et 

al., 2015b, 2015a; Rezazadeh et al., 2007). Mutation of this residue to arginine in glycosylation 

deficient channels accelerated their activation kinetics and diminished the contribution of the 

slow activation component (Figure 3.2B&C), providing the first direct link between slow gating 

regulation and the inhibited activation of glycosylation deficient channels. The glycosylation 

deficient channels also exhibited prominent use-dependent activation compared to WT Kv1.2 

channels (Figure 3.3B), reflecting progressive rescue of these channels from the slow gating 

mode (Baronas et al., 2015b, 2015a). The T252R mutation also attenuated the prominent use-

dependent activation of glycosylation deficient channels (Figure 3.3B). 

 

Furthermore, I have shown that the inhibited activation kinetics of glycosylation deficient 

channels are not intrinsic, supported by the observation that activating prepulses frequently 

generate an approximately 10 fold acceleration in their activation kinetics (Figure 3.4B). This 

pre-pulse potentiation effect has been described previously for WT Kv1.2 channels, and it is 

postulated to reflect the relief of Kv1.2 channels from slow gating inhibition by the opening of the 
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channel (Baronas et al., 2015a; Rezazadeh et al., 2007). The degree of disinhibition provided by 

potentiating pre-pulses to glycosylation deficient channels displays the considerable inhibition of 

these channels by slow gating regulation (Figure 3.4B). In addition, I have shown that Slc7a5 

attenuates the depolarized conductance voltage relationships and slow activation kinetics of 

glycosylation deficient channels, indicating weakening of slow gating regulation by Slc7a5 

(Figure 3.6&Figure 3.7). Finally, Kv1.2[N207A], WT Kv1.2, and Kv1.2[T252R] channels exhibit 

similar activation kinetics in Xenopus laevis oocytes (Figure 3.8), lending further support to our 

conclusion that increased sensitivity to slow gating regulation underlies the inhibited activation 

properties of glycosylation deficient channels.  

3.3.1: Interaction between Slc7a5 and slow gating regulation 

We have demonstrated functional interaction between slow gating and Slc7a5 regulation (Figure 

3.6&Figure 3.7). These two regulatory mechanisms generate dramatically different outcomes on 

channel gating. Slc7a5 modulation hyperpolarizes the activation V1/2  of WT Kv1.2 channels 

(Figure 3.5; Baronas et al., 2018) and glycosylation deficient channels (Figure 3.6&Figure 3.7). 

In contrast, regulation by slow gating produces depolarized shifts in the Kv1.2 activation V1/2  

(Baronas et al., 2015a; Rezazadeh et al., 2007).  These regulation mechanisms are mutually 

exclusive and compete for binding to Kv1.2 channels. This is indicated by the biphasic 

conductance voltage relationships when both these mechanisms are present (Figure 3.5B; 

Figure 3.6B; Figure 3.7B). The extent of Slc7a5 competition can be altered by redox conditions 

(Figure 3.5B&Figure 3.7B). Our working hypothesis is that the molecular players in these 

regulatory processes likely occlude one another’s interaction with Kv1.2, leading to distinct 

populations of channels with either prominent Slc7a5-mediated features, or prominent slow 

gating (Figure 3.5F).  
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3.3.2: Previously reported effects of glycosylation loss on Kv1.2 channels 

Altered gating properties of Kv1.2 glycosylation deficient channels have been reported by 

Watanabe et al., (2007). Specifically, Kv1.2 glycosylation deficient channels showed a 

combination of slower activation and deactivation kinetics, and a hyperpolarized activation V1/2 

shift (~10 mV) in CHO cells (Watanabe et al., 2007). However, the effects of glycosylation loss 

reported by Watanabe et al., (2007) are far milder than those observed in my study. For 

example, the activation time constant for Kv1.2[N207Q] channels at 0 mV is 18.6 ms in the 

published report (Watanabe et al., 2007), compared to 903 ms (, slow) and 68 ms (, fast) for 

Kv1.2[N207Q] channels at +10 mV in my study (Figure 3.1). The authors proposed the altered 

properties were caused by changes in the Kv1.2 effective surface potential due to loss of 

negatively charged sialic acids in the Kv1.2 glycosylation tree (Watanabe et al., 2007). Based 

on my findings, it is also clear that glycosylation state alters sensitivity to slow gating, and this 

produces considerably greater effects on channel gating than the surface potential mechanism 

reported by Watanabe et al., (2007). We rationalize the results presented by Watanabe et al., 

(2007) by suggesting that the specific CHO cell lines used in this study may lack, or possess 

diminished amounts, of certain components required for slow gating. Previous reports have 

highlighted variability of slow gating between cell lines (Rezazadeh et al., 2007). 

 

In summary, this study demonstrates that glycosylation is an important determinant of Kv1.2 

sensitivity to the slow gating mode. The identification of glycosylation as an extracellular factor 

that impacts slow gating further supports the hypothesis that a transmembrane component 

mediates slow gating. Transmembrane communication is required for modulation of slow gating 

by both extracellular factors (glycosylation and extracellular redox) and intracellular factors 

(T252R mutation in the intracellular S2-S3 linker). We also demonstrate that multiple proteins, 

including Slc7a5, may compete for the regulation of Kv1.2 channels, generating a vast dynamic 
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range of voltages over which Kv1.2 gating can be modulated. Kv1.2 has played a central role in 

our understanding of the structural basis of voltage-dependent regulation of ion channels and 

could be a useful model to study extrinsic modulation of voltage-dependent gating. 
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Chapter 4:  Propofol exerts contrasting functional effects on 

Kv1.2 channels and interacts with slow gating regulation 

Section 4.1: Introduction 

Propofol (2,6-diisopropylphenol) is an intravenous general anaesthetic widely used for the 

induction and maintenance of general anesthesia, a state characterized by immobility, sedation, 

analgesia, and loss of consciousness and memory (Hemmings et al., 2005; Rudolph and 

Antkowiak, 2004; Trapani et al., 2000). The exact mechanisms by which propofol and other 

general anaesthetics produce the components of general anesthesia are incompletely 

understood (Franks, 2008). Positive modulation of the chloride permeable ionotropic receptor 

GABAA is the chief mechanism by which propofol is postulated to exert its anaesthetic effects 

(Trapani et al., 2000). Propofol potentiates the response of GABAA receptors to GABA (γ-

aminobutyric acid), the major inhibitory neurotransmitter in the brain and the endogenous ligand 

of GABAA receptors, and directly activates GABAA receptors without a requirement for GABA 

(Collins, 1988; Hales and Lambert, 1991; Hara et al., 1993; Trapani et al., 2000). Although it is 

evident GABAA receptors play a key role in propofol-induced general anaesthesia, considering 

the physiological complexity of anaesthesia and the extensive molecular targets of propofol, it is 

unlikely that modulation of GABAA receptors alone accounts for all the endpoints of propofol 

(Hemmings et al., 2005; Kojima et al., 2015; Nguyen et al., 2009; Ouyang et al., 2003; Trapani 

et al., 2000; Yang et al., 2015; Ying et al., 2006).  

Kv1.2 channels are broadly expressed in the mammalian central nervous system where they act 

as crucial regulators of excitability. Mutations in Kv1.2 channels are associated with diseases of 

excitability such as epilepsies in humans, and deletion of Kv1.2 in mice leads to 100% lethality 
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(Coetzee et al., 1999; Masnada et al., 2017; Robbins and Tempel, 2012; Syrbe et al., 2015; 

Wang et al., 1994). These channels are appropriate candidates for investigation as molecular 

targets of propofol due to their localization and function in the central nervous system, and their 

demonstrated sensitivity to inhalation anaesthetics (Barber et al., 2012; Bu et al., 2018; Liang et 

al., 2015; Woll et al., 2017). Recent reports have demonstrated inhibition of Kv channels by 

propofol (Kojima et al., 2015; Yang et al., 2015). WT Kv1.2 channels are reported to be 

insensitive to propofol however propofol potentiates Kv1.2 G329T, a Kv1.2 channel mutant (Bu 

et al., 2018; Liang et al., 2015). This chapter demonstrates inhibition and potentiation of WT 

Kv1.2 channels by propofol, in contrast to previous reports, extending knowledge regarding the 

molecular targets of this anesthetic. In addition, Kv1.2 channels can occupy two distinct gating 

modes, a fast gating mode characterized by fast activation kinetics and hyperpolarized GV 

relationships, and a slow gating mode characterized by relatively slow activation kinetics and 

depolarized GV relationships (Rezazadeh et al., 2007) (see page 18). Kv1.2 inhibition by the 

slow gating mode is referred to as slow gating or slow gating regulation in this thesis. The 

results presented in this chapter indicate that propofol modulation of Kv1.2 channels is related 

to slow gating regulation, revealing interactions between slow gating and channel 

pharmacology. Overall, these results evince novel effects of propofol on Kv1.2 channels and 

demonstrate that slow gating regulation can influence the response of Kv1.2 channels to drugs, 

providing additional physiological and pharmacological relevance for this regulatory mechanism. 

Section 4.2: Results 

4.2.1: Kv1.2 currents progressively decay in propofol 

To screen propofol for activity on Kv1.2, currents were recorded from LM cells expressing Kv1.2 

channels in control conditions and after wash-in of 200 µM propofol. Paired measurements were 

obtained for each cell in the study. Experiments were performed on cells expressing WT Kv1.2, 
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Kv1.2[N207A], and Kv1.2[T252R] channels to investigate potential effects of slow gating 

regulation on the response to propofol. Glycosylation deficient Kv1.2[N207A] channels exhibit 

increased sensitivity to slow gating regulation while Kv1.2[T252R] channels exhibit diminished 

sensitivity (Baronas et al., 2015a; Rezazadeh et al., 2007) (see chapter 3). In propofol, Kv1.2 

channels exhibited a progressive decay in currents that was absent in control (Figure 4.1B,E-G). 

To investigate this effect, cells expressing WT Kv1.2, Kv1.2[N207A], and Kv1.2[T252R] 

channels were pulsed to +30 mV for 3 seconds in control solution and following perfusion of 200 

µM propofol into the bath 2-3 minutes (Figure 4.1). Cells were voltage clamped at -80 mV during 

propofol wash-in. The current amplitude at 1, 2, and 3 seconds into the pulse was determined 

for the control and propofol currents and expressed as a percentage of the peak current 

amplitude at +30 mV in each condition (% Residual current) (Figure 4.1 A&B). In control 

solution, currents from WT Kv1.2 and Kv1.2[N207A] channels decreased minimally from peak 

(Figure 4.1A).  Residual current at 1 second into the pulse was approximately 99% of the peak 

current for WT Kv1.2 channels, and 98% of the peak current for Kv1.2[N207A] channels (Figure 

4.1A). At the end of the pulse (3 seconds), the residual current magnitude was approximately 

95% of the peak current for both channels (Figure 4.1A). The current decline in control solution 

was moderately greater for Kv1.2[T252R] channels, the residual current magnitude at 1 second 

into the pulse was approximately 88% of the peak current and declined to 76% of the peak at 3 

seconds (Figure 4.1A).  
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Figure 4.1: Kv1.2 channel currents progressively decay in propofol. 

(A-B) % Residual current relative to peak (mean ± S.E.M) at 1, 2, and 3 seconds into a 3 second 

depolarization to +30 mV (holding potential of -80 mV) for WT Kv1.2 (n=9), Kv1.2[N207A] (n=20), and 

Kv1.2[T252R] (n=21) channels in control solution (A) and 200 µM propofol (B). (C-D) % Residual current 
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relative to peak (mean ± S.E.M) at 1, 2, and 3 seconds into a 3 second depolarization to +30 mV (holding 

potential of -80 mV) for WT Kv1.2 (n=4), Kv1.2[N207A] (n=6), and Kv1.2[T252R] (n=3) channels in control 

solution (C) and 0.10% v/v DMSO (D). (E-F) Exemplar current traces from LM cells expressing WT Kv1.2, 

Kv1.2[N207A], and Kv1.2[T252R] channels ± 200 µM propofol as indicated (3 second depolarization to 

+30 mV, holding potential -80 mV). 200 µM propofol or 0.10% v/v DMSO solution was perfused into the 

bath for 2-3 minutes after control recordings were obtained. Solutions were prepared as described in the 

materials and methods chapter (see page 27). 

Following wash-in of 200 µM propofol, currents exhibited more prominent time-dependent 

decay, and the magnitude of the current decay varied between the different Kv1.2 mutants 

(Figure 4.1B&E-G). At 1 second into the pulse in propofol, currents from WT Kv1.2, 

Kv1.2[N207A], and Kv1.2[T252R] channels had decayed to approximately 63%, 75%, and 45% 

of the peak, respectively (Figure 4.1B). Residual current at 3 seconds was approximately 45% 

of the peak for WT Kv1.2 channels, 60% for Kv1.2[N207A], and 33% for Kv1.2[T252R] (Figure 

4.1B). Therefore, Kv1.2[N207A] channels were the least sensitive to the propofol-induced 

current decay, Kv1.2[T252R] channels were the most sensitive, and WT Kv1.2 channels 

exhibited intermediate sensitivity. As a vehicle control for DMSO which was used to prepare the 

propofol stock, identical experiments were performed following wash-in of 0.10% v/v DMSO 

solution for 2-3 minutes (Figure 4.1C&D). The current decay in 0.10% v/v DMSO solution did 

not differ considerably from control during the 3 second depolarization to +30 mV (Figure 

4.1C&D). The current magnitude at 3 seconds in control solution was approximately 84% of the 

peak at +30 mV for WT Kv1.2 channels, 99% of the peak at +30 mV for Kv1.2[N207A] channels, 

and 79% of the peak at +30 mV for Kv1.2[T252R] channels (Figure 4.1C). The values in 0.10% 

v/v DMSO were nearly identical, the current magnitude at 3 seconds was 83% of the peak at 

+30 mV for WT Kv1.2 channels, 98% for Kv1.2[N207A] channels, and 78% for Kv1.2[T252R] 

channels (Figure 4.1D). 
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4.2.2: Propofol inhibits Kv1.2 channel peak currents  

In addition to the current decay effect, propofol (200 µM) also suppressed Kv1.2 channel peak 

currents (Figure 4.1E-G). To investigate this effect, cells expressing WT Kv1.2, Kv1.2[N207A], 

and Kv1.2[T252R] channels were pulsed for 300 ms to voltages between -130 mV and +70 mV 

in control solution and after perfusion of propofol (200 µM) into the bath for 2-3 minutes (Figure 

4.2A-C). Peak currents were measured in both conditions. Currents were normalized to the 

peak current magnitude at +70 mV in control conditions (Figure 4.2A-C). Propofol inhibited the 

peak currents from WT Kv1.2, Kv1.2[N207A], and Kv1.2[T252R] channels to a comparable 

extent in voltage ranges where channels were activated (Figure 4.2A-C). Overall, propofol 

exerts two inhibitory effects on Kv1.2 channels: suppression of peak currents (Figure 4.2), and 

time-dependent current decay resembling open channel block (Figure 4.1). We also performed 

a vehicle control of 0.10% v/v DMSO solution perfusion for 2-3 minutes (Figure 4.2D-F). The 

peak current magnitudes for all channels tested were largely unchanged from control following 

wash-in of 0.10% v/v DMSO solution (Figure 4.2D-F). Peak current amplitudes at +70 mV for 

WT Kv1.2, Kv1.2[N207A], and Kv1.2[T252R] channels in 0.10% v/v DMSO were 92%, 81%, and 

91% respectively of the peak current at +70 mV in control solution (Figure 4.2D-F). The 

absence of Kv1.2 current inhibition by 0.10% v/v DMSO confirms the inhibitory effects of 

propofol on Kv1.2 channels. 
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Figure 4.2: Propofol inhibits Kv1.2 channel peak currents.  

(A-C) Mean current-voltage relationships (± S.E.M) for WT Kv1.2 (n=5), Kv1.2[N207A] (n=7), and 

Kv1.2[T252R] (n=5) channels in control solution and following wash-in of 200 µM propofol. (D-E) Mean 

current-voltage relationships (± S.E.M) for WT Kv1.2 (n=5), Kv1.2[N207A] (n=5), and Kv1.2[T252R] (n=5) 

channels in control and following wash-in of 0.10% v/v DMSO. Currents were elicited by pulsing to 

voltages between -130 mV and +70 mV (300 ms in 10 mV steps, -100 mV holding potential) and 

normalized to the peak current magnitude at +70 mV in control conditions. 200 µM propofol or 0.10% v/v 

DMSO solution was perfused into the bath for 2-3 minutes after control recordings. Solutions were 

prepared as described in the materials and methods chapter (page 27).  

4.2.3: Propofol potentiates Kv1.2 channel activation  

In addition to the current inhibition observed in the presence of propofol (Figure 4.1&Figure 4.2), 

Kv1.2 channel currents in propofol frequently exhibited accelerated activation kinetics. This 

effect of propofol is evident in the WT Kv1.2 and Kv1.2[N207A] sample traces presented in 

figure 4.1E&F and figure 4.3J&K. To investigate the basis of this effect, conductance-voltage 

relationships were obtained for cells expressing WT Kv1.2, Kv1.2[N207A], and Kv1.2[T252R] 
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channels in control solution and following wash-in of 200 µM propofol (Figure 4.3A-C). Propofol 

induced a hyperpolarizing shift in the conductance-voltage relationships of WT Kv1.2, 

Kv1.2[N207A], and Kv1.2[T252R] channels (Figure 4.3&Figure 4.4), indicating propofol 

potentiates Kv1.2 voltage-dependent activation. The mean activation V1/2 values in control 

conditions were +16.8 mV, +35.3 mV, and -4.2 mV for cells expressing WT Kv1.2, 

Kv1.2[N207A], and Kv1.2[T252R] channels, respectively (Figure 4.3A-C). In propofol, the 

activation V1/2 values were -10.5 mV for WT Kv1.2 channels, +2.1 mV for Kv1.2[N207A] , and -

16.2 mV for Kv1.2[T252R] (Figure 4.3A-C). Thus, propofol hyperpolarized the activation V1/2 of 

WT Kv1.2, Kv1.2[N207A], and Kv1.2[T252R] channels by approximately -27 mV, -33 mV, and -

12 mV, respectively. Conductance-voltage relationships were also obtained for cells expressing 

WT Kv1.2, Kv1.2[N207A], and Kv1.2[T252R] channels with a vehicle control of 0.10% v/v 

DMSO solution (Figure 4.3D-F). The mean activation V1/2 values of WT Kv1.2, Kv1.2[N207A], 

and Kv1.2[T252R] channels were similar in control and in 0.10% v/v DMSO (Figure 4.3D-F). 

The activation V1/2 values for cells expressing WT Kv1.2, Kv1.2[N207A], and Kv1.2[T252R] 

channels in control solution were +9.8 mV, +38.1 mV, and -7.9 mV, respectively (Figure 4.3D-

F), compared to +5.2 mV, +38.9 mV, and -10.3 mV in 0.10% v/v DMSO (Figure 4.3D-F). Thus, 

wash-in of 0.10% v/v DMSO solution did not appreciably shift the voltage-dependence of 

activation of Kv1.2 channels.  
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Figure 4.3: Propofol hyperpolarized the GV relationships of Kv1.2 channels. 

(A-C) Conductance-voltage relationships (mean ± S.E.M) for cells expressing WT Kv1.2 (n=6), 

Kv1.2[N207A] (n=7), and Kv1.2[T252R] (n=8) channels in control solution and after perfusion of 200 µM 
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propofol. WT Kv1.2 V1/2 (Control)= +16.8 mV, Kv1.2[N207A] V1/2 (Control)= +35.3 mV, Kv1.2[T252R] V1/2 

(Control)= -4.2 mV. WT Kv1.2 V1/2 (Propofol)= -10.5 mV, Kv1.2[N207A] V1/2 (Propofol)= +2.1 mV, 

Kv1.2[T252R] V1/2 (Propofol)= -16.2 mV. (D-F) Conductance-voltage relationships (mean ± S.E.M) for 

cells expressing WT Kv1.2 (n=6), Kv1.2[N207A] (n=5), and Kv1.2[T252R] (n=6) channels in control and 

following wash-in of 0.10% v/v DMSO solution. WT Kv1.2 V1/2 (Control)= +9.8 mV, Kv1.2[N207A] V1/2 

(Control)= +38.1 mV, Kv1.2[T252R] V1/2 (Control)= -7.9 mV. WT Kv1.2 V1/2 (DMSO)= +5.2 mV, 

Kv1.2[N207A] V1/2 (DMSO)= +38.9 mV, Kv1.2[T252R] V1/2 (DMSO)= -10.3 mV. (G-L) Exemplar current 

traces illustrating hyperpolarization of WT Kv1.2, Kv1.2[N207A], and Kv1.2[T252R] conductance-voltage 

relationships by 200 µM propofol. Red traces represent a pulse to +10 mV. Conductance-voltage 

relationships were generated by stepping cells to voltages between -130 mV and +120 mV (300 ms in 10 

mV steps, -100 mV holding potential), followed by a tail current voltage of -30 mV. Tail currents were 

normalized to the peak tail current magnitude and fit with a Boltzmann (Equation 1). Conductance-voltage 

relationships were obtained in control solution and after perfusion of 200 µM propofol or 0.10% v/v DMSO 

solution into the bath for 2-3 minutes. Solutions were prepared as described in the materials and methods 

chapter (page 27). 

 

Examination of the activation V1/2 for individual cells revealed that propofol hyperpolarized the 

activation V1/2 to some degree in all cells (Figure 4.4A-C). However, the degree of this shift 

varied from cell to cell, even for cells expressing the same Kv1.2 channel type (Figure 4.4A-C). 

The difference in the magnitude of the hyperpolarizing shift between WT Kv1.2, Kv1.2[N207A], 

and Kv1.2[T252R] channels (Figure 4.3A-C) reflects the differing responses of these channels 

to the potentiating effects of propofol. On a cell by cell basis, Kv1.2[N207A] channels typically 

exhibit large propofol-mediated V1/2 shifts ranging from -25 mV to -43mv (Figure 4.4B). In 

contrast, Kv1.2[T252R] channels exhibited considerably smaller shifts, ranging from -6 mV to -

19 mV (Figure 4.4C). The propofol response of WT Kv1.2 appeared segregated to two 

populations (Figure 4.4A). One population of cells exhibited large hyperpolarized shifts ranging 

from -25mV to -45 mV, similar to Kv1.2[N207A] channels, while the remaining cells exhibited 

smaller shifts of ~-6 mv in magnitude, similar to the response of Kv1.2[T252R] channels (Figure 

4.4A). Wash-in of 0.10% v/v DMSO solution did not have consistent effects on the voltage-

dependence of activation (Figure 4.4D-F). The V1/2 shifts following 0.10% v/v DMSO wash-in 

were not statistically significant; for the majority of the cells, the activation V1/2 was shifted by <5 

mV in either direction (Figure 4.4D-F). The V1/2 shifts in 0.10% v/v DMSO were likely due to 

random variation or experimental error during the recording period.  
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Figure 4.4: Propofol hyperpolarized the activation V1/2 of all cells. 

(A-C) Activation V1/2 in control and following wash-in of 200 µM propofol (paired measurements) for cells 

expressing WT Kv1.2 (n=6), Kv1.2[N207A] (n=7), and Kv1.2[T252R] (n=8) channels. The magnitude of 

the propofol-induced hyperpolarizing V1/2 shift was variable from cell to cell. (D-E) Activation V1/2 in control 

and following wash-in of 0.10% v/v DMSO solution (paired measurements) for cells expressing WT Kv1.2 

(n=6), Kv1.2[N207A] (n=5), and Kv1.2[T252R] (n=6) channels. V1/2 values were compared with a paired 

student’s t-test, significant differences are indicated by * with the associated P value shown. Activation 

V1/2 values were obtained for each cell by fitting conductance-voltage relationships with a Boltzmann 

(Equation 1). Conductance-voltage relationships were obtained as described in figure 4.3. 
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4.2.4: Propofol potentiates Kv1.2 channels by modifying slow gating regulation  

The gating effects of propofol correlate with the sensitivity of the Kv1.2 mutants to slow gating 

regulation, leading us to suspect slow gating regulation was involved in this effect of propofol. 

The conductance-voltage relationships indicate Kv1.2[N207A] channels, which are highly 

sensitive to slow gating regulation, are potentiated strongly by propofol (Figure 4.3B&Figure 

4.4B). Kv1.2[T252R] channels, which have diminished sensitivity to slow gating, exhibit modest 

hyperpolarized shifts in comparison (Figure 4.3C&Figure 4.4C). To determine a relationship 

between slow gating regulation and the potentiating effects of propofol, the activation V1/2 in 

control, used as a measure of slow gating inhibition, was compared with the propofol-mediated 

gating shift on a cell-by-cell basis (Figure 4.5A). Kv1.2 channels gating in the slow mode exhibit 

relatively depolarized activation V1/2 values, reflecting inhibition of voltage-dependent Kv1.2 

activation by slow gating regulation (Baronas et al., 2015b, 2015b; Rezazadeh et al., 2007). 

Depolarized activation V1/2 values in control conditions correlate with a large propofol induced 

hyperpolarizing gating shift (Figure 4.5A). Kv1.2[N207A] and slow mode WT Kv1.2 channels 

(activation V1/2 > +10 mV) exhibited hyperpolarized shifts ranging from -25 mV to -45 mV (Figure 

4.5A), and an acceleration of their activation kinetics (Figure 4.5B&C). On the other hand, 

Kv1.2[T252R] channels and fast mode WT Kv1.2 channels (activation V1/2 < +10 mV) exhibited 

smaller shifts, with most cells in this range exhibiting a hyperpolarized shift less than -10 mV in 

magnitude (Figure 4.5A). In addition, Kv1.2[T252R] channels and fast mode WT Kv1.2 channels 

exhibited little or no acceleration of activation kinetics in propofol (Figure 4.5D&E). This result 

demonstrates that the magnitude of the hyperpolarizing shift in propofol varies with the degree 

of slow gating inhibition in control. Kv1.2[N207A] and slow mode WT Kv1.2 channels, which are 

prominently inhibited by slow gating regulation, are strongly potentiated by propofol (Figure 4.5). 

While fast mode WT Kv1.2 and Kv1.2[T252R] channels, which are weakly inhibited by slow 
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gating regulation, are modestly potentiated in comparison (Figure 4.5). Overall, these results 

indicate that propofol potentiates Kv1.2 channels by interfering with slow gating regulation.  

 

 

Figure 4.5: Depolarized activation V1/2 values in control correlate with large V1/2 shifts in propofol. 

(A) Graph compares the activation V1/2 in control solution to the activation V1/2 change (V1/2) following 

wash-in of 200 µM propofol. WT Kv1.2 (n=6), Kv1.2[N207A] (n=7), and Kv1.2[T252R] (n=8). Each data 

point represents a single cell. The activation V1/2 change for each cell was calculated as: activation V1/2 in 

control – activation V1/2 in propofol. Activation V1/2 values were obtained from the individual Boltzmann fit 

parameters of the cells in figure 4.4A-C. (B-E) Exemplar current traces illustrating acceleration of the 

activation kinetics of “slow” mode WT Kv1.2 (B) and Kv1.2[N207A] (C) channels in 200 µM propofol. The 

activation kinetics of “fast” mode WT Kv1.2 (D) and Kv1.2[T252R] channels (E) exhibit minimal 

acceleration in propofol. Currents were elicited by a 3 s pulse to + 30 mV (holding potential of -80 mV). 

 

Section 4.3: Discussion 

In this chapter, Kv1.2 channel regulation by propofol was investigated. Using channel mutants 

with varying sensitivity to slow gating (WT Kv1.2, Kv1.2[N207A], and Kv1.2[T252R]), we 

examined the interaction between slow gating and the Kv1.2 response to propofol. These 

findings revealed current inhibition of Kv1.2, together with a potentiating gating effect, 

demonstrating previously unreported effects of propofol on Kv1.2. Additionally, the results 

indicate Kv1.2 modulation by slow gating regulation considerably influences the response of 

Kv1.2 channels to propofol, and thus could alter the response of Kv1.2 channels to other drugs.  
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4.3.1: Propofol inhibition of Kv1.2 channels 

Propofol (200 µM) provoked a time-dependent decay of Kv1.2 channel currents (Figure 4.1) and 

suppressed Kv1.2 channel peak currents (Figure 4.2). Remarkably, the Kv1.2 channel mutants 

tested were differentially sensitive to propofol inhibition. Kv1.2[T252R] channels exhibited the 

greatest sensitivity to the propofol-induced current decay, followed by WT Kv1.2 channels, and 

Kv1.2[N207A] channels which were the least sensitive (Figure 4.1). Propofol inhibited the peak 

currents of WT Kv1.2, Kv1.2[N207A], and Kv1.2[T252R] channels to a comparable extent 

(Figure 4.2).  

4.3.2: Propofol inhibits Kv1.2 channels by an open channel block mechanism 

An open channel block mechanism likely underlies the inhibitory effects of propofol on Kv1.2 

channels. Propofol inhibits another Shaker family channel, Kv1.5, via an open channel block 

mechanism (Kojima et al., 2015; Yang et al., 2015). Thus, it is reasonable to hypothesize 

propofol inhibits Kv1.2 channels via a similar mechanism. Supporting this hypothesis, a variety 

of compounds that inhibit Kv1.2 channels via an open channel block mechanism provoke a 

reduction in the peak currents combined with increased current decay (Brock et al., 2001; Poling 

et al., 1996; Russell et al., 1994; Sprunger et al., 1996; Yamagishi et al., 1995), similar to the 

action of propofol on Kv1.2 currents (Figure 4.1&Figure 4.2). The progressive decay of Kv1.2 

channel currents in propofol once the current peak is achieved (Figure 4.1) is consistent with 

propofol interacting with and blocking open state Kv1.2 channels. The peak current inhibition 

effect (Figure 4.2) possibly reflects a fast phase of open channel block by propofol, as has been 

suggested for 4-aminopyridine which exerts similar effects as propofol on Kv1.2 currents 

(Russell et al., 1994). The recovery of the peak current between voltage pulses in propofol 

(Figure 4.2A-C&Figure 4.3J-L) indicates propofol unbinding occurs between pulses when 

channels are closed.  
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Furthermore, the differing sensitivities of WT Kv1.2, Kv1.2[N207A], and Kv1.2[T252R] channels 

to the inhibitory effects of propofol can be rationalized with an open channel block mechanism 

for propofol. Propofol inhibits Kv1.2[T252R] peak currents over a broader range of voltages (-40 

mV to +70 mV) compared to WT Kv1.2 peak currents (-10 mV to + 70 mV) and Kv1.2[N207A] 

peak currents (+20 mV to +70 mV) (Figure 4.2). This can be rationalized by increased 

availability of open state Kv1.2[T252R] channels within the voltage ranges tested due to their 

activation at relatively hyperpolarized potentials (V1/2 (Control)= -4.2 mV; V1/2 (Propofol)= -16.2 

mV) compared to WT Kv1.2 channels (V1/2 (Control)= +16.8 mV; V1/2 (Propofol)= -10.5 mV) and 

Kv1.2[N207A] channels (V1/2 (Control)= +35.3 mV; V1/2 (Propofol)= +2.1 mV) (Figure 4.3&Figure 

4.4). The difference in the predicted ratio of open channels at +30 mv for Kv1.2[T252R], WT 

Kv1.2, and Kv1.2[N207A] channels possibly underlies the difference in the rate of current decay 

(Figure 4.1). At +30 mV, Kv1.2[T252R] channels are at a near maximal open probability, 

whereas Kv1.2[N207A] are near the V1/2 of activation (~50% open probability). This would 

account partially for the faster decay of current from activated Kv1.2[T25R] channels. 

4.3.3: Modification of slow gating regulation by propofol 

Propofol (200 uM) induced a hyperpolarizing shift in the activation V1/2 of Kv1.2 channels (Figure 

4.3&Figure 4.4) and accelerated their activation kinetics (Figure 4.5B&C). The potentiation of 

Kv1.2 channel activation by propofol appears related to slow gating regulation. Previous reports 

have demonstrated hyperpolarized shifts in the activation V1/2 of Kv1.2 channels following the 

application of strong depolarizing pre-pulses (Baronas et al., 2015b, 2015a; Rezazadeh et al., 

2007). This prepulse potentiation effect reflects activity dependent relief of Kv1.2 channels from 

slow gating inhibition (Baronas et al., 2015b, 2015a; Rezazadeh et al., 2007). Kv1.2 channels 

inhibited by slow gating (“slow” mode Kv1.2 channels) were considerably potentiated by 

prepulses while fast mode Kv1.2 channels, which are weakly inhibited by slow gating regulation, 

showed minimal potentiation (Baronas et al., 2015a; Rezazadeh et al., 2007). The propofol-
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induced potentiation of Kv1.2 activation bears similarity to the pre-pulse potentiation effect. In 

this study, propofol robustly potentiated the activation of Kv1.2 channels prominently inhibited 

by slow gating regulation (i.e. Kv1.2[N207A] channels) (Figure 4.3&Figure 4.4), and the 

magnitude of the hyperpolarizing V1/2 shift in propofol increased with the degree of slow gating 

inhibition in control (Figure 4.5). These results, together with previous studies of slow gating, 

indicate that propofol potentiates the activation of Kv1.2 channels by facilitating relief from slow 

gating regulation. Kv1.2 channels strongly inhibited by slow gating (“slow” mode WT Kv1.2 and 

Kv1.2[N207A] channels) likely experience significant disinhibition from slow gating regulation in 

propofol, underlying their substantial hyperpolarized V1/2 shifts in propofol (Figure 4.3&Figure 

4.4). In comparison, Kv1.2 channels weakly inhibited by slow gating regulation (“fast mode” WT 

Kv1.2 and Kv1.2[T252R] channels) likely experience minimal disinhibition from slow gating in 

propofol, underlying the smaller hyperpolarized V1/2 shifts of these channels (Figure 4.3&Figure 

4.4). An alternative explanation for the effects of propofol is that propofol disrupts membrane 

lipids such as PIP2 that influence Kv1.2 function (Rodriguez-Menchaca et al., 2012; Tsuchiya 

and Mizogami, 2013; Urban, 2002). However, PIP2 depletion slows the deactivation kinetics of 

Kv1.2 channels (Rodriguez-Menchaca et al., 2012), and propofol exposure does not produce 

this effect. 

4.3.4: Previously reported effects of propofol on Kv1.2 channels 

Previous studies examining the effects of propofol on WT Kv1.2 channels in Xenopus laevis 

oocytes did not report inhibitory or potentiating effects of propofol (Bu et al., 2018; Liang et al., 

2015). The absence of propofol inhibition of Kv1.2 channels in these studies could be due to the 

propofol concentrations used. These studies utilized propofol concentrations of 30 uM (Bu et al., 

2018) and 60 uM (Liang et al., 2015), compared to the 200 uM propofol concentration utilized in 

this chapter. However, inhibitory effects of propofol on Kv1.2 channel currents were observed 

with 100 uM propofol in our experiments (data not shown). Although propofol did not potentiate 
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WT Kv1.2 channels in previous studies, propofol increased the maximum conductance and 

hyperpolarized the activation V1/2 of Kv1.2 channels with a G329T mutation in their S4-S5 linker 

(Bu et al., 2018; Liang et al., 2015).  The G329T mutation is hypothesized to alter the energetics 

of Kv1.2 channel gating in a manner that improves functional transduction of propofol’s effects 

upon binding to Kv1.2 (Bu et al., 2018). In this study, propofol hyperpolarized the activation V1/2 

of Kv1.2 channels without an increase in the maximum conductance. Therefore, it is likely that 

the potentiation of WT Kv1.2 channels by propofol in this study, and the potentiation of Kv1.2 

G329T channels by propofol in previous studies (Bu et al., 2018; Liang et al., 2015), occur 

through separate mechanisms. The inability of propofol to potentiate the activation of WT Kv1.2 

channels in previous studies can be rationalized by the absence of slow gating regulation in 

Xenopus laevis oocytes, demonstrated in figure 3.8. 

4.3.5: Exploring roles for Kv1.2 channels in anesthesia. 

The results presented in this chapter demonstrate inhibition of Kv1.2 currents and potentiation 

of Kv1.2 activation by propofol. Kv1.2 channels are valid anaesthetic targets due to their broad 

localization in the central nervous system and roles in regulating excitability (Coleman et al., 

2002; Dodson et al., 2003; Robbins and Tempel, 2012; Wang et al., 1994). Supporting roles for 

Kv1.2 channels in general anaesthesia, blockade of Kv1.2 channels in the central medial 

thalamic nucleus, a region of the brain involved in arousal and sleep, reverses loss of 

consciousness in anaesthetized rats (Lioudyno et al., 2013). Although the propofol 

concentration utilized in this study (200 uM) is higher than the plasma propofol concentrations 

required to achieve anaesthesia (1-4 uM) (Rudolph and Antkowiak, 2004, 2004; Sall et al., 

2012). It is possible the effects of propofol on Kv1.2 channels occur in-vivo due to the fact that 

propofol is highly lipophilic, and thus, the concentration of propofol in the brain could be 

substantially greater than in plasma (Sall et al., 2012). Establishing a relationship between the 
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effects of propofol on Kv1.2 channels demonstrated in this study and the endpoints of propofol-

mediated anaesthesia would require in-vivo studies.  

In summary, this chapter reports novel inhibitory and potentiating effects of propofol on Kv1.2 

channels. The results presented in this chapter indicate propofol inhibits Kv1.2 channels via an 

open channel block mechanism and potentiates Kv1.2 channels by facilitating disinhibition from 

slow gating regulation. These results demonstrate modification of slow gating regulation as a 

potential mechanism of action for drugs targeting Kv1.2 channels and the ability of slow gating 

regulation to alter Kv1.2 channel pharmacology. 
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Chapter 5:  General discussion & Conclusion 

Kv1.2 channel activity is modulated by a regulatory mechanism described in this thesis as “slow 

gating regulation” or “slow gating”. Kv1.2 channels in the slow gating mode exhibit prominent 

use-dependent activation, slowed activation kinetics, and depolarized GV relationships 

(Baronas et al., 2015a; Rezazadeh et al., 2007). The molecular players mediating slow gating 

regulation are unidentified, and the factors that tune the modulation of Kv1.2 channels by slow 

gating have not been fully elucidated. A summary of the identified factors is provided in Figure 

5.1. Current evidence indicates slow gating regulation is mediated by an extrinsic, redox-

sensitive, transmembrane protein (Baronas et al., 2017, 2015b) (see page 18). In this thesis, I 

aimed to identify novel factors modulating slow gating regulation of Kv1.2 channels. Additionally, 

I investigated the impact of slow gating regulation on Kv1.2 pharmacology. The findings in this 

thesis broaden the understanding of ion channel regulation by accessory subunits and its 

pharmacological consequences. 
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Figure 5.1: Factors modulating occupancy of the fast and slow gating modes. 

Kv1.2 channels exhibit variable occupancy of a “fast” uninhibited gating mode and a “slow” inhibited 

gating mode. Kv1.2 channels bound to the putative regulatory protein (green) are in the slow gating 

mode. Extracellular reducing conditions strongly favour the slow gating mode, we hypothesize 

extracellular reducing agents modify a disulfide bond in the regulatory protein and increases its affinity for 

Kv1.2. Prior channel activation promotes the fast gating mode. We hypothesize this occurs by triggering 

dissociation of the regulatory protein from Kv1.2 channels. The mutation of Thr252, indicated by the 

asterisk, is posited to promote occupancy of the fast gating mode by disrupting the regulatory protein 

binding site in Kv1.2 (Baronas et al., 2017, 2015b). Glycosylation loss is demonstrated to promote 

occupancy of the slow gating mode in this thesis (Chapter 3). 

5.1.1: Glycosylation loss promotes slow gating inhibition 

In Chapter 3, I demonstrated that glycosylation loss increased the inhibition of Kv1.2 channels 

by slow gating regulation. I found that glycosylation deficient Kv1.2 channels exhibited 

enhanced use-dependence and extremely slow activation kinetics compared to WT Kv1.2 

channels (Figure 3.1 & Figure 3.3). Additionally, I demonstrated the markedly depolarized 

conductance-voltage relationships of glycosylation deficient Kv1.2 channels (Figure 3.6B). The 

inhibited activation properties of glycosylation deficient Kv1.2 channels were relieved by 

manipulations previously shown to attenuate slow gating regulation. The T252R mutation, 

shown to weaken slow gating regulation in WT Kv1.2 channels, dramatically accelerated the 

activation kinetics of glycosylation deficient Kv1.2 channels (Figure 3.2) and attenuated their 
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enhanced use-dependent activation (Figure 3.3). I also found that activating pre-pulses 

produced remarkable acceleration of the activation kinetics of glycosylation deficient Kv1.2 

channels (Figure 3.4). Additionally, Slc7a5, a protein that eliminates slow gating behavior in WT 

Kv1.2 channels (Figure 3.5), rescues the inhibited activation of glycosylation deficient channels 

(Figure 3.6 & Figure 3.7). Finally, I found that the activation kinetics of WT Kv1.2 and 

glycosylation deficient Kv1.2 channels expressed in Xenopus laevis oocytes are 

indistinguishable (Figure 3.8), compared to the striking differences in the activation kinetics of 

these channels when expressed in LM cells (Figure 3.1). The interpretation of this result is that 

the protein mediating slow gating regulation is expressed sparsely in Xenopus laevis oocytes. 

These findings demonstrate glycosylation state as a factor that modulates the sensitivity of 

Kv1.2 channels to slow gating (Figure 5.1), underlying the apparently large activation barrier of 

glycosylation deficient Kv1.2 channels. It is possible glycosylation is involved in the modulation 

of other ion channels by extrinsic regulatory mechanisms.  

5.1.2: Modification of ion channel glycosylation in-vivo 

Glycosylation is thought to alter the gating properties of ion channels by effects on their intrinsic 

biophysical properties (Baycin-Hizal et al., 2014; Jaeken, 2011). Modification of ion channel 

glycosylation may then present a mechanism by which ion channel gating properties are altered 

to meet excitability demands in-vivo (Scott and Panin, 2014). Studies have reported location 

dependent variations in the glycosylation of mammalian ion channels. This variation in 

glycosylation is observed in Kv3.1, Kv3.3, and Kv3.4 channels, which express dissimilar glycan 

structures in different regions of the adult rat central nervous system (Schwalbe et al., 2008). 

Changes in the glycan structure of ion channels also occur in biological development. Nav1.9 

channels in the rat dorsal root ganglion show reduced glycosylation in neonates compared to 

adults (Tyrrell et al., 2001). These alterations in glycosylation are also accompanied by changes 

in the gating properties of Nav1.9 (Tyrrell et al., 2001). Alterations in glycosylation are also 
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observed in congenital disorders of glycosylation. Interestingly, congenital disorders of 

glycosylation are associated with severe neurological disorders in humans such as epilepsies, 

motor defects, and intellectual disabilities (Baycin-Hizal et al., 2014; Jaeken, 2011). These 

neurological disorders are also apparent in conditions that arise due to defects in ion channel 

function (Baycin-Hizal et al., 2014; Felix, 2000; Kullmann and Waxman, 2010). Considering the 

results in chapter 3, physiological changes in glycosylation may control ion channel function by 

altering sensitivity to extrinsic regulatory mechanisms, in addition to intrinsic biophysical effects. 

5.1.3: Biophysical effects of glycosylation on voltage-gated ion channels 

Glycosylation influences the gating of voltage-gated sodium (Bennett et al., 1997a; Zhang et al., 

1999), potassium (Baycin-Hizal et al., 2014), and calcium channels (Liu et al., 2019; Park et al., 

2015). The influence of glycosylation on the gating of voltage-gated ion channels is typically 

attributed to electrostatic effects of glycan sialic acids on their gating machinery (Baycin-Hizal et 

al., 2014; Lazniewska and Weiss, 2014). In the Golgi apparatus, the glycans of N- and O-

glycosylated voltage-gated ion channels undergo processing that includes the addition of sialic 

acids (Lazniewska and Weiss, 2014; Reily et al., 2019). Sialic acids are nine carbon 

monosaccharides that possess a carboxylate moiety which is negatively charged at 

physiological pH (Baycin-Hizal et al., 2014). The presence of sialic acids on the extracellular 

surface of the membrane contributes negative charges to the extracellular surface potential 

(Baycin-Hizal et al., 2014; Bennett et al., 1997b; Schwetz et al., 2011). An increase in the 

negativity of the extracellular surface potential is proposed to depolarize the membrane electric 

field detected by the voltage sensors of ion channels through an electrostatic mechanism (Hille 

et al., 1975; Ji et al., 1993; Schwetz et al., 2011), consequently lowering the magnitude of 

depolarization required for channel activation (Hille et al., 1975; Ji et al., 1993; Schwetz et al., 

2011). This effect of surface charges on the gating of ion channels is referred to as the surface 

potential theory (Hille et al., 1975). Based on this theory, the presence of sialic acids in the 
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glycans of voltage-gated ion channels will potentiate channel activation, and loss of glycan sialic 

acids will produce the opposite effect (Watanabe et al., 2007). In addition to the surface 

potential effect, glycosylation loss is posited to induce conformational changes that can alter the 

gating properties of voltage-gated ion channels (Watanabe et al., 2007, 2003). The inhibited 

activation of glycosylation deficient Kv1.2 channels has previously been attributed to the surface 

potential mechanism described above (Watanabe et al., 2007). 

5.1.4: Inhibited activation of glycosylation deficient Kv1.2 channels is not consistent 

with an intrinsic biophysical mechanism 

Mechanisms that describe alterations to intrinsic biophysical properties, such as the surface 

potential mechanism, cannot wholly explain the activation properties of glycosylation deficient 

Kv1.2 channels described in this thesis. The modification of intrinsic biophysical properties by 

glycosylation loss would produce consistent effects on the activation properties of glycosylation 

deficient Kv1.2 channels. I have demonstrated that the activation kinetics of glycosylation 

deficient Kv1.2 channels are variable from cell-to-cell (Figure 3.1B). Additionally, I have shown 

that activating pre-pulses accelerate the activation kinetics of glycosylation deficient Kv1.2 

channels, indicating their slow activation kinetics can be modulated, and depend on prior activity 

(Figure 3.4). Both these observations are inconsistent with an intrinsic biophysical mechanism 

underlying the inhibited activation of glycosylation deficient channels. While intrinsic biophysical 

mechanisms may contribute to the inhibited activation of these channels, I have presented 

evidence of increased inhibition of glycosylation deficient Kv1.2 channels by slow gating 

regulation. I have also presented evidence demonstrating powerful relief of their inhibited 

activation properties by manipulations that target slow gating. These results indicate increased 

sensitivity to slow gating is likely the primary mechanism underlying the inhibited activation of 

glycosylation deficient Kv1.2 channels in the cell systems used in our study. In addition to 

altered activation properties, I also observed slowed deactivation kinetics of glycosylation 
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deficient Kv1.2 channels compared to WT Kv1.2 channels (Figure 3.9). This effect of 

glycosylation loss was insensitive to the T252R mutation (Figure 3.9). The slowed deactivation 

kinetics of glycosylation deficient Kv1.2 channels have been attributed to altered gating 

conformations following glycosylation removal (Watanabe et al., 2007).  

5.1.5: Mechanism of increased slow gating inhibition in glycosylation deficient 

channels 

At this time, I have not identified the exact mechanisms by which glycosylation loss increases 

sensitivity to slow gating regulation. Glycosylation has not been reported to alter the modulation 

of voltage-gated ion channels by extrinsic regulatory mechanisms such as slow gating 

regulation. Thus, the results in this thesis are novel in that regard. Previous studies of slow 

gating regulation presented evidence indicating it is mediated by an extrinsic regulatory factor, 

likely an unidentified accessory protein of Kv1.2 (Figure 5.1) (Baronas et al., 2017, 2015b). The 

Kv1.2 glycan may be involved in the binding of this extrinsic regulatory factor with Kv1.2 

channels. Alternatively, glycosylation loss may initiate regulatory signals that lead to increased 

inhibition of Kv1.2 channels by the regulatory factor. Additional studies will be required to 

provide a definitive answer. Interestingly, efforts in our lab to determine the protein mediating 

slow gating regulation have led to the identification of LMAN2, a glycan-binding protein posited 

to be involved in the secretory pathway (Hauri et al., 2000; Kwon et al., 2016). The effects of 

this protein on Kv1.2 gating are being examined in our lab. The results presented in this thesis 

indicate glycosylation may play a role in the regulation of ion channels by extrinsic regulatory 

mechanisms. Future studies on glycosylation and ion channel function should consider a role for 

extrinsic regulators in addition to intrinsic biophysical mechanisms. 
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5.1.6: Novel effects of propofol on Kv1.2 channels  

In Chapter 4, I reported previously unknown potentiating and inhibitory effects of the general 

anaesthetic propofol on Kv1.2 channels. I observed two inhibitory effects of propofol on Kv1.2. A 

200 µM concentration of propofol decreased the peak currents of WT Kv1.2, Kv1.2[N207A], and 

Kv1.2[T252R] channels (Figure 4.2A-C & Figure 4.1E-G), and produced an additional time-

dependent current decay resembling open channel block (Figure 4.1A-B & E-G). I found that the 

Kv1.2 channel mutants exhibited distinct sensitivities to the time-dependent current decay in 

propofol. The time-dependent current decay was most apparent in Kv1.2[T252R] channels, 

followed by WT Kv1.2 channels, and Kv1.2[N207A] channels which were the least sensitive 

(Figure 4.1A&B). The inhibitory effects of propofol are likely the result of open channel block. In 

addition to these inhibitory effects, I observed facilitated activation of Kv1.2 in propofol. This was 

apparent in effects on voltage-dependence and kinetics of activation. 200 µM propofol 

hyperpolarized the activation V1/2 of WT Kv1.2, Kv1.2[N207A], and Kv1.2[T252R] channels 

(Figure 4.3A-C & Figure 4.4A-C), leading to channel activation at more negative voltages 

(Figure 4.3G-I vs J-L). Propofol also led to accelerated activation kinetics of these channels, 

with particularly prominent effects in Kv1.2[N207A] (Figure 4.5B-E).  

One potential model to explain the effects of propofol in diverse Kv1.2 mutants is that propofol 

influences channel sensitivity to the slow gating mechanism. That is, propofol appears to 

potentiate Kv1.2 activation by facilitating relief from slow gating inhibition. Findings supporting 

this model are that propofol hyperpolarized the activation V1/2 of Kv1.2[N207A] channels and WT 

Kv1.2 channels to a greater degree than predominantly fast Kv1.2[T252R] channels (Figure 

4.3A-C & Figure 4.4A-C). Slow gating regulation prominently inhibits Kv1.2[N207A] and slow 

mode WT Kv1.2 channels (Figure 5.1), and these are the channel types that exhibit the most 

prominent gating effects in response to propofol (accelerated activation and prominent 

hyperpolarized shift of voltage-dependence) (Figure 4.5). In contrast, fast mode WT Kv1.2 
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channels and Kv1.2[T252R] channels exhibit less baseline modulation by slow gating (Figure 

5.1), and consequently exhibit smaller responses to propofol (Figure 4.5). An important feature 

of slow gating regulation of Kv1.2 channels is that it exhibits marked cell to cell variability, likely 

due to variable expression of one or more regulatory players involved (Baronas et al., 2017, 

2015b, 2015a; Rezazadeh et al., 2007). Consistent with this, I observed cell-to-cell variation in 

the magnitude of the propofol-mediated hyperpolarizing shift (Figure 4.4A-C). Especially for WT 

Kv1.2 which exhibits far more variability than Kv1.2[N207A] and Kv1.2[T252R] channels (Figure 

4.4A-C). Finally, propofol-mediated potentiation of Kv1.2 channels and prepulse potentiation 

share similar properties (Baronas et al., 2015a; Rezazadeh et al., 2007), which indicates they 

likely occur through similar mechanisms. A model for propofol potentiation of Kv1.2 channels 

based on these results is illustrated schematically in Figure 5.2. In this model, propofol and the 

slow gating regulator (green structure) compete for interaction with Kv1.2 channels. In 

conditions that favor fast mode behavior, the interaction with the slow gating regulator (green) is 

weak. This allows for rapid activation of Kv1.2 channels and rapid time-dependent inhibition 

(open channel block) of Kv1.2 channels by propofol (red P). In conditions that favor slow mode 

behavior, association with the slow gating regulator (green) is more prominent and Kv1.2 

channel inhibition is increased. As propofol competes with the slow gating regulator for 

association with Kv1.2, propofol facilitates activation and attenuates the slow activation kinetics 

that would be observed otherwise (Figure 5.2). 
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Figure 5.2: Model of Kv1.2 potentiation by propofol.  

Kv1.2 activation is modulated by slow gating. This regulatory mechanism is likely mediated by an extrinsic 

transmembrane protein (green). Kv1.2 channels are either bound to the slow gating regulator in the “slow” 

mode or unbound from the regulator in the “fast” mode. In the absence of propofol (- Propofol), the 

activation of “fast” mode Kv1.2 channels is uninhibited while the activation of “slow” mode Kv1.2 channels 

is inhibited by the regulator. Propofol (depicted by “P”) likely binds to a site in Kv1.2 that disrupts the 

interaction of the regulator with Kv1.2 channels. In propofol (+ Propofol), the interaction between the 

regulator and “slow” mode Kv1.2 channels is disrupted, and their activation is potentiated. “Fast” mode 

Kv1.2 channels are initially unbound from the regulator in the absence of propofol (- Propofol) thus are 

not potentiated in propofol (+ Propofol).  

Overall, I have shown that propofol inhibits Kv1.2 channels by open channel block and 

potentiates Kv1.2 channel activation by facilitating disinhibition from slow gating regulation. 

Thus, propofol may predominantly potentiate or inhibit Kv1.2 channels depending on the degree 

of slow gating regulation and the magnitude and time scale of applied depolarizations. 

Potentiation of Kv1.2 channels by propofol in-vivo could produce CNS hypoexcitability that may 

contribute to propofol mediated general anaesthesia. 
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5.1.7: Impact of slow gating regulation on Kv1.2 pharmacology 

The results presented in chapter 4 reveal implications of slow gating regulation on Kv1.2 

pharmacology. Specifically, my findings demonstrate that propofol can potentiate Kv1.2 

channels in certain contexts where slow gating regulation is prominent. Propofol may 

accomplish this by binding near a site where the regulatory protein mediating slow gating 

regulation interacts with Kv1.2 channels (Figure 5.2). This would disrupt the interaction between 

the regulator and Kv1.2, resulting in disinhibition from slow gating (Figure 5.2). This is a likely 

mechanism given that anaesthetics such as propofol can bind to multiple sites in ion channels, 

including protein-protein interfaces, and can also bind to the interface between ion channels and 

the lipid bilayer (Urban, 2002). Although propofol appears to target many protein types, this is a 

valuable first step for our group as it is the first small molecule we have identified that can 

manipulate the Kv1.2 slow gating regulatory mechanism. Identification of propofol binding sites 

in Kv1.2 could allow for the design of drug molecules targeting slow gating regulation. Targeting 

physical contacts between interacting proteins has been explored in drug design, however, only 

a few compounds acting through this mechanism have been developed (Arkin and Wells, 2004; 

Chen et al., 2011; Wilson, 2009).  

These results also reveal slow gating regulation can influence the response of Kv1.2 channels 

to drugs that require pore access. I have described evidence indicating propofol inhibits Kv1.2 

channels by open channel block. The state model: C⇌O⇌OB describes the state-dependence 

of open channel blockers, where C, O, and OB represent the closed, open, and open-blocked 

state of the channel, respectively (Bett and Rasmusson, 2008). In models of this form, channels 

must reach the open state before open channel block occurs. In chapter 4, I found that 

Kv1.2[T252R] currents decayed at a faster rate than Kv1.2[N207A] channels in propofol (Figure 

4.1A-B). Additionally, propofol inhibited Kv1.2[T252R] peak currents over a broader voltage 
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range compared to Kv1.2[N207A] channel peak currents (Figure 4.2A-C). The open probability 

of Kv1.2[N207A] channels is low compared to Kv1.2[T252R] due to their increased inhibition by 

slow gating regulation. This would account for the apparent differences in the response of these 

channels to open state inhibition by propofol. Similarly, slow gating regulation could alter the 

response of Kv1.2 channels to other pore binding drugs. Kv1.2 channels under increased 

inhibition by slow gating regulation may exhibit reduced sensitivity to drugs that bind in the pore. 

5.1.8: Conclusion  

Extrinsic regulatory mechanisms considerably influence voltage-gated ion channel gating. The 

findings in this thesis advance the understanding of factors that modulate extrinsic ion channel 

regulatory mechanisms and the physiological roles of glycosylation. In addition, the findings in 

this thesis further show that extrinsic regulatory mechanisms should be important considerations 

for ion channel drug design, given the significant influence they can exert on ion channel 

pharmacology. 
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