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dSlo     Drosophila slowpoke 

DTT     Dithiothreitol 

E. coli     Escherichia coli 

EAQ     Ether-a-go-go-related  

EBP     Enhanced ball peptide 

EDTA     Ethylenediaminetetraacetic acid 

EGF     Epidermal growth factor  

eGFP     Enhanced Green fluorescent protein  

EGFR     Epidermal growth factor receptor  

eLRRs     Extracellular leucine rich repeats 

Erb-B2     Receptor Tyrosine Kinase 2  

FBS     Fetal Bovine serum 

FN3     Fibronectin type-3 

FV     Fluorescence-Voltage 

G(V)     Conductance versus voltage 

GPCR     G-protein-coupled receptors 

Gmax      Maximal conductance 

HA     Horrigan-Aldrich 

HCS     Highly conserved segment 

HEK     Human embryonic kidney  

Hz     Hertz 

I     Current 

IbTX     Iberiotoxin 

IC50     Half maximal inhibitory concentration 

Ig     Immunoglobulin 

IK     Intermediate-conductance potassium  

Imax     Maximal control current 

ISLR Immunoglobulin superfamily containing leucine-rich 
repeat 

IV     Current-Voltage relationship 

K+     Potassium ion   

K2p     Two-pore domain background potassium  

KATP     Adenosine triphosphate sensitive potassium 
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1. Review of the literature 
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Figure 1.1: Classification of potassium channel families based on structure. 

Potassium channel families are broadly classified into 4 groups namely, two transmembrane 

segments (2TM; Kir), 4TM (2-pore domain), 6TM (voltage gated and SK), and 7TM (Slo). Note 

that for the sake of simplicity the large-conductance Slo channel family includes the Slo2.x 

channels, which have only six transmembrane domains (Adapted from González et al. 2012).  

 

The Kir channels have seven subfamilies called Kir1-Kir7. They are further 

grouped into four categories based on their functional roles viz. 1) classical Kir 

(Kir2.x) which are constitutively active, 2) G-protein-gated Kir channels that are 

regulated by G-protein-coupled receptors (GPCR), 3) ATP-sensitive K+ channels 

(KATP) which are involved in cellular metabolism and 4) K+ transport channels 

(Kir1.x, Kir4.x, Kir5.x and Kir7.x) (Nichols et al. 1997; Grover et al. 2000).  

The K2p channels have 16 members and they are further grouped into 6 main 

structural and functional classes namely, 1) tandem of P domains in weak 

inwardly rectifying TWIK-1, TWIK-2 and KCNK7 channels, 2) mechano-gated 

and arachidonic acid-activated TWIK-related TREK-1, TREK-2 and TRAAK 

channels, 3) TWIK-related acid-sensitive TASK-1, TASK-3 and TASK-5 

channels, 4) tandem PD halothane-inhibited THIK-1 and THIK-2 channels, 5) 

TWIK-related alkaline-pH-activated TALK-1, TALK-2 and TASK-2 channels and 

6) TWIK-related spinal cord TRESK channel, which is regulated by intracellular 

calcium (Tian et al. 2014). 
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Figure 1.3: Topology and the cryo-EM structure of BK channel VSD.  

A Cartoon of a functional BK channel where two opposing subunits are shown interacting with 

each other. B Top view of the transmembrane regions (S0-S6) of the Aplysia californica BK 

channel. C Voltage sensing domain of the BK channel showing S0 (blue), S1 (red), S2 (green), 

S3 (violet), S4 (orange), the linkers and pore of the same subunit in dark grey whereas the rest 

of the channel in light grey, D voltage sensing residues located in the S2, S3, S4 transmembrane 

segments. E Stereo view of the Aplysia californica BK channel VSD showing S3 and S4 (orange) 

and the rest of the channel in grey (Adapted from Lee et al. 2010; Latorre et al. 2017; Tao et al. 

2017). 

 

In Shaker-like Kv channels, the S4 segment contains six positively charged amino 

acid residues whereas, the BK channel contains only three positively charged 

arginine residues at positions 196, 199 and 202 (Tao et al. 2017). Previous 

studies proposed that the distribution pattern of these arginine residues in the S4 

segment of the BK channel closely resembled the distribution of arginine residues 

in the S4 segment of Kv2.1 channels (Islas et al. 1999; Latorre et al. 2017). The 

Tao et al. (2017) study helped to confirm that the location of these three arginine 

residues (labelled R2, R3 and R4 in Figure 1.3E) corresponded to the location of 

the arginine residues in Shaker-like Kv channels. Previous studies used 

mutagenesis and demonstrated that the R213 in S4, D153 and R167 in S2, as 

well as D186 in the S3 segment of mouse BK channels were the main voltage 
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residue located at the inter subunit assembly interface, distal to the Ca2+ bowl 

resulted in reduced Ca2+ sensitivity. In addition, they demonstrated that when the 

charge neutralisations of R786 and R790 (R808 and R812 respectively, in A. 

californica) were performed on an E955Q mutant background, Ca2+ sensitivity 

was diminished. This suggested that there might be inter-subunit electrostatic 

interactions between E995 and both R786 and R790 from the other subunit (Li et 

al. 2018).  

The cryo-EM density of the full-length A. californica BK channel also helped 

confirm the likely location of the Ca2+ binding sites in the RCK1 domain. As shown 

in Figure 1.5C, the Ca2+ binding is well co-ordinated by the main-chain carbonyl 

oxygen atoms of the R503 (R514 in human BK), G523 and E591 residues along 

with the side-chain carboxylates of D356 and E325 (D367 and E535 in human 

BK) residues (Yuan et al. 2010; Tao et al. 2017). However, the Tao et al. (2017) 

study demonstrated that neither the M513 nor D362 residues were directly 

involved in Ca2+ binding. Their study suggested that the mutation of either of 

these residues was likely to destabilise the Ca2+ binding sites by an allosteric 

mechanism. 

 

1.2.4.1 Magnesium-dependent activation  
In addition to having distinct Ca2+ binding sites in the CTD, BK channels also 

have a Mg2+ binding site in the RCK1 domain (Shi et al. 2002). Previous studies 

have shown that the residues E374, E399 and Q397 could form a putative Mg2+ 

binding site as the mutations of E374A, E399N, and Q397C abolished or reduced 

Mg2+ sensitivity of the BK channels (Shi et al. 2002). Yang et al. (2008) suggested 

that the Mg2+ binding site was formed at the interface of the VSD of one subunit 

and the RCK1 domain of another subunit of the BK channel. Their extensive 

mutagenesis study suggested that the Mg2+ binding site was formed between the 

cytosolic E374 and E399 residues, along with the D99 and N172 located in the 

membrane spanning domain of the VSD. 
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Figure 1.5: Calcium and Magnesium binding sites in the BK cryo-EM structure of Aplysia 

californica. A Ca2+ binding site in RCK1 domain (blue) along with the Ca2+ bowl (red) in one 

subunit of the BK tetramer whereas the other subunits are shown in grey. B Ribbon structure of 

BK channel showing Ca2+ bowl, RCK2 domain (red) and the neighbouring RCK1 domain (grey). 

C Ca2+ binding site in RCK1 domain of the BK channel (blue ribbon). D Mg2+ binding site in RCK1 

domain (blue ribbon) and neighbouring VSD (grey). The side-chains of the atoms (coloured 

sticks), the water molecule (cyan sphere) and divalent cations (coloured spheres) with 

coordination bonds (dashed lines) are shown (Adapted from Tao et al. 2017).   

 

The A. californica BK channel, cryo-EM density published by Tao et al. (2017) 

confirmed the precise location of the Mg2+ binding site in BK channels. The Mg2+ 

binding was well co-ordinated with the oxygen atoms of the side-chain 

carboxylates of E363 (E374 in human BK), E388 (E399 in human BK), the main-

chain carbonyl oxygen atoms of T385, the side-chain carboxylate of N161 (N172 

in human BK) as well as a water molecule. However, D86 (D99 in human BK) 

was not directly involved in Mg2+ binding and instead, it was suggested that this 

residue was involved in maintaining charge-charge interactions near the binding 

site and was therefore, critical for stabilising the Mg2+ ion binding in the BK 

channel (Tao et al. 2017; Figure 1.5D). 
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The cryo-EM structure also helped to confirm that the pore of the BK channel was 

positioned beneath the selectivity filter, at the interface of the gating ring and was 

continuous throughout the gating ring. Therefore, the pore opened into a large, 

widened funnel on the cytosolic side. In addition, the cryo-EM structure revealed 

lateral openings between the gating ring and the transmembrane domains which 

may favour the high conductance of K+ ions (Tao et al. 2017). 

A third distinguishing feature of BK channels is that the residues in the S6 

segment of the BK channel differ in their orientation compared to Kv channels. A 

series of cysteine modification and substitution experiments by Geng et al. (2011) 

and Zhou et al. (2011) argued that residues A313, A316 and S317 faced the inner 

pore of the BK channel. In contrast, the analogous residues in Shaker K+ 

channels faced away from the aqueous environment (Zhou et al. 2011). These 

results suggested that the movement of the pore-lining helix of S6 in BK channels 

might differ from other K+ channels. It was proposed that the BK channel opening 

involved structural rearrangement of the deep-pore region. In BK channels, the 

highly conserved glycine-hinge in the middle (Jiang et al. 2002b) and the proline-

valine-proline (PVP) motif at the C-terminus of S6 helix (Webster et al. 2004) 

were critical for the movement of the activation gate. In addition, multiple pore 

residues, downstream of the glycine-hinge (L312, A313, M314 and A316) 

rearranged their side chains during channel gating and provided more flexibility 

to the S6 helix (Chen et al. 2014). Mutations of these residues to charged or polar 

side-chain substitutions, resulted in constitutively open mutant channels which 

abolished the voltage sensitivity and Ca2+ dependence. This may occur via 

exposing the hydrophilic side-chain to the aqueous environment of the pore to 

reduce side-chain solvation energy (Chen et al. 2014). The Hite et al. (2017) 

study illustrated that in the cryo-EM structure from the A. californica, in the Ca2+ 

bound state, the S6 helices underwent rearrangement such that a bend occurred 

at G302, close to the selectivity filter, resulting in the wide opening of the pore 

which had a minimum diameter of 20 Å.  
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1.2.7 Allosteric mechanism of BK channel opening 

BK channels can open with a very low probability (~10-6) in the absence of either 

voltage sensor activation or Ca2+ binding (Horrigan and Aldrich, 1999). However, 

the activation of the voltage sensors and Ca2+ binding enhanced the probability 

of channel opening markedly (Horrigan et al. 1999; Horrigan and Aldrich, 1999). 

The mechanisms of voltage-dependent activation and calcium binding have been 

described by various allosteric models (McManus and Magleby, 1991; Cox et al. 

1997; Horrigan et al. 1999; Rothberg and Magleby, 1999; Rothberg and Magleby,  

2000; Cui and Aldrich, 2000). However, these early studies failed to rigorously 

test the predictions of the model. In 2002, Horrigan and Aldrich proposed the HA 

model (Figure 1.7), explaining the allosteric gating mechanism of BK channels 

based on single channel and macroscopic current recordings across a wide 

range of voltages and Ca2+ concentrations. As Figure 1.7 suggests, the HA model 

states that the channel gate undergoes a conformational change from closed (C) 

to open (O) and this is allosterically coupled to four independent and identical 

voltage sensors and four Ca2+ sensors. The voltage sensors can exist in either 

the resting (R) or activated (A) state, and Ca2+ sensors can exist in unbound Ca2+ 

(X) or bound Ca2+ (X.Ca2+) state. The conformational changes have equilibrium 

constants for gate opening (L), voltage sensor activation (J) and Ca2+ binding (K). 

The coupling between domains is depicted by allosteric factors C, D and E and 

indicates that there is coupling between Ca2+ binding and pore opening (C), 

voltage sensor activation and pore opening (D) as well as Ca2+ binding and 

voltage sensor activation (E), respectively. The data determined that of these 

three coupling factors, D had the highest value (24) and appeared to be more 

important wherein the activation of the voltage sensors induced the biggest 

change in pore opening. This was followed by the coupling between pore opening 

and Ca2+ binding (C) which had a value of ~7. Interestingly, the smallest level of 

coupling was between the Ca2+ binding and voltage sensor activation (E) which 

had a value of ~2 (Horrigan and Aldrich, 2002).  
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It was demonstrated that the binding of Ca2+ to the channel, initiated the 

rearrangement of the four RCK1 domains resulting in a 10 Å expansion of the BK 

channel (Yuan et al. 2012). Furthermore, with the use of fluorescence resonance 

energy transfer (FRET) it was demonstrated that the RCK1-RCK2 domains came 

in close proximity to each other by 40 Å and the C-linker moved outward by 5 Å. 

This suggested that there was a reversible reduction in the hydrodynamic radius 

of the gating ring (Miranda et al. 2013). Thus, upon Ca2+ binding, the expansion 

of the gating ring generated a mechanical force which pulled the C-linker to open 

the pore gate of the BK channel (Miranda et al. 2013; Latorre et al. 2017).  

In 2020, Yazdani et al. investigated the role of the C-linker with a series of 

randomly scrambled C-linker mutations (named K0 through to K7) and 

demonstrated that with a scrambled C-linker sequence, the BK channel activation 

was altered. The activation V1/2 shifted leftwards from 183.4 ± 3.2 mV in WT to 

48.7 ± 4.7 mV for the K7 mutant, 89.6 ± 3.5 mV for the K0 mutant, and shifted 

rightward for K2 mutant (195.5 ± 3.5 mV). This study proposed that when the 

Y332 residue in the C-linker was in close contact with the membrane interface (in 

K0 and K7 mutants), it allowed stronger membrane anchoring and stabilised the 

open state of the channel. This led to a shift in the equilibrium towards the active  

state of the channel. Therefore, the K0 and K7 mutants showed a leftward shift, 

whereas the K2 mutant showed a rightward shift in activation V1/2 values. 

Interestingly, the effects mediated by the scrambled C-linker mutants also 

persisted in the Core-MT constructs where the gating ring was completely absent 

(V1/2 of 235.0 ± 3.1 mV for WT Core-MT and 263.5 ± 4.0 mV for K2 mutant) and 

hence provided direct evidence that the C-linker played a crucial role in coupling 

of the gating ring and the pore of BK channels (Yazdani et al. 2020).  

 
1.2.9 Coupling between Ca2+ sensors and voltage sensors 
In 2012, Savalli et al. demonstrated a significant leftward shift in conductance 

and fluorescent-voltage curves upon rapid application of Ca2+ to the cytosolic 

surface of D362A/D367A mutants in the RCK1 domain. Their data provided 

strong evidence to support the idea of coupling between Ca2+ and voltage 

sensors. They also noted that this coupling was lost when the aspartic acid 

residues in the Ca2+ bowl of the RCK2 domain were neutralised (Savalli et al. 

2012). In addition, they computed the steady state occupancy of the Ca2+ bound 
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state for RCK1 and RCK2 domains and demonstrated that across a range of 

membrane potentials, the Ca2+ binding in RCK1 was voltage dependent, whereas 

the Ca2+ binding in RCK2 was weaker. It was clear from these experiments that 

the two high-affinity Ca2+ binding sites were not functionally equivalent (Savalli et 

al. 2012).  

The Ca2+ binding in the RCK1 domain, strongly stabilised the active conformation 

of the VSD, which was supported by the allosteric coupling factor of 10 (Savalli 

et al. 2012; Latorre et al. 2017), whereas the allosteric coupling factor (2.3) 

between the RCK2 Ca2+ sensors and voltage sensors was weaker (Savalli et al. 

2012; Latorre et al. 2017). These differences in coupling of the two Ca2+ sensors 

and voltage sensors may be due to the physical proximity of the RCK1 and the 

VSD (Savalli et al. 2012; Latorre et al. 2017).  

 

1.2.10 Coupling between voltage sensors and channel opening 

Previous studies have demonstrated that mutations in S6 significantly modified 

gating of BK channels, which suggested that this helix played an important role 

in communicating the changes in the VSD to the activation gate (Lippiat et al. 

2000; Wang et al. 2006; Wu et al. 2009; Carrasquel-Ursulaez et al. 2015).   

Horrigan (2012) proposed three hypothetical mechanisms for the interaction 

between the S4-S5 linker and S6 domain (Figure 1.8). The model depicts the four 

combinations of states with a voltage sensor and gate from a single subunit. The 

possibility of a rigid connection between S4-S5/S6 domains which forces the 

sensor and gate to move as a unit can be ruled out as voltage sensors activate 

while the channel remains closed. Figure 1.8A illustrates the first proposed 

mechanism where the S4-S5 linker is always bound with S6. In this case, various 

S4-S5/S6 regions play a role to move the sensor and gate, if they were coupled 

via a spring. Figure 1.8B illustrates the second proposed mechanism, in which 

the S4-S5 linker binds to the open gate only when voltage sensors are in the 

active state and thus, stabilises the AO state. The last possible mechanism 

illustrates the S4-S5 linker of the resting voltage sensor might clash sterically with 

the open gate to destabilise the RO state (Figure 1.8C; Horrigan, 2012). 
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1.6.4 LRRIG proteins  
The LRRIG proteins are a family of proteins consisting of both the LRR and Ig 

domains. The presence of an Ig domain enables the numerous interactions of 

these proteins with other proteins consisting of an Ig domain or other molecules 

like antigens and sugars. Thus, the presence of two unique binding (LRR and Ig) 

domains enhances the wide range of protein-protein interactions (Mandai et al. 

2009). The LRRIG family comprises of 36 separate proteins, which have been 

categorised (Homma et al. 2009) into several different subclasses consisting of 

(1) four LINGO (LRR and Ig domain-containing, Nogo Receptor-interacting) 

proteins, (2) three NGL proteins (netrin-G ligand), (3) five SALM proteins 

(synaptic adhesion-like molecules), (4) three NLRR proteins (neuronal leucine-

rich repeat), (5) three Pal proteins, (6) two ISLR proteins (immunoglobulin 

superfamily containing leucine-rich repeat), (7) three LRIG (leucine rich repeats 

and immunoglobulin-like domains proteins), (8) two GPCR, GPR124 and 

GPR125 (G protein-coupled receptor 124 and G protein-coupled receptor 125), 

(9) two Adlican (adhesion protein with leucine-rich repeats and Immunoglobulin 

domains related to perlecan) proteins, (10) two human Peroxidasin-like proteins, 

(11) three Trk neurotrophin receptors, (12) yet an unnamed protein, AAI11068 

and finally (13) three AMIGO proteins (amphoterin-induced gene and ORF).   

 
1.7 LINGO proteins  
The LINGO (LRR and Ig domain-containing, Nogo Receptor-interacting) proteins 

have four subtypes viz. LINGO1, LINGO2, LINGO3 and LINGO4. The amino acid 

sequence of LINGO1 and LINGO2 share 61% similarity, whereas LINGO3 

shares 56% similarity with LINGO1 and LINGO4 shares 44% sequence similarity 

with LINGO1 (Mi et al. 2013).  

 

1.7.1 LINGO1 protein 
LINGO1 is evolutionarily conserved, where human and mouse orthologs share 

99.5% sequence identity. LINGO1 is abundantly expressed in brain and spinal 

cord and is apparently absent in non-neuronal tissues like heart, lung, kidney, 

small intestine, pancreas, muscle and liver in rat tissue lysates (Mi et al. 2013). 

Interestingly however, the human protein database suggested that there may be 

considerable LINGO1 protein expression in the human lung tissue, as well as 



https://www.proteinatlas.org/ENSG00000169783-LINGO1/tissue
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intracellular puncta, possibly reflecting expression on intracellular membranous 

organelles, however, no cell-surface LINGO immunoreactivity was apparent in 

both mouse cerebellar granule neurons and cardiac myocytes (Meabon et al. 

2015).  

Moreover, LINGO1 binds to growth factor receptors like NgR, TrkB, EGFR and 

Erb-B2 in the CNS and negatively regulates downstream signalling molecules 

involved in axonal regeneration, neuronal survival, oligodendrocyte 

differentiation and myelination (Mi et al. 2013). In Multiple Sclerosis (MS), 

demyelination of neurons leads to inflammation which is chronic and progressive. 

The use of an anti-LINGO1 antibody increased the number of thinly myelinated 

axons in demyelinated area, demonstrating that anti-LINGO1-antibody treatment 

promoted axonal remyelination (Mi et al. 2009). This approach has been 

proposed as a possible treatment method for MS (Mi et al. 2009), although Phase 

II clinical trials have not been successful 

(https://clinicaltrials.gov/ct2/show/NCT03222973). Despite this setback, LINGO1 

continues to be targeted in drug development programmes and Li-81, an 

antagonist of LINGO1, has been shown to promote myelination of neurons in 

patients with MS (Pepinsky et al. 2014). This study provided the crystal structure 

of extracellular LINGO1 bound to the Li-81 antibody and demonstrated that it 

attached to the convex surface of the LINGO1-Li81-Fab complex. Pepinsky et al. 

(2014) demonstrated that this inhibited the tetramerisation of LINGO1, 

presumably inhibiting it and promoting myelination of neurons.  

In 2004, Mi et al. uncovered the physical interaction of LINGO1 with the NgR1 

receptor complex by probing protein interactions in cell-binding assays. LINGO1 

is a part of NgR1 complex which is involved in Rho activation and axon 

degeneration. Upon binding of inhibitory molecules like myelin-associated 

glycoprotein (MAG), Oligodendrocyte-myelin glycoprotein (OMgp) and NogoA, 

the NgR1 receptor forms a complex with LINGO1 and P75/Troy, activates RhoA 

and blocks neurite outgrowth (Mi et al. 2004). In 2006, Ji et al. demonstrated that 

mouse models of spinal cord injury which showed complete hind limb paralysis, 

when treated with continuous intrathecal infusion of LINGO1-Fc reduced both, 

axon retraction and RhoA activation and therefore, improved hind limb function. 

This data supported the idea that blocking LINGO1 promoted axonal 

regeneration and recovery following spinal cord injury.  

https://clinicaltrials.gov/ct2/show/NCT03222973
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the inside of the cell was facing the bath solution (Hamill et al. 1981). This 

configuration of the patch clamp technique is advantageous to study 1) single 

channel currents from a patch of membrane rather than from the entire cell, 2) 

the effect of different [Ca2+]i on a given patch of membrane during the same 

experiment, 3) the alteration of intracellular environment of the cell membrane by 

the use of the gravity-fed drug delivery system during the same experiment. 

 

1.9.1.4 Outside-out configuration 

In the outside-out configuration, after formation of a gigaseal,  strong suction was 

applied to rip a hole in the cell membrane. The pipette was pulled away so that 

the two ends of the ruptured cell membrane can meet and join together to form a 

vesicle. In this configuration, the cytosolic side of the membrane was in direct 

contact with the contents of the pipette.  

 

1.9.1.5 Perforated-cell configuration   

After the formation of the gigaseal, pore-forming agents such as the antibiotic 

amphotericin were used to perforate the cell membrane and thus, develop 

electrical continuity between the pipette and the cell. This technique allowed the 

permeation of small ions across the membrane whilst excluding larger ions. 

Consequently, this configuration reduced current rundown by preventing the 

dialysis of second messengers and minimised disruption to the interior of the cell.  
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2. Materials and Methods 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 









https://www.ncbi.nlm.nih.gov/nucleotide/
https://www.ncbi.nlm.nih.gov/tools/primer-blast/
http://biotools.nubic.northwestern.edu/OligoCalc.html
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2.10.2 Leak subtraction 

A current recorded from a patch of membrane containing ion channels usually 

consists of three components: 

(i) Leakage current: A passive current flowing through the membrane resistance 

and membrane capacitance. This current is generally linear with voltage. 

(ii) Non-linear gating current: Arises due to movement of gating charges across 

the electric field.  

(iii) Non-linear ionic current: A current which is indicative of the opening of ion 

channels as a result of voltage changes.  

In electrophysiological experiments, it is important to separate the ionic current 

from the passive linear components and this is done through leak subtraction. 

There are two approaches that can be used to subtract the leakage currents. The 

first method is a lengthy protocol that involves recording currents in the presence 

and absence of selective ion channel blockers. Since these blockers would only 

abolish the actual ionic current and not the leak currents, the two traces can be 

subtracted to yield the ionic current without any contaminating leakage current. 

The second method used is called P/N subtraction, where P represents the test 

pulse and N is the number of sub-sweeps that each have a magnitude of 1/Nth of 

the test pulse (Liu et al. 2000). An example of this protocol used in HEK cells, is 

illustrated in Figure 2.3. In this experiment, the chosen protocol was designed to 

record currents evoked from a step to +20 mV, from a holding potential of -60 

mV. In this experiment, 4 sub-sweeps were applied at 1/4th of the amplitude of 

the test pulse (i.e. 80/4 = 20  mV). Prior to applying the sub-sweeps, the cell was 

held at -100 mV before the 5 ms long steps to -80 mV were applied. These more 

negative potentials were used in an attempt to ensure that no ionic currents were 

activated by the P/4 sub-sweeps. After completion of the sub-sweeps, the holding 

potential was returned to -60 mV and the main depolarising step was conducted. 

The averaged sub-sweep currents which should consist of only leakage and 

capacitative currents were then scaled and subtracted from the recorded currents 

to produce the non-linear ionic current, without any contaminant leakage or 

capacitative currents.  

 









https://www.ru.nl/animal/research/chelator/
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per Schoenmakers et al. (1992). Patch pipettes were filled with 100 nM Ca2+ 

solution. All the recording solutions were made up with Milli-Q water. 

 
2.14 Peptides 

The LINGO synthetic tail peptides used in this study were custom made and 

purified by the Peptide Synthesis Laboratory in the Royal College of Surgeons in 

Ireland, Dublin, Ireland and by Dr. Nicholas Mullins at Dundalk Institute of 

Technology, Dundalk, Ireland. The peptides were unprotected at both the N and 

C termini unless otherwise stated in the text. The modifications at both the N and 

C termini resulted in three different subtypes of peptides used in this study 

namely, amino free acid (NH2 at N-terminus and OH at C-terminus), acylated free 

acid (Ac at N-terminus and OH at C-terminus) and acylated amide (Ac at N-

terminus and NH2 at C-terminus) peptides. Table 2.5 summarises the 

nomenclature for the peptides used in this study. 
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Table 2.5 Name and structure of LINGO peptides  

 
 

Peptide Name Peptide Sequence N-terminus  C-terminus 

LINGO1-tail peptide RKFNMKMI NH2 OH 

LINGO2-tail peptide RRFNMKMI NH2 OH 

LINGO4-tail peptide GNRVTAKLF NH2 OH 

Acylated free acid LINGO1  RKFNMKMI Ac OH 

Acylated amide LINGO1  RKFNMKMI Ac NH2 

Scrambled LINGO1 MFKNKIRM NH2 OH 

RKFNMAMI RKFNMAMI NH2 OH 

RKFNMQMI RKFNMQMI NH2 OH 

AAFNMKMI AAFNMKMI NH2 OH 

AAFNMAMI AAFNMAMI Ac NH2 

RAFNMKMI RAFNMKMI Ac NH2 

AKFNMKMI AKFNMKMI Ac NH2 

RKFNMAAA RKFNMAAA Ac NH2 

RAFNMAMI RAFNMAMI Ac NH2 

RKAAAKMI RKAAAKMI Ac NH2 

AKFNMAMI AKFNMAMI Ac NH2 

SSADAPRKFNMKMI SSADAPRKFNMKMI Ac NH2 

FNMKMI FNMKMI Ac NH2 

RKANMKMI RKANMKMI Ac NH2 

RKFNMAMI RKFNMAMI Ac OH 

MKMI MKMI Ac OH 

RKFNAKMI RKFNAKMI Ac OH 

RKFAMKMI RKFAMKMI Ac OH 

RKANMKMI RKANMKMI Ac OH 

RKFNMKAI RKFNMKAI Ac OH 
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3. Effect of LINGO tail peptides on BK channels 
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Figure 3.1: Schematic representation and protein sequence of LINGO1. A Structural
representation of the LINGO1 protein. The LINGO1 protein has 5 domains. They are LRR domain
(comprising 12 LRR repeats as well as N-cap and C-cap), Ig1 domain, stalk, transmembrane
domain and C-terminus. The intracellular C-terminus has no particular secondary structure. B The
predicted regions are shown in the protein sequence of LINGO1. The extracellular side of LINGO1
protein has N-cap, LRRC, C-cap, Ig1 domain and stalk. The transmembrane domain is coloured in
green and cytosolic C-terminus (584-620) residues are shown in different colours (Adapted from
Dudem, 2019).
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3.2 Results  

3.2.1 Transcriptional expression of LINGO genes in murine tissues 

To examine the transcriptional expression of LINGO1-4 in the murine airway, 

primers were designed against these genes and RT-PCR was carried out. Details 

of the primers used can be found in Table 2.3. Figure 3.3A shows a typical gel 

which illustrated that LINGO1, LINGO2, LINGO3 and LINGO4 were expressed 

at the transcriptional level, in both murine bronchi and in brain tissue which was 

used as a positive control (N=3). After converting the visual image of agarose gel 

into semi-quantified data using Image J, Figure 3.3B confirmed the differential 

expression of LINGO1-4 transcripts among murine brain and bronchus cDNA 

samples. Interestingly, the transcript levels of LINGO1 were higher in the 

bronchus tissue compared to the brain tissue. However, the transcript levels of 

LINGO2-4 in bronchus tissue were significantly lower than the levels in brain 

tissue. The relative expression was calculated as the expression ratio of LINGO1-

4 genes in murine brain (control) and bronchus (test) tissue samples (p<0.0001, 

one-way ANOVA). These experiments will require further experimental 

confirmation with real time-PCR and immunocytochemistry. 
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A. Murine tissues

C. Multiple sequence alignment of LINGO TM and tail domains

Figure 3.3: Transcriptional expression profile of LINGO1-4 in murine tissues and their
protein sequence.
A Image of agarose gel illustrates a transcriptional expression of LINGO1-4 occurs in brain and in
peripheral tissues such as mouse bronchus (N=3). Amplicons were separated on 2% agarose gel
by gel electrophoresis. B Transcript expression analysis using semi-quantitative RT-PCR for
LINGO1-4. Relative expression was calculated as the expression ratio of LINGO 1-4 genes in
murine brain (control) and bronchus (test) tissue samples (one-way ANOVA, **** p<0.0001). C
Sequences of terminal amino acid residues of LINGO1, 2, 3 and 4 proteins. The transmembrane
domain (TM) is represented in green and black bars represent the intracellular tail for each protein.
The coloured residues in the cytosolic tail correspond to the homology model shown in Figure 3.1.
The asterisks above the sequences represent the 3 positively charged residues present in
LINGO1-4.

B. Transcript expression analysis using semi-quantitative RT-PCR for LINGO1-4
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peptide reduced current amplitude but, unlike the LINGO1 and 2 tail peptides, did 

not induce inactivation of the BK channels. 
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4. The effect of acylated amide LINGO1 tail peptide 
modifications on inactivation of BK channels 
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be due to the retention of the positive charge at K618, which further supports the 

idea that the positive charge at residue 618 is crucial to mediate inactivation of 

the BK channels. Moreover, the positive charges at positions R613 and K614 

may play a role in electrostatic interactions along with the F615 which may be 

involved in hydrophobic interactions of the LINGO1 tail peptide binding in the BK 

channel pore.  

 

Collectively these results indicate that the positively charged residues R613, 

K614 and K618 along with the other uncharged residues in the LINGO1 tail 

peptide may be critical for the binding of the peptide in the BK channel pore and 

thereby induce inactivation of BK channels.  
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5. Assessing the role of individual residues in acylated 
free acid modifications of LINGO1 tail peptide 
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5.2C, where the scrambled peptide reduced peak currents recorded at +200 mV 

to 15±2% as compared to 5±1% with the WT LINGO1 peptide. Although the 

residual current at this voltage was greater than WT LINGO1 peptide, it was not 

statistically significant (ns, Mann-Whitney test). The apparent voltage-

dependence of inactivation was observed at potentials positive to +120 mV 

(Figure 5.2D) and the time constant of inactivation of these currents was 

practically identical to that observed with WT LINGO1 peptide (ns, one-way 

ANOVA). These data suggest that altering the position of the positively charged 

residues in the LINGO1 peptide reduced its efficacy, but did not abolish its ability 

to inactivate BK channels.  
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inactivation appeared slightly slower at +100 mV, but this was not significantly 

different to the rate of inactivation observed with the WT peptide (ns, unpaired t-

test). These results suggest that, although Ac-LINGO1 peptide resulted in 

inactivation of BK currents, it had a reduced efficacy than the amino free acid 

version of the LINGO1 peptide. 
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each potential was fitted with a single exponential and the data from 5 

experiments was summarised in Figure 6.8D. The time constant of inactivation 

of these currents was significantly slower compared to WT BK channels at all 

voltages measured (p<0.001, one-way ANOVA). 
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7. Conclusions and Future Directions 
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In Chapter 5, we utilised the amino free acid version of LINGO1 tail peptide and 

demonstrated that the scrambled version of the tail peptide reduced the affinity 

of the peptide for the BK channel. Interestingly, the replacement of K618 with 

either polar or non-polar amino acid residues removed the ability of the peptide 

to inactivate BK currents. These data confirmed that the position of the positive 

charge (at K618) was crucial to mediate inactivation of BK channels. In contrast, 

the neutralisation of positive charges at R613 and K614 residues in the peptide 

still resulted in inactivation of BK channels, although the affinity of this peptide 

was reduced.  

We also generated acylated free acid modifications of the LINGO1 tail peptide, 

where the R613 residue had an acylated (Ac) N-terminus and the I620 residue 

had a free acid (OH) at the end of the C-terminus, to mimic the condition of the 

full-length LINGO1 protein. With this modification the net charge of the tail peptide 

reduced to +2, and it only slightly altered the apparent affinity of the peptide for 

the BK channel. However, we noted that a peptide consisting of the final 4-

residues of the C-terminus of the LINGO1 protein, failed to induce block or 

inactivation of BK currents (Figure 5.21), suggesting that this peptide did not 

possess the minimal essential structure to mimic inactivation, observed with the 

8-residue peptide. Interestingly, we also noticed that the application of peptides 

in which F615, M617, K618 and M619 (Figures 5.19, 5.11, 5.13, 5.15, 

respectively) were replaced with alanine residues, failed to induce inactivation of 

BK channels, but did block them. These results perhaps suggest that the 

observed block induced by these mutant peptides was unstable due to the 

reduced electrostatic and hydrophobic interactions between the peptide and the 

channel. However, to confirm this, additional single channel experiments will be 

required. The individual role of isoleucine at 620 in the LINGO1 tail peptide-

mediated inactivation of BK channels remains to be elucidated. Interestingly, the 

replacement of the asparagine at 616 with an alanine residue induced 

inactivation of BK currents although with a reduced affinity. These results suggest 

that the alterations to residues at this position were better tolerated than those 

closer to the C-terminus of the peptide. These results support the idea that the 

positive charges at residues R613, K614 and K618 in the LINGO1 tail peptide 

are necessary but not sufficient to confer inactivation of BK channels. 
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