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Glossary 

Å     Angstrom  
aa     Amino acid 

Ac     Acylated 

Ac-Am     Acylated-amidated 

AHR     Airway hyperactivity 

AMIGO     Amphoterin-induced gene and ORF 

ANOVA     Analysis of variance 

ASM     Airway smooth muscle  

Ba2+     Barium ion 

BK     Big potassium 

BKL     BK like 

BLAST     Basic local alignment search tool 

Bp     Base-pairs 

C-terminus (COOH)   Carboxy terminus 

C10     Decyltriethylammonium  

Ca2+     Calcium ion 

cDNA     Complimentary DNA 

Cl-     Chloride ion  

CNG     Cyclic nucleotide-gated 

CNS     Central nervous system 

COPD     Chronic obstructive pulmonary disease 

Cryo-EM    Electron cryomicroscopy 

CTD     Cytosolic tail domain 

CTX     Charybdotoxin 

DHA     Docosahexaenoic acid 

DHS-I     Dehydrosoyasaponin1 

DiBAC     Bis-(1,3-dibutylbarbituric acid) trimethine oxonol 

DMEM     Dulbecco’s Modified Eagle’s medium 

DMSO     Dimethylsulfoxide 

dNTPs     Deoxyribonucleotide triphosphates 

dsDNA     Double stranded DNA 
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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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KCa     Calcium-activated potassium  

kDa     Kilodalton 

kHz     Kilohertz 

Kir     Inward rectifier potassium  

Kv     Voltage-gated potassium  

KvLQT     Voltage-gated potassium long QT  

LB     Luria-Bertani 

LINGO Leucine Rich Repeat and Ig domain-containing, Nogo 
Receptor-interacting protein  

LNCaP     Lymph node carcinoma of the prostate 

LRR     Leucine Rich Repeat  

LRRC     Leucine Rich Repeat containing  

LRRCT     Leucine Rich Repeat C-terminal domain 

LRRNT     Leucine Rich Repeat N-terminal domain                                             

M     Molar 

MAG     Myelin-associated glycoprotein 

MEM     Minimum essential medium 

Mg2+     Magnesium ion 

l     Microlitres 

M     Micromolar 

ml     Millilitres 

mM     Millimolar 

mRNA     Messenger RNA 

ms     Millisecond 

MS     Multiple sclerosis 

MthK     Methanobacterium thermoautotrophicum potassium 

mV     Millivolt 

mΩ     Milliohm 

N-terminal    Amino terminus 

nA     Nanoampere 

Na+     Sodium ion 

NCAM     Neural cell adhesion molecule 

NCBI     National Center for Biotechnology Information 
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NFW     Nuclease-free water 

NGL     Netrin-G ligand 

NgR     Nogo receptor 

NH4+     Ammonium ion 

NLRR     Neuronal leucine rich repeat 

nM     Nanomolar 

ns     not statistically significant 

OAB     Overactive bladder 

ºC     Degree Celsius 

Oligo Calc    Oligonucleotide Properties Calculator 

OMgp     Oligodendrocyte-myelin glycoprotein 

P0     Open probability 

pA     Picoampere 

PCR     Polymerase chain reaction 

PD     Parkinson’s disease 

PDB     Protein database 

PGD     Pore gating domain 

pH     Potential of hydrogen 

pS     Picosiemens    

Q-PCR     Quantitative PCR  

QA     Quaternary ammonium 

R     Resistance 

Ra     Access resistance 

Rb+     Rubidium ion 

RCK     Regulator of K+ conductance  

RI     Ribonuclease inhibitor 

Rp     Pipette resistance 

rpm     Revolutions per minute  

Rs     Series resistance 

RT     Room temperature 

RT-PCR    Reverse transcriptase polymerase chain reaction 

SALM     Synaptic adhesion-like molecules 

ShB     Shaker ball peptide 
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SK     Small potassium 

Slo     Slowpoke 

SOC     Super optimal broth with catabolite repression 

Sr2+     Strontium ion 

STOCs     Spontaneous transient outward K+ currents 

TAE     Tris Acetate-EDTA 

TBA     Tetrabutylammonium 

TEA     Tetraethylammonium 

Tl+     Thallium ion  

TLE     Temporal lobe epilepsy 

TM     Transmembrane 

TP     Tail peptide   

TPAB     Tetrapentylammonium bromide 

TrkB     Tropomyosin receptor kinase B 

TRP     Transient receptor potential 

U     Units 

UV     Ultraviolet 

V     Volts 

V1/2     Half maximal activation voltage  

VDCC     Voltage dependent calcium channel  

VSD     Voltage sensing domain 

WT     Wildtype 

     Micro 

     Alpha 

      Beta 

       Gamma 

inact (i )     Time constant of inactivation  

[Ca2+]i       Intracellular calcium concentration 

[K+]       Potassium ion concentration 
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Abstract 

LINGO proteins - novel inactivating regulatory subunits of BK channels 

Large-conductance, voltage- and Ca2+-regulated potassium (BK) channels are 

widely expressed across several tissues including smooth muscle, brain, kidney 

and thymus (Butler et al. 1993; Garcia-Calvo et al. 1994; Pallanck and 

Ganetzky 1994). These channels consist of tetrameric  subunits and 

associated auxiliary  or  subunits, which can modulate their biophysical and 

pharmacological properties (Orio et al. 2002; Gessner et al. 2005; Latorre et al. 

2017). Since the four  subunits are Leucine Rich Repeat (LRR) proteins, we 

examined if other LRR proteins such as LRR and Ig domain-containing, Nogo 

Receptor-interacting protein, LINGO1, and its subtypes modulated BK 

channels. The aim of this study was to investigate the interacting partners 

between BK and LINGO proteins. In order to achieve this, we 1) examined the 

effects of the LINGO tail peptides on the BK channels, 2) investigated the effect 

of LINGO1 tail residues on BK channel inactivation, 3) elucidated the role of net 

positive charge and positively charged residues in LINGO1 tail peptide-

mediated inactivation of BK channels.  

Patch-clamp experiments in the inside-out configuration were performed with 

LINGO tail peptides to determine their effects on BK channels. Site-directed 

mutagenesis was used to examine if the BK pore mutants altered the 

interaction with LINGO1 tail peptide. Additionally, the transcriptional expression 

of the LINGO subtypes in murine bronchial tissue and brain was examined 

using RT-PCR. 

The key findings of my study are:  

1. mRNA expression for all four LINGO subtypes was detected in murine airway 

and brain.  

2. The synthetic tail peptides of LINGO1 and LINGO2 inactivated BK currents. 

However, LINGO4 tail peptide blocked but did not inactivate BK currents.  

3. The net positive charge and the position of positive charges in the LINGO1 

tail peptide affected its ability to inactivate BK channels.  
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4. LINGO1 tail peptide appears to insert itself into the pore of the BK channel 

and may compete with quaternary ammonium ions for a common binding site. 

5. The positively charged residues of LINGO1 tail peptide may interact with 

negatively charged residues in the S6 helix of the BK channel. 

In conclusion, the results of this thesis indicated that the last 8-residues of 

LINGO1 protein mimic the inactivation of the full-length LINGO1 protein, co-

expressed with BK. Furthermore, these data suggest that LINGO peptides 

interact with BK channels and inactivation may occur by a mechanism involving 

charged and uncharged residues of the BK channel pore.  
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1. Review of the literature 
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1.1 Ion channels          
Ion channels form macromolecular pores in cell membranes and play a critical 

role in both excitable and non-excitable cells by permitting the selective 

movement of ions through these aqueous pores. Ion channels are selectively 

permeable to a limited class of ions whose direction of flow through the ion 

channel depends on the electrochemical gradients. The main types of channel 

include Na+, K+, Ca2+, Cl- and TRP ion channels all of which have distinct ion 

selectivities. These channels can respond to a variety of stimuli either evoked by 

a change in membrane potential or a ligand, which can open or close the channel 

and thereby modulate cellular activity. They play central roles in physiological 

processes as diverse as modulation of blood pressure, secretion of hormones, 

release of neurotransmitters, regulation of membrane potential and excitability, 

modulate the shape of action potentials, trigger muscle contraction, control 

exocytosis and help regulate cell volume (Hille, 2001; Di Resta and Becchetti, 

2010).  

 

1.1.1 K+ channels 
K+ channels are a diverse family of membrane proteins, abundantly found in 

excitable and non-excitable cells and are selectively permeable to K+ ions. In the 

human genome, at least 90 genes code for the potassium channel  subunits 

(Tian et al. 2014). These pore forming subunits are broadly classified into four 

structural classes (Wei et al. 1996; González et al. 2012; Figure 1.1). Firstly, the 

inward rectifier K+ channels (Kir), which contains two transmembrane (TM) 

domains and their subunits assemble as tetramers (González et al. 2012). 

Secondly, the two-pore four TM domains K+ channels (K2p), which contains four 

TM domains and their subunits assemble as dimers (González et al. 2012). 

Thirdly, six TM domains K+ channels which can be divided into four families of 

which, voltage-gated potassium channels (Kv), voltage-gated KCNQ-type 

(KCNQ) are gated by voltage, ether-a-go-go (Eag) is gated by voltage and cyclic 

nucleotides and small-conductance K+ channels (SK) are gated by calcium 

(González et al. 2012). Finally, the members of the Slo family of potassium 

channels some of which have seven TM domains (Meera et al. 1997) and are 

gated by both voltage and calcium or pH (Schreiber et al. 1998). 
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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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2R9R; Long et al. 2007) which was then superimposed to the corresponding 

conserved regions of the MthK channel from Methanobacterium 

thermoautotrophicum (PDB ID: 1LNQ, Jiang et al. 2002a; Jiang et al. 2002b). 

In 2017, Tao et al. determined the detailed  subunit cryo-EM structure of the BK 

channel from Aplysia californica in the presence of Ca2+ and Mg2+ ions. Their 

solved structure measured approximately 110 Å x 130 Å x 130 Å and the bulk of 

the structure was taken up by the gating ring (PDB ID: 5TJ6, Tao et al. 2017, 

Figure 1.2C). As seen from Figure 1.2C, the side view of the tetrameric BK 

channel (extracellular side facing upwards) has three distinct regions: 1) 

transmembrane domain, 2) tandem regulator of K+ conductance (RCK) domains 

RCK1 and 3) RCK2. Furthermore, the BK channel cryo-EM structure revealed 

that the VSD interacted with the pore domain of the same subunit and helped to 

confirm that the VSD in BK channels were not domain-swapped. Interestingly 

however, the CTD of each subunit was found to be domain swapped with the 

transmembrane domain of its neighbouring subunit (Tao et al. 2017).  

In 2019, Tao and MacKinnon determined the human  subunit (hSlo1) cryo-EM 

structure of the BK channel in the absence and presence of the auxiliary 4 

subunit. The reported structures of hSlo1 had four different states of which, two 

were obtained in the Ca2+-free and Ca2+-bound  subunit state and the other two 

were obtained with and without the  subunit namely, Ca2+-free (hSlo1 +4) 

complex and Ca2+-bound (hSlo1 +4) complex and all structures had a 

resolution of ~4 Å (Tao and MacKinnon, 2019). The hSlo1 cryo-EM structure was, 

unsurprisingly, practically identical to the cryo-EM structure from Aplysia 

californica (Tao et al. 2017; Tao and MacKinnon, 2019). Figures 1.2D and E show 

the cryo-EM structure of the hSlo1  subunits with and without the 4 subunits, 

in the presence and absence of Ca2+ ions, respectively (Tao and MacKinnon, 

2019).  

Previous studies have demonstrated that the TM domain of the BK channel had 

an additional segment (S0) to which the extracellular N-terminal tail of the 

channel was attached (Wallner et al. 1996; Meera et al. 1997). Tao et al. (2017) 

demonstrated that the BK channel transmembrane domain consisted of 28 

helices, which included the S0 segment, resulting from each of the 7 

transmembrane helices in the tetramer. Moreover, the cryo-EM structure of the 
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BK channel from Aplysia californica also revealed that the S0 transmembrane 

segment was located at the periphery of the VSD (Tao et al. 2017). Previous 

studies demonstrated that the S0 segment was involved in interacting with  

subunits and modulated the activity of the channel (Wallner et al. 1996; Morrow 

et al. 2006; Liu et al. 2008; Liu et al. 2010). The cryo-EM structure of the BK 

channel from Aplysia californica also helped to confirm that the S0 segment had 

an extensive surface which faced the lipid membrane and suggested that this 

feature helped the S0 to interact with  subunits (Tao et al. 2017).  

As mentioned previously, in the BK channel, each  subunit consists of three 

structural components, where 1) the S1-S4 segments form the voltage sensor 

domain (VSD), additional S0 segment is located before the VSD, 2) the S5-S6 

segments form the pore gating domain (PGD), through which the K+ ions 

permeate through the channel and 3) the large cytosolic tail domain (CTD) which 

creates a tetrameric gating ring of two high affinity Ca2+ binding sites per subunit 

(Latorre et al. 2006; Wang et al. 2009; Tao et al. 2017).  
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Figure 1.2: Schematic representation and the cryo-EM structure of BK channel. 

A  subunit of the BK channel showing the VSD, PGD and CTD domains. In the VSD, the blue 

highlighted charged residues are crucial for voltage sensing. The binding sites for Ca2+, Mg2+ are 

present in the CTD. B The homology model of BK channel side and top views. C Aplysia 

californica BK tetramer top and side views. The coloured ribbon structures represent the VSD 

(orange), pore domain (green), RCK1 (blue) and RCK2 (red) whereas the other subunits of the 

channel are shown in grey.  The superimposed structure of human Slo1 in the absence (red) and 

presence (black) of 4, D in Ca2+-bound state and E in Ca2+-free state (Adapted from Cui et al. 

2015; Tao et al. 2017; Tao and MacKinnon, 2019). 

C 

A     B 

D E 
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1.2.1 Voltage sensing domain (VSD) 
The construction of a homology model, based on the crystal structures of Kv1.2 - 

Kv2.1 chimera, along with superimposition of the MthK selectivity filter from 

Methanobacterium thermoautotrophicum and the BK channel gating ring, 

suggested that the BK VSD associated with PGD of the channel (Long et al. 

2005; Long et al. 2007; Lee et al. 2010). This association was proposed to occur 

via physical connection of the VSD-PGD through the S4-S5 linker (Lu et al. 2002; 

Long et al. 2005; Long et al. 2007; Figure 1.3A), interaction of the S4-S5 linker 

with the cytosolic side of the S6 segment (Lu et al. 2001; Lu et al. 2002; Tristani-

Firouzi et al. 2002) and interplay of the S4-S5 linker with the neighbouring 

subunits (Ledwell et al. 1999; Lu et al. 2001; Soler-Llavina et al. 2006).  

The cryo-EM structure of the BK channel from Aplysia californica demonstrated 

that the VSD interacted with the pore domain of the same subunit and further 

confirmed that the VSD in BK channels was not domain-swapped. The S4-S5 

linker was an ordered loop and was shorter, when compared to Shaker-like Kv 

channels, where the S4-S5 linker was an -helix (Tao et al. 2017). The study by 

Tao et al. (2017) also demonstrated that the BK channel S4 helix was tightly 

packed against the antiparallel S5 segment, whereas in Shaker-like Kv channels 

the S4 was separated from the S5.   
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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 

A 

D C 

B 

E 
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hypothesised that the S0 segment was involved in modulation of the equilibrium 

between resting and active conformations of the voltage sensors in the BK 

channel. Previous studies hypothesised that the VSD comprised of segments S0-

S4, Figure 1.3C shows that S0 resided between S1 and S2 TM domains (Castillo 

et al. 2016; Latorre et al. 2017). However, the Tao et al. (2017) study 

demonstrated that the additional S0 transmembrane segment was located at the 

periphery of the VSD. In addition, it also confirmed that the extracellular loop of 

S0 interacted with the S5 and the turret connecting the S5 segment to the pore 

helix whereas, the cytoplasmic end had minimal interactions with the VSD (Tao 

et al. 2017). 

 
1.2.3 Cytosolic tail domain (CTD) 
The CTD is the primary chemical sensing domain of the BK channel and has 

multiple binding sites for intracellular ligands. The tail has two nonidentical 

Regulator of K+ Conductance (RCK) domains (RCK1 and RCK2; Cui et al. 1997; 

Figure 1.4). These RCK domains help regulate the permeation of K+ ions through 

the pore, upon binding of intracellular ligands (Jiang et al. 2001; Jiang et al. 

2002a; Fodor and Aldrich, 2006). The sequence of the RCK1 domain is 

conserved across eukaryotic and prokaryotic species (Jiang et al. 2001). The X-

ray crystal structure of the human BK CTD was predicted based on the sequence 

similarity with the prokaryotic-MthK channel (Wu et al. 2010; Yuan et al. 2010).  

The tetrameric BK channel is comprised of eight RCK domains or four CTDs, 

which form a large gating ring structure connected to the PGD via a C-linker 

(Yang et al. 2015). In the prokaryote MthK channel, the CTD contains two 

indistinguishable RCK domains, whereas in the eukaryotic BK channel, the CTD 

contains two non-identical RCK domains (Wu et al. 2010). As shown in Figure 

1.4, each RCK domain is subdivided into 3 distinct parts. The central core of the 

gating ring is called the Rossmann-fold subdomain (A-F), whereas the 

intermediate helix-crossover (F-turn-G) links the two RCK domains of a single 

subunit. Finally, the peripheral C-terminal (H-C-terminus) interacts with its 

corresponding partner in the adjacent RCK domain within the same subunit and 

helps maintain the integrity of the gating ring structure (Wu et al. 2010). These 

interactions with the helix-crossover and the peripheral C-terminus form a bi-
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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). 

 

A B 
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tetrabutylammonium (TBA) and decyltriethylammonium (C10) may have relatively 

free access to the inner vestibule, independent of the state of the activation gate. 

These QAs showed faster block and unblock kinetics as compared to their effects 

on Kv channels, which suggested that BK channels have a larger inner vestibule 

and a wider cytosolic entrance (Li and Aldrich, 2004). Studies based on the 

diffusion rate of K+ ions from the bulk intracellular solution to the central cavity, in 

the presence of sucrose, showed that the estimated size of the open cytosolic 

mouth of the BK channel was ∼16-20 Å, which was two times larger than Shaker 

K+ channels (Brelidze and Magleby, 2005).  

           

                
Figure 1.6: Ion Conduction in K+ channels. A A. californica BK channel, cryo-EM density of the 

selectivity filter (only two subunits) and pore helix (one subunit, sticks coloured according to atom 

type) in stereo and K+ ions (green spheres) are shown. B Electrostatic surface potential of the A. 

californica BK channel ion conduction pathway indicated by the colour scale. C Ribbon diagrams 

(front subunit excluded) of ion conduction pore in Slo1, Kvchim and Kir2.2 channels (Adapted 

from Tao et al. 2017).   

 

Consistent with the previous findings, the cryo-EM structure by Tao et al. (2017) 

helped to confirm that in the open conformation, the size of the BK channel pore 

expanded to 30 Å (Figure 1.6C). The cryo-EM density of BK channels also helped 

confirm that the of the conductive conformation of the selectivity filter and the 

pore was similar to other K+ channels (Tao et al. 2017; Figure 1.6A). Tao et al. 

(2017) also indicated the electrostatic surface potential of the A. californica BK 

channel ion conduction pathway of K+ ions by colour scale (Figure 1.6B).  

A

 

C
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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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Figure 1.7: Horrigan and Aldrich model. The allosteric model of the BK channel showing 

possible conformations of the channel gate (C and O), voltage sensors (R and A) and Ca2+ 

sensors (X and X. Ca2+). Each of the conformational state has equilibrium constants L, J and K, 

respectively. The allosteric coupling amongst the channel is represented by C, D and E (Adapted 

from Horrigan and Aldrich, 2002). 

 

1.2.8 Coupling between Ca2+ sensors and channel opening 

Studies based on structural and fluorescence experiments demonstrated that the 

binding of Ca2+ altered the conformational state of the gating ring (Ghatta et al. 

2006; Yusifov et al. 2008; Yusifov et al. 2010; Wu et al. 2010; Yuan et al. 2010; 

Javaherian et al. 2011; Savalli et al. 2012; Yuan et al. 2012; Miranda et al. 2013). 

The allosteric coupling between the gating ring and the pore gate occurred 

through a C-linker, which connected the C-terminal to the S6 domain of the BK 

channel (Niu et al. 2004). In addition, the same group also found that reducing 

the length of the C-linker enhanced channel activity, whereas increasing the 

linker length decreased the Ca2+ sensitivity of the channel (Niu et al. 2004). The 

AC region (A-C) of the RCK1 domain plays a crucial role in connecting the 

activation gate to the cytosolic domain of the BK channel (Yang et al. 2010). In 

the N-terminal of this region, a mutation of the mouse D369G residue enhanced 

Ca2+ sensitivity and suggested that the co-operativity between the Ca2+ binding 

sites increased as a result of reduced flexibility of the AC region in this mutant. 

This study proposed that the mD369G mutation enhanced the BK channel 

activity, possibly via an enhanced allosteric coupling between Ca2+ binding sites 

and the activation gate (Yang et al. 2010). 
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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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Figure 1.8: Models of coupling between voltage-sensor and channel opening showing the 

interaction of the S4–S5 linker with the S6 gate in a single subunit. The voltage sensor can 

be in a resting (R) or activated (A) state, and the gate is closed (C) or open (O). A Flexible linkage 

with S4-S5/S6 interacting in all states. B S4-S5/S6 binding stabilizes AO state. C Steric hindrance 

destabilizes the RO state (Adapted from Horrigan, 2012). 

 

Mutations of the human BK F380 residue (corresponding murine BK-F315) to 

F380I reduced the unitary conductance to ~100 pS, and showed reduced open 

times compared to WT BK (Lippiat et al. 2000). A F380Y mutant also displayed 

a reduction in single-channel conductance compared to WT BK channels (Wang 

et al. 2006). However, the replacement of F315 and L312 in murine BK with 

smaller hydrophilic amino acids stabilised the open state of the channel. Their 

data suggested that the L312 interacted with the F315 of a different subunit, in 

the closed state (Wu et al. 2009). It was proposed that pore opening would break 

this interaction and disruption of this interaction would stabilise the open state of 

the BK channel (Wu et al. 2009). In support of this hypothesis, when L312 was 

substituted with polar negative or positively charged residues, it resulted in 

permanently open channels (Chen et al. 2014). The same group also 

demonstrated that the replacement of A313 or A316 with polar or charged amino 

acids produced permanently open channels, which suggested that the 

constitutive channel activity was not restricted to residue 312 (Chen et al. 2014). 

Moreover, the interaction between the F380 and L377 in mouse BK was disrupted 

by introduction of small hydrophobic amino acids which stabilised the closed 

state (Wu et al. 2009). In 2011, Zhou et al. demonstrated that mutation of L312C 

and F315C mutants, resulted in a significant rightward shift of G(V) curves, which 

suggested the stabilisation of the closed state.  

The substitution of F380 with smaller hydrophobic amino acids such as alanine, 

leucine or isoleucine hindered channel opening, but did not affect voltage sensing 
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1.3.1 BK channel pathophysiology   
Given their ubiquitous expression, abnormal expression or function of BK 

channels can give rise to a range of pathophysiological conditions such as 

hypertension (Brenner et al. 2000b), overactive bladder (Petkov, 2014), 

mucociliary dysfunction (Manzanares et al. 2014) and ataxia (Sausbier et al. 

2004). The pathological conditions caused due to dysfunction of BK channels are 

summarised in Table 1.1.  
BK channels play an important role in maintenance of smooth muscle arterial 

tone. In vascular smooth muscle cells, it has been shown that the release of Ca2+ 

via ryanodine receptors on the sarcoplasmic reticulum results in Ca2+ sparks, 

which increase the [Ca2+]i to micromolar levels (Cheng et al. 1993; Nelson et al. 

1995; Cheng et al. 1996; Jaggar et al. 2000). The Ca2+ from these sparks result 

in spontaneous transient outward K+ currents (STOCs) due to the activation of 

BK1 channels. Thus, the BK channels serve to hyperpolarise vascular smooth 

muscle and hence contribute to the modulation of blood pressure (Brenner et al. 

2000b). The important role played by regulatory 1 subunits was evidenced when 

they were deleted in genetically modified mice. A number of studies (Bolton and 

Imaizumi, 1996; Brenner et al. 2000b) have demonstrated that reduction in 

BK1 subunits results in hypertension. For instance, in primary hypertension 

patients, there was a reduction of 1 density and STOCs in vascular smooth 

muscle cells (Yang et al. 2013). Interestingly, people with a gain of 1 function 

mutant (E65K) showed lower chances of moderate and severe diastolic 

hypertension (Fernandez-Fernandez et al. 2004). 

In the urinary bladder, BK channels participate in a negative feedback 

mechanism in smooth muscles, where they help limit contraction amplitude and 

duration. Moreover, smooth muscles lacking BK channels showed spontaneous 

activity and enhanced nerve evoked contractions. Consequently, the dysfunction 

of BK channels in the urinary bladder led to urinary incontinence, overactive 

bladder (OAB) and detrusor overactivity (Meredith et al. 2004; Petkov, 2014).  

In the airways, BK channels are abundantly expressed in airway smooth muscle 

(ASM, Goldklang et al. 2013). Goldklang et al. (2013) demonstrated that with the 

use of ovalbumin (OVA) and house dust mite-sensitised mouse models, that the 

BK channel agonist rottlerin reduced methacholine-induced airway hyperactivity. 
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Table 1.2 Types of natural BK channel openers 
Names  Effect Reference 

Unsaturated free fatty acids- 

arachidonic acid 

palmitoleic,  

oleic,  

linoleic,  

eicosapentaenoic acid (2.5 M 

each) 

Showed an increase in BK channel activity  

by 3.6±0.86 fold 

by 1.36±0.19 fold 

by 1.91±0.86 fold 

by 2.08±0.44 fold 

by 4.01±0.14 fold as compared to 

0.24±0.05 in 100 nM [Ca2+]i 

Denson et al. 

(2000) 

 

Omega-3 docosahexaenoic acid 

(DHA) 
Increased BK channel activity, +1 

together showed a leftward shift in V1/2 by 

57.3±1.0 mV and in the presence of +4, 

showed a leftward shift in V1/2 by 66.3±2.3 

mV 

Hoshi et al. 

(2013a); Hoshi 

et al. (2013b)  

17-estradiol  Increased open probability (P0) of BK 

channels from 0.022 to 0.063 upon 

addition of 4.2 M 17-estradiol 

Valverde et al. 

(1999) 

Corticosterone  In the presence of 4, increased BK 

channel activity by 88.2±28.2% in the 

presence of 1 M corticosterone 

King et al. 

(2006) 

 

Dehydroepiandrosterone (DHEA) In the presence of 4, increased BK 

channel activity by 9.6±10.4% in the 

presence of 1 M DHEA 

King et al. 

(2006) 

 

-defensin 2 Activated BK channels in the presence of 

1 with a V1/2 of 55.9±1.1 mV and reduced 

blood pressure 

Liu et al. (2013) 

 

dehydrosoyasaponin1 (DHS-I) 

(origin herbs) 

Increased open probability of BK channels 

by 80-fold in tracheal smooth muscle 

McManus et al. 

(1993) 

Terpene and glucoside derivates 

from roots and leaves of plants 

and fungi 

Treatment of asthma and smooth muscle 

disorders 

 

Nardi et al. 

(2006) 
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Table 1.3 Types of synthetic BK channel openers 
Names  Effect Reference 

Tamoxifen 

 
In the presence of 1, activated BK 

channels with a P0 of 0.975  

Dick et al. (2001) 

 

Zonisamide, 

Chlorozoxazone,  

Cilastazol 

 

Increased BK channel activity by 

reducing mean closing time of the 

channel 

 

Huang et al. (2007); 

Liu et al. (2003); 

Wu et al. (2004) 

Benzimidazolone 

derivatives- 
NS004 

Activated BK channels by a leftward 

shift of 40 mV 

Olesen et al. (1994) 

NS1619 Potential therapeutic agent in 

pulmonary hypertension, erectile 

dysfunction, bladder instability, 

shock-induced vascular 

hyperactivity, migranes, 

inflammatory pain and 

cytoprotection and shifted activation 

V1/2 by -40 mV 

Ghatta et al. (2006); 

Kiraly et al. (2013); 

Revermann et al. 

(2014); La Fuente et al. 

(2014); Hu et al. (2014) 

 

NS11021 

 

Improved BK channel activity in 

diseases, improved cardiac function 

post ischemia, erectile dysfunction 

and decreased contractility of 

urinary bladder smooth muscle and 

shifted activation V1/2 by -62 mV 

Bentzen et al. (2007); 

Bentzen et al.  (2009); 

Kun et al. (2009); Layne 

et al. (2010) 

 

Anthraquinone analogs- 

GoSlo-SR 

BK channel activators that shifted 

voltage dependence leftward, -100 

mV in bladder smooth muscle cells 

 

Roy et al. (2012); Roy et 

al. (2014); Large et al. 

(2015) 

DiBAC- dye bis-(1,3-

dibutylbarbituric acid) 

trimethine oxonol 

Activated in the presence of 1 and 

shifted activation V1/2 by -30 mV  

Morimoto et al. (2007) 
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1.5 BK channel auxiliary subunits 
Although BK channels are ubiquitously expressed throughout the body, their 

biophysical properties differ significantly depending on where the channels are 

located. Although these differences can be partially explained by alternative 

splicing and metabolic regulation, the presence of the various regulatory subunits 

has the largest effect on the biophysical and pharmacological properties of these 

channels (Dworetzky et al. 1996; Wallner et al. 1999; Xia et al. 1999; Orio et al. 

2002; Gessner et al. 2005; Latorre et al. 2017). To date, two main families of 

subunits, the  and  auxiliary subunits have been identified (Solaro and Lingle 

1992; Knaus et al. 1994b; Herrington et al. 1995; Uebele et al. 2000; Yan and 

Aldrich, 2010; Yan and Aldrich, 2012) and have been shown to alter the 

properties of the pore forming BK subunit. 

  

1.5.1 BK channel  subunits 

 subunits create diversity amongst BK channels by modifying their gating 

kinetics and pharmacology. So far, four  subunits (1-4) have been cloned and 

characterised and each of them is encoded by a different gene (Orio et al. 2002; 

Latorre et al. 2017). Figure 1.9A shows the sequence of each of the domains of 

the 4  subunits, which consist of two transmembrane domains (TM1 and TM2), 

an NH2-terminal, a COOH-terminal, and an extracellular loop, as illustrated in 

Figure 1.9B. In all  subunits, the NH2 and the COOH termini, along with the 

inactivation particle for 2 and 3 subunits are located on the intracellular side of 

the membrane (Orio et al. 2002; Latorre et al. 2017).  
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Figure 1.9: Multiple sequence alignment and topology of  subunits. A Sequence alignment 

of all 4  subunits. B Schematic shared by all  subunits showing the transmembrane domains 

(TM1 and TM2) linked by an extracellular loop, NH2 and the COOH termini face the intracellular 

side along with the inactivation particle for 2 and 3 subunits (Adapted from Latorre et al. 2017). 

 

1.5.2 1 subunit 

The first BK subunit to be identified was 1, encoded by the KCNMB1 gene and 

was cloned from tracheal and aortic smooth muscle (Knaus et al. 1994a). 1 

subunits are widely expressed in smooth muscle including the bladder, uterus, 

trachea and blood vessels (Garcia-Calvo et al. 1994; Knaus et al. 1994a; Knaus 

et al. 1994b). The molecular weight of the subunit was found to be 31 kDa 

(Garcia-Calvo et al. 1994; Knaus et al. 1994b). In 1995, McManus et al. 

demonstrated that when  and 1 subunits were co-expressed in Xenopus 

oocytes, they increased the apparent Ca2+ sensitivity of BK channels. The 

association of 1 subunits with BK slowed down both the activation and 

deactivation kinetics of these channels (Dworetzky et al. 1996). When BK and 

1 subunits were co-expressed, they showed a -70 mV shift in activation V1/2 at 

higher [Ca2+]i (McManus et al. 1995; Wallner et al. 1996; Brenner et al. 2000b; 

Latorre et al. 2017) compared to BK alone. In addition, the 1 subunit was an 

absolute requirement for the binding of activators such as 17-estradiol, 

tamoxifen and lithocholic acid, since these compounds did not show effects on 

BK channels alone (Valverde et al. 1999; Bukiya et al. 2011; Latorre et al. 2017). 
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Together these results suggested that 1 subunits not only modulated BK 

channel gating but also modified their pharmacology. 

 

1.5.3 2 subunit 

The 2 subunit also enhanced the apparent sensitivity of the BK channels to Ca2+ 

and slowed down gating kinetics (Wallner et al. 1999; Xia et al. 1999) but, unlike 

1 caused inactivation of the BK channels. These inactivating BK currents were 

observed for the first time in chromaffin cells of the adrenal gland, in pancreatic 

-cell lines and in hippocampal neurons (Solaro and Lingle, 1992; Herrington et 

al. 1995; Hicks and Marrion, 1998; Li et al. 1999). The 2 subunits are encoded 

by the KCNMB2 gene (Wallner et al. 1999). The inactivation of these BK currents 

was abolished by enzymatic degradation, in a manner similar to that shown in 

inactivating Shaker K+ channels (Hoshi et al. 1990) and Na+ channels (Armstrong 

et al. 1973). These experiments suggested that an intracellular particle may be 

responsible for inactivation (Solaro and Lingle, 1992). Furthermore, in chromaffin 

cells obtained from 2 knockout mice, the inactivation of BK currents was 

abolished and showed reduced action potential firing rate (Martinez-Espinosa et 

al. 2014).    

The 2 mediated inactivation of the BK channels had five distinct features. Firstly, 

the time constant of inactivation (i) showed apparent voltage and Ca2+ 

dependence. It was observed that with increases in [Ca2+]i, the i was faster at 

more depolarising membrane potentials (Wallner et al. 1999; Xia et al. 1999). 

Secondly, inactivating currents in excised patches from cells co-expressing 

BK2 subunits, were converted to sustained currents upon trypsin application. 

The gradual slowing of the time constant of inactivation with trypsin, was 

consistent with earlier reports which suggested that more than one 2 subunit 

was associated with the tetrameric BK channel (Wallner et al. 1999). Thirdly, in 

contrast to other potassium channels, the QA ion channel blockers like QX-314 

did not alter the rate of inactivation. This suggested that the 2 mediated 

inactivation involved a different site to that of the cytosolic blockers. Fourthly, 

BK2 possessed a different pharmacology to BK channels since they had a 

reduced sensitivity to charybdotoxin (CTX) and increased sensitivity to DHS-I, 

compared to BK alone. Lastly, like 1, 2 subunits also shifted the voltage-
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rapid but incomplete inactivation in each of the 3a-c isoforms, but this was 

absent in the 3d isoform. The time constant of inactivation (i) at +80 mV in 

presence of 30 M [Ca2+]i was 45±15 ms for 3a, 60±6 ms for 3c, whereas for 

3b the inactivation was much faster with a i of 1.5±0.2 ms (Brenner et al. 2000a; 

Uebele et al. 2000).  

The fast inactivating currents generated by 3b subunits of BK channels showed 

a number of distinctive features. Firstly, like BK channels, the BK3b were 

both voltage and Ca2+-dependent, but the activation V1/2 were shifted to more 

negative membrane potentials compared to BK channels. Secondly, although 

these currents were very rapid to inactivate, they showed incomplete inactivation. 

Interestingly however, the pharmacological properties of BK3 subunits were 

not significantly different to BK alone, as exemplified by the effects of CTX, 

which blocked BK3 currents with a similar affinity shown for BK currents. 

Finally, like 2, 3b inactivation was mediated by the N-terminal since deletion of 

21 amino acid residues from N-terminus abolished the inactivation (Xia et al. 

2000).  

 

1.5.6 4 subunit 

4 subunits are abundantly expressed in the brain and are encoded by the 

KCNMB4 gene. This subunit plays a crucial role in modulating the excitability of 

neurons in the CNS (Weiger et al. 2000; Gonzalez-Perez and Lingle, 2019). 

Recently, Tao and MacKinnon (2019) published the detailed cryo-EM structure 

of the open human BK channel along with the 4 subunit. Figure 1.10 shows 

the side view of the four 4 subunits (shown in blue) which protruded 

extracellularly above the BK subunits (shown in red) by almost 40 Å. The human 

4 complex in the presence of 10 mM Ca2+ had approximate dimensions of 150 

Å x 150 Å x 150 Å (Figure 1.10; Tao and MacKinnon, 2019). The quaternary 

structure also confirmed that the transmembrane helices of the 4 subunits 

resided between the voltage sensor domains (VSDs) and that each 4 subunit 

interacted with neighbouring two VSDs simultaneously, which was consistent 

with disulphide cross-linking data from previous studies (Liu et al. 2008; Wu et al. 

2009; Liu et al. 2010; Wu et al. 2013; Tao and MacKinnon, 2019). In addition, the 
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showed relatively less expression in colon, small intestine, stomach, testis and 

arterial smooth muscle (Egland et al. 2006; Yan and Aldrich, 2010; Evanson et 

al. 2014). Along with the ability to promote a leftward shift in activation V1/2 of BK 

channels, the 1 subunit also altered the pharmacology of BK channels. For 

instance, the BK channel activator mallotoxin shifted the activation V1/2 by more 

than -100 mV (Zakharov et al. 2005) in the absence of the 1 subunit, but had 

very little voltage effect in native parotid acinar cells which expressed 1 subunits 

(Almassy and Begenisich, 2012). In 2017, Guan et al. demonstrated that 

mallotoxin shifted the activation V1/2 of BK alone by -72 mV, however when the 

BK+1 subunits were co-expressed in HEK293 cells and 2 M mallotoxin was 

applied, it only shifted the activation V1/2 by -9 mV.  

The 2 subunits are mainly expressed in skeletal muscles and testis whereas 3 

are abundantly expressed in the brain and 4 subunits are highly expressed in 

adrenal gland, thymus and skeletal muscle (Yan and Aldrich, 2012; Zhang et al. 

2018).   
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Figure 1.11: Multiple sequence alignment and topology of  subunits. A Sequence alignment 

of 1-4 subunits with highlighted regions for LRR domain, transmembrane domain and cytosolic 

tail. B Effects of 1-4 subunits on voltage-dependent activation of BK channels in absence of 

[Ca2+]i in HEK293 cells co-expressed with  +1-4 subunits. C Predicted membrane topology of  

subunit (Adapted from Zhang et al. 2014). 

 

The  subunits share 30-40% amino acid similarity (Figure 1.11A). The predicted 

structure of the  subunits (Figure 1.11C) consists of a single-spanning 

transmembrane domain with an extracellular N-terminus, 6 extracellular LRR 

domains and a shorter C-terminus on the intracellular side. Note that the 1 has 

multiple proline residues in the C-terminus whereas the other  subunits have 

polyacidic residues at the end of the C-terminus. The LRR motifs have a 

conserved sequence of LxxLxLxxN flanked by two cysteine-rich domains called 

LRRNT and LRRCT. These LRR domains are conserved with a high similarity as 

compared to the non-LRR regions between the  subunits (Zhang et al. 2014). 
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where: x is any amino acid; with a fixed position of leucine L, or a hydrophobic 

amino acid like valine, isoleucine or phenylalanine; N is asparagine, threonine, 

cysteine or serine; and C is cysteine or serine (Ohyanagi and Matsushima, 1997; 

Kajava, 1998; Kobe and Kajava, 2001). 

 

1.6.1 Structure of LRR-containing proteins 

The individual LRRs are arranged in two or more repeats that form the LRR motif 

of these proteins. The highly conserved part of the LRR domain forms a -strand 

and a loop, which connects to the C-terminal part of the repeat (Kajava, 1998; 

Kobe and Kajava, 2001). The first crystal structure of an LRR containing protein 

was from the ribonuclease inhibitor protein (RI, PDB ID: 2BNH, Figure 1.12B) 

and illustrated that it formed a single continuous arc or horseshoe shape (Kobe 

and Deisenhofer, 1993). Figure 1.12A shows the individual LRR from RI protein, 

which is composed of a right-handed -strand (orange) connected by a loop 

region (teal) to an -helix motif (red) roughly parallel to the strand (de Wit et al. 

2011). The significant feature of an LRR domain was the concave side of the arc 

which was formed by -strand of each repeat and the convex side of the domain 

consisted of -helices. The LRR domains showed a greater number of -helices 

on the convex side and therefore a more pronounced curvature, this suggested 

that varying the length and number of repeats of -helices affected the curvature 

of the domain (Bella et al. 2008; de Wit et al. 2011). Figure 1.12B-F show different 

examples of LRRs of various proteins (de Wit et al. 2011). The curved structure 

consisting of an exposed -sheet and variable -helices in these LRR domains, 

is thought to increase the number of potential ligand binding sites and thus 

enhance protein-protein interactions (Kobe and Kajava, 2001).  
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Figure 1.12: Structure of LRR domains in various proteins. A Individual LRR from RI. The -

strand (orange) is connected by a loop (teal) to an -helix motif (red). The -strand of the 

consecutive LRR is also shown. The colour code is identical for all panels. B Ribbon diagram of 

the 3D structure of the porcine RI. C Homology model of the ectodomain of Drosophila Capricious. 

D Homology model of the ectodomain of human LRRTM2. E 3D structure of the second LRR 

domain of Slit in complex with the first immunoglobulin-like (Ig) domain of Robo1. F 3D structure 

of the LINGO1 ectodomain (Adapted from de Wit et al. 2011). 
 

 

 

 
 
 





 
 

55 

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


 
 

57 

                             
 

Figure 1.13: Structure of the LINGO1 protein. Side view of the LINGO1 protein showing the 

architecture according to the secondary structure. Different colours represent the LRR coil 

(beige), strand (blue), and -helix (red). The LRR coil consist of 12 LRRs (numbered). The 

disulphide bridges are shown in green and the N-linked carbohydrates are shown in yellow. The 

Ig domain is shown below on the right-hand side (Adapted from Mosyak et al. 2006).  

 

1.7.3 Function of LINGO1 

LINGO1 is abundantly expressed in the oligodendrocytes and neurons of the 

CNS and is thought to be involved in the negative regulation of oligodendrocyte 

differentiation, neuronal survival, and axonal regeneration (Mi et al. 2004; Mi et 

al. 2005; Yin and Hu, 2014). LINGO1 levels are upregulated during CNS injury 

across species and is also elevated in human CNS disorders like autoimmune 

encephalomyelitis (Mi et al. 2007; Mi et al. 2009). However, the mechanisms 

which lead to upregulation of LINGO1 are still unknown. 

Additionally, it has been reported that LINGO1 promotes the lysosomal 

degradation of -amyloid precursor protein (APP) and carboxy-terminal 

fragment (CTF), in the presence of the -secretase inhibitor in cortical neurons 

(de Laat et al. 2015). Interestingly, LINGO1 expression was localised to 
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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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1.8 Aim of the study  
According to the literature presented previously, it is clear that the 

pharmacological and the physiological properties of the BK channels can be 

modulated by auxiliary  and  subunits. Interestingly, some LRRIG family 

members appear to have similar features to those of  subunits, yet until this 

study, the effect of the LINGO proteins on the BK channels had not been 

examined. 

 

This thesis will focus on investigating the interacting partners between BK and 

LINGO1 proteins. In order to achieve this, we examined the following: 

1) the effect of the LINGO tail peptides on BK channels.  

2) the contribution of LINGO1 tail residues on BK channel inactivation. 

3) elucidated the role of net positive charge and positively charged residues 

in LINGO1 tail peptide-mediated inactivation of BK channels.  
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the bath. The tubing from these reservoirs was sealed into a 1 ml syringe with 

silicone to prevent backflow of the fluid. A glass pipette with a diameter of ~200-

300 m was attached to the end of a 1 ml syringe and placed at a distance of 

approximately 100 m from the cell, to allow the application of a drug or a solution 

to the cell being patched (Figure 1.14).  

 

 

 
 
 
 
 
 
 
 
 
 
Figure 1.14: Diagrammatic representation of inside-out patch clamp setup. An electrolyte 

solution was filled in a glass pipette and a tight seal was formed with the cell membrane. The 

current flowing through the cell was recorded by a silver electrode which was connected to an 

amplifier. The intracellular environment was altered with the gravity-fed drug delivery system.  

 

There are five main patch clamp configurations namely:  

i) Cell-attached configuration, ii) Whole-cell configuration, iii) Inside-out 

configuration, iv) Outside-out configuration and v) Perforated-cell configuration. 

A diagrammatic representation of each configuration is shown in Figure 1.15.  

 

1.9.1.1 Cell-attached configuration 

In this configuration, a gigaseal was formed between the pipette and the cell 

membrane by application of suction, while ensuring that the cell membrane 

remained intact. This configuration is used to study either single or a small 

number of ion channels present in the membrane surrounded by the pipette. This 

configuration helps to minimise alterations to the structure and the intracellular 

milieu of the cell. 

Feedback resistor 

Current (I) 

Drug delivery 

Vp 

Vcom 
Amp 
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Figure 1.15: Diagrammatic representation of patch clamp configurations. The first step for 

all patch clamp procedures is to obtain a gigaseal. After formation of a gigaseal the following 

configurations can be achieved. A Cell-attached configuration. B Inside-out configuration. C 

Whole-cell configuration. D Outside-out configuration. Inset shows perforated-cell configuration 

(Adapted from Chen, 2017).  

 

1.9.1.2 Whole-cell configuration 

In the whole-cell configuration, after a gigaseal was formed, strong suction was 

applied to rupture the cell membrane enabling the pipette to have direct contact 

with the cytoplasmic contents of the cell. The patch can be ruptured by either the 

application of negative pressure or through application of a high voltage zap to 

the cell membrane via the pipette. Once electrical continuity is achieved between 

the cell and pipette, ionic currents across the entire cell membrane can be 

recorded.  

 

1.9.1.3 Inside-out configuration  

This configuration was used to investigate the effect of LINGO peptides on WT 

BK, BK mutants and co-expression studies of BK:LINGO1. In this 

configuration, after formation of a gigaseal, the pipette was rapidly pulled away 

from the cell, such that a patch of membrane was excised from the cell and then 

A B 

C
 

D
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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 
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2.1 Mouse dissection and micro dissection  

Adult male and female C57BL/6 mice aged between 6-14 weeks were euthanised 

by intraperitoneal application of pentobarbital. The process of euthanasia was 

approved by the Dundalk Institute of Technology Animal Care and Use 

Committee and complied with EU directive 2010/63/EU.  

The trachea and lungs were removed and placed in a Petri dish with a sylgard 

base, containing calcium-free Hanks solution (for composition refer to Section 

2.13). After performing fine dissection under the microscope, the primary bronchi 

were obtained.  

 

2.2 RNA extraction 

For bronchus tissue: The bronchi from two WT mice of the same age and sex 

were dissected as described above and tissue obtained was pooled as a single 

RNA sample. The dissected tissue was stored in 200 l RNA later (Sigma). The 

bronchial tissue was flash frozen in liquid nitrogen and then pulverised using a 

chilled (-80C) mortar and pestle. The pulverised tissue was immediately 

transferred into an RNase-free Eppendorf tube (1.5 ml) and homogenised in 500 

l TRIzol (Invitrogen). The mixture was then incubated at room temperature (RT) 

for 5 minutes before trituration using 18-Gauge and 21-Gauge needles to break 

down the tissue sample further. RNA from the brain tissue was extracted using a 

similar protocol but the pulverisation step was omitted. Next, 200 l of chloroform 

(Sigma) was added and the samples were vortexed for 15 seconds followed by 

incubation at RT for 3 minutes. Samples were then centrifuged at 16,000 g at 4C 

for 15 minutes. The upper aqueous phase was transferred to a sterile Eppendorf 

tube. RNA was precipitated by adding 500 l of isopropanol (Sigma) per ml of 

TRIzol. Samples were vortexed again and incubated at RT for 10 minutes before 

being centrifuged at 16,000 g for 10 minutes at 4C and the supernatant was 

decanted and the remaining pellet was washed with 75% ethanol (Sigma). 

Samples were vortexed and centrifuged at 16,000 g for 5 minutes at 4C. 

Supernatant was removed prior to air drying the pellet for 5 minutes. This was 

resuspended in 30 l of Nuclease Free Water (NFW) by passing the pellet 
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through a pipette tip. Sample purity and concentration was quantified using a 

NanoDrop 2000 spectrophotometer (Thermo Scientific) and was stored at -80C 

until further use. 

 

2.3 Reverse Transcriptase Polymerase Chain Reaction (RT-PCR) 

2.3.1 DNase Treatment  

For the synthesis of complimentary DNA (cDNA), RNA samples were first treated 

with DNase 1 (Invitrogen) to eliminate genomic DNA contamination. DNase 1 (1 

l) was added to each RNA sample (1 g / 10 l) and incubated for 15 min at RT. 

The reaction was terminated by addition of EDTA (25 mM; 1 l) to the sample 

and then heated at 65C for 10 minutes. Upon completion of DNase treatment, 

the RNA sample was ready to be used for reverse transcription. 

 

2.3.2 Synthesis of cDNA 

The double-stranded DNA synthesised from single stranded RNA catalysed by 

reverse transcriptase enzyme is called complimentary DNA (cDNA). RNA 

isolated from brain and primary bronchus tissues was synthesised into cDNA 

using SuperScriptTMII RNase-H Reverse Transcriptase (Invitrogen). To reverse 

transcribe 5-10 l / 1-5 g of total RNA, random hexamers (200 g/l) were used. 

The reverse transcription reaction was carried out in a TECHNE TC-512 thermal 

cycler. For the first step of the reaction, a mixture containing total RNA, random 

hexamers and deoxyribonucleotide triphosphates (dNTPs) was heated for 5 

minutes at 65C. This was followed by a quick chill on ice and the addition of 

First-Strand cDNA synthesis buffer (Invitrogen), 0.1 M dithiothreitol (DTT) and 

RNaseOUTTM Recombinant Ribonuclease Inhibitor (5000 units). The mixture 

was then vortexed and incubated at 25C for 2 minutes. SuperScriptTMII Reverse 

Transcriptase (200 units) was added to the mixture and incubated at 25C for 2 

minutes. A step for the initial activation of the Superscript was achieved at 42C 

for 50 minutes and this was then reversed by an inactivation step at 70C for 15 

minutes. The synthesised cDNA was stored at -20C. 
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2.3.3 Reverse Transcriptase-PCR (RT-PCR) 

The Polymerase Chain Reaction (PCR) involves three major steps (denaturation, 

annealing and elongation) performed at specific temperatures. It requires 

components such as thermostable DNA polymerase, a buffer solution containing 

magnesium ions and dNTPs. In this study, to check the presence of genes of 

interest in brain and primary bronchi, the PCR technique was used. For the RT-

PCR experiments, a commercially available PCR Mastermix-AmpliTaq GoldTM 

(Fisher Scientific), containing all the necessary components was used. The PCR 

reaction also required three more components: the cDNA template, the forward 

and finally the reverse primers (10 M). The volume of each component used for 

a single PCR reaction is detailed in Table 2.1.  

Table 2.1 PCR reagents 

Contents Volume (l) 

AmpliTaq Gold mixture (x2) 12.5 

Nuclease Free Water 8.5 

Forward primer 1 

Reverse primer 1 

Synthesised cDNA 2 

Total volume 25 

 

A TECHNE TC-512 thermal cycler was used to carry out RT-PCR reactions. 

These reactions had an initial denaturation step at 95C, followed by pre-

programmed thermal protocol for 40 cycles. Table 2.2 details the temperature 

and duration of each step. The PCR products were stored at -20C until further 

use.  
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Table 2.2 Steps used in PCR amplification 

Step Temperature (C) Time (minutes) Number of 

cycles 

Initial denaturation  95 5 1 

Denaturation 

Annealing 

Extension   

95 

60 

72 

0.5 

0.5 

0.5 

 

40 

Final Extension 72 1 1 

 

2.3.4 Custom Primer Design 

To design custom primers for each gene of interest, the following procedure was 

used. An mRNA sequence of a given gene was identified using Nucleotide 

database on NCBI (https://www.ncbi.nlm.nih.gov/nucleotide/). A RefSeq 

sequence of the gene was used and its GenBank reference number was noted 

and the Primer BLAST tool of NCBI was used 

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/). The following parameters 

were used to design primers: primer length range between 18-24 bp, amplicon 

size between 100-300 bp, to ensure that the same primer pairs could be used in 

both RT-PCR and quantitative real-time PCR (Q-PCR). Oligo Calc: 

Oligonucleotide Properties Calculator was used to ensure the minimal 

occurrence of hairpin loops, palindromes and primer-primer interaction within 

gene specific primers (http://biotools.nubic.northwestern.edu/OligoCalc.html). 

The required primers were synthesised by Bio-Sciences Limited (Dublin, Ireland) 

and were stored at -20C until further use. The sequence of each primer used in 

this study is listed in Table 2.3. 

 

 

 

 

 

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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Table 2.3 Primer sequences  

Primer name  Sequence(5’-3’)    Genbank ID Expected 

Amplicon 

Size (bp) 

Mouse LINGO1 F 

Mouse LINGO1 R 

ATGCTGGCAGGGGGTATGA 

GTCTTGATGCGGTTTTTGCCC 

NM_181074.5 236 

Mouse LINGO2 F 

Mouse LINGO2 R 

ATGCTTCACACGGCTATACCA 

TCGTCTTCTGTGGCAGCTAAC 

NM_175516 141 

Mouse LINGO3 F 

Mouse LINGO3 R 

CTGGACCTGAGCGAGAACAA 

CGGGAGATGAACACCAGGTC 

NM_001013758.2 110 

Mouse LINGO4 F 

Mouse LINGO4 R 

AGGCGACTGGACACTATTCC 

TCAGGGTGAGTAGACTTTGTAGG 

NM_177250 196 

 

2.3.5 Agarose Gel Electrophoresis  

Nucleic acid gel electrophoresis was used to separate DNA fragments according 

to their size on an agarose gel. The movement of negatively charged DNA occurs 

through the porous matrix of the agarose gel based on amplicon size, wherein 

the smaller DNA amplicons move faster as compared to the larger molecules. In 

this study, a 2% agarose gel was used. The gel was prepared using 2.4 g of Ultra-

Pure Agarose powder (Invitrogen) in 120 ml of 1X Tris Acetate-EDTA buffer 

(TAE, Sigma). This was heated to the boiling point in a microwave oven and then 

allowed to cool to temperatures between 50-55C, before the addition of 8 l of 

SYBR Safe DNA gel stain (Invitrogen), which was included to allow the 

visualisation of DNA during UV illumination. The gel mixture was poured into an 

electrophoresis casting tray and a comb was inserted to obtain the desired 

number of wells. The gel was left to solidify for 30 minutes, prior to insertion in an 

electrophoresis chamber (Scie-Plas, UK) filled with 1X TAE buffer. The comb was 

removed and the chamber was connected to a power supply. 10 l of RT-PCR 

product was mixed with 2 l of 6X DNA loading buffer (Thermo Fisher Scientific) 

and subsequently added into the wells. To help indicate relative amplicon size, a 

mixture containing 2 l of 100 bp DNA Ladder (Thermo Fisher Scientific), 2 l of 

6X DNA loading buffer and 2 l of 1X TAE buffer was loaded onto the gel. Gel 

electrophoresis was carried out at 80 V for 60 minutes. To visualise the DNA 

bands under UV exposure (312 nm), the gel was transferred to an INGENIUS gel 
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documentation system (Syngene Bio Imaging) and a digital image of the gel was 

collected and stored electronically. 

 

2.4 BK and LINGO1 plasmid constructs 

The BK subunit was isolated from rabbit urethral smooth muscle tissue and 

cloned into the pcDNA TOPO 3.3 vector (Life technologies). The cloned BK 

transcript corresponds to the ZERO variant of mouse BK and to variant 2 

(NM_002247.3) of human BK. 

The untagged human LINGO1 (NM_032808.6) clone was purchased from 

ORIGENE technologies (Catalogue number: SC111475) which was supplied in 

pCMV6-Entry vector. 

 

2.5 Preparation of Competent Cells 
Competent cells were prepared using calcium chloride method (Inoue et al. 

1990). A stab from the bacterial glycerol stock of E.coli DH5 was streaked on a 

LB agar plate and incubated at 37C. On the following day, a single colony was 

inoculated into 10 ml of LB broth and grown overnight at 37C in a shaker 

incubator. This culture was further sub-cultured (0.1-0.5% inoculum density) into 

250 ml of LB broth and the culture was grown in a shaker incubator until it reached 

0.6 optical density (OD). After the desired OD was achieved, the culture was 

chilled on ice for 30 minutes and then the culture was centrifuged at 5000 rpm for 

5 minutes. The bacterial pellet was then resuspended in chilled 0.1 M MgCl2 and 

incubated on ice for 15 minutes. This mixture was then centrifuged for 5 minutes 

at 5000 rpm. Finally, cells were resuspended in 2 ml of ice cold 0.1 M CaCl2 with 

20% glycerol and 50 l aliquots were stored at -80C. 

 

2.6 Site-directed Mutagenesis 
The site-directed mutagenesis technique was used to incorporate one or more 

base-pair specific mutations in the desired gene and primers with the specific 

alterations to the respective DNA template were synthesised.  

In this study, the mutant constructs for BK were synthesised using Phusion hot 

start II DNA polymerase method (Chester et al. 1993; Frey et al. 1995). Figure 

2.1 shows the outline of the steps carried out for insertion of the desired mutation.   
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The main steps of the process are as follows: 1) PCR amplification of template 

DNA, 2) Dpn1 treatment and 3) Ligation of PCR product.  

 

 

 

Phusion hot start II DNA polymerase 

Region of desired 
mutation 

+ Template 

Primer annealing 

Amplified target plasmid with 
desired mutation 

T4 DNA ligase 

F 

P 

R 

P 

- 

Denaturation 

Figure 2.1: Schematic representation of site-directed mutagenesis using the 
Phusion hot start II DNA polymerase method. The forward primer (F) was designed on 
the sense strand of the template DNA whereas the reverse primer (R) was designed on 
the anti-sense strand. The incorporated mutation in the double stranded DNA is indicated 
by   ..The thick lines show the target amplified plasmid with the desired mutation. 
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2.6.1 PCR amplification of the template DNA 

The rabbit BK pcDNA 3.3 construct was used as a DNA template. To ensure 

the mutation was incorporated in the circular plasmid, a pair of primers were 

designed against the template DNA. These primers were phosphorylated on their 

5’ end using T4 Polynucleotide kinase (PNK).  

The phosphorylation of the forward and reverse primers was carried out 

separately using the following reaction components for a total volume of 50 l:  

 Nuclease Free water 41 l 

 Primer (100 mM) 3 l 

 T4 DNA Ligase buffer (Thermo Fisher Scientific) 5 l 

 T4 PNK (PNK, 10 U/l, Thermo Fisher Scientific) 1 l 

This reaction mixture was incubated at 37C for 30 minutes followed by 65C for 

10 minutes and cooled down to 4C. 

The above reaction mixture now contained the phosphorylated primers which 

were used to set up a PCR reaction of 50 l. 

The components of the PCR reaction are described below: 

 Template DNA (50 ng / l)  1 l 

 10 mM dNTPs 1 l 

 Forward primer 4 l 

 Reverse primer 4 l 

 GC buffer (Thermo Scientific) 10 l 

 Phusion DNA polymerase (2 U/l, Thermo Scientific) 0.5 l 

 Nuclease Free Water 28 l 

 DMSO (Thermo Scientific) 1.5 l 

The plasmid DNA was amplified using a TECHNE TC-512 thermal cycler and the 

experimental conditions used are detailed in Table 2.4. 
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Table 2.4 Thermal cycler conditions for template DNA amplification 
Step Temperature (C) Time  Number of cycles 

Initial denaturation  98 30 seconds 1 

Denaturation 

Annealing 

Extension 

98 

65-72 

72 

30 seconds 

30 seconds 

3-5 minutes 

 

25 

Final Extension 72 10 minutes 1 

 

The amplified PCR products were analysed using agarose gel electrophoresis 

with appropriate template controls. 

 
2.6.2 Dpn1 Treatment 

The reaction mixture from Section 2.6.1 contains the two different strands of 

DNA, one is methylated dsDNA template and the other is hemi-methylated 

dsDNA (a hybrid of mutant strand and template sense strand) which have high 

transformation efficiency. To cleave the methylated DNA, 1 l of 10X CutSmartTM 

Buffer (New England Biolabs), 1 l of Dpn1 (20 U / l, New England Biolabs) 

along with 8 l of PCR product with a total volume of 10 l were incubated at 

37C for 1 hour. 

 

2.6.3 Ligation of PCR product 

The Dpn1 treated PCR product was circularised using T4 DNA ligase (5 U / l, 

Thermo Fisher Scientific). This ligase catalyses the phosphodiester bond 

formation between juxtaposed 5’ phosphate and the 3’ hydroxyl termini in duplex 

DNA. This enzyme repairs single strand nicks in the duplex DNA and joins the 

DNA fragments with either cohesive or blunt ends. 

To achieve ligation, the following components were mixed with DNA (10-20 ng, 

5 l) to a total volume of 20 l. 

 10X T4 DNA Ligase Buffer  (Thermo Scientific) 2 l 

 T4 DNA Ligase (5 U / l, Thermo Scientific) 1 l 

 Nuclease Free Water 12 l 

The reaction was carried out at RT for 1 hour and a total of 5 l of the ligation 

reaction product was used for transformation of E.coli DH5.  
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2.7 Transformation  

E.coli DH5 competent cells were prepared as detailed in Section 2.5 and used 

for transformation. 50 l of competent cells were incubated with the desired DNA 

construct on ice for 30 minutes. The chemical method of transformation (Mandel 

et al. 1970; Hanahan, 1983) facilitated the attachment of DNA to the bacterial cell 

membrane. This was followed by heat shock of cells for 30 seconds at 42C, in 

a circulating hot water bath which created pores in the bacterial membrane and 

allowed the entry of DNA into the cell. Cells were then incubated on ice for 2 

minutes. Next, 200 l of enriched SOC media (Invitrogen) was added to the cells, 

which were allowed to grow at 37C in a shaker incubator. The cells were then 

plated on an LB agar plate with antibiotic resistance used as a marker for 

identifying transformed colonies. 

The plasmids were isolated from transformed colonies using the Isolate II 

Plasmid Mini Kit (Bioline) and all mutations were verified by sequencing. 

 

2.8 Cell culture 
HEK293 cells were cultured in 50% Dulbecco’s Modified Eagle Medium + 50% 

Minimal Essential Medium (DMEM, MEM, Gibco) media consisting of 10% Fetal 

Bovine Serum (FBS, Gibco) and 1% antibiotics (penicillin and streptomycin, 

10,000 U / ml, Gibco). The cells were maintained at 37C with 5% CO2 in a 95% 

humidifying incubator. Sub-culturing was done using 0.05% Trypsin-EDTA 

(Gibco). 

 
2.9 Lipofectamine mediated Transfection  

Wild type (WT) BK along with WT LINGO1 or WT BK by itself or mutant BK 

alone constructs were co-transfected with enhanced Green Fluorescent Protein 

(eGFP) plasmids into HEK293 cells using lipofectamine mediated transfections. 

The day before transfection, cells were plated in 35 mm dishes at approximately 

30% confluence. As an example, the transfection of WT BK for 2 dishes was 

carried out as follows, in an Eppendorf tube the cDNA for BK (100 ng) and eGFP 

(150 ng) was diluted in 200 l serum free media (50% Dulbecco’s Modified Eagle 

Medium + 50% Minimal Essential Medium (DMEM, MEM, Gibco)). In another 

tube 1.5 l lipofectamine reagent (Invitrogen) was diluted in 200 l serum free 
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media. These two solutions were then mixed together and further incubated for 

15 minutes at RT. Prior to transfection, the dishes containing HEK cells were 

incubated with serum and antibiotic free media. Then, 200 l of the transfection 

mixture was added drop by drop, into each dish containing HEK cells and then 

incubated at 37C for 4 hours. The transfection was stopped by removing the 

media and replacing it with fresh growth media. 

 
2.10 Patch Clamp Recording  
For electrophysiological recordings in inside-out configuration, HEK293 cells 

were maintained at 35-37C and perfused with Hanks solution (see composition 

in Section 2.13) after 24 hours of transfection. The patch pipettes for inside-out 

recordings were pulled from thick borosilicate glass (1.5 mm O.D. x 0.86 mm 

I.D.). All pipettes were fabricated using Sutter P-97 micropipette puller and were 

fire polished using a Narashige microforge. The pipettes had a resistance of 3-5 

M when filled with pipette solution (140 mM K+, 100 nM Ca2+).  

The currents were amplified with an Axopatch 1D amplifier (Molecular Devices) 

and digitised using a Digidata 1440A converter (Molecular Devices). Any residual 

50 Hz electrical noise was electronically subtracted using a HumBug (Quest 

Scientific), inserted between the amplifier and the digitiser. Capacitance and leak 

currents were subtracted either with the P/4 protocol or by manual leak 

subtraction. The series resistance was compensated electronically by ~50%. The 

Clampex and Clampfit programmes from pCLAMP 10 software were utilised for 

stimulus generation, data acquisition and data analysis. The data was acquired 

at 10 kHz, filtered at 2 kHz and stored on a PC for offline analysis. 

 

2.10.1 Current, voltage and resistance 

The movement of charged ions such as Na+, Ca2+, K+ and Cl- across the cell 

membrane determine the electrical activity of the cell. The flow of ions across the 

cell membrane is current (I, measured in amperes) and the movement of these 

ions is determined by the driving force. Voltage (V, measured in mV) is the energy 

required to move these ions across the cell membrane. The cell membrane is 

selectively permeable and therefore, ions move across the cell membrane via 

ions channels, which are embedded in the cell membrane.  
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In order to study the relationship between current, voltage and resistance (R, 

measured in ohms ) Ohm’s law is fundamental to patch-clamping studies. It has 

the following formula: 

V=IR 

Rearranging this equation yields, 

     I=V/R 

From the equation, it is clear that voltage is directly proportional to current, 

whereas resistance is inversely proportional to current. This is explained in Figure 

2.2, when a brief voltage pulse of 5 mV was applied repeatedly, it resulted in a 

current of approximately 1.4 nA (Figure 2.2A). When the pipette touched the cell 

surface, the resistance increased and this caused a decrease in current, as 

shown in Figure 2.2B. The application of negative pressure resulted in the 

formation of a tight seal between the glass pipette and the cell membrane as 

evidenced by practical abolition of ionic current across the membrane (Figure 

2.2C). At this stage, a high resistance gigaseal was formed and the resistance of 

the pipette can be calculated using Ohm’s law as, 

 

     R=V/I 

      R= (5 x 10-3) V / (1.4 x 10-9) A 

     = 3.57 M 

 

 
 

Figure 2.2: Diagrammatic representation of gigaseal formation. A Voltage pulse of 5 mV was 

applied for 25 ms which kept the current of 1.4 nA flowing through the patch pipette immersed in 

the bath solution. B When the tip of the pipette touched the HEK cell, the current reduced 

approximately by half, due to increase in resistance. C  A gigaseal was formed by the application 

of negative pressure (suction) during which little to no current flowed through the pipette.  

0.3 nA

5 ms

(A) Pipette in dish (B) Pipette touching cell 
surface

(C) Gigaseal formation 
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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.  
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Figure 2.3: Diagrammatic representation of P/4 protocol. The figure shows 4 leak voltage 

pulses having 1/4th the magnitude of the test pulse. The four leak voltage pulses precede the 

main test pulse. A depolarising step to +20 mV was applied from the holding potential of -60 mV. 

The current from the four depolarising sub-sweeps was summed, scaled and subtracted from the 

final current trace to separate the non-linear ionic current.  

 

2.10.3 Membrane Capacitance  

The cell membrane is capable of storing electrical charge (Q) at a given potential 

and this property is termed as capacitance (C). The amount of stored charge is 

calculated by the following formula:  

     Q = C.V 

The capacitance of the membrane depends upon the physical dimensions of the 

cell membrane. For instance in a larger cell, the amount of charge stored will also 

be greater, hence the capacitance is directly proportional to membrane surface 

area (A). Although capacitance is inversely proportional to the thickness of the 

membrane, since the electromagnetic field strength which is responsible for 

attracting ions on either side of the membrane reduces with distance (d). Finally, 

the material separating the two conductors (the intracellular and the extracellular 

space) also affects the electromagnetic field. The variable for dielectric constant 

r defines the properties of the membrane pertaining to capacitance. Most living 

cells have similar membrane thickness and dielectric constants.  

      C = Ar/d 

The electrical charges present across the intracellular and the extracellular 

membrane can move towards or away from the membrane inducing a current 

flow through the capacitor. This current is called the capacitive current (Ic), which 

flows only when the voltage across the membrane changes with respect to time. 

25 ms

+20 mV

-60 mV-80 mV

-100 mV

-60 mV

5 ms
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The equation for capacitive current (Ic), can be derived from the capacitive 

equation as shown below. 

       Q = C.V 

Dividing both sides of the equation by time yields, 

     Q / t = C. V / t  

By introducing differential terms on both sides of the equation gives, 

          dQ / dt = C. (dV/dt) 

Since capacitive current, 

  Ic = dQ / dt 

     Ic = C. (dV/dt) 

From the above equation, the capacitive current is proportional to the magnitude 

of change in voltage. Capacitive transients were removed using the capacitance 

compensation circuitry on the amplifier. 

 

2.10.4 Series resistance  

Series resistance (Rs) is equivalent to the sum of the pipette resistance (Rp) and 

the access resistance (Ra) in an experiment. The series resistance gives rise to 

a voltage drop across the membrane between the command voltage and the 

actual voltage at which the membrane is clamped. This error can be significant 

when recording currents, particularly if they have large amplitudes (Armstrong 

and Gilly, 1992).  

In the inside-out configuration, the series resistance equals pipette resistance 

since there is no access resistance. The resultant voltage error can be calculated 

by V=IR when the pipette resistance is known. For example, the mean amplitude 

of BK currents in 10 M [Ca2+]i was 8053±879 pA (n=7) at +200 mV and the 

calculated pipette resistance was ~4 M. The calculated voltage error from the 

above formula would be ~32 mV. It was possible to routinely compensate ~50% 

of the series resistance, using the series resistance compensation circuitry on 

the amplifier and in this example, would result in a voltage error of ~16 mV. 

Attempts to increase the degree of series resistance compensation with the 

Molecular Devices 1D amplifier repeatedly led to ‘ringing’ and breakdown of the 

seals. Therefore, to help further minimise voltage errors, pipette resistances were 
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no greater than 5 M and patches that showed currents greater than 10 nA at 

+160 mV in 100 nM [Ca2+]i bath solution were discarded.  

 

2.10.5 Liquid Junction Potential 

Liquid junction potentials arise due to differences in the mobility of ions at the 

interface of the two electrolyte solutions with different ionic concentrations. A 

potential difference is created as a result of some ions crossing the concentration 

gradient more rapidly than the other ions (Neher, 1992). This can arise in patch 

clamp experiments where the pipette and bath solutions can have very different 

ionic compositions. The liquid junction potentials typically range between 2-12 

mV for routinely used solutions in electrophysiological experiments (Neher, 

1992). However, in the majority of the experiments presented here the pipette 

and bath solutions were identical. In our experiments the measured liquid junction 

potential was low (<2 mV) and was not corrected for. 

 
2.11 Data Analysis 
In case of concentration effect curves, the IC50 value for the LINGO peptides was 

determined by fitting the data with the Hill-Langmuir equation of the form: 

 

                                        
𝐼

𝐼𝑐𝑜𝑛𝑡𝑟𝑜𝑙 
= 1
{1+10(log[𝐷𝑟𝑢𝑔]−log𝐼𝐶50)}

 

 
where I is the current recorded in the presence of the drug, Icontrol is the current in 

the absence of the drug, IC50 is the half-maximal effective concentration and 

[Drug] is the concentration of drug applied. 

 
2.12 Statistical analysis 

All experimental data sets were obtained from a minimum of 5 cells and the size 

of each respective data set was detailed as ‘n’. The summary data for all the 

experiments were represented as the mean ± standard error of mean (SEM).  

GraphPad Prism software was used to compare all electrophysiological data. 

Statistical differences for the comparison between LINGO peptides were 

assessed using two-tailed Student’s paired t-test, two-tailed Student’s unpaired 

t-test, Mann-Whitney test, ordinary one-way ANOVA for multiple comparisons 
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with Bonferroni tests, as appropriate. A p value <0.05 was considered significant 

and represented with *, whereas p<0.01, p<0.001 and p<0.0001 were 

represented with **, *** and **** respectively.  

 
2.13 Solutions  
The compounds used in each solution are listed below. All salt concentrations 

are given in millimolar (mM).  

 

2.13.1 Calcium-free Hanks: 

NaCl (125), KCl (5.36), glucose (10.0), sucrose (2.9), NaHCO3 (15.5), KH2PO4  

(0.44), Na2HPO4 (0.33), HEPES (10.0). The solution pH was adjusted to 7.4 with 

3 M NaOH. 

 

2.13.2 Hanks solution: 

NaCl (140), KCl (5.36), glucose (10), sucrose (2.9), NaHCO3 (4.17), KH2PO4  

(0.44), Na2HPO4 (0.33), MgCl2.6H2O (1.8), CaCl2.2H2O (1.8), MgSO4.7H2O (0.4), 

HEPES (10). Solution pH was adjusted to 7.4 with 3 M NaOH. 

 

2.13.3 Recording solutions for inside-out configuration: 

 100 nM Ca2+ solution (single-channel bath and pipette solution):  

KCl (140), glucose (10), HEPES (10), EGTA (1)  

146.2 l of 1 M CaCl2 added for 500 ml of 100 nM Ca2+solution.  

pH adjusted to 7.2 with 1 M KOH.  

 

 1 M Ca2+ and 10 M Ca2+ solution (single-channel bath solution):  

KCl (140), glucose (10), HEPES (10), H-EDTA (1).  

114.7 l of 1 M CaCl2 added for 300 ml of 1 M Ca2+ solution.  

174.1 l of 1 M CaCl2 added for 200 ml of 10 M Ca2+ solution. 

pH adjusted to 7.2 with 1 M KOH.  

 

The required calcium concentration was calculated for desired Free (Ca2+) with 

Schoenmakers Chelator software (https://www.ru.nl/animal/research/chelator/) 

and the free calcium concentration was measured using a calcium electrode as 

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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3.1 Introduction   

Previous studies have demonstrated that LINGO subtypes are predominantly 

expressed in the central nervous system (Haines et al. 2008; Mi et al. 2013). 

LINGO1 is expressed in the brain and spinal cord but is apparently absent in the 

non-neuronal tissues (Mi et al. 2013). LINGO1 is involved in axonal regeneration, 

neuronal survival, oligodendrocyte differentiation and myelination (Mi et al. 2013). 

It is also known to be associated with neurological disorders including MS, PD, 

ET and spinal cord injury (Mi et al. 2013; Seiler and Widme, 2015). The single 

nucleotide polymorphisms of LINGO2 are implicated in PD (Wu et al. 2011), ET 

(Vilariño-Güell et al. 2010) and COPD (Hansel et al. 2015). Recent studies have 

demonstrated that LINGO2 is present in intestinal epithelial cells (Ji et al. 2019) 

and LINGO3 is present in mucosal epithelium (Zullo et al. 2018). Interestingly, 

recent publicly available data has suggested that considerable amount of 

LINGO1 protein is found in the human lung and is abundantly expressed in the 

brain (https://www.proteinatlas.org/ENSG00000169783-LINGO1/tissue; Uhlén 

et al. 2015). 

LINGO1 belongs to the LRRIG family of proteins and shares structural similarities 

with BK subunits (Mosyak et al. 2006; de Wit et al. 2011). Figure 3.1A shows a 

cartoon of the LINGO1 protein, which consists of 12 LRR domains, an Ig1 

domain, a stalk, a single transmembrane domain and a 37 amino acid long, 

intracellular C-terminus. Figure 3.1B shows the predicted regions overlaid upon 

the protein sequence of LINGO1, namely N-cap (magenta), LRRC (black), C-cap 

(orange), Ig1 domain (aqua), stalk (fuschia), transmembrane domain (green) and 

C-terminus (purple, yellow, blue and red).  

The physiological and pharmacological properties of BK channels are known to 

be modulated by both  and  subunits (Gonzalez-Perez and Lingle, 2019), as 

detailed in Sections 1.5.3, 1.5.5, 1.5.7 and summarised in Table 1.5.    

When LINGO1 protein was co-expressed with BK, these currents showed a 

rapid and complete inactivation of the BK channels (Dudem et al. 2020). A typical 

example of this effect is shown in Figure 3.2, where families of currents were 

recorded from excised patches in varying calcium concentrations, from cells 

https://www.proteinatlas.org/ENSG00000169783-LINGO1/tissue
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expressing BK alone (Figure 3.2A) and cells co-expressing BK:LINGO1 

(Figure 3.2B). For electrophysiological recordings, excised patches were held at 

-60 mV and currents were elicited from -100 mV to +200 mV in 20 mV steps for 

50 ms, before patches were repolarised back to -80 mV to evoke tail currents. 

Figure 3.2A shows representative traces of large and sustained outward BK 

currents recorded in different [Ca2+]i (100 nM, 1 M and 10 M) which show 

increased current amplitude with increased calcium concentrations. However, as 

observed in Figure 3.2B, BK:LINGO1 currents exhibited rapid and nearly 

complete inactivation in 100 nM [Ca2+]i. It was also observed that these patches 

often exhibited smaller currents and their tail currents deactivated more slowly 

than BK only currents. In presence of higher [Ca2+]i (1 M and 10 M), the 

current amplitude reduced drastically in BK:LINGO1 patches, compared to BK 

containing patches. These results suggest that currents recorded from cells co-

expressing BK:LINGO1 were sensitive to both voltage and [Ca2+]i. However, in 

contrast to BK, BK:LINGO1 currents appeared to be inhibited in response to 

elevated [Ca2+]i as shown previously by Dudem et al. (2020). 

 

To further investigate how the LINGO1 protein caused inactivation, deletion 

constructs were designed and co-expressed with BK. The use of deletion 

constructs of LINGO1 helped us identify that the last eight residues of the 

LINGO1 C-terminus were responsible for inactivating BK channels (Dudem et al. 

2020).  

In the present chapter, the transcriptional expression profile of LINGO subtypes 

in murine tissues was examined and the effect of synthetic LINGO amino free 

acid (NH2 at N-terminus and OH at C-terminus) tail peptides were assessed on 

HEK293 cells transiently transfected with BK. 

 

 

 

 



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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B. BK⍺:LINGO1A. BK⍺

10 μM Ca2+

Figure 3.2: Voltage and Ca2+-dependent activation of currents resulting from BK⍺alone and
BK⍺:LINGO1 co-expression studies.
A Macroscopic currents from inside-out patches expressing BK⍺alone in 100 nM, 1 and 10 μM
[Ca2+]i. Patches were held at -60 mV and currents were elicited from -100 mV to +200 mV in 20
mV increments, tail currents were evoked by stepping back to -80 mV. B Representative current
traces show BK⍺:LINGO1 co-expression with the same conditions in panel A. The co-expression
of BK⍺:LINGO1 resulted in the inactivation of BK currents (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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3.2.2 Terminal 8 amino acid (NH2-RKFNMKMI-OH) synthetic tail peptide of 

LINGO1 inactivated BK channels 

As seen from Figure 3.2, the co-expression of LINGO1 and BK resulted in 

inactivating BK channels. To examine how LINGO1 mediated this effect on BK 

channels, subsequent deletion constructs were designed for the protein and it 

was found that the last 8 residues in the protein bring about the inactivation of 

the BK channel (Dudem et al. 2020). To test if the last 8 LINGO1 amino acid 

residues alone could mimic inactivation, a synthetic, amino free acid (NH2-

RKFNMKMI-OH) tail peptide, equivalent to the C-terminus of LINGO1 was 

applied to the cytosolic surface of excised patches expressing BK alone. In 

these experiments, the patches were held at -60 mV and currents were elicited 

by stepping to +160 mV for 100 ms in 1 M [Ca2+]i before stepping down to -80 

mV to evoke tail currents. As Figure 3.4A suggests, the LINGO1 tail peptide (300 

nM to 100 M), when applied to the cytosolic surface of the patches, induced 

concentration-dependent inactivation and reduced current amplitude. Figure 

3.4B shows summary data fitted with the Hill-Langmuir equation. The IC50 was 

8±3 M (n=7) when measured in the first 5 ms of the depolarisation (white circles) 

and 308±60 nM (n=7) when measured in the last 5 ms of the depolarisation (black 

circles). These values were significantly different from each other (p<0.05, paired 

t-test). As seen from Figure 3.4A, LINGO1 synthetic tail peptide inactivated BK 

channels rapidly. The rate of inactivation of BK currents in each concentration of 

the peptide was assessed by fitting the decay phase with a single exponential 

and the summary data for this is shown in Figure 3.4C. This data suggests the 

rate of inactivation increased with the concentration of LINGO1. Figures 3.5A and 

B show families of BK currents in 1 M [Ca2+]i before and during the application 

of a single concentration of 10 M LINGO1 tail peptide, to examine how the effect 

of LINGO1 tail peptide altered BK currents at different voltages. During the 

application of the tail peptide, the amplitude of the currents measured in the last 

5 ms of each voltage step reduced rapidly and was summarised in Figure 3.5C 

before (white circles) and during peptide application (black circles). As Figure 

3.5B suggests, the currents inactivated more rapidly at positive potentials. The 

inactivation at different voltages was quantified by fitting the decay phase of each 

current with a single exponential. The time constants of inactivation () were 
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plotted in Figure 3.5D and demonstrated that inactivation showed an apparent 

voltage-dependence. These results suggest that the last 8 amino acids of the 

LINGO1 C-terminus mimicked the inactivation of the BK channels observed when 

LINGO1 was co-expressed with BK, as shown in Figure 3.2B.  
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observed with LINGO1 tail peptide (ns, Mann-Whitney test). Figure 3.7D shows 

a summary of the  of inactivation, measured at different voltages and suggests 

that the LINGO2 peptide also showed an apparent voltage-dependent 

inactivation. For instance, at +200 mV, the  of inactivation of LINGO1 and 

LINGO2 tail peptides were not significantly different from each other (ns, 

unpaired t-test). Taken together these results suggest that last 8 amino acids of 

the LINGO2 C-terminus were also sufficient to confer inactivation of BK channels. 
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3.2.4 Terminal 9 amino acid (NH2-GNRVTAKLF-OH) synthetic tail peptide of 

LINGO4 does not inactivate BK channels 

As demonstrated in Sections 3.2.2 and 3.2.3, both LINGO1 and LINGO2 tail 

peptides reduced current amplitude and induced inactivation of BK channels. 

Given that the terminal 8 amino acids of LINGO3 protein are identical to LINGO1 

(Figure 3.3C), it is clear that it would also induce inactivation. However, LINGO4 

has a shorter sequence compared to LINGO1 and LINGO2 subtypes. Next, we 

went on to examine the effect of LINGO4 tail peptide on BK channels. In order to 

do so, a synthetic amino free acid, (NH2-GNRVTAKLF-OH) tail peptide identical 

to the last 9 amino acid residues of the C-terminus of LINGO4 was synthesised. 

It was necessary to include the 9th amino acid residue because peptides 

terminating in asparagine (N, the 8th residue, from the right of the C-terminus in 

LINGO4) were difficult to synthesise, due to a variety of side chain reactions that 

could occur at the asparagine residue. This peptide was applied to the cytosolic 

surface of excised patches expressing BK alone. As described previously, 

excised patches were held at -60 mV and currents were elicited by stepping to 

+160 mV for 100 ms in 1 M [Ca2+]i before stepping down to -80 mV to evoke tail 

currents. Figure 3.8A shows that the LINGO4 synthetic peptide (300 nM to 100 

M) when applied to the cytosolic surface of the patches, reduced current 

amplitude but did not induce rapid inactivation. The summary data was fitted to 

the Hill-Langmuir equation (Figure 3.8B) and the IC50 value for currents recorded 

in the first 5 ms (white circles, n=6) was 26±9 M compared to 19±3 M in the  

last 5 ms (black circles, n=6). These values were not significantly different to each 

other (ns, paired t-test). However, the IC50 value determined in the last 5 ms was 

significantly higher than LINGO1 tail peptide (p<0.0001, unpaired t-test). Figures 

3.9A and B show families of BK currents in the absence and presence of 10 M 

LINGO4 tail peptide, which as expected, reduced BK current amplitude. As 

observed in Figure 3.9B the peptide blocked the current at more positive 

potentials. Figure 3.9C shows a summary of the effect in the last 5 ms of the 

depolarising pulse, before (white circles) and during the application (black circles) 

of the peptide. As shown in the black symbols, the current amplitude during the 

application of the peptide was reduced by ~40% at potentials positive to +80 mV. 

Together these results demonstrated that the terminal 9 residues of LINGO4 tail 
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peptide reduced current amplitude but, unlike the LINGO1 and 2 tail peptides, did 

not induce inactivation of the BK channels. 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



B. Summary of LINGO4
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Figure 3.8: Concentration-dependent effect of LINGO4 tail peptide on WT BK⍺.
A Representative concentration-dependent effect of LINGO4 synthetic tail peptide on HEK cells
expressing WT BK⍺. Currents were evoked by a step from -60 mV to +160 mV in the presence of
300 nM, 1, 3, 10, 30, 100μM of LINGO4 tail peptide. B Summary concentration effect curve for the
effect of LINGO4 on BK⍺currents (n=6). Data were fitted with the Hill-Langmuir equation. LINGO4
did not inactivate BK currents.
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Figure 3.9: Voltage-dependence of LINGO4 synthetic tail peptide on BK⍺.
A & B Macroscopic currents from inside-out patches expressing BK⍺alone, show typical records
in control (1 µM [Ca2+]i) and after application of 10 µM LINGO4 tail peptide. Patches were held at -
60 mV and stepped from -100 mV to +200 mV in 20 mV increments and stepped back down to -80
mV to generate tail currents. C Summary of I/Imax measured in the last 5 ms of the pulse (n=6).
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3.3 Discussion 

In the present study, we demonstrated the following: 

1. Transcriptional expression of all four LINGO subtypes in murine airway 

and brain.  

2. Synthetic tail peptides of LINGO1 and LINGO2 inactivated BK channels. 

3. Synthetic tail peptide of LINGO4 blocked but did not inactivate BK 

channels. 

Previously it has been shown that in rat tissue lysates, LINGO1 is abundantly 

expressed in the brain and spinal cord and is apparently absent in non-neuronal 

tissues (Mi et al. 2013). LINGO1 is also known to be evolutionarily conserved 

across species since human and mouse orthologs share 99.5% sequence 

identity (Mi et al. 2013). Although the expression of LINGO subtypes in different 

organs remains unknown, we demonstrated using RT-PCR experiments that 

LINGO1-4 can be detected at the transcriptional level in murine brain and 

bronchus tissues (Figure 3.3A). Figure 3.3B confirmed the differential expression 

of LINGO1-4 transcripts among murine brain and bronchus cDNA samples. 

These experiments will require further experimental confirmation with real time-

PCR and immunocytochemistry. Moreover, recent publicly available data 

suggests that LINGO1 protein is also found in the human lung and is abundantly 

expressed in the brain (https://www.proteinatlas.org/ENSG00000169783-

LINGO1/tissue; Uhlén et al. 2015). This suggests that LINGO proteins may be 

expressed under normal conditions in the murine brain and bronchus, although 

this will require further experimental confirmation using immunocytochemistry.  

When LINGO proteins were compared using the multiple sequence alignment 

tool ClustalW2, it was clear that the number of amino acids in these subtypes 

varied, LINGO1-(620 a.a), LINGO2-(606 a.a), LINGO3-(592 a.a) and LINGO4-

(593 a.a). It was also observed that LINGO1 and 2 shared 61% sequence 

similarity, LINGO1 and 3 shared 56% sequence similarity, whereas LINGO1 and 

LINGO4 shared only 44% sequence similarity (Mi et al. 2013). Also, the C-

terminus of LINGO1-3 proteins have a common KMI motif which was clearly 

absent in LINGO4 protein (Figure 3.3C). As mentioned previously in Section 1.6, 

the BK subunits and LINGO proteins belong to a much larger family of leucine 

https://www.proteinatlas.org/ENSG00000169783-LINGO1/tissue
https://www.proteinatlas.org/ENSG00000169783-LINGO1/tissue
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rich repeat proteins. In our recently published paper (Dudem et al. 2020), we 

have illustrated the differences between the BK subunits and LINGO proteins, 

both of which contained extracellular LRRs however, BK subunits had 6 LRRC 

domains whereas, LINGO proteins had 12 LRRC domains. In addition, the 

LINGO proteins contained an Ig domain which was absent in the BK subunits. 

Interestingly, the BK subunits and LINGO1 protein shared <20% sequence 

similarity. Furthermore, when the multiple-sequence alignment of the 

transmembrane regions and portion of the intracellular tails from various LRR 

proteins was used to construct a phylogenetic tree, it suggested that all the 

LINGO (1-4) subtypes were evolutionarily close to BK subunits (Dudem et al. 

2020).  

Recently in our lab, we demonstrated that LINGO1 when co-expressed with BK 

channels showed three major characteristics: (i) rapid and complete inactivation 

of BK currents, (ii) the activation V1/2 showed a -60 mV shift as compared to BK 

alone and (iii) the inactivation showed an apparent calcium and voltage-

dependence (Dudem et al. 2020).   

For the first time, we assessed the effects of synthetic tail peptides of LINGO 

proteins on BK channels and found that the LINGO1 tail peptide (NH2-

RKFNMKMI-OH) mimicked the inactivation of the full-length LINGO1 protein 

when co-expressed with BK channels. The application of the LINGO1 tail 

peptide reduced current amplitude and induced inactivation of BK currents with 

an IC50 of 308 nM (Figure 3.10A). The rate of inactivation when assessed with a 

single exponential, increased with increase in concentration of the peptide. With 

a concentration of 10 M LINGO1, at +160 mV, the time constant of inactivation 

was ~3 ms (Figure 3.10B). During the application of 10 M LINGO1, there was 

almost complete inactivation of BK currents as evidenced by the absence of 

sustained current at depolarisations positive to +100 mV (Figure 3.10C & D). 

We next examined the effect of LINGO2 tail peptide (NH2-RRFNMKMI-OH) on 

the BK currents. LINGO2 tail peptide inactivated BK channels with an IC50 value 

similar to LINGO1 tail peptide (Figure 3.10A). There was no significant difference 

between the time constant of inactivation with the effect of 10 M LINGO2 and 

10 M LINGO1 at +160 mV (ns, unpaired t-test; Figure 3.10B), suggesting that 
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they had similar affinities for the BK channel. During the application of 10 M 

LINGO2 tail peptide, there was almost complete inactivation and the absence of 

sustained current at depolarisations positive to +100 mV, as observed with 

LINGO1 (Figure 3.10C and D). LINGO1 and LINGO2 tail peptides showed similar 

features in inactivating BK currents, which may be accounted for by the 61% 

sequence similarity and the common KMI motif between the two proteins. 

Furthermore, there was only a single amino acid residue difference in the last 

eight amino acids between LINGO1 and LINGO2 proteins (Mi et al. 2013, Figure 

3.3C).  

Since LINGO1 and LINGO3 share 56% sequence similarity and the sequence of 

the last eight amino acid residues for both the proteins is identical (RKFNMKMI) 

(Mi et al. 2013, Figure 3.3C), it indicates that LINGO3 protein may also inactivate 

BK channels, but this will require experimental confirmation.  

We then assessed the effect of LINGO4 tail peptide on BK channels. This tail 

peptide consisted of nine amino acid (NH2-GNRVTAKLF-OH) residues. 

Interestingly, the LINGO4 tail peptide did not induce inactivation of the BK 

channels but only reduced current amplitude. This effect could be accounted for 

by the absence of the KMI motif which is present in the other three LINGO 

subtypes (Mi et al. 2013, Figure 3.3C). The IC50 value with this peptide was 

significantly higher than LINGO1 and LINGO2 tail peptides (Figure 3.10A). In 

addition, the effect of 10 M LINGO4 tail peptide showed no inactivation even at 

potentials positive to +100 mV (Figure 3.9B). Moreover, the amount of sustained 

current at the end of the depolarisation pulse was significantly higher compared 

to LINGO1 and LINGO2 tail peptides (Figure 3.10C and D). For example, at +200 

mV the residual current at the end of the depolarising pulse was 62±1% (n=6)  in 

the presence of the LINGO4 tail peptide compared to 5±1% (n=9) with LINGO1 

tail peptide (p<0.001, Mann-Whitney test), perhaps suggesting that block by the 

LINGO4 tail peptide was more unstable compared to the other LINGO tail 

peptides.  

Previous studies by Murrell-Lagnado and Aldrich (1993a, 1993b) demonstrated 

that the rate of block of the ShB peptide on ShB6-46 channels increased with 

increase in net positive charge within the C-terminus of the peptide, suggesting 
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that the peptide valence played an important role in inactivation of the ShB6-46 

channels. The terminal 8 residues in the C-terminus of LINGO proteins (Figure 

3.3C), show that LINGO1 and LINGO2 proteins have three positively charged 

residues, whereas LINGO4 has two positively charged residues. The difference 

between the number of positively charged residues, which help in determining 

the net positive charge of the LINGO peptide may play a role in mediating 

inactivation of BK channels.  

Collectively these results demonstrated that amongst the amino free acid 

synthetic tail peptides used, LINGO1 and LINGO2 tail peptides inactivated the 

BK channels, whereas LINGO4 tail peptide did not. The LINGO1 tail peptide 

mimicked the inactivation features observed when the full-length LINGO1 protein 

was co-expressed with BK channels (Dudem et al. 2020).  
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4. The effect of acylated amide LINGO1 tail peptide 
modifications on inactivation of BK channels 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



























































































 

 
 

155 

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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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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