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ABSTRACT 

 

Binding of anionic phospholipids to non-annular binding sites of KcsA has been 

demonstrated with crystallographic and biochemical methods. In my study, I used the 

combination of electrophysiology, solid-state NMR (ssNMR) spectroscopy and 

molecular dynamics (MD) simulations to gain further insight into the structural and 

functional importance of these specific protein-lipid interactions. I observed that single 

channel properties of KcsA at the steady state conditions strongly depend on the type 

of anionic phospholipid in the membrane. Both the single channel conductance and 

open probability (PO) of the channel were modulated by anionic phospholipids. The 

single channel conductance was higher in the presence of phosphatidylglycerol (PG) 

and cardiolipin (CL) in comparison to phosphatidic acid (PA) and phosphatidylserine 

(PS)  at positive voltages, significantly affecting the outward rectification properties of 

KcsA. This effect correlates with the structure of the phospholipid headgroups rather 

than their charge. At the same time more negatively charged PA and CL stabilized 

the open state of KcsA and reduced C-type inactivation of the channel, leading to an 

increase of overall PO of KcsA. The maximal PO of the KcsA was observed for CL, 

which was the most negatively charged lipid in my study. The ssNMR experiments 

revealed the structural mechanism of anionic phospholipid modulation of KcsA, 

suggesting that a strong negative charged anionic phospholipids such as CL stabilize 

the conductive conformation of the KcsA selectivity filter. Furthermore, in combination 

with MD simulations the data indicated that extracellular turret region of KcsA plays a 

significant role in anionic phospholipid – channel interaction. Hence, I propose that 

interaction of anionic phospholipids with the KcsA turret region induces structural 

rearrangements within the selectivity filter affecting KcsA function.  
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1. Introduction 
1.1. Ion channels   

 

Ion channels are integral transmembrane (TM) proteins that can open and 

close to allow ions to cross an impermeable biological lipid membrane along their 

electrochemical gradient (Aidley and Stanfield, 1996; Hille, 2001). Ion channels play 

fundamental roles in the functioning of organisms, from bacteria to humans. In 

excitable cells, ion channels maintain the resting membrane potential and generate 

the action potential (Hodgkin and Huxley, 1952). In non-excitable cells they are 

involved in many different physiological processes such as cell volume regulation  

(Hoffmann, 2011; Niemeyer et al., 2001; Noulin et al., 2001), intracellular ionic 

homeostasis, cell proliferation, intracellular signaling and immune activation (Cahalan 

et al., 2001).  

 
1.2. Potassium channels   

 

Potassium selective channels (K+ channels) represent the largest and the most 

diverse group amongst  the pore-loop class of ion channels (Hille, 2001; Kew and 

Davies, 2010). In excitable cells, the role of all types K+ channels are related to 

stabilization of the resting membrane potential. K+ channels set the resting potential, 

keep action potentials short, terminate periods of intense activity, time the interspike 

intervals  during repetitive firing, and generally lower the effectiveness of excitatory 

inputs on cells (Hille, 2001; Pongs, 1999).  K+ channels are known to modulate 

neurotransmitter release and to play a role in synaptic plasticity (Kim and Hoffman, 

2008; Watanabe et al., 2002). They have an essential role in cardiac excitation-

contraction coupling (Nerbonne, 2000) and vascular smooth muscle contraction 

(Dunn and Nelson, 2010; Longden et al., 2011; Pluger et al., 2000). K+ channels are 

involved in exocytosis (Kurachi and Ishii, 2004), cell proliferation (Zhang et al., 2012) 

and cell volume regulation (Lang, 2007). Malfunction of K+ channels due to mutations 

lead to a number of diseases such as long-QT syndromes, episodic 

ataxia/myokymia, familial convulsions, deafness, Bartter’s syndrome, and insulin 

secretion disorders. In addition, changes in their function have been associated with 

cardiac hypertrophy and failure, apoptosis and oncogenesis, and various 

neurodegenerative and neuromuscular disorders (Huopio et al., 2002; Miller, 2000; 
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Remedi and Koster, 2010; Sandhiya and Dkhar, 2009; Shieh et al., 2000; Weinreich 

and Jentsch, 2000). Hence K+ channels are important drug targets.  

The diversity of K+ channels is surprisingly large. The genome project revealed 

over 80 related mammalian genes of subunits of K+ channels, not counting splice 

variants (Hille, 2001). A common underlying structural feature of K+ channels is a so-

called pore-lining P-loop containing the highly conserved "signature sequence" 

TXGYG, which constitutes the K+ selectivity filter (Heginbotham et al., 1994). As K+ 

channels are tetramers, four copies of the filter motif jointly form the pore (Hille, 2001; 

Kew and Davies, 2010). 

The topology of pore-forming K+ channel α-subunits varies from one K+ 

channel subfamily to another with respect to the number of TM helices (Figure 1.1). 

There are several  broad  classes  of  K+ channels: 2 TM, 4 TM, 6 TM, 7 TM and 8 

TM K+ channels (Alexander et al., 2008; Gutman et al., 2003; Hille, 2001; Kew and 

Davies, 2010).  

Subunits with two TMs helices connected by a P-loop carrying the "signature 

sequence" display the simplest architecture within the K+ channel family. This 

structural core, called the pore-forming region, can be found in all types of K+ 

channels. 2 TM K+ channel subfamily includes KcsA (Doyle et al., 1998; Schrempf et 

al., 1995) and inward rectifier channels (Kir) (Ho et al., 1993). 4 TM and 8 TM K+ 

channels have two pore-forming regions  per  4 TM and 8 TM subunit, respectively 

(Fink et al., 1996; Ketchum et al., 1995; Lesage et al., 1996a, b; Reid et al., 1996; 

Wang et al., 1999; Zhou et al., 1995). Channels with 6 TM domains and one pore-

forming region belong to the voltage-gated K+ channel subfamily (Kv) (Armstrong, 

2003; Kamb et al., 1987; Noda et al., 1984; Papazian et al., 1987; Pongs, 1999; 

Pongs et al., 1988; Pongs and Schwarz, 2010). Kv channels are the predominant 

class within the K+ channel family. 6 TM K+ channels also include Ca2+-activated 

potassium channels of small (SK channels) and intermediate (IK channels) 

conductance (Alexander et al., 2008; Fanger et al., 1999; Félétou, 2009; Joiner et al., 

1997; Xia et al., 1998). The 7 TM K+ channel subfamily includes Ca2+-activated K+ 

channels of high conductance (BK channels). These channels have one pore-forming 

region per 7 TM subunit (Adelman et al., 1992; Alexander et al., 2008; Atkinson et al., 

1991; Félétou, 2009; Latorre and Brauchi, 2006).  
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Figure 1.1. Membrane topology and main features of potassium channel subtypes. Schematic 
representation of the membrane topology of (A) 2 TM - KcsA and Kir channels; (B) 6 TM - Kv channels, 
SKCa and IKCa channels; (C) 4 TM - TWIK, TASK, TREK; (D) 8 TM -  Yeast TOK channels and (E) 7 
TM -  BKCa channels.  Only one subunit of the tetrameric structure is shown. TM helices are numbered 
S1-S6 and M1-M4. P - pore loop. The extracellular side is towards the top.  
 

 

1.3. KcsA potassium channel 

 

KcsA is a proton-activated K+ potassium channel from Streptomyces lividians 

(Blunck et al., 2006; Cordero-Morales et al., 2006a; Cordero-Morales et al., 2006b; 

Cuello et al., 1998; Doyle et al., 1998; Gross et al., 1999; Liu et al., 2001b; Perozo et 

al., 1998, 1999b; Schrempf et al., 1995; Zhou et al., 2001a; Zhou and MacKinnon, 

2003; Zhou et al., 2001b). The KcsA protein is 160 amino acid residues in length and 

belongs to the 2 TM K+ channel family (Figure 1.1 and 1.2). Because KcsA can be 

expressed in high quantity in E. coli, the KcsA channel is an ideal candidate for 

structural analysis. Indeed, the discovery of KcsA opened a new era in structural 

investigation of K+ channels.  



Introduction 
____________________________________________________________________ 

4 
 

 

 

 

 

 

 

 
 
 
 
Figure 1.2. Sequence alignment of KcsA potassium channel. Gray boxes and lines above the 
alignment indicate the membrane topology of the channel. NTD - N-terminal cytoplasmic domain; TM1 
- outer helix; P-loop - pore loop; TM2 - inner helix; CTD -  C-terminal cytoplasmic domain. Selectivity 
filter residues corresponding to the K+ channel " signature sequence" are indicated in red.  

 

 

 

1.4. KcsA potassium channel structure  

 

1.4.1. Structural basis of ion permeation and selectivity  

 

The last fifteen years have seen remarkable progress in our understanding of 

K+ channel structure. The first high-resolution atomic structure of a K+ channel was of 

KcsA, solved by X-ray crystallography in 1998 (Doyle et al., 1998). The crystal 

structure of KcsA at 3.2 Å revealed that four KcsA subunits form an inverted Teepee-

like structure with a central ion conduction pathway (Figure 1.3). Each subunit 

contains two TM α-helices termed the inner (TM2) and outer (TM1) helices. The TM1 

outer helix crosses the membrane from inside to outside and is connected to a short 

extracellular loop (turret), which re-enters the membrane as a short pore helix (P-

helix). The P-helix runs half way through the membrane and then tilts and continues 

as a pore loop (P-loop), that forms the narrow selectivity filter. The pore loop is 

connected to the TM2 inner helix which crosses the membrane from outside to inside 

(Figure 1.3) (Doyle et al., 1998; MacKinnon, 2003, 2004; Zhou et al., 2001b).  It has 

been found that the overall length of KcsA pore is 45 Å. The diameter of the pore, on 

the other hand, varies. From inside, the pore begins as a tunnel 18 Å in length (the 

internal pore) and then opens into a wide cavity (10 Å across) near the middle of the   
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membrane. Then it narrows again at the selectivity filter (Doyle et al., 1998). The X-

ray structure revealed that the main chain carbonyl oxygen atoms of the K+ channel 

"signature sequence" (TXGYG) line the selectivity filter to form K+ binding sites, which 

mimic a K+ hydration shell to selectively permit the coordination of K+ ions within the 

selectivity filter. This interaction provides an explanation for the high selectivity of K+ 

channels (Doyle et al., 1998).  

The K+ ion coordination within the selectivity filter was not directly visualized, 

but indirectly inferred by replacing K+ with Cs+. A later high-resolution X-ray structure 

(2 Å) (Zhou et al., 2001b) provided a more detailed view on the mechanism of the 

ion-coordination chemistry inside the selectivity filter of K+ channel. It has been 

shown that within the selectivity filter carbonyl oxygen atoms of K+ channel "signature 

sequence" form a very similar square antiprism around each K+ binding site, so that 

each binding site is a cage formed by eight oxygen atoms. The cage of carbonyl 

oxygens perfectly mimick the water molecules of the K+ hydration shell (MacKinnon, 

2003, 2004; Morais-Cabral et al., 2001; Zhou et al., 2001b). The crystal structure of 

KcsA was a large step forward in our understanding of the structural principles of ion 

channel biophysics and opened a new era in ion channel research. Figure 1.3 

summarizes the structural components of KcsA revealed by high-resolution X-ray 

crystallography  (Figure 1.3).  
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Figure 1.3.Summary of the structural components of KcsA potassium channel. A - Tetrameric 
organization of KcsA. Ribbon representation illustrating the KcsA tetramer viewed from the  
extracellular   side.   The   four   subunits   are   distinguished   by   color. B - Schematic ribbon 
diagram of three subunits of KcsA. The forth subunit in the front has been removed. The selectivity 
filter (SF), outer helix (TM1), inner helix (TM2), pore helix (P-helix), turret and cavity (Cav) are 
indicated. K+  ions are drawn in green. SF is additionally indicated in yellow C - Close-up view of the 
selectivity filter in ball-and-stick representation, with the front and back subunits removed. The four K+ 
ions are numbered to indicate the location of binding sites in the selectivity filter; position 1 is closest to 
the extracellular solution and position 4 is closest to the cavity. Key amino acids forming the selectivity 
filter are shown (GYGVT). D - K+ ion-coordination chemistry inside the selectivity filter. Each K+ ion is 
located at the centre of eight oxygen atoms. The forth subunit in the front has been removed. This 
figure is adapted from Doyle et al., 1998; Morais-Cabral et al., 2001 and Zhou et al., 2001.  
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1.4.2. Structural mechanism of KcsA gating  

 

1.4.2.1. Activation gate and pH sensor 

 

Although X-ray crystallography provided answers to principal questions about 

the mechanisms of ion permeation and selectivity of K+ channels, the structural basis 

of channel gating remained unresolved. Using electron paramagnetic resonance 

(EPR) significant structural rearrangements have been observed within the C-

terminal end of the KcsA TM2 helix upon channel activation (Liu et al., 2001a; Perozo 

et al., 1999a; Perozo et al., 1998). Their data was in good agreement with 

MacKinnon`s X-ray data, which showed that the inner helix bundle composed of the 

C-terminal end of TM2 helices of KcsA may serve as the activation gate of the 

channel. By comparison of the crystal structure of KcsA in its closed conformation 

with the crystal structure of the MthK potassium channel in the open conformation, it 

was proposed that the TM2 helix tilts at residue G99, allowing activation gating in the 

K+ channel pore (Jiang et al., 2002). Perozo and coworkers, using EPR 

spectroscopy, showed that upon activation the inner KcsA helices rotate in a 

counterclockwise direction away from the permeation pathway, thus opening the 

conduction pathway (Liu et al., 2001a; Perozo et al., 1999b).  

A serious drawback of earlier structural studies was that the KcsA structure 

was solved without the N-terminal (NTD) and C-terminal (CTD) cytoplasmic domains. 

NTD and CTD are approximately 23 and 39 amino acid residues in length, 

respectively (Figure 1.2). These domains are involved in K+ channel regulation 

(Goudreau and Stock, 1998; Sheng and Kim, 1996). The first structure of full-length 

KcsA was derived from EPR spectroscopical studies (Cortes et al., 2001). Based on 

these and previous X-ray data obtained by MacKinnon, a three-dimensional (3D) 

model of full-length KcsA was constructed. According to this model, NTD of KcsA 

forms an α-helix located at the membrane-water interface, while CTD forms a right-

handed four-helix bundle that extends 40–50 Å towards the cytoplasm. Functional 

analysis suggested that CTD is attached to the activation gate of the channel and is 

involved in the modulation of the pH-dependent gating mechanism of KcsA (Cortes et 

al., 2001), but CTD plays no essential role in ion permeation properties. Later it was 

shown that CTD plays an essential role in the tetrameric stabilization of KcsA 
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(Kamnesky et al., 2012; Molina et al., 2004; Raja, 2010a). Finally, the crystal 

structure of full-length KcsA was solved in its closed and open conformations with 

resolutions of 3.8 Å and 3.9 Å, respectively (Uysal et al., 2011; Uysal et al., 2009). In 

order to be able to crystallize full-length KcsA, synthetic antigen-binding fragments 

(Fabs) were used as crystallographic chaperones (Uysal et al., 2011; Uysal et al., 

2009). The structure of the full-length KcsA reveals a well-defined, 4-helix bundle that 

projects 70 Å into the cytoplasm in good agreement with previous EPR study (Cortes 

et al., 2001).  

Based on the structural data combined with site-directed mutagenesis and 

single-channel recordings, the molecular mechanism of pH-dependent gating of KcsA 

was revealed (Thompson et al., 2008). It was proposed that a network of ionizable 

residues (H25, E118, E120, R121 and R122) near the intracellular bundle crossing 

forms pH-sensitive inter- and intra-subunit interactions to serve as the pH sensor of 

the KcsA gate. At neutral pH, interaction between these residues stabilizes the 

closed conformation of the channel (via salt bridges). Lowering the pH disrupts the 

network of the amino acid side chains and leads to channel opening (Thompson et 

al., 2008). Figure 1.4 summarizes the structural features of KcsA activation gating 

described in this chapter.  
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Figure 1.4. The structural mechanism of the pH-dependent KcsA activation. A - The crystal 
structure of full-length KcsA in its closed (orange) and open conformation (blue). The black lines 
represent the approximate limits of the membrane. B - A cartoon model describing the conformational 
transitions of the activation gate and C-terminal domain in full-length KcsA upon activation. Two KcsA 
subunits are shown for simplicity. Blue model represents a closed state and red model represents 
open state. The gray bars demonstrate the approximate limits of the membrane. The network of 
residues that can be protonated (H25, E118, E120, R121 and R122) involved in the pH sensor of KcsA 
is shown in the insert. Two adjacent subunits (dark gray and orange) are shown in the foreground with 
key residues of the pH-sensor indicated: E118, E120, H25, R121 and R122.  C - 3D model of the 
transitions between closed and open states during KcsA activation. The closed-to-open transition 
illustrates that the intersubunit interactions within the pH sensor, which stabilize the closed state at 
neutral pH (left), are destabilized in acidic pH, allowing key residues (H25, E118, E120, R121 and 
R122) to move far from each other in the open state (right). Two adjacent subunits (dark gray and 
orange) are shown in the foreground with key residues highlighted: E118 and E120 (red), H25 (cyan), 
R121 and R122 (blue). This figure is adapted from Thompson et al., 2008 and Uysal et al., 2011. 
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1.4.2.2. Coupling of KcsA activation and inactivation 

 

Several structural and functional studies revealed that KcsA activation and 

inactivation processes are structurally coupled during gating. As mentioned above 

protonation of particular amino acid residues within the activation gate of the channel 

leads to channel opening. However electrophysiological recordings at the single 

channel level demonstrated a low open probability (PO) at steady state at low pH 

(Cuello et al., 1998; Heginbotham et al., 1999; Meuser et al., 1999). One of the 

reasons may be due to channel inactivation. Indeed, two types of K+ channel 

inactivation are known: fast N-type inactivation, the so-called "ball and chain" 

inactivation that occurs when the N-terminal domain of the channel blocks the pore 

domain (Aldrich, 2001; Armstrong, 1969; Hoshi et al., 1990) and slow C-type 

inactivation, which traditionally has been associated with a gate at the selectivity filter 

(Hoshi et al., 1991; Kiss et al., 1999; Liu et al., 1996; Lopez-Barneo et al., 1993). 

 Electrophysiological recordings at the macroscopic level demonstrated large 

transient currents upon activation of KcsA by lowering the pH from 7.5 to 4.0 

(Cordero-Morales et al., 2006b). The transient currents were characterized by a 

relatively fast activation time course (τ~10-20 ms) followed by a slow exponential 

decay with a single time constant of approximately 1.5 s. It has been proposed that 

this slow decay after activation is related to a C-type inactivation process (Cordero-

Morales et al., 2006b). A detailed structural and functional investigation of KcsA 

uncovered the molecular mechanism of C-type inactivation of the KscA channel 

(Cordero-Morales et al., 2006b; Cordero-Morales et al., 2011; Cuello et al., 2010a; 

Cuello et al., 2010b). It has been shown that the entry into the C-type inactivated 

state is directly linked to the strength of the hydrogen-bond (H-bond) interaction 

between residues E71 and D80 behind the selectivity filter, and is allosterically 

triggered by rearrangement of the inner bundle gate upon KcsA activation. It was also 

shown that another H-bond pairing between residues W67 and D80 determines the 

rate and extent of KcsA C-type inactivation. Disruption of this interaction in KcsA also 

leads to modulation of the inactivation process (Cordero-Morales et al., 2011). In 

summary, KcsA C-type inactivation gating is governed by a multipoint H-bond 

network formed by the triad W67-E71-D80 (Figure 1.5). This type of H-bond network 

has been found in other members of the K+ channel family, such as Shaker and 

Kv1.2 channels (Kiss et al., 1999; Liu et al., 1996; Loots and Isacoff, 1998). 
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Therefore, this H-bond network triad plays a crucial role in the dynamics and 

conformational stability of the selectivity filter of the K+ channel family (Cordero-

Morales et al., 2011).  

 

 

 

 

 

 

 

 

 

Figure 1.5. The structure of the H-bond network surrounding the K+ channel selectivity filter. A - 
Sequence alignment of KcsA and a series of Kv channels. The key residues of a multipoint hydrogen-
bond network triad are indicated (E71-D80-W67). B - High-resolution crystal structure of the KcsA 
selectivity filter and hydrogen-bond network triad. The interactions between E71, D80, W67 and the 
pore helix of the selectivity filter of KcsA are shown. This figure is adapted from Cordero-Morales et al., 
2011. 
 

 

1.5. Solid-state NMR investigation of the KcsA potassium channel 

 
In contrast to X-ray crystallography, solid-state nuclear magnetic resonance 

(ssNMR) allows further determination of the structure of membrane proteins (MPs) in 

non-crystalline lipid bilayer environment (Bertini et al., 2012; Renault et al., 2010). 

Furthermore, ssNMR spectroscopy also provides information on protein dynamics 

(Ader et al., 2010). Moreover, this approach gives great flexibility in terms of sample 

preparation. Many different parameters can be tested such as ionic strength, 

temperature, pH and lipid composition.  

A series of ssNMR spectroscopical studies was conducted on the KcsA-Kv1.3 

channel, a chimera between KcsA and Kv1.3 (Ader et al., 2010; Ader et al., 2009; 

Ader et al., 2008; Lange et al., 2006a; Lange et al., 2006b; Schneider et al., 2008; 

Zachariae et al., 2008). The chimera was constructed by exchanging, within the 

turret-region of KcsA, 13 amino acid residues by the homologous ones of Kv1.3 
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(Figure 1.6), corresponding to the scorpion toxin-binding site in the Kv1.3 turret 

region (Legros et al., 2000; Legros et al., 2002). Using ssNMR two-dimensional 

correlation experiments, the assignments of key residues in the selectivity filter and 

activation gate of KcsA-Kv1.3 have been obtained. It has been shown that the 

conformation of the essential structures of this K+ channel such as selectivity filter, 

activation gate and turret region can be probed by ssNMR with high resolution (Ader 

et al., 2010; Ader et al., 2009; Ader et al., 2008; Lange et al., 2006a; Lange et al., 

2006b; Schneider et al., 2008; Zachariae et al., 2008). It was shown that transition of 

KcsA-Kv1.3 in proteoliposomes from pH 7.5 to pH 4.0 is associated with distinct 

structural changes within the pore, corresponding to C-type inactivation. The 

selectivity filter adopted a nonconductive, collapsed structure while the activation 

gate was still in its open conformation. Taken together, the ssNMR studies provided a 

detailed description of the KcsA-Kv1.3 pore domain in a lipid environment for two 

distinct conformations or channel states, respectively: closed-conductive and open-

inactivated (collapsed) (Ader et al., 2009; Ader et al., 2008). Structural characteristics 

of the two channel conformations are illustrated in Figure 1.6.  

It is important to note that the conformation of the open-conductive state of the 

KcsA in lipid bilayer is still unknown. This is most likely due to the very short life time 

of this channel state during KcsA gating (Cordero-Morales et al., 2006b). 

Determination of the structure of the open-conductive state of a K+ channel in the 

lipid environment is, however, crucial for understanding of the molecular mechanism 

of K+ channel gating.  
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Figure 1.6. The conformation of a K+ channel pore in the lipid bilayer probed by ssNMR 
spectroscopy. Ss-NMR experiments was conducted on the KcsA-Kv1.3 chimeric potassium channel 
exposed to pH 7.5 (black spectrum on the left) and pH 4.0 (blue spectrum on the left). The mutations 
introduced in KcsA to create the chimeric KcsA-Kv1.3 channel are indicated in red on the upper panel 
of figure. The cartoon representation of closed-conductive and open-collapsed conformations on the 
channel are shown. This figure is adapted from Ader et al., 2009; Ader et al., 2008. 
 

 

1.6. Electrophysiological description of KcsA gating 

 

Functional analysis of KcsA gating by means of electrophysiological 

approaches has been reported in several studies (Chakrapani et al., 2011; 

Chakrapani et al., 2007a, b; Cordero-Morales et al., 2006a; Cordero-Morales et al., 
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2006b; Cuello et al., 1998; Heginbotham et al., 1998; Heginbotham et al., 1999; 

Irizarry et al., 2002; LeMasurier et al., 2001; Schrempf et al., 1995). In order to detect 

the currents conducted by KcsA, the channel has to be expressed in E.coli, purified 

and reconstituted into a lipid bilayer. KcsA can be reconstituted into giant liposomes, 

which are big enough for electrophysiological studies using the patch-clamp 

technique. Both macroscopic and single channel recording can be performed. 

Alternatively, KcsA channel activity can be investigated at the single channel level 

using planar lipid bilayer techniques. For this approach, the protein has to be 

reconstituted in small unilamellar vesicles (SUV) at a low protein-lipid ratio. Then the 

SUV is fused with the planar lipid bilayer.    

In the planar lipid bilayer studies it has been shown that KcsA is activated by 

protons (Cuello et al., 1998) acting from the intracellular side of the channel 

(Heginbotham et al., 1998). Investigation of KcsA gating properties at the 

macroscopic level shows that both activation and deactivation gating of KcsA is pH- 

dependent and voltage-independent (Chakrapani et al., 2007a). Upon activation by a 

rapid shift to acidic pH, KcsA transiently mediates large currents. They activate with a 

relatively fast time course (τact~10-20 ms) followed by a slow exponential decay (τinact 

∼ 1.5 s). The current decay reflects a C-type inactivation, which, as mentioned above, 

is associated with structural perturbations in the selectivity filter of the channel. 

Although KcsA is not a voltage-gated potassium channel, KcsA inactivation is 

modulated by transmembrane voltage, such that τinact increases at more negative 

potentials (Chakrapani et al., 2007a; Cordero-Morales et al., 2006a).  

At the single channel level KcsA demonstrates a very low PO at steady-state 

(from <0.03 to 0.2) (Cuello et al., 1998; Heginbotham et al., 1999; Meuser et al., 

1999). EPR measurements indicated that the KcsA-activation gate is open under 

these conditions (Perozo et al., 1999b). Hence, KcsA gating at steady state is 

controlled by the dynamics of the inactivation gate near or at the selectivity filter. The 

consequence is that single channel activity of KcsA, measured in lipid bilayer 

experiments, likely corresponds to an equilibrium between opened and inactivated 

KcsA channel states (Chakrapani et al., 2007a, b; Cordero-Morales et al., 2006a; 

Cordero-Morales et al., 2006b). Several non-conductive (inactivated) states are 

observed in single channel recordings obtained in lipid bilayer experiments: two 

short-lived inactivated states (If and Ii) and one long-lived inactivated state (Is). It was 

proposed that recovery from inactivation follows a pathway that connects inactivated 
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states to the closed resting state of the KcsA channel, that comes with an opened 

inactivation and a closed activation gate. Most likely, the closed-conductive 

conformation of KcsA at steady state conditions is only detectable at pH-values 

where the KcsA activation gate becomes effectively deprotonated (Chakrapani et al., 

2007a; Cordero-Morales et al., 2006b). Figure 1.7 summarizes these conclusions in 

form of a gating scheme, which combines activation and inactivation gating of the 

KcsA channel.  

 

 

 

 

 

 

 

 
 

Figure 1.6. The kinetic scheme representing KcsA gating. The discrete closed (C), open (O) and 
inactivated (I) states are shown. The lines connecting states represent transitions from one state to 
another with corresponding transition rate constants. This figure is adapted from Chakrapani et al., 
2007b. 

 

The gating scheme assumes that the KcsA channel enters the opened state 

from the fully protonated closed state (C5). It is also assumed that KcsA can enter the 

inactivated state from C5 closed state. The gating scheme does not take into account 

the modal gating behavior of the KcsA channel, which has been demonstrated in 

electrophysiological studies (Chakrapani et al., 2011; Chakrapani et al., 2007b). KcsA 

modal gating behavior is characterized by existence of three discrete PO modes: 

high-PO, low-PO and flickery PO mode. The KcsA channel is able to switch from one 

mode to another, apparently in a stochastic manner. (Chakrapani et al., 2011; 

Chakrapani et al., 2007b). Modal gating is not unique to KcsA but also has been 

observed in different K+ channels, in which time-dependent single-channel activity 

can switch abruptly between periods of high and low PO, under fixed experimental 

conditions (Cooper and Shrier, 1989; Dreyer et al., 2001; Singer-Lahat et al., 1999; 

Stuhmer et al., 1988).  

All three PO-modes of KcsA gating are observed in giant proteoliposomes 

(GPL) in single channel recordings using the patch-clamp method in the inside-out 
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configuration (Chakrapani et al., 2011; Chakrapani et al., 2007b). KcsA channels 

recorded from planar lipid bilayers appear to gate predominantly in the low-PO mode 

(Heginbotham et al., 1999; LeMasurier et al., 2001; Marius et al., 2012; Marius et al., 

2008; Meuser et al., 1999; Rotem et al., 2010; Splitt et al., 2000). It is likely that 

preparations for electrophysiological investigations differ in lateral pressure and 

membrane curvature, factors known to modulate K+ channel gating and tetramer 

stability (Schmidt and MacKinnon, 2008; van den Brink-van der Laan et al., 2004a, 

b). Potentially, the lipid environment is another determinant of PO mode. Indeed, 

experiments where all three regimes of KcsA gating were detectable have been 

conducted on KcsA reconstituted in asolectin, while in planar lipid bilayer 

experiments mixtures of synthetic phospholipids such as PG, PC, PE or native 

bacterial membranes were used (Heginbotham et al., 1999; LeMasurier et al., 2001; 

Marius et al., 2012; Marius et al., 2008; Meuser et al., 1999; Rotem et al., 2010; Splitt 

et al., 2000).  

Taking into consideration the gating scheme of KcsA described above and the 

modal gating behavior, steady state PO of the KcsA channel is defined by the 

following equation:  

 

                                                                                                     Equ. 1.1 

 

O in equation 1.1 is the opened state duration, i is the number of opened states, I is 

the non-conductive inactivated state duration, j is the number of non-conductive 

inactivated states, C is the non-conductive closed state duration (C corresponds to 

fully protonated C5 closed state in the gating scheme).  

 

1.7. Functional and structural aspects of KcsA-lipid interactions 
 

It has become increasingly evident that the lipid bilayer not only provides a 

medium for transmembrane protein folding and diffusion, but with its dynamic 

heterogeneity, participates actively in the fine control of membrane protein function 

(Escriba et al., 2008; Lee, 2004; Marius et al., 2008; Raja et al., 2007; Tillman and 

Cascio, 2003; Xu et al., 2008; Zimmerberg and Gawrisch, 2006). It has been shown 

that the function of certain membrane proteins depends significantly on the particular 

lipid environment (Lee, 2004; Tillman and Cascio, 2003). It was recently shown that 
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membrane phospholipids might affect the K+ channel function (Heginbotham et al., 

1998; Schmidt et al., 2006; Valiyaveetil et al., 2002; Xu et al., 2008). Membrane lipids 

are typically divided into two classes: annular lipids, which form a shell around the 

membrane proteins and show relatively weak binding affinity; and non-annular lipids 

which bind to specific site(s) of protein with high affinity (Lee, 2004; Tillman and 

Cascio, 2003). Crystallographic data have shown the presence of co-purified 

diacylglycerol (DAG)-fragment in KcsA crystals, tightly bound in a shallow groove 

between adjacent channel-subunits (Valiyaveetil et al., 2002). It was proposed that 

the origin of this co-purified DAG is negatively charged phosphatidylglycerol (PG), 

which is one component of the lipids of the bacterial membrane. Functional studies 

with a Rb+ flux assay showed that negatively charged anionic phospholipids are 

crucial for KcsA function (Heginbotham et al., 1998; Valiyaveetil et al., 2002). Also, 

anionic phospholipids such as phosphatidylglycerol (PG), phosphatidic acid (PA) and 

cardiolipin (CL) drastically increase tetrameric stability of KcsA. Moreover, the effect 

of PA and CL on KcsA tetrameric stability was more pronounced than that of PG 

(Raja, 2010b, 2011; Raja et al., 2007; van Dalen et al., 2002). An electrophysiological 

study of KcsA in planar lipid bilayers revealed that PG stabilizes the open state of the 

channel and simultaneously increases single channel conductance (Marius et al., 

2008). It has been proposed that the effect of negatively charged PG on KcsA is 

associated with charge-specific interaction of PG with a non-annular binding site 

located between two positively charged Arg - residues: Arg 64 and Arg 89 from 

adjacent KcsA subunits (Marius et al., 2012; Marius et al., 2008) This hypothesis was 

in good agreement with previous structural and molecular dynamics (MD) simulation 

studies (Deol et al., 2006; Valiyaveetil et al., 2002). The specific binding of anionic 

phospholipids with KcsA via non-annular binding sites has been shown using 

fluorescence quenching analysis. However, affinity of anionic phospholipids to the 

KcsA extracellular non-annular lipid binding site shows no correlation to the head 

group charge (Marius et al., 2005). This might indicate that anionic phospholipid 

interaction with KcsA depends not only on charge-specific interactions as it was 

proposed (Deol et al., 2006; Marius et al., 2012; Marius et al., 2008).  Moreover, a 

recent electrophysiological study showed no effect of PG on KcsA PO (Rotem et al., 

2010).  

Several studies implicated Arg 64 and Arg 89 in non-annular lipid binding. 

Perozo and co-workers showed that replacement of Arg 64 by aliphatic alanine leads 
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to an increase in KcsA PO and reduced C-type inactivation (Cordero-Morales et al., 

2006b). Marius and co-workers, on the other hand, showed that replacement of Arg 

64 by leucine, which has a larger aliphatic side chain than alanine, leads to a 

decrease in KcsA PO (Marius et al., 2012). The results suggest that lipid – Arg 64 

interaction has an important influence on KcsA PO. Other positively charged restudies 

might also be involved in lipid modulation of the pore domain, for example Arg 52 in 

the turret region of the channel. At the intracellular membrane-protein interface of 

KcsA, N-terminal positively charged amino acid residues as well as a C-terminal Arg -

cluster may be engaged in interactions with lipids (Raja, 2011).  

Although negatively charged anionic phospholipids are crucial for KcsA 

channel activity, the mechanism of KcsA modulation by anionic phospholipids still 

remains unresolved, due to a lack of electrophysiological and corresponding 

structural studies. In particular it is unclear whether head group charge, head group 

structure, or both play a key role in modulation of KcsA channel activity. Also, it is 

unclear whether the effects of anionic phospholipids on KcsA gating and single 

channel conductance share a common mechanism or reflect distinct mechanisms.  

This can be resolved by a detailed structural analysis of KcsA modulation by different 

anionic phospholipids in combination with corresponding electrophysiological 

analysis of single channel activity in different anionic phospholipid environment. Due 

to the high similarity between the KcsA pore domain and that of other K channel 

family members, investigation of KcsA modulation by anionic phospholipid will help to 

understand the role of this modulation for other K+ channel pores.  

Therefore, my work focuses on studying how the KcsA potassium channel, 

prototype of K+ channel pore, is modulated by different types of anionic phospholipids 

at the functional and structural level. In my study using electrophysiological 

approaches in combination with ssNMR and MD simulations I tried to answer the 

following questions: 

 

1. How do different anionic phospholipids modulate KcsA function? 

2. What is the structural basis of this modulation? 

3. Does the KcsA extracellular turret region, which contains positively charged Arg-

residues, play a role in anionic phospholipid modulation?  



Material and methods 
____________________________________________________________________ 

19 
 

2. Materials and methods 
 
 
2.1. Chemicals, enzymes and reagents 
 

All chemicals used in this study were purchased from Merck (Germany), 

Roche (Germany), Roth (Germany), Sigma & Aldrich (Germany). Enzymes, kits and 

molecular weight standards were obtained from Clontech (France), Invitrogen 

(Germany), MBI Fermentas (Germany), Stratagene (Agilent technologies, Germany) 

and Qiagen (Germany).  

 

2.2. Molecular biology 

2.2.1. E. coli strains, clones and vectors 

E. coli strains XL1-Blue and M15 were used for DNA amplification and 

expression of KcsA and KcsA-Kv1.3 potassium channels, respectively. Detailed 

descriptions of these bacterial strains are shown in the table below. 

 

Several commercial vectors (Qiagen, Germany) were used for recombinant 

protein expression. KcsA and KcsA-Kv1.3, which were used in the 

electrophysiological experiments, were expressed in pQE70 with C-terminal  

Histidine (His) tags. In order to express KcsA for solid-state NMR (ssNMR) 

experiments the pQE60 expression vector with C-terminal His-tag was used. This 

type of expression vector was more efficient for protein expression in M9 minimal 

media.  A description of the expression vectors is provided in the table below.  

 

 

 

 E. coli strain 

(manufacturer) 

Genome Description Purpose 

1 XL1-Blue 

(Stratagene) 

E. coli K-12, recA1, endA1, gyrA96, thi-1, 

hsdR17, supE44, relA1, lac [F'proAB, 

lacqZ∆M15, Tn10 (Tetr)],  

DNA 

amplification  

2 M15 

(Qiagen) 

NalS, StrS, RifS, Thi-, Ara+, Gal+, Mtl-, F-, 

RecA+, Uvr+, Lon+ 

Protein 

expression 
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The DNA constructs based on the pQE70 vector encoding KcsA and KcsA-

Kv1.3 potassium channels were previously generated in the Institute for Neural 

Signal Transduction (Hamburg, Germany). The KcsA pQE60 construct was 

generated previously in the NMR Spectroscopy Research Group (Utrecht, 

Netherlands).  

 

 

 

 

 

 

 

 

 

 

 

 

 Plasmid/Vector 

(Qiagen) 

Marker Purpose 

1 pQE70 Ampr Expression of KcsA and KcsA-Kv1.3 for 

electrophysiological experiments 

2 pQE60 Ampr Expression of [13C-15N]-labeled KcsA for ssNMR 

experiments 
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2.2.2. Bacterial media and solutions used to grow E. coli cells  
 

 
 
 
 
2.2.3. Preparation of competent E. coli cells  
 

Commercial strains (XL1-Blue and M15) described above were used to 

prepare competent cells. The required bacteria cells were spread from a glycerol 

commercial stock on a LB plate containing a suitable antibiotic (25 μg/ml of 

kanamycin and tetracycline for M15 and XL1-Blue cells, respectively) and incubated 

overnight at 37°C. The next morning a single colony was picked up and transferred to 

10 ml of LB containing a suitable antibiotic. The culture was grown overnight at 37°C. 

The overnight grown culture was added to 100 ml pre-warmed LB medium containing 

Tryptone LB medium: 
Yeast Extract 

NaCl 

10 g/l 
5 g/l 

10 g/l 
 

Peptone SB medium: 
Yeast Extract 

NaCl 

25 g/l 
15 g/l 

5 g/l 
 

 M9 minimal medium: see Chapter 2.3.2. 
 

Tryptone LB agar: 
Yeast Extract 

NaCl 
Agar 

10 g/l 
5 g/l 

10 g/l 
15 g/l 

 
Kanamycin Kanamycin stock solution: 50 mg/ml 

 
Ampicillin Ampicillin stock solution: 100 mg/ml 

 
Tetracycline Tetracycline stock solution: 25 mg/ml 

 
RbCl TFB-1, pH 5.8: 

MnCl2 
CH3CO2K 

CaCl2 
Glycerol 

100 mM 
50 mM 
30 mM  

 10 mM  
15% 

  
MOPS TFB-2, pH 6.8: 

RbCl 
CaCl2 

Glycerol 

10 mM 
10 mM 
75 mM 

15%  
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the respective antibiotic in a 250 ml flask. The culture was incubated in the shaker at 

37°C until an OD600 of 0.5 was reached, following which the culture was cooled down 

on ice and centrifuged 5 min at 4000 g at 4°C. The supernatant was discarded and 

pelleted cells were gently resuspended in cold TFB-1 buffer and incubated on ice for 

90 min. The suspension was centrifuged for 5 min at 4000 g at 4°C. The supernatant 

was discarded and pelleted cells were resuspended  in cold  TFB-2 buffer. The 

suspension was spread in aliquots of 100 μl in sterile microcentrifuge tubes and 

frozen via liquid nitrogen. Competent cells were stored at -70°C until usage.  

 
 
2.2.4. Transformation of competent cells 
 

An aliquot of competent cells was thawed on ice. Cells were gently 

resuspended and DNA solution (1-10 ng) was added to the cells. The tube with cells 

was incubated on ice for 20 min and then transferred to 42 °C water bath for 1.5 min. 

The cells were incubated afterwards another 5 min on ice and then 50-100 μl aliquots 

were plated out on LB-agar plates containing suitable antibiotics (25 μg/ml kanamycin 

and 100 μg/ml ampicillin for M15 competent cells and 25 μg/ml tetracycline and 100 

μg/ml ampicillin for XL1-Blue competent cells). The LB-agar plates were incubated 

overnight at 37°C. 

 
 
2.3. Over expression and purification of KcsA and KcsA-Kv1.3 channels 
 
 

In this study, two expression approaches have been used: a fermenter 

expression method to express KcsA and KcsA-Kv1.3 potassium channels, which 

have been used for electrophysiological experiments, and expression in shake-flask 

to produce [13C-15N]-labeled KcsA for structural investigations by ssNMR 

spectroscopy. The conditions of the expression for the fermenter and shake-flask 

methods had to be optimized separately. Conditions tested included expression 

temperature, glucose concentration, aeration level, induction time, concentration of 

the induction substance and duration of the expression.  
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2.3.1. Over expression KcsA and KcsA-Kv1.3 using the fermenter method  
 

A single colony of transformed M15 competent cells with the appropriate 

pQE70 construct used to inoculate 500 ml of SB-Amp-Kan medium containing 0.5 % 

glucose. The preculture was incubated overnight at 25 ºC in the shaker at 120 RPM. 

The overnight preculture was used to inoculate the fermenter (Biostat-B,  B-Braun, 

Germany) after OD600 measurement. 8 L of expression culture in SB-Amp-Kan 

medium containing 0.5 % of glucose was stirred in the fermenter at 500 RPM and 

oxygenated by the air flow. The temperature was kept at 30 ºC during the expression 

by an integrated thermoregulation system. The pH level of the expression culture was 

kept at 7.5 by adding 1M NaOH with the integrated pH regulation system included pH 

sensor and peristaltic pump. The fermenter set-up is shown on the Figure 2.1. 

 

 

 

 

 

 

 

 

 

Figure. 2.1. Biostat-B Fermentror (B-Braun, Germany). The main parts are indicated: engine for 
stirring, 8 L glass flask for the expression culture and control unit containing thermoregulation, air 
regulation and pH control systems.  

 

The protein expression was induced by the addition of 1 mM isopropyl β-D-1-

thiogalactopyranoside (IPTG) at an OD600 of 0.8, following which the protein was 

expressed for 5 h. The final OD600 value of the expression culture varied from 9-12 

depending on the construct. Cells were harvested by centrifuging at 7000 g for 20 

min at 4 ºC and stored at -80 ºC until required.  

 
 
 



Material and methods 
____________________________________________________________________ 

24 
 

2.3.2. Over expression of [13C-15N]-KcsA using shake-flask expression  
 

For the ssNMR studies membrane protein samples has to be isotope-labeled 

and  prepared in milligram quantities. In my study, KcsA was uniformly [13C, 15N] -

labeled by introducing in the minimal M9 medium containing isotope-enriched sugars 

and ammonium salts as the exclusive nutrition sources. In order to achieve the 

required protein yield the type of DNA vector harboring KcsA protein, expression 

temperature, glucose concentration, aeration level, induction time, IPTG 

concentration and duration of the expression were optimized.  

A single colony of M15 competent cells transformed with pQE60 KcsA was 

used to inoculate 10 ml LB-Amp-Kan medium containing 0.2 % glucose. After 4-5 h 

of incubation at 37 ºC 30 µl of this preculture were used to inoculate  500 ml LB-Amp-

Kan medium containing 0.2 % glucose. This culture was incubated overnight in the 

shaker at 250 RPM at 25 ºC. Next morning, when the OD600 of ~ 2 was reached, the 

cells were pelleted at 3000 g for 20 min and resuspended in M9-Amp-Kan minimal 

medium containing 0.2% of 13C glucose and 0.05% of 15N ammonium chloride. The 

M9 culture was incubated in the shaker at 250 RPM at 37 ºC for another 30 min. The 

protein expression was induced by adding of 0.6 mM IPTG. After 6 h of the 

expression the cells were harvested at 7000 g at 4 ºC and stored at -80 ºC until 

usage. The composition of M9 minimal medium is shown below.  

Na2HPO4 

M9 minimal medium: 

6 g/l 
KH2PO4 3 g/l 
NaCl 0.5 g/l 
15NH4Cl 0.5 g/l 
MgSO4 (1M) 2 ml/l 
CaCl2 (0.1M) 100 µl/l 
FeSO4 (0.01M) 1 ml/l 
13C-Glucose 2 g/l 
Thiamine (0.5 mg/ml) 10 ml/l 
Kanamycin (50 mg/ml) 0.5 ml/l 
Ampicillin (100 mg/ml) 1 ml/l 
Micronutrients (1000x) 1 ml/l 
Vitamin Supplements (1000x) 1 ml/l 
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Ammonium molibdate 

Micronutrients stock (1000x): 

3·10-6 M  
Boric acid 4·10-4 M  
Cobalt chloride 3·10-5 M  
Copper sulphate 1·10-5 M  
Manganese chloride 8·10-5 M  
Zinc chloride 1·10-5 M  
 

 
Vitamin Supplements stock (1000x): 

D-Biotin 1.0 g/l 
Choline Chloride 0.5 g/l 
Folic Acid 0.5 g/l 
Myoinositol 1.0 g/l 
Nicatinamide 0.5 g/l 
Panthotenic Acid 0.5 g/l 
Pyridoxal HCl 0.5 g/l 
Riboflavin 50 mg/l 
Thiamine HCl 0.5 g/l 
 

2.3.3. Purification of KcsA, [13C15N]-KcsA and KcsA-Kv1.3 

The protein purification strategy for all KcsA potassium channels in this study 

was similar and included cell lysis by means of French press,  solubilization of the 

membrane fraction in a buffer containing detergent, Ni2+-affinity chromatography, 

SDS-PAGE and protein concentration measurement.  

 

2.3.3.1. Cell lysis 

A cell pellet from -80 ºC with the appropriate type of KcsA potassium channel 

was gently defrosted on ice. The cell pellet was resuspended in lysis buffer (see page 

28) containing a protein inhibitor cocktail (Complete EDTA free, Roche). Lysozyme 

(BioChemika) and DNAase (Benzonase, Merck) were added to the mixture to make 

the cell lysis more efficient. The suspension of cells was lysed using a French press 

(3 cycles at 20,000 psi). The cell lysate was centrifuged at 100,000 g for 3 h at 4 ºC in 

the ultracentrifuge (Optima L90K, Beckman Coulter, USA). The supernatant was 

removed and the pellet was resuspended in solubilization buffer (see page 28) 
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containing 40 mM  n-Decyl-β-D-Maltopyranoside (DM). The mixture was placed in 

two 50 ml tubes and incubated with stirring overnight in the cold room. Next morning, 

the solubilized solution was centrifuged at 68,000 g for 40 min at 4 ºC in the 

ultracentrifuge to spin down the unsolubilized membrane fraction. The supernatant 

fraction containing solubilized protein was kept until use in a protein purification 

procedure.  

 

2.3.3.2. Protein purification using Ni2+-affinity chromatography 

The protein purification strategy in this study is based on the presence of C-

terminal hexahistidine (6xHis) tag on the protein which binds with high affinity to the 

Ni2+-NTA resin (Figure 2.2.A).  

 

 

 

 

 

 

Figure 2.2. Basis principals of Ni2+-affinity chromatography. A -  Interaction between neighboring 

residues in the 6xHis tag and Ni2+-NTA matrix (Qiagen, Germany). Histidine residues are shown in 

blue. Ni2+-NTA matrix is shown in red. B - Chemical structures of histidine and imidazole. 

 

 

Ni2+-NTA superflow resin (3 ml resin per 50 ml tube of solubilized protein) was 

added to the solubilized membrane fraction and incubated for 90 min in the cold room 

on a rotational shaker. 20 mM imidazole was added in order to prevent nonspecific 

protein binding, because imidazole has a similar chemical structure to histidine and 

therefore they compete for the same Ni2+-binding sites on the Ni2+-NTA resin (Figure 

2.2.B). After that the sample was placed in a 25 ml disposable column (Bio-Rad, 

Germany) and washed with 200 ml of wash buffer containing 30 mM imidazole to 

remove endogenous proteins with histidine residues that interact with the Ni2+-NTA 
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matrix. Finally, protein was eluted with 10-20 ml of elution buffer (see page 28) 

containing 400 mM of imidazole. Purified proteins were analyzed by SDS-PAGE and 

the protein concentration was determined (see Chapter 2.3.3.4). The purified protein 

was kept at 4 ºC prior to proteoliposomal reconstitution (see Chapter 2.4).  

 

2.3.3.3. SDS polyacrylamide gel electrophoresis (SDS-PAGE) 

Pre-cast polyacrylamide NuPAGE 4–12% Bis-Tris gels (1.0-mm thick, 10-well) 

(Invitrogen, Germany) were used for the SDS-PAGE. Purified protein (10 μl) was 

mixed with SDS sample buffer (10 μl) and loaded into the gel after 20 min of boiling 

at 95 ºC (or without boiling). The gel was placed in an electrophoresis chamber 

(Invitrogen, Germany) and the electrophoresis was performed at 180 mV in running 

buffer for 50 min. Novex protein standard (Invitrogen, Germany) was used as a 

molecular weight reference. The gel was stained for 3 h in the staining buffer 

(SimplyBlue™ SafeStain, Invitrogen, Germany) at room temperature then destained 

in water. 

 

2.3.3.4. Determination of the protein concentration 

The concentration of purified protein was determined in two ways: by 

ultraviolet absorption spectroscopy at 280 nm and using Bradford`s assay (Bradford, 

1976).  

1) 

Proteins display a characteristic ultraviolet (UV) absorption spectrum around 280 nm, 

predominantly from aromatic amino acids such as tyrosine and tryptophan (Methods 

in Enzymology, 2009). According to Beer-Lambert's law, the absorbance of the 

protein is a linear function of the protein molar concentration, path length, and also 

the protein extinction coefficient:  

Ultraviolet absorption spectroscopy at 280 nm 

A =  ε*c*l 
where ε is the molar extinction coefficient, c the molar protein concentration and l is 

the path length in cm. The molar extinction coefficient at 280 nm of KcsA potassium 

channel is 34,850 M-1*cm-1 (Marius et al., 2008). 
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2) 

The Bio-Rad protein assay kit (Bio-Rad, Germany), which is based on the method of 

Bradford, was used to estimate the protein concentration. A dye reagent was 

prepared by diluting one part of the dye reagent concentrate in four parts of water 

and filtered through 0.45 µm filter (Roth, Germany). The protein (50 µl) was mixed 

with the dye reagent (2.5 ml) and the mixture was incubated for 5 min at room 

temperature. The blank sample contained 50 µl of elution buffer with 4 mM DM. The 

absorbance was measured at 595 nm against a blank. In order to estimate the 

protein concentration a calibration curve was measured using several dilutions of 

bovine serum albumin (BSA) standards varying from 0.2 to 1.5 mg.   

Bradford`s assay 

 

2.3.3.5. Solutions for protein purification  

 

 

 

150 mM KCl Lysis buffer: 
50 mM MOPS  
Complete (Protease inhibitor, Roche); 1 tablet/100 ml 
Lysozyme (BioChemika); 10 mg/100 ml 
DNAase (Benzonase, Merck), 20 µl/100 ml 
pH 7.0 
 
 
150 mM KCl Solubilization buffer: 
100 mM  NaP buffer  
40 mM DM 
20 mM Imidazole 
Lysozyme (BioChemika); 10 mg/100 ml 
DNAase (Benzonase, Merck), 20 µl/100 ml 
pH 7.8 
 
150 mM KCl Wash buffer:  
100 mM  NaP buffer  
4 mM DM 
30 mM Imidazole 
pH 7.8 
 
150 mM KCl Elution buffer: 
100 mM  NaP buffer  
4 mM DM 
400 mM Imidazole 
pH 7.8 
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2.4. Reconstitution of KcsA, [13C15N]-KcsA and KcsA-Kv1.3 
 

The protein was reconstituted into liposomes as follows. Imidazole was 

removed from the eluates using PD-10 desalting column (GE Health care) containing 

Sephadex G-25. The column was equilibrated with 6-7 column volumes of the 

reconstitution buffer (see page 30) and 2.5 ml of purified protein was placed into the 

column. The flow-through was discarded and the protein was eluted with 3.5 ml of the 

reconstitution buffer. The required phospholipids (Avanti Polar Lipids, USA) were 

dissolved in a solvent composed of chloroform and methanol at 2:1 v/v ratio. The 

phospholipid mixture (see page 30) was dried under the nitrogen stream and the 

remaining solvent was removed under vacuum for 2 h. The dried phospholipids were 

resuspended in the reconstitution buffer containing 4 mM DM and the solution was 

mixed on the vortexer and sonicated in a bath sonicator (Branson-1510, Bransonic, 

USA). When the phospholipids were homogeneously resuspended, protein was 

added to the phospholipid mixture to give a protein/lipid mass ratio of 1:100 and 

1:1000 for macroscopic and single channel measurements, respectively, and a 

protein/lipid molar ratio of 1:100 for samples used in ssNMR experiments. The 

mixture was incubated for 2 h at room temperature on the rotation shaker. 

Proteoliposomes were formed upon detergent removal by addition of washed Bio-

Beads (Merck, Germany) (1 ml of Bio-Beads per 33 mg of DM) and the mixture was 

incubated for 2 h at rotation conditions. The Bio-Beads were then removed by 

filtration of the suspension of proteoliposomes through a 25 ml disposable column 

(Bio-Rad, Germany). Proteoliposomes for the planar lipid bilayer experiments were 

split into 250 µl aliquots,  flash frozen via liquid N2 and stored at -80 ºC until usage. 

Proteoliposomes for the macroscopic current measurement and ssNMR experiments 

were  centrifuged at 100,000 g at 4 ºC  in the ultracentrifuge. The supernatant was 

discarded and proteoliposomes were resuspended in the required buffer and 

centrifuged again at the same conditions. This procedure was repeat twice. Pelleted 

proteoliposomes were stored at 4 ºC until use.  
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Solutions for reconstitution: 

 

 

2.5. Macroscopic recording of KcsA using patch clamp technique 
 

Macroscopic recordings of KcsA were performed on giant proteoliposomes 

using standard patch clamp technique. An aliquot (10-30 µl) of proteoliposomes with 

KcsA was placed on glass slides pretreated with poly-l-lysine in small petri dish. The 

proteoliposome sample was dried in a desiccator under vacuum overnight at 4 ºC. 

Next morning, the dried proteoliposome sample was rehydrated by adding 20-30 µl of 

rehydration buffer (see page 31). The sample was kept at room temperature and 

giant proteoliposomes were formed in 2-3 h. The petri dish containing giant 

proteoliposomes was filled with recording buffer (see page 31) and placed under an 

inverted light microscope Axiovert 405M (Carl Zeiss MicroImaging, Germany). The 

gigaseal was formed using a borosilicate glass patch pipette (GB 150-10, Science 

products, Germany) connected to a micromanipulator Patchman (Eppendorf AG, 

Germany). After gigaseal formation, the pipette containing a patch of membrane was 

pulled out to establish the inside-out mode. The KcsA was activated by fast change 

of pH (from 7 to 4) using a piezzo-driven double barrel perfusion system (SF-77B, 

Warner Instrument Corporation, USA). Macroscopic currents were recorded under 

symmetrical 150 mM KCl solutions.  All measurements were performed at room 

temperature. Pipette resistances were 1–2 MΩ. Sampling rates were 1 kHz. 

Recordings and data acquisition were performed using an EPC-9 patch clamp 

450 mM KCl Reconstitution buffer:  
10 mM HEPES  
pH 7.4 
 
Chloroform  Chloroform-methanol solution: 
Methanol 
2:1 v/v ratio 
 
DOPC:DOPG = 7:3 Phospholipids in  chloroform-methanol solution: 
DOPC:DOPG = 3:7 
DOPC:DOPA = 3:7 
DOPC:DOPS = 3:7 
DOPC:CL = 3:7 
molar ratio 



Material and methods 
____________________________________________________________________ 

31 
 

amplifier (HEKA Electronics, USA) and Patch Master software (HEKA Electronics, 

USA). Data analyses were performed with Igor Pro (Wave Metrics, USA). A 

schematic representation of the patch clamp set-up is shown on the Figure 2.3.  

 

 

 

 

 

 

 

 

 

 
Figure 2.3. The scheme of the  patch clamp set-up for the macroscopic recordings of KcsA in 
inside-out mode. The basic components, such as double barrel perfusion system, patch pipette, 
recording electrode and voltage-clamp amplifier are indicated. Rf - feedback resistance. H - headstage 
(pre-amplifier). The membrane patch containing KcsA potassium channel is shown inside of the patch 
pipette.  

 

The compositions of the rehydration and recording buffers are shown below: 

 

2.6. Planar lipid bilayer electrophysiology 
 

Planar lipid bilayer electrophysiology allows investigation of the purified ion 

channel proteins in artificial lipid membranes at the single molecule level, which 

provides information about ion channel function and its role in membrane transport 

and cell physiology (Miller, 1986). In this method, ion channel proteins are 

150 mM KCl Rehydration buffer:  
0.1 mM EDTA 
0.01 mM CaCl2 
5 mM HEPES  
pH 7.0 
 
150 mM KCl Recording buffer pH 7.0: 
10 mM HEPES 

150 mM KCl Recording buffer pH 4.0: 
10 mM Succinic acid 
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reconstituted into the artificially formed planar bilayer composed of required lipids, 

allowing electrophysiological measurements to be conducted in a precisely controlled 

environment (Miller, 1986).  

 

2.6.1. Planar lipid bilayer set-up 
 

In this study, single channel recordings of KcsA and KcsA-Kv1.3 potassium 

channels were performed on a planar lipid bilayer set-up. The set-up consists of 

several parts including a patch clamp amplifier (EPC10USB, HEKA Electronics, USA) 

for a signal acquisition, computer with a software for the data acquisition and 

processing and lipid bilayer control unit (Ionovation Compact, Ionovation, Germany), 

which has an integrated Faraday chamber, perfusion system to control precisely 

solution environment both inside and outside of the ion channel and some other 

essential components, such as a recording chamber where the lipid bilayer is formed 

and recording electrodes. The simplified electrical scheme of the planar lipid bilayer 

set-up in shown on the Figure 2.4.   

 

 

 

 

 

 

 

 

 
 

 

 
 
 
 
Figure 2.4.The scheme of the planar lipid bilayer set-up. The basic components are shown. 
Recording chamber (black) contains cis and trans compartments, filled by recording solutions (blue). 
The lipid bilayer containing KcsA potassium channel is located in the orifice between cis and trans 
sides. The electrodes are placed into recording chamber. The reference electrode is inserted into cis 
compartment. The recording electrode is placed into trans compartment. The electrodes are 
connected to the voltage-clamp amplifier (EPC10USB HEKA Electronics, USA) via headstage (pre-
amplifier) (H). Rf - feedback resistance.  
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2.6.2. Formation of the lipid bilayer 

The required phospholipids were dissolved in chloroform and methanol at a 

2:1 v/v ratio to give a final phospholipid concentration of 100 mg/ml. This stock 

phospholipid solution was kept at -20 ºC unlit use. In order to prepare a lipid bilayer 

sample, required amount of stock phospholipid solutions was mixed at the desired 

molar ratio (the phospholipid composition of the lipid bilayer samples is shown in the 

Table 2.1). 50 µl of the phospholipid mixture was placed in 200 µl glass tube and 

dried under vacuum for 30 min. Dried phospholipids were dissolved in 100 µl of n-

decane and mixed on a vortexer. The final phospholipid concentration in the lipid 

bilayer sample was 50 mg/ml. The sample was kept at room temperature throughout 

the experiment. The compositions of the phospholipid mixtures are shown in Table 

2.1. 

 

 

 

 

 

 
Table 2.1. The phospholipid composition used for the preparation of the lipid bilayer sample. 
DOPC - 1,2-dioleoyl-sn-glycero-3-phosphocholine; DOPG - 1,2-dioleoyl-sn-glycero-3-phospho-(1'-rac-
glycerol); DOPA - 1,2-dioleoyl-sn-glycero-3-phosphate; DOPS - 1,2-dioleoyl-sn-glycero-3-phospho-L-
serine; CL - bovine heart cardiolipin.  
 
 

The formation the lipid bilayer was performed according to the painting 

technique (Mueller et al., 1962). Both cis and trans chambers (Figure 2.4) were filled 

with saline solutions. The surface around the hole was first pretreated by a drop of  n-

decane and dried. The lipid bilayer sample (1-3 µl) was applied on top of the solution 

in the cis chamber and the level of the solution in the cis chamber was lower and 

raised and the lipid bilayer was formed.  

The formation of the lipid bilayer was monitored by the optic control system 

(Figure 2.5) and electrically by observation of the high resistance gigaseal formation 

with characteristic transient capacitance currents. The quality of the lipid bilayer was 

estimated visually by the optic control system and by means of the capacitance 

measurement. Lipid bilayers with irregular shape or/and with capacitance outside the 

range of 50-80 pF were not used in the experiments.    

The phospholipid composition 
of the lipid bilayers at molar ratio 

DOPC : DOPG = 7 : 3 
DOPC : DOPG = 3 : 7 
DOPC : DOPA = 3 : 7 
DOPC : DOPS = 3 : 7 

DOPC : CL = 3 : 7 
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Figure 2.5. Visual control of the lipid bilayer formation. A - unordered lipid across the 200 µm 
microhole (left); B - the planar lipid bilayer (right) 

 

2.6.3. Incorporation of the channel into the lipid bilayer 

The incorporation of the ion channel into lipid bilayer membrane is one of the 

limiting step in the planar lipid bilayer electrophysiology. Several parameters may 

affect the incorporation procedure. Moreover, conditions which are perfectly suitable 

for a particular type of the ion channel may be unsuitable for another once. Therefore 

conditions for successful incorporation of the particular ion channel need to be 

optimized.  

It this study the incorporation of KcsA and KcsA-Kv1.3 into lipid bilayers was 

obtained by fusion of proteoliposomes carrying the channel into the planar lipid 

bilayer under osmotic gradient conditions (Miller, 1986). 

 A sample of frozen proteoliposomes with the channel was thawed at room 

temperature and mixed on the vortexer. The sample was passed through an extruder 

with a 200 nm polycarbonate membrane in order to form small unilamellar 

proteoliposomes. The sample was kept on ice until use and discarded after 

experiment.  

After bilayer formation, proteoliposomes (5-10 µl) were added into cis 

compartment. To promote the fusion of proteoliposomes with the lipid bilayer, an 

osmotic gradient between the cis and trans compartments was established. The trans 

and cis chambers contained 20 mM KCl and 250 mM KCl, respectively. In this case, 

water flows into vesicles which come close to lipid bilayer and contact it. As a result 

of the water flow, the vesicles swell and fuse with the lipid bilayer (Figure 2.6). The 

fusion process was further enhanced by intensive stirring of the cis compartment via 

a small magnetic stirrer. Since the proteoliposomes and planar lipid bilayer contained 
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negatively charged anionic phospholipids, addition of micromolar levels of Ca2+ also 

increased the rate of fusion. When the channel was successfully incorporated in the 

lipid bilayer the fusion process was stopped by addition of EDTA to immobilize Ca2+, 

with subsequent removal of the osmotic gradient by the perfusion system. The 

combination of the conditions described above allowed keeping well controlled rate of 

fusion proteoliposomes with the planar lipid bilayer in the experiment.    

 

 

 

 

 

 

Figure 2.6. Schematic diagram of the fusion of proteoliposomes with the planar lipid bilayer. 1 - 
proteoliposome close to lipid bilayer, 2 - proteoliposome in contact with lipid bilayer; 3 - proteoliposome 
swelling and fusion; 4 - protein incorporated into the lipid bilayer. Lipid bilayer and proteoliposomes are 
drawn in grey. The protein is indicated in orange. Red dots - Ca2+ ions. Water flow is indicated by blue 
arrow.   

 

2.6.4. Recording of KcsA and KcsA-Kv1.3 in planar lipid bilayer 

After channel insertion, symmetric recording conditions were established by 

perfusion the cis and trans compartments with the required buffer (the composition of 

recording buffers is shown on the page 36). Although the majority of KcsA channels 

incorporate into the membrane with sensitivity to trans pH, there are some minor 

fraction of the channels with opposite orientation in the lipid bilayer (Heginbotham et 

al, 1999). Channels oriented in the opposite manner may complicate the 

interpretation of the data obtained in the experiment. In order to ensure that all 

channels observed in the experiment have a single orientation; pH asymmetry 

between cis and trans sides were established. That is why in all planar lipid bilayer 

experiments, the trans compartment was buffered to pH 4.0 with 10 mM succinic 

acid, and the cis compartment was buffered to pH 7.0 with 10 mM HEPES.  

The recordings were performed on KcsA and KcsA-Kv1.3 channels 

incorporated in different mixtures of phospholipids (Table 2.1). As a general rule in 
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this study, the phospholipid composition of the proteoliposomes and planar lipid 

bilayer were identical. The solution environment in a particular experiment can be 

quickly modified by the perfusion system integrated in the planar lipid bilayer set-up 

as required.   

 

2.6.5. Solutions for the planar lipid bilayer experiments 

 

 

Agar 2% Agar salt bridge solution: 

3M KCl 

 

Phospholipids 50 mg/ml  Lipid bilayer solution: 

 in n-decane 

 

250 mM KCl  Liposome fusion solution (cis side): 

10 mM HEPES 

pH 7.0 

 

KCl 20 mM,  Liposome fusion solution (trans side): 

10 mM Succinic acid  

pH 4.0 

 

150 mM KCl  Recording solution pH 4.0 (trans side): 

10 mM Succinic acid  

 

150 mM KCl  Recording solution pH 7.0 (cis side): 

10 mM HEPES  

 

0.5 M CaCl2 CaCl2 stock solution: 

 

0.5 M EDTA EDTA stock solution: 

 

Tetraethylammonium (TEA) stock solution: 3M TEA 
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2.6.6. Data acquisition and processing 

All measurements were performed at room temperature (23 - 25 ºC). Data 

were sampled at 40 kHz and filtered at 1 kHz. The amplitudes of the single channel 

currents and chord conductance values were calculated from a double Gaussian fit of 

all-point histograms plotted for raw current traces. All kinetic analyses were done 

using the QuB software for single channel analysis (www.qub.buffalo.edu). Single 

channel currents were first idealized into noise free open and close transitions using 

a half-amplitude threshold algorithm. Closed and open intervals were compiled into 

dwell time histograms with logarithmic abscissa and square root ordinate (Sigworth 

and Sine, 1987) and were fitted by sums of exponentials (Figure 3.6) according 

following equations: 

 

 

 Equ. 2.1                                                            with 

 

 

where and λi is the reciprocal of the time constant of the i th component; n - number of 
exponential components; ai is the fractional area occupied by the i th component; t is 
decay constant 

 

The kinetic models of KcsA gating were made using a maximum likelihood 

criteria after imposing a dead time of 100 μs. PO values were calculated according 

the following equation:  

 

Equ. 2.2.             

 

 

Data acquisition was performed using Patch Master software (HEKA 

Electronics, USA). Data  analysis were performed using Fit Master (HEKA 

Electronics), Igor Pro (Wave Metrics, USA), QuB software (State University of New 

York at Buffalo, USA)  and Origin Pro 8.0 (Origin Lab, USA).  
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2.7.  SsNMR spectroscopy  under Magic Angle Spinning 

SsNMR spectroscopy  permits determination of the structure of membrane 

proteins in a non-crystalline lipid bilayer environment (Renault et al., 2010). In 

addition to structural information, ssNMR spectroscopy also provides information on 

protein dynamics (Ader et al., 2010). Moreover, this approach gives a great freedom 

in terms of sample preparation. Many different parameters can be tested such as 

ionic strength, temperature, pH and lipid composition.  

NMR spectroscopy is based on the principle that depending on the subatomic 

composition, certain nuclei posses a spin (spin quantum number I), which is a 

quantum mechanical property (Keeler, 2010). Those nuclei, and only those nuclei, are 

amenable to NMR spectroscopy. Those nuclei feature a magnetic dipole moment µ   

 

Equ. 2.3 

 

where γ is a nuclei-specific constant called the gyromagnetic ratio; ĥ is Planck’s 

constant. Spin quantum number I can adapt integer and half integer numbers. In this 

thesis, I exclusively dealt with spin = ½ nuclei. In this case, if a  spin-half nucleus has 

an interaction with an external magnetic field B0, this gives rise to two energy levels, 

which become separated by 

 

Equ. 2.4 

 

where, the resonance frequency ω0 is called the Larmor frequency, which is 

characteristic of each type of nuclear species. However, usually, resonance 

frequencies slightly differ from ω0. This difference is called the chemical shift δ, which 

is based on secondary fields generated by electrons surrounding the nuclei (δ is 

usually expressed in parts per million (ppm) by frequency). Nuclei resonate with 

chemical shifts characteristic for their chemical environment, which renders NMR a 

formidable analytical tool.  

The spin ½ nuclei 1H,13C,15N and 31P are most commonly studied in biological 

ssNMR spectroscopy. Some of these nuclei (13C,15N) occur only marginally at natural 

abundance and hence have to be incorporated into the sample by labeling 

techniques. This can be achieved during protein expression by introducing isotope-

http://en.wikipedia.org/wiki/Parts_per_million�
http://en.wikipedia.org/wiki/Frequency�
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enriched sugars and ammonium salts in the minimal medium as exclusive nutrition 

source. 

A serious problem in ssNMR spectroscopy is that the spectra are influenced by 

the anisotropic nature of relevant spin interactions, such as the chemical shift 

anisotropy, dipolar, scalar and quadrupolar couplings (Renault et al., 2010). These 

anisotropic effects can be eliminated by rotating the sample at an angle 54.7° with 

respect to the external magnetic field. This specific angle is called the Magic angle. 

Magic angle Spinning (MAS) exploits the orientational dependence of the anisotropic 

interactions, which varies with (3cos2θ-1)/2 and averages to zero at the magic angle, 

θ =54.7° (Renault et al., 2010).  

A number of experiments can be used in ssNMR to transfer the magnetization 

from one particular isotope to another. In my study I used several experimental 

protocols: 13C-13C spin diffusion, NCA, NCACX and NCOCX experiments (Figure 

2.7).  

In 13C-13C spin diffusion experiments, after an initial  1H to 13C nuclei cross-

polarization step, longitudinal magnetization is transferred to other 13C nuclei which 

are close in space. In this type of experiment, 13C atoms within a certain distance of 

one another are correlated by cross peaks in the spectrum. Since the magnetization 

transfer efficiency is correlated to the inter-13C distances, intra-residue correlations 

(at short mixing times of 30 ms) and inter-residue correlation (at long mixing time 

~150 ms) can be distinguished or at least promoted by a proper choice of the mixing 

time.  

In the NCA(NCACX) and NCOCX experiments the magnetization is transferred 

from 1H to 15N via cross-polarization and then selectively to the 13CA or 13CO, in NCA 

(NCACX) or NCOCX experiments, respectively, using a specific cross-polarization 

(Baldus et al., 1998; Pauli et al., 2001). Additionally, in the  NCACX and NCOCX 

experiments the magnetization is transferred to other carbons using a 13C-13C  spin 

diffusion step, thereby providing sequential correlations (Seidel et al., 2004; 

Weingarth et al., 2009). In this thesis, I used a PARIS spin diffusion mixing step 

(Weingarth et al., 2009). The chemical shift is evolved on the 15N nuclei in the indirect 

dimension and detected on the 13C nuclei. 
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Figure 2.7. Schematic representation of the magnetization transfer in different ssNMR 
experiments under MAS conditions. Spin diffusion (SD), NCA/NCACX and NCOCX experiments are 
shown. This figure is adapted from Nand, 2011.  
 

 

In this study all ssNMR experiments were performed on [13C15N]-labeled KcsA 

reconstituted in liposomes composed of DOPC and DOPG (DOPA or CL) at 3/7 

molar ratio in the presence of 150 mM KCl at pH 4.0. The experiments were 

conducted at 500-700 MHz 1H resonance frequency on NMR spectrometers (Bruker 

Biospin, USA) equipped with a 3.2 mm triple resonance (1H, 13C, 15N) MAS probe. All 

experiments were carried out at effective sample temperature of 273 K. Pelleted 

proteoliposomes containing [13C15N]-labeled KcsA were transferred to a 3.2 mm MAS 

rotor. The MAS frequency was set to 12, 11.4 kHz and 15 kHz for 13C-13C PDSD, 

NCA(CX) and NCOCX experiments, respectively. 13C-13C PDSD spectra were 

recorded using a longitudinal mixing time of 30 and 150 ms, respectively. NCA(CX) 

and NCOCX spectra were acquired by using 13C-13C magnetization transfer via 30 

ms PARIS 13C-13C mixing step. 13C and 15N resonances were calibrated using 

adamantane and the tripeptide AGG as an external reference. The data acquisition 

and analysis were performed with Topspin 3.1 (Bruker Biospin, USA). 
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2.8.  Molecular dynamics simulations 

Coarse-grained Molecular Dynamics (CGMD) simulations were carried out 

using the GROMACS simulations package version 4.5.3 (Hess et al., 2008) and the 

MARTINI (Marrink et al., 2007; Monticelli et al., 2008) force field, together with an 

integration step of 25 fs and the standard settings for non-bonded interactions in a 

NPT ensemble with periodic boundary conditions. Simulation times were multiplied 

by a factor 4 to account for the smoothness of the CG potentials. The system was 

semi-isotropically coupled to a pressure bath at 1 bar (τp = 3 ps) and coupled (τT = 

0.3 ps) to a heat bath. A solvated mixed DPPC:DPPG (3:1 molar ratio) bilayer, 

consisting of 1536 DPPC lipids, 512 DPPG lipids, 25,088 water and 512 sodium GC-

beads, was self-assembled and equilibrated over 4.4 µs at 323 K, which resulted in a 

large membrane patch with dimensions of 25.2 x 25.2 nm2. A frame of this system 

was extracted after 4.4 µs and the closed-conductive KcsA-Kv1.3 channel inserted 

while keeping the PC:PG 3:1 ratio. This system was equilibrated over 20 µs while 

keeping the channel core comprising the filter (backbone- and side chain-beads) and 

the intracellular side (backbone-beads only), corresponding to residues 22-49, 67-82 

and 91-115, rigid throughout all simulations. Position restraints on the backbone-

beads of the residues at the membrane/water interface (residues 50-66 and 83-90) of 

the extracellular side were gradually reduced during equilibration and very light 

position restraints of 10 kj/mol*nm2 were applied during the final runs. KcsA was 

inserted in two different mixed bilayers extracted after 4.0 and 4.4 µs to minimise the 

influence of the initial lipid distribution.  
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3. Results 
 

3.1. Expression, purification and reconstitution of KcsA 
 
KcsA potassium channel were expressed in E. coli cells. Purification and 

reconstitution followed the protocol described in "Materials and Methods". Briefly, the 

channel protein was solubilized in detergent (DM) and purified using Ni2+-affinity 

chromatography. At the final step of protein purification, KcsA was eluted in the 

elution buffer (see "Materials and Methods"), and was analyzed by SDS-PAGE (Fig. 

3.1A). Under these conditions a single protein band was observed at ~52kDa, 

representing the KcsA tetramer. This finding agrees well with previously reported 

data. The KcsA tetramer is very stable, and can be disrupted only under harsh 

denaturing conditions like prolonged heating at 95 °C (Heginbotham et al., 1997; 

Irizarry et al., 2002; Rotem et al., 2010; Valiyaveetil et al., 2002). Incubating the KcsA 

sample at 95 Cº for 20 minutes indeed produced KcsA monomers of about 17 kDa 

(Figure 3.1A). KcsA reconstituted into proteoliposomes was similarly analyzed. 

Untreated and heated samples ran as tetramer and monomers, respectively, 

indicating a successful reconstitution of purified KcsA (Figure 3.1B). 

 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.1. SDS-PAGE of purified and reconstituted KcsA potassium channel: A - purified KcsA and B 
- proteoliposomes containing KcsA before and after heating to 95 °C for 20 min. Samples were 
separated on a 4–12% Bis-Tris polyacrylamide gels and stained with Coomassie blue.  Tetrameric (T), 
monomeric (M) and lipid (L) fractions are indicated accordingly.  
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3.2. Functional studies with KcsA proteoliposomes  
 
Following successful reconstitution of KcsA into proteoliposomes, I performed 

electrophysiological measurements of the channel in planar lipid bilayer and giant 

proteoliposomes. Upon a pH-jump from 7.0 to 4.0 I observed in giant KcsA 

proteoliposome preparations a transient KcsA mediated currents. It demonstrated 

that an increase in H+ concentration activates KcsA. In agreement with the data in the 

literature, the KcsA mediated current rapidly decayed within a few seconds, reaching 

a steady state level corresponding to 11.6 ± 0.9 % (n=6, s.e.m.) of the maximum 

current amplitude (Chakrapani et al., 2007a, b; Heginbotham et al., 1999; Hille, 2001; 

LeMasurier et al., 2001; Schrempf et al., 1995) (Figure 3.2A). Single channel KcsA 

current at steady-state conditions was investigated in planar lipid bilayer (Figure 

3.2B). The current was sensitive to TEA (Figure 3.2B), a well known K+- channel 

blocker (Hille, 2001).  

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.2. Macroscopic and single channel currents of KcsA reconstituted in proteoliposomes:  
A - recording of KcsA during a pH jump experiment. B - a single channel current of KcsA at steady-
state conditions. Macroscopic activity of KcsA was recorded at symmetrical 150 mM KCl in an inside-
out patch. KcsA was activated by pH jumps from 7.0 to 4.0 using a rapid solution exchanger with 
simultaneous application of a voltage of +100 mV. Single channel currents of KcsA were recorded in 
the planar lipid bilayer setup at +100 mV in symmetrical 150 mM KCl solution. The cis side of the 
chamber was buffered at pH 7.0 by 10 mM HEPES and the trans side was maintained at pH 4.0 using 
10 mM succinic acid. TEA at final concentration of 30 mM was added to the cis chamber to ensure 
complete blockage of the single channel currents of KcsA channel as depicted in the lower panel of 
figure 3.2B.  
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3.3. Influence of different anionic phospholipid environments on KcsA 
 
KcsA was reconstituted into liposomes composed of different types of anionic 

phospholipids. The liposomes were fused to planar lipid bilayers composed of 70 % 

of the respective anionic phospholipid and 30% of neutral DOPC (for details see 

chapter 2.6.2. in "Materials and Methods"). Four types of anionic phospholipids were 

used: DOPG, DOPA, DOPS and cardiolipin (CL). Phospholipid composition of KcsA 

proteoliposomes and planar lipid bilayers were identical in all experiments. 

Representative KcsA current traces recorded under different anionic phospholipid 

conditions are shown in Figure 3.3.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.3. Representative current traces of KcsA recorded at different anionic phospholipid 
environments.  The specific anionic phospholipid is indicated above the current traces. On the left 
part of the figure long 30 s  traces are presented and on the right part of the figure 5 s traces are 
shown. All experiments were performed at +100 mV in symmetrical 150 mM KCl solution at pH = 7.0 
on the cis side and pH 4.0 on the trans side. Lipid bilayers were composed of 70 % anionic 
phospholipid and 30 % neutral DOPC.  
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3.3.1.  Effect of anionic phospholipids on KcsA single channel conductance  
 

The data indicated that anionic phospholipid conditions differentially affected 

KcsA single channel properties. The chord conductance measured at + 100 mV was 

significantly higher in the presence of DOPG (174.7 ± 2.2 pS, n = 13, s.e.m.) and CL 

(169.0 ± 2.7 pS, n = 11, s.e.m.) in comparison to the channel incorporated into lipid 

bilayers composed of DOPA (118.4 ± 3.1 pS, n = 12, s.e.m.) and DOPS (132.5 ± 4.2 

pS, n = 6, s.e.m.) (Figure 3.4A). The effect of the anionic phospholipids on the KcsA 

conductance was observed only at positive potentials > 20 mV, meaning that the 

phospholipids affected outward rectification properties of KcsA (Figure 3.4B). The 

phospholipids had identical acyl chain lengths to eliminate any possible effects of 

acyl chain variation on channel function. Also, the phospholipid effect on the current 

rectification showed no significant correlation to the charge of the phospholipid 

headgroup: both DOPG having one negative charge, and CL having two negative 

charges at neutral pH, shifted KcsA conductance to the high conductance mode 

(Figure 3.4). Boltzmann fits to single channel KcsA current-voltage (I-V) curves 

showed that in the presence of DOPG and CL, the KcsA I-V relation was slightly 

shifted to more depolarized potentials (V1/2[PG] = 42.4 ± 1.5 mV; V1/2[CL] = 39.9 ± 0.9 

mV; V1/2[PS] = 53.4 ± 1.8 mV; V1/2[PA] = 52.6 ± 4.0 mV). This shift is probably due to 

a surface charge effect of the negatively charged phospholipids. More important is 

the observation that I-V relations are significantly steeper in the presence of DOPG 

and CL (KPG = 40.2 ± 1.6 mV; KCL = 40.9 ± 0.9 mV) than in the presence of DOPS 

and DOPA (KPS = 57.9 ± 2.0 mV; KPA = 68.1 ± 4.2 mV), combined with a gradual 

increase of single channel conductance at positive potentials. The data, therefore, 

suggests that charge of phospholipid headgroup plays a minor role and the structure 

of the phospholipid headgroup a major role in the observed KcsA conductance 

increase. 
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Figure 3.4. Effect of anionic phospholipid environment on the single channel conductance of 
KcsA : A – KcsA chord conductance at + 100 mV in different anionic phospholipid environments; B –
current-voltage relationship of KcsA recorded in different anionic phospholipids. DOPG - black, DOPA 
- green, DOPS - blue, CL - red. All experiments were performed in symmetrical 150 mM KCl solution 
at pH = 7.0 on the cis side and pH 4.0 on the trans side. Lipid bilayers were composed of 70 % anionic 
lipid and 30% neutral DOPC. The graphs represent data from 6-13 independent experiments. Chord 
conductance values are given in pS as mean ± s.e.m. Current-voltage relationship were fit by a 
Boltzmann function (y=[(A1-A2)/(1+e(V-V1/2)/K)]+A2, where A1 - initial value of the current, A2 - final value 
of the current, V1/2 - the voltage of half-maximal current, K - the slope factor for I-V curve). The curves 
were fit from -250 to 250 mV. ** - p < 0.01.  
 
 
 
3.3.2.  Effect of anionic phospholipids on KcsA open probability  

 
In addition to an effect on single channel conductance described above, 

anionic phospholipids modulated the open probability (PO) of the KcsA channel. All-

point histograms of KcsA recorded under different anionic phospholipid conditions 

revealed that KcsA has a significantly higher PO if the channel is incorporated in the 

lipid bilayer composed of DOPA or CL in comparison to DOPG or DOPS lipid bilayers 

(Figure 3.5). Thus, the conductance and rectification properties of KcsA current are 

uncorrelated with an increase in PO. 
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Figure 3.5. Representative illustrations of all-points histograms for KcsA recorded in different 
anionic phospholipid environment. All experiments were performed in symmetrical 150 mM KCl 
solution at pH = 7.0 on the cis side and pH 4.0 on the trans side. Lipid bilayers were composed of 70 
% anionic lipid and 30 % neutral DOPC. All-points histograms were plotted for entire recordings of the 
single channel currents conducted by KcsA, including long closed periods, and thus represent the 
overall PO of KcsA potassium channels in the particular phospholipid membrane. The insets in the 
histograms show the KcsA potassium channel recorded in the presence of DOPG and DOPS and 
illustrate the paucity of open events. KcsA open probability (PO) values are given in the text as mean ±  
s.e.m.    
 
 
 

In contrast to the effect of anionic phospholipids on single channel 

conductance, KcsA  PO correlated with the charge of the phospholipid headgroup. PO 

was high in a lipid environment with more negatively charged headgroups DOPA (-

1.3)  (PO=0.19 ± 0.02, n=10, s.e.m.) and CL (-2) (PO=0.37 ± 0.09, n=8, s.e.m.) and 

comparably low in a lipidic environment with less negatively charged head groups, for 

example in DOPG (-1) (PO=0.010 ± 0.002, n=9, s.e.m.) and in DOPS (-1) (PO=0.013 

± 0.003, n=6, s.e.m.), respectively. Maximal PO was observed in the presence of CL 

(0.37 ± 0.09, n=8, s.e.m.), which has the highest headgroup charge of the anionic 

phospholipids tested (Figure 3.5).  
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3.3.3.  Kinetic analysis of KcsA gating under different anionic phospholipid 
environment  

 

It has been shown previously that KcsA closed times at steady-state conditions 

mainly correspond to an inactivated-opened equilibrium of the channel (Chakrapani 

et al., 2007a; Cordero-Morales et al., 2006). Thus, I considered that closed times in 

my study correspond to inactivated states. Therefore, at steady-state conditions PO of 

KcsA mainly reflects the sum of transitions between open and inactivated states. This 

situation simplifies equation 1.1 (see Introduction, page 16) to equation 3.1,  

 

 

Equ. 3.1 

 

 

where O means open state duration, i - number of open states, I - nonconductive 

inactivated state duration, j - number of nonconductive inactivated states.  

 

Based on these general considerations, a detailed analysis of KcsA gating 

kinetics was carried out in order to find out more about the mechanism(s) by which 

anionic phospholipids modulate KcsA gating.  

All kinetic analyses were done using the QuB software for single channel 

analysis and modulation  (www.qub.buffalo.edu). Single channel currents of KcsA 

recorded in different anionic phospholipid environments were first idealized into noise 

free open and close transitions using a half-amplitude threshold algorithm. Closed 

and open intervals were compiled into dwell time histograms with logarithmic 

abscissa and square root ordinate (Sigworth and Sine, 1987) and were fitted by a 3 - 

exponential fit (Figure 3.6) according to equation 3.2: 

 

Equ. 3.2                                                          with                    ,                         

                                                                                             

where λi is the reciprocal of the time constant of the ith component; n is the number of 
exponential components; ai is the fractional area occupied by the ith component; t is 
the decay constant. 
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Figure 3.6. Representative dwell time histograms of KcsA recorded in different anionic 
phospholipids. All experiments were performed in symmetrical 150 mM KCl solution at pH = 7.0 on 
the cis side and pH 4.0 on the trans side. Lipid bilayers were composed of 70 % anionic lipid and 30 % 
neutral DOPC. Time constants (τ) were calculated from a three exponential fits (see equations on the 
page 48) to log dwell time distributions. Time constants (τ) are given in ms as mean ± std (see Table 
3.1). 
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Analysis of the dwell time histograms revealed that both open and closed 

durations are composed of multiple kinetic components, which is in good agreement 

with previous studies (Chakrapani et al., 2007b; Irizarry et al., 2002). Under all 

experimentally tested phospholipid conditions, dwell time histograms for closed 

durations were best fit with three exponentials corresponding to three non-conductive 

states of the KcsA channel (Figure 3.6). Closed times, which represent inactivated 

states, were sensitive to changes in anionic phospholipid environment. The total 

mean closed time (τmean) was ~ 8 fold shorter in the presence of DOPA and CL (19.88 

± 1.08 ms (n=10, std) and 16.24 ± 0.76 ms (n=8, std), respectively) in comparison to 

DOPG (108.87 ± 5.38 ms; n=9, std) and DOPS (163.11 ± 9.2 ms; n=6, std) (Figure 

3.6 and Table 3.1).  

This effect of DOPA and CL was due to reduction of the most prevalent  

second closed state in the presence of DOPG (τ2 = 122.11 ± 3.16 ms, a2 = 0.83 ± 

0.01, n=9, std) and DOPS (τ2 = 119.14 ± 5.47 ms, a2 = 0.76 ± 0.05, n=6, std). In the 

presence of DOPA and CL, the second closed state was greatly reduced (τ2 = 18.08 ± 

0.27 ms, a2 = 0.20 ± 0.01 (n=10, std) and τ2 = 29.16 ± 0.60 ms, a2 = 0.25 ±  0.02 (n=8, 

std) for DOPA and CL, respectively) and the first short-lived closed state became the 

predominate one (τ1 = 1.55 ± 0.01 ms, a1 = 0.80 ± 0.01 (n=8, std) in DOPA and τ1 = 

1.33 ± 0.02 ms, a1 = 0.75 ± 0.02 (n=10, std) in CL) (Figure 3.6 and Table 3.1). Taken 

together, analysis of closed time distributions indicates a significant effect of the 

anionic phospholipids on KcsA channel C-type inactivation, which is decreasing by 

phospholipids with more negatively charged headgroup such as DOPA and CL. This 

effect accounts for the observed increase in PO in the presence of more negatively 

charged DOPA and CL (page 47, Figure 3.5). 

The three exponential fit of dwell time histograms for open durations has 

revealed that KcsA mean open time in the presence of DOPA (τmean = 4.79 ± 0.07 ms, 

n=10, std) and CL (τmean = 11.73 ± 0.51 ms, n=8, std) was higher than in presence of 

DOPG (τmean = 1.05 ± 0.06 ms, n=9, std) and DOPS (τmean = 2.33 ± 0.13 ms, n=6, std). 

Two factors have contributed to this effect. First, the duration and impact of the 

second open state were higher in the presence of DOPA (τ2 = 8.20 ± 0.32 ms, a2 = 

0.30 ± 0.06, n=10, std) and CL (τ2 = 8.43 ± 1.06 ms, a2 = 0.35 ± 0.03, n=8, std), in 

comparison to DOPG (τ2 = 3.60 ± 0.52 ms, a2 = 0.06 ± 0.02, n=9, std) and DOPS (τ2 = 

6.22 ± 0.57 ms, a2 = 0.20 ± 0.02, n=6, std). Second, in the presence of DOPA and 

CL, the third long-lived open state of KcsA was observed in the dwell time 
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distributions (τ3 = 45.61 ± 2.89 ms, a3 = 0.02 ± 0.01 % (n=10, std) and τ3 = 29.01 ± 

1.39 ms, a3 = 0.28 ± 0.04 (n=8, std) for DOPA and CL, respectively)  (Figure 3.6 and 

Table 3.1), while in the DOPG and DOPS, the third long-lived open state was not 

detectable (τ3 for KcsA recorded in the DOPG and DOPS lipid bilayers is marked as 

n.d. (not detectable) in Figure 3.6 and Table 3.1).   

My findings suggest that the effect of anionic phospholipids on KcsA closed 

and opened durations depends on phospholipid headgroup charge. More negatively 

charged headgroups reduce the mean closed (inactivated) time of the channel and, 

thereby, increase its mean open time, which then results in an overall increase in 

channel PO (page 47, Figure 3.5). The maximal mean open time of KcsA was 

observed in CL which was the most negatively charged phospholipid among the 

tested phospholipids. The variation in the number of open states might be associated 

with the modulation of the modal gating of KcsA by anionic phospholipids.  

 

 

 

 

 

 

 

 

 
Table 3.1. Dwell times for open and closed (inactivated) states of KcsA recorded in different 
anionic phospholipid environments. Mean open and closed (inactivated) times were calculated 
from a three exponential fit (see equations on the page 48) to log dwell time distributions (Figure 3.6.). 
Open and closed times (τ) are given in ms as mean ± std. Area values (a) are given as mean ± std. 
These values were calculated from 6 to 10 experiments. n.d. - not detectable.   
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3.3.4. Kinetic models of KcsA gating in different anionic phospholipids 

 

In order to describe quantitatively the observed anionic phospholipid 

modulation of KcsA, kinetic models of single channel behavior were generated. 

Taking into consideration the previous analysis of the dwell time distributions 

described above, it has been assumed that KcsA channel has three discrete 

nonconductive closed states, which according to the literature correspond to the 

inactivated-opened equilibrium of the channel under stationary conditions 

(Chakrapani et al., 2007b; Cordero-Morales et al., 2006). It has been also assumed 

that the KcsA channel potentially displays up to three distinct gating modes under 

steady state conditions. This property is referred to as modal gating. The gating 

modes differ in their mean open times. The channel is able to switch spontaneously 

from one mode to another (Chakrapani et al., 2011; Chakrapani et al., 2007b). Based 

on these assumptions, kinetic models were generated for all four phospholipid 

conditions using maximum interval likelihood algorithm in the QUB software for a 

single channel analysis and modulation  (www.qub.buffalo.edu). The kinetic models 

are represented on the Figure 3.7. In Table 3.2 the statistics of the kinetic models are 

shown.  

A model with three closed (inactivated) states well described the observed lipid 

effects. The number of opened states varies in the models depending on lipid 

environment: 2 open states for KcsA in DOPG and DOPS and 3 open states in 

DOPA and CL. The models showed that the KcsA channel stays inactivated longer in 

the presence of DOPG and DOPS, consistent with an observed smaller Po  (page 

47, Figure 3.5). In summary, the data suggests that changes in lipid environment are 

associated with a modulation of open KcsA states and hence affect modal gating 

behavior of the KcsA channel.  
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Figure 3.7. Kinetic model of KcsA gating in different anionic phospholipids. A - DOPG lipid 
bilayer,  B - DOPS lipid bilayer,  C - DOPA lipid bilayer,  D - CL lipid bilayer. Nonconductive closed 
(inactivated) states are shown as black boxes with the respective state number. Open states are 
indicated as red boxes with the corresponding state number. Transition rate constants were calculated 
using maximal likelihood-based method (see "Material and Methods"). The lines connecting states 
represent transitions from one state to another with corresponding transition rate constants, which are 
expressed in units of frequency, s-1. 
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Table 3.2. Transition rate constants calculated for the kinetic models of KcsA gating in different 
anionic phospholipids.  Transition rate constants are given in s-1 as mean ± std. C - closed 
(inactivated) states; O - open states. The type of the anionic phospholipid is indicated on the left panel.  

 



Results 
____________________________________________________________________ 

55 
 

3.4. Structural investigation of KcsA in anionic phospholipid environment by 
ssNMR spectroscopy 

 

SsNMR spectroscopy has been used extensively to probe membrane protein 

structure in a lipidic environment (Renault et al., 2010). This holds especially for the 

KcsA-related KcsA-Kv1.3 chimera, where the loop sequence is harboring a scorpion 

toxin-binding site from Kv1.3 potassium channel (Legros et al., 2000; Legros et al., 

2002). Conformational changes of key residues were identified in the selectivity filter 

and activation gate of the KcsA-Kv1.3 channel (see "Introduction", Chapter 1.5.), 

which are involved in scorpion toxin-binding and in transitions between closed-

conductive and opened-inactivated states (Ader et al., 2008; Schneider et al., 2008).  

 

3.4.1. Effect of different anionic phospholipids on KcsA structure 
  

To gain insight into the structural basis of phospholipid modulation of the KcsA 

channel, ssNMR spectroscopical experiments were performed with proteoliposomes 

containing KcsA in a phospholipid environment similar to the ones used in my 

electrophysiological experiments. Uniformly [13C,15N]-labelled KcsA was reconstituted 

into liposomes composed of 3 to 7 molar ratios of DOPC:DOPG, DOPC:DOPA, and 

DOPC:CL. As in the electrophysiological experiments, I shall henceforth abbreviate 

the phospholipid compositions that I used, as DOPG, DOPA and CL liposomes. All 

experiments were performed under conditions as close as possible to the 

electrophysiological experiments. Two-dimensional (2D) spectra of KcsA obtained at 

500 and 700 MHz (1H-frequency) spectrometers were assigned, based on the known 

chemical shifts of closed-conductive and open-inactivated conformations of KcsA-

Kv1.3 (Ader et al., 2008; Schneider et al., 2008) and chemical shifts of closed-

conductive state of KcsA (data not published).  
13C-13C Proton Driven Spin Diffusion (PDSD) experiments were performed with 

a 30 ms mixing time in order to identify intraresidue 13C spin systems. 13C-13C 2D 

PDSD correlation spectra recorded on KcsA enabled me to identify 13C chemical 

shifts of key residues (T72CG2-CA/CB, T74CA-CB, T74CG2-CA/CB; T75CA-CB, 

T75CG2-CA) within the KcsA selectivity filter. In DOPG and DOPA the conformation 

of these residues corresponded to a collapsed (inactivated) conformation of the KcsA 

selectivity filter (Figure 3.8). Surprisingly, in CL 13C-13C 2D PDSD correlation spectra 

revealed a peak doubling at T72CG2-CA/CB, T74CA-CB, T74CG2-CB, T75CA-CB 
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and T75CG2-CA indicating both collapsed (inactivated) and conductive 

conformations of the selectivity filter (Figure 3.8). At the same time the conformation 

of KcsA activation gate was identified as open by detecting corresponding signals at 

I100CG2-CA and T101CG2-CA (Figure 3.8). These results are in well agreement 

with my electrophysiological data that showed that the effect of CL on the decrease 

of the C-type inactivation of KcsA was more profound among other anionic 

phospholipids.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8. 13C-13C 2D PDSD correlation spectrum of KcsA recorded in the presence of 150 mM 
KCl at pH 4.0 in different anionic phospholipid environment with a mixing time of 30 ms at 500 
MHz 1H-frequency. Effective sample temperature - 273 K and MAS frequency - 12 kHz. KcsA was 
reconstituted into proteoliposomes composed of DOPC and DOPG (DOPA or CL) at 3/7 molar ratio. 
Blue - DOPA, red - DOPG; orange - CL. * - chemical shifts corresponding to the collapsed (inactivated) 
conformation of the selectivity filter; ** - chemical shifts corresponding to the conductive conformation 
of the selectivity filter; [O] - chemical shifts corresponding to the open conformation of the activation 
gate. 
 



Results 
____________________________________________________________________ 

57 
 

3.4.2. Investigation of KcsA potassium channel in CL lipid bilayers   
 

To gain further insight into CL effect on KcsA structure, several additional 

ssNMR experiments were performed.  

In the Figure 3.9 the NCA and NCACX spectra of KcsA potassium channel 

recorded in CL lipid bilayer at pH 4.0 are shown. In the NCA and NCACX 

experiments the magnetization was transferred from 1H to 15N via cross-polarization 

and then selectively to the 13CA using a specific cross-polarization (Baldus et al., 

1998; Pauli et al., 2001). Additionally, in the NCACX experiment the magnetization 

was transferred to other carbons (CB, CG, CD) using a 13C-13C PARIS mixing step 

(Weingarth et al., 2009). This enabled detection of residues in the selectivity filter 

including glycines which are part of the highly conserved selectivity filter signature of 

K+ channels (Doyle et al., 1998; Hille, 2001; Morais-Cabral et al., 2001). Peak 

doubling was observed for signals corresponding to T74-CA/CB/CG2, T75-CA/CG2, 

G77-CA and G79-CA, which confirmed the presence of both conductive and 

collapsed conformation of the KcsA selectivity filter. (Figure 3.9).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.9.  NCA (A) and NCACX (B and C) spectra of KcsA recorded at 500 MHz 1H-frequency 
in CL in the presence of 150 mM KCl at pH 4.0. Effective sample temperature - 273 K and MAS 
frequency - 11.4 kHz. KcsA was reconstituted in proteoliposomes composed of DOPC and CL at 3/7 
molar ratio. * - chemical shifts corresponding to the collapsed conformation of the selectivity filter; ** - 
chemical shifts corresponding to the conductive conformation of the selectivity filter; [O] - chemical 
shifts corresponding to the open conformation of the activation gate; [C] - chemical shifts 
corresponding to the closed conformation of the activation gate. 
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In NCA and NCACX spectra the peaks, that correspond to the open 

conformation of KcsA activation gate have been detected at T101CA/CB/CG2, which 

was expected for pH 4.0 conditions when activation gate is protonated. However the 

intensity and resolution in these experiments were not sufficient to describe precisely  

the conformation of KcsA activation gate in the presence of CL. Therefore, an 

additional NCOCX experiment  was performed on KcsA in CL lipid bilayer.  

Similar to the above mentioned scheme, in an NCOCX experiment, the 

magnetization was specifically transferred to 13CO, and then to other carbons via 13C-
13C PARIS spin diffusion. Through the transfer to the neighboring carbons (i-1), 

sequential correlations are provided (Seidel et al., 2004; Weingarth et al., 2009).  

The NCOCX spectrum of KcsA recorded in a CL lipid bilayer is shown on the 

Figure 3.10. As in the experiments described above, the selectivity filter of the KcsA 

had two conformations in the NCOCX spectrum: collapsed and conductive. The 

signals, that correspond to the open conformation of the KcsA activation gate were 

detected for T101N-I100CA and G99N-A98CB (Figure 3.10). However, some 

ambiguous peaks for the same residues were present that may be related to closed 

conformation, and, further, some signals which correspond to the open conformation 

of the KcsA were absent in the NCOCX spectrum.  
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Figure 3.10.  NCOCX spectrum of KcsA recorded at 700 MHz 1H-frequency in CL in the presence 
of 150 mM KCl at pH 4.0. Effective sample temperature - 273 K and MAS frequency - 15 kHz. KcsA 
was reconstituted in proteoliposomes composed of DOPC and CL at 3/7 molar ratio. * - chemical shifts 
corresponding to the collapsed conformation of the selectivity filter; ** - chemical shifts corresponding 
to the conductive conformation of the selectivity filter; [O] - chemical shifts corresponding to the open 
conformation of the activation gate; [C] - chemical shifts corresponding to the closed conformation of 
the activation gate. 

 

 

In order to make a clear conclusion about the activation gate conformation of 

KcsA in the presence CL, I decided to conduct one additional 13C-13C PDSD 

experiment at long mixing time (150 ms) to be able to detect inter-residue contacts. 

The results of this experiment are represented in the Figure 3.11. In this experiment I 

observed signals corresponding to inter-residue contacts of I100CB-G99CA, 

I100CD1-T101CG2, T101CG2-I100CB, G99CA-I100CD1 and G99CA-A98CB which 

confirmed that activation gate of KcsA in its open conformation. 
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Taken together, ssNMR results show a marked effect of CL on the selectivity 

filter conformation of KcsA potassium channel at pH 4.0 in maintaining the channel 

open and partially conductive. It seems that in the presence of CL, which is more 

negatively charged in comparison to other anionic phospholipids, the equilibrium 

within KcsA gating is shifted to the open-conductive state in comparison to other 

phospholipids. Therefore at steady state conditions the impact of the open-

conductive state is sufficient to probe it using ssNMR. These results are in good 

agreement with my electrophysiological experiments that showed that the mean open 

time of KcsA is higher in the presence of CL in comparison to other anionic 

phospholipids (see Table 3.1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11.The conformation of the activation gate of the KcsA in CL lipid bilayer. 13C-13C 2D 
PDSD correlation spectrum recorded on KcsA in the presence of 150 mM KCl at pH 4.0 in CL lipid 
bilayer  with a mixing time of 150 ms at 500 MHz 1H-frequency. Effective sample temperature - 273 K 
and MAS frequency - 12 kHz. KcsA was reconstituted in proteoliposomes composed of DOPC and CL 
at 3/7 molar ratio. [O] - chemical shifts corresponding to the open conformation of the activation gate. 
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Based on ssNMR experiments on KcsA in CL lipid bilayers a signal to noise 

analysis was performed to estimate the approximate ratio between opened-

conductive and opened-collapsed conformations of KcsA. NCA and NCACX spectra 

have been chosen for this evaluation. The signal to noise analysis revealed that ratio 

between opened-collapsed and opened-conductive conformations of KcsA in CL is 

approximately 6/4, meaning that the opened-collapsed conformation is predominant 

(Figure 3.12). This result is in good agreement with the Po of 0.37  measured for 

KcsA in CL containing lipid bilayers in the electrophysiological experiments (page 47, 

Figure 3.5).   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12. Signal to noise analysis of key residues corresponded to selectivity filter and 
activation gate of KcsA. NCA and NCACX spectra were used for the analysis. The collapsed 
(inactivated) and conductive conformations of the selectivity filter of the KcsA are indicated in blue and 
purple respectively. The residues corresponded to the activation gate is indicated in yellow. SNR - 
signal-to-noise ratio.  
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3.5. Role of the KcsA turret region in anionic phospholipid modulation of KcsA 

3.5.1. Effect of the turret substitution on KcsA phospholipid sensitivity 
 

The results reported above suggest that the headgroup of anionic 

phospholipids play an important role in modulation of KcsA channel activity. In 

general, modulation of channel gating and conductance can occur via interaction of 

anionic phospholipids with the extracellular or intracellular side of the channel. My 

data suggested that the phospholipids influence the activity of the KcsA inactivation 

gate. It is located in the part of the channel that is embedded in the membrane facing 

the extracellular side of the lipid bilayer. The turret region (between Ala 50 and Ala 

65) which is located at the extracellular part of KcsA (see "Introduction", Figures 1.2 

and 1.3) is one of the potential structures which might be involved in lipid-protein 

interaction. Therefore, I investigated whether the extracellular turret of KcsA plays a 

role in anionic phospholipid modulation.  

I performed lipid bilayer experiments with varying molar ratios of DOPG 

anionic phospholipid on KcsA and KcsA-Kv1.3, a chimerical KcsA channel variant 

containing the turret region of the Kv1.3 channel (Lange et al., 2006; Ader et al., 

2008; Ader et al., 2009). Representative KcsA and KcsA-Kv1.3 current traces 

recorded in the lipid bilayer with different DOPG contents are shown in the Figure 

3.13. 

 

 

 

 

 

 

 

 

 

 
Figure 3.13. Representative current traces of KcsA and KcsA-Kv1.3 recorded at different DOPG 
molar ratio anionic phospholipid environments.  The phospholipid composition is indicated above 
the current traces. All experiments were performed at +100 mV in symmetrical 150 mM KCl solution at 
pH = 7.0 on the cis side and pH 4 on the trans side. The sequence alignment of KcsA and KcsA-Kv1.3 
channels are illustrated in the Figure 7.1 on the page 84 ("Appendix").  
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Comparison of the results showed that KcsA chord conductance significantly 

increased with increasing molar fraction of DOPG, which matches with previous 

measurements (Marius et al., 2008). In contrast, KcsA-Kv1.3 conductance changed 

only weakly with varying phospholipid composition (Figure 3.13 and 3.14). The data 

indicates that extracellular turret region (between Ala 50 and Ala 65) plays an 

important role for phospholipid sensitivity of the KcsA. 

 
  
 
 
 
 
 
 
 

 
 
 
 
 

Figure 3.14. Chord conductance calculated for KcsA and KcsA-Kv1.3 recorded at different 
DOPG molar ratios.  A - absolute values of chord conductance of KcsA and KcsA-Kv1.3, B - relative 
effect of DOPG on chord conductance of KcsA and KcsA-Kv1.3 potassium channels. All experiments 
were performed at +100 mV in symmetrical 150 mM KCl solution at pH = 7.0 on the cis side and pH 4 
on the trans side. The graphs represent data from 3-5 independent experiments. * - p < 0.05. 
 

 
 

3.5.2. Specific phospholipid binding in KcsA probed by MD simulations  
 
 
To gain further insight into the nature of differental anionic phospholipid 

sensitivity of KcsA and KcsA-Kv1.3, coarse grain molecular dynamics (CGMD) 

simulations using the MARTINI force field (Marrink et al., 2007) were performed on 

the two channels. The CGMD simulations revealed considerable differences in 

specific phospholipid binding between KcsA and KcsA-Kv1.3. In line with previous 

experimental studies (Marius et al., 2008), the results showed for both channels 

specific phospholipid binding on the µs timescale. Lifetimes of bound phospholipids, 

however, differed by approximately one order of magnitude, especially for PG 

binding, being significantly longer in the case of KcsA in comparison to KcsA-Kv1.3 

(Figure 3.15). 
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Figure 3.15. Specific phospholipid binding in KcsA probed by CGMD simulations Evaluation of 
the lifetimes of bound PG (red) and PC (blue) for lipid binding sites of  KcsA and  KcsA-Kv1.3 over 
trajectories of 100 µs. The first 10 µs were considered as equilibration period. The type of the K+ 
channel is indicated on the upper panel.  

 

 

3.5.3. Effect of anionic phospholipids on KcsA turret probed by ssNMR   
 

It has been shown previously by combining ssNMR spectroscopical and 

electrophysiological studies that the KcsA-Kv1.3 turret region is involved in C-type 

inactivation. The signal for Ala 50 (A50CA-CB), which is one of the residues in the 

turret region, was observed only for the closed-conductive channel (pH 7.5, in 

asolectin), while it was too broad to be detected in the 13C-13C 2D PDSD correlation 

spectrum in asolectin at pH 4.0, which represented the opened-inactivated 

conformation of the channel (Nand, 2011). In my study,  in the 13C-13C 2D PDSD 

correlation spectrum Ala 50 signal (A50CA-CB) also was observed for the closed-

conductive conformation of KcsA in asolectin at pH 7.5 (gray spectrum in Figure 

3.16). When KcsA was reconstituted  in DOPG and DOPA at pH 4.0, the A50CA-CB 

signal on the 13C-13C 2D PDSD correlation spectrum was undetectable (Figure 3.16: 

red and blue spectra for DOPG and DOPA, respectively). By contrast, in presence of 

CL at pH 4.0, the A50CA-CB signal was observed (orange spectrum in Figure 3.16).  

Thus, the effect of CL on KcsA channel activity was correlated with structural 

changes in the turret region, which confirms, in agreement with my functional and 

CGMD simulation experiments, the importance of the turret region in anionic 

phospholipid modulation of KcsA channel. 
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Figure 3.16. The Ala-region of KcsA in 13C-13C 2D PDSD correlation spectrum recorded on in the 
presence of 150 mM KCl at pH 4.0 in different anionic phospholipid environment with a mixing 
time of 30 ms at 500 MHz 1H-frequency. Effective sample temperature - 273 K and MAS frequency - 
12 kHz. KcsA was reconstituted in proteoliposomes composed of DOPC and DOPG (DOPA or CL) at 
3/7 molar ratio. Grey - asolectin pH 7.5, blue - DOPA pH 4.0, red - DOPG pH 4.0; orange - CL pH 4.0.  
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4. Discussion 
 

The purpose of my study was to investigate structural and functional aspects 

of KcsA potassium channel modulation by anionic phospholipids, utilizing a 

combination of functional and structural tools including electrophysiology, ssNMR 

spectroscopy and MD simulations. 

 

 

4.1. Functional modulation of KcsA by anionic phospholipids   
 

Single channel recordings of KcsA, reconstituted in planar lipid bilayers 

revealed that KcsA single channel properties are affected by anionic phospholipids. I 

observed that anionic phospholipids modulate both single channel conductance and 

gating. Previously, it has been shown that PG, which is negatively charged, increases 

both PO and single channel conductance of KcsA (Marius et al., 2008). It was 

proposed that the effect of PG on KcsA single channel properties is associated with 

charge-specific binding of negatively charged anionic phospholipids with non-annular 

lipid binding sites located between two adjacent KcsA subunits (Marius et al., 2012; 

Marius et al., 2008). My study shows that the mechanism of anionic phospholipid 

influence on KcsA might be more complex. I observed a correlation between 

phospholipid headgroup charge and KcsA PO. PO was high in a lipidic environment 

with more negatively charged headgroups, such as DOPA (-1.3) and CL (-2), and 

comparably low in a lipidic environments with less negatively charged head groups, 

such as DOPG (-1) and in DOPS (-1). Maximal PO was observed in the presence of 

CL, which has the highest headgroup charge among the anionic phospholipids tested 

(page 47, Figure 3.5). However, the effect of anionic phospholipids on single channel 

conductance showed no significant correlation with phospholipid headgroup charge: 

both DOPG having one negative charge, and CL having two negative charges, 

shifted the KcsA to the high conductance mode (page 46, Figure 3.4). The data, 

therefore, suggests that not the charge, but the structure of the lipid headgroup 

affects KcsA conductance. Note that the effect of the anionic phospholipids on KcsA 

conductance was observed only at positive potentials, significantly affecting the 

outward rectification properties of the KcsA (page 46, Figure 3.4B). The rectification 

is generally linked to a voltage-dependent block of the conduction pathway. For Kir 
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channels it has been shown that strong inward rectification is associated with 

voltage-dependent block of the channel by multivalent ions of the cytoplasm, Mg2+ 

and polyamines, such as spermine, spermidine and putrescine (Hille, 2001). For 

KcsA potassium channels, Ba2+ and Na+ voltage-dependent blocks were shown 

(Cheng et al., 2011; Nimigean and Miller, 2002; Piasta et al., 2011). I always used 

ultra-pure chemicals in the experiments. Most likely, this rules out contaminating 

effects of Na+ although I used lipids as sodium salts. Previously, it was shown that 

KcsA outward rectification is a very robust phenomenon, being identical if the 

channel was recorded in solutions made of reagent-grade or ultra-pure KCl, or 

solutions containing different types of pH buffers (LeMasurier et al., 2001).  
The analysis of single channel KcsA current-voltage curves revealed that in 

the presence of DOPG and CL, the KcsA current-voltage relation was slightly shifted 

to more depolarized potentials. This shift is probably due to a surface charge effect of 

the negatively charged lipids. More important is the observation that current-voltage 

relations are significantly steeper than in the presence of DOPA and DOPS, 

combined with a gradual increase of single channel conductance at positive 

potentials. 

Analysis of the dwell time histograms revealed that both opened and closed 

durations of KcsA are comprised of multiple kinetic components, which corroborates 

previous studies (Chakrapani et al., 2007; Irizarry et al., 2002). My findings suggest 

that the effect of anionic phospholipids on closed and opened durations of the KcsA 

depends on phospholipid headgroup charge. More negatively charged headgroups 

reduce the mean closed (inactivated) time of the channel and, thereby, increase its 

mean opened time, resulting in an overall increase in channel PO (page 47, Figure 

3.5). Moreover, I observed a variation in the number of opened states. In the 

presence of less negatively charged headgroups, such as DOPG (-1) and in DOPS (-

1) KcsA exhibited two opened states. While in the lipidic environment with more 

negatively charged headgroups DOPA (-1.3) and CL (-2), respectively, three distinct 

opened states were detected (page 49, Figure 3.6; page 51, Table 3.1 and page 53, 

Figure 3.7). The variation in the number of opened states suggests that anionic 

phospholipids influence modal gating of the KcsA channel.  

The modal gating behavior of KcsA has been previously demonstrated 

(Chakrapani et al., 2011; Chakrapani et al., 2007).  Modal gating is not unique to 

KcsA. It has been also observed with other K+ channels, in which time-dependent 



Discussion 
____________________________________________________________________ 

68 
 

single channel activity can switch abruptly between periods of high and low PO, under 

fixed experimental conditions (Cooper and Shrier, 1989; Dreyer et al., 2001; Singer-

Lahat et al., 1999; Stuhmer et al., 1988). The modal gating behavior of the channel 

represent an effective regulatory mechanism by which ion channels control the ionic 

fluxes (Chakrapani et al., 2011). My data shows that K+ channel modal gating 

behavior can be modulated by anionic phospholipids.  

Taking together, my functional data shows that modulation of KcsA single 

channel properties involves at least two different pathways: one, which is sensitive to 

phospholipid headgroup charge, and another one, which depends on headgroup 

structure. The latter pathway probably involves a specific interaction of phospholipid 

headgroup with the KcsA channel (Figure 4.1).  

 

 

 

 

 

 
 

 

 

 

 

 

 

 

Figure 4.1. The proposed mechanism of anionic phospholipid modulation of the KcsA 
potassium channel. KcsA is shown in the middle of the figure as ribbon diagram. Anionic 
phospholipids are indicated in the left and right panels. The red and blue dashed lines represent 
approximate limits of the membrane.  
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4.2. Structural basis of KcsA modulation by anionic phospholipids   
 

It is still difficult to study the structure of membrane proteins in their native 

environment. So far, it has been impossible to obtain crystal structures of 

proteoliposomes, for example. At present, ssNMR spectroscopy is the method of 

choice to characterize the structure of membrane proteins in a lipid environment 

(Renault et al., 2010). Fortunately, it has been shown that the structure of KcsA 

related KcsA-Kv1.3 chimera is amenable to detailed ssNMR spectroscopic analysis 

(Ader et al., 2010; Ader et al., 2009; Ader et al., 2008; Legros et al., 2000; Legros et 

al., 2002). The data showed two distinct conformations of K+ channel pore domain: i) 

a closed-conductive conformation where the activation gate of the channel is closed 

and the inactivation gate is opened; ii) open-inactivated (collapsed) conformation 

where the activation gate is open, but the selectivity filter is collapsed (closed 

inactivation gate), so that the channel is inactivated and cannot conduct ions (Ader et 

al., 2009; Ader et al., 2008).   

Importantly, the conformation of the opened-conductive state of KcsA in the 

lipid bilayer is still unknown. This is most likely due to the very short lifetime of this 

state during KcsA gating (Cordero-Morales et al., 2006) reflected by low PO of KcsA 

at steady-state conditions. Determination of the structure of the open-conductive 

state of KcsA in lipid environment, where activation gate and inactivation gate are 

open, is, however, crucial for a detailed understanding of the molecular mechanism 

of K+ channel gating.  

My data shows that the conformation of the KcsA selectivity filter is modulated 

by anionic phospholipid environment. I observed opened-collapsed conformation of 

KcsA in the presence of DOPG and DOPA at pH 4.0. In the presence of CL both, 

opened-collapsed and opened-conductive conformations were detected. CL is more 

negatively charged than the other anionic phospholipids, that I investigated. Possibly, 

CL markedly reduces KcsA C-type inactivation enabling a detection of the open-

conductive conformation of the selectivity filter of KcsA. The interpretation of the 

ssNMR results is consistent with results of the electrophysiological experiments that 

showed a significant attenuation of inactivation in CL in comparison to DOPA and 

DOPG.  
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Figure 4.2. The cartoon representation of anionic phospholipids influence on the conformation 
of the selectivity filter of KcsA.  Two conformations of the channel are shown. I - open-inactivated 
(collapsed) state (0 - inactivation gate is closed; 1- activation gate is open). O - open-conductive state 
(1 - inactivation gate is open; 1- activation gate is open). Lipid bilayer is indicated in orange. 
Conductive conformation of the selectivity filter is shown in blue. Collapsed (inactivated) conformation 
of the selectivity filter is indicated in red.   

 

In summary, the ssNMR results showed a marked effect of CL on the 

selectivity filter conformation of KcsA. Obviously, CL stabilizes at pH 4.0 the opened- 

conductive state of the channel (Figure 4.2). 

 

4.3. Role of the turret region in functional KcsA-lipid interactions  
 

The turret region of KcsA faces the extracellular side (page 6, Figure 1.3B). 

This localization predestines the turret region to interact with the surrounding lipids, 

especially with lipid headgroups. It has been shown that mutations introduced in the 

turret region have a profound effect on the K+ channel C-type inactivation and K:Na 

selectivity (Liu et al., 2002). Taking into consideration that the turret region interacts 

with some residues of KcsA within the P-helix and P-loop (Broomand et al., 2007), 

this structure is well suited to play a role in anionic phospholipid modulation of KcsA. 

Indeed, my data show that KcsA turret (A50-A65) region is involved in phospholipid 

modulation of the channel. In contrast to KcsA, where, as discussed above, chord 

conductance increases with increasing concentration of negatively charged DOPG, 

KcsA-Kv1.3 which has modified turret region (page 84, Figure 7.1), chord 

conductance is relatively insensitive to changes in lipid environment (page 62, Figure 

3.13 and page 63, Figure 3.14). The data indicate that the extracellular turret region 

(between Ala 50 and Ala 65) plays an important role for phospholipid sensitivity of the 

KcsA.  
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It was shown previously that at pH 4.0 when the channel is at open-collapsed 

conformation, the cross-correlation between Ala 50-CA and Ala 50-CB in the 13C,  
13C-correlation spectra is attenuated, which shows that upon transition from closed-

conductive to opened-collapsed state the turret region undergoes a structural change 

(Ader et al., 2008; Nand, 2011). I observed in ssNMR 13C, 13C-corelation spectra of 

CL-containing proteoliposomes that the opened-conductive conformation was 

correlated with appearance of a defined Ala 50CA-CB correlation (page 65, Figure 

3.16). It suggests that CL stabilizes via an interaction with the turret an opened-

conductive conformation of the selectivity filter of KcsA. 

Furthermore, MD simulation confirms that the turret region plays an important 

role in KcsA modulation by anionic phospholipids. The CGMD simulations revealed 

considerable differences in specific phospholipid binding between KcsA and KcsA-

Kv1.3. While specific lipid binding to the inter-subunit binding site was observed for 

both channels on the µs timescale, lifetimes of bound phospholipids were about one 

order of magnitude longer for KcsA, in particular for negatively charged PG, than for 

KcsA-Kv1.3 (page 64, Figure 3.15).  

Thus, functional, structural and MD simulation data signify a role of the turret 

region in phospholipid modulation of KcsA. There are several possible explanations 

for the importance of this region in channel modulation by anionic phospholipids. 

First, this region contains the Arg 64 residue, which together with Arg 89 forms a 

specific non-annular binding site for anionic phospholipids (Deol et al., 2006; Marius 

et al., 2008). A [31P]-ssNMR study conducted on liposomes with and without KcsA 

provided direct evidence of anionic phospholipid binding to the Arg 64-Arg 89 non-

annular binding site (Marius et al., 2012). It was shown also that substitution of Arg 64 

and Arg 89 by neutral Leu appears to act synergistically to reduce the PO of KcsA 

(Marius et al., 2012). However, other positively charged residue(s) of the turret region 

might also be involved in the phospholipid modulation, for example Arg 52 (Raja, 

2011). Indeed, in KcsA-Kv1.3 Arg 52 is replaced by Ala. It has been shown that the 

KcsA turret forms close connections with the conserved Trp68 of the P-helix and 

Pro83 of the P-loop (Broomand et al., 2007; Elinder and Arhem, 1999). Therefore, 

conformational rearrangements within the turret induced by its interaction with anionic 

phospholipids may affect gating of the KcsA potassium channel. In this case, the 

charge of the entire turret region might be important for anionic phospholipid 

modulation of the K+ channel. This, however, needs further investigation. 
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5. Conclusion  
 

KcsA single channel properties are modulated by the surrounding 

phospholipids. The modulation involves the charge of the phospholipid headgroup as 

well as the structure of the phospholipid headgroup. Taking into consideration that 

KcsA is a prototype of the K+ channel pore, phospholipid influence on KcsA 

properties may be a common feature in the K+ channel family.  

SsNMR data revealed that anionic phospholipids affect the conformation of the 

KcsA selectivity filter. In particular, CL, which was the most negatively charged 

phospholipid among the tested phospholipids, renders the selectivity filter 

conformation of KcsA at pH 4.0 opened and conductive. The data suggest that the 

conductive conformation of the KcsA selectivity filter is stabilized by CL, because the 

observed structural changes lead to a marked reduction of KcsA C-type inactivation. 

In agreement with this notion, electrophysiological experiments showed a significant 

reduction of C-type inactivation in CL in comparison to other anionic phospholipids 

such as DOPA and DOPG. 

 A combination of functional, structural and MD simulation data indicated that 

the turret region of KcsA plays a significant role in phospholipid – channel interaction. 

Hence, I propose that interaction of negatively charged anionic phospholipids with the 

KcsA turret region evokes structural rearrangements within the selectivity filter 

affecting KcsA single channel properties.  
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7. Appendix 
 

7.1. Sequence alignment of KcsA and KcsA-Kv1.3 channels 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.1. Sequence alignment of KcsA and KcsA-Kv1.3 channels. Gray boxes and lines above 
the alignment indicate the membrane topology of the channels. NTD - N-terminal cytoplasmic domain; 
TM1 - outer helix; P-loop - pore loop; TM2 - inner helix; CTD -  C-terminal cytoplasmic domain. 
Selectivity filter residues are indicated in blue. Amino acid substitutions in KcsA-Kv1.3 are shown in 
red.  
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7.2. Expression vectors used for the protein expression 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.2. pQE vectors used for protein expression. A - pQE60 vector used for the expression of  
KcsA. B - pQE70 vector used for the expression of KcsA and KcsA-Kv1.3. PT5 - T5 promoter; lac O - 
lac operon; RBS - ribosome binding site; ATG - start codon; 6xHis - His tag sequence; MCS - multiple 
cloning sites (restriction recognition sites are shown); Col E1 - Col E1 origin of replication; Ampicillin - 
ampicillin resistance gene; t0 -  lambda t0 transcriptional termination region. This figure is adapted from 
Qiagen handbook for protein  expression and purification.  
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7.3. Clone cards of used plasmids 

    
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.3. Clone cards of plasmids for KcsA and KcsA-Kv1.3 expression. ORF - open reading 
frame; AmpR - ampicillin resistance gene; Col E1 - Col E1 origin of replication. 
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7.4. The atom-naming conventions recommended for proteins by IUPAC  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.4. The atom-naming conventions recommended for proteins by IUPAC-IUB 
Commission on Biochemical Nomenclature. Atom identifiers for the amino acids follow the 1969 
IUPAC-IUB guidelines. The Greek letters may be replaced by upper case Roman letters: α = A, β = B, 
γ = G, δ = D, ε = E, ζ = Z, η = H (Markley et al., 1998). 
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8. Abbreviations 
 

τ time constant 
Å Angstrom 
Amp ampicillin 
B magnetic field 
BSA bovine serum albumin 
ºC degrees Celsius 
CGMD Coarse Grain Molecular Dynamics 
cm centimeter 
CP cross polarization 
Da Dalton 
DM n-Decyl-β-D-Maltopyranoside 
DNA deoxyribonucleic acid 
DNase deoxyribonuclease 
E.coli Escherichia coli 
EDTA ethylenediaminetetraacetic acid 
e.g. for example 
EPR Electron Paramagnetic Resonance 
g gram (g-force) 
h hours 
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
His histidine 
Hz Hertz 
I current 
i.e. that is 
IPTG Isopropyl β-D-thiogalactopyranoside 
K Kelvin 
k kilo- 
Kan kanamycin 
kDa kilodalton 
kHz kilohertz 
l liter 
LB Luria-Bertani 
m meter 
M Molar 
MES 2-(N-morpholino)ethanesulfonic acid 
ml milliliter 
µg microgram 
µl microliter 
µM micromole 
µm micrometer 
µs microsecond 
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MAS Magic Angle Spinning 
mg milligram 
MHz megahertz 
min minute 
mM millimole 
MΩ megaohm 
MP membrane protein 
ms millisecond 
MW molecular weight 
nA nanoampere 
NaP sodium phosphate 
ng nanogram 
nm nanometer 
NMR Nuclear Magnetic Resonance 
OD optical density 
pA pico ampere 
PARIS phase-alternated recoupling irradiation scheme 
PAGE polyacrylamide gel electrophoresis 
PDSD Proton Driven Spin Diffusion 
PO open probability 
pS picosiemens 
psi pound-force per square inch 
Rf feedback resistance 
RPM revolutions per minute 
s seconds 
s.e.m. standard error of the mean 
SB Super Broth 
SDS sodium dodecyl sulfate 
SsNMR Solid-state Nuclear Magnetic Resonance 
std standard deviation 
T temperature 
TEA tetraethylammonium 
TM transmembrane 
UV ultraviolet 
V voltage 
v/v volume by volume 
WT wild type 
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Abbreviations for Amino acid residues 
        
        
Alanine A   Ala 
Arginine R   Arg 
Asparagine N   Asn 
Aspartic acid D   Asp 
Cysteine C   Cys 
Glutamic acid E   Glu 
Glutamine Q   Gln 
Glycine G   Gly 
Histidine H   His 
Isoleucine I   Ile 
Leucine L   Leu 
Lysine K   Lys 
Methionine M   Met 
Phenylalanine F   Phe 
Proline P   Pro 
Serine S   Ser 
Threonine T   Thr 
Tryptophan W   Trp 
Tyrosine Y   Tyr 
Valine V   Val 

 

http://en.wikipedia.org/wiki/Alanine�
http://en.wikipedia.org/wiki/Arginine�
http://en.wikipedia.org/wiki/Asparagine�
http://en.wikipedia.org/wiki/Aspartic_acid�
http://en.wikipedia.org/wiki/Cysteine�
http://en.wikipedia.org/wiki/Glutamic_acid�
http://en.wikipedia.org/wiki/Glutamine�
http://en.wikipedia.org/wiki/Glycine�
http://en.wikipedia.org/wiki/Histidine�
http://en.wikipedia.org/wiki/Isoleucine�
http://en.wikipedia.org/wiki/Leucine�
http://en.wikipedia.org/wiki/Lysine�
http://en.wikipedia.org/wiki/Methionine�
http://en.wikipedia.org/wiki/Phenylalanine�
http://en.wikipedia.org/wiki/Proline�
http://en.wikipedia.org/wiki/Serine�
http://en.wikipedia.org/wiki/Threonine�
http://en.wikipedia.org/wiki/Tryptophan�
http://en.wikipedia.org/wiki/Tyrosine�
http://en.wikipedia.org/wiki/Valine�
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