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ABSTRACT 

Regulator of K+ conductance (RCK) domains control the activity of a variety of 

K+ channels and transporters, including the prokaryotic TrkA/H K+ transport 

complex and the eukaryotic BK channel, through binding of cytoplasmic ligands 

such as ATP, H+, and Ca2+. Thus RCK domains transduce ligand binding to gate 

transmembrane K+ flux in response to signaling events and cellular metabolism, 

in organisms ranging from bacteria to humans. 

In this work, I utilize the prokaryotic RCK domain containing K+ channel, MthK 

as a model system to provide insight toward the structural basis of ion channel 

gating by RCK domains.  In MthK, binding of Ca2+ to an octameric ring of RCK 

domains (the gating ring) which is tethered to the pore of the channel, leads to a 

series of conformational changes that facilitates channel opening and K+ 

conduction.  

Using electrophysiology and X-ray crystallography, I identify the presence of 

additional Ca2+ binding sites in the MthK RCK domain, showing that each RCK 

domain contributes to three different regulatory Ca2+ binding sites, two of which 

are located at the interfaces between adjacent RCK domains. The additional 

Ca2+ binding sites, resulting in a stoichiometry of 24 Ca2+ ions per channel, is 

consistent with the steep relation between [Ca2+] and MthK channel activity. 

Comparison of Ca2+ bound and unliganded RCK domains suggests a physical 

mechanism for Ca2+-dependent conformational changes that underlie gating in 

this class of channels. 
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To gain insight toward mechanisms of RCK domain activation, I crystallized 

and solved the structure of the RCK domain of MthK bound with Ba2+. The Ba2+-

bound RCK domain was assembled as an octomeric gating ring, as observed in 

structures of the full-length MthK channel, and shows Ba2+ bound at several 

positions, one of which overlaps with a known Ca2+ binding site. Functionally, I 

determined that Ba2+ could activate reconstituted MthK channels as observed in 

electrophysiological recordings. These results suggest a working hypothesis for a 

sequence of ligand-dependent conformational changes that may underlie RCK 

domain activation and channel gating. 

 In an effort to more accurately describe the Ca2+-dependent gating process 

in MthK, I crystallized and solved structures of mutant and wild-type RCK 

domains, and found that distinct Ca2+ activation sites near the N- and C-termini of 

the RCK domain (termed C1 and C3, respectively) are allosterically coupled to 

one another, to affect tuning of Ca2+ affinity and Ca2+-dependent channel 

activation. These results define a structural mechanism of allosteric modulation in 

a ligand-gated K+ channel, and provide a framework for understanding similar 

mechanisms in related RCK-containing channels and transporters. 
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CHAPTER 1 

INTRODUCTION 

Part I: Potassium Channel Overview 

Physiological roles of K+ channels 

 Potassium channels are integral membrane proteins expressed in a 

variety of cell and tissue types and are critical for a number of physiological 

functions including; setting the resting membrane potential of neuronal cells, 

control of hormone and neurotransmitter release, as well as regulation of action 

potential firing in cardiac smooth muscle (Deck and Trautwein 1964; Nelson and 

Quayle 1995; Hille 2001; Rocheleau et al. 2006).  K+ channel malfunctions 

occurring through mutation or altered expression levels have been linked to a 

variety of human diseases such as diabetes, epilepsy, and cardiac dysfunction 

(Shieh et al. 2000).  As a result, the study of K+ channel function has important 

implications in human health and disease which may lead to novel therapeutic 

interventions. 

Structure of K+ selective channels 

 The majority of K+ selective channels assemble as tetramers of identical 

or homologous subunits, arranged to form a K+ selective pore (MacKinnon et al. 

1993).  Crystal structures of K+ channels have provided a detailed knowledge of 

the molecular architecture and mechanisms underlying selectivity in the K+ 
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channel family.  The first crystal structure of a K+ selective channel was of KcsA, 

a proton-gated K+ channel cloned from the bacteria Streptomyces lividans (Doyle 

et al. 1998).  This structure revealed a potassium channel complex comprised of 

four identical subunits that encircle with four-fold symmetry around a central ion 

conduction pathway, as shown in Figure 1-1A (Doyle et al. 1998).  Each subunit 

contains two transmembrane spanning ɑ-helices comprised of one inner helix 

and one outer helix with respect to the ion conduction pathway in addition to a 

third helix, known as the pore helix, that runs half way through the membrane 

with the C-terminal end toward the ion conduction pathway (Doyle et al. 1998). 

Structures of other K+ channels over the past 15 years have indicated that a 

number of the structural elements present in the KcsA structure, including the 

presence of at least two transmembrane helices, and the pore loop which 

contains the pore helix as well as the selectivity filter. The conservation of these 

structural elements is likely to be important for K+ channel function.  (Bezanilla 

and Armstrong 1972; Hartmann et al. 1991; Yellen et al. 1991; MacKinnon 1995; 

Ranganathan et al. 1996; Doyle et al. 1998; Gulbis et al. 2000; Jiang et al. 2001; 

Brohawn et al. 2012). 
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Figure 1-1. 3D structure of a K+ channel.  A) The pore forming domain of the 

K+ channel KcsA (PDB ID 1BL8). This picture depicts a ribbon structure of a 

membrane bisected view of a potassium channel. For clarity, two of the four 

subunits are displayed (cyan and yellow), subunits in the front and back have 

been omitted. Each subunit is comprised of two transmembrane helices which 

line the pore. The helices are connected by a pore loop which lines the pore. The 

bundle crossing below the pore indicates this channel is in the closed 

conformation. B) Ion coordination in the selectivity filter of a K+ channel (adapted 

from Zhou et al. 2001) depicting K+ coordination where two of the four subunits 

are displayed, revealing the presence of four equivalent K+ binding sites labeled 

1 through 4 from the extracellular to the intracellular side. Within the selectivity 

filter, K+ (green spheres), are coordinated by the backbone oxygens, mimicking 

the hydration shell of K+ in solution, shown below the selectivity filter. 
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Selectivity in K+ channels 

 The critical function of K+ channels is to catalyze the rapid permeation of 

K+, while excluding other ions such as Na+, Ca2+, and Mg2+ (Hille and Schwarz 

1978; Neyton and Miller 1988).  Selective K+ diffusion occurs through a highly 

conserved structure known as the selectivity filter, comprised of the amino acid 

signature sequence TVGYG from each of the four subunits (Heginbotham et al. 

1992; Heginbotham et al. 1994).  Within the selectivity filter, K+ ions encounter 

four “cages” made from backbone carbonyl oxygen atoms, which create four K+ 

ion binding sites, numbered 1 to 4 from the extracellular to intracellular side 

(Figure 1-1B). (Doyle et al. 1998; MacKinnon 2003).  At these sites K+ ions bind 

in a dehydrated state, surrounded by eight oxygen atoms from the surrounding 

carbonyl groups.  The arrangement of protein oxygen atoms surrounding each 

binding site in the selectivity filter is very similar to the arrangement of water 

molecules around the hydrated K+ ion observed in the central cavity of the K 

channel pore (Figure 1-1B) (Doyle et al. 1998; MacKinnon 2003). For this reason, 

it is energetically favorable for K+ ions to enter the selectivity filter and shed their 

hydration shell, whereas in the case of Na+, which has a slightly smaller in ionic 

radius compared to K+ (0.95 Å and 1.33 Å respectively), it is energetically 

unfavorable for Na+ ions to enter and pass through the selectivity filter (Bezanilla 

and Armstrong 1972; Doyle et al. 1998; Berneche and Roux 2001; Zhou et al. 

2001). 
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Part II: RCK domain containing channels and transporters 

Overview of RCK domain containing channels and transporters 

 Regulator of conductance of K+ (RCK) domains, are found in many K+ 

channels and K+ transport systems in prokaryotes and eukaryotes (Jiang et al. 

2001).  The crystal structure of the RCK domain from the E.coli K+ channel 

(known as kch) revealed that RCK domains exhibit a Rossmann-fold topology 

consisting of alternating alpha helical and beta-strand segments, and that 

individual RCK domains can assemble as dimers (Rao and Rossmann 1973; 

Jiang et al. 2001). 

 In addition to the prokaryotic RCK domain containing K+ channels, an 

important class of eukaryotic K+ channels, the large-conductance Ca2+-activated 

K+ channel (BK channel) also contains RCK domains.  BK channels are activated 

in response to membrane depolarization and the binding of intracellular Ca2+ and 

Mg2+ (Marty 1981; Latorre and Miller 1983; Golowasch et al. 1986; Latorre et al. 

1989; Jiang et al. 2001). The channel is formed by four-pore forming subunits 

that are encoded by a single gene (KCNMA or Slo1) (Atkinson et al. 1991; 

Adelman et al. 1992).  BK channels achieve functional diversity through 

alternative splicing of the Slo1 mRNA, and through modulation by accessory β 

and gamma subunits, where each β subunit displays a distinct tissue-specific 

expression pattern (Knaus et al. 1994; Tseng-Crank et al. 1996; Behrens et al. 

2000; Brenner et al. 2000; Uebele et al. 2000; Orio et al. 2002; Lee et al. 2010; 

Yan and Aldrich 2010; Yan and Aldrich 2012).  Within neurons and smooth 



6 

 

muscle cells, BK channels contribute to a negative feedback mechanism to limit 

membrane excitability and Ca2+ entry, highlighting their physiological importance 

(Lancaster and Nicoll 1987; Brayden and Nelson 1992; Amberg and Santana 

2003; Lee et al. 2010). 

Part III: MthK 

Structural studies of K+ channels 

 Much of what we know about K+ channel function was determined through 

the use of electrophysiology, determining K+ channel gating properties through 

single channel recordings.  While the functional analysis of K+ channels provided 

the field with valuable information, over the past 15 years, detailed structural 

analysis of prokaryotic K+ channels through the use of X-ray crystallography has 

been instrumental in learning the structural underpinnings of K+ channel function.  

While numerous K+ channel crystal structures have been determined, many of 

the high-resolution structures have been obtained from prokaryotic K+ channels.  

Due to the difficulty of expression, purification, and crystallization of eukaryotic K+ 

channels, and the similarity between eukaryotic and prokaryotic K+ channels, 

prokaryotic K+ channels have served as a model system to study K+ channel 

structure. 

 An attractive prokaryotic model system for studying the structural analysis 

of RCK domain containing K+ channels has been the prokaryotic Ca2+-activated 

K+ channel cloned from the archea Methanobacterium thermoautotrophicum 
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(MthK).  The crystal structure of MthK was determined shortly after the crystal 

structure of KcsA, and in contrast to KcsA which was determined to be in the 

closed conformation, the structural determination of MthK yielded the first crystal 

structure of a K+ channel in the open conformation (PDB ID: 1LNQ) (Doyle et al. 

1998; Jiang et al. 2002).  Additional high-resolution crystal structures of MthK 

over the past several years has provided valuable insight into the mammalian 

Ca2+-activated K+ channel, the BK channel (Jiang et al. 2002; Dong et al. 2005; 

Dvir et al. 2010; Pau et al. 2010; Pau et al. 2011; Smith et al. 2012). 

Structure of the MthK channel 

  The cloning and subsequent structural determination of MthK revealed 

that this Ca2+-activated K+ channel, like most K+ channels, assembled as a 

tetramer with each subunit containing two membrane-spanning segments that 

encircle the ion-conduction pore.  Additionally, as shown in Figure 1-2, the 

structure also indicated the presence of a large cytoplasmic RCK domain at the 

C-terminus (Jiang et al. 2002; Li et al. 2007).  The crystal structure also revealed 

the requirement of an additional four RCK domains to form an octomeric gating 

ring on the intracellular side of the pore (Jiang et al. 2002).  These additional 

RCK domains are translated from the MthK gene using an internal codon start 

site (Met107) and are coassembled from the cytosol (Jiang et al. 2002).   
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Figure 1-2. 3D Structure of the K+ channel, MthK (PDB ID 1LNQ). A) 

Membrane bisected view of the MthK channel. Orange ribbons indicate the 

transmembrane pore. The large cytoplasmic RCK domain is shown in yellow and 

cyan. The yellow RCK domains are tethered directly to the pore (not shown), 

soluble RCK domains are shown in cyan. Green spheres indicate the locations of 

Ca2+. B) Top-down view of the MthK channel highlighting the four-fold symmetry 

of the channel. 
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Gating of MthK 

Upon crystallization of the MthK channel and the subsequent 

determination of the presence of an octomeric RCK domain gating ring 

responsible for channel activation, a single Ca2+-binding site was identified in the 

crystal structure per RCK monomer.  This site was found to be comprised of 

negatively charged side-chain oxygens from D184, E210, and E212 (Figure 1-3) 

(Jiang et al. 2002).  The Ca2+-dependent gating of the channel was then 

confirmed by recording single channel currents from wild type channels 

reconstituted in planar lipid bilayers and observing an increase in the overall 

open probability in response to increasing [Ca2+].  Gating of MthK has also 

indicated a steep dependence on [Ca2+] for activation, with Hill coefficients of ~8 

(Zadek and Nimigean 2006).  The Ca2+ binding site determined in the crystal 

structure was then confirmed through the mutation and reconstitution of D184N 

mutant channels and the observation that these channels result in a decrease in 

open probability compared to the wild type channels (Figure 1-4) (Jiang et al. 

2002). Interestingly, elimination of the negative charge from D184 did not abolish 

Ca2+ sensitivity in these mutant channels but merely decreased the apparent 

sensitivity for Ca2+.  While this is consistent with a role for D184 in Ca2+-

coordination and activation of the channel, a more detailed analysis of Ca2+-

dependent gating in MthK will be required to uncover the mechanisms 

responsible for Ca2+ dependent activation, such as determining the energetic 

contributions of Ca2+ coordinating residues as well as a more detailed analysis of 

Ca2+ binding in the MthK RCK domain. 
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In addition to activation by Ca2+ it has been determined that the activation 

of MthK can also be modulated by changes in the cytoplasmic pH (Zadek and 

Nimigean 2006; Kuo et al. 2007; Li et al. 2007; Pau et al. 2010).  MthK gating has 

been observed to be inhibited by H+ at the cytoplasmic side of the channel and 

results from electrophysiological studies have indicated that Ca2+ binds to and 

stabilizes the open state of the MthK Channel (Li et al. 2007; Pau et al. 2010).  

Furthermore, H+ binding does not on its own inhibit opening of the channel, but 

instead inhibits opening through the relative destabilization of Ca2+-bound states 

that drive the channel toward the open state (Pau et al. 2010).  Additionally, the 

H+ inhibition of MthK channel opening can be completely overcome by increasing 

[Ca2+] (Pau et al. 2010). 
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Figure 1-3. Ball-and-stick representation of the MthK Ca2+ binding site. At 

this site, Ca2+ is coordinated by oxygens from negatively charged amino acid 

side-chains. Dashed lines indicate oxygens involved in Ca2+ (green sphere) 

coordination. from 1LNQ crystal structure. 
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Figure 1-4. Single channel current traces from MthK wild-type (WT) and 
D184N mutant channels (from Jiang et al. 2002). Recordings obtained in the 
presence of 25 mM internal Ca2+, 150 mM KCl, 10 mM HEPES, pH 7.0. D184N 
mutant channels are substantially less sensitive to Ca2+ when compared to WT 
channels.
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Structures of the MthK RCK domain 

In addition to the structure of the full length MthK channel, more recently, 

structural information has been obtained from crystallization of the isolated RCK 

domain (Ye et al. 2006; Kuo et al. 2007; Dvir et al. 2010).  In contrast to the 

structure of the full length MthK channel, these structures were of the RCK 

domain alone and were higher resolution.  The initial structures of the isolated 

RCK domain were crystallized in the Ca2+-bound form (PDB ID: 2AEF), as well 

as in the unliganded state (PDB ID: 2AEJ) (Dong et al. 2005).  In contrast to the 

crystal structure of the full length MthK channel where the RCK domain 

assembled as an octomeric gating ring, in these new structures the RCK domain 

crystallized in a dimer configuration (Jiang et al. 2002; Dong et al. 2005).  The 

structure of the Ca2+-bound state, refined to 1.7 Å, provided the molecular details 

of Ca2+ binding at the dimer interactions that hold the two RCK subunits together 

(Dong et al. 2005).  In contrast to the Ca2+-bound dimer, the unliganded RCK 

dimer was obtained under identical crystallization conditions, and refined to 2.1 

Å.  While this crystal was grown under conditions that lacked Ca2+, this structure 

was found to be in the same space group as the Ca2+-bound dimer (P21) (Figure 

1-5) (Dong et al. 2005).  The comparison of these two structures revealed 

relatively small conformational changes resulting from Ca2+-binding at the C1 site 

(Figure 1-6). Because these dimers were crystallized in the absence of the pore 

domain, and did not assemble in a gating ring conformation it is believed that this 

is the reason for the lack of a substantial conformational change as a result of 

Ca2+ binding in these structures (Dong et al. 2005). 
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Structures of MthK have not been limited to the full length channel or 

isolated dimers of the RCK domain, additionally; a crystal structure has been 

obtained of the isolated RCK domain in the assembled gating ring conformation 

(Ye et al. 2006).  This structure was obtained of a D184N mutant RCK domain, 

and was crystalized under Ca2+-free conditions and was found to be in an  

unliganded state (Ye et al. 2006).  Interestingly, within the crystal structure, 

closed and partially open gating rings were observed.  The identification of two 

conformations within the same crystal structure seems to suggest that in the 

absence of Ca2+, the gating ring can adopt either conformation (Figure 1-7) (Ye 

et al. 2006).  Comparison of the D184N gating ring to the unliganded dimer 

previously crystallized suggests that closed gating ring is more stable compared 

to the partially open gating ring because the unliganded dimer structure is also in 

the closed state (Dong et al. 2005; Ye et al. 2006).  The partially open gating ring 

however, is believed to represent an intermediate conformation between open 

and closed states (Ye et al. 2006). 

While these additional crystal structures of the isolated MthK RCK dimers 

and gating ring have yielded additional insight into the structures of the RCK 

domain of MthK, they have also served to generate questions regarding the 

conformational changes that occur during gating process of this channel, and 

raise an important question in how we relate the observations obtained from 

crystal structures of the isolated RCK domain to what occurs upon Ca2+ binding 

in the full channel. Through additional electrophysiological experiments and the 
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generation of new crystal structures of the MthK RCK domain this thesis will 

show that the MthK RCK domain contains three unique Ca2+ binding sites which 

contribute to channel activation, and that two of these sites are negatively 

coupled to one another through an allosteric interaction. Furthermore, by solving 

the structure of a Ba2+-bound MthK RCK domain gating ring I have identified new 

steps in the gating process of the RCK domain which may  provide new insight 

into the gating mechanisms of RCK domain containing K+ channels. This work 

may serve as a model for determining the structural underpinnings of the 

conformational changes that occur within other RCK domain containing K+ 

channels such as the human BK channel. 
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Figure 1-5. Alignment of crystal structures of the MthK RCK domain in the 

Ca2+ bound and un-bound state. Cartoon ribbon representations of the MthK 

WT RCK dimer from structure PDB ID 2AEF depicting Ca2+-bound RCK domain 

(yellow) where Ca2+ is indicated by green spheres is aligned with the MthK WT 

RCK dimer from structure 2AEJ (cyan) depicting the unliganded RCK domain. 

Alignment of these structures reveals Ca2+ binding to the RCK domain under 

these crystallization conditions does not result in a conformational change 

resulting in an RMSD of 0.398 (adapted from Dong et al., 2005) 
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Figure 1-6. Alignment of C1 Ca2+-binding site in 2AEF and 2AEJ crystal 

structures depicts minimal conformational changes as the result of Ca2+ 

binding. Ball-and-stick representation of the C1 Ca2+-binding site, aligning 

structures 2AEF (red, Ca2+-bound) and 2AEJ (yellow-unbound) around Ca2+ 

(green sphere). Alignment of these structures highlights the minimal 

conformational changes that are observed upon Ca2+ binding to this site with an 

RMSD=0.398 which is consistent with these structures being in identical 

conformations. 
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Figure 1-7. Crystal structure of the unliganded D184N gating ring reveals 

two unique gating ring conformations. Cartoon representations of gating rings 

from the D184N PDBID: 2FY8 crystal structure obtained by Ye et al., 2006 

depicting the closed D184N gating ring (A) and the partially open D184N gating 

ring (B). One flexible dimer adopts a wide-open conformation (circled) resulting 

from changes to the inter-dimer conformations at the assembly interfaces (base 

of red circle) which are a mixture of open and closed states. These gating rings 

were observed within the same crystal structure. 
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Part IV: Aims and Hypothesis 

 In summary, gating properties of K+ channels have been studied for 

several decades.  In large part, these studies utilized electrophysiology to 

understand the gating properties of K+ channels.  In the case of ligand gated K+ 

channels such as RCK domain containing K+ channels, crystallization of full 

length channels or isolated RCK domains has served to provide the field with a 

more detailed understanding of gating in RCK domain containing K+ channels.  In 

MthK, analysis of single channel recordings combined with crystal structures of 

the Ca2+ -bound channel and Ca2+ -bound and unbound RCK dimer structures 

provide important information on the Ca2+-dependent gating of MthK. Despite 

what we have learned in recent years, much of the information on how Ca2+ 

binding modulates channel activation is still unclear.  Therefore, the long term 

goal of this project is to gain a more complete understanding of the mechanisms 

of Ca2+-dependent gating in MthK and how this process is translated to channel 

activation, by utilizing single channel recordings combined with detailed structural 

information obtained from new crystal structures.   

 In an effort to determine the energetic contributions of the side chains 

responsible for Ca2+ coordination at the previously identified binding site, a series 

of charge neutralizing mutations were generated for the amino acid residues 

shown to coordinate Ca2+ at this site.  Surprisingly, no single mutation or 

combination of these mutations eliminate Ca2+-dependent gating of MthK.  

Therefore, I hypothesized that the inability to eliminate Ca2+-dependent gating in 
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MthK through charge-neutralization of key Ca2+ -coordinating residues was likely 

due to the presence of an additional Ca2+ binding site or sites which could also 

contribute to Ca2+-dependent gating of the channel.  As such, my first aim was to 

identify and functionally characterize additional Ca2+ binding sites within the MthK 

RCK domain.  In these experiments, I investigated the presence of two novel 

Ca2+-binding sites, termed C2 and C3, through analysis of new and previously 

published crystal structures, and confirmed the role of these sites in the Ca2+- 

dependent gating process of MthK through charge neutralization and single 

channel electrophysiological analysis.   

 With the identification of two new Ca2+-binding sites in the MthK RCK 

domain, I hypothesized that I might be able to activate MthK channels with other 

divalent cations other than Ca2+ that might selectively activate MthK through one 

or more of the identified sites while excluding other sites, and yield more detailed 

information on conformational changes that occur within the RCK domain upon 

ligand binding.  Therefore, my second aim was directed towards crystallization of 

the MthK RCK domain utilizing Ba2+ to uncover native metal binding sites within 

the RCK domain.  I identified several Ba2+-binding sites on the MthK RCK 

domain, one of which was determined to overlap with a previously identified Ca2+ 

binding site, and determined through electrophysiological analysis that MthK 

channels could be activated by Ba2+, and that this activation occurred through a 

single Ba2+-binding site.  
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 These results yielded important insight into the mechanism for activation 

by Ba2+ and Ca2+ in MthK.  However, it remained unclear how the identified Ca2+ 

binding sites were working to activate MthK, and whether these sites contributed 

independently to activation, or if they were interacting with one another to 

modulate channel activation.  Previous work completed while identifying the C2 

and C3 Ca2+-binding sites surprisingly indicated that neutralization of a negatively 

charged residue at the C1 Ca2+-binding site resulted in increased activation in 

response to Ca2+ and led me to hypothesize that an allosteric interaction could 

be occurring between Ca2+-binding sites such that Ca2+ binding at C1 is impacted 

Ca2+ binding at the C2 or C3 sites or perhaps both sites.  Therefore, the third 

major objective of this work is to characterize the mechanism of allosteric 

interaction among Ca2+ binding sites in MthK RCK domain.  In these 

experiments, I crystallized the wild-type MthK RCK domain as well as a series of 

C1 site mutations, and crystallized these proteins under identical conditions.  The 

structures obtained from these crystals indicated that an allosteric interaction 

occurs between the C1 and C3 Ca2+ binding sites consistent with negative 

coupling between these two sites.  Comparison of these structures also identified 

putative interactions that were made or broken as a result of these mutations 

suggesting a possible physical link between these two sites.  Electrophysiological 

analysis of mutations aimed at disrupting these interactions further supports the 

idea that these sites are negatively coupled to one another. 
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 Together, my experiments examining RCK domain mediated activation of 

MthK provide new insight toward understanding gating of K+ channels by RCK 

domains, and the structural changes that occur upon ligand binding.   
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CHAPTER 2 

MATERIALS AND METHODS 

Part I: Generation of MthK mutants for single channel recording. 

Site-Directed Mutagenesis 

 MthK mutants were generated using the Qiagen Site-Directed 

Mutagenesis kit (Stratagene).  PCR reactions were prepared according to the 

supplied protocol including 29.5 µL Water, 5.0 µL 10 x PFU Enzyme Buffer, 2.0 

µL (25 ng) MthK template DNA, 5.0 µL (125 ng) Forward and Reverse Primers, 

2.5 µL dNTPs and 1.0 µL PFU Turbo Enzyme. 

 Primers for specific mutations were designed to incorporate the highest 

frequency codon for E.coli protein expression.  The following primers were used 

for each of the MthK mutants generated (Bioneer). 

MthK D305N Forward Primer: 

GGGACGTGGAGATGAACTCATAATAAACCCTCCAAGGG 

MthK D305N Reverse Primer: 

CCCTTGGAGGGTTTATTATGAGTTCATCTCCACGTCCC 

MthK E326Q Forward Primer: 

GGCATAGGAAAACCAGAGCAGATTGAAAGG 

MthK E326Q Reverse Primer:      

CCTTTCAATCTGCTCTGGTTTTCCTATGCC 
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MthK E248Q Forward Primer: GATGACGGCTATCAGGCTATGTTC 

MthK E248Q Reverse Primer: GAACATAGCCTGATAGCCGTCATC 

MthK E266Q Forward Primer: GGAGGATGGTTCAAGTCCCAATCCC 

MthK E266Q Reverse Primer: GGGATTGGGACTTGAACCATCCTCC 

MthK E259A Forward Primer: 

GGATGTGCTTGCAGAGGCATCCACAAGG 

MthK E259A Reverse Primer:  

CCTTGTGGATGCCTCTGCAAGCACATCC 

 

The PCR reaction was run on a Mastercycler Personal PCR thermocycler 

(Eppendorf).  The following PCR program used was based on the 

guidelines provided by the company. 

Step 1: 95º C for 30 seconds 

Step 2: 95º C for 30 seconds 

Step 3: 57º C for 1 minute 

Step 4: 68º C for 12 minutes 

Repeat Step 2-4 16 times 
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 Transformation of E.coli Cells 

 Following completion of the PCR reaction cycle, tube(s) containing PCR 

product were removed, and 1.0 µL DpnI (New England Biolabs) enzyme was 

added.  PCR product was then incubated in a 37 °C water bath for 1-2 hrs.  

Following DpnI digest, transformation of E.coli cells was performed by adding 3.0 

µL PCR product to 7.0 µL water on ice and allowed to incubate for 10 minutes.  

25.0 µL XL2 Blue Cells (Stratagene) were added to water/DNA mixture and 

allowed to incubate on ice for 15 minutes.  The mixture was then incubated at 42º 

C for 45 seconds in a water bath, and then placed immediately back onto ice. 

After 5 minutes, 400 µL of NZY medium (BIO 101) + Glucose (Sigma-Aldrich) 

was added to the cells. The cells were then incubated for 45 minutes at 37º C. 

Cells were then plated onto an LB (BD) agar (BIO 101) plate with ampicillin (150 

mg/mL, IBI Scientific), and incubated over night at 37º C. 

DNA Extraction 

 Individual colonies from LB plates were picked using a 200 µL pipette tip 

and transferred to a tube containing 5 mL LB containing 100 µg/mL ampicillin and 

incubated overnight at 37 °C, 225 rpm.  Following overnight incubation, liquid 

culture was removed from incubator and DNA extraction was performed 

according to Qiagen Spin Miniprep Kit (Qiagen).  The extracted DNA 

concentration was then measured by UV absorption at 260/280 nm for purity, 

using a spectrophotometer (Thermo Scientific).  Sequencing of entire DNA 
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sequence (1,050 base pairs) was then performed by Genwiz to ensure only the 

desired mutation was incorporated. 

Part II: Expression of MthK Channels 

 1-5 ng of purified MthK mutant DNA was used to transform 25 µL XL1 

Blue E.coli cells (Stratagene) and plates were incubated overnight at 37 °C.  

Transformed E.coli cells containing the MthK vector were then washed from LB 

plate by using 5 mL autoclaved LB media containing 100 µg/mL ampicillin.  E.coli 

cell suspension was then added to a 4 L baffled culture flask containing 2 L LB 

media and 100 µg/mL ampicillin.  Culture flask was then incubated at 37 °C, 160 

rpm for several hours and OD600 was measured periodically using a cell density 

meter (WPA Biowave).  Once OD600 reached 0.80 (generally obtained between 2-

4 hrs), E.coli cells were induced for protein expression by adding induced 0.4 mM 

isopropyl-1-thio-β-D galactopyranoside (IPTG, Promega) to the flask, and 

incubation temperature was decreased to 25 °C overnight with shaking at 180 

rpm. 

Part III: Purification of MthK Channels 

Cell Lysis 

 Following overnight incubation at 25°C, cells were centrifuged at 5000 rpm 

for 10 minutes (RC-3B, Sorvall Instruments).  After centrifugation, the 

supernatant was removed, and cell pellets were re-suspended in 50 mL lysis 

buffer comprised of 50 mM Tris (Bio-Rad), 100 mM Potassium Chloride (Sigma-
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Aldrich), and pH adjusted to pH = 7.6 by adding Hydrochloric Acid (Sigma-

Aldrich), 1 tablet of complete EDTA-Free protease inhibitor (Roche) was also 

added.  Cells were then lysed by sonication (Virsonic) on ice, and 

phenylmethylsulfonyl fluoride (PMSF, Sigma-Aldrich) protease inhibitor was 

added between each sonication step.  Sonication was performed as follows: 

  5.0 power for 1 minute, cool for 1 minute 

  5.0 power for 1 minute, cool for 1 minute 

  5.0 power for 1 minute, cool for 1 minute 

  6.0 power for 1 minute, cool for 1 minute 

  7.0 power for 1 minute, cool for 1 minute 

  8.0 power for 1 minute, cool for 1 minute 

  9.0 power for 1 minute, cool for 1 minute 

  9.0 power for 1 minute, cool for 1 minute 

 Upon completion of sonication, the cell lysate was then aliquoted into two 

centrifuge tubes containing 50 mM n-Dodecyl-β-D-maltoside (DM, Anatrace), and 

placed on a tube rotator (Fisher Scientific) for 2 hours at room temperature.  The 

cell lysate was then centrifuged at 16,000 rpm for 45 minutes.  The cleared cell 

lysate was then transferred to a beaker containing 20 mM Imidazole (Sigma-

Aldrich).  A 50 µL sample of this protein solution was then removed and labeled 

at “crude extract” to be used for SDS-PAGE analysis. 
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Affinity Chromatography 

 Affinity chromatography was performed using a 5 mL HiTrapTM chelating 

HP affinity column (GE Healthcare).  Prior to use, the column was washed with 

five column volumes of ddH2O at a flow rate of 2.5 mL/minute using an Econo-

Pump (Bio-Rad).  The column was then activated by washing with a 0.1 M CoCl2 

solution for five column volumes at a flow rate of 2.5 mL/minute.  Then, to 

remove excess CoCl2, the column was washed with ddH2O at a flow rate of 2.5 

mL/min for five column volumes.  The column was then washed with five column 

volumes of elution buffer (100 mM KCl, 20 mM Tris, 5 mM DM, 400 mM 

imidazole, pH = 7.6) at a flow rate of 5.0 mL/minute.  Finally, the column was 

washed with five column volumes of wash buffer (100 mM KCl, 20 mM Tris, 5 

mM DM, 20 mM imidazole, pH = 7.6) for five column volumes at a flow rate of 5.0 

mL/minute. 

 50 mL of cleared cell lysate with 20 mM imidazole was then loaded onto 

the activated column at 5.0 mL/minute.  The concentration of the protein loaded 

onto the column was monitored by UV absorbance at 280 nm with an Econo UV 

Monitor (Bio-Rad), and recorded over time with a chart recorder (Linear).  A 50 

µL sample known as “flow through” was collected for SDS-PAGE analysis once 

UV absorption reached the maximum level.   Once the protein was completely 

loaded onto the column, the column was then washed with wash buffer (100 mM 

KCl, 20 mM Tris, 5mM DM, 20 mM imidazole, pH=7.6) until the UV absorption 

returned to a baseline level.  Elution of the protein was then performed by flowing 
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elution buffer (100 mM KCl, 20 mM Tris, 5 mM DM, 400 mM imidazole, pH=7.6) 

onto the column and collecting the purified protein once the UV absorption 

begins to increase.  At this time a 50 µL sample known as “eluate” is collected for 

SDS-PAGE analysis.  As the protein is eluted, 2 units of thrombin (Roche) was 

added to prevent aggregation.  To digest the his-tag from the protein, an 

additional 2-4 units of thrombin was added and the eluted protein is incubated at 

room temperature for 2 hours on a Benchtop orbital shaker (Thermo Scientific).  

Following the 2 hour digest, a 50 µL sample was collected, known as “after 

digest” for SDS-PAGE analysis. 

Size Exclusion Chromatography 

 Prior to performing size exclusion chromatography, buffer containing 100 

mM KCl, 20 mM Tris, 5 mM DM, pH=7.6 was filtered and degassed for four hours 

using a 0.22 µm vacuum driven filter (Denville Scientific).  A Superdex 200 

column (GE Healthcare) was then equilibrated with two column volumes (48 mL) 

of buffer at a flow rate of 0.5 mL/minute, using an AKATA FPLC (GE Healthcare).  

Thrombin digested protein was then filtered through a 0.22 µm SPIN-X® 

centrifuge tube.  Filtered protein was then loaded into a 1 mL loop and purified by 

size exclusion chromatography using the equilibrated Superdex 200 column and 

the AKTA FPLC.  The protein was run on the column with a flow rate of 0.5 

mL/minute, and 0.5 mL fractions were collected into separate tubes during 

elution.  The full length MthK channel elutes between 10.5 mL to 11.2 mL, and 

fractions under this peak and volume range were pooled and collected.  A 50 µL 
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sample of this protein known as “gel filtration” was collected for SDS-PAGE 

analysis. 

SDS-PAGE Analysis 

 To determine the success of the purification process, samples collected 

throughout the purification were analyzed by SDS-polyacrylamide gel 

electrophoresis (SDS-PAGE) and samples obtained following the gel filtration 

step were examined for additional bands not corresponding to the MthK channel. 

The SDS-PAGE gels were prepared with a 5% stacking gel, comprised of 1.12 

mL water, 0.5 mL Tris (0.5M, pH=6.8), 20 µL 10% sodium dodecyl sulfate (SDS, 

Sigma-Aldrich), 0.34 mL 30% acrylamide (Bio-Rad), 40 µL 10% ammonium 

persulfate (APS, Sigma-Aldrich), and 1 µL tetraethylenediamine (TEMED, Sigma-

Aldrich).  A 10% running gel was also prepared comprised of 2.42 mL water, 1.5 

mL Tris (1.5 M, pH=8.8), 60 µL 10% SDS, 2 mL 30% acrylamide, 40 µL 10% 

APS, and 3 µL TEMED. 

 Samples collected throughout the purification process were prepared by 

mixing 20 µL protein samples with 20 µL Laemmli Sample Buffer (Bio-Rad).  20 

µL of each collected sample was loaded into an individual lane of the gel.  The 

size of the protein bands obtained were determined with the addition of 

BenchmarkTM Pre-Stained Protein Ladder (Invitrogen) to the first lane of the gel.  

The gel was run at 15 mA until the samples reached the stacking gel at which 

point the current was increased to 25 mA.  The gels were then Coomassie 

stained (0.1% Coomassie R-250 (Bio-Rad), 50 % methanol (Sigma-Aldrich), 5% 
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acetic acid (Sigma-Aldrich)) at room temperature for 15 minutes.  Following the 

15 minute staining, gels were then removed from the Coomassie stain and rinsed 

with water.  Gels were then transferred into a de-staining solution comprised of 

50% methanol, and 5% acetic acid for 3-5 hours at room temperature.  The de-

stained gel was then dried between two sheets of cellophane (Bio-Rad) and a 

solution containing 35% ethanol (EMD) and 4% ethylene glycol (Fluka). 

Protein Concentration Quantification 

 The concentration of the purified protein was determined utilizing a 

Bradford Assay where 1 mL of Bio-Rad Coomassie® Brilliant Blue G-250 dye is 

diluted with 4 mL of water.  Samples were prepared by adding 20 µL protein to 

980 µL of the prepared diluted Coomassie dye solution.  The protein 

concentration was then determined by generating a standard curve, measuring 

UV absorbance at 595 nm of known protein concentrations of Bovine Serum 

Albumin (BSA) using a spectrophotometer (Thermo Scientific) and plotting 

absorbance as a function of protein concentration.  Plotting absorbance as a 

function of protein concentration yields a linear relationship, and is fit with a linear 

curve.  Using this equation, you can determine the concentration of an unknown 

protein solution. 

 The protein collected during the gel filtration was measured using this 

method.  Specifically, a reading is first collected of 0.98 mL of the diluted 

Coomassie solution mixed with 20 µL of the elution buffer.   The reading obtained 

from this solution is used as a blank, and a sample containing the eluted protein 
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was prepared by mixing 0.98 mL of the diluted Coomassie solution with 18 µL of 

elution buffer and 2 µL of the collected protein.  The absorbance was then 

measured at 595 nm and the concentration of the protein was determined.  Once 

the initial protein concentration was determined, the protein was concentrated to 

3-5 mg/mL using a Vivaspin 15R centrifugal concentrator. 

Part IV: Reconstitution of MthK Channels 

Lipid Preparation 

 E.coli polar lipids (Avanti) were prepared for reconstitution of MthK 

Channels by drying 0.8 mL of lipids under a nitrogen stream for 10 minutes.  The 

dried lipids were then dissolved in 0.8 mL pentane (Sigma-Aldrich), dried under 

the nitrogen stream for 10 minutes, dissolved in 0.8 mL pentane for a second 

time and dried under the nitrogen stream for 10 minutes.  Dried lipids were then 

dissolved to a concentration of 10 mg/mL in buffer containing 400 mM KCl, 10 

mM HEPES (Alfa Aesar), 5 mM N-methyl D-glucamine (NMG, MP Biomedicals), 

pH 7.6 using a bath sonicator.  To solubilize the lipids, 34 mM CHAPS (Sigma-

Aldrich) was added.  The suspension was then incubated at room temperature 

for 2 hours. 

Gel Filtration 

 Purified MthK protein was added to final concentrations of 5-25 µg protein 

per mg lipid.  The protein-lipid mixtures were then incubated for 20 minutes at 

room temperature.  MthK Channels were reconstituted into liposomes by passing 
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the protein-lipid mixture through gel filtration columns by gravity.  Columns were 

prepared from Sephadex G-50 fine (GE Healthcare) degassed overnight in buffer 

containing 400 mM KCl, 10 mM HEPES, 5 mM NMG, pH 7.6 and added to 30 mL 

columns.  Samples were loaded to each column, and 0.1 mL fractions were 

collected manually.  Fractions which were visibly cloudy were collected and 

pooled.  Samples were then aliquoted and frozen in liquid nitrogen, and 

transferred to -80 °C for storage prior to use. 

Part V: Lipid Bilayer Recordings 

Preparation of Lipids 

 A solution of the phospholipids 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphoethanolamine (POPE, Avanti) and 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphoglycerol (POPG, Avanti) was prepared at a 3:1 ratio.  150 µL POPE and 

50 µL POPG were mixed and dried under a nitrogen stream for 10 minutes.  

Dried lipids were then resuspended in 200 µL pentane, and dried for 10 minutes 

under a nitrogen stream.  Dried lipids were again resuspended in 200 µL pentane 

and dried under a nitrogen stream for 10 minutes.  Dried lipids were then 

resuspended in 100 µL decane (MP Biomedicals) to a final concentration of 20 

mg/mL. 

Single Channel Recordings 

 Prepared lipids were used to make planar lipid bilayers by adding 1 µL of 

lipids to a partition in the horizontal bilayer chamber and allowing the lipids to air 
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dry for 20 minutes.  Following the 20 minute drying time, buffer containing 200 

mM KCl, 10 mM HEPES pH 7.0 was added to the cis (top) of the chamber.  The 

viability of the membrane was determined by applying a sawtooth wave, which 

oscillated from -5 mV to 5 mV over a 20 ms timeframe.  A membrane which was 

able to hold a charge between 30 and 60 picofarads (pF) was determined to be 

suitable for data collection of MthK channels. 

 MthK liposome concentrations ranging from 5 to 25 µg/mg lipid were 

added to the cis side of the chamber.  A lipid bilayer was formed by dragging an 

air bubble across the partition opening.  Within a given patch, the solution on the 

bottom of the chamber (trans) could be changed.  To assess the activation of 

MthK channels in response to changes in [Ca2+], buffers were prepared 

containing 200 mM KCl, 10 mM HEPES, varying [CaCl2], pH 7.7.  For 

experiments designed to assess the activation of MthK channels with other 

divalent cations such as Ba2+, Sr2+, or Cd2+ buffers were prepared with 200 mM 

KCl, 10 mM HEPES, the desired salts to reach the specified concentrations, pH 

7.7. 

Solution Changes 

 Within each bilayer, multiple solution changes were performed using a 

gravity fed perfusion system.  Solution changes were performed by perfusing 15 

mL of solution (~15 chamber volumes) prior to recording under a given set of 

conditions. 
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Electrophysiological Data Analysis 

 Single-channel currents were amplified using a Dagan PC-ONE patch 

clamp amplifier with low-pass filtering to give a final effective filtering of 333 Hz 

(dead time of 0.538 ms), and sampled by computer at a rate of 50 kHz.  Currents 

were analyzed by measuring durations of channel openings and closings at -100 

mV by 50% threshold analysis, using pClamp 10.0.  These were used to 

calculate NPo as: 

  n 
NPo=∑iPi, 
 i=1 
 

 Where i is the open level and Pi is the probability of opening at that level.  

The mean single channel open probability (Po) is obtained by dividing NPo by N, 

which is the number if channels in the bilayer, determined by recording under 

conditions where the maximum level of channel opening can be observed.  For 

each bilayer, N was determined by recording current in the presence of [Ca2+] 

sufficient to activate channels to Po ≥ 0.5. 

 Open probability (Po) was fit vs. [ion] with a hill equation defined as: 

Po=PoMAX/{1+([x]/EC50)
nH} 

Where x is the [ion], nH corresponds the hill coefficient. Best fit was determined 

by allowing the EC50 and nH values to vary. 
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Part VI: Generation of MthK RCK Domain Mutants for Crystallization 

Site-Directed Mutagenesis 

 MthK RCK domain mutants were generated using the Qiagen Site-

Directed Mutagenesis kit (Stratagene).  PCR reactions were prepared according 

to the supplied protocol including 29.5 µL Water, 5.0 µL 10 x PFU Enzyme 

Buffer, 2.0 µL (25 ng) MthK template DNA, 5.0 µL (125 ng) Forward and Reverse 

Primers, 2.5 µL dNTPs and 1.0 µL PFU Turbo Enzyme. 

 Primers for specific mutations were designed to incorporate the highest 

frequency codon for E.coli protein expression.  The following primers were used 

for each of the MthK RCK domain mutants generated (Bioneer). 

  MthK RCK D184N Forward: CTGTGATTAATCTGGAATCAGAC 

  MthK RCK D184N Reverse: GTCTGATTCCAGATTAATCACAG 

  MthK RCK E212Q Forward: CGCGGAAGCCCAGAACGTTATG 

  MthK RCK E212Q Reverse: CATAACGTTCTGGGCTTCCGCG 

 

The PCR reaction was run on a Mastercycler Personal PCR thermocycler 

(Eppendorf).  The following PCR program used was based on the guidelines 

provided by the company. 

Step 1: 95º C for 30 seconds 
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Step 2: 95º C for 30 seconds 

Step 3: 57º C for 1 minute 

Step 4: 68º C for 12 minutes 

Repeat Step 2-4 16 times 

Transformation of E.coli Cells 

 Following completion of the PCR reaction cycle, tube(s) containing PCR 

product were removed, and 1.0 µL DpnI (New England Biolabs) enzyme was 

added.  PCR product was then incubated in a 37 °C water bath for 1-2 hrs.  

Following DpnI digest, transformation of E.coli cells was performed by adding 3.0 

µL PCR product to 7.0 µL water on ice and allowed to incubate for 10 minutes.  

25.0 µL XL2 Blue Cells (Stratagene) were added to water/DNA mixture and 

allowed to incubate on ice for 15 minutes.  The mixture was then incubated at 42º 

C for 45 seconds in a water bath, and then placed immediately back onto ice. 

After 5 minutes, 400 µL of NZY medium (BIO 101) + Glucose (Sigma-Aldrich) 

was added to the cells. The cells were then incubated for 45 minutes at 37º C. 

Cells were then plated onto an LB (BD) agar (BIO 101) plate with ampicilin (150 

mg/mL, IBI Scientific), and incubated over night at 37º C. 

DNA Extraction 

 Individual colonies from LB plates were picked using a 200 µL pipette tip 

and transferred to a tube containing 5 mL LB containing 100 µg/mL ampicillin and 

incubated overnight at 37 °C, 225 rpm.  Following overnight incubation, liquid 
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culture was removed from incubator and DNA extraction was performed 

according to Qiagen Spin Miniprep Kit (Qiagen).  The extracted DNA 

concentration was then measured by UV absorption at 260 nm using a 

spectrophotometer (Thermo Scientific).  Sequencing of entire DNA sequence 

was then performed by Genwiz to ensure only the desired mutation was 

incorportated. 

Part VII: Expression of MthK RCK Domain 

 1-5 µg of purified MthK RCK mutant DNA was used to transform 25 µL 

BL21(DE3) E.coli cells (Stratagene) as described above.  Transformed E.coli 

cells containing the optimized MthK RCK vector were then washed from LB plate 

by using 5 mL autoclaved LB media containing 100 µg/mL ampicillin.  E.coli cell 

suspension was then added to a 2 L baffled culture flask containing 1 L LB media 

and 100 µg/mL ampicillin.  Culture flask was then incubated at 37 °C, 160 rpm for 

several hours and OD600 was measured periodically using a cell density meter 

(WPA Biowave).  Once OD600 reached 0.80 (generally obtained between 2-4 hrs), 

E.coli cells were induced for protein expression by adding induced 0.4 mM 

isopropyl-1-thio-β-D galactopyranoside (IPTG, Promega) to the flask, and 

incubation temperature was decreased to 25 °C overnight. 
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Part VIII: Purification of MthK RCK Domain 

Cell Lysis 

 Following overnight incubation at 25°C, cells were centrifuged at 5000 rpm 

for 10 minutes (RC-3B, Sorvall Instruments).  After centrifugation, the 

supernatant was removed, and cell pellets were re-suspended in 50 mL lysis 

buffer containing 50 mM Tris (Bio-Rad), 250 mM Sodium Chloride (Sigma-

Aldrich), and pH adjusted to pH = 8.0 by adding Hydrochloric Acid (Sigma-

Aldrich), 1 tablet of complete EDTA-Free protease inhibitor (Roche) was also 

added.  Cells were then lysed by sonication (Virsonic) on ice, and 

phenylmethylsulfonyl fluoride (PMSF, Sigma-Aldrich) protease inhibitor was 

added between each sonication step.  Sonication was performed as follows: 

  5.0 power for 1 minute, cool for 1 minute 

  5.0 power for 1 minute, cool for 1 minute 

  5.0 power for 1 minute, cool for 1 minute 

  6.0 power for 1 minute, cool for 1 minute 

  7.0 power for 1 minute, cool for 1 minute 

  8.0 power for 1 minute, cool for 1 minute 

  9.0 power for 1 minute, cool for 1 minute 

  9.0 power for 1 minute, cool for 1 minute 
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 Upon completion sonication, the cell lysate was then aliquoted into two 

centrifuge tubes, and the cell lysate was then centrifuged at 16,000 rpm for 45 

minutes.  The cleared cell lysate was then transferred to a beaker containing 20 

mM Imidazole (Sigma-Aldrich).  A 50 µL sample of this protein solution was then 

removed and labeled at “crude extract” to be used for SDS-PAGE analysis. 

Affinity Chromatography 

Affinity chromatography was performed using a 5 mL HiTrapTM chelating 

HP affinity column (GE Healthcare).  Prior to use, the column was washed with 

five column volumes of ddH2O at a flow rate of 2.5 mL/minute using an Econo-

Pump (Bio-Rad).  The column was then activated by washing with a 0.1 M CoCl2 

solution for five column volumes at a flow rate of 2.5 mL/minute.  Then, to 

remove excess CoCl2, the column was washed with ddH2O at a flow rate of 2.5 

mL/min for five column volumes.  The column was then washed with five column 

volumes of elution buffer (250 mM NaCl, 20 mM Tris, 400 mM imidazole, pH = 

8.0) at a flow rate of 5.0 mL/minute.  Finally, the column was washed with five 

column volumes of wash buffer (250 mM NaCl, 20 mM Tris, 20 mM imidazole, 

pH = 8.0) for five column volumes at a flow rate of 5.0 mL/minute. 

 Cleared cell lysate (50 mL) with 20 mM imidazole was then loaded onto 

the activated column at 5.0 mL/minute.  The concentration of the protein loaded 

onto the column was monitored by UV absorbance at 280 nm with an Econo UV 

Monitor (Bio-Rad), and recorded over time with a chart recorder (Linear).  A 50 

µL sample known as “flow through” was collected for SDS-PAGE analysis once 
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UV absorption reached the maximum level.   Once the protein was completely 

loaded onto the column, the column was then washed with wash buffer (250 mM 

NaCl, 20 mM Tris, 20 mM imidazole, pH=8.0) until the UV absorption returned to 

a baseline level.  Elution of the protein was then performed by flowing elution 

buffer (250 mM NaCl, 20 mM Tris, 400 mM imidazole, pH=8.0) onto the column 

and collecting the purified protein once the UV absorption begins to increase.  At 

this time a 50 µL sample known as “eluate” is collected for SDS-PAGE analysis.  

As the protein is eluted, 2 units of thrombin (Roche) was added to prevent 

aggregation.  To digest the his-tag from the protein, an additional 2-4 units of 

thrombin was added and the eluted protein is incubated at room temperature for 

2 hours on a Benchtop orbital shaker (Thermo Scientific).  Following the 2 hour 

digest, a 50 µL sample was collected, known as “after digest” for SDS-PAGE 

analysis. 

Size Exclusion Chromatography 

 Prior to performing size exclusion chromatography, buffer containing 250 

mM NaCl, 20 mM Tris, pH=8.0 was filtered and degassed for four hours using a 

0.22 µm vacuum driven filter (Denville Scientific).  A Superdex 200 column (GE 

Healthcare) was then equilibrated with two column volumes (48 mL) of buffer at a 

flow rate of 0.5 mL/minute, using an AKATA FPLC (GE Healthcare).  Thrombin 

digested protein was then filtered through a 0.22 µm SPIN-X® centrifuge tube.  

Filtered protein was then loaded into a 1 mL loop and purified by size exclusion 

chromatography using the equilibrated Superdex 200 column and the AKTA 
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FPLC.  The protein was run on the column with a flow rate of 0.5 mL/minute, and 

0.5 mL fractions were collected into separate tubes during elution.  The MthK 

RCK domain elutes between 11.7 mL to 12.2 mL, and fractions under this peak 

and volume range were pooled and collected.  A 50 µL sample of this protein 

known as “gel filtration” was collected for SDS-PAGE analysis. 

SDS-PAGE Analysis 

 To determine the success of the purification process, samples collected 

throughout the purification were analyzed by SDS-polyacrylamide gel 

electrophoresis (SDS-PAGE).  The SDS-PAGE gels were prepared with a 5% 

stacking gel, comprised of 1.12 mL water, 0.5 mL Tris (0.5M, pH=6.8), 20 µL 

10% sodium dodecyl sulfate (SDS, Sigma-Aldrich), 0.34 mL 30% acrylamide 

(Bio-Rad), 40 µL 10% ammonium persulfate (APS, Sigma-Aldrich), and 1 µL 

tetraethylenediamine (TEMED, Sigma-Aldrich).  A 12.5% running gel was also 

prepared comprised of 1.92 mL water, 1.5 mL Tris (1.5 M, pH=8.8), 60 µL 10% 

SDS, 2.5 mL 30% acrylamide, 40 µL 10% APS, and 3 µL TEMED. 

 Samples collected throughout the purification process were prepared by 

mixing 20 µL protein samples with 20 µL Laemmli Sample Buffer (Bio-Rad).  20 

µL of each collected sample was loaded into an individual lane of the gel.  The 

size of the protein bands obtained were determined with the addition of 

BenchmarkTM Pre-Stained Protein Ladder (Invitrogen) to the first lane of the gel.  

The gel was run at 15 mA until the samples reached the stacking gel at which 

point the current was increased to 25 mA.  The gels were then Coomassie 
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stained (0.1% Coomassie R-250 (Bio-Rad), 50 % methanol (Sigma-Aldrich), 5% 

acetic acid (Sigma-Aldrich)) at room temperature for 15 minutes.  Following the 

15 minute staining, gels were then removed from the Coomassie stain and rinsed 

with water.  Gels were then transferred into a de-staining solution comprised of 

50% methanol, and 5% acetic acid for 3-5 hours at room temperature.  The de-

stained gel was then dried between two sheets of cellophane (Bio-Rad) and a 

solution containing 35% ethanol (EMD) and 4% ethylene glycol (Fluka). 

Protein Concentration Quantification 

 The concentration of the purified protein was determined utilizing a 

Bradford Assay where 1 mL of Bio-Rad Coomassie® Brilliant Blue G-250 dye is 

diluted with 4 mL of water.  Samples were prepared by adding 20 µL protein to 

980 µL of the prepared diluted Coomassie dye solution.  The protein 

concentration was then determined by generating a standard curve, measuring 

UV absorbance at 595 nm of known protein concentrations using a 

spectrophotometer (Thermo Scientific) and plotting absorbance as a function of 

protein concentration.  Plotting absorbance as a function of protein concentration 

yields a linear relationship, and is fit with a linear curve.  Using this equation, you 

can determine the concentration of an unknown protein solution. 

 The protein collected during the gel filtration was measured using this 

method.  Specifically, a reading is first collected of 0.98 mL of the diluted 

Coomassie solution mixed with 20 µL of the elution buffer.   The reading obtained 

from this solution is used as a blank, and a sample containing the eluted protein 
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was prepared by mixing 0.98 mL of the diluted Coomassie solution with 18 µL of 

elution buffer and 2 µL of the collected protein.  The absorbance was then 

measured at 595 nm and the concentration of the protein was determined.  Once 

the initial protein concentration was determined, the protein was concentrated to 

5-6 mg/mL using a Vivaspin 15R centrifugal concentrator. 

Part IX: Crystallization of the MthK RCK Domain 

 The crystal of the D184N RCK domain (grown by Elsie Samakai) used in 

data collection for the results obtained in Chapter 3 formed in a 2 µL hanging 

drop composed of a 1:1 mixture of protein solution and 22% PEG3350, 100 mM 

MES, pH 5.9, and 100 mM CaCl2. 

 The crystal of the WT RCK domain used in data collection for the results 

obtained in Chapter 4 formed in a 2 µL hanging drop composed of a 1:1 mixture 

of protein solution and 28% PEG300, 100 mM BaCl2, 100 mM TRIS, pH 8.5. 

Crystals of the WT, D184N and E212Q MthK RCK domains for the results 

obtained in Chapter 5 were formed in a 2 µL hanging drop composed of a 1:1 

mixture of protein solution and 6-12% PEG4000, 200 mM CaCl2, 100 mM 

Sodium acetate pH 4.8, and 1 M Ammonium formate. For MthK WT-C1C2C3 

crystals, crystals were grown under identical conditions but with 1 M CaCl2 

instead of 200 mM. A sample crystallization matrix is shown in Table 2-1. 
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Table 2-1 

Crystallization matrix for MthK RCK domain 

 
6% PEG4000 7% 8% 9% 10% 12% 

50μL 4M CaCl2 

200μL 500mM 

Sodium Acetate 

pH=4.8 

250μL 4M NH4  

Formate  

120μL PEG4000 

(50% stock) 

380μL ddH20 

 

50μL 4M CaCl2 

200μL 500mM 

Sodium Acetate 

pH=4.8 

250μL 4M NH4  

Formate  

140μL PEG4000 

(50% stock) 

365μL ddH20 

 

50μL 4M CaCl2 

200μL 500mM 

Sodium Acetate 

pH=4.8 

250μL 4M NH4  

Formate  

160μL PEG4000 

(50% stock) 

345μL ddH20 

 

50μL 4M CaCl2 

200μL 500mM 

Sodium Acetate 

pH=4.8 

250μL 4M NH4  

Formate  

180μL PEG4000 

(50% stock) 

325μL ddH20 

 

50μL 4M CaCl2 

200μL 500mM 

Sodium Acetate 

pH=4.8 

250μL 4M NH4  

Formate  

200μL PEG4000 

(50% stock) 

305μL ddH20 

 

50μL 4M CaCl2 

200μL 500mM 

Sodium Acetate 

pH=4.8 

250μL 4M NH4  

Formate  

240μL PEG4000 

(50% stock) 

265μL ddH20 
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Table 2-2. 

MthK RCK domain crystal structures. 

Crystal ID [ion] (mM) Ion Occupancy pH 

2AEF 0 None 4.6 

2AEJ 20 Ca2+ C1, Ca2+ 4.6 

WT-C1 200 Ca2+ C1, Ca2+ 4.8 

WT-C1C2C3 1000 Ca2+ C1,C2,C3, Ca2+ 4.8 

D184N 300 Ca2+ C3, Ca2+ 4.8 

E212Q 200 Ca2+ C1,C3, Ca2+ 4.8 

1LNQ 200 Ca2+ C1,C2,C3, Ca2+ 6.5 

4EI2 100 Ba2+ C1, Ba2+ 8.5 
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CHAPTER 3 

STRUCTURE AND FUNCTION OF MULTIPLE Ca2+-BINDING 

SITES IN THE MthK RCK DOMAIN 

Introduction 

 Previous studies of MthK have indicated that channel activation occurs 

through a single Ca2+-binding site on the RCK domain gating ring. The presence 

of this site was determined through structural analysis of the full length MthK 

channel crystallized in conditions containing sufficient [Ca2+] to fully activate the 

channel (Jiang et al. 2002). Electrophysiological analysis has also revealed a 

steep dependence on Ca2+ for activation, yielding Hill coefficients of ~8 (Zadek 

and Nimigean 2006). However, introduction of a charge-neutralizing mutation at 

the identified Ca2+-binding site resulted in an apparent decreased affinity for Ca2+ 

but these channels were still able to be activated by Ca2+ (Jiang et al. 2002).  

 To gain insight into the mechanisms underlying Ca2+-dependent 

conformational changes in the MthK RCK domain, we probed MthK structure and 

function using electrophysiology and crystallography and identified two novel 

Ca2+ binding sites which contribute to MthK channel activation. 
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Results 

Charge-neutralizing mutations at C1 do not eliminate Ca2+-dependent activation 

of MthK 

 As stated in the introduction, initial studies directed at determining Ca2+-

binding in the MthK RCK domain identified a single Ca2+ -binding site where Ca2+ 

is coordinated by the side chains of acidic amino acid residues D184, E210, and 

E212 (Figure 3-1).  However, the introduction of a charge neutralizing mutation at 

position D184 to N184 failed to eliminate Ca2+-dependent gating of the channel.  

While the D184N mutation did serve to decrease the apparent sensitivity to Ca2+, 

these mutant channels could still be fully activated by Ca2+, however, it was still 

unclear to what extent the residues at the C1 site energetically contributed to 

channel gating.   

 To determine the energetic roles of Ca2+-coordinating residues at the C1 

site in MthK gating, we assessed the effects of charge-neutralizing mutations at 

C1 using single channel recording of purified MthK channels incorporated into 

planar lipid bilayers.  Charge neutralizing mutations D184N and E210Q 

significantly increased the EC50 for Ca2+ activation resulting from a decreased 

sensitivity to Ca2+ but these mutant channels could still be activated by Ca2+ to 

maximal open probability (Po) > 0.9, with steep hill coefficients that were not 

significantly different from WT (Figure 3-1, Table 3-2). In contrast, the E212Q 

mutation resulted in an increased sensitivity for Ca2+ resulting in a decrease in 

the EC50 for Ca2+ activation compared to WT (Figure 3-1, Table 3-2).  In addition, 
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the double mutant E210Q/D184N, which eliminates the critical negative charges 

at the C1 site, does not further weaken Ca2+ activation compared to the E210Q 

or D184N single mutants (Figure 3-1, Table 3-2).  These results are consistent 

with the importance of D184 and E210 carboxylates in Ca2+ binding and MthK 

channel activation.  However, the ability to fully activate the charge neutralized 

mutant channels with increasing [Ca2+], suggested that the C1 site was not the 

sole determinant of Ca2+ -dependent activation and that there might be an 

additional site (or sites) contributing to Ca2+- dependent gating. 
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Figure 3-1.Charge-neutralization of residues at C1 site does not eliminate 

Ca2+ activation of MthK. A) Ca2+ coordination at C1 site. B) Representative 

currents through MthK WT and mutant channels with 4 mM Ca2+, pH 7.7 at the 

cytoplasmic side of the membrane. Each of these bilayers contained three active 

channels, except for the D184A trace, which contained one active channel. 

D184N, D184A, E210Q, and the D184N/E210Q double mutant resulted in 

decreased opening at this [Ca2+], compared to WT and E212Q. C) Po vs. [Ca2+] 

relations for MthK WT and mutants. Each of these mutants could be activated to 

the same maximal Po as WT; thus neutralization of D184 and E210 could 

decrease affinity for  Ca2+, but neither mutation alone or combined could 

eliminate Ca2+ activation, consistent with the presence of an additional Ca2+ 

binding site. Data pointes represent mean ± SEM of individual bilayer 

experiments in which data were obtained at six different [Ca2+]. WT, n = 5; 

D184N, n =5; D184A, n = 5; E210Q, n = 6; E212Q, n = 8; D184N/E210Q, n = 6. 
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MthK RCK Domains Contain Two Additional Ca2+-Binding Sites Located at the 

Flexible Interface 

 To determine whether MthK might contain additional Ca2+-binding sites 

that had not been identified previously, we initially probed the electron density 

map generated using previously published structure factors deposited with 

Protein Data Bank (PDB) ID code 1LNQ, the structure of the MthK channel 

crystallized in the presence of Ca2+.  We examined these data after reasoning 

that the electron density peaks corresponding to single cations within the large 

MthK cytoplasmic RCK domain may have been difficult to unambiguously identify 

with low-resolution crystallographic data, and thus may not have been modeled 

into the 1LNQ structure. 

 From electron density maps generated with the 1LNQ structure factors, 

we identified two candidate peaks (per RCK domain) of relatively strong electron 

density (Figure 3-3).  Both peaks were located at the confluence of at least two 

acidic side chains in the MthK RCK domain, and amplitudes of >3.5σ in the Fo-Fc 

map.  These identified peaks were located at the flexible interface between pairs 

of RCK domains, with one peak between the side chain carboxylates of D245 

and E248 of the same subunit, and the other between the side chain 

carboxylates of D305 in one subunit and E326 of the adjacent subunit.  In the 

1LNQ structure, the D245/E245 and D305/E326 side chains appear to be 

interacting with one another via hydrogen bonds.  Hydrogen bonding between 

these side chains is a plausible idea, if we assume that these acidic side chains 

are protonated at pH 6.5 (the approximate pH during growth of this crystal), and 
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thus would not electrostatically repel one another.  However, an alternative 

hypothesis is that these side chains are deprotonated and thus negatively 

charged, and the observed density could be accounted for by a cation that would 

provide a stabilizing countercharge.  As illustrated in Figure 3-3, the peaks >5σ in 

the 2Fo-Fc map were stronger than the modeled density in these regions, and 

thus appeared to be good candidates for the electron-dense Ca2+ ions. 

 To further confirm the locations of these electron density peaks, we grew 

additional crystals of the MthK channel in the presence of Ca2+ and analyzed 

diffraction datasets from the best diffracting crystals.  We then probed in detail 

the structure of one crystal that diffracted to 3.4Å, building Ca2+ ions at the 

positions of the strong electron density peaks identified both in this best-

diffracting dataset and in the 1LNQ dataset (PDB ID code 3RBZ) (Table 3-1). 

The locations of the putative Ca2+-binding sites in the MthK RCK domain 

are shown in Figure 3-2. The first site, C2, contains a Ca2+ ion coordinated with 

an apparent bipyramidal geometry, consistent with that of many known Ca2+-

binding sites, including site 1 (Figure. 3-1A) (Table 3-3). After building a Ca2+ ion 

at the C2 site and further refining the structure, the Ca2+ ion is coordinated by two 

oxygens from the E248 side chain (mean Ca2+-O distances, 2.5 and 2.7 Å) and 

the main chain carbonyl oxygen of D245 (mean Ca2+-O distance, 2.3 Å), which 

form a plane with the coordinated Ca2+ (Table 3-3).  The capstones of an 

apparent bipyramid at the C2 site are formed by protein oxygens from the E266 
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side chain (mean Ca2+-O distance, 2.4 Å) and the main chain carbonyl of R241 

(mean Ca2+-O distance, 2.9 Å) (Figure. 3-2B) (Table 3-3). 

 The second binding site, C3, was formed by the side chain of D305 (mean 

Ca2+ -O distances, 2.6 and 2.8 Å) and the main chain carbonyl oxygen of G290 

(mean Ca2+ -O distance, 2.9 Å), and the side chain of E326 from the adjacent 

subunit (mean Ca2+ - O distances, 2.5 and 2.9 Å) (Table 3-3).  At C3, each of the 

side chain oxygens from D305 and E326 lie approximately in a plane with the 

Ca2+ ligand, and the carbonyl oxygen of G290 lies normal to the plane, thus 

forming a single pyramid (Figure 3-2C, Left).  Because of the relatively high B-

factors for this low resolution structure, interpretation of Ca2+-O coordination 

distances provided should be approached with caution; however, the distances 

estimated from the atomic coordinates in this model conform to those typically 

observed for Ca2+ in proteins and small molecules (Dudev and Lim 2003). 
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Figure 3-2. Locations of additional Ca2+-binding sites in the MthK RCK 

gating ring. A) Gating ring of the crystallized MthK channel with additional Ca2+ 

ions built in the structure, viewed from above; the transmembrane domains have 

been omitted for clarity. Putative binding sites were identified as described in 

Results; positions of Ca2+ ions are indicated by green spheres. B) Ca2+ 

coordination at site C2. Ball-and-stick representation of Ca2+ and protein at C2 

site, with dashed lines to indicate coordination by nearby protein oxygens (Left); 

simulated-annealing omit map, contoured at 1.5σ, overlayed on the model 

(Middle); and Fo – Fc difference map calculated with Ca2+ omitted from the model, 

contoured at 10σ, overlayed in the same region (Right). C) Ca2+ coordination at 

C3 site (Left); simulated-annealing omit map contoured at 1σ, overlayed on the 

model (Middle); and Fo – Fc map contoured at 10σ, overlayed in the same region 

(Right). 
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Figure 3-3. Structure and electron density at sites C2 and C3 in the MthK 

channel structure without additional Ca2+ ions (PDB ID code 1LNQ). A) Ball-

and-stick representation of the 1LNQ atomic coordinates at the C2 site (compare 

with Figure 3-2B), with 2Fo-Fc map superimposed (blue mesh), contoured at 2σ 

(Left) and 6σ (Right). B) C2 site with Fo-Fc difference map superimposed 

(positive peaks as green mesh), contoured at 3.5σ. C) C3 site (compare with 

Figure 3-2C), with 2Fo-Fc map superimposed, contoured at 2σ (Left) and 5.2σ 

(Right). D) C3 site with Fo-Fc difference map superimposed contoured at 4σ. The 

strong electron density peaks in these regions, combined with favorable local 

chemistry for Ca2+ coordination, suggested these regions as candidates for Ca2+-

binding sites. Electron density maps were calculated using PHENIX-maps, using 

structure factors deposited in the Protein Data Bank (PDB ID code 1LNQ). 
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Table 3-1.  

Data collection and refinement statistics 
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Crystal Structure of the D184N Mutant RCK Domain in the Presence of Ca2+ is 

Consistent with Ca2+-Activation Pathways Outside of the C1 site 

 We have observed that the D184N mutation, at C1, does not completely 

abolish Ca2+ -dependent gating, and combining this mutation with the additional 

C1 mutation E210Q does not further decrease Ca2+ -dependent gating (Figure 3-

1).  Although these observations are consistent with the presence of additional 

Ca2+ -binding sites outside of the C1 site, it is alternatively possible that neither 

D184N nor the D184N/E210Q double mutant completely abolish Ca2+ binding.  If 

this possibility were the case, then Ca2+ should bind at the D184N-mutated C1 

site, and this binding should be detectable in the crystallographic data if the 

[Ca2+] were sufficiently high (i.e., high enough to activate the channel in 

electrophysiological experiments).  We tested this possibility by crystallizing the 

MthK RCK domain with the D184N mutation in the presence of 100 mM Ca2+; in 

electrophysiological terms, this [Ca2+] is approximately 15 times the EC50 for the 

D184N mutant channel at pH 7.7 (Figure 3-1). 

 The D184N RCK domain crystallized in the space group P6522, with three 

dimeric RCK domains per asymmetric unit, and the structure was solved to 2.8 Å 

resolution.  We found that in this structure, Ca2+ was not bound to the mutated C1 

site (Figure 3-4B).  However, electron density peaks (modeled as Ca2+  ions) 

were observed at the putative C2 and C3 sites, as observed in structures of the 

Ca2+ -bound MthK channel (Figure 3-4. C-D).  We confirmed that D184N 

channels could be activated with [Ca2+] and pH similar to those used for 
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crystallization (Figure 3-5).  Thus it appears that the Ca2+ ions responsible for 

activation of the D184N mutant act through sites C2 and C3. 

 Although the D184N RCK domain did not crystallize in the biological 

gating ring form under these conditions (Figure 3-6), Ca2+ coordination at sites 

C2 and C3 is nearly identical to that observed in the Ca2+ -bound channel 

structure, which is in the gating ring form (Figure 3-2 and Figure 3-7).  In addition, 

crystallization in the dimeric form would not be expected to preclude the binding 

of Ca2+ at the C1 site, as Ca2+ bound at the C1 site is observed in the dimeric 

high-resolution MthK RCK domain structure (PDB ID code 2AEF). 

 The structure of Ca2+-bound D184N RCK domain suggests that Ca2+ can 

bind to the C2 and C3 sites in the MthK RCK domain, independent of Ca2+ 

binding to the C1 site; thus this crystallographic analysis is further consistent with 

the idea that Ca2+ binding to the C2 and C3 sites may serve as alternative 

pathways to activate the MthK channel. 
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Figure 3-4. The D184N mutation prevents Ca2+ binding at the C1 site, but 

not at sites C2 and C3. Structures of sites C1, C2, and C3 in the D184N RCK 

domain crystallized in the presence of 100 mM Ca2+. A) Ribbon 

representation of a Ca2+-bound D184N RCK dimer. Key side chain and main 

chain atoms are shown in ball-and-stick representation, and Ca2+ ions are 

indicated by green spheres. B) Structure of the D184N mutant C1 site (Left), plus 

overlay with 2Fo-Fc difference map contoured at 1.2σ (Right, blue mesh). Density 

corresponding to a Ca2+ ion is not observed at the mutant C1 site. C) C2 site 

overlayed with simulated-annealing Ca2+ omit map contoured at 1σ (Left, blue 

mesh), and Fo-Fc difference map calculated with Ca2+ omitted from the model, 

contoured at 6σ (Right, green mesh). These results suggest that Ca2+ can bind at 

sites C2 and C3 independent of detectable Ca2+ binding to the C1 site. 
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Figure 3-5. Ca2+ activation of MthK WT and D184N channels at pH 6.5. Po vs. 

[Ca2+] relation for WT (black) and D184N mutant channels (red) at pH 6.5, close 

to the pH for crystallization of the D184N RCK domain in the presence of 100 

mM Ca2+ (Figure 3-7). Under these conditions, D184N channels were activated 

by Ca2+ with an EC50 of 29 ± 4.3 mM (mean ± SD of EC50’s from individual 

patches). Curved lines show fits with a Hill equation (WT, Po max = 0.932, EC50 

= 16 mM, nH = 6.6; D184N, Po max = 0.925, EC50 = 28 mM, nH = 5.3). WT, n = 7; 

D184N, n = 7. 
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Figure 3-6. Lattice contacts in the structure of the Ca2+-bound D184N MthK 

RCK domain. In this crystal form, the MthK RCK domains are dimeric, with three 

dimers in the asymmetric unit (red). Within the asymmetric unit, the three dimers 

are stacked, with the dimers on the end displaying translational symmetry with 

respect to one another; the dimer sandwiched in the middle is rotated 180º with 

respect to the other two dimers. 
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Figure 3-7. Comparison of structure at sites C2 and C3 in the MthK channel 

and D184N RCK domain with Ca2+. Structures of the MthK channel (Left, 

magenta; PDB ID code 3RBZ) and D184N RCK dimer (Center, orange; PDB ID 

code 3RBX). Prime (‘) symbol denotes residue from the adjacent subunit. A) 

Alignment of structures by the main chain atoms around C2 site (residues 240-

250, nonprime), as in Figure 3-7C. B) Alignment by the main chain atoms around 

C3 site (residues 289-325, nonprime), as in Figure 3-7D. Under these conditions, 

the apparently Ca2+-bound sites C2 and C3 show remarkably similar structures. 
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Sites C2 and C3 Contribute Functionally to Ca2+-Dependent Gating 

 Although sites C2 and C3 are consistent with Ca2+ binding sites in 

crystallographic data from the MthK channel and D184N RCK domain in the 

presence of Ca2+ (Figure 3-2 and Figure 3-3), it is important to determine whether 

these sites behave as Ca2+-binding sites that facilitate MthK channel activation.  

To test whether sites C2 or C3 contribute functionally to Ca2+-dependent gating 

of MthK, we recorded current through MthK channels with charge-neutralizing 

mutations at each of the side chains at these sites that appear to coordinate Ca2+ 

directly (E248Q and E266Q in C2, and D305N and E326Q in C3) (Figure 3-8).  

As with mutations at the C1 site, (Figure 3-1, Table 3-2), each of these mutations 

significantly increased the EC50 for Ca2+ activation (mean EC50’s ±standard 

deviation were as follows: WT, 2.2 ± 0.3 mM, E248Q, 5.0 ± 0.1 mM; E266Q, 3.2 

± 0.6 mM; D305N, 3.4 ± 0.4 mM; E326Q, 18.5 ± 0.7 mM) (Table 3-2), suggesting 

that each of the acidic residues in sites C2 and C3 contribute to Ca2+-dependent 

gating in MthK (Figure 3-8B, Table 3-2).  In terms of the size of the shift in EC50 

resulting from each mutation, these followed the series E326Q > D184N > 

E248Q > E210Q ≈ D305N ≈ E266Q. 

 Although charge-neutralization can lead to decreases in binding affinity at 

these putative binding sites, an effect on Ca2+-binding affinity is likely to be only 

one of several possible mechanisms underlying the functional consequences of 

each mutation.  Because Ca2+-binding may be associated with movement of 

Ca2+-coordinating side chains, one or more of these mutations may disrupt both 
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Ca2+ binding and the allosteric coupling between Ca2+ binding and channel 

opening at a single binding site.  In addition, a single mutation may affect Ca2+ 

activation through multiple sites, because Ca2+ activation through different sites 

may be energetically coupled to one another. 

 To begin to explore whether mutations at the putative C2 and C3 sites 

might act solely through disrupting the coupling between Ca2+ binding at the 

established C1 site and gating of the channel, we first reasoned that if a C2 or C3 

mutation were acting through disrupting coupling of C1 to channel gating, then 

combining the C2 or C3 mutation with the D184N mutation (which effectively 

knocks out Ca2+ binding to C1; Figure 3-4B) should not further decrease Ca2+ 

sensitivity of the channel compared to the effect of the D184N mutation alone.  

Thus we tested whether mutations at the putative C2 or C3 sites might act solely 

through disrupting the coupling between Ca2+ binding at C1 by generating a 

series of double mutants in which single mutations at sites C2 or C3 were 

combined with the D184N mutation and analyzing their Ca2+ sensitivity by 

electrophysiology. 

 In each case, the second (combined) mutation augmented the effect of the 

D184N mutation on EC50 by several fold (Figure 3-8C).  For example, the D184N 

mutation alone increased the EC50 by 2.9-fold compared to WT (increased from 

2.2 to 6.3 mM Ca2+); additionally incorporating the E248Q, E266Q, D305N, or 

E326Q mutations resulted in 2.9-, 3.0-, 4.6-, and 7.6-fold increases in EC50 over 

the D184N mutant, respectively (mean EC50’s ± standard deviation were as 



65 

 

follows: D184N/E248Q, 18.0 ± 3.3 mM; D184N/E266Q, 18.7 ± 2.0 mM; 

D184N/D305N, 28.7 ± 1.9 mM; D184N/E326Q, 48.7 ± 5.9 mM) (Table 3-2).  

These results combined with the idea that E248, E266, D305, and E326 act 

through a Ca2+ activation mechanism that is separate from C1, and do not act 

solely by modulating gating through C1. 

 Because none of the double mutations tested above completely eliminated 

Ca2+-dependent activation of MthK, we wondered whether sites C1, C2, and C3 

could account for all of the Ca2+ -dependent activation.  To test this idea, we 

generated a triple mutant, D184N/E248Q/E326Q, which neutralized key residues 

at each of the putative Ca2+ sites. Over many repeated attempts at channel 

incorporation (>50) using [Ca2+] ranging from 5 to 100 mM, we were able to 

detect only very low levels of activity using the triple mutant channel. An example 

of this activity is shown in Figure 3-8A (similar results were observed in four 

additional bilayers). Overexpression and purification of the D184N/E248Q/E326Q 

triple mutant was indistinguishable from that of other mutant and WT MthK 

channels, as indicated by SDS-PAGE and gel-filtration chromatography; thus it 

appears that the combined D184N/E248Q/E326Q mutations were sufficient to 

eliminate Ca2+-dependent gating over the range of [Ca2+] examined, up to 100 

mM.  The ability of the D184N/E248Q/E326Q triple mutation to eliminate Ca2+-

dependent gating with [Ca2+]  < 100 mM is consistent with the idea that sites C1, 

C2, and C3 could account for all of the Ca2+-dependent activation of MthK. 
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Figure 3-8. Mutations at sites C2 and C3 reduce Ca2+ sensitivity of MthK 

channels. A) Representative currents through MthK mutant channels. Each of 

the single mutant traces contain one active channel; the D184N/E326Q trace 

contains four active channels, and the D184N/E248Q/E326Q mutant contains an 

unknown number of channels. The D184N/E248Q/E326Q trace shows the only 

observed in 5 min of continuous recording for this bilayer. Vertical scale bar is 20 

pA for D184N/E326Q trace, 10 pA for all others. B) Po vs. [Ca2+] for MthK WT 

and mutants at sites C1, C2, and C3. D184N (C1), E248Q and E266Q (C2), and 

D305N and E326Q (C3) channels showed decreased Ca2+ sensitivity compared 

to WT. C) Po vs. [Ca2+] for MthK WT, D184N, and double mutant channels. Each 

double mutant further decreased Ca2+ sensitivity of the channel compared to 

their single mutant counterparts. Curves in B and C represent fits with a Hill 

equation; means of fitted parameters (determined from fitting Po vs. [Ca2+] data 

from individual bilayers) are listed in Table 3-2. Data points in B and C represent 

mean ± SEM. WT, n = 5; E248Q, n = 4; E266Q, n = 5; D305N, n = 4; E326Q, n 

=4; D184N/E248Q, n = 3; D184N/E266Q, n = 3; D184N/D305N, n = 3; 

D184N/E326Q, n = 3. 
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Table 3-2. 

Steady-state gating parameters for MthK WT and mutant channels. 
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Table 3-3. 

Ca2+ coordinating residues and Ca2+- O distances at each site. 

Ca
2+

 site Coordinating Residue Ca
2+

-O distance (Å) 

C1 D184 3.1,2.7 

 E210 2.1 

 E212 2.4 

C2 E248 2.5, 2.7 

 D245 2.3 

 E266 2.4 

 R241 2.9 

C3 D305 2.6, 2.8 

 G290 2.9 

 E326 2.5, 2.9 
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Discussion 

Each MthK RCK Domain Contributes Three Ca2+-Binding Sites 

 Our X-ray and electrophysiological experiments are consistent with the 

presence of three Ca2+-binding sites for each RCK domain of the MthK Channel.  

One of these sites (C1, Figure 3-1A) had been identified in previous 

crystallographic studies (Jiang et al. 2002; Dong et al. 2005), and the decreased 

Ca2+ sensitivity observed with the D184N and E210Q mutations is consistent with 

a role for Ca2+ binding at the C1 site MthK gating (Figure 3-1).  Interestingly, 

charge neutralization of the E212 side chain does participate in Ca2+ 

coordination, as indicated by the distances between Ca2+ and an oxygen from 

the E212 side chain carboxylate of 2.3 to 2.4Å, and seems to initiate a key Ca2+-

dependent conformational change in the RCK domain (Jiang et al. 2002; Dong et 

al. 2005; Ye et al. 2006) (Figure 3-1 and Figure 3-9).  The mechanism underlying 

the effect of the E212Q mutation will be discussed in detail during Chapter 5 of 

the thesis. 

 Electrophysiological studies have demonstrated a very steep relation 

between [Ca2+] and MthK open probability, displaying hill coefficients >8, which is 

inconsistent with the presence of only eight Ca2+-binding sites per channel 

(Zadek and Nimigean 2006; Pau et al. 2010).  In addition,  Ca2+-dependent 

activation persists in the D184N, D184A, and E210Q single mutant and 
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D184N/E210Q double mutant MthK channels, in which the primary Ca2+-

coordinating residues at the C1 site had been charge-neutralized (Figure 3-1).  

These observations provided a rationale for further analysis of crystallographic 

data of the Ca2+-bound MthK RCK domain.  Sites C2 and C3 corresponded to 

strong regions of electron density that, in the context of local chemistry, could be 

accounted for by Ca2+ ions (Figure 3-2 and Figure 3-3).  Although the C3 site had 

not been previously thought to be a Ca2+-binding site, it was determined as a 

Cd2+-binding site in the Cd2+-bound MthK RCK domain (Dvir et al. 2010).  

Because Cd2+ is a potent activator of MthK channels (Kuo et al. 2007; Dvir et al. 

2010), it is possible that Ca2+ and Cd2+ share a common structural activation 

mechanism in these channels. 

 The identification of sites C2 and C3 in the crystal structures of the MthK 

channel and RCK domain (Figure 3-2 and Figure 3-4) yields an overall 

stoichiometry of 24 Ca2+ -binding sites per MthK channel, and the presence of 

these Ca2+-binding sites provides an explanation for the very steep Ca2+-

dependence of MthK gating (Zadek and Nimigean 2006; Pau et al. 2010).  This 

steep Ca2+-dependence of gating is also consistent with a form of positive 

cooperativity, either among Ca2+-binding sites or among RCK subunits, in MthK 

activation (Zadek and Nimigean 2006).  In the case of sites C2 and C3, Ca2+ 

itself forms a metal bridge between adjacent RCK subunits, although it is not yet 

clear whether these intersubunit interactions result in energetic coupling among 

binding sites. 
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Figure 3-9. Apparent Ca2+-dependent movements in MthK RCK domains. A) 

Structures of Ca2+-free (Left, cyan; PDB ID code 2FY8) and Ca2+-bound RCK 

dimers (Right, magenta; PDB ID code 3RBZ); dashed arrows indicate the relative 

domain motions that follow Ca2+ binding. B) Alignment of structures in A by the 

main chain atoms of residues 120-230 (encompassing the C1 site). Ca2+ binding 

results in movement of the E212 side chain, which is thought to affect 

interactions between F232 side chains in adjacent subunits. B) Alignment of 

structures in A by the main chain atoms around the C2 site (residues 240-250). 

Ca2+ binding results in movement of the E248 side chain, and relative movement 

of the E266’ side chain, with movement of the associated main chain (‘denotes 

residue in the adjacent subunit). C) Alignment of structures in A by the main 

chain atoms around the C3 site (residues 289-325). Ca2+ binding results in 

movement of the D305’ side chain from a position of apparent hydrogen bonding 

with H286. 
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A Working Hypothesis for Ca2+-Dependent Conformational Changes in the RCK 

Gating Ring 

 The locations of sites C2 and C3 at the flexible interfaces in the MthK 

gating ring (Figure 3-2A) reveals regions where Ca2+-binding may exert forces 

that underlie channel gating (Figure 3-9; unliganded conformation is from the 

closed MthK gating ring (PDB ID code 2FY8) (Ye et al. 2006)).  Comparison of 

unliganded and Ca2+-bound RCK domain dimers illustrates the closer proximity of 

adjacent RCK domains near the C1 site, in the Ca2+-bound form.  Alignments of 

each site in the unliganded and Ca2+-bound forms reveal the local structural 

consequences of Ca2+ binding (Figure 3-9 B-D), Figure 3-10).  Ca2+-binding at 

the C1 site results in movement of the E212 side chain (Figure 3-9B); direct local 

movement of the main chain at the C1 site is subtle, though in previous work it 

was hypothesized that movement of E212 influences intersubunit interactions 

through a nearby Phe residue (F232) (Ye et al. 2006).  In contrast, Ca2+ binding 

at sites C2 and C3 result in apparent side chain movements (E248 in Figure 3-

9C) and associated relative movements of the main chain at the adjacent subunit 

(E226’ in Figure 3-9C, and D305’ in Figure 3-9D).  In the unliganded RCK 

domain structure, the carboxylate group of the D305 side chain appears to be 

involved in a hydrogen bond with the side chain of H286 in the adjacent subunit, 

and this hydrogen bond is broken to permit coordination of Ca2+ at the C3 site 

(Figure 3-10, Figure 3-11).  Thus the strength of the interaction between D305 

and H286 may be an important factor to modulate Ca2+ binding at the C3 site. 
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Figure 3-10. Comparison of structure at sites C2 and C3 in the MthK RCK 

domain and D184N RCK domain with Ca2+. Structures of the WT MthK RCK 

dimer with 20 mM Ca2+, pH 4.5 (Left, blue; PDB ID code 2AEF) and D184N RCK 

dimer with 100 mM Ca2+, pH 5.9 (Center, orange; PDB ID code 3RBX). Prime (‘) 

symbol denotes residue from adjacent subunit. A) Alignment of structures by the 

main chain atoms around C2 site (residues 240-250, nonprime), as in Figure 3-7 

in the 2AEF structure, possible hydrogen bonding between the side chains of 

E266 and D245 is indicated by green dashes (bond length = 2.37 Å). B) 

Alignment by the main chain atoms around C3 site (residues 289-325, 

nonprime); as in Figure 3-7D. In the 2AEF structure, a possible salt bridge 

between the side chains of D305 and H286 is indicated by the green dashes 

(bond lengths = 3.17 and 3.20 Å). These apparent interactions may hinder Ca2+ 

binding at sites C2 and C3 in the 2AEF structure. 
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Figure 3-11. Comparison of structures at sites C2 and C3 in the WT MthK 

RCK domain and unliganded D184N RCK domain. Structures of the WT MthK 

RCK dimer with 20 mM Ca2+, pH 4.5 (Left, blue; PDB ID code 2AEF) and D184N 

RCK dimer with no added Ca2+, pH 8.0 (Center, cyan PDB ID code 2FY8). Prime 

(‘) symbol denotes residue from adjacent subunit. A) Alignment of structures by 

the main chain atoms around C2 site (residues 240-250, nonprime), as in Figure 

3-7C. B) Alignment by the main chain atoms around C3 site (residues 289-325, 

nonprime), as in Figure 3-7D. In the 2FY8 structure, a possible hydrogen bond 

between the side chains of D305 and H286 is indicated by the green dashes 

(bond lengths = 2.88 and 3.51 Å. 
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Relation to Ca2+-Dependent Gating 

 An interesting feature common among sites C1, C2 and C3 is that each 

site is at least partially preformed, with 2-3 oxygens at each site in the Ca2+-free 

structure (PDB ID code 2FY8) occupying positions that are conserved in Ca2+-

bound structure (PDB ID code 3RBZ).  We hypothesize that Ca2+ can bind to 

these partial sites, with completion following movement of the remaining parts of 

the site, and stabilization of the Ca2+-bound state by electrostatic interactions 

between Ca2+ and the protein oxygens.  In terms of an overall conformational 

change, the metal bridges formed by Ca2+ act to glue together each pair of C-

terminal subdomains at the C3 site, bind to these C-terminal subdomains with the 

helix-turn-helix (alpha-F/alpha-G) regions of the neighboring subunit at the C2 

site, and apparently stabilize individual N-terminal subdomains at the C1 site.  

These combined interactions, in the context of the RCK domain gating ring, likely 

lead to an increase in mechanical tension on the linker between the RCK domain 

and pore lining helices to stabilize a conducting state of the channel, as 

hypothesized previously (Ye et al. 2006).  Further experiments will be required to 

establish the structural basis of coupling between the RCK domains and gating of 

the MthK pore. 

Conclusions 

 In summary, the identification of two novel Ca2+-binding sites, C2 and C3 

in the MthK RCK domain provide us with a more complete picture of Ca2+-

dependent gating process of MthK.  These sites, initially identified through 
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crystallographic analysis of a previously determined structure of the MthK Ca2+-

bound channel (PDB ID code 1LNQ), and further confirmed through the 

generation of a new crystal structure, and electrophysiological data suggest that 

the C2 and C3 sites contribute energetically to the Ca2+-dependent gating of the 

channel.  Furthermore, the identification of these new Ca2+ binding sites lead us 

to hypothesize that we might activate the MthK channel with cations other than 

Ca2+, and that this activation might occur selectively through one or more of the 

identified Ca2+-binding sites.  In the following chapter, I will discuss how I used 

Ba2+ to further elucidate the gating properties of MthK. 
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CHAPTER 4 

CRYSTAL STRUCTURE OF A Ba2+-BOUND GATING RING 

REVEALS ELEMENTARY STEPS IN RCK DOMAIN ACTIVATION 

Introduction 

 Results from the previous chapter indicate that the MthK RCK domain 

contains three unique Ca2+ binding sites per monomer for a total of 24 Ca2+ sites 

per channel.  Ca2+ binding to each of these sites on the RCK domain contribute 

to channel activation; thus, a complete quantitative description of the gating 

mechanism could be complex. To dissect the mechanism and quantify energetic 

relationships among modulatory binding sites and the gate of the channel, it is 

useful to have access to experimental tools that permit channel activation 

through specific sites. In this work, I will utilize Ba2+ as a surrogate for Ca2+ in an 

effort to activate MthK channels in a site specific manner.  Crystallization of the 

MthK RCK domain in complex with Ba2+ will be of value to understand the 

structural basis of ion coordination and selectivity at specific binding sites where 

some Ca2+ binding sites may bind Ba2+, whereas others may exclude it. This 

information may provide insight toward ion coordination mechanisms in other 

proteins. 

 In the following experiments, I used Ba2+ to pan for native metal binding 

sites in the MthK RCK domain.  Use of Ba2+ as a probe in X-ray crystallographic 

analysis has several advantages; Ba2+ is electron dense, and thus in general can 



78 

 

be distinguished from other protein atoms based on its strong electron density 

peak (Jiang and MacKinnon 2000).  Also, Ba2+ can yield anomalous scattering 

that is detectable with moderate resolution diffraction data, further enabling its 

unambiguous distinction from other cations, water atoms or protein atoms. 

 A specific advantage in using Ba2+ to probe MthK RCK domain structure 

and function is that MthK contains native Ca2+ binding sites.  Ba2+, although 

slightly larger than Ca2+ in ionic radius, can sometimes act as functional 

surrogate for Ca2+, for example as a charge-carrying permeant ion in the analysis 

of Ca2+ channels, as well as activation of BK channels (Hagiwara and Ohmori 

1982; DiPolo et al. 1983; Lee and Tsien 1983; Randall and Tsien 1995; 

Todorovic and Lingle 1998; Hille 2001; Zhou et al. 2012).  On the other hand, 

Ba2+ cannot effectively replace Ca2+ in triggering neurotransmitter release at the 

frog neuromuscular junction (Zengel and Magleby 1977; Zengel and Magleby 

1980).  Thus, some Ca2+ binding sites may bind Ba2+, whereas others may 

exclude it.  My goal for these experiments was to gain further insight toward 

properties of binding sites that may contribute to Ba2+/Ca2+ selectivity, and also to 

exploit potential selectivity to gain further insight toward channel activation 

through ligand binding to specific sites.    
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Results 

Ba2+ Coordination in the MthK Gating Ring 

 Using Ba2+ as a probe for divalent binding sites in the MthK RCK domain, 

we crystallized the MthK RCK domain protein in the presence of 100 mM barium 

chloride and obtained crystals that diffracted to 3.1 Å, in space group P212121 

(Table 4-1).  The structure was solved by molecular replacement and refined to 

an Rwork/Rfree of 0.209/0.243.  Two essentially identical gating rings (16 RCK 

domains) are present per asymmetric unit (Figure 4-1;Figure 4-2), which results 

in 16-fold NCS averaging, and allowed building of the entire RCK domain for all 

16 chains in the asymmetric unit.  Ba2+ ions bound to the RCK gating ring we 

identified in the structure based on a combination of strong electron density 

peaks, coinciding peaks in the anomalous difference density map, and favorable 

local chemistry for Ba2+ coordination at the site (i.e., close contact with oxygen 

atoms, and lack of close contact with basic or hydrophobic side chains).  Based 

on these data, we identified positions of several Ba2+ ions in each gating ring 

(Figure 4-1C), which we categorized into several classes based on their locations 

in each RCK domain. 

 Most notably, each RCK domain contained a Ba2+ ion coordinated by side-

chain oxygens from residues D184 and E210 and the main-chain carbonyl 

oxygens of residue L185, at a site that coincides in part with a Ca2+ binding site 

identified in previous Ca2+-bound structures in the MthK RCK domain, the C1 site 

(Dong et al.;2005;Jiang et al.,2002a).  Comparison of ion coordination in the 
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Ca2+-bound and Ba2+-bound RCK domain structures illustrates differences 

between Ca2+ and Ba2+ coordination at C1, principally the shorter metal-oxygen 

distances for Ca2+ (ranging from 2.4 to 2.7 Å) versus Ba2+ (ranging from 2.6 to 4.4 

Å) (Figures 4-1E and 4-1F).  Mean Ba2+-O distances for residues D184, L185, 

and E210 were D184(Oδ1), 2.7 Å; D184(Oδ2), 4.0 Å; E210(Oε1), 3.6 Å; and 

L185(O), 2.9 Å, which is within the range of Ba2+-O distances observed in 

structures of other proteins at comparable resolution (Chaptal et al. 2011; 

Inanobe et al. 2011).  Unlike Ca2+ coordination observed in previous MthK 

structures, the E212 side chain does not appear to participate directly in Ba2+ 

coordination in this gating ring structure; the mean distance between Ba2+ and 

the nearest side-chain oxygen from E212 was 4.5 Å (Figures 4-1E and 4-1F). 

 Aside from C1, Ba2+ ions were located at several other sites on the gating 

ring, though these other Ba2+ ions interacted directly with fewer protein oxygens 

than observed in C1 based on Ba2+-O distances at these sites (Figure 4-3).  

These sites were termed B2 (or the “cavity site”), at these sites, Ba2+ is being 

coordinated by an electronegative pocket of E190 residues from adjacent 

subunits; B3, formed by the side-chain hydroxyl group of Y214 and the main-

chain carbonyl from E258, also in adjacent subunits; and B4, formed in part by 

the main-chain carbonyl from D244.  These sites were characterized by strong 

electron density, anomalous peaks, and favorable local chemistry, though they 

did not exhibit multiple close protein contacts as observed in the C1 site.  For site 

B2, the mean distance to E190 (Oε2) was 4.6 Å; for B3, mean distances to Y214 
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(OH) and E258(O) were 4.6 Å and 4.5 Å, respectively; for B4, the mean distance 

to the only apparent close protein contact (D244[O]) was 3.2 Å.  Although 

multiple close protein contacts (<4 Å) were not observed at these sites, each site 

was characterized by a relatively high density of oxygen-containing side chains 

(Figure 4-3), which likely provides a favorable electrostatic environment for cation 

binding. 

 Additional Ba2+ sites were modeled in the vicinities of residues D202, 

D287, and D284 (Figure 4-4).  Because strong anomalous peaks were not 

observed at these sites in all RCK subunits, identification of these sites was 

mainly based on strong electron density peaks that could not be adequately 

modeled as water molecules or Na+ ions and were classified as “weaker” Ba2+ 

sites.  At one of these sites (formed by D284/D287), Ba2+ ions may provide a 

countercharge to stabilize lattice contacts between gating rings (Figures 4-2 and 

Figure 4-4C).  No density corresponding to Ba2+ was observed in the other 

previously identified MthK Ca2+-activation sites, formed between residue E248 

and E266, and between residues D305 and E326 (Pau et al. 2011). 

 Thus, the most well-defined Ba2+ site in the RCK domain was observed at 

site C1, which overlaps with a Ca2+ activation site in the MthK channel (Jiang et 

al. 2002; Pau et al. 2011). 
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Figure 4-1. Comparison of Ca2+- and Ba2+-Bound MthK Gating Rings. A) C-α 

trace of the biological structure of the MthK channel (PDB accession number 

3RBZ). Presumed boundary of the plasma membrane is shaded gray, with 

extracellular and cytoplasmic sides of the membrane indicated by ext and cyt, 

respectively. Subunits that form the pore region and their associated RCK 

domains are colored magenta (unresolved linker residues are represented by red 

dashes); associated RCK domains are colored yellow. Ca2+ ions are shown as 

green spheres. B,C) Side-by-side comparison of the Ca2+-bound (B) gating ring, 

and the Ba2+ bound gating ring (C; PDB accession number 4EI2), viewed from 

above; in (B), the transmembrane domains have been removed for clarity. In (C), 

Ba2+ ions are shown as purple spheres. Ions at the overlapping C1 sites are 

circled. D) Magnified view of the boxed region in C, showing a dimer of RCK 

domains with associated Ba2+ ions. Each dimer consists of an N-lobe, a cleft and 

a C-lobe, radiating from the central cavity of the gating ring. Blue circled regions 

show the location of the C1 site. E) Ca2+ coordination at the C1 site. F) Structure 

of the Ba2+-bound C1 site. Structure is overlayed with NCS-averaged anomalous 

difference map contoured at 20σ (purple mesh). Ba2+-O distances, indicated by 

dashed lines, are; D184(Oδ1), 2.6 Å; D184(Oδ2), 4.0 Å; E212(Oδ1), 3.8 Å; L185 

(O), 2.8 Å. 
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Figure 4-2. Lattice Contacts Among Ba2+-Bound Gating Rings. Arrangement 

of gating rings within the crystal lattice. For clarity, a single plane of lattice –

associated molecules is shown as yellow Cα traces, with one representative 

asymmetric unit (two gating rings) colored green. Ba2+ ions are shown as purple 

spheres. The gating rings in the asymmetric unit are approximately side-by-side, 

with one gating ring rotated approximately 90º about the horizontal axis in this 

view. Ba2+ ions are also found near points of contact between gating rings 

(indicated by red circles), consistent with a potential role in lattice stabilization. 
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Table 4-1. 

Data Collection and Refinement Statistics 
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Figure 4-3. Ba2+ Sites in the MthK Gating Ring Cavity and Cleft Region. 

Locations of Ba2+ sites in the RCK domain are indicated by blue circles (left 

panels); representative sites are shown as ball-and-stick (right panels), overlayed 

with NCS-averaged 2Fo-Fc maps (blue mesh) and anomalous difference maps 

(purple mesh). A) Ba2+ site in the gating ring cavity determined by E190 residues 

from adjacent subunits (indicated by ‘) Ba2+-O distances in Å: E190(Oε2), 4.9; 

E190’(Oε), 4.9. B) Ba2+ sites determined by the Y214 side chain and E258 

carbonyl from adjacent subunits. Ba2+-O distances in Å: Y214(OH), 4.6; E258’ 

(O), 4.5. C) Ba2+ site determined by the main-chain carbonyl of D244. Ba2+-O 

distance to D244(O), 2.6 Å. NCS-averaged 2Fo-Fc maps are contoured at 5σ; 

NCS-averaged anomalous difference maps are contoured at 20σ (A and C) or 

14σ (B). 
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Figure 4-4. Additional Ba2+ ions in the Ba2+-bound MthK Gating Ring 

Structure, related to Figure 4-2. Left panels indicate location of the Ba2+ ion 

shown to the right. A) Structure of a Ba2+ site near residues D202 and R176. 

Ba2+-O distances in Å (indicated by dashes): D202(Oδ), 3.3; R176(O), 3.5; 

G177(O), 4.6; A178(O), 4.8. B) Ba2+ site near the carbonyl oxygen of D287; Ba2+-

O distance = 3.3 Å. C) Ba2+ site at an interface between neighboring gating rings, 

formed between residues D284 and D287 from one gating ring and the carbonyl 

oxygen of G156 from the neighboring gating ring (indicated by ′′; neighboring 

main chain colored green). Ba2+-O distances in Å: D284(Oδ), 3.8 Å; D287(Oδ), 

3.5 Å; H2O, 3.6 Å. Structures in the right panels are overlayed with 2Fo-Fc maps 

contoured at 3σ (A, B) or 2.5σ (C) (blue mesh). 
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Conformation of the Ba2+-Bound Gating Ring and Its Relation to MthK Channel 

Activation 

 Comparison of MthK gating ring structures shows that the Ba2+-bound 

gating ring is in a different overall conformation from the Ca2+-bound gating ring 

(Figures 4-1B and 4-1C). In the Ba2+-bound gating ring, the central cavity of the 

gating ring is more compact compared to the Ca2+-bound gating ring (Figures 4-

1B and 4-1C).  Additionally, the C-lobe of the dimers in each of the Ba2+-bound 

gating ring are in a more compact conformation, whereas in the Ca2+-bound 

gating ring the C-lobe adopts a more expanded conformation.  Overall, the result 

of these structural differences in the Ba2+-bound gating ring leads to a gating ring 

which appears to be in an intermediate conformation between the closed and 

open states.  Because the Ca2+-bound gating ring is tethered to the apparently 

open MthK pore, it has been hypothesized that the Ca2+-bound form represents 

the “activated” gating ring conformation (Jiang et al. 2002).  Because the Ba2+-

bound gating ring structure is in a different overall conformation, initially we 

hypothesized that this conformation may not be in a fully activated form.  We 

therefore tested whether Ba2+ could activate MthK channels by recording MthK 

currents with Ba2+ (instead of Ca2+) at the cytoplasmic side of the channel; in 

these experiments, the pore blocking effect of Ba2+ was minimized by analyzing 

MthK currents recorded at -100 mV, at which little Ba2+ blockade would be 

expected to occur (Thomson and Rothberg 2010). 
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 Despite the apparent conformational differences between the Ca2+- and 

the Ba2+-bound gating rings, we found that MthK channels could be activated by 

Ba2+ (Figures 4-6A and 4-6B).  With 10 mM Ba2+, low levels of activity are 

observed, and increasing [Ba2+] at the cytoplasmic side of the channel increases 

Po, in a manner that was completely reversible (Figure 4-5).  Increasing [Ba2+] 

also leads to a decrease in single-channel current amplitude, which appears to 

arise from fast blockade, similar to that elicited by Ca2+ and other divalent cations 

in K+ channels (Ferguson 1991; Zhang et al. 2006; Li et al. 2007).  Compared to 

Ca2+-dependent activation of MthK channels, which can be full activated with 4 

mM Ca2+, with an EC50 of 2.2 mM Ca2+, the requirement for Ba2+ to activate MthK 

channels is far greater, with 75 mM Ba2+ eliciting only partial activation, and an 

EC50 of 54.8 mM Ba2+ which corresponds to a 24.9-fold increase in the amount of 

Ba2+ required to activate these channels compared to Ca2+. 

 It was previously observed that Ca2+ activation of MthK is inhibited by 

cytoplasmic H+, through a mechanism in which H+ specifically inhibits Ca2+-

dependent gating and not the intrinsic gating of the MthK pore (Pau et al. 2010).  

The effect of [H+] on Ca2+ activation is substantial, resulting in a 5.6-fold change 

in Ca2+ EC50 per 10-fold change in [H+] over the range of 20-316 nM H+ (pH 6.5-

7.7; Figure 4-6C).  To determine whether Ba2+ activates MthK through a pH-

sensitive mechanism, we assessed Ba2+ activation over a range of pH (6.5-7.7).  

Figure 4-6B shows that, interestingly, Ba2+ activation of MthK is much less H+-
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sensitive than Ca2+ activation, with an 11% decrease in Ba2+ EC50 per 10-fold 

increase in [H+] over the range of 20-316 nM H+ (pH 7.7-6.5; Figure 4-6C).  

 Because Ca2+ activates MthK channels through other sites in addition to 

C1, our electrophysiological results suggest that pH modulation of MthK channels 

does not arise through direct modulation of C1, but instead through the other 

Ca2+ sites (Pau et al. 2011).  However, the lack of pH modulation with Ba2+ 

activation could also arise from nonparticipation of the E212 side chain, which 

contributes to Ca2+ coordination but not Ba2+ coordination.  Therefore to 

determine whether protonation of E212 might contribute to pH modulation of 

Ca2+-dependent activation, we recorded activity from E212Q mutant channels 

over a range of [H+] and [Ca2+].  If pH dependence arises from protonation of 

E212, then the E212Q mutation should abolish or substantially reduce the shift in 

EC50 for Ca2+ activation.  We observe, however, that E212Q channels retain pH-

sensitivity comparable to MthK wild-type channels, with a 5.2-fold change in Ca2+ 

EC50 per 10-fold change in [H+] over the range of 20-316 nM H+ (Figure 4-6C).  

This further supports the idea that pH modulation of MthK channels does not 

arise through titration of Ca2+-coordination residues at C1 and may arise through 

effects on other sites, or effects on residues that couple these sites to channel 

opening.  

 Comparison of EC50 values for Ca2+ and Ba2+ activation also illustrates 

that overall, higher [Ba2+] is required to activate the channel than [Ca2+] with EC50 

values for Ba2+ being 54.2 ± 2.5 mM, 83.9 ± 6.1 mM, and 63.3 ± 11.5 mM for pH 
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7.7, 7.3, and 6.5 respectively, whereas Ca2+ EC50 values range from 2.2 ± 0.1 

mM, 3.0 ± 0.2 mM, and 16.0 ± 0.6 mM over the same pH range (Pau et al. 2011).  

This difference may reflect a lower binding affinity for Ba2+ at its activation sites, 

Ba2+ binding selectively to one or more sites while excluding other sites, and/or 

overall weak energetic coupling between Ba2+ -binding and channel opening.  In 

addition to the higher EC50 for Ba2+ activation, we also observe generally lower 

Hill coefficients for Ba2+ activation compared to Ca2+ activation of the channel 

(mean Hill coefficients from data in Figure 4-6D were 5.3 ± 0.7 for Ba2+ activation, 

9.5 ± 1.3 for Ca2+ activation, from 10 to 16 different bilayers, respectively), which 

may reflect a weaker energetic coupling between Ba2+ binding and channel 

opening in MthK compared with Ca2+ activation (Zadek and Nimigean 2006; Pau 

et al. 2010). 
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Figure 4-5, Reversible activation of MthK channels by Ba2+. Representative 
continuous current recording illustrating activity of MthK channels with 100 mM 
Ba2+ at the cytoplasmic side of a bilayer, followed by replacement with a solution 
containing 10 mM Ba2+, and then back to 100 mM Ba2+. Recording was obtained 
at -100 mV, pH 7.3 at the cytoplasmic side. Region of reduced noise level in the 
presence of 10 mM Ba2+ is attributable to shutting of the solution perfusion 
system; down arrow indicates time point where perfusion was stopped, and up 
arrow indicates that perfusion was resumed.  
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Figure 4-6. Ba2+ Activates MthK Channels. A) Current traces illustrating 

activation of MthK channels at pH 7.3 with Ba2+ at the indicated concentrations. 

Traces are from the same bilayer, which contained 24 active channels. Open 

channel current levels are indicated by dotted lines; note that increasing [Ba2+] 

decreased the size if the single-channel current, through an apparent fast-

blocking effect. B) Po versus [Ba2+] relations determined at pH 6.5, 7.3, and 7.7. 

Curves represent Hill equation fits, with EC50 = 60.5, 81.1, and 54.8 mM Ba2+, 

and nH = 5.3, 5.4, and 3.5 for pH 6.5, 7.3, and 7.7, respectively. C) Means of 

log(EC50) values determined from fitting Po versus [Ba2+] relations of MthK wild-

type channels from individual bilayers, plotted as a function of pH. Log(EC50) 

values for Ca2+ activation. Ca2+ activation of MthK wild-type channels (circles) are 

plotted on the same axes for comparison, and illustrate the steep pH 

dependence for Ca2+ activation. Ca2+ activation of E212Q mutant channels 

(triangles) exhibits pH dependence comparable to wild-type. Log(EC50) values for 

Ca2+ activation correspond to EC50 (in mM) of 16 ± 0.6, 3.0 ± 0.2, and 2.2 ± 0.1 

for wild-type (pH 6.5, 7.3, and 7.7, respectively) and 9.9 ± 0.2 and 1.3 ± 0.1 for 

E212Q channels (pH 6.5 and 7.7). D) Means of Hill coefficients, also determined 

from fitting Po versus [Ba2+] relations of individual bilayers, plotted with Hill 

coefficients for Ca2+ activation. Error bars in (B)-(D) indicate SEMs for each data 

point.
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Ba2+ Activation Occurs Primarily through Binding to the C1 Site 

 Our identification of Ba2+ binding in the MthK gating ring and functional 

observations of steep relation between Po and [Ba2+] in reconstituted MthK 

channels are consistent with the idea that Ba2+ activation may arise through 

binding to a specific site in the MthK RCK domain.  However, because Ba2+ 

appears to decorate many sites on the RCK domains (at 100 mM), it is 

alternatively possible that channel activation may occur through Ba2+ acting as a 

nonspecific countercharge at one or more of these identified sites.  We next 

tested whether Ba2+ activation might arise from a general effect of increasing 

ionic strength, first by assessing the effects of other divalent ions on channel 

gating.  Of the ions tested, we found that 100 mM Mg2+ elicited no detectable 

activation of MthK channels, while 100 mM Sr2+ or 0.5 mM Cd2+ resulted in near-

maximal levels of channel activity, over pH ranging from 7.3 to 7.7 (Figure 4-7).  

The observation that Mg2+ is essentially ineffective, while Cd2+ appears to be an 

even more potent activator of MthK than Ca2+ under otherwise identical ionic 

conditions, is consistent with the idea that divalent cation activation in MthK 

arises through a set of selective binding sites.  If divalent cation activation of 

MthK did not arise through a series of selective binding sites, we would expect to 

observe activation of MthK in the presence of 100 mM Mg2+.  These results agree 

well with previous findings that the activation sites of MthK are highly selective for 

Ca2+ over Mg2+ (Dong et al. 2005; Parfenova et al. 2006; Zadek and Nimigean 

2006).  In contrast, Cd2+ is known to bind to at least two sites in the MthK RCK 

domain; the C1 site, as well as an additional site determined by residues D305 
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and E326, the C3 site, which binds Ca2+ but not Ba2+ (Dvir et al. 2010; Pau et al. 

2011). 

 Coordination of Ba2+ at the C1 site led us to further hypothesize that Ba2+ 

activation may arise specifically through binding of Ba2+ at this site.  To test this 

idea, we obtained recordings from D184N mutant channels with [Ba2+] sufficient 

to elicit near-maximal activation of wild-type MthK channels.  The D184N 

mutation was previously shown to decrease Ca2+ activation of MthK, and 

apparently knock out Ca2+ binding at the C1 site, as indicated by crystallographic 

data (Pau et al. 2011).  Figure 4-8 illustrates that WT MthK channels can be 

activated by 15 mM Ca2+ as well as 100 mM Ba2+.  With D184N mutant channels, 

while we observe channel activity with 15 mM Ca2+, when we exchange 15 mM 

Ca2+ and replace it with 100 mM Ba2+ we do not observe detectable Ba2+ 

activation of the D184N mutant channel. These results support our hypothesis 

that Ba2+ activation arises primarily through the C1 site. 
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Figure 4-7. MthK Channels Can Be Activated by Cd2+ or Sr2+, but Not Mg2+. 

Representative current traces at – 100 mV showing activation of wild-type MthK 

channels at pH 7.3 (left) and 7.7 (right) with Ca2+ at the cytoplasmic side of the 

bilayer, followed by replacement with a solution containing Mg2+, Sr2+, or Cd2+, 

followed by replacement back to Ca2+ (at the indicated concentrations). At either 

pH, 100 mM Sr2+ or 0.5 mM Cd2+ was sufficient to maximally activate MthK 

channels (Po = 0.95 ± 0.02 for Sr2+; 0.92 ± 0.04 Cd2+), whereas no activation was 

observed with 100 mM Mg2+ (bottom traces; 0 openings observed). Breaks in the 

recordings, indicated by “/ /”, were introduced for display purposes and represent 

a gap of ~ 3 s in each instance. 
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Figure 4-8. The D184N Mutation Effectively Abolishes Ba2+ Activation of 

MthK. Representative current traces at -100 mV showing MthK channel 

activation at pH 7.3 with 15 mM Ca2+ at the cytoplasmic side of a bilayer, 

followed by replacement with a solution containing 100 mM Ba2+ (with no added 

Ca2+), and then back to 15 mM Ca2+. The top series of traces shows that 100 mM 

Ba2+ was sufficient to maximally activate wild-type MthK channels (Po = 0.9), 

whereas no Ba2+ activation was observed with D184N mutant channels (0 

openings observed, n = 5 different bilayer experiments). 
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Discussion 

Working Hypothesis for the Physical Basis of Ba2+ Recognition 

 Here, we have exploited structural analysis of MthK to dissect 

mechanisms underlying divalent cation activation of RCK domains.  Through 

structural analysis of the MthK RCK domain crystallized in the presence of Ba2+ I 

have identified a Ba2+ binding site which overlaps with the previously determined 

C1 Ca2+ binding site. Electrophysiological analysis of MthK channels have shown 

that Ba2+ can activate these channels in a Ba2+ dependent manner which occurs 

through a Ba2+ binding site that overlaps with the C1 Ca2+ binding site.   

 Ba2+ has a slightly larger ionic radius than Ca2+, and apart from general 

chemical similarities, Ba2+ and Ca2+ are known to have quantitatively different 

characteristics.  For example, water substitution rate has been estimated to be 

around an order of magnitude greater for Ba2+ than Ca2+ (approximately 109 s-1 

vs 108 s-1) (Hille 2001).  It is known that Ba2+ permeates rapidly through voltage-

dependent Ca2+ channels, and can bind to and partially activate calmodulin, 

whereas it seems to be a poor substitute for Ca2+ in other physiological 

processes (such as neurotransmitter release) (Zengel and Magleby 1980; Zengel 

and Magleby 1981; DiPolo et al. 1983; Satoh et al. 1987; Kursula and Majava 

2007).  Our results suggest that Ba2+ can bind to and activate MthK channels 

through selective action at the C1 site, whereas Ba2+ is effectively excluded from 

binding at the other known Ca2+ sites.  Because Ba2+ coordination at the C1 site 

incorporates additional protein oxygens that do not participate in Ca2+ 
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coordination, it is likely that the presence of these oxygens at favorable positions, 

and the absence of such oxygens at other sites, contributes to the apparent 

exclusion of Ba2+ from the other MthK Ca2+ sites. 

 In addition to its similarities to Ca2+, Ba2+ also is nearly identical in ionic 

radius to K+, and Ba2+ can flow through K+ channels (albeit much more slowly 

than K+) (Neyton and Miller 1988; Neyton and Miller 1988; Rothberg et al. 1996; 

Bello and Magleby 1998).  Because, in contrast to site C1, Ba2+ ions at sites B2 

through B4 do not form multiple close contacts with protein oxygens and likely 

interact with the protein in near fully hydrated states (Figures 4-3 and 4-4), one 

may speculate that under physiological ionic conditions with 150 mM (or more) 

K+ in the cytoplasm, K+ ions may occupy these sites as countercharges to 

pockets of electronegativity.  Similar cation binding sites have been observed 

within the electronegative pockets in the cytoplasmic domain of the Kir channel 

(Xu et al. 2009). 

Mechanism of Ba2+ Activation and Implications for the Ca2+ Activation 

Mechanism 

 We observed that the overall conformation of the Ba2+-bound gating ring is 

different from that of the fully activated, Ca2+-bound full-length MthK channel 

(Figures 4-1B and 4-1C) (Jiang et al. 2002).  Based on the crystal structure of the 

Ba2+-bound RCK domain and the fact that MthK channels can be activated in a 

Ba2+-dependent manner, my working hypothesis is that the Ba2+-bound MthK 

RCK domain gating ring structure represents an intermediate, singly liganded 
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conformation.   In previous work, it was found that MthK channels in which two of 

the three Ca2+ binding sites in the RCK domain have been mutated can diminish 

Ca2+ activation, suggesting that MthK channels can be weakly activated through 

single Ca2+ binding sites (Pau et al. 2011).  Thus it is possible that Ba2+ activates 

MthK channels through binding to the C1 site (Figures 4-1, 4-5, and 4-8), and 

hence that the Ba2+-bound gating ring represents an intermediate, singly 

liganded conformation in the domain’s activation pathway. 

 To further explore whether the Ba2+-bound gating ring might represent an 

intermediate, singly liganded conformation, we compared the conformation of a 

dimeric unit from the Ba2+-bound gating ring with other previously determined 

MthK RCK domain structures by aligning the structures to yield the minimal rmsd.  

We reasoned that comparisons yielding low rmsd values might indicate 

structures in the same conformation, and higher rmsd values would indicate 

conformational differences. 

 Through these comparisons, a physical picture of conformational 

transitions that may underlie MthK gating emerges (Figure 4-9; Table 4-2).  We 

first noted that the structure of the unliganded MthK gating ring (with the D184N 

mutation; PDB accession number 2FY8; (Ye et al. 2006)) showed that the 

unliganded ring can exist in two different overall conformations (Figure 4-A, 1 and 

2).  Unliganded ring (1) contains component RCK domains in two different 

conformations, indicated in Figure 4-9A by “a” (red box) and “b,” whereas 

unliganded ring (2) contains all RCK domains in the b form (Figure 4-9A, blue 
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dashed box).  Our alignments revealed that form a is most similar to a wild-type 

unliganded RCK domain (PDB accession number 2AEJ; rmsd = 0.77 Å; Figure 

S4A; (Dong et al. 2005)), whereas b is most similar to the Ba2+-bound 

conformation, indicated by b* in Figure 4-9A (rmsd = 0.74 Å; Figure 4-10B).  In 

contrast, alignment of form a with the fully liganded RCK domain (c*, green box 

in Figure 4-9A) yielded a higher rmsd value, consistent with a conformational 

difference between these structures (rmsd = 1.76 Å; Table 4-2).  Based on these 

data, we hypothesize that for wild-type MthK channels, RCK domains within the 

gating ring may undergo sequential transitions from form a to b, where b can be 

stabilized by binding of Ba2+ (or potentially Ca2+) to yield b*, followed by 

additional Ca2+ binding to yield c* (Figure 4-9A).  The ligand-bound states (b* 

and c*) would underlie facilitation of channel opening through allosteric coupling.  

 Alignment of the complete gating ring structures (1), (3), and (4) in Figure 

4-9 reveals a potential sequence of positions for the N-terminal ends of RCK 

domains (Cɑ’s of R116, indicated by spheres in Figures 4-9D and 4-9F).  In the 

context of the full-length channel, these N-termini are linked to the pore and are 

thus likely to impact pore conformation.  These alignments suggest that binding 

of Ba2+ may lead to a relative translation of the R116 Cɑ in a direction normal to 

the membrane (ab*; Figure 4-9F), whereas binding of Ca2+ to additional 

activation sites may move the R116 Cɑ in a plane parallel to the membrane 

(b*c*, Figures 4-9D and 4-9F), to further stabilize the open state (Ye et al. 
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2006; Pau et al. 2011).  Further experiments will be required to directly assess 

the impact of these movements on pore structure. 
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Figure 4-9. Working Hypothesis of Elementary Steps in MthK Gating Ring 

Activation. A) RCK domains undergo transitions from inactive (a) to partially 

activated/singly liganded (b/b*), then to fully liganded/activated (c*). B) Aligned 

and overlayed unliganded (1), Ba2+-bound (3) and Ca2+-bound gating rings (4). 

C) Expanded view of the region indicated by black dashed box in B. Spheres 

within the dashed box indicate the Cα of residue R116, which, in turn, would be 

linked to the transmembrane pore. Changes in position of R116 may indicate 

RCK domain movements coupled to channel opening. D) Expanded view of the 

boxed region from (C). Dashed arrows indicate the sequence a »b*»c*. E) 

Aligned and overlayed structures, viewed normal to the plane of the membrane. 

F) Expanded view of the boxed region from E, indicating the sequence a»b*»c*. 
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Figure 4-10. Structural alignment of unliganded and Ba2+-bound RCK 

domains. A) Aligned and superimposed Cα traces of unliganded wild-type RCK 

dimer (PDB accession no. 2AEJ; yellow/magenta) vs. the dimer termed form “a” 

in Figure 6A, from the unliganded D184N gating ring structure (PDB accession 

no. 2FY8; green/cyan). B) Aligned/superimposed RCK dimer from the Ba2+-

bound gating ring, termed “b*” in Figure 4-9A (PDB accession no. 4EI2; 

yellow/magenta) vs. the dimer termed form “b” in Figure 4-9A, from the 

unliganded D184N gating ring structure (PDB accession no. 2FY8; green/cyan). 

Ba2+ ions at site C1 are shown as purple spheres. RMSD values for these 

alignments are 0.766 and 0.744 for A and B, respectively (Table 4-2).
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Table 4-2 

Alignment of MthK RCK domain structures  

Root-mean-square deviation (rmsd) values (in Å) calculated after pairwise 

alignment of MthK RCK domain structures. 
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Relation to Gating Mechanisms in Eukaryotic Channels 

 Activation by metal cations, including Ba2+, has been used previously to 

dissect gating mechanisms of eukaryotic BK channels, yielding insight toward the 

specificity of putative metal binding sites within the BK channel RCK domains, 

defined through mutational analysis (Zhang et al. 2001; Shi et al. 2002; Xia et al. 

2002; Zeng et al. 2005; Zhou et al. 2012). Despite determination of the structure 

of the BK channel gating ring, however, the structural basis of metal binding is 

clear only in the case of Ca2+ binding at the “Ca2+ bowl site,” determined 

principally by residues D985 and D897 (in the human BK channel) (Yuan et al. 

2012). In contrast to Ca2+ binding sites in the MthK RCK domain, which occur 

along the flexible interface of the RCK domain, Ca2+ binding sites in the hBK 

RCK domain are located along the assembly interface of the RCK domain (Yuan 

et al. 2012).  Thus, the structural basis for preference of specific metals putative 

activation sites within the BK channel RCK domain is yet unclear.  Results 

obtained through structural analysis of MthK channels may continue to provide 

useful insights toward the physical basis of RCK domain activation, 

complementing ongoing analysis of BK channels. 

Conclusions 

 In summary, by crystallizing the MthK RCK domain in the presence of 

Ba2+, we identified a series of Ba2+ binding sites on the RCK domain.  One of 

these Ba2+-binding sites overlapped with a previously identified Ca2+-binding site, 

the C1 site.  Furthermore, through the use of single channel recordings, we were 
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able to fully activate WT MthK channels with increasing [Ba2+]. With elimination of 

the negatively charged residue D184 through mutation to N184, which has been 

previously shown to eliminate Ca2+-binding at the C1 site, we were also able to 

abolish the Ba2+-dependent activation of MthK.  These results suggest that the 

activation of MthK channels with Ba2+ could arise through the C1 site, and further 

support the idea that the RCK gating ring we crystallized in the presence of Ba2+ 

could represent and intermediate step in the transition from the closed state to 

the open state as it is in a different overall conformation compared to the Ca2+-

bound and unliganded gating ring crystal structures.  In the following chapter, I 

will discuss crystal structures and electrophysiological data that suggest a 

mechanism of allosteric interaction occurring between the C1 and C3 Ca2+-

binding sites.  
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CHAPTER 5 

ALLOSTERIC INTERACTION AMONG Ca2+-BINDING SITES IN 

THE MthK RCK DOMAIN 

Introduction 

Regulator of K+ conductance (RCK) domains control the activity of a 

variety of K+ channels and transporters, including the prokaryotic TrkA/H K+ 

transport complex and the eukaryotic BK channel, through binding of cytoplasmic 

ligands such as ATP, H+, and Ca2+ (Wei et al. 1994; Jiang et al. 2002; Kuo et al. 

2005; Zhang et al. 2006; Kroning et al. 2007; Cao et al. 2013). Thus RCK 

domains transduce ligand binding to gate transmembrane K+ flux in response to 

signaling events and cellular metabolism, in organisms ranging from bacteria to 

humans. In addition, binding of one ligand to an RCK domain can allosterically 

modulate binding of a second ligand, resulting in tuning of channel or transporter 

activity in response to cellular stimuli (Hou et al. 2008; Pau et al. 2010; Kong et 

al. 2012). These allosteric interactions are key in generating a wide dynamic 

range for ligand-activation of channels and transporters, in addition to linking 

multiple stimulus modalities to gate ion flux. Although allosteric interactions in 

RCK domains have been described in functional terms, the structural bases for 
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such interactions are yet unclear (Hu et al. 2006; Sweet and Cox 2008; Pau et al. 

2010). 

Using electrophysiology and X-ray crystallography, we address the 

structural basis of allosteric interaction among Ca2+ binding sites in the MthK 

Ca2+-gated K+ channel. MthK is a prototypical K+ channel whose crystal structure 

has provided insight toward mechanisms of channel gating by RCK domains 

(Jiang et al. 2002; Jiang et al. 2002; Niu et al. 2004; Ye et al. 2006; Hou et al. 

2008; Pau et al. 2010; Pau et al. 2011). In MthK, binding of cytoplasmic Ca2+ to a 

tethered octomeric ring of RCK domains (the “gating ring”) leads to a series of 

conformational changes that facilitates channel opening and K+ conduction 

(Jiang et al. 2002; Zadek and Nimigean 2006; Li et al. 2007; Pau et al. 2010; 

Smith et al. 2012). By solving structures of mutant and wild-type (WT) RCK 

domains, we find that distinct Ca2+ activation sites near the N- and C-termini of 

the RCK domain (termed C1 and C3, respectively) are allosterically coupled to 

one another, to affect tuning of Ca2+ affinity and Ca2+-dependent channel 

activation. These results define a structural mechanism of allosteric modulation in 

a ligand-gated K+ channel, and provide a framework for understanding similar 

mechanisms in related RCK-containing channels and transporters. 
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Results 

Neutralization of a Ca2+-coordinating side chain paradoxically enhances 

Ca2+-sensitivity 

MthK contains three Ca2+ binding sites per RCK domain that facilitate 

channel activation (termed C1, C2, and C3) (Figure 5-1) (Pau et al. 2011). 

Consistent with the activating role of Ca2+, we observe that charge-neutralization 

of the Ca2+-coordinating side chains D184 and E210, at the Ca2+ binding site C1, 

leads to MthK channels with decreased Ca2+ sensitivity (EC50 = 2.2 ± 0.1 mM for 

WT; 6.3 ± 0.4 mM for D184N; 4.0 ± 0.3 mM for E210Q, all at pH 7.7). However, 

neutralization of the Ca2+-coordinating side chain E212, at the same binding site, 

yields channels with increased Ca2+ sensitivity (EC50 = 1.3 ± 0.1 mM for E212Q, 

pH 7.7; Figure 5-1F). Ca2+ activation of MthK is known to be sensitive to pH, and 

these mutant effects persisted at pH 6.5 (EC50 = 16 ± 1.6 mM for WT; 30 ± 2.0 

mM for D184N; 22 ± 3 mM for E210Q; 9.9 ± 0.3 mM for E212Q; Figure 5-1G); 

though increasing [H+] leads to an overall shift in EC50 toward higher [Ca2+], the 

E212Q mutant consistently requires less Ca2+ for activation than MthK WT. 

Aside from Ca2+, MthK channels can also be activated by Cd2+ (with EC50 

in the micromolar range), through binding of Cd2+ ions at the C1 and C3 

activation sites (Kuo et al. 2007; Dvir et al. 2010; Smith et al. 2012). Figure 1 

illustrates that the MthK WT channel is activated by Cd2+ with an EC50 of 49 ± 5 

μM. The functional effects of the D184N and E212Q mutations on Cd2+ 

activation, indicated by the shift in EC50, were even stronger than their effects on 

Ca2+ activation. D184N channels were activated with an EC50 of 880 ± 80 μM (i.e. 
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18-fold increase in EC50), whereas E212Q channels were activated with an EC50 

of 16 ± 3 μM (3-fold decrease in EC50) (Table 5-1). (Data obtained by Victor Pau). 

Charge-neutralizing mutation is a commonly-used approach toward 

identifying Ca2+ coordinating side chains in proteins (Schreiber and Salkoff 1997; 

Xia et al. 2002; Zhang et al. 2010; Striegel et al. 2012). Thus our initial goal in the 

present work was to learn the structural impacts of these mutations and their 

relation to the Ca2+-activation mechanism in MthK, in part by solving crystal 

structures of binding-site mutants in the presence of Ca2+.  
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Figure 5-1: Functional effects of mutations at Ca2+ binding site C1. A) 
Structure of the MthK channel, shown as a surface rendering (PDB accession 
number 3RBZ). The pore (in the plasma membrane, represented by gray 
shading) and its contiguous RCK domains (at the cytoplasmic side) are colored 
cyan; associated RCK domains are colored yellow. Dashed cyan lines represent 
the unresolved pore-RCK linker residues.  B) Cα trace of the gating ring, viewed 
from above the membrane, with pore removed for clarity. RCK domains are 
colored as in A; Ca2+ ions are shown as green spheres. Locations of 
representative C1, C2, and C3 Ca2+ ions are indicated by circles. C) Magnified 
view of the C1 Ca2+ binding site; dashed lines indicate coordination by oxygens 
from carboxylate side chains of D184, E210, and E212. D) Representative 
single-channel current traces from WT and C1 mutant MthK channels, at 
indicated [Ca2+]i (left) or [Cd2+]i (right). D184N channels show reduced Ca2+ and 
Cd2+ sensitivity, but E212Q channels show enhanced sensitivity. E-G) Activation 
of WT, D184N, and E212Q channels by Ca2+ at pH 7.7 (E) and 6.5 (F), and 

activation by Cd2+ at pH 7.7 (G). Data points indicate mean Po ± SEM at the 

indicated ligand concentration. Single channel recordings in (D-G) obtained by 
Victor Pau. 
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Table 5-1 

Steady-state gating parameters for MthK WT and mutant channels with Ca2+ 

at pH 6.5 and Cd2+ at pH 7.7  

pH 6.5 

Ca2+ 

Construct EC50 (mM) Hill Slope ± SEM 

 WT 16.0 ± 1.6 10.5 ± 2.7 

 D184N 30.0 ± 2.0 7.9 ± 1.6 

 E212Q 9.9 ± 0.3 13.3 ± 1.6 

pH 7.7 

Cd2+ 

Construct EC50 (µM) Hill Slope ± SEM 

 WT 49 ± 5 7.9 ± 0.7 

 D184N 880 ± 80 4.3 ± 0.4 

 E212Q 16 ± 3 13.8 ± 3.7 
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Crystal structures reveal direct impact of Ca2+ on RCK domain 

conformation 

To gain insight toward the structures of the Ca2+ binding sites in the MthK 

RCK domain, I obtained a new crystal structure of the RCK domain in the 

presence of Ca2+, in a crystal form that diffracted X-rays to 2.5 Å, that crystallized 

in a new space group, P3121 (Figure 5-2). Previously published structures of the 

WT RCK domain where Ca2+ is bound at all three Ca2+-binding sites have been 

limited to 3.3 Å, while this structure diffracted X-rays to 2.5 Å, a resolution that is 

sufficient to build water molecules into the structure at the C2 and C3 Ca2+ 

binding sites.  The structure was solved by molecular replacement and refined to 

Rwork/Rfree of 0.169/0.219 (Table 5-1). Because strong electron density peaks 

were observed at each of the three Ca2+-activation sites, termed C1, C2, and C3, 

we refer to this structure as WT-C1C2C3. It is worth noting that the overall 

conformation of the WT-C1C2C3 structure recapitulates the RCK domain 

conformation within the gating ring of the Ca2+-bound, open MthK channel  

(Figure 5-3) (Jiang et al. 2002; Pau et al. 2011). Because WT-C1C2C3 crystals 

are comprised of the RCK domain only, not tethered to the MthK pore, this result 

is consistent with the idea that this conformation depends primarily on Ca2+ 

occupancy at the activation sites of the WT domain, and is not strictly dependent 

on tethering to the MthK pore or formation of the “gating ring” complex. 

The WT-C1C2C3 structure defines previously unresolved details of ion 

coordination within the domain’s Ca2+ activation sites. For example, the Ca2+ ion 
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at each site was surrounded by protein oxygens and ordered solvent molecules, 

exhibiting canonical bipyramidal coordination geometries (Figure 5-2) (Strynadka 

and James 1989; Dong et al. 2005; Pau et al. 2011; Liriano et al. 2012). Notably, 

the C2 Ca2+ ion is seen to be coordinated at the center of a ring formed by side 

chain oxygens from residue E248, the carbonyl oxygen from D245, and a water 

of hydration, with the capstones of each pyramid formed by a side chain oxygen 

from E266 and the carbonyl oxygen from R241. Similarly, the C3 Ca2+ ion is 

coordinated at the center of a ring formed by side chain oxygens from residues 

D305 and E326 and one water of hydration, with a carbonyl oxygen from G290 

and second water of hydration forming the capstones of each pyramid. Finally, 

the C1 Ca2+ ion is at the center of a ring formed by two oxygen atoms from the 

D184 side chain, two water molecules, and one oxygen atom from the E212 side 

chain (Dong et al. 2005).  

Because both D184 and E212 directly coordinate the Ca2+ ion at C1 in the 

context of the fully-liganded RCK domain, one might predict that neutralization of 

D184 or E212 by mutation to N or Q, respectively, would weaken the electrostatic 

interaction with Ca2+ in both cases, and thus decrease Ca2+-dependent channel 

activation. Although the D184N mutation does decrease Ca2+-activation, the 

E212Q mutation unexpectedly increases Ca2+-activation (Figure 5-1). We next 

addressed the structural basis of these functional effects. 

 



115 

 

 

 

Figure 5-2. Structural details of Ca2+ activation sites in the WT-C1C2C3 
structure at 2.5 Å. A) Schematic representation of the RCK domain dimer. 
Component subunits are colored cyan and yellow; Ca2+ ions and water are 
represented by green and red spheres, respectively. Boxes indicate locations of 
Ca2+ sites. (B-D), Ball and stick representations of Ca2+ sites C1 (B), C2 (C), and 
C3 (D). Ca2+ coordination is illustrated by dashed lines. 
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Figure 5-3. Alignment of RCK dimers from WT-C1C2C3 and Ca2+-bound 
MthK channel. Overlayed Cα traces of WT-C1C2C3 (yellow/cyan) and RCK 
domains from Ca2+-bound MthK channel (PDB accession number 3RBZ; 
orange/purple). The small overall RMS difference for these aligned structures 
(0.8 Å) suggests that they represent nearly identical conformations.  
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Table 5-2.  

Data Collection and refinement statistics 
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Crystal structures of gating mutants reveal allosteric effects of Ca2+ 

To determine whether mutations at the C1 site affect only Ca2+ binding at 

C1 or, alternatively, have allosteric effects at other Ca2+ binding sites, we sought 

to compare the structures of WT and mutant RCK domains, crystallized under 

the same conditions to minimize the contribution of differences in pH or ionic 

strength to structural changes that might be observed. To find conditions that 

would allow such direct comparison of mutant and WT domain structures, we 

started with the crystallization buffer that yielded the WT-C1C2C3 structure and 

examined crystals formed with lower [Ca2+], to yield WT crystals in which not all 

Ca2+ sites were occupied. When [Ca2+] was lowered within the range of 20 to 300 

mM CaCl2 in this crystallization buffer, WT RCK domains crystallized in space 

group P21, and contained a Ca2+ ion bound only at the C1 site, and the C3 sites 

in this structure are in conformations that are different from the C3-bound 

structure (Figure 5-4A,B, compared to Figure 5-2B,D). Although one cannot 

determine binding constants from these data, the observation that lowering [Ca2+] 

leads to dissociation of Ca2+ from C3 but not C1 is consistent with C1 being the 

higher-affinity site under these conditions. This structure, termed WT-C1 (formed 

in 200 mM Ca2+), was refined to 1.85 Å resolution, with Rwork/Rfree of 

0.211/0.253. The crystallization conditions for WT-C1 were then used as a 

template for crystallization of the D184N and E212Q mutant RCK domains. 

The D184N RCK domain crystallized in space group P6522, and the 

structure was refined to 2.4 Å resolution, with Rwork/Rfree of 0.197/0.247. In this 

structure, no electron density that could be modeled as a Ca2+ ion was 
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detectable at C1 (Figure 5-4C). However, interestingly, density corresponding to 

Ca2+ ions was clearly observed at C3; the resolution of these data was sufficient 

to resolve ordered solvent surrounding the Ca2+ ions at C3, recapitulating the 

coordination geometry observed in the WT-C1C2C3 structure (Figure 5-4D, 

compared to Figure 5-3D). Because the [Ca2+] in the D184N crystallization buffer 

was the same as that in the WT-C1 buffer, these results suggest that the D184N 

mutation has altered the relative affinities of the C1 and C3 sites for Ca2+. This 

observation further suggests that these two Ca2+ sites are allosterically coupled 

to one another; i.e. the D184N mutation, which directly alters Ca2+ binding at the 

C1 site, also effects Ca2+ binding at the physically-distinct C3 site. 

To gain further insight toward the allosteric relation between C1 and C3, 

we crystallized the E212Q RCK domain. This mutant also crystallized in space 

group P6522, and the structure was refined to 3.0 Å resolution with Rwork / Rfree 

of 0.217/0.263. In contrast to D184N, the E212Q mutant did contain electron 

density at the C1 site as well as C3, modeled as Ca2+ (Figure 5-4E,F). 

Interestingly, however, Ca2+ coordination at the C1 site of the E212Q mutant is 

different from the configuration of the C1 site in the WT-C1 or WT-C1C2C3 

structures. At the WT C1 site, the E212 side chain appears to directly coordinate 

Ca2+, with a mean Ca2+ - Oε distance of ~2.5 Å (Figures 5-1C and 5-4A) (Dong et 

al. 2005; Pau et al. 2011). In contrast, the nearest Oε/Nε atoms from Q212 are 

further from Ca2+ than the canonical coordination distance (mean distance = 3.3 

Å; Figure 5-4E), suggesting that Q212 does not directly bind a Ca2+ ion. The 

distance between Ca2+ and the other key oxygen ligands, from the D184 and 
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E210 side chains, are similar to those observed in the WT-C1 or WT-C1C2C3 

structures (Figures 5-2B and 5-4A; mean distances for E212Q structure were 2.6 

Å for D184/Oδ, 2.5 Å for E210/Oε). Thus the position of the Q212 side chain in 

the E212Q mutant may be less constrained by Ca2+ coordination than the E212 

side chain in the WT RCK domain. Because the E212 side chain would similarly 

be unconstrained by Ca2+ in the D184N mutant due to a lack of Ca2+ at the C1 

site, Ca2+ coordination by the E212 side chain may be important in allosteric 

coupling between the C1 and C3 Ca2+ binding sites. 

The effect of mutation on Ca2+ binding at sites C1 and C3 observed in the 

crystal structures suggest a mechanism underlying the functional effects of these 

mutations on Ca2+-dependent gating of MthK. Ca2+ binding at C1, which appears 

to be the higher-affinity site in the WT RCK domain since crystal structures 

obtained with 20 – 200 mM Ca2+ display Ca2+ binding to the C1 site, which 

appears to make Ca2+ binding at C3 relatively unfavorable (Figure 5-4A,B). The 

D184N mutation, which abrogates Ca2+ binding at C1, makes Ca2+ binding at C3 

more favorable than it is in WT under the same conditions; however, the 

apparent loss of Ca2+ binding at C1 results in overall decreased Ca2+ sensitivity 

of the D184N mutant channel (Figures 5-1D-G and 5-4B,C). Because the E212Q 

mutation also makes Ca2+ binding at C3 more favorable than it is in WT, but does 

not eliminate Ca2+ binding at C1, Ca2+ activation of E212Q channels is enhanced 

over that of the WT (Figures 5-1D-G and 5-4D, E). 
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Figure 5-4. Effects of Ca2+ on conformation of WT and mutant RCK 
domains. (A, B) Structures of the C1 and C3 sites from the wild-type RCK 
domain crystallized with 0.2 M Ca2+, overlayed with 2Fo-Fc map contoured at 1.2 
σ (blue mesh) and 5 σ (purple mesh). (C, D) Structures of the same regions from 
the D184N mutant RCK domain crystallized under the same conditions as WT-
C1, overlayed with 2Fo-Fc map contoured at 1.2 σ (blue mesh), and Fo-Fc map 
contoured at 4 σ (positive peaks shown as green mesh), indicating absence of 
significant unmodeled electron density at the C1 site. E) Structure of the C1 site 
from the E212Q mutant RCK domain crystallized under the same conditions as 
WT-C1, overlayed with 2Fo-Fc map contoured at 1.5 σ (blue mesh), and omit 
map contoured at 1.5 σ (purple mesh; calculated after omitting Ca2+ ions and 
surrounding side chains, followed by simulated-annealing refinement). F) 
Structure of the C3 site from the E212Q mutant RCK domain, overlayed with 
2Fo-Fc map contoured at 1.5 σ (blue mesh) and 5 σ (purple mesh). Maps were 
calculated using data to 1.85 Å (A, B), 2.4 Å (C, D), and 3.0 Å (E, F). 
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Structural basis of allosteric coupling between Ca2+ sites 

We reasoned that if C1 and C3 are allosterically coupled to one another, 

then they must be linked through a series of chemical bonds such that Ca2+ 

binding at C1 raises the energy barrier for Ca2+ binding at C3. Thus we 

hypothesized that interactions (e.g. salt-bridges or hydrogen bonds) in the RCK 

domain that are correlated with occupancy or vacancy of C3 may determine part 

of the physical link between these sites, and may thus underlie their allosteric 

modulation. To test this hypothesis, we systematically compared the structures of 

WT-C1, WT-C1C2C3, D184N, and E212Q with the goal of identifying specific 

chemical bonds that are correlated with the presence or absence of Ca2+ at C3.  

Comparison of the WT-C1 structure (0.2 M Ca2+) with the WT-C1C2C3 

structure (1 M Ca2+) revealed the presence of a hydrogen bond interaction which 

was found in the WT-C1 structure, but was disrupted in the WT-C1C2C3 

structure. This interaction, formed by the side chains of E133 and E259 in WT-C1 

had Oε - Oε distances of 2.8 Å, consistent with a carboxyl-carboxylate hydrogen 

bond (i.e. less than 3.2 Å; Figure 5-5, Table 5-3). In contrast, these Oε - Oε 

distances were much greater in the WT-C1C2C3, D184N, and E212Q structures 

(WT-C1C2C3, 6.2 Å; D184N, 7.3 Å; E212Q, 8.3 Å) (Table 5-3). To test further 

whether the hydrogen bonding observed with WT-C1 was present or absent in 

previous MthK structures, we examined structures of the RCK domain 

crystallized with 0 and 20 mM Ca2+ (PDB accession numbers 2AEJ and 2AEF, 

solved to 2.1 and 1.7 Å resolution, respectively) (Dong et al. 2005). In these 

structures, minimum Oε - Oε distances for E133-E259 were 3.1 Å and 2.8 Å for 0 
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and 20 mM Ca2+ (Figure 5-5). Together these results suggest that the E133-

E259 interaction is correlated with absence of Ca2+ occupancy at C3; however, it 

is not clear from these structures whether this interaction is related to channel 

gating.  

We next tested whether this apparent interaction affects channel gating, 

by assaying the Ca2+-activation properties of E259A mutant channels, designed 

to disrupt the carboxyl-carboxylate interaction. We observe that the E259A gating 

phenotype was very similar to E212Q, with EC50 values that were shifted toward 

lower [Ca2+] compared to WT (mean EC50 = 1.4 ± 0.1 mM; Figure 5-6D-F). This 

electrophysiological result is consistent with the idea that the E259 side chain 

contributes to inhibitory coupling between C1 and C3. 

If E212 and E259 each contribute to allosteric coupling between C1 and 

C3, then one might predict that the combined effects of the E212Q and E259A 

mutations on Ca2+-activation of the channel would be energetically non-additive. 

To test this, we assayed Ca2+ activation of the E212Q/E259A double mutant, and 

found that the EC50 of this double-mutant was not statistically different from either 

the E212Q or E259A single-mutants (Figure 5-6D-F). While we cannot yet rule 

out that other modulatory interactions exist, the observation that the 

E212Q/E259A double mutant is effectively indistinguishable from the single 

mutants suggests that either disruption of the direct E212-Ca2+ bond or the E259-

E133 hydrogen bond is sufficient to disrupt allosteric communication between 

these sites. 
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Figure 5-5. Positions of E259 and E133 side chains in MthK crystal 
structures. (A-G), Cα traces of the indicated structures, with shortest distance 
between E259 and E133 Oε atoms (dashed magenta line) indicated, in Å. The 
shortest distances, consistent with a hydrogen bond length (<3.2 Å), are 
associated with structures in which no Ca2+ is bound at the C3 site (A-C). In 
contrast, longer distances are associated with structures of wild-type (D, E) or 
mutant RCK domains (F, G) in conditions where Ca2+ ions are bound at the C3 
site.  
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Figure 5-6. E259 forms a pivot-point to gate Ca2+-dependent RCK domain 
activation. A) Aligned Cα traces of WT-C1 (dark yellow/grey) and WT-C1C2C3 
(light yellow/cyan) illustrating apparent C-lobe movement (region in back dashed 
box) relative to other regions of the domains. B) Expanded view of the large 
boxed region in A, with arrows (magenta) indicating the direction of apparent 
Ca2+-dependent movement. C) Expanded view of the smaller boxed region in A, 
with arrows (magenta) indicating apparent Ca2+-dependent movement of E259; 
asterisk (*) indicates position with Ca2+ bound at C3. D) Representative single-
channel current traces of MthK WT, E259A, and E212Q/E259A mutant channels 
over a range of [Ca2+]. Channels containing the E259A mutation alone or in 
combination with E212Q show enhanced Ca2+ sensitivity compared to WT. E) Po 
vs. Ca2+ for WT and mutant channels. Activation curves for E212Q, E259A, and 
E212Q/E259A channels are each shifted toward lower [Ca2+] relative to WT, 
consistent with decreased inhibitory coupling. 
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Table 5-3. 

E259-E133 side chain distances in crystal structures of the MthK RCK 

Domain. 

Crystal Structure pH [Ca2+] (mM) E133-E259 

side chain 

distance (Å) 

2AEJ 4.6 0 3.1 

2AEF 4.6 20 2.8 

WT-C1 4.8 200 2.8 

3RBZ 6.5 200 10.4 

WT-C1C2C3 4.8 1000 7.3 

D184N 4.8 300 7.3 

E212Q 4.8 200 6.4 
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Discussion 

Here we have exploited electrophysiological and crystallographic analysis 

of MthK to dissect potential mechanisms underlying activation and modulation of 

RCK domains. We observe principally that two physically-distinct Ca2+ binding 

sites on the RCK domain are structurally and energetically coupled to one 

another, and we further define a key interaction that mediates this allosteric 

coupling to tune Ca2+ sensitivity of the channel. 

Whereas MthK channels can be at least partially activated by metal 

binding at the C1 site alone, additional binding of Ca2+ at the C3 site leads to a 

fully-activated conformation of the RCK domain and enhances stabilization of the 

open channel (Pau et al. 2011; Smith et al. 2012). The Ca2+-dependent 

conformational change that results from Ca2+ binding at the C3 site is illustrated 

in alignment of the WT-C1 and WT-C1C2C3 structures (Figure 5-5A-C). The 

Ca2+ ions at C3 form metal bridges between the C-terminal lobes of adjacent 

RCK domains. These Ca2+-bridges stabilize apparent rigid-body movement of the 

C-lobes, with the segment near residue E259 acting as a tether or pivot point for 

movement of the C-lobes relative to the N-lobes. Our structural and functional 

results are consistent with the idea than hydrogen bonding between E259 and 

E133 contributes to stabilization of the WT-C1 (partially-activated) conformation, 

and Ca2+ binding at C3 can overcome this interaction to stabilize the WT-

C1C2C3 (fully-activated) conformation. 
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Functional significance of negatively-coupled allosteric sites 

An inhibitory interaction between two Ca2+ binding sites in the same 

protein may represent a structural mechanism that underlies “tuning” of the 

protein’s Ca2+ sensitivity. In the case of MthK, crystallographic structures indicate 

that the C1 site, that is located within the N-lobe of each RCK domain, undergoes 

relatively subtle structural changes upon Ca2+ binding, and appears to bind Ca2+ 

with higher relative affinity than the C3 site (Figure 5-4A,B) (Dong et al. 2005; 

Pau et al. 2011).  Thus under conditions where Ca2+ binding at C1 strongly 

inhibits binding at C3, a Ca2+ signal may lead to Ca2+ binding at the C1 site, and 

in turn may be sufficient for partial activation of the channel (Smith et al. 2012). 

On the other hand, ionic or metabolic conditions that weaken inhibitory coupling 

would result in increased Ca2+ affinity at C3, and thus lead to greater channel 

activation in response to an equivalent Ca2+ signal. In principle, this type of 

mechanism could achieve a modulatory effect similar to positive allosteric 

mechanisms proposed for numerous proteins. In the absence of atomic-level 

structural information and analysis, it may not be possible to distinguish 

“weakened inhibitory” coupling from “enhanced positive” coupling, between pairs 

of allosteric sites. 

MthK channels can be activated by Ca2+ binding to multiple sites that are 

modulated through allosteric coupling; thus the coupling mechanism may be a 

target for physiological modulation of channel gating by stimuli that may include 

cytoplasmic H+ or other factors (Chakrapani and Perozo 2007; Pau et al. 2010). 

Like MthK, the eukaryotic BK channel also contains RCK domains that are 
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modulated by multiple, separate Ca2+ binding sites (Cox 2005; Zeng et al. 2005; 

Hu et al. 2006). Functional analyses of BK channel gating indicates that these 

separate binding sites can interact energetically (Qian et al. 2006); however, the 

structural basis of these interactions is not yet clear. Because BK channels are 

thought to be regulated by a number of potential physiological modulators, 

including H+, heme, carbon monoxide, nitric oxide, and phosphorylation, it will be 

important to apply structural analysis to better understand mechanisms 

underlying gating and modulation in these and other families of ion channels.  
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CHAPTER 6 

DISCUSSION 

Identification of additional Ca2+-binding sites in the MthK RCK domain 

 The results from this thesis show that MthK channels contain three Ca2+ 

binding sites per RCK domain monomer, and that the these sites contribute to 

Ca2+ dependent gating of the channel (Figure 3-2A-C, 3-3A-D, 3-4A-D, 3-8).  The 

possibility that the previously identified C1 Ca2+ binding site was the sole 

determinate of Ca2+-dependent gating in MthK was ruled out through the use of 

charge neutralizing mutations at this site and assessment of Ca2+-dependent 

gating through single channel recordings (Figure 3-8A-C).  In each case, no 

single or combined mutant at this site could eliminate Ca2+ dependent gating of 

the channel leading me to hypothesize that there was an additional site or sites 

which was also contributing to activation of the channel.  Crystallization of full 

length channel and of the isolated RCK domain indicated the location of two 

additional, previously unknown Ca2+-binding sites.  Consistent with the presence 

of these sites contributing to Ca2+-dependent gating of the channel, charge 

neutralizing mutations at these sites decreased Ca2+ sensitivity of the channel.  

Furthermore, mutations that combined two sites were unable to abolish the Ca2+ 

activation of the channel, and only when a triple site mutation was made were we 

able to eliminate Ca2-dependent activation of the channel (Figure 3-8A). 

 These results provide additional insight into the gating of K+ channels by 

RCK domains by combining the detailed structural analysis of the MthK RCK 
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domain through the use of x-ray crystallography with a detailed functional 

analysis through electrophysiology. Due to the structural homology between the 

MthK and BK channel RCK domains, what we have learned about the gating of 

MthK upon Ca2+ binding may be useful in uncovering the mechanisms of 

structural rearrangement which occur in the BK channel RCK domain upon Ca2+ 

binding resulting in channel activation. 

 

Ba2+-dependent activation of MthK 

 The results from this thesis have shown that the MthK RCK domain 

contains three Ca2+-binding sites per RCK domain monomer.  The presence of 

these sites, lead me to hypothesize that it might be possible to activate MthK 

channels with other divalent cations other than Ca2+.  Previous work on the 

human BK channel has shown that in addition to activation by Ca2+, these 

channels can be activated by divalent cations such as Mg2+, Sr2+, and Cd2+ 

(Schreiber and Salkoff 1997; Zeng et al. 2005). In the BK channel, it has been 

determined through the use of electrophysiology that Ca2+ binds to two high-

affinity sites within the RCK domain, and that Mg2+ binds to a unique site(Yang et 

al. 2008). With this in mind, I utilized Ba2+ as a surrogate for Ca2+ to pan for 

native metal binding sites in the MthK RCK domain.  Crystallization of the RCK 

domain in a Ba2+-bound gating ring form indicated the presence of a number of 

Ba2+-binding sites, one of which overlapped with the C1 Ca2+ binding site 

previously determined (Figure 4-1B-F).   
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The presence of this overlapping Ba2+-binding suggested that MthK 

channels could be activated in a Ba2+-dependent manner, and single channel 

recordings of wild type channels indicated they could in fact, be activated by 

increasing [Ba2+]. While I was able to determine that MthK could be activated by 

Ba2+, it was unclear which of the many identified Ba2+-binding sites were 

responsible for activation. Due to the presence of a Ba2+ bound at a site 

overlapping with the C1 Ca2+-binding site I hypothesized that this site was 

responsible for Ba2+ dependent activation of the channel. Single channel 

recordings from a D184N mutant channel indicated that elimination of the 

negative charge shown to be important for Ba2+-coordination in the crystal 

structure, eliminated Ba2+-dependent gating of the channel, suggesting that Ba2+ 

activation of MthK occurs solely through this site (Figure 4-8).   

 Comparison of the Ba2+-bound gating ring structure with other previously 

published gating ring structures indicates that the Ba2+-bound gating ring is in a 

different overall conformation (Figure 4-9A-F). This observation lead us to 

hypothesize that the Ba2+-bound gating ring represents an intermediate step in 

the overall conformational changes that occur upon ligand binding (Figure 4-9A-

F). 

 These results indicate the ability to activate MthK channels with cations 

other than Ca2+. Previous work on the human BK channel has shown that these 

channels, similar to MthK can be activated by Ba2+, Sr2+, and Cd2+, however, 

crystal structures of the BK RCK domain have only been obtained in a Ca2+ 
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bound or unliganded state and have not displayed substantial differences in 

conformation. In this respect, the crystallization of the MthK RCK gating ring 

bound with Ba2+ in an intermediate conformation provides insight into the 

conformational changes that occur upon ligand binding which can be applied to 

the gating of the human BK channel. 

Allosteric interaction among Ca2+-binding sites in the MthK RCK domain 

 Previous work completed in this thesis has demonstrated the effect of C1 

site mutations on Ca2+-dependent gating of MthK (Figure 3-1B,C). Elimination of 

the negatively charged residues which coordinate Ca2+ at the C1 site have 

shown a decrease in Ca2+ sensitivity in these mutant channels, with the 

exception of E212Q (Figure 3-3C, Figure 5-1E). Surprisingly, this mutation 

resulted in channels which were more sensitive to Ca2+ compared to wild-type. 

To address this interesting observation, I successfully crystallized the isolated 

wild-type and MthK RCK domain mutants; D184N and E212Q, under essentially 

identical crystallization conditions as well as the wild-type with increased [Ca2+], 

all of which demonstrated the presence of an allosteric interaction occurring 

between the C1 and C3 Ca2+-binding sites (Figure 5-3, Figure 5-4). These crystal 

structures indicate that in the wild-type, with low [Ca2+], Ca2+-binding only occurs 

at the C1 site. Mutation to D184N, eliminates Ca2+-binding to the C1 site, but 

permits Ca2+-binding to the C3 site. In the case of E212Q, this mutation permits 

Ca2+-binding to C1 and C3 sites. Taken together, these results suggested a 



134 

 

mechanism wherein Ca2+-binding to the C1 site prevented Ca2+-binding to the C3 

site, and that this interaction was being mediated through the E212 side-chain. 

 Comparison of the WT-C1 structure with the WT-C1C2C3, D184N and 

E212Q structures revealed a carboxyl-carboxylate interaction between E259-

E133, which was present in the WT-C1 structure, but was absent in the WT-

C1C2C3, D184N, and E212Q structures. This suggested that this interaction 

could be important in mediating the inhibitory coupling observed between the C1 

and C3 Ca2+ binding sites by providing a physical link between these sites.  We 

hypothesized that if we were able to disrupt the E259-E133 interaction by making 

an E to A mutation at position 259, that these channels might display a gating 

phenotype similar to what we observed in the E212Q mutant channel where 

these E259A channels also become more sensitive to Ca2+. Single channel 

current recordings of the E259A mutant did in fact display increased sensitivity to 

Ca2+ when compared to wild-type channels, and when compared to the E212Q 

mutant, the response of E259A to Ca2+ is essentially identical (Figure 5-6D,E).  

While the E259A mutant displayed an increased sensitivity to Ca2+, it was 

unclear whether this mutation was acting through the same mechanism as the 

E212Q mutation. To address this question, we designed an E212Q/E259A 

double mutant, the effect of which was non-additive, displaying nearly identical 

Ca2+ sensitivity to both the E212Q and E259A single mutations (Figure 5-6E).  

This suggested that the allosteric coupling identified between the C1 and C3 

sites is mediated in part through an interaction involving E259 and E133. 
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 Relevance to our understanding of gating by RCK domains 

 In summary, the results from this thesis have added significant information 

to the current understanding of K+ channel gating by RCK domains. To this point, 

a complete structural and biophysical understand of the mechanisms underlying 

Ca2+-dependent gating had not been previously performed, and the results from 

this thesis have extended the previous knowledge on activation of MthK by Ca2+ 

and other divalent cations. Utilizing single channel recordings, I was able to 

characterize the Ca2+ binding sites responsible for channel activation, as well as 

probe these sites with other divalent cations to determine if I could activate MthK 

in a site-specific manner. 

 Importantly, the detailed electrophysiological experiments in this thesis 

were accompanied by structural analysis by X-ray crystallography.  In the crystal 

structures obtained, I detail the presence of three Ca2+-binding sites per RCK 

domain monomer, and in additional crystal structures I was also able to detail a 

mechanism of negative allosteric coupling between the C1 and C3 Ca2+-binding 

sites. Furthermore, crystallization of the MthK RCK domain in the gating ring 

conformation bound with Ba2+ has also provided new insight into ion selectivity at 

these sites, as well as insight into the overall conformational changes that occur 

within the RCK gating ring upon ligand binding and channel activation. 

 In conclusion, this work provides a detailed analysis of RCK domain gating 

of K+ channels using MthK as a model system to provide functional analysis 

through electrophysiology, and important structural information due to the ability 
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to generate high-resolution crystal structures of the isolated MthK RCK domain. 

Sequence and structural homology between MthK and BK channels raise 

important questions regarding to what extent we can apply what we have learned 

about MthK channel gating to the gating of BK channels.  Functional analysis of 

the BK channel through the use of electrophysiology has indicated the presence 

of two Ca2+ binding sites which contribute to channel activation, however recent 

success in crystallization of the BK RCK domain has only provided structural 

information for the Ca2+ bowl site in its Ca2+ bound state, and attempts at 

generating crystal structures depicting a fully liganded BK RCK domain have as 

yet been unsuccessful.  Is it possible these sites could be allosterically linked in a 

way similar to what we have observed in MthK? To begin to address this 

question, additional crystal structures of the BK channel RCK domain will need to 

be generated, if an allosteric interaction among binding sites is found in the BK 

RCK domain, the detailed structural analysis of the MthK RCK domain can 

provide an important framework for understanding gating in the BK channel RCK 

domain which may ultimately provide valuable insight into the design of therapies 

for the treatment of human BK channel dysfunction.  
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