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Cyclic nucleotides-gated (CNG) channels play an essential role in the 

visual and olfactory sensory systems and are ubiquitously expressed in a variety 

of neuronal and non neuronal cells. Details of their underlying ion selectivity 

properties are still not fully understood and a matter of debate in the absence of 

high resolution structures. Presented in this study are high resolution (1.58-1.95Å) 
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crystal structures and functional analyses of engineered mimics of CNG channels 

by duplicating their selectivity filter sequences in the background of the bacterial 

non-selective NaK channel. Mimics share several striking functional similarities 

in ion selectivity with eukaryotic CNG channels: they are non-selective and 

permeate Na+ and K+ equally well; externally added Ca2+ serves as a permeating 

blocker, with the conserved acidic residue in the filter mediating Ca2+ binding. 

Structures reveal a hitherto unseen selectivity filter architecture that suggests that 

CNG channel selectivity filters likely comprise three contiguous ion binding sites. 

The high resolution structures also allow for a thorough characterization of 

monovalent and divalent ion permeation which, in combination with 

electrophysiological recordings, offers structural insight into CNG channel 

function at an unprecedented level of detail. 
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CHAPTER ONE 
Introduction 

 

Ion channels are a diverse group of membrane proteins upon which life 

depends. They exist to provide a hydrophilic medium within the hydrophobic 

cellular enclosure (the lipid bilayer) to help ions traverse from one aqueous media 

to another, the cytoplasm of a cell to the extracellular medium or vice versa.  

They are characterized by two properties: selective permeation of one or a group 

of ions and a method of gating.  

Ion channels exhibit selective ion transport, the extent of which vary 

widely and is generally correlated with their biological function. Some ion 

channels can discriminate between similar ions while others can discriminate 

cations over anions but not as well among cations. An example of the former are 

the voltage-gated K+ channels that exhibit high selectivity for K+ and cyclic 

nucleotide-gated (CNG) channels are good examples of the later group because 

almost all common cations can permeate these channels but not anions.  

Ion channels are regulated pores and as such have a mechanism by which 

they are opened or closed in response to a stimulus-- a process called gating. 

Common stimuli include changes in membrane potential, temperature and 

membrane tension or binding of a ligand. Among channels that transport the same 

or similar ion(s), the gating mechanism usually underlies their variation. The 
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focus of this work is however related to mechanism of ion selectivity and 

permeation.  

Deeper mechanistic understanding of channel function generally requires 

high resolution structural information. For instance, a detailed understanding of 

K+ channel biology is made possible by the recent wave of high resolution 

structures of many K+ channels. However, structures are not available for other 

ion channels, including CNG channels. The present study focuses on getting such 

structural information for CNG channels, especially as it relates to their ion 

selectivity and permeation properties. 

CNG channels are a physiologically essential class of proteins whose 

functional significance in higher animals, especially in photo and olfactory signal 

transduction, is generally well understood. They belong to the tetrameric cation 

channel family that includes the voltage-gated K+, Na+, Ca2+ channels. However, 

despite having a voltage sensor domain similar to the other members, CNG 

channels are gated by binding of a cyclic nucleotide to their c-terminal ligand 

binding domain. In addition, unlike the other members, which exhibit highly 

selective permeation of their respective ions, CNG channels are permeable to 

group IA and some group IIA cations. A detailed molecular picture, especially as 

it relates to their ion permeation and selectivity properties, has been lacking due to 

absence of high resolution structural information. The present study is thus aimed 
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to provide structural insights into the ion selectivity and permeation properties of 

CNG channels.  

To achieve the above stated goal many approaches can be envisioned. 

Ideally, one would like to crystallize and determine the structure of the eukaryotic 

CNG channel. However, this is technically difficult and may require several years 

of work. Instead, the present work centered on modifying a bacterial non-selective 

cation channel, NaK, to contain selectivity filters identical in sequence to those 

found in majority of CNG channels. These mutants are amenable to high 

resolution structure determination. The studies described in this dissertation will 

focus on functional characterization of NaK mutants that mimic the selectivity 

filters of most CNG channels and detailed structural analysis of their selectivity 

filters. The methodology of mutant design, functional and structural analyses is 

described in Chapter Three. Chapter Four presents the structural and functional 

data. The first part of Chapter Four describes monovalent cation selectivity 

studies of mutants using electrophysiological and radioactive 86Rb+ tracer uptake 

methods, structural analysis of the selectivity filters of the mutants and their 

monovalent cation binding properties. In the second part, the divalent cation 

binding/blockage studies are presented. Ca2+ permeation and subsequent blockage 

of monovalent current has special significance to the function of CNG channels. 

This property is investigated in CNG-mimicking NaK mutants. Specifically, 

single channel electrophysiological and radioactive 86Rb+ tracer uptake results are 
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provided for the NaK mutants. Also, a detailed structural analysis of Ca2+ and 

Ba2+ binding in the selectivity filters of the NaK mutants is presented.  The last 

part of Chapter Four examines the viability of the NaK mutants as a structural 

model for CNG channel pores by employing structure based mutagenesis study. 

Based on the structure of a NaK mutant, mutations were designed on a eukaryotic 

CNG channel and the NaK mutant to investigate the role of key residues. Chapter 

Five summarizes the key findings of the study and discusses their significance in 

relation to the stated goal. The last chapter deals with potentially useful studies 

that can be pursued in light of findings of the present work.    
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CHAPTER TWO 

Literature Review 

 

INTRODUCTION 

 

The plasma membrane is a physical enclosure that demarcates the 

boundary of cells separating the internal milieu from the external environment. Its 

main building blocks, the lipids, are generally amphipathic with a typically long 

lipophilic (or hydrophobic) group and a hydrophilic head group, which self 

associate spontaneously into a two-dimensional fluid bilayer as a result of 

interactions with the hydrophilic water molecules of the surrounding aqueous 

medium thereby effectively creating a physical boundary. This means that polar, 

charged or bulky groups, which are necessary for the survival of the cell, cannot 

freely cross the non-polar bilayer into the cytoplasm or vice versa, creating a need 

for transport mechanisms for these entities. As a result, the plasma membrane 

contains, in addition to the lipids that make up the main components, transport 

proteins and other molecules that modify its property. Membrane transport 

proteins are critical components of the plasma membrane because they mediate 

the transport of ions, solutes or other molecules into and out of the cell, thereby 

providing food and nutrients and export waste, all necessary for  the survival of 

the individual cell and ultimately the animal or plant (Alberts, 2002). 
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Transport proteins can be classified into two groups- ion channels and 

transporters (Figure 2-1).  Ion channels are passive devices that selectively 

transport ions down their electrochemical gradient. Their functions underlie some 

of the fundamental cellular processes, like the nerve impulse, the beating of the 

heart, hearing and sensation. These channels have gates that open or close in 

response to an external stimulus. When the gate is opened ions pass through these 

proteins at rates close to the diffusion limit, in the order of several thousand ions 

per millisecond. Ion channels exhibit specificity as to the type of ion(s) they let 

through. Some are highly selective while others are less so. Their ion selectivity 

and gating properties underlie the physiological function of these proteins. 

Transporters on the other hand are responsible for transporting numerous 

solutes and ions and accordingly there is significantly greater diversity among 

these proteins. They form strong complexes with their substrates in a highly 

specific fashion and as a result require several milliseconds to transport their 

substrate(s). Transporters can be subdivided into two groups, depending on their 

energy requirement, as passive and active (Figure 2-1) (Siegel, 1999). Passive 

transporters, also called facilitators or uncoupled transporters, provide highly 

selective pathways for their substrates, such as D-glucose, but are not coupled to 

energy sources and, therefore, cannot concentrate their substrates. Active 

transporters on the other hand are coupled to energy sources that can alter the 

steady-state distribution of their substrate(s). One type of active transporters, 
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called primary transporters, couple a chemical reaction to protein conformational 

transitions, which supply energy to generate concentration gradients of one or 

more substrates across cell membranes. Secondary transporters derive energy 

from existing ion gradients to transport a second ion or solute in a direction that is 

either the same as (symport) or opposite to (antiport) that of the energizing ion. 

Ion channels and transporters are complimentary in their function. 

Transporters generate and maintain ionic concentration gradients across the 

plasma membrane. This concentration gradient is then exploited by ion channels 

to generate electrical signals and other cellular functions.  
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Figure 2-1 - Ion transport proteins. Panel (A) shows a comparison between a 
transporter, in which the ion binds at a site and a conformational change 
transports the ion across the plasma membrane, and an ion channel where the ions 
simply diffuse through the pore when the gate is opened following their 
concentration gradient. The green spheres represent the ions being transported. 
Panel (B) shows a cartoon of the varieties of transport proteins. Colored circles 
and ellipses represent ions or solute molecules transported and arrows show the 
direction of flow. 
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ION CHANNELS 

 

Many vital biological processes, like the beating of the heart, neuronal 

information flow, muscular movement, taste, hearing, learning and memory 

require the flow of ions across the plasma membrane. However, ions are 

charged/polar particles, which exist as hydrated complexes in aqueous solution or 

in cells and cannot cross the hydrophobic lipid membrane unassisted. Ion 

transport proteins, channels among them, fulfill this requirement.  

Ion channels are a diverse group of proteins that form aqueous pathways 

or pores in the plasma membrane. Embedded in the membrane they control the 

flow of ions into and out of the cell, each ion moving down their own 

concentration gradient. These proteins are intrinsically passive devices that allow 

the free down-hill transport of ions when opened without any energy requirement 

(Figure 2-2). Opening and closing happens in response to stimuli like a change in 

membrane potential, membrane tension or temperature, or binding of a ligand. 

Over the years these group of proteins have been shown to be 

indispensable to life in higher organisms. For instance, the generation and 

propagation of the action potential in the nervous system, a crucial biological 

process, is highly dependent on the proper functioning of ion channels. In more 

detail, the action potential (or the nerve impulse) is an alteration of the membrane 

potential of an excitable membrane that propagates rapidly along the membrane 
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of an excitable cell making rapid signaling and communication possible (Figure 

2-3) (Alberts, 2002; Hille, 2001). A related critical function of ion channels 

occurs in the heart. The heart harbors many different types of ion channels, each 

with a specific function in pace-making. The heart beats properly when these 

channels function normally and coordinated with each other.  

 

 

Figure 2-2 – A hypothetical cartoon of ion channels showing the closed and open 
states. When the gate is closed no ions can cross through the channel pore (left). 
As soon as the gate opens (right) ions of certain type diffuse through the channel. 
 

  
Figure 2-3 – The neuron and propagation of the nerve impulse. A typical 
mammalian nerve cell and its parts are shown. The nerve impulse flows from the 
cell body to the nerve terminals, where it is relayed to the receiving cell. Direction 
of flow is as shown in pink arrows and the associated membrane potential is 
depicted with the three hypothetical curves as measured at three different points 
across the axon (modified from Alberts, et al, 2002). 

cell body dendrites axon terminal
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The most notable early work on ion channels is the exquisite description 

of the generation and propagation of the action potential in the squid giant axon 

by Hodgkin and Huxley (Hodgkin and Huxley, 1952a, b, c; Hodgkin et al., 1952), 

for which they were awarded the 1963 Nobel Prize in Physiology or Medicine. 

They described the changes in the permeability of the membrane for Na+ and K+ 

when the membrane potential is changed. They concluded that there were three 

components of the membrane current - Na+, K+, and leak currents and suggested 

the presence of ‘unknown structures’ that allow the ions to pass through. These 

‘unknown structures’ of Hodgkin and Huxley later came to be known as Na+ and 

K+ channels. Without specific knowledge of ion channels they were able to 

correctly describe the basis of membrane excitation as the result of changes in ion 

permeability of the membrane. Subsequent work by Bertil Hille and Clay 

Armstrong established most of the concepts behind ion channels that included 

ions passing through aqueous pores called channels that are proteins, distinction 

between Na+ and K+ channels (including their selectivity), the basic principles of 

gating or opening and closing of their pores, channel blockers as molecules that 

physically block the pores, etc (Armstrong, 1971; Hille, 1970, 1973). Most of 

these concepts were subsequently proven by exquisite electrophysiological 

experiments using new methods developed by Sakmann and Neher (Hamill et al., 

1981; Neher et al., 1978). Since then, many ion channel or ion-coupled transporter 

proteins have been identified, characterized, cloned and some crystallized and 
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their high-resolution structures determined. Of unique significance to ion channel 

studies was the crystal structure of the bacterial KcsA K+ channel of MacKinnon 

(Doyle et al., 1998) that supported some of the earlier thoughts about channel 

function and structure. 

Ion channels have been conserved throughout evolution. Advances in 

molecular cloning and genome sequencing projects have provided information as 

about the abundance of ion channels in all kingdoms of life. In the human genome 

alone there are several hundreds of genes thought to encode for ion channels 

(Ashcroft, 2006). These ion channels underlie diverse yet critical functions upon 

which human life depends. They generate the electrical signals necessary for 

relaying information or performing a task, regulate cell volume, help identify dark 

from light or distinguish between colors, help smell and hear, and are directly 

involved in cell proliferation, learning and memory and other cellular processes. 

Ion channels of lower organisms have also been shown to perform vital functions. 

However, an important contrast arises with microbial ion channels. In support of 

the evolutionary ancestry of these proteins, many ion channels have been 

identified from the microbial genome by sequence homology to eukaryotic ion 

channels (Kung and Blount, 2004). However, their biological function remains 

largely unknown. Most of these microbial channels appear to be hypothetical 

proteins with no known function. Since they have been maintained through 

evolutionary selection it is reasonable to assume that they serve vital functions for 
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microbes. Some have been implicated in metabolic control or in responses to 

sudden environmental changes. Nevertheless, recent advances in the 

understanding of ion channel molecular mechanisms have been possible due to 

structural insights from microbial channels, primarily because they are easier to 

over-express, crystallize and structurally characterize compared to their 

eukaryotic counterparts. In fact, most ion channel structures determined are 

microbial ion channels.    

 As described, ion channels are involved in virtually every physiological 

process in humans and are found in all forms of life making them one of the most 

diverse groups of proteins. However, naming of channels has not been 

systematized until recently and scientists previously gave their own names or 

acronyms as each was identified. As a result several names for the same channel 

were not uncommon in the old literature. A systematic nomenclature was 

subsequently agreed upon, and nowadays, ion channel classification follows 

guidelines as outlined by the International Union of Pharmacology (IUPHAR). 

Their classification generally involves the ion they transport and/or their gating 

mechanism. For instance, channels could be called voltage-gated, ligand-gated or 

transmitter-gated based on their gating mechanism. Voltage-gated channels, for 

example, can further be sub-divided as K+, Na+ or Ca2+ channels depending on the 

ion they transport. Each of these families has many members with multiple 

paralogs and splicing variants. And yet for some channels naming simply follows 
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the number of pores they have, as in two pore channels, or the duration of 

response to stimuli, as in transient receptor (TRP) channels. 

Ion channels are regulated pores, that is they open or close in response to a 

stimulus, a process called gating. The stimulus could be a change in membrane 

potential, membrane tension, temperature or binding of a ligand. The mechanism 

of sensing the stimulus and relaying that into opening or closing the channel 

differs among these proteins and in some cases is a heavily debated subject, 

especially in the case of voltage-gated channels. However, in general terms, 

stimuli are detected by specific gating domains or module, parts of the protein 

directly responsible for sensing and responding to the signal. This module then 

translates that signal into a conformational change that opens or closes the pore of 

the channel. In voltage-gated potassium (Kv), sodium (Nav) and calcium (Cav) 

channels, a change in membrane potential is detected by the voltage sensor 

domain, which then moves to gate the channels. In others, like the cyclic 

nucleotide-gated (CNG) channel, glutamate receptors, GABA (γ-aminobutyric 

acid) receptors, a ligand physically binds to the respective ligand-binding domain 

to open or close the channel. Mechanosensitive channels respond to changes in 

membrane stretch forces and yet other channels are sensitive to changes in 

temperature. Most channels have a gate that when closed serves as a physical 

barrier to ion flow, though it occurs through a number of different mechanisms. 

Some ion channels have a ‘movable’ ball-like structure with a small linker 



15 
 

 
 

polypeptide segment that swings back and forth to plug the channel depending on 

the stimulus. In others, the inner transmembrane helices lining the pore have 

hinges that allow the ion conduction pathway to dilate, restricting or allowing ions 

to flow. In some channels the selectivity filter itself serves as the gate. In this 

mechanism a conformational change by some residues in the selectivity filter 

gates the channel. 

Ion channels are also characterized by exhibiting selectivity, the property 

of selectively passing one ion or a group of ions while discriminating others. This 

property is central to their function and hence their names- potassium, sodium, 

calcium, chloride, etc-  channels. The extent of discrimination varies from one to 

another. Some channels, like the voltage-gated K+ channels, exhibit a very high 

degree of selectivity while others, like the cyclic nucleotide-gated channels, 

permit several similar ions at a similar rate. This property will further be 

elaborated in subsequent sections. 

Structurally, ion channels are generally composed of one or more pore-

forming principal subunits, often in association with auxiliary subunits that 

modulate channel activity. The number of transmembrane segments varies among 

different types of channels. For instance, some channels have two transmembrane 

segments, like the inward rectifier Kir and the bacterial KcsA potassium channels,  

while voltage-gated potassium channels comprise six transmembrane segments 

(Figure 2-4). Nevertheless, most channels conform to a common structural theme 
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in which a central pore, through which the ions move, is formed by four or five 

transmembrane spanning α-helices. Most of these channels have pore loops, short 

polypeptide segments that fall back into the membrane to form the selectivity 

filter that determines the ion permeation properties of the channel (Figure 2-4). 

 

Figure 2-4 – Predicted topology of main channel forming subunits of common 
pore loop ion channels, auxiliary subunits not shown. Cylinders (labeled S0-S6 or 
M1, M2) represent transmembrane (TM) segments and numbers in parentheses 
indicate the number of subunits that form the functional channel. In these 
channels the ion conduction pathway is created by a re-entrant loop between the 
last two transmembrane segments (shown in orange).  Among these pore-loop 
channels are the S4 family of ion channels which have a stretch of positively 
charged residues in their S4 transmembrane segment, shown in red. In most of 
these the S4 segment is responsible for gating by change in membrane voltage. 
Abbreviations:- Kir, inwardly rectifying K+ channel;  KV, NaV, CaV, voltage-gated 
K+ Na+ and Ca+ channels, respectively;  CNG, cyclic-nucleotide-gated channel; 
BK, big conductance K+ channel; HCN, hyperpolarization-activated channel; 
TRP, transient receptor potential channel. 
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The necessity and ubiquity of ion channels suggests that defects in their 

molecular structure and/or function will have profound physiological effects. As a 

result there are many disorders related to channel malfunction. When the cause of 

the disorder is mutation(s) in the gene encoding for the ion channel or an auxiliary 

subunit, channel malfunctions are called channelopathies. A plethora of human 

channelopathies have been identified (Ashcroft, 2006; Camerino et al., 2008). 

With the exception of cystic fibrosis, a recessive disease that results from 

mutations on the CFTR (cystic fibrosis transmembrane conductance regulator) 

gene, inherited channelopathies are rare. The physiological effects of 

channelopathies can vary from asymptomatic to fatal.  
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ION SELECTIVITY 

 
A unique feature of ion channels is that they have the ability to selectively 

pass one ion or a group of ions while excluding all others, a property termed ‘ion 

selectivity’. It is a relative phenomenon that relates the comparative permeability 

of ions to the channel and thus cannot be exact since there are physico-chemically 

closely related ions. This is to say that even though ion channels usually have 

certain preferences for the type or identity of ion(s) they transport, they also allow 

ions of similar type, the extent of which varies among these proteins. Some 

channels exhibit a very precise selectivity, such as the voltage-gated K+ or Na+ 

channels, while others are distinctly non-selective, as in the case of cyclic 

nucleotide-gated (CNG) channels or transient receptor potential (TRP) channels. 

The former group can discriminate among closest competitor ions in a thousand 

fold or more ratios, while the later discriminate cations over anions but very 

poorly among those cations. It is important to note that wide variations in ion 

selectivities exist even in channels of the same group. The extent of selectivity 

exhibited by an ion channel frequently underlies its cellular function. The 

molecular mechanism of such exquisite ion selectivity by these proteins has been 

a subject of intense study in the last few decades and a discussion is warranted; 

however first, an analysis of properties of ions as it relates to their natural 

environment, aqueous media, is imperative. 
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Ions are charged particles, individual charged atoms or molecules, and as 

such in aqueous solution they are surrounded by a cluster of water molecules, that 

is they exist as hydrated complexes due to the ion-dipole interaction forces 

between the charged ion and ends of dipolar water molecules. Different ions may 

be hydrated to a different extent. Moreover, cations and anions are hydrated in 

different fashion, since cations interact with the negative (oxygen) end of the 

water dipole while anions interact with the positive (hydrogen) end of the dipole. 

Irrespective of its extent or nature, hydration occurs when dipoles from water 

molecules orient themselves around the ion forming a layer of water molecules, 

the hydration shell. Several layers of this shell can be envisioned; however the 

system is very dynamic, continuously being reorganized due to water molecules 

pinching off while new water molecules associate on a nanosecond time scale  

because of competition between the hydration shell and hydrogen bonding within 

bulk water itself (Hille, 2001). This process of hydration of ions is an electrostatic 

stabilization process that results in a release of energy, the enthalpy of hydration 

(ΔHo
hydration), the amount of which varies widely depending on the radius and 

formal charge of the ion (Table I). The amount of this stabilization energy is one 

of the major factors that affect the selective transport of ions through channel 

proteins.  

Given their inherent charge, ions are naturally unable to partition into a 

low dielectric environment where no complementary charge is present. 
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Physiologically this has the consequence of making the hydrophobic core of the 

lipid membrane a barrier to ion diffusion. The biological solution to this problem 

is the ion channel. Ion channels exist to provide a hydrophilic medium (the pore) 

within the hydrophobic cellular enclosure (the lipid bilayer) to help ions traverse 

from one aqueous media to another, the cytoplasm of a cell to the extracellular 

medium or vice versa, so that the cells can perform their function.  

 

Table I. Ionic radii (Pauling) and standard enthalpies of hydration at 250C for 

some group I, II cations, the proton and chloride ions (Hille, 2001). 

 

   Ion H+ Li+ Na+ K+ Rb+ Cs+ Ca2+ Ba2+ Cl- 

Radius (Å) - 0.60 0.95 1.33 1.48 1.69 0.99 1.35 1.81 

ΔHo
hydration 

(kCal/mol) 

-269 -131 -105 -85 -79 -71 -476 -362 -82 

 

While free diffusion through the membrane is extremely slow, ions 

permeate through their respective channels at a rate near the diffusion limit, on the 

order of several thousand ions per millisecond. Now, the question becomes how 

and why these hydrated ions, presumably at their energy minima, pass through the 

channel protein. Do the ions pass through the protein with their hydration shell 

intact? If so, how is such a rate attainable, and are the pores large enough to 

accommodate such large species? Or, does the hydration shell have to be stripped 

off and if so, to what extent and what compensates for the associated loss of the 
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hydration energy? How do these proteins manage to conduct their ions at such 

tremendous rates while exhibiting exquisite selectivity? Many theories have been 

proposed to explain these phenomena.  

One of the earliest theories put forward well before the identification of 

any ion channels was the ‘pore theory’, which views biological membranes 

having tubes with water-liking walls through which hydrated ions can diffuse. 

Mullins, after careful experiments on the relative rates of ‘influx’ of different 

types of ions into the frog muscle and squid axon (Mullins, 1959a, b) proposed 

the cylindrical pore theory, in which he suggested that ions cross the membrane 

through narrow cylindrical aqueous pores of specific size and that the ions have to 

be dehydrated, at least partially (Figure 2-5). He said that for membranes to 

exhibit such selectivity, the ions should move only though pores that fit the 

specific ions and that the pores serve to replace the hydration, at least partially, 

that the ion would assume in aqueous solution (Figure 2-5). As such, he realized 

the necessity of dehydration of permeant ions and that the loss of hydration 

energy is the predominant energy barrier for this process. Still a broadly valid 

concept, Mullins cylindrical pore theory forms the basis of some of the early 

permeation theories, though some aspects of it were soon challenged. 
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Figure 2-5 – Mullins cylindrical pore theory (Mullins, 1959a). In (A) is 
representation (top view) of the membrane with different pore sizes for different 
ions and (B) shows a side view of the membrane around an ion pore (K+ pore for 
instance). The ions (green dots) are depicted as passing through the pore of the 
membrane together with water molecules (small dots) and a layer of their 
hydration shell (red ring around green ion) while those outside the pore may have 
additional hydration layers (broken red half rings). 
  

Another early theory of ion selectivity is that of Eisenman’s field strength 

or equilibrium ion selectivity model (Eisenman, 1962; Hille, 2001). Eisenman’s 

work focused on understanding the atomic mechanism of operation of ion specific 

glass electrodes. His premise was that the electrostatic energy difference 

associated with the ion exchange, that is partitioning of ions from an aqueous 

solution to the glass medium, varies for different ions. The sites in the glass were 

modeled as simple spherical anions in vacuum without any solvent. Depending on 

the dipole strength, or the electrostatic field strength as he refers to it, of the ion 

exchange site in the glass he suggested that many ion selectivity sequences of 

alkali metal ions can be perceived. By simply varying the field strength (dipole 

strength) of the ion binding site he was able to reproduce experimentally observed 

A)
B)
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selectivity sequences for different types of glass electrodes. He also suggested that 

these selectivity sequences can be invoked for biological membranes, with eleven 

sequences to be of practical importance for selectivity among group I cations 

(Eisenman, 1962; Hille, 2001). Even though spherical anion models of 

coordinating ligands in biological membranes may not be accurate, the idea that 

selectivity resulted from the energy difference between ions of their hydration and 

site-interaction energies is still important. 

An alternative mechanism of ion selectivity called the snug-fit model was 

put forward by Bezanilla and Armstrong (Armstrong, 2007; Bezanilla and 

Armstrong, 1972). This model emphasizes structural rigidity of ion channels and 

the necessity of almost complete dehydration of ions in the pore, in contrast to 

Mullin’s partial dehydration. By analyzing the effect of other ions in the K+ 

conduction of the squid axon they suggested that the K+ pores have a wide (~8 Å 

diameter) but less selective mouth that can allow passage of Na+, Cs+, Li+ and 

TEA+ (tetraethyl ammonium ion). The remainder of the pore, the tunnel, was 

postulated to be much narrower (2.6 – 3 Å in diameter) allowing the passage of 

only K+ and Rb+ ions. The case of Na+ was puzzling because the K+ pores allow 

the larger K+ ion (1.33 Å) to pass while discriminating against the smaller ion Na+ 

(0.95 Å). Their explanation was that Na+ is small enough that it cannot enter the 

tunnel because it cannot properly fit into the rigid ‘coordination cages’ provided 

by the pore as replacements for the water molecules surrounding an ion. In other 
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words, they viewed K+ channels as pores or cages with oxygens fixed in position 

to provide a good fit for a K+ ion but not others. The distance from Na+ ion, for 

instance, to two of the oxygens of the cage is greater than would be the case for 

Na+ ion in water, and therefore the coulombic energy of a Na+ ion in the cage/pore 

is much higher than in water (Figure 2-6). Because of this relatively high 

energetic cost, Na+ ions are unlikely to enter the cage. This model provides useful 

insight because it introduces structural perspective to ion selectivity. However, in 

retrospect the assumption that the pores are rigid structural elements may not hold 

true since we now know that proteins, and hence, ion channels are dynamic and 

the small (0.38 Å) difference in ionic radius between K+ and Na+ may very well 

be within thermal fluctuation ranges of the coordinating oxygen ligands. 

 
 
Figure 2-6 – A simplified representation of Bezanilla and Armstrong’s view of 
selectivity in K+ pores (Bezanilla and Armstrong, 1972). K+ ions (green spheres) 
and Na+ ions (yellow spheres) are shown coordinated with oxygens of water 
molecules, (left) & (right) respectively, as they exist in solution. In the tunnel of 
K+ pores (middle), a Na+ ion is too small to make stabilizing contacts with the 
oxygen atoms (red spheres) of a proposed coordination cage, while K+ has the 
proper size. Note: The color representation of the water molecules is to show the 
polarity. 
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 Like for any physicochemical process, free energy optimization is the 

driving force for ion selectivity. However, proteins are intrinsically dynamic, and 

thus, the molecular mechanism by which ion channels exhibit exquisite selectivity 

while maintaining very high rates of conduction is likely more complicated than 

proposed by any of the above early models. As Bertil Hille summarizes (Hille, 

1973), selectivity may arise as a result of geometric, chemical and energetic 

factors. In essence, early models capture parts of the important contributions that 

result in ion selectivity but the most accurate description may involve aspects of 

each. 
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POTASSIUM CHANNELS AND  

THE STRUCTURAL BASIS OF ION SELECTIVITY 

 

Potassium channels are probably the most ubiquitous of ion channels. 

They are found in the most primitive life forms, the unicellular bacterium, to the 

most sophisticated cellular processes, the nervous system, of the most advanced 

life forms. As one of the most well studied ion channel families, these channels 

also act as models for our understanding of the general channel properties. From 

Hodgkin and Huxley’s description of the action potential to the recent X-ray 

crystal structures, potassium channels played important roles in understanding 

channel function. Physiologically, they play key roles in a plethora of cellular 

processes necessary for survival, most notably in nerve and heart function, but 

also important roles in a number of other basic processes.  

The great diversity in their cellular function arises mainly from the 

mechanism by which these proteins are gated. Their ion permeation properties, 

however, are largely similar; a manifestation of a common pore domain while 

there is significant variability in the attached regulatory domains. These channels 

conduct K+ ions near diffusion limit while exhibiting more than thousand-fold 

selectivity over its closest competitor Na+ with only 0.38Å difference in their 

Pauling ionic radii (K+= 1.33Å, Na+= 0.95Å). The molecular basis of this 

exquisite potassium selectivity has been a subject of intense study. In an elegant 
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mutational analysis, MacKinnon’s group identified a stretch of eight residues 

(TXXTXGYG) in a region called the selectivity filter that is highly conserved 

among K+ channels, responsible for this high K+ selectivity (Heginbotham et al., 

1994).  By making point mutations to this sequence within the voltage-gated 

Shaker K+ channel, which they refer to as the ‘signature sequence’, and assessing 

their effect on selectivity they discovered the TTVGYG sequence as the key 

determinant for K+ selectivity. Earlier, the same group had found that deletion of 

two C-terminal residues (YG) from the signature sequence of the Shaker K+ 

channel rendered the channel non-selective (Heginbotham et al., 1992), similar to 

cyclic nucleotide-gated channels, asserting that the selectivity difference exhibited 

among ion channels of the same family arises due to variations of their selectivity 

filter sequences. 

Potassium channels belong to the so called pore-loop tetrameric cation 

channel superfamily, characterized by a small polypeptide segment of the 

channel-forming monomeric subunits fall back into the plasma membrane, with 

an overall four-fold symmetry, forming the ion conduction pathway (Figures 2-4 

and 2-7). This pore-loop architecture has long been shown to be a common 

structural feature of many ion channels in addition to the tetrameric cation 

channel superfamily (Figure 2-4). The selectivity filter harboring the signature 

sequence is found in this pore region (Figure 7A). This (pore) region has been 

shown, by using toxin blockers and through mutagenesis experiments (Mackinnon 
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and Yellen, 1990; Yellen et al., 1991) to be between the fifth and sixth 

transmembrane segments of the Shaker K+ channel. In addition, sequence 

conservation implicated that all K+ channels, both eukaryotic and prokaryotic, 

share the same selectivity filter structure, a hypothesis later supported by insight 

gained from high resolution crystal structures. 

 

 
 
Figure 2-7 – Topology of tetrameric K+ channels with six or two transmembrane 
segments:- monomer (A) and tetramer (B). In (A) transmembrane segments 
labeled S1-S6 (M1 & M2 in two-transmembrane-segment-only channels) are 
shown as cylinders, the pore helix is shown as a small cylinder in between the last 
two transmembrane segments, and the selectivity filter shown in orange. The 
positively charged residues found in the S4 transmembrane segment of voltage-
gated K+ channels are depicted as red ‘+’s. B) is a schematic representation of the 
tetrameric functional unit. 
 

 Prior to 1998, there were converging ideas on the structural views of the 

selectivity filter but a detailed atomic picture was lacking due mainly to absence 

of structural information. A huge leap in ion channel studies came when the 
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MacKinnon group published the X-ray crystal structure of the K+ channel from 

the microbe Strpetomyces lividans, KcsA (Doyle et al., 1998), (Figure 2-8). For 

his work, Roderick MacKinnon was eventually awarded the 2003 Nobel Prize in 

Chemistry. This work validated many concepts developed previously, and it 

provided additional fundamental insights (Figure 2-8). First, it showed the 

tetrameric nature of the channel with a four-fold symmetry about a central pore 

(Figure 2-8 A&B). Each subunit in KcsA is made up of two transmembrane 

segments, the M1-outer and M2-inner helices, with a re-entrant loop between the 

segments. Four M2 helices forming in a channel tetramer form an inverted teepee, 

(Figure 2-8C). The re-entrant loop harbors the selectivity filter, the narrowest 

point in the pore, which was previously shown to determine selectivity. Moreover, 

there was a large aqueous cavity right beneath the selectivity filter proposed to 

serve as a rehydration site for K+ ions exiting the selectivity filter thereby 

stabilizing the ions in transit. It was also observed that there are negatively 

charged residues at both intracellular and extracellular entryways and the pore 

helices are oriented in such a way that, together with the negatively charged 

residues, generates a cation attractive potential necessary for ions to be dragged 

inside the pore (Doyle et al., 1998). These observations were invoked in 

explaining the fundamental question of how a hydrated positively charged ion 

crosses the lipid bilayer barrier with rates close to the diffusion limit. The 

selectivity filter was shown to be constructed from a broken-helix part of the pore 
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loop, where the main chain atoms lining the ion conduction pathway create a 

highly polar environment (Figure 2-8C). In addition, although the precise 

orientation of the carbonyl oxygens couldn’t be discerned due to resolution 

limitations, it was proposed that these closely spaced main chain carbonyl groups 

directed towards the ion conduction pathway account for K+ ion coordination as it 

traverses through channel. Na+, a smaller ion, couldn’t properly fit in the 

coordination sites, hence the K+ selectivity, similar to the snug-fit model of 

selectivity of Armstrong and Bezanilla. 

 

 
 
Figure 2-8 – Different views of the KcsA potassium channel structure (PDB ID- 
1bl8). A) and B) show the side and top views of the tetrameric channel, 
respectively, each subunit represented with a different color. The ion conduction 
pathway is clearly visible from B) with the green dot representing the K+ ions. C) 
shows two opposite subunits, with the outer (M1) and inner (M2) helices labeled 
as such. Front and back subunits were removed for clarity. Pore helices (labeled 
P) are colored yellow while the selectivity filter is shown in orange. The central 
cavity and bundle crossing are also shown. 
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A clearer picture of the KcsA selectivity filter came with the high-

resolution structure in which the KcsA protein was complexed with an Fab 

fragment of a monoclonal antibody (Zhou et al., 2001) raised against the 

tetrameric channel. In the structure, the Fab fragments were attached to the 

extracellular turret of the channel. The Fab fragment apparently helped in getting 

a higher resolution structure, presumably due to increased polar contacts of the 

complex, which improves crystal quality. The high resolution structure clearly 

showed that carbonyl groups of the signature sequence residues orient themselves 

toward the ion conduction pathway forming four equivalent K+ binding sites 

(Figure 2-9) that mimic the hydration shell of a K+ ion in aqueous solution. Their 

orientation and organization are such that K+ ions can pass through only after 

complete dehydration. The carbonyl groups thus provide a water-like coordination 

environment for K+ ions in transit (Figure 2-9). Each K+ ion is coordinated by 

eight carbonyl groups in square-antiprism coordination (Figure 2-9C, D), similar 

to the first hydration shell of K+ ions in water. After passing through the 

selectivity filter, K+ ions are rehydrated in the central aqueous cavity. These 

features of the potassium channel, acting in concert, account for the exhibited 

high K+ selectivity and permeation rates. 

A series of high resolution X-ray structures of other K+ channels soon 

followed and showed that they share the same selectivity filter organization as the 

one described above supporting the idea that most K+ channels generally have 



32 
 

 
 

similar selectivity filters. The structure of another bacterial K+ channel, MthK, 

(Jiang et al., 2002) provided the open pore conformation of K+ channels, in 

contrast to the closed  KcsA structure (Figures 2-8, 2-9). The mechanics of gating 

is still not well understood, but these two structures provided a perspective of the 

open and closed conformations in potassium channels. The key insight from 

comparing the two structures is the relatively unchanged selectivity filter despite 

the dramatic movement in the inner helices. In addition to KcsA and MthK 

structures, this is also shown in structures of other K+ channels- the inward 

rectifier bacterial K+ channel KirBac (Kuo et al., 2003), the voltage-gated 

bacterial K+ channel KvAP (Jiang et al., 2003) and the eukaryotic voltage-gated 

Shaker family K+ channel Kv1.2 (Long et al., 2005). In all of these structures the 

selectivity filter structure is generally the same and their variety mainly arises 

from their gating mechanism.  
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Figure 2-9 – High resolution structure of the KcsA potassium channel showing 
coordination of K+ ions in the selectivity filter. A) shows two subunits of KcsA 
(PDB ID 1K4C), the selectivity filter (in box), with coordinating water molecules 
(red spheres) in the extracellular entryway and the central cavity; B) detailed 
structure and 2Fo-Fc electron density map, contoured at 2σ, of the selectivity 
filter; C) is representation of K+ coordination by main chain carbonyl groups and 
D) a geometrical representation of the K+ coordination in C). 
 

A) B)

C) D)
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These structures provided deeper insights into the selectivity filter of the 

channels at atomic level adding a structural dimension to mechanistic discussions. 

However, the molecular mechanism of ion selectivity is still a heavily debated 

subject. Along with the high resolution structure of KcsA-Fab was a comparison 

of selectivity filter structures in high and low concentrations of K+. At high 

concentrations of K+ (≥20mM) the KcsA selectivity filter contains the four K+ 

binding sites (Figure 2-9, 2-10A), coined the ‘conducting’ conformation. In 

crystallization solutions containing Na+ and low K+ (~3mM) the selectivity filter 

structure changed significantly losing the middle two of the four  K+ binding sites 

resulting in what the authors called ‘non-conducting’ or ‘collapsed’ conformation 

(Figure 2-10B) (Zhou et al., 2001). The structural model of selectivity emerged 

from these structural analyses, emphasizing geometric precision and structural 

rigidity. Briefly, it argued that the narrow pore is optimized so that K+ can fit 

snugly without facing energetic penalty while the smaller Na+ would face bigger 

energetic cost because it cannot fit snuggly. This structural view of selectivity is 

similar to Armstrong and Bezanilla’s geometrical snug-fit model (Figure 2-11). 
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Figure 2-10 – Structure of the KcsA K+ channel selectivity filter in high (A, PDB 
ID 1K4C) and low (B, PDB ID 1K4D) K+ concentration and (C) is a structural 
alignment of the two. Front and back subunits are removed for clarity. In (A) K+ 
ions (green spheres) occupy all four ion binding sites keeping the selectivity filter 
intact. However, the low-K+ structure (B) shows considerable structural 
rearrangement and only two K+ ions inside the selectivity filter. Red spheres 
represent water molecules, dashes show distances between interacting atoms.  
 

 
Figure 2-11 – The snug-fit model of selectivity (adapted from Armstrong, 2007). 
The bigger K+ ions (orange spheres) fit snugly in the coordination environment 
made by the carbonyl ligands in the selectivity filter of the potassium channel as it 
would be hydrated in an aqueous solution (A). Na+ ions (yellow spheres) on the 
other hand being small cannot fit snugly in the carbonyl coordination environment 
as it would in an aqueous environment. Ions must be completely dehydrated to 
pass through channel losing their stabilizing hydration energies. Compensatory 
energies during ion conduction through the channel are thus favorable for K+ but 
not for Na+ ions (B), resulting in selectivity. 

A) B)

A)     B)    C) 
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A major counter argument to the geometrical model invokes the intrinsic 

dynamics of proteins. Based on molecular dynamics simulations on KcsA Beniot 

Roux argues that root-mean-square fluctuations of the atoms lining the selectivity 

filter are in the order of 0.75 to 1Å, in agreement with the B-factors of those 

atoms in KcsA (Noskov et al., 2004; Noskov and Roux, 2006). This thermal 

fluctuation is significantly greater than the difference in ionic radii of K+ and Na+ 

ions (~0.38Å), arguing that the selectivity filter is flexible enough to 

accommodate sodium without undergoing drastic rearrangement, thus suggesting 

that selectivity may not result purely from geometrical constraints. He proposed 

that selectivity may arise locally, “from the intrinsic physical properties of the 

ligands coordinating the ions passing through the channel”, more importantly the 

attractive and repulsive forces between ions and/or coordinating ligands. 

Asserting the fluid-like nature of the coordinating carbonyl ligands through 

molecular dynamics calculations, Roux proposes that selectivity arises from 

properly oriented freely fluctuating dipoles of correct strength (Noskov et al., 

2004).  

The above ‘fluctuating dipole’ model starts with several assumptions. 

First, it leaves out any geometrical contributions/constraints from the protein. It is 

not clear how the coordinating ligands are held in place without such contribution. 

Second, it emphasizes the unique suitability of carbonyl moieties as ligands for 

K+ complexation. Taking these and other factors into consideration Bostick and 



37 
 

 
 

Brooks provided an alternative mechanism emphasizing the coordination 

chemistry as determining ion selectivity (Bostick and Brooks, 2007).  Based on 

their molecular dynamics simulations, they propose that, provided coordination 

number constraints, water molecules can provide selective environments as 

carbonyl groups can. As a result, they argue that selectivity arises because the 

ions have optimal coordination environments; eight for K+, six for Na+ and four 

for Li+. Though many factors contribute to attain selectivity, this approach does 

have its merits since the crystal coordination chemistry differs among the ions and 

it emphasizes structural constraints. This will be further discussed in the next 

section.  
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NAK CHANNEL AND NON-SELECTIVITY 

 

In their breakthrough paper (Doyle et al., 1998) the MacKinnon group 

proposed that the inverted teepee pore architecture of the KcsA potassium channel 

structure is probably shared with other tetrameric cation channels, including the 

voltage-gated sodium and calcium channels and the cyclic nucleotide-gated 

channels. This, however, has not yet been confirmed or disproved, as there has 

not been success in getting X-ray crystal structure of any of the other members of 

the tetrameric cation channel family. 

In an attempt to model the pore architecture of cyclic nucleotide-gated 

channels and study their selectivity filter, our lab crystallized and determined the 

X-ray crystal structure of a Na+ and K+ conducting channel from Bacillus cereus, 

thought to be a bacterial homologue of CNG channels (Shi et al., 2006). Many 

interesting features emerged from the structure in comparison to the KcsA 

structure. Overall topology and the inverted teepee pore architecture remain 

essentially the same (Figure 2-12A, B) as had been proposed by the MacKinnon 

group. There also is a central aqueous cavity and the pore helices are oriented 

with their dipoles toward the cavity, also similar to KcsA and other potassium 

channels. The most distinct difference arose in the selectivity filter region of the 

protein. Comparing their amino acid sequences (Figure 2-12C, D) the NaK 

channel replaces the Tyrosine within the TVGYG sequence of the KcsA 
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selectivity filter with an Aspartate resulting in a TVGDG sequence. Though ions 

are still coordinated with main chain carbonyl groups in the resulting structure, 

just like in KcsA, this single amino acid change resulted in a dramatic 

conformational change in the selectivity filter. The carbonyl groups of the 

Aspartate and the first Glycine move away from the ion conduction pathway 

forming a vestibular structure (Figure 2-12D) leaving only two of the four ion 

binding sites, equivalent to sites 3 & 4 of KcsA. The carbonyl group of the second 

Glycine forms a well defined external ion binding site in NaK, which is unique 

compared to all previous structures. In the vestibule of NaK, ions can diffuse in 

and out but cannot specifically bind, which presumably is the cause for the non-

selective nature of NaK. This non-selective nature of NaK has been shown with a 

radioactive tracer uptake assay using 86Rb+ as the tracer ion (Shi et al., 2006) and 

also by several recent high resolution structures of NaK in different ions, 

especially Na+ (Alam and Jiang, 2009a, b). The fact that NaK can be crystallized 

in Na+-only crystallization conditions is in sharp contrast to KcsA where the 

selectivity filter collapses in low K+ and high Na+ conditions (Zhou et al., 2001).  
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Several peculiar features emerged out of the NaK structures. First is the 

coordination of Na+ ions. Unlike in KcsA the NaK selectivity filter didn’t collapse 

in Na+, it remains intact and the protein can be crystallized in the absence of K+ 

(Alam and Jiang, 2009b). More important for our understanding of selectivity is 

that while Na+ is coordinated within the selectivity filter the mode of coordination 

was very different from that of K+ (Figure 2-13).  K+ coordination is similar to 

that observed in K+ channels – eight coordinating ligands forming a square-

antiprism coordination (Figure 2-13 A, B). In contrast, Na+ ions were shown to 

coordinate in-plane with the carbonyl ligands, effectively reducing the number of 

ligands as a result of spatial constraints thus having a coordination number of five 

together with additional water molecules (Figure 2-13 C, D) (Alam and Jiang, 

2009b). This finding argues for a combination of structural and coordination 

constraints as the determining factors for selectivity.  
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Figure 2-13 – K+ and Na+ coordination in the NaK channel. Panels (A) and (B) 
depict selectivity filter structures of NaK in K+ (PDB ID-3E8H) and in Na+, 
respectively. Coordinating oxygen ligands from main chain carbonyl groups and 
water molecules are represented by large and small red spheres, respectively. K+ 
ions (green spheres) in the selectivity filter and extracellular entryway are 
coordinated by carbonyl ligands with or without additional water ligands (A), 
showing virtually identical square-bipyramidal coordination as in K+ channels. In 
contrast, Na+ (yellow spheres) coordination at the intracellular end of the 
selectivity filter (B) shows Na+ coordinated with four hydroxyl oxygens from 
Thr63 and a water ligand creating a square-pyramidal coordination. Front and 
back subunits are removed for clarity. Brown sphere represents an ion not clearly 
identified in the report.  
 

Another important outcome of the structural studies on NaK is the 

coordination of Ca2+ exclusively with the main chain carbonyl groups similar to 

the coordination of monovalent cations. Earlier thoughts of Ca2+ coordination, in 

CNG and Ca2+ channels or other Ca2+ binding proteins, generally revolved around 

the necessity of binding sites formed by carboxylate groups of acidic amino acid 

residues (Glutamate or Aspartate), emphasizing the need to offset its double 

positive charge (Ellinor et al., 1995; Pidcock and Moore, 2001). The structure of 

B) A) 
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NaK, however, clearly showed that Ca2+ is chelated purely by main chain 

carbonyl groups. Ca2+ binds in the extracellular entryway and in site 3 of the NaK 

selectivity filter. Structural analysis of several point mutations revealed that the 

Aspartate residue at the external mouth, though not directly involved in Ca2+ 

chelation, plays an essential role in Ca2+ binding at the external site, probably via 

a through-space interaction that enhances the dipole strength of the coordinating 

ligands at that binding site (Alam et al., 2007). 

These results led to the suggestion that NaK may be a good structural 

model of the selectivity filter of cyclic nucleotide channels as both NaK and CNG 

channels are notably non-selective and both have clear Ca2+ permeation and 

subsequent blockage of monovalent current, features critical for the physiological 

function of CNG channels. However, several contradicting properties emerged 

subsequently. A detailed analysis of protein sequence showed sharp deviations in 

the C-terminal of the selectivity filter. Moreover, analysis of Ca2+ blockage 

revealed that NaK and CNG channels exhibit substantial differences. An 

Aspartate-to-Glutamate mutation in the NaK filter led to higher Ca2+ affinity,  

whereas the reverse is true for CNG channels. In addition, NaK has a sub-

millimolar Ca2+ affinity, much weaker than most CNG channels.  As a result, 

wild-type NaK, though it captures some properties of CNG channels, lacks other 

critical characteristics and as such may not be a good structural model of the 

selectivity filter of cyclic nucleotide-gated channels. 
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CYCLIC NUCLEOTIDE-GATED (CNG) CHANNELS 

 

Since ion channels are gated ion pores, they respond to a stimulus to open 

and close. Voltage-gated K+, Na+ and Ca2+ channels are gated by change in 

membrane potential, cyclic nucleotide channels, as their name implies, are gated 

directly by binding of cyclic nucleotides to their C-terminal cyclic nucleotide 

binding domains while mechanosensitive channels are gated by a change in 

membrane tension. 

The first report of a channel directly activated by a cyclic nucleotide came 

from Fesenko et al in 1985 (Fesenko et al., 1985), where intracellular cGMP was 

shown to activate cation selective channels of the frog retinal rods in the absence 

of nucleoside triphosphates. Before this report of direct interaction, cyclic 

nucleotides were thought to control the activity of proteins via phosphorylation 

mediated cyclic nucleotide dependent kinases. However, in this study neither ATP 

nor GTP was able to elicit channel activity even at 1mM concentration. 

Subsequently, similar channels were discovered in cone photoreceptors (Haynes 

and Yau, 1985) and olfactory sensory neurons (Nakamura and Gold, 1987). 

Several subsequent reports helped establish the functional importance of these 

nucleotide activated channels in rods, cones and olfactory sensory neurons 

beyond any reasonable doubt. Despite many reports of these channels in other cell 
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types of vertebrates or lower organisms their molecular function has yet to be 

fully established (Kaupp and Seifert, 2002). 

Mode of operation of CNG channels in light sensing and olfaction is 

different. In CNG channels of photoreceptors, the rods and cones of the eye, 

cGMP is bound in the dark keeping the channels open and maintaining a steady 

inward current. This current, made up primarily of Ca2+ and Na+, is called the 

dark current and results in the depolarization of outer segment. These channels are 

so sensitive that they can respond to a single photon of light. When light strikes 

the retina the photo-transduction cascade is activated (Figure 2-14A) (Craven and 

Zagotta, 2006). In rods, photoreceptors responsible for vision in dim light, when 

light strikes the retina a photon of light is absorbed by the chromophore of 

rhodopsin (the rod visual pigment), 11 cis-retinal, causing its isomerization and 

activating the protein. Rhodopsin then activates the G-protein transducin that will 

activate phosphodiesterase (PDE). PDE hydrolyzes cGMP into 5’-GMP reducing 

the intracellular cGMP concentration leading to the closure of the CNG channels. 

This will result in a decrease in the dark current and then hyperpolarization of the 

photoreceptor’s outer segment. Downstream neurons and cells then translate this 

termination of neurotransmitter signal as the detection of a photon. Cones, 

photoreceptors responsible for vision in bright light, also have similar 

transduction mechanism the only differences being the ability of cones to adapt to 
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a wider spectrum of light because they have three light pigments (blue, green, and 

red) and their decreased light sensitivity. 

 

 
 
Figure 2-14 – Simplified cartoon comparing mode of action of CNG channels in 
photo (A) and olfactory (B) transduction. A) shows the transduction cascade in 
rod photoreceptors, in which rhodopsin is activated after absorption of a photon 
activating g-protein coupled signal transduction that in the end reduces the 
concentration of cGMP thereby closing the CNG channel. In contrast, in the 
olfactory transduction cascade (B) odorant reception results in production of more 
cAMP resulting in the opening of the CNG channel;  PDE- phosphodiesterase, 
AC- adenylyl cyclase.  
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While photoreceptors react to removal of cyclic nucleotide ligand, the 

olfactory system is based on its production with stimulation. As shown in Figure 

2-14B, when odorant molecules bind to olfactory receptors, adenylate cyclase is 

subsequently activated producing more cAMP and increasing the intracellular 

cAMP concentration. This newly produced cAMP will bind to CNG channels 

opening them, allowing ion flow and depolarizing the olfactory neuron. Olfactory 

sensory neurons (OSN) are highly selective due to the presence of many different 

odorant receptors. For instance, OSNs of humans can discriminate between more 

than 10,000 different odorous compounds and most other mammals even more 

(Craven and Zagotta, 2006; Prasad and Reed, 1999). In addition, given the signal 

amplification of this cascade, olfactory neurons are sensitive to the presence of 

only a few odorant molecules. 

The first CNG channel gene, CNGA1 following new nomenclature 

(Bradley et al., 2001), was cloned in 1989 by Kaupp and coworkers from bovine 

retinal rods (Kaupp et al., 1989). Other names referring to CNGA1 in the older 

literature include CNG1, RCNC1, and α1 (see below for standardized 

nomenclature). Subsequently, five more vertebrate CNG channel genes were 

found (Kaupp and Seifert, 2002). These channels were divided into two groups 

based on sequence similarity, the CNGAs and CNGBs (Kaupp and Seifert, 2002). 

The first group, the CNGAs (previously called CNGαs), has four members- 

CNGA1, CNGA2, CNGA3 and CNGA4. The CNGA’s are the principal channel 
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forming subunits, which, except for CNGA4, can form functional homotetrameric 

channels on their own that recapitulate most properties of native channels in a 

heterologous expression system. CNGA1 is the rod principal subunit, CNGA2 is 

the primary ‘A’ channel in cones while both CNGA2 and CNGA4 are expressed 

in olfactory sensory neurons. The second group contains the modulatory/auxiliary 

subunits, which has two members, CNGB1 of rods and CNGB3 of cones. These 

subunits cannot form functional channels by themselves but modify the functions 

of the ‘A’ subunits when co-expressed. The absence of CNGB2 designated 

subunit is a nomenclature discrepancy. CNGA4 was initially named olfactory β 

subunit or CNGB2, but later grouped with the ‘A’ subunits based on overall 

sequence similarity and functional sequence motifs. The CNGB3 was to maintain 

its designation than to be named CNGB2 (Bradley et al., 2001). 

 

Table II. Standardized nomenclature of cyclic nucleotide-gated ion channels 

(Bradley et al., 2001) 

 

Adopted nomenclature Previous designations 
CNGA1 CNG1/CNGα1/RCNC1 
CNGA2 CNG2/CNGα3/OCNC1 
CNGA3 CNG3/CNGα2/CCNC1 
CNGA4 CNG5/CNGα4/OCNC2/CNGB2 
CNGB1 CNG4/CNGβ1/RCNC2 
CNGB3 CNG6/CNGβ2/CCNC2 
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Further variations result from alternative splicing, especially for CNGA3 

and CNGB1 subunits (Kaupp and Seifert, 2002). The splice variants of CNGA3 

vary in their NH2-terminus and they physiologically occur in different cell types 

or organisms but their comparative difference is not well understood. The CNGB1 

subunit also have several splice variants among which the two most important are 

B1a and B1b, expressed in rods and OSNs, respectively. 

As a member of the tetrameric cation channel family, CNG channels 

function as tetramers. Initially, they were thought to function as homotetramers of 

the A(α) subunit (Kaupp et al., 1989). However, subsequent identification of the 

B(β) subunits as auxiliary subunits that fine-tune functions of the A(α) subunits 

indicated that these channels may function as heterotetramers. Heterologously 

expressed, the A(α) subunits form functional channels, perceived as 

homotetramers, with only slight variation in their properties from native 

heteromeric channels. Though the heterotetrameric nature has subsequently been 

generally accepted, the stoichiometry of the A and B subunits has not been well 

established. The rod CNG channel has been proposed to have 2A:2B 

stoichiometry (Shammat and Gordon, 1999). Using cross linking, non-denaturing 

gel electrophoresis and analytical ultracentrifugation Zhong et al identified a 

carboxy terminal leucine zipper domain in the ‘A’ subunits of rod and cone CNG 

channels that mediates a trimeric interaction, suggesting a 3A:1B stoichiometry 

(Figure 2-15) (Zhong et al., 2002). The olfactory CNG channel has also been 
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found to assume the 3A:1B stoichiometry but since it has two types of ‘A’ 

subunits (A2 & A4) the specific stoichiometry follows 2A2:1A4:1B1b (Figure 2-

15) (Zheng and Zagotta, 2004). 

 

 
 
Figure 2-15 – Topology of CNG channels. Monomer (A) has six transmembrane 
segments and a C-terminal cyclic nucleotide binding site. Selectivity filter is 
shown in orange. Tetramer (B) is the biologically relevant molecule. 
 

Sequence similarities with voltage-gated K+, Na+ and Ca2+ channels 

suggested that CNG channels monomers consist of six-transmembrane spanning 

segments, designated S1-S6, harboring the ion conduction pore between the 5th 

and 6th transmembrane segments, followed by a cyclic nucleotide binding domain 

in the C-terminus (Figure 2-15). The S4 segment in these channels has similar, 

albeit fewer, positively charged residues as those thought to be responsible for 

voltage sensing in voltage-gated K+, Na+ and Ca2+ channels. However, CNG 
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channels are not gated by voltage and the function of the voltage sensor domain is 

not well understood, except that channel function can be modulated by voltage. 

As a member of the pore-loop family of ion channels CNG channel pores 

share the basic pore loop architecture with other members (Ashcroft, 2006). 

Sequence comparison with K+ channels reveals a striking resemblance in the pore 

region, especially in the selectivity filter, though these two channels have 

markedly different function and ion permeation properties - CNG channels are 

largely non-selective to most group I and II cations while K+ channels are highly 

selective. Both CNG and K+ channels share a highly conserved T(V/I)G sequence 

in the N-terminus of their selectivity filters. This conservation and the presence of 

the S4 segment in CNG channels, albeit of no known function, may suggest a 

common ancestor for CNG and K+ channels. Moreover, this similarity in their p-

regions suggests that they have same or closely related pore structure. In support 

of this, a very clever work by Heginbotham et al deleted two residues from the 

Shaker K+ channel selectivity filter signature sequence (YG of the TVGYG) 

based on a sequence alignment with CNG channels (Heginbotham and 

MacKinnon, 1993). The deletion mutant displayed many of CNG channel 

permeation properties- it became non-selective and showed blockage of 

monovalent current by divalent cations, especially Ca2+. Therefore, though these 

two groups of channels have the same pore architecture and have the same protein 

sequence in the N-terminal portion of their selectivity filters, the difference in 
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their permeation properties may have resulted from difference in the protein 

sequence of their C-terminal half of the selectivity filters and/or structural 

differences in their selectivity filters.  

CNG channels are known to discriminate poorly among monovalent 

cations and are permeable to divalent cations, especially Ca2+, which has direct 

relevance to their cellular function because Ca2+ permeability is associated with 

blockage of monovalent current. Relative permeability values of CNG channels 

for monovalent cations shows that different CNG channels have very little 

variation in their ion selectivity sequence (Table III). Heterologously expressed 

homotetramers (A subunits) or heterotetramers (3A + B) generally have similar 

permeability ratios as the corresponding native channels. 

 

Table III. Ion permeability ratio of different CNG channels 

 

Source of CNG 

channel 

PX+/PNa+, X- other ion Reference 

Li+ Na+ K+ Rb+ Cs+ 

Salamander rods 1.14 1.00 0.98 0.84 0.58 (Menini, 1990) 

Cones 0.99 1.00 1.11 0.96 0.80 (Picones and Korenbrot, 

1992) 

OSNs 0.74 1.00 0.81 0.60 0.52 (Frings et al., 1992) 
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Calcium permeation and block in CNG channels 

 

Ca2+ permeation and subsequent blockage of monovalent cation current is 

crucial for the cellular function of CNG channels. Under physiological conditions 

CNG channels are in fact more permeable to Ca2+ than Na+. In CNG channels of 

photoreceptors and olfactory sensory neurons Ca2+ entry provides a signal 

important for both excitation and adaptation. In photoreceptors, it is part of a 

negative feedback mechanism that regulates recovery of the light response and 

light adaptation. Ca2+ permeation lowers channel conductance by effectively 

blocking monovalent cation currents. In rods, photoreceptors responsible for 

vision in dim light, this reduces membrane potential noise and allows the 

photoreceptor cells to detect photons with high sensitivity making them capable 

of detecting even a single photon of light (Yau and Baylor, 1989). 

Several studies suggested that a highly conserved acidic residue (a 

Glutamate) in the pore loop of the A subunits is responsible for the Ca2+ blockage 

properties exhibited by these channels (Eismann et al., 1994; Gavazzo et al., 

2000; Root and MacKinnon, 1993). For Ca2+ to both permeate the channel and 

block monovalent current it must bind at a site inside the pore. Different 

experimental maneuvers aimed at changing the negative charge of the acidic 

residue resulted in changes in Ca2+ binding/blockage property, especially from the 

extracellular side. Eismann, et al (Eismann et al., 1994) mutated the Glu363 of A1 
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channel to Glutamine resulting in a severe reduction of extracellular Ca2+ 

blockage. Gavazzo et al studied the effect of mutating the Glu340 residue of the 

bovine olfactory A2 channel (Gavazzo et al., 2000) into different amino acids on 

divalent cation permeation and blockage and found that mutations that eliminate 

the negative charge severely reduced extracellular divalent cation blockage. 

Similarly, Root et al, found that mutating the Glu363 of the A1 channel to 

residues that do not carry a negative charge abolished extracellular divalent cation 

blockage, arguing that the acidic residue is necessary and sufficient for this 

property (Root and MacKinnon, 1993). In a related note, the latter group also 

reported that among divalent cations Ca2+ exhibits a much higher affinity and 

permeates more than Mg2+, Sr2+ or Ba2+ (Park and MacKinnon, 1995). All groups 

also tested the effect of the chemically conservative Glutamate to Aspartate 

(E D) mutation, which maintains the negative charge and found that generally 

Ca2+ blockage is enhanced. It is important to note that different native channels do 

exhibit substantial differences in their Ca2+ permeation and blockage properties 

(Frings et al., 1995). In addition, lowering the pH presumably protonated those 

acidic residues and correspondingly reduced Ca2+ blockage (Root and 

MacKinnon, 1994). It was reasoned that the Glutamate residues forming two 

independent proton binding sites with a carboxyl-carboxylate pair (Morrill and 

MacKinnon, 1999). 
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 Ca2+ can block monovalent current both from the intracellular or 

extracellular side in a strongly voltage dependent manner, inward currents being 

suppressed stronger that outward currents (Eismann et al., 1994). This property is 

characteristic of a binding/ permeating positively charged molecule indicating the 

presence of a Ca2+ binding site inside the channel pore (Colamartino et al., 1991; 

Karpen et al., 1993). In Kaupp et al study of the rod photoreceptor Ca2+ blockage 

properties, a plot of fraction of unblocked current against holding potential shows 

that blockage by internal Ca2+ decreased upon depolarization (Eismann et al., 

1994), indicating the blocking ion (Ca2+) binding inside the pore, exit facilitated 

by increasingly positive voltages. Blockage by external Ca2+ shows the decrease 

of unblocked current upon hyperpolarization up to a certain value (~-30mV), but 

further hyperpolarization enhanced the unblocked current or reduced blockage. 

This relief of blockage at more negative voltages has been explained as 

permeation by Ca2+. This also supports the necessity of the blocker ion binding 

inside the pore. Kaupp et al estimated that divalent cations entering the pore from 

extracellular side should travel ~35% of the transmembrane field to reach the 

binding site. Kaupp et al also suggested that at positive voltages blockage by 

external divalent cations can be described as one blocker ion occluding the 

pathway. And, at negative voltages, because blockage shows strong dependence 

both on voltage and concentration they suggested the necessity of two or more 

blocker ions in the pore to occlude channel. Moreover, these binding sites may be 
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formed by the carboxylate groups of the glutamate side chain, which has yet to be 

proved. 

 

CNG channelopathies 

 

Naturally occurring mutations in CNG channel genes of humans have 

been reported to cause several forms of impairment of vision. Mutations on the 

human rod CNGA1 and CNGB1 channels have been shown to result in retinitis 

pigmentosa, a progressive degeneration of the retina that affect night and 

peripheral vision ultimately leading to total blindness (Dryja et al., 1995). Another 

human vision disorder called achromatopsia (also referred to as total color-

blindness or rod monochromacy (RM)) is caused by mutations on the cone 

photoreceptor’s CNGA3 and CNGB3 channel genes (Kohl et al., 2000; Kohl et 

al., 1998). This is a rare, autosomal recessive inherited and congenital disorder 

characterized by total loss of color discrimination, reduced visual acuity and 

photophobia. Targeted gene disruptions have been used to get phenotypic insight 

on these and other CNG channels (Biel and Michalakis, 2007; Kaupp and Seifert, 

2002; Pifferi et al., 2006).   
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CHAPTER THREE 

Methodology 

  

The ultimate objective of this study is to get a detailed molecular picture 

from the perspective of structure about the ion selectivity mechanism and 

permeation properties of CNG channels using the bacterial NaK channel as a 

model system. As described earlier, CNG channels are non-selective cation 

channels that are important in visual and olfactory systems. Though these 

channels have high homology with tetrameric cation channels such as the voltage-

gated K+, Na+ and Ca2+ channels and are considered to be members of this family, 

they are noted for their non-selectivity while the other members exhibit a high 

degree of ion selectivity. The CNG channels conduct all alkali and some alkaline 

earth metal ions, most notably Ca2+. How the CNG channel pore can adapt to all 

these cations, which have substantially different ionic radii and formal charges, is 

not well understood. 

 CNG channel function is very well established from a wealth of functional 

information. Mechanistic insights, especially as it relates to their ion selectivity 

and permeation properties, has however been lacking due to absence of detailed 

structural information. Recent structural work on the prokaryotic non-selective 

cation channel NaK has shed light on the molecular mechanisms underlying mono 

and divalent cation binding (Alam and Jiang, 2009b; Shi et al., 2006). NaK bears 
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some sequence and functional similarities with CNG channels. These two 

channels share a highly conserved N-terminal T(V/I)G sequence in their 

selectivity filters. In addition, NaK carries an Aspartate residue after this 

sequence, which is at an equivalent position as the key acidic residue (usually 

Glutamate) of CNGA channels (Figure 3-1). NaK is also non-selective and 

exhibits divalent cation blockage of monovalent current, both of which are 

characteristic properties of CNG channels. The NaK selectivity filter structure 

markedly differs from that of K+ channels and is thought to underlie its non 

selective nature and divalent cation binding properties (Figure 2-12). Most 

importantly, work on the NaK channel demonstrates that selective Ca2+ chelation 

can be accomplished utilizing backbone carbonyl groups from the selectivity filter 

alone with nearby acidic residues imparting Ca2+ specificity via a through space 

interaction with the Ca2+ chelating groups (Alam and Jiang, 2009b; Alam et al., 

2007). These similarities pointed to the possibility of NaK being a homologue of 

CNG channels and its structure insightful of CNG pores. However, even though 

general principles learned from NaK likely hold true for CNG and other Ca2+ 

permeable channels, the approach is limited in its ability to model certain aspects 

of CNG channel biology.  Close examination of the protein sequences of these 

channels shows that considerable differences exist at the C-terminal end of their 

selectivity filters both in amino acid composition and sequence length (Figure 3-

1). Moreover, the sub-milimolar affinity of external Ca2+ binding observed in 
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NaK is much weaker than that of most CNG channels and an Asp-to-Glu 

mutation in the NaK filter leads to a higher Ca2+ binding affinity whereas the 

opposite holds true for CNG channels. These key discrepancies suggest that the 

structure of NaK may not represent well the structure of CNG channel selectivity 

filters. Therefore, to accurately recapitulate the ion selectivity and Ca2+ blockage 

properties in CNG channels, several mutant NaK channels were generated by 

altering its selectivity filter sequence to match those of CNG channels and their 

structures determined in complex with various cations at high resolution. 

Furthermore, quantitative electrophysiological and complimentary radioactive 

uptake assays which show that the mutants share the same ion selectivity 

properties as CNG channels were established. Data strongly suggest that the 

mutant structures represent quite well the structures of CNG channel pores and 

provide novel insights into understanding the ion selectivity in CNG channels. 
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Figure 3-1 – Partial sequence alignment between NaK, K+ channels KcsA, MthK and Shaker K channel and CNG 
channels from drosophila (designated by dCNG), human (hCNG), rat (rCNG) and bovine (bCNG). Shaded in orange 
are the residues in NaK that were being replaced by corresponding residues in CNG channels; boxes in magenta show 
the difference at the c-terminal selectivity filter sequences in different CNG channels/subunits. Secondary structure 
assignment is based on NaKNΔ19 structures (PDB code 3E86) and only regions corresponding to the start of the pore 
helix to the end of the inner helix in NaK are shown.  Asterisks mark the positions where mutagenesis were performed 
on bovine CNGA1 based on NaK-ETPP mutant structure and arrows indicate the residues for swap mutation. 

NaK        : 
CNGDrmelan : 
CNGDrgambi : 
CNGDrwilli : 
HumanCNGA1 : 
RatCNGA1   : 
BovineCNGA : 
HumanCNGA2 : 
RatCNGA2   : 
BovineCNGA : 
HumanCNGA3 : 
RatCNGA3   : 
BovineCNGA : 
HumanCNGA4 : 
RatCNGA4   : 
BovineCNGA : 
HumanCNGB1 : 
HumanCNGB3 : 
Shaker     : 
KcsA       : 
MthK       : 

PIDALYFSVVTLTTVGDGNFSPQTDFGKIFTILYIFIGIGLVFGFIHKLAVNVQLPSI
YIYSFYWSTLTLTTIGETPT-PENDVEYLFVVADFLAGVLIFATIVGNIGSMISNMN-
YIYSFYWSTLTLTTIGETPT-PENDAEYLFVVADFLAGVLIFATIVGNIGSMISNMN-
YIYSFYWSTLTLTTIGETPT-PENDAEYLFVVADFLAGVLIFATIVGNIGSMISNMN-
YVYSLYWSTLTLTTIGETPP-PVRDSEYVFVVVDFLIGVLIFATIVGNIGSMISNMN-
YVYSLYWSTLTLTTIGETPP-PVLDSEYVFVVVDFLIGVLIFATIVGNIGSMISNMN-
YVYSLYWSTLTLTTIGETPP-PVRDSEYFFVVADFLIGVLIFATIVGNIGSMISNMN-
YIYCLYWSTLTLTTIGETPP-PVKDEEYLFVIFDFLIGVLIFATIVGNVGSMISNMN-
YIYCLYWSTLTLTTIGETPP-PVKDEEYLFVIFDFLIGVLIFATIVGNVGSMISNMN-
YIYCLYWSTLTLTTIGETPP-PVKDEEYLFVIFDFLIGVLIFATIVGNVGSMISNMN-
YIYSLYWSTLTLTTIGETPP-PVKDEEYLFVVVDFLVGVLIFATIVGNVGSMISNMN-
YIYSLYWSTLTLTTIGETPP-PVKDEEYLFVVIDFLVGVLIFATIVGNVGSMISNMN-
YIYSLYWSTLTLTTIGETPP-PVKDEEYLFVVIDFLVGVLIFATIVGNVGSMISNMN-
YLYSFYFSTLILTTVGDTPP-PAREEEYLFMVGDFLLAVMGFATIMGSMSSVIYNMN-
YLYSFYFSTLILTTVGDTPL-PDREEEYLFMVGDFLLAVMGFATIMGSMSSVIYNMN-
YLYSFYFSTLILTTVGDTPL-PAQEEEYLFMVGDFLLAVMGFATIMGSMSSVIYNMN-
YIRCYYFAVKTLITIGGLPD-PKTLFEIVFQLLNYFTGVFAFSVMIGQMRDVVGAAT-
YLRCYYWAVRTLITIGGLPE-PQTLFEIVFQLLNFFSGVFVFSSLIGQMRDVIGAAT-
IPDAFWWAVVTMTTVGYGDMTPVGVWGKIVGSLCAIAGVLTIALPVPVIVSNFNYFYH
YPRALWWSVETATTVGYGDLYPVTLWGRCVAVVVMVAGITSFGLVTAALATWFVGREQ
WTVSLYWTFVTIATVGYGDYSPSTPLGMYFTVTLIVLGIGTFAVAVERLLEFLINRE-
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Generation of NaK mutants that mimic CNG channel pores  

 

 Several mutants of NaK that carry selectivity filter sequences of CNG 

channels were generated based on a sequence alignment (Figure 3-1) between 

NaK, K+ channels, and various CNG channels. Significant differences were 

observed in the selectivity filter region C-terminal to the conserved T(V/I)G 

residues shared by all three groups. In CNG channels four patterns are observed. 

Most vertebrate CNG channels contain a sequence of ETPP right at the C-

terminal end of their selectivity filters in which the conserved glutamate plays an 

important role in Ca2+ binding.  Replacing this Glutamate with Aspartate was 

shown to enhance Ca2+ binding while replacing it with neutral residues 

(Asparagine or Glutamine) significantly diminishes the Ca2+ affinity.  The 

auxiliary CNGA4 channels have a DTPP/L sequence, CNGB channels have 

GLPE/D sequence while those mainly occurring in insects have a sequence of 

ETPT. On the other hand, the NaK channel has an amino acid sequence of 

DGNFS at the equivalent region which only shares the conserved acidic residue 

(Asp66) with CNGA subunits. Furthermore, the length of the sequence at this 

region seems to be one residue longer in NaK than in CNG channels. 

Accordingly, the five residues of NaK were replaced with four residues of CNG 

channels. Specifically, the NaK filter sequence of TVGDGNFSP was replaced 

with TVGETPPP to mimic the filter of most common CNG channels, with 
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TVGDTPPP to mimic the charge conservative Glu-to-Asp mutant of CNG (A1-

A3) channels and the auxiliary A subunit CNGA4, with TVGNTPPP and 

TVGQTPPP to mimic the uncharged Glu-to-Asn, and Glu-to-Gln mutants of 

CNGA channels, respectively, with TVGETPTP to represent insect CNG 

channels and TVGGLPEP to represent the auxiliary B channels.  In order to 

minimize perturbation, two other modest mutations- TVGDTPSP and 

TVGNTPSP- were also made with three of the four residues mutated to two.  

These mutants will be referred to as- NaK-ETPP, NaK-DTPP, NaK-NTPP, NaK-

QTPP, NaK-ETPT, NaK-GLPE, NaK-DTPS and NaK-NTPS. 

All of the above CNG-mimicking NaK mutants were generated on the 

background of NaKN∆19 channel, a truncated form of the NaK channel from 

Bacillus cereus lacking the N-terminal 19 residues. The gene encoding NaK-

Nd19 was cloned into pQE60 expression vector between NcoI and BglII 

restriction sites with a c-terminal thrombin cleavage site proceeded by a 

hexahistidine sequence. For functional studies, an extra Phe-to-Ala mutation was 

generated at position equivalent to Phe92 of NaK using the QuickChange II 

mutagenesis kit.  

The NaK mutants exhibit similar biochemical behavior to wild type NaK 

with only minor differences: they all express, can be purified as stable tetramers 

and can be crystallized in similar conditions as NaK, with the exception of NaK-

GLPE. In order to recapitulate properties of the most widely occurring CNG 
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channels the current study focused mainly on mutants similar to most vertebrate 

channel forming subunits (CNG A1, A2 and A3), its corresponding Glu-to-Asp 

and Glu-to-Asn mutants to study the important Ca2+ binding property. 

Accordingly, most of the work and discussion is dedicated to NaK-ETPP, NaK-

DTPP and NaK-NTPP, with some supporting data from NaK-DTPS and NaK-

NTPS. NaK-ETPT and NaK-QTPP exhibit peculiar structural features. They will 

be the focus of future studies. 

 

Protein expression and purification 

 

Protein expression and purification were performed as reported for 

NaKN∆19 (Alam and Jiang, 2009b). Proteins were expressed either in XL1B or 

SG13009 Escherichia coli cells by induction with 0.4mM isopropyl-β-D-

thiogalactopyranoside (IPTG) at OD600 of 0.8-0.9 overnight at 250C for about 

16hrs. For NaK-ETPP, 5mM BaCl2 was added to the culture media to achieve 

optimal expression. After harvesting, cells were resuspended in a solution 

containing 50mM Tris-HCl pH 8, 100mM NaCl or KCl and protease inhibitors 

pepstatin, leupeptin, aprotinin and PMSF. Cells were lysed by sonication and 

expressed proteins extracted by incubating for 3hrs at room temperature with n-

decyl-β-D-maltopyranoside (DM) added to a final concentration of 40mM. This 

was followed by Co2+ affinity purification (Clontech) in 4mM DM with 50mM 
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Tris-HCl pH 8 and 100mM NaCl or KCl and protein was eluted by 300mM 

imidazole after an initial wash step with 15mM imidazole. The imidazole elute 

was incubated overnight with thrombin at room temperature to remove the hexa-

histidine tag. Final purification was performed by size exclusion chromatography 

using Superdex-200 (10/300) column in 4mM DM buffer containing 20mM Tris-

HCl pH 8 and 100mM NaCl or KCl. 

 

 Crystallization and soaking experiments 

 

Purified proteins were concentrated to about 20 mg/ml using an Amicon 

Ultra centrifugal filtration device (50kD MW cutoff) and crystallized at 20oC 

using the sitting drop vapor diffusion method by mixing equal volumes of 

concentrated protein and well solution containing 62.5-70% (±)-2-Methyl-2,4-

pentanediol (MPD) and 100mM buffer of various pH (MES for pH 6.5, HEPES 

for pH 7.0-7.5 and Tris-HCl for pH 8.0 – 8.5). All crystals were frozen in liquid 

propane with the crystallization solution serving as the cryo-protectant. Crystals 

were of space group I4 with unit cell dimensions around a=b=68 Å, c=89 Å, 

α=β=γ=90o and contained 2 molecules per asymmetric unit. The four-fold axis of 

the channel tetramer coincided with the crystallographic tetrad. 

To obtain the structures of NaK mutants in complex with various other 

cations, K+ complex crystals were soaked in different stabilization solutions. In 
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general, the crystals were soaked overnight at 20oC in stabilization solutions 

containing 70% MPD, 10mM DM, 100mM HEPES, pH 7.5, and the chloride salt 

of respective cations which are 100mM NaCl for Na+ complexes, 100mM NaCl 

and 25mM CaCl2 for Ca2+ complexes, or 100mM KCl and 10mM BaCl2 for Ba2+ 

complexes.  All soaked crystals were also directly frozen in liquid propane. 

 

Data collection and Structure determination 

 

X-ray data were collected at the Advanced Photon Source (APS) 

Beamlines 19-ID/BM and 23-ID, and at the Advanced Light Source (ALS) of the 

Lawrence Berkeley Laboratory (LBL) beamlines 8.2.1/8.2.2. Data processing and 

scaling was performed using the HKL2000 software (Otwinowski and Minor, 

1997). The structures were determined by molecular replacement using the 

NaKNΔ19 structure with selectivity filter region omitted as an initial search 

model followed by repeated cycles of model building in O (Jones et al., 1991) and 

refinement in CNS (Brunger et al., 1998). 95.1 % of the residues were in most 

favored regions and 4.9 % in additionally allowed regions on a Ramachandran 

plot. Some discontinuous electron density peaks can be attributed to bound lipid, 

detergent, or other solvent molecules and were assigned as water molecules for 

simplicity. Detailed data collection and refinement statistics are listed in Table IV.   
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Data of soaked and reference crystals were all scaled in the CCP4 suite 

(Bailey, 1994) and their difference maps calculated using Fourier coefficients 

(Fsoak-Freference) with phases from a model that was refined against the reference 

dataset. All ion-omit difference maps using Fourier coefficients (Fo-Fc) were 

calculated with phases from refined models that contained no ions in the 

selectivity filters.  All structure figures were generated in Pymol (deLano, 2002). 

 

Functional studies 

 

Functional characterization of ion channels has largely been based on 

electrophysiological recordings, usually in heterologous expression system 

coupled with protein sequence manipulations. This has yielded enormous amount 

of information for eukaryotic ion channels as they can be readily expressed in 

mammalian cells or in the frog oocyte. In contrast, ion channels from prokaryotes, 

though more suitable for structural studies, have been difficult to study using 

electrophysiological techniques primarily because they do not express readily in a 

heterologous expression system and their gating mechanism is not always clear. 

Past approaches used to get functional information from prokaryotic ion channels 

involved reconstituting protein into lipid vesicles of chosen composition, which 

relies on chance survival of the channel during detergent extraction and lipid 

reconstitution. The proteoliposome thus prepared is studied by radioactive tracer 
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uptake (Enkvetchakul et al., 2004; Garty et al., 1983; Heginbotham et al., 1998), 

planar lipid bilayer setup for single-channel activity (Cuello et al., 1998) or direct 

giant proteoliposome patching for macro- or microscopic current analysis (Cheng 

et al., 2009). Another approach is to express desired bacterial protein in E. coli 

and enlarge the cells into giant spheroplasts by chemically inhibiting cell division, 

which are large enough for direct patch-clamping (Kuo et al., 2007). Of these, the 

radioactive tracer uptake assay and the giant liposome methods are employed in 

this study and will be described. 

 

Liposome preparation 

Lipid vesicles are prepared by hydrating thin lipid films or lipid cakes. To 

obtain the lipid films, solvent is removed by evaporation either by dry stream of 

nitrogen or argon (for small volumes) or a rotary evaporator (for large volumes). 

If the lipid stocks were in powder form it is imperative to dissolve in an organic 

solvent, chloroform or chloroform:methanol mixture, to get a homogenous lipid 

mixture. Complete removal of solvent is key to the quality of the liposomes and is 

achieved by rotating lipid mixture while drying to avoid solvent occlusion in 

clamps of lipid and/or dissolving lipid film in one volume of pentane and re-

drying. The lipid film is finally dried under vacuum for about an hour at the 

lowest setting and tightly sealed and stored until ready to rehydrate. 
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The dry lipid film is hydrated by adding buffer of interest and mixing 

vigorously. Though hydration time may differ based on lipid composition or type, 

one hour of vigorous mixing is usually recommended (AvantiPolarLipids). This 

process produces large, multi-lamellar vesicle (LMV), with each lipid bilayer 

separated by a water layer. To reduce the size of the LMV’s either sonication or 

extrusion can be used. Sonication typically produces small, uni-lamellar vesicles 

(SUV) with diameters ranging from 15-50nm. Bath sonication is the most widely 

used method to produce SUV’s. Probe-tip sonicators, though can be used, suffer 

from the risk of overheating the lipid suspension causing degradation mainly 

because they deliver high energy in a localized area. Several factors, such as 

composition, concentration and temperature affect mean size and distribution of 

SUVs produced by sonication. And because it is impossible to reproduce the 

conditions of sonication, different sizes of SUV’s are produced on different 

batches of sonication. In addition, due to the high degree of membrane curvature, 

SUV’s are inherently unstable and will spontaneously fuse to form larger vesicles. 

Extrusion on the other hand produces SUV’s of more controlled and reproducible 

size. The method involves forcing the lipid suspension through a polycarbonate 

filter with a defined pore size to yield particles having a diameter near the pore 

size of the filter. 
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Protein reconstitution 

In our experiments the dried lipid is usually hydrated with the 

reconstitution buffer to a final concentration of 10mg lipid per milliliter buffer. 

The reconstitution buffer contains the chloride salt of ion of interest at a 

concentration of 450mM for radioactive uptake assays and 100mM for 

electrophysiological studies, 10mM HEPES, with or without 4mM NMG, pH 

adjusted to 7.4 with the hydroxide base of the corresponding salt. Complete re-

suspension of lipid is achieved by pipetting up and down or a brief sonication. 

This lipid mix is then vigorously shaken on a vortexer at room temperature for 

about an hour and then sonicated until clear to generate SUVs as described above. 

Since our channel protein is purified in a detergent buffer, decyl maltopyranoside 

(DM), detergent is added to the hydrated lipid mix to a final concentration of 

10mM and incubated gently, with mixing, over a vortexer for at least two hours. 

After this, the protein is added to the desired protein:lipid (mass) ratio. For 

radioactive uptake assays 1:100 ratio is customarily used while 1:10000 or 1:5000 

ratio is preferred for electrophysiological measurements to reduce channel 

density, which improves the chance of obtaining single channel recordings in 

vesicle patches. A control lipid mix, one without any added protein, is usually 

necessary to establish a baseline. To enhance incorporation of the protein into the 

lipid vesicles, the detergent has to be removed from the mixture. Two methods are 

used for this step, gel filtration (Heginbotham et al., 1998) and dialysis 
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(Nimigean, 2006). The former has the advantage of being fast, while the later is 

more reliable to remove detergent efficiently. Gel filtration may be better for less 

stable proteins since dialysis could take several days. In our experiments the 

dialysis method was used, in which the protein-lipid-detergent mix is dialyzed for 

two or three days against reconstitution buffer in a dialysis membrane with 

constant but gentle stirring and frequently changing the buffer. The reconstituted 

vesicles are aliquoted into suitable volumes and stored at -800C until needed. 

In this study, proteins were reconstituted into lipid vesicles composed of 

either asolectin (Fluka) alone (for current recordings) or 3:1 ratio of POPE (1-

palmitoyl-2-oleoyl-phosphatidylethanolamine) and POPG (1-palmitoyl-2-oleoyl-

phosphatidylglycerol (Avanti Polar Lipids). Liposomes of different protein-to-

lipid ratio were prepared for different purposes. Liposomes with protein-to-lipid 

ratio of 0.1µg/mg (1:10000) were used for single channel electrophysiological 

studies, 2µg/mg (1:500) for macroscopic current recordings and 10µg/mg (1:100) 

for radioactive uptake experiments. To remove DM detergent, the protein-lipid-

detergent mixtures were dialyzed against a reconstitution buffer for three days 

changing buffer at least once every 24hrs. Reconstitution buffer contains 10mM 

HEPES, chloride salt of cation of interest (KCl, NaCl or LiCl - 100mM for 

electrophysiological studies or 450mM for radioactive assays), with or without 

4mM NMG, pH adjusted to 7.4 with the corresponding hydroxide base and . 

Proteoliposomes were aliquoted in 100µL portions and stored at -800C until 
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needed. In all preparations control liposomes that do not have protein were made 

to establish baseline.  

 

Radioactive tracer uptake assay 

The principle of this assay is previously described by Garty (Garty et al., 

1983) and Nimigean (Nimigean, 2006). It involves measuring the time course of 

radioactive tracer accumulation inside lipid vesicles with reconstituted protein. 

For this to be useful, the ion channel should be permeable to the radioactive tracer 

ion; 86Rb+ in this particular case. After removing extraliposomal solution, usually 

by gel filtration,  when the proteoliposome is placed in a low salt concentration 

medium of the salt loaded-with in the previous step together with a spike of 

radioactive tracer, a huge electrochemical gradient is established (inside negative) 

across the proteoliposomal membrane if the channel is permeable to the ion 

(Figure 3-2A). This results in equilibration of the radioactive tracer ion around the 

proteoliposome and subsequent accumulation inside. Rate and magnitude of tracer 

accumulation depends on the permeability of the channel to test and tracer ions, 

amount of functional protein and other factors. To determine the maximal 

intraliposomal volume, small organic channels that render the vesicle permeable 

to the test ion, for instance valinomycin for K+, were employed at end of 

experiment.  
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Figure 3-2 – Depiction of the radioactive uptake assay (A) and its slightly 
modified competition assay (B). Protein (light blue) is reconstituted in lipid 
vesicles with high salt inside, KCl in this case (K+ in green). In the assay (A) the 
proteoliposome is placed in low salt spiked with the radioactive tracer ion, 86Rb+ 
in this case (red), and if protein is permeable to ion of interest an electrochemical 
gradient (inside negative) will be established, which 86Rb+ follows, hence 86Rb+ 
accumulated inside. In (B), the competition assay, different concentrations of 
‘competitor’ ion is added to the external buffer. Any permeation by competitor 
ion will reduce 86Rb+ on a concentration dependent manner. 

 

Specific protocol is as follows: Frozen proteoliposomes (protein/lipid ratio 

of 1/100, in 3PE:PG) were thawed and sonicated in a bath sonicator. This was 

then passed through a pre-spun Sephadex G-50 fine gel-filtration column (1.5 bed 

volume in a 5mL disposable spin column) swollen in sorbitol buffer (400mM 

Sorbitol, 10mM HEPES, 4mM NMG, pH 7.4) to remove extraliposomal salt. 

160µL of the flow through was mixed with 320µL of 86Rb+ flux buffer (35µM 

NaCl, KCl or LiCl in sorbitol buffer and 5µM 86RbCl). At desired time points 

K+

450mM

86Rb+

K+
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K+

450mM

86Rb+

K+
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75µL of this mixture was spun with another column as above. Each elute was then 

mixed with 10mL scintillation cocktail and radioactivity quantified using a liquid 

scintillation counter. 

A modified form of the assay, called the competition assay is used to 

assess the relative conductance of ions in an ion channel (Figure 3-2B) 

(Heginbotham 1998). This modified assay was especially useful to assess the Ca2+ 

blockage properties of these CNG-mimicking NaK mutants. In this assay the flux 

buffer, in addition to loaded ion and 86Rb+, contains cation of interest at different 

concentrations. If channel is permeant to the test cation there will be competition 

with the tracer ion reducing the tracer ion’s flux into the liposomes. A 

concentration dependent 86Rb+ accumulation would indicate this property. If on 

the other hand test cation cannot permeate the channel, 86Rb+ uptake will be 

independent to the test cation’s concentration or its presence at all.  

This radioactive tracer uptake assay, although useful to proteins not 

amenable for electrophysiological studies, as is the case for most bacterial 

channels, suffers from serious drawbacks. First, uniformity in liposome quality 

between different preparations is impossible to attain. This introduces variations 

in relative channel density, liposome integrity, and other factors. As a result, 

widely different readings are not uncommon for different preparations of the same 

protein and test ion. Second, the information obtained is mainly qualitative. Using 

this method it is not possible to extract information such as rate of ion transport, 
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dose-response or other quantitative parameters. So, in this study this method is 

used to crudely asses the permeability of the CNG-mimicking NaK mutant 

channels to several ions. 

 

Electrophysiological analyses 

Electrophysiological methods have been indispensable to ion channel 

research. Early on Hodgkin and Huxley used the two electrode voltage clamp 

method to study the squid giant axon and accurately characterize the action 

potential, for which they were awarded the 1963 Nobel Prize in Physiology or 

Medicine. This method was usually useful to study large cell types such as the 

squid axon or giant snail neurons. In the past two decades the patch-clamp 

technique developed by Sakmann and Neher (Hamill et al., 1981; Neher and 

Sakmann, 1976; Neher et al., 1978), for which they were awarded the 1991 Nobel 

Prize in Physiology or Medicine, have been crucial in ion channel research. It 

allowed the study of smaller cells in many different configurations and measure or 

manipulate currents from single channels generating a lot of useful information 

that helped better understand these proteins.  

This method, though very important for eukaryotic ion channels, have not 

been easily adaptable to prokaryotic ion channels, probably because the gating 

mechanism of these later proteins is not clearly understood. On the contrary, 

prokaryotic ion channels can be relatively easier to manipulate and overexpress. 
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As a result, functional information from bacterial channels has been generated 

using other methods (discussed elsewhere in this chapter). One of these methods 

most often used is the radioactive tracer uptake assay described above, but it 

suffers from serious drawbacks. So, to get deeper insight into the functional 

properties of our mutants, direct patching of reconstituted liposomes was 

employed in this study in addition to radioactive tracer uptake assay. 

Among the many possible patch configurations (Hamill et al., 1981; Neher 

and Sakmann, 1976; Neher et al., 1978) one similar to the inside-out setup was 

employed in most measurements (Figure 3-3B) (all liposome patch-clamp 

experiments performed by WeiZhong Zeng). First, giant liposome was obtained 

by air drying 2-3 µl of proteoliposome sample on a clean cover slip overnight at 

4°C followed by rehydration in reconstitution solution at room temperature. Patch 

pipettes were pulled from Borosilicate glass (Harvard Apparatus) to a resistance 

of 8-12 MΩ.  The pipette solution contains 150mM KCl or NaCl, 10mM HEPES, 

1mM EGTA, pH 7.4 buffered with KOH or NaOH.  The standard bath solution 

contains 150mM KCl, 10mM HEPES, 1mM EGTA, pH 7.4 buffered with KOH. 

A giga seal (> 10 GΩ) was obtained by gentle suction when the patch pipette 

attached to the giant liposome. To get a single layer of membrane in the patch, 

pipette was pulled away from the giant liposome and the tip was exposed to air 

for 1-2 seconds.  Membrane voltage was controlled and current recorded using an 

Axopatch 200B amplifier with a Digidata 1322A analogue-to-digital converter 
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(Axon Instruments).  Currents were low-pass filtered at 1 kHz and sampled at 20 

kHz.   

 

 

Figure 3-3 – Liposome preparation and generation of the giant liposome single 
channel patch clamping. Shown in (A) is proteoliposome prepared in 100mM 
KCl. Depicted in (B) is the representation of the patch generated from (A) and 
placed under bi-ionic conditions, equal concentrations of Na+ and K+ in the 
pipette and bath solutions, respectively. Configuration is similar to the inside-out 
patch setup of Sakmann and Neher (Hamill et al., 1981; Neher et al., 1978) in 
which a pipette with highly polished tip fuses with the vesicle membrane (A) and 
suction applied to create a giga seal. Pulling the pipette breaks the vesicle 
resulting in the inside-out patch setup (B). All liposome patching experiments 
done by WeiZhong Zeng.  
  

In the study of extracellular Ca2+ blocking, various concentrations of Ca2+ 

were added to the bath solution. The free Ca2+ concentration in the range of 0-100 

µM was controlled by mixing 5mM EGTA with an appropriate amount of CaCl2 
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calculated using software MAXCHELATOR (MAXCHELATOR).  No EGTA 

was added in the bath solution for [Ca2+] above 100 μM.  Owing to the two 

possible orientations of reconstituted NaK mutants in the liposomes, 30 μM 

tetrapentyl ammonium (TPeA), an intracellular open pore blocker for NaK 

channel, was also added in the bath solution to ensure that the channel in the 

recording has its extracellular side facing the bath solution. 

For cross validating structural findings a comparative electrophysiological 

study of eukaryotic bovine CNGA1 channel was undertaken (experiments 

performed by Yang Li). For this purpose, the gene encoding bovine retinal cyclic 

GMP-gated channel (CNGA1) was cloned into pcDNA3.1(+) plasmid between 

EcoRI and XhoI restriction endonuclease sites. The channel was expressed in 

HEK 293 cells by transfecting 2mL of culture with 1 μg of plasmid. To assist in 

the selection of cells for patch, the cells were co-transfected with 0.02 μg of GFP 

containing plasmid.  The channel currents were recorded 2-4 days after 

transfection using outside-out patch configuration. Patch pipettes were pulled 

from borosilicate glass capillaries (World Precision Instruments) using a 

micropipette puller P-97 (Sutter Instruments Co.) and were polished (MF-83, 

Narishige) to a resistance of 2–3 MΩ. The pipette solution contains 170mM NaCl, 

1mM cGMP, 10mM HEPES, 1mM EGTA and 3mM EDTA.  The bath solution 

contains 170mM NaCl, 10mM HEPES and 3mM EDTA. Both solutions were 

adjusted to pH 7.6 with NaOH. For Ca2+ blockage assay, the free calcium 
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concentrations in the bath solution were controlled by mixing 3mM EDTA with 

appropriate amounts of CaCl2 calculated by MAXCHELATOR 

(MAXCHELATOR). Membrane voltage was controlled and current recorded 

using an Axopatch 200B amplifier with a Digidata 1322A analogue-to-digital 

converter (Axon Instruments).  Currents were low-pass filtered at 1 kHz and 

sampled at 10 kHz.    
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CHAPTER FOUR 
Results 

 

ION SELECTIVITY STUDIES OF CNG-MIMICKING NAK MUTANTS 

 

All group IA and some group IIA cations can permeate through CNG 

channels (see literature review) with largely similar selectivity sequence among 

different CNG channels (Table III). These cations, despite having widely differing 

ionic radii, formal charges and other physico-chemical properties, permeate 

through CNG channels to a similar extent. As a member of pore loop family of 

ion channels, ion selectivity and permeation properties of CNG channels is 

determined by the organization of the selectivity filter. However, despite 

considerable functional characterization, detailed molecular understanding of 

CNG channel ion selectivity and permeation remains absent mainly due to lack of 

structural information of their selectivity filters. This study aims to get structural 

insight into the selectivity filter of CNG channels using NaK as a model system.   

NaK is a prokaryotic non-selective cation channel permeable to several 

group IA and IIA cations (see literature review). It exhibits sequence and 

functional similarities with CNG channels. First, its selectivity filter sequence of 

TVGDG shares the T(V/I)G sequence of CNG channel selectivity filters. The 

Aspartate residue of NaK’s selectivity filter is also at equivalent position as the 
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highly conserved, critical Glutamate residue of most CNG channel pores. Based 

on these similarities NaK was thought to be a bacterial homologue of CNG 

channel pores and its structure invoked to understand ion selectivity and 

permeation in the later. Indeed, the selectivity filter architecture of NaK shows 

marked variations from that of K+ channels with only two ion binding sites, 

thought to underlie its non selective nature and divalent cation binding properties. 

Most importantly, work on the NaK channel demonstrates that selective Ca2+ 

chelation can be accomplished utilizing backbone carbonyl groups from the 

selectivity filter alone with nearby acidic residues imparting Ca2+ specificity via a 

through space interaction with the Ca2+ chelating groups. These principles learned 

from NaK likely hold true for CNG and other Ca2+ permeable channels. However, 

considerable discrepancies between NaK and CNG channels emerged upon close 

examination. First, other than the acidic residue, the protein sequence at the C-

terminal end of their selectivity filters shows considerable variation both in amino 

acid composition and sequence length (Figure 3-1). In addition, the sub-milimolar 

affinity of external Ca2+ binding observed in NaK is much weaker than that of 

most CNG channels and an Asp-to-Glu mutation in the NaK filter leads to a 

higher Ca2+ binding affinity whereas the opposite holds true for CNG channels. 

These differences suggest that CNG channel selectivity filters may not adopt the 

same structure as NaK. Thus, to more accurately recapitulate the ion selectivity 

and Ca2+ blockage properties in CNG channels, several mutant NaK channels 
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were generated by altering its selectivity filter sequence to match those of CNG 

channels and determined their structures in complex with various cations at high 

resolution. Furthermore, a quantitative electrophysiological assay and a 

complimentary radioactive tracer assay which shows that the mutants share the 

same ion selectivity properties as CNG channels were established. All data 

strongly suggest that the mutant structures represent quite well the structures of 

CNG channel pores and provide novel insights into understanding the ion 

selectivity in CNG channels.  

A sequence alignment between NaK, several K+ channels, and various 

CNG channels (Figure 3-1) shows that all three contain the conserved T(V/I)G 

sequence at the N-terminus of the selectivity filter. However, significant 

variations are observed in the C-terminal end of the selectivity filter. Majority of 

CNG channels contain a sequence of ETPP right at the C-terminal end of 

selectivity filter in which the conserved Glutamate plays an important role in Ca2+ 

binding.  Several studies have shown that replacing the Glutamate with Aspartate 

enhances Ca2+ binding while replacing it with neutral residues (Asparagine or 

Glutamine) significantly diminishes the Ca2+ affinity (see literature review). CNG 

channels from insects contain an ETPT sequence while auxiliary subunits have 

either DTPP/L (A4 subunits) or GLPE/D (B subunits) sequence. The NaK 

channel has an amino acid sequence of DGNFS at the equivalent region which 

only shares the conserved acidic residue (Asp66) with most CNG channels. 



82 
 

 
 

Furthermore, the length of the sequence at this region seems to be one residue 

longer in NaK than in CNG channels. Accordingly, several mutant NaK channels 

with selectivity filters matching those of CNG channels were generated (see 

methodology). Specifically, the NaK filter sequence of TVGDGNFSP was 

replaced with TVGETPPP to mimic the filter of commonly seen CNG channels 

(A1, A2 & A3). Two other mutations were made specifically to study Ca2+ 

binding properties of the CNG-mimics: TVGDTPPP to mimic the Glu-to-Asp 

mutant of most common CNG channels or the less common auxiliary A4 CNG 

channel subunit and TVGNTPPP to mimic the Glu-to-Asn mutant. Two other 

modest mutations- TVGDTPSP and TVGNTPSP were also made with three of 

the four residues mutated to two (see methodology).  

 

Functional Analyses- CNG-mimicking NaK mutants are non-selective 

 Biochemical characterization of mutant NaK channels indicate that despite 

a significant alteration of protein sequence in the filter region, they all exhibit 

similar biochemical properties as the wild-type NaK and can be purified as stable 

tetramers. The first issue to address was then their functional competence and for 

that the mutant proteins were reconstituted into lipid vesicles (see methodology). 

Two methods were employed to probe their ion selectivity properties – giant 

liposome patching for electrophysiological recordings and radioactive 86Rb+ 

uptake assay. Results from the two methods complement each other. Based on 
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recent studies (Alam and Jiang, 2009b), the mutant constructs used for functional 

studies carried an additional Phe92Ala mutation and a deleted N-terminal M0 

helix (N-terminal 19 residues), both modifications shown to increase ion flux 

through the channel pore and allow for robust single channel recordings or flux 

readings.   

Single channel electrophysiological studies were performed as described 

in methodology section between ±100mV.  To study channel conductance both 

the pipette solution and the bath solution contained 150mM KCl. For ion 

selectivity studies bi-ionic conditions were employed in which the pipette solution 

contained 150mM NaCl and the bath solution contained 150mM KCl (Figure 3-

3B). Figure 4-1 presents single channel current traces at ±80mV and their 

corresponding I-V curves between ±100mV for NaK-ETPP (Figure 4-1A), NaK-

DTPP (Figure 4-1B) and NaK-NTPP (Figure 4-19) recorded with 150mM KCl 

and 150mM NaCl in the bath and pipette solutions, respectively.  The mutant 

channels exhibit a high single channel conductance in both directions with a 

reversal potential of 0 mV, which using a modified Goldman-Hodgkin-Katz 

equation (see below) gives a permeability ratio PNa+/PK+ of 1, indicating that the 

channels are indeed non-selective and have virtually the same permeability for 

Na+ and K+.  All mutant channels also exhibit very high open probability (>0.9). 

Even though the channel’s gating mechanism is not yet known, this high open 

probability greatly aided with the functional analysis in this study. 
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Figure 4-1 – Single channel traces of NaK-ETPP (A), NaK-DTPP (B) and NaK-NTPP (C) at ± 80 mV and their 
corresponding I-V curves between ±100mV. Currents were recorded using giant liposome patch with 150mM NaCl and 
150mM KCl in the pipette and bath solutions, respectively, as shown on (A) and also Figure 3-3. Experiment 
performed by WeiZhong Zeng. 
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The Goldman-Hodgkin-Katz (GHK) voltage equation provides an expression for 

the membrane potential at which no net current flows (Hille, 2001). For a simple 

case of singly charged Na+, K+ and Cl- as the permeant ions, the GHK equation is 

given as follows: 

 

E(rev)=
RT
F ln

PKሾKሿo ൅ PNaሾNaሿo ൅ PClሾClሿi
PKሾKሿi ൅ PNaሾNaሿi ൅ PClሾClሿo                                                    ሺiሻ 

 

E(rev)= reversal or zero current potential; potential at which no net current flows 

R= universal gas constant, 8.314J/mole-K 

T= temperature (0K) 

PX= permeability of ion X (K+, Na+ or Cl-) 

[X]= concentration of the ions 

o, i= outside and inside, to refer to the two sides of the setup 

 

Under the special case of bi-ionic conditions where equal concentrations of two 

ions are maintained in opposite ends of the setup (Figure 3-3), reversal potential 

measurements provide relative permeability of ions. So, for equal concentrations 

of NaCl and KCl on opposite sides, the above GHK equation reduces to equation 

(ii). In the giant liposome setup used for this study the two sides are the bath and 

pipette solutions, containing 150mM KCl and 150mM NaCl, respectively. Taking 
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this into consideration and rearranging gives a more simplified equation (iii), 

which upon more rearranging considering that K+ and Na+ are of equal 

concentration reduces to a simple equation (iv) to calculate permeability ratio of 

K+ versus Na+ by measuring the reversal potential. In our measurements the 

reversal potentials of the CNG-mimicking NaK mutants is zero, which using 

equation (iv) results a permeability ratio PNa+/PK+ of 1.   

 

E(rev)=
RT
F ln

PKሾKሿo ൅ PNaሾNaሿo
PKሾKሿi ൅ PNaሾNaሿi                                                    ሺiiሻ 

E(rev)=
RT
F ln

PKሾKሿbath
PNaሾNaሿpipette                                                          ሺiiiሻ 

e
FE(rev)

RT =
PK

PNa                                                                                          ሺivሻ 

 

Giant liposome patching has unequivocally proved the non-selective nature of the 

mutants for Na+ and K+. However, NaK was not amenable for 

electrophysiological studies until this method was developed very recently and 

early functional characterization of the mutants was done using the 86Rb+ uptake 

assays. Results from these two functional analyses augment each other. More 

importantly, the 86Rb+ uptake assay provides functional information on the mutant 

channels with respect to Li+ and Rb+, in addition to K+ and Na+ and will be 

presented.   



87 
 

 
 

86Rb+ uptake assays were done for NaK-DTPS and NaK-ETPP liposomes 

loaded with 450mM LiCl, NaCl or KCl (see methodology) to assess permeability 

of the mutants for  Li+, Na+ and K+. Liposome preparation, protein reconstitution 

and uptake assays are as described in methodology. Since the proteoliposomes 

were prepared with very high salt (450mM) inside, upon placement in a very low 

concentration buffer (35µM) (Figure 3-2A) an outwardly directed concentration 

gradient will be established. This gradient drives ions outside and if the channel 

conducts the cation, a resulting outflow would leave the negatively charged 

anions inside that drives partitioning of the external Rb+ ions across the liposomal 

membrane and subsequent inflow of radioactive Rb+ ions, provided the channel 

conducts Rb+. The extent and rate of radioactive Rb+ accumulation depends on the 

amount of functional protein in the preparation and the number of ions that passed 

through these channels. This is monitored by scintillation counting and would 

indicate whether the channel conducts the cation or not. Shown in Figure 4-2A is 

time dependent 86Rb+ accumulation into NaK-DTPS liposomes loaded with high 

Li+, Na+ or K+. It can be observed that in all the three cases 86Rb+ accumulates 

inside the liposomes saturating in a time dependent manner. Uptake assays 

performed with control liposomes, those without any reconstituted protein, did not 

show any appreciable accumulation. The extent of flux varies among the cations 

tested but does not necessarily imply preference of one ion over another because 

the difference presumably arose due to the limitations of the method, discussed 
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earlier. Nevertheless, the data reveals that NaK-DTPS conducts all of these 

monovalent cations- Li+, Na+, K+- and the tracer ion Rb+. Similarly, NaK-ETPP 

was shown to conduct Na+ in addition to the tracer ion Rb+ (Figure 4-2B) and also 

K+ (not shown). The important outcome here is that these two CNG-mimicking 

mutants conduct most group I cations and the results agree well with the single-

channel electrophysiological data.   
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Figure 4-2 – 86Rb+ flux into NaK-DTPS proteoliposomes loaded with 450mM KCl, NaCl or LiCl (A) and into NaK-
ETPP proteoliposomes loaded with 450mM NaCl (B) in 3PE:PG at a protein to lipid ratio of 10µg protein/mg lipid. 
Each data is an average of at least three trials and the error is as shown. The very bottom traces in both graphs are for 
control lioposomes prepared in exactly the same as the proteoliposomes but without any added protein. 86Rb+ flux 
readings are in counts per minute (CPM) of light flushes as read by the liquid scintillation counter. 
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Structural studies of CNG-mimicking NaK mutants 

X-ray crystal structures are uniquely suitable to get information at atomic 

detail. Many recent detail understandings of key biological processes arose from 

such structural data. For instance, recent high resolution structures of several 

potassium channels have helped advance mechanistic understandings of 

underlying potassium channel biology to unprecedented level. As described in 

previous sections, that however is not the case for CNG channels as there has not 

been any reported high resolution structures hampering deeper insight into their 

biology.  

To gain structural insights into CNG channel biology, especially their ion 

selectivity and permeation properties, the non-selective bacterial channel NaK 

was manipulated in this study to make its selectivity filter mimic those of CNG 

channels. The CNG-mimicking NaK mutants were crystallized and their 

structures determined to high resolution. CNG-mimicking NaK mutants were 

crystallized in similar conditions as the wild type NaK and their structures 

determined to resolutions ranging from 1.55 to 1.95 Å (Table IV and 

methodology). The mutants assumed the same overall structure as the recently 

determined open pore NaKNΔ19 (Figure 4-3) (Alam and Jiang, 2009a).  

However, significant structural differences were observed in the selectivity filter 

region between the wild type and mutant channels. Since all mutants share a 

similar overall architecture in their filters, NaK-DTPP mutant structure in 
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complex with K+ will be used to illustrate their structural differences in the 

selectivity filter compared to NaK as well as the KcsA K+ channels (Figure 4-3). 

The NaK-DTPP filter (Figure 4-3C) looks like intermediate between NaK (Figure 

4-3D) and KcsA (Figure 4-3E) filters, containing three contiguous ion binding 

sites inside the filter labeled 2, 3 and 4 in comparison to KcsA’s ion binding sites 

(Figure 4-3F-H). This conversion from wild type to mutant filter structures 

involves a dramatic main chain conformational change at the acidic residue 

(Asp66) and the preceding glycine (Gly65) (Figures 4-3, 4-4). In wild type NaK 

the backbone carbonyl groups of Gly65 and Asp66 moved away from the ion 

conduction pathway creating a vestibular structure (Shi et al., 2006). However, in 

NaK-DTPP Gly65 adopts the same main chain conformation as the equivalent 

glycine (Gly67) in KcsA with its backbone carbonyl pointing towards the central 

axis of the filter. This results in a replacement of the water-filled vestibule in NaK 

with an ion binding cage in the mutant utilizing the eight backbone carbonyl 

oxygen atoms from Val64 and Gly65 as ligands.  The position of this site is 

equivalent to site 2 in the selectivity filter of KcsA and is therefore numbered so 

for comparison.   
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Table IV - Data collection and refinement statistics for NaK-DTPP, NaK-NTPP and NaK-ETPP in K+ and K+/Na+. 
Values in parenthesis are for highest resolution shell.

NaK mutant NaK-DTPP NaK-NTPP NaK-ETPP 
In complex with ion- 
(100mM) 

K+

 
K+/Na+ K+ K+/Na+ K+ K+/Na+ 

D
at

a 
co

lle
ct

io
n 

Space group I4 I4 I4 I4 I4 I4 
Cell dimensions 
a=b, c (Å) 

67.747, 
89.444 

67.840, 
89.380 

67.740, 
89.789 

67.780, 
89.511 

67.578, 
89.996 

67.570, 
89.539 

Resolution 50-1.62 50-1.58 50-1.58 50-1.62 50-1.95 50-1.95 
Rsym (%) 4.8 (82.3) 4.9 (68.6) 5.6 (91.7)  4.0 (69.9) 6.4 (90.2) 7.1 (84.6) 
I/σI 39.2 (1.85) 42.9 (1.84) 38.3 (1.83) 44 (1.9) 34 (1.4) 28.4 (1.3) 
Completeness 99.9 (100) 99.7 (100) 99.9 (100) 99.9 (100) 99.8 (99.1) 99.6 (97.4) 
Redundancy 7.3 (7.2) 7.5 (7.4) 7.2 (7.0) 7.4 (7.3) 7.2 (4.9) 7.1 (5.1) 

R
ef

in
em

en
t

 

Resolution(Å) 1.62 1.58 1.58 1.62 1.95 1.95 
No. reflections- 
total (unique) 

187040 
(25607) 

206606 
(27690) 

124404 
(17238) 

188537 
(25612) 

106485 
(14778) 

104885 
(14710) 

Rwork/Rfree 20.7/22.2 21.8/23.5 20.9/21.4 21.2/22.7 20.2/23.9 20.4/22.8 

N
o.

 o
f 

at
om

s 

 Protein 1446 1446 1446 1446 1448 1448 
 MPD/ion 5/9 6/8 7/9 6/10 4/9 5/7 
 Water 132 147 121 135 64 67 

R.
m

.s.
d  Bond angles (Å) 1.074 1.074 1.089 1.107 1.086 1.097 

Bond lengths (Å) 0.0051 0.0052 0.0051 0.0052 0.0054 0.0057 
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Figure 4-3 – Comparison of structures of NaK mutants using NaK-DTPP as an 
example with those of wild type NaKNΔ19 and the KcsA. Top panel presents 
overall structures (top view) of NaK-DTPP or NaKNΔ19 (A) and KcsA (B) 
showing the open conformation in the former and closed in KcsA. Middle panel 
presents ribbon representation of two subunits of NaK-DTPP (C), NaKNΔ19 (D) 
and KcsA (E), front and back subunits removed for clarity. The selectivity filters 
are boxed and in ball-and-stick representation. M1 and M2 indicate outer and 
inner helices, respectively; red and green spheres represent water and K+ ions, 
respectively. Bottom panel presents close-up view of selectivity filter structures 
and 2Fo-Fc electron density maps (blue mesh) of K+ complexes of NaK-DTPP (F) 
(1.62Å) contoured at 2σ, NaKNΔ19 (G) (1.8Å) contoured at 1.5σ and KcsA (H) 
(2.0Å) contoured at 2.0σ. Numbers represent the ion binding sites in KcsA and 
their correspondents in NaK-DTPP and NaKNΔ19. 
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Figure 4-4 – Superimposition of the selectivity filter of NaK-DTPP (yellow) with 
that of KcsA (magenta) (A) and that of wild type NaK (green) (B). 
 

The mutant structures also exhibit a concave funnel shaped external 

entryway with the pyrrolidine ring from the first Proline (Pro68) in the filter 

region, absolutely conserved in CNG channels, forming the wall of the funnel. 

Two layers of well ordered water molecules, four in each layer, are observed 

within the funnel (Figure 4-5).  These water molecules form a hydration shell that 

participates in stabilizing various cations in the funnel before entering or exiting 

the filter.  In particular, the four inner layer water molecules right above site 2, 

along with the 4 backbone carbonyl oxygen atoms from Gly65, form an ion 

binding cage at a position equivalent to site 1 of a K+ channel. This site provides 

an ideal environment for a partially hydrated ion to transiently bind and enter the 

filter readily (Figure 4-5). 

NaK-DTPP/ 
KcsA in KCl

NaK-DTPP/ 
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Figure 4-5 – Ordered water molecules and funnel shaped external entryway in 
selectivity filter of NaK-DTPP. Selectivity filter of NaK-DTPP in K+ showing the 
funnel shaped external entryway and the two layers of ordered waters in the 
region and also the three K+ ions occupying sites 2 to 4 in the filter. Shown in (A) 
is a stereo view of the NaK-DTPP selectivity filter (front and back subunits 
removed) and the 2Fo-Fc electron density map (1.62 Å) contoured at 2.0σ (blue 
mesh). Bottom figures are surface representation of the selectivity filter with two 
(left) and one (right) subunits removed, for clarity purposes. Red and green 
spheres represent water and K+ ions, respectively. 
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An important distinction exists among the CNG-mimicking mutants in 

their protein packing around the selectivity filter, owing to the different amino 

acid composition of residue 66.  These differences likely account for different ion 

binding profiles and slightly different properties among the mutants. The side 

chain of residue 66 (Glu, Asp, or Asn) in all three mutants points tangential to the 

ion conduction pathway and is buried underneath the external surface of the 

protein (Figures 4-6, 4-7E). Nonetheless, it forms hydrogen bonding interactions 

with its neighboring residues in different ways.  In NaK-DTPP, one of the 

carboxylate oxygen atoms from Asp66 forms a short range hydrogen bond with 

the hydroxyl group of Tyr55 (Figures 4-6A, 4-7B).  Two buried water molecules 

reside nearby and mediate an extensive hydrogen bonding network involving the 

side chains of Asp66 from the neighboring subunit, the hydroxyl groups of Thr60 

and Thr67, and the backbone amides of Asp66 and Thr67 (Figure 4-6A). No such 

water molecules are observed around the NaK-ETPP selectivity filter (Figure 4-

6B). Unlike Asp66 in NaK-DTPP, the side chain carboxylate of Glu66 in NaK-

ETPP does not interact with Tyr55 (Figures 4-6B, 4-7B). Instead, it forms a 

hydrogen bond directly with the hydroxyl oxygen of Thr60 from the neighboring 

subunit.  Interestingly, the backbone carbonyl group of Glu66 in NaK-ETPP tilts 

away from the ion conduction pathway with its oxygen atom forming a hydrogen 

bond with the hydroxyl group of Tyr55, while the equivalent carbonyl group in 
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NaK-DTPP points upward and parallel to the ion conduction pathway (Figures 4-

6A, B 4-7A, B). 

Protein packing interactions in the filter region of NaK-NTPP are less 

extensive than those in NaK-DTPP (Figure 4-6C). The side chain of Asn66 in 

NaK-NTPP swings slightly left-ward compared to that of Asp66 in NaK-DTPP, 

leading to a slightly different hydrogen bonding pattern (Figures 4-6C, 4-7C, D). 

The γ-amide group of Asn66 interacts directly with hydroxyl group of Tyr55, 

similar to the carboxylate group of Asp66 in NaK-DTPP. However, only one 

buried water molecule is observed in NaK-NTPP that mediates the hydrogen 

bonding interactions between the hydroxyl groups of Thr60, Thr67 and the γ-

amide nitrogen of Asn66 from a neighboring subunit. Finally, the Asn66 main 

chain carbonyl group is tilted slightly away from the central axis albeit not as 

significantly as the carbonyl group of Glu66 in NaK-ETPP (Figure 4-6C, 4-7C, 

D). 
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Figure 4-6 – Protein packing around the selectivity filters of CNG-mimicking mutants. Stereo view of the protein 
packing in NaK-DTPP (A), NaK-ETPP (B) and NaK-NTPP (C). Red spheres represent water molecules that mediate 
the hydrogen bonding network in NaK-DTPP and NaK-NTPP; residues from neighboring subunits are labeled with an 
apostrophe and three K+ ions in the filter are drawn as green spheres. 
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Figure 4-7 – Protein packing around residue 66 in the selectivity filters of CNG-
mimicking mutants. (A) and (C) show superimposition of NaK-DTPP (carbon 
atoms in yellow) structure with NaK-ETPP (carbon atoms in magenta) and NaK-
NTPP (carbon atoms in cyan), respectively, at region around residue 66. (B) and 
(D) show a close-up view of the region with the H-bonding interactions with the 
pore –helix Y55. (E) is a surface representation of NaK-ETPP around the residue 
66, three subunits shown as surface while the fourth (front) subunit is shown in a 
cartoon/stick representation. 
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Monovalent cation binding in the selectivity filter 

 Crystals of the K+ complexes of all three CNG-mimicking mutants were 

obtained in the presence of 100mM KCl and their Fo-Fc ion omit maps reveal the 

respective K+ binding profiles. In NaK-DTPP, three electron density peaks with 

equivalent intensity are observed in the filter, indicating K+ binding with similar 

occupancy at each site (Figure 4-8A).  A weaker electron density peak, likely 

from a K+ ion with lower occupancy, is observed at the center of external funnel 

sandwiched between the two layers of water molecules.  The K+ binding profile of 

NaK-NTPP is similar to that of DTPP with three major K+ binding sites in the 

filter except that a weakly bound K+ ion is also observed at the external entrance 

(Figure 4-8B).  

In NaK-ETPP, in addition to the three K+ binding sites inside the filter, a 

strong electron density peak from a K+ ion is observed at the external entrance, 

partially hydrated by the four inner layer water molecules (Figure 4-8C).  In 

contrast to NaK-DTPP and NaK-NTPP, K+ binding at the external entrance is 

much stronger whereas that at site 2 is weakened in NaK-ETPP. A structural 

comparison at site 2 between NaK-DTPP and NaK-ETPP provides a plausible 

explanation for this discrepancy (Figures 4-7A, 4-9A).  In NaK-ETPP, the 

backbone carbonyl groups from Gly65s drift away from the central axis and are 

tilted more upward. This is a consequence of hydrogen bonding interaction 

between the main chain carbonyl of Glu66 and hydroxyl group of Tyr55, making 
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the carbonyl oxygen atoms of Gly65 less favorable ligands for K+ at site 2 but 

more favorable for external K+ binding. 

 

 
Figure 4-8 – K+ and Na+ binding in the selectivity filter of NaK mutants. Top 
panel- Fo-Fc ion omit maps at the selectivity filters of K+ complexes of NaK-
DTPP (A, 1.62 Å), NaK-NTPP (B, 1.58 Å) and NaK-ETPP (C, 1.95 Å) contoured 
at 4σ.  Water molecules within the external funnel (red spheres) are also omitted 
in the map calculation.  K+ ions are represented by green spheres and ion binding 
sites 2, 3 &4 are shown in comparison to structure of the KcsA K+ channel 
structure. Bottom panel- Fo-Fc ion omit maps at the selectivity filters of Na+ 
complexes of NaK-DTPP (D, 1.58 Å), NaK-NTPP (E, 1.62 Å) and NaK-ETPP (F, 
1.95 Å) contoured at 4σ.  Na+ complex crystals were obtained by crystal soaking 
experiments.  Na+ ions are represented by yellow spheres. 
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Structures of mutants in Na+ were determined by using K+ complex 

crystals soaked in stabilization solutions containing 100mM NaCl (see 

methodology).  No obvious structural changes were observed in the selectivity 

filters of all mutants after Na+ soaking (Figure 4-9B), however Na+ binding 

appears to be a bit more complicated than K+ binding.  As shown in the Fo-Fc ion 

omit maps of Na+ complexes,  Na+ binding patterns in all mutants differ from the 

K+ complexes (Figure 4-8). In the Na+ complex of NaK-DTPP three strong peaks 

are observed at sites 3 and 4, two at the upper and lower edges of site 3 and the 

other on the lower edge of site 4 (Figure 4-8D). This indicates that in contrast to 

K+ ions, Na+ ions bind preferentially in a planar configuration with respect to their 

ligands, the backbone carbonyl oxygen atoms. In the cavity just below site 4, a 

water molecule, which is not observed in the K+ complex, participate in the 

chelation of Na+ ion at the lower edge of site 4. This suggests that Na+ prefers a 

square planar or square-pyramidal coordination, in sharp contrast to the square-

bipyramidal configuration of K+ in either NaK or K+ channels. A similar square 

pyramidal ion chelation was observed in the Na+ complex of the wild type NaK 

channel (Alam and Jiang, 2009b).  Some weaker electron density is also observed 

in the center of site 2 and at the external entrance likely arising from low 

occupancy Na+ binding. The Na+ complex of NaK-NTPP shares a similar ion 

binding profile as NaK-DTPP except that Na+ binding at site 2 and the external 

entrance appears stronger (Figure 4-8E). In NaK-NTPP, a hydrated Na+ ion is also 
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observed in the concave funnel above the external entrance, chelated by the four 

inner layer water molecules in the same planar manner as in the filter with Na+ 

ion- ligand (water) distance of ~2.4 Å.  This hydrated Na+ ion is also observed in 

NaK-DTPP but with weaker electron density indicating a lower occupancy.  In 

comparison, the Na+ binding profile in NaK-ETPP is different, in particular, at 

site 3. As shown in the Fo-Fc ion omit map of the Na+ complex of NaK- ETPP 

(Figure 4-8F), the electron density at site 3 is more diffused and football shaped 

which cannot be assigned as a single Na+ ion in the center and likely arises from 

the averaged configurations of Na+ binding at the center and the upper and lower 

edges, with the central position being preferred. 

 
 
Figure 4-9 – A) Structural alignment of NaK-ETPP and NaK-DTPP. Important 
distinction exists especially at site 2 that may account for their different ion 
binding profiles. B) Structural alignment of NaK-DTPP in K and in Na. 
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DIVALENT CATION BINDING/BLOCKAGE  

IN CNG-MIMICKING NAK MUTANTS 

 

In CNG channels of photoreceptors and olfactory sensory neurons Ca2+ 

entry serves as a signal important for both excitation and adaptation. Ca2+ is a 

permeating blocker – it can permeate through CNG channels and subsequently 

block monovalent cation current, especially Na+, which has important 

physiological implications. In photoreceptors for instance this property allows for 

highly sensitive detection of light because Ca2+ blockage of Na+ current reduces 

channel conductance, giving rise to low membrane potential noise. Several 

approaches were taken to study this property in these CNG-mimicking NaK 

mutants because if they are to be structural models of the former, they should 

exhibit this property closely. The design of the NaK mutants was also partly based 

on this property. 

Though the detail mechanism is yet to be understood it is well established 

that the presence of an acidic residue at the extracellular mouth of the CNG 

channels is a necessary condition to exhibit calcium permeation and blockage 

properties. Conforming to that mostly occurring CNG channel forming A subunits 

(A1 – A3) carry a Glutamate residue with a selectivity filter sequence of 

TIGETPP. Replacing the Glutamate with Aspartate was shown to enhance Ca2+ 
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binding while replacing it with neutral residues, Asparagine or Glutamine, 

significantly diminish the Ca2+ affinity.  Some less common or auxiliary CNG 

channels also carry an acidic residue at the equivalent position as the Glutamate. 

CNG channels from insects carry a Glutamate with a sequence of TIGETPT and 

the slightly different CNGA4 of olfactory sensory neurons, which is grouped with 

CNGA subunits because of its sequence homology but considered to be an 

auxiliary subunit, also carries an acidic residue, an Aspartate, with a sequence of 

TVGDTPP/L.  So, NaK-ETPP is designed to mimic the filter of commonly seen 

CNG channels (A1, A2, A3), NaK-DTPP/S to mimic the charge-conservative 

Glu-to-Asp mutation of CNG channels or the less common A4 CNG channel 

subunit, and NaK-NTPP/S to mimic the Glu-to-Asn mutant of CNG channels to 

study the effect of neutralizing the negative charge on Ca2+ binding. These 

mutants were shown to form stable tetramers, maintain same overall structure 

with wild type NaK and behave similarly in Na+/K+ selectivity, though key 

differences exist in protein packing and ion binding profiles among these CNG 

mimics (previous section). 

 

Functional analyses 

The two methods described previously – radioactive uptake and liposome 

patch-clamping – were employed to assay the Ca2+ permeation and blockage 

property in the CNG-mimicking NaK mutants. For radioactive uptake assays the 
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competition assay (see methodology) (Figure 3-2B) was performed with NaK-

ETPP and the modest mutants NaK-DTPS and NaK-NTPS. Note that NaK-DTPS 

and NaK-NTPS have virtually the same structure as NaK-DTPP and NaK-NTPP, 

respectively. The principle behind the competition assay is simple: when the 

external solution contains Ca2+ (at different concentrations) in addition to the 

radioactive test cation and tracer ion 86Rb+, permeation by Ca2+, if any, will 

compete with the tracer ion thereby reducing the amount of 86Rb+ accumulation 

inside the liposome in a concentration dependent manner. A plot of normalized 

86Rb+ influx as a function of Ca2+ concentration is shown in Figure 4-10. Two 

important observations are clear from the figure. First, the neutral residue mutant 

NaK-NTPS does not show any appreciable Ca2+ competition while both NaK-

DTPS and NaK-ETPP show strong Ca2+ competition implying the necessity of an 

acidic residue for Ca2+ to permeate through. Second, NaK-DTPS exhibits a 

slightly stronger effect than NaK-ETPP. These observations are consistent with 

what has been observed with eukaryotic CNG channels: Glu-to-Asp mutation 

enhances Ca2+ blocking effect while Glu-to-Asn severely reduces it.  
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Figure 4-10 – Ca2+ competition in NaK mutants– the effect of increasing Ca2+ 
concentration on radioactive 86Rb+ influx into proteoliposomes containing NaK-
ETPP, NaK-DTPS and NaK-NTPS. Ca2+ increasingly impairs 86Rb+ influx in 
NaK-DTPS and NaK-ETPP, more so in the former, but no effect in NaK-NTPS. 
Proteoliposomes were loaded with 450mM NaCl and contained 10µg protein per 
mg lipid of composition 3PE:PG (see methodology). 
 

The above competition assay clearly showed the effect of Ca2+ on the 

86Rb+ flux. This assay, while could be informative, is however crude by its very 

nature and its usefulness is limited for many reasons. For instance, it is not 

possible to monitor or know the directionality of the protein in the liposome. 

More detailed quantitative information is obtained using single channel 

electrophysiological methods. So, electrophysiological recordings were performed 

with proteoliposomes containing NaK-ETPP, NaK-DTPP and NaK-NTPP using 

giant liposome patch clamping, in an inside-out configuration, specifically aimed 

at assaying the effect of external Ca2+.  In this assay, various concentrations of 
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Ca2+ were added to the external side (bath solution) of the channel in addition to 

150mM K+ (see methodology). Tetrapentyl ammonium (TPeA), an intracellular 

open pore blocker of NaK and K+ channels, was added to the bath solution to 

make sure that only channels with their extracellular side facing the bath solution 

are assayed.  As shown in single channel traces (Figure 4-11), the ‘inward’ K+ 

currents in NaK-ETPP (Figure 4-11A) and NaK-DTPP (Figure 4-11B) decrease 

with increasing Ca2+ concentration whereas NaK-NTPP (Figure 4-11C) has 

almost no sensitivity to external Ca2+. Least-squares fit using the Hill equation 

(equation V) of unblocked current versus Ca2+ concentration provides the 

inhibition constant (Ki), the Ca2+ concentration at half maximal current. 

Accordingly, Kis of NaK-ETPP and NaK-DTPP were calculated to be 72.4 μM 

and 8.1 μM at -80 mV, respectively (Figure 4-11D). This result agrees quite well 

with previous reports on eukaryotic CNG channels that showed a Glu-to-Asp 

mutation in the filter enhancing Ca2+ blockage while Glu-to-Asn mutation 

severely reducing such effect (Eismann et al., 1994; Gavazzo et al., 2000; Park 

and MacKinnon, 1995; Seifert et al., 1999).   

I/Imax = 1-〈[Ca]n/([Ca]n + Ki
n)〉     (V) 

I- Current measured in the presence of Ca2+; Imax- current measured in the absence 

of Ca2+; Ki – inhibition coefficient and n- Hill coefficient.  
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Figure 4-11 – Ca2+ blockage and permeation in NaK mutants. Top panel- single channel traces of NaK-ETPP (left 
traces), NaK-DTPP (middle traces) and NaK-NTPP (right traces) recorded at -80 mV in the presence of various 
concentrations of Ca2+ at the external side. Both pipette and bath solutions contain symmetrical 150mM KCl.  The 
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bath solutions also contain 30µM tetrapentyl ammonium (TPeA) to ensure that all 
mutant channels in the single channel recordings have their extracellular side 
facing the bath solution. Bottom panel-  Plot of fraction of unblocked single 
channel currents recorded at -80 mV as a function of external Ca2+ concentrations 
(left). Data points are mean ± SEM from 4 measurements and are fitted to 
Langmuir functions with Kis of 72.4 µM for NaK-ETPP and 8.1 µM for NaK-
DTPP. Experiment performed by WeiZhong Zeng. 
 

In eukaryotic CNG channels Ca2+ is a permeable blocker. Same is 

believed to be true for NaK-ETPP and NaK-DTPP because Ca2+ does not 

completely block the current in the recordings, which indicates rapid dissociation 

and association of Ca2+ in the filter.  In support of this, single channel recordings 

on NaK-ETPP with 100mM CaCl2 on the internal side and 150mM KCl on the 

other shows a clear outward Ca2+ current, albeit with low conductance (Figure 4-

12).  Addition of tetrapentyl ammonium (TPeA), an open pore blocker for NaK 

and K+ channels, leads to a complete block of the observed Ca2+ current in NaK-

ETPP (bottom trace).  

 
Figure 4-12 – Ca2+ current in NaK-ETPP. Single channel traces of NaK-ETPP 
recorded at +/- 80 mV with 150mM KCl in the pipette and 100mM CaCl2 in the 
bath solution.  The single channel in the recordings has its intracellular side facing 
the bath solution and can be blocked by addition of 30µM TPeA (bottom trace). 
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Structural basis of divalent cation blockage in CNG-mimicking NaK mutants 

Structural analysis of mutants for their divalent cation binding was 

performed with respect to Ca2+ and Ba2+.  Structures of mutants in complex with 

Ba2+ were obtained from crystals of K+ complexes soaked in 100mM KCl/10mM 

BaCl2. On the other hand, since K+ and Ca2+ have the same number of electrons 

making it difficult to distinguish between them simply from the change in electron 

density, the Ca2+ complexes were obtained by crystal soaking in stabilization 

solutions containing 100mM NaCl / 25mM CaCl2. These Na+/Ca2+ soaked 

crystals were compared with the Na+ soaked crystals using FNa/Ca-soak – FNa-soak 

difference Fourier maps to determine whether and where Ca2+ binds. The 

structures of both sets revealed several interesting and complex features as shown 

in the difference maps of the mutants between soaked and native crystals (Figures 

4-13 & 5-2).   

Similar to wild type NaK, Ba2+ binding in these CNG-mimicking NaK 

mutants is in stark contrast to that observed in K+ channels. In  K+ channels site 4 

is the major binding site for Ba2+ (Jiang and MacKinnon, 2000; Lockless et al., 

2007), however no Ba2+ binding is observed at site 4 in these NaK mutants 

(Figure 4-13) as well as wild type NaK (Alam and Jiang, 2009b). Differences also 

exist in their Ba2+ binding among these CNG-mimicking NaK mutants. In NaK-

ETPP, Ba2+ only binds at the external entrance and is partially hydrated by the 

four inner layer water molecules, but not within the filter (Figure 4-13A). In NaK-
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DTPP and NaK-NTPP, Ba2+ binds at both the external entrance and site 3 (Figure 

4-13 B&C).  However, Ba2+ binding at site 3 of NaK-NTPP is much weaker than 

that at external entrance.   

Ca2+ binding is also slightly different among the mutants and a bit more 

complicated than Ba2+ binding. The FNa/Ca-soak – FNa-soak difference map of NaK-

ETPP indicates a single Ca2+ bound at site 3 (Figure 4-13D). In contrast, the 

difference map of NaK-DTPP reveals four major peaks along the ion conduction 

pathway: three at sites 2 to 4 inside the filter and one within the funnel just above 

the external entrance (Figure 4-13E). Which of these are due to Ca2+ binding or 

did not arise from Na+, which is also present in the soaking conditions?  To verify 

this, diffraction data collected from Na+/Ca2+ soaked crystals at long wavelength 

(λ = 1.5 Å) was employed. At this wavelength only Ca2+ ions in the protein have 

significant anomalous scattering (Merritt). The anomalous difference Fourier map 

calculated under this condition revealed three peaks at the same positions as the 

top three observed in the FNa/Ca-soak – FNa-soak difference map confirming Ca2+ 

binding at sites 2, 3 and above the external entrance (Figure 4-13G). In the control 

experiment, the anomalous difference Fourier map from the Na+ soaked NaK-

DTPP crystal does not show anomalous scattering in the filter (Figure 4-13H). 

The fourth peak in the FNa/Ca-soak – FNa-soak difference map of NaK-DTPP is thus 

likely due to the redistribution of Na+ at site 4 upon Ca2+ binding. 
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Figure 4-13 – Divalent cation binding in the selectivity filter of NaK mutants. Top 
panel shows Fsoak-Freference difference Fourier maps between K+ complex crystals 
(reference) and crystals soaked in the presence of 10mM BaCl2 (soak).  Maps are 
countered at 10σ with resolution of 2.0 Å for NaK-ETPP, 1.9 Å for NaK-DTPP 
and 1.9 Å for NaK-NTPP. Middle panel presents FNa/Ca-soak-FNa-soak difference 
Fourier maps between mutant crystals soaked in stabilization solutions containing 
100mM NaCl (Na-soak as reference crystals) and in solutions containing both 
100mM NaCl  and 25mM CaCl2 (Na/Ca-soak). Maps are countered at 8σ with 
resolution of 2.0 Å for NaK-ETPP, 1.8 Å for NaK-DTPP and 1.8 Å for NaK-
NTPP. Bottom panel shows anomalous difference Fourier map (red mesh, at 1.9 
Å and contoured at 5σ) of Ca2+and/or Na+ soaked NaK-DTPP crystal indicates the 
positions of bound Ca2+ ions (orange spheres).  The data was collected using X-
ray beam at 1.5Å wavelength to maximize the Ca2+ anomalous signal. 
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The FNa/Ca-soak – FNa-soak difference map for NaK-NTPP shows a single 

electron density peak within the funnel at the same position as the external peak 

observed in NaK-DTPP, (Figure 4-13E) indicating that, compared to NaK-DTPP, 

Ca2+ does not bind inside the selectivity filter of NaK-NTPP but external Ca2+ 

binding is retained.  Unlike external Ba2+ binding which occurs at the external 

entrance and is partially chelated by the backbone carbonyl oxygen atoms of 

Gly65 (Figure 4-13A-C), the position of this externally bound Ca2+ in NaK-NTPP 

or NaK-DTPP is slightly above the external entrance, at the same position as the 

hydrated Na+ ion observed in the Na+ complexes.  Refined structures from the 

Na/Ca soaked crystals of both mutants reveal that the external Ca2+ is also 

hydrated by the inner layer of water molecules similar to Na+ in Na+ complexes 

and has no direct interactions with the protein (Figure 4-14E-I). This external 

Ca2+ binding observed in both NaK-NTPP and NaK-DTPP is thus believed to be 

non-specific and simply arises from the competition between hydrated Na+ and 

Ca2+ ions within the funnel at high Ca2+ concentration.  This is consistent with the 

functional analysis described above which shows that in NaK-NTPP external Ca2+ 

causes reduction in channel current only at high concentrations. 
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Figure 4-14 – Divalent cation binding in the extracellular entryway. Selectivity 
filter structures and 2fo-fc maps (blue mesh) of NaK-DTPP in Ba2+ (1.9Å, 2σ), A-
C, NaK-NTPP in Ca2+ (1.62Å, 2σ), D-F and NaK-NTPP in Na+ (1.62Å, 2σ), G-I. 
Ba2+ (blue spheres) binds close to the entrance directly chelated by backbone 
carbonyl groups of Gly65 (A-C). On the other hand, Ca2+ (orange spheres) binds 
slightly above the entrance (D-F) and is not directly chelated by backbone 
carbonyl groups but rather only by water ligands, similar to Na+ (yellow spheres) 
binding (G-I) in the extracellular entryway.   Big and small red spheres represent 
oxygen and water, respectively. Green spheres are K+ ions. 
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TESTING THE VIABILITY OF CNG-MIMICKING NAK MUTANTS 

  

CNG-mimicking NaK mutants exhibit many hallmarks of eukaryotic CNG 

channels. Can the structures then be used as accurate models for eukaryotic CNG 

channel selectivity filters? Several experiments were performed to validate the 

viability of the mutants as structural models for eukaryotic CNG channels. A 

simple structural based mutagenesis study was performed both on NaK-ETPP and 

bovine retinal CNG channel (CNGA1) using the structure of NaK-ETPP as a 

model. In the NaK-ETPP structure, the carboxylate group of Glu66 forms a 

hydrogen bond directly with the hydroxyl group of Thr60 from a neighboring 

subunit (Figure 4-6B). Interestingly, CNG channels have an extremely conserved 

Threonine residue at a position equivalent to Thr60 of NaK (Figure 3-1). Is this 

interaction between the acidic residue carboxylate group and Threonine’s 

hydroxyl group of NaK a necessary structural/packing interaction in CNG 

channels and in NaK-ETPP? Structure based mutagenesis was performed to test 

whether such an interaction exists in eukaryotic CNG channels and cross validate 

with NaK-ETPP. First, mutations were introduced to the bovine retinal CNGA1 

channel at positions equivalent to Thr60 and Glu66 of NaK-ETPP. Specifically, 

Thr357 and/or Glu363 of the bovine retinal CNGA1 channel were mutated to 

affect the H-bonding interaction, if any. A single T357E mutation failed to yield 

functional channels. However, a double exchange mutation E363T/T357E 
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resulted in a functional channel that conducts monovalent cations just like wild 

type channel, but is no longer blocked by external Ca2+ (Figure 4-15). Second, a 

similar E66T/T60E exchange double mutation on NaK-ETPP yielded a channel 

that was strikingly similar to the swap mutation of CNGA1: the channel conducts 

Na+ and K+ just like NaK-ETPP but is no longer sensitive to external Ca2+ 

blockage (Figure 4-16). These results confirm the direct interaction between the 

Glu363 and Thr357 in CNG channels and also demonstrate the importance of the 

exact position of the glutamate side chain in Ca2+ binding. The almost identical 

behavior also validates NaK-ETPP as a viable structural model for CNG channels.   

Additional point mutations aimed at modifying the H-bond on NaK-ETPP 

resulted either in non-expression (T60A and T60S) or a channel with different 

kinetics (T60V). The NaK-ETPP T60V mutant, despite similar expression profile 

and I/V curve as NaK-ETPP, exhibited different single channel kinetics (Figure 4-

17): the current became much smaller and closed durations longer than in NaK-

ETPP. However, similar to NaK-ETPP, it exhibits Ca2+ blockage properties, albeit 

weaker. These data might indicate that, despite the absence of the H-bonding 

interaction the T60V mutant still maintains the tetrameric structure and, because 

the acidic residue is undisturbed, exhibits the Ca2+ blockage property but the 

structure may have rearranged to an unknown extent which may account for 

weaker Ca2+ blockage property. Crystallization attempts of these NaK-ETPP 

mutants were unsuccessful. 
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Figure 4-15– Structure based mutagenesis of bovine CNGA1 channel. 
Macroscopic currents of wild type bovine retinal CNGA1 (top) and its 
E363T/T357E swapped mutation (bottom) recorded at -80mV in the presence (red 
traces) and absence (black traces) of 100μM extracellular Ca2+.  Channels were 
activated by 1mM cGMP in pipette solution. Shown in the right is plot of fraction 
of unblocked inward currents (I/Io) at -80 mV as a function of external Ca2+ 
concentrations. Data points are mean ± SEM from 5 measurements and are fitted 
to Langmuir functions with Ki of 7.1µM for wild type CNGA1. (Experiment done 
by Yang Li). 
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Figure 4-16 – Structure based mutagenesis of NaK-ETPP. Shown in (A) is single channel traces (top) of NaK-
ETPP(T60E/E66T) swapped mutation recorded at ±80mV with 150mM NaCl in the pipette and 150mM KCl in the 
bath solution and its corresponding I/V curve (bottom). In (B) is its Ca2+ blockage test- addition of 1mM Ca2+ at 
extracellular side (bath solution) has no effect on single channel conductance at -80 mV. Experiment performed by 
WeiZhong Zeng. 
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Figure 4-17- Structure based mutagenesis of NaK-ETPP. Single channel traces of NaK-ETPP(T60V) mutation recorded 
at +/- 80 mV (A- top) with 150mM NaCl in the pipette and 150mM KCl in the bath solution and its I-V curve (bottom). 
Addition of 1mM Ca2+ at extracellular side (bath solution) at -80 mV (B) reduced the current though not as strong as in 
NaK-ETPP. Experiment performed by WeiZhong Zeng. 
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Another key feature observed in all CNG-mimicking NaK mutants is that 

Tyr55 in the pore helix appears to be an important player in protein packing 

around the selectivity filter. Its hydroxyl end forms short range hydrogen bonds in 

all three mutants: with the backbone carbonyl oxygen of Glu66 in NaK-ETPP, 

with the carboxylate group of Glu66 in NaK-DTPP and the amide group of Asn66 

in NaK-NTPP.  These interactions are thought to be important in stabilizing the 

selectivity filter.  This tyrosine is also absolutely conserved in CNG channels 

(Figure 3-1) and probably plays a similar role as in the mutants. Indeed, when the 

equivalent Tyr (Tyr352) in CNGA1 was replaced with Phe no obvious current 

was observed at a voltage range between +/- 100 mV, further cross-validating the 

similarity of the mutants to CNG channels. In agreement with this, a recent study 

of the same CNGA1 channel reported that replacing Tyr352 with Ala renders the 

channel conductance strongly voltage dependent resulting from voltage-

dependent conformational changes at the filter (Martinez-Francois et al., 2009) 

even at saturating cGMP concentrations. Note that CNGA1, despite carrying the 

voltage sensor domain, is not gated by voltage but rather by cGMP binding.  

Furthermore, interaction between Tyr352 and Glu363 (equivalent to Tyr55 and 

Glu66 in NaK-ETPP) has been implicated in the same study, consistent with our 

structural observation. These results argue for the validity of the NaK mutants as 

accurate models for CNG channels selectivity filters.  
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CHAPTER FIVE 
Discussion 

 

Ion channels can be considered as one of the most critical groups of 

proteins upon which life depends. They are characterized by selective permeation 

of one or a group of ions and a method of gating. The gating mechanism usually 

underlies their variation among channels that transport the same or similar ion(s). 

Their biological function however generally depends on the ion(s) they transport 

and the extent of ion selectivity the channels exhibit. The extent of selectivity 

varies from ion channels that can discriminate between similar ions to those that 

discriminate cations over anions but not as well among cations. An example of the 

former are the voltage-gated K+ channels that can discriminate from the very 

similar Na+ ion and cyclic nucleotide-gated channels are good example of the 

later group because almost all common cations can permeate these channels but 

not anions. Understanding the molecular mechanism of ion selectivity and 

permeation properties of an ion channel is key to get insight into its biology. This 

however requires high resolution structural information, which has been a major 

impediment. Recent mechanistic advances in K+ channel biology were a result of 

several high resolution structures. This is not the case with other ion channels, 

including cyclic nucleotide-gated channels. 
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Cyclic nucleotide-gated channels are a physiologically essential class of 

proteins whose functional significance in higher animals is generally well 

understood (Zagotta et al., 2003). However, detailed molecular picture, especially 

as it relates to their ion permeation and selectivity properties, has been lacking 

due to absence of high resolution structural information. The present study is thus 

focused on getting such structural information on ion selectivity mechanisms.  

Among several possible approaches towards the stated goal, this work 

centered on modifying a bacterial non-selective cation channel, NaK, to contain 

selectivity filters identical in sequence to those found in majority of CNG 

channels. These mutants are amenable to high resolution structure determination 

and were found to share the same ion selectivity and Ca2+ blocking patterns with 

eukaryotic CNG channels.  All are non-selective, permeable to Na+, K+, Ca2+, as 

well as other group IA cations.  Additionally, external Ca2+ blocks monovalent 

cation conduction, a process mediated by an acidic residue in the selectivity filter 

conserved in the mutants and CNG channels.  

The CNG-mimicking NaK mutants crystallize in similar conditions and 

assume the same overall structure as the wild type open pore NaK channel. 

However, their selectivity filters exhibit profound differences from those of either 

NaK or KcsA. The mutants generally assume similar selectivity filter structures 

but exhibit some differences among themselves thought to arise due to variations 

in protein packing interactions around the selectivity filter. The first novel feature 
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of the mutants is the number of ion binding sites inside the selectivity filter. The 

mutants contain three contiguous ion binding sites equivalent to sites 2, 3 and 4 of 

the KcsA potassium channel structure (Figure 4-3). This is in sharp contrast to 

four ion binding sites of the highly K+ selective KcsA and two ion binding sites of 

the non-selective NaK channels. Moreover, there is a funnel shaped extracellular 

entryway anchored by a highly conserved Proline and harboring two layers of 

waters. This region is believed to play important roles as a dehydration or 

rehydration zone for ions entering or exiting the selectivity filter.  

Electrophysiological and radioactive data have shown that all mutants are 

non-selective. Single channel recordings under bi-ionic conditions resulted in a 

permeability ratio of one for Na+ and K+ ions, implying that these ions permeate 

the mutants equally well. This is supported by the radioactive 86Rb+ uptake assays, 

which showed that most group I cations can permeate through the mutant 

channels. However, mutant structures in complex with Na+ and K+ reveal 

completely different ion binding profiles for these two ions. While the filter 

structure remains unchanged in both, K+ ions tend to bind at the center of each 

site with eight carbonyl ligands creating a square-bipyramidal coordination, the 

same as in K+ channels. In contrast, Na+ clearly prefers to bind on the upper or 

lower edge of each site in plane with the carbonyl ligands resulting in a square 

planar or square-pyramidal, with an additional water ligand, coordination. This 

configuration would allow shorter ion-ligand distances for preferable Na+ ion 
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binding. Of course, to traverse the pore, Na+ ions may also bind at the center, in 

some cases even more preferably, like site 3 in NaK-ETPP. It is clear, however, 

that binding at the edge of each site is the dominating theme for Na+ ions (Figures 

5-1, 5-2). 

 

 
 
Figure 5-1 – Coordination of K+ and Na+ in the NaK mutants. K+ (green sphere) 
coordination is similar to that in wild type NaK or K+ channels in which eight 
ligands coordinate the ions in a square-bipyramidal coordination. Na+ (yellow 
sphere) on the other hand prefers a square pyramidal or square planar 
coordination depending on the binding site, similar to wild type NaK. Big and 
small red spheres represent carbonyl oxygen and water ligands. 
 

The observed monovalent cation binding behavior of the mutants is 

largely similar to wild-type NaK. Their selectivity filter structures are however in 

stark contrast to the later. The CNG-mimicking mutants have three contiguous ion 

binding sites and a funnel shaped extracellular entryway while wild-type NaK has 

two ion binding sites similar to two of those in the former, a large vestibule and 

an extracellular ion binding site. K+ channels on the other hand have four 

K+  and Na+ coordination in 
NaK-DTPP
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contiguous ion binding sites. Does this entail the necessity of four contiguous ion 

binding sites for K+ selectivity? In Zhou’s report, the KcsA channel was not 

crystallizable in the absence of K+ and when crystallized under low K+ (high Na+) 

conditions its selectivity filter collapsed maintaining only two of the four ion 

binding sites resulting in the non-conductive conformation (Zhou et al., 2001). 

The authors argued that the channel maintains the conductive conformation in K+ 

but not in Na+, and hence the selectivity. In contrast to KcsA, wild-type NaK and 

CNG mimicking mutants are crystallizable in Na+-only buffers even though for 

uniformity purposes K+ crystals soaked in Na+ solutions were used in the study. 

Na+ coordination in wild-type NaK and CNG mimicking mutants is similar, 

despite having very different selectivity filter structures. Na+ coordination is 

however different from K+ coordination. Na+ preferentially forms square planar or 

square-pyramidal coordination with four and five ligands, respectively, while K+ 

coordination commonly uses eight ligands for a square-bipyramidal coordination 

either in K selective channels such as KcsA or the non-selective channel NaK and 

mutants. Does this difference in preferred coordination account for the selectivity 

patterns observed? Some studies suggest that the number of coordinating ligands 

does determine preference for one ion over another, K+ preferring usually eight 

and Na+ preferring four, five or six coordination numbers. 
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Figure 5-2- Summary of mono- and divalent cation binding in the selectivity 
filters of NaK mutants. Bound ions are shown as colored spheres (green for K+, 
yellow for Na+, orange for Ca2+ and blue for Ba2+) with different sizes 
representing ion occupancy differences at each site. Note that Ca2+ ions observed 
within the external entryways of NaK-DTPP and NaK-NTPP are in a hydrated 
state 
 

The CNG-mimicking NaK mutants exhibit divalent cation binding 

properties similar to wild-type NaK in some ways but distinctly different from K+ 

channels. In K+ channels Ba2+ primarily binds at site 4, however no bound Ba2+ 

was observed at site 4 in the mutant structures but instead was predominantly at 

the extracellular entryway coordinated by carbonyl groups of Gly65 and water 

ligands and at site 3 (Figure 5-2). There is slight variation among the mutants 
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themselves, especially the absence of electron density at site 3 of NaK-ETPP. 

Since there are no obvious structural variations between the ion binding sites 3 & 

4 of K+ channels and NaK mutants, minor electrostatic differences might have 

contributed to the observed differences.  

Ca2+ permeation and associated blockage of monovalent cation current is 

central to proper CNG channel function and the CNG-mimicking NaK mutant 

structures, combined with single channel recordings and radioactive tracer uptake 

assays, clearly demonstrate the essential role of the conserved acidic residue in 

Ca2+ binding. Strong Ca2+ binding is exhibited by NaK-ETPP, which mimics 

majority of CNG channel selectivity filters. Ca2+ binding is abolished in the 

neutral residue mutant NaK-NTPP while it is enhanced roughly 10 fold higher in 

the charge conservative mutant NaK-DTPP, reminiscent of Glu-to-Asn and Glu-

to-Asp mutations in CNG channels, respectively. However, the structures reveal 

that, contrary to conventional models, the Ca2+ ion in the filter is exclusively 

chelated by backbone carbonyl oxygen atoms and not directly by the acidic side 

chain. In these CNG-mimicking mutants, particularly in NaK-ETPP, the side 

chain of the acidic residue is oriented tangential to the ion conduction pathway 

and buried underneath the external surface of the protein. It does not seem to 

make any direct contact with main chain atoms of the selectivity filter. 

How then, is Ca2+ specificity in the NaK mutants achieved? Careful 

examination of the environment surrounding the acidic residue reveals some 



129 
 

 
 

important details that may play a role in this phenomenon. First, the side chain 

carboxylate of the acidic residue in the CNG-mimicking mutants is buried in a 

fairly hydrophobic environment shielded from the ion conduction pathway by the 

main chain atoms of the selectivity filter residues (Figure 4-7E).  This low 

dielectric environment may enhance the electrostatic interaction between the 

negative charge and the cation in the filter which, combined with the presence of 

four such carboxylate groups in a channel tetramer, may help stabilize the doubly 

charged Ca2+ ion. The second possibility is that the presence of negative charges 

in close proximity may perturb the charge distribution along the backbone of the 

filter residues, making certain carbonyl oxygen atoms more electronegative and 

more suited for Ca2+ binding.  Both mechanisms are not mutually exclusive and 

could work in an additive or synergistic manner. 

 The apparently greater Ca2+ affinity upon a Glu-to-Asp mutation in CNG 

channels as well as in NaK-DTPP compared to NaK-ETPP even though both 

preserve the essential acidic residue/negative charge can also be explained 

through detailed structural analysis. The multiple Ca2+ binding (at sites 2 and 3) in 

NaK-DTPP filter, is believed to result from the position of the carboxylate group 

of Asp66 and the presence of two water molecules, contributing to the different 

Ca2+ binding affinity. The 1st water molecule (W1 in Figure 4-6A) is located at 

the equivalent position as the charge center of the Glu66 carboxylate in NaK-

ETPP and mediates the interaction between Asp66 and Thr60.  Polarized by the 
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negative charge of Asp66, this water molecule could play the same role as the 

carboxylate of Glu66, rendering Ca2+ binding at site 3.  The 2nd water molecule 

(W2 in Figure 4-6A) resides in close proximity to the backbone of the filter, 

making a hydrogen bonding interaction with the backbone amide of Asp66. 

Furthermore, the carboxylate group of Asp66 is positioned in a way that one of its 

oxygen atoms forms a hydrogen bond with its own backbone amide nitrogen.  

Both interactions could stabilize the double bonded resonance form of the peptide 

bond between Gly65 and Asp66, making the Gly65 carbonyl oxygen more 

negatively charged and suitable for Ca2+ chelation at site 2 in NaK-DTPP.   

The structures of CNG-mimicking NaK mutants also provide a plausible 

explanation for the pH dependent Ca2+ blockage and channel conductance in 

CNG or Ca2+ channels. In vertebrate CNG channels lower pH has been shown to 

weaken Ca2+ binding and decrease channel conductance due to the protonation of 

the conserved glutamate carboxyl side chain in the filter with an apparent pKa of 

7.6, much higher than that of a solvent exposed glutamate, which has a pKa of 4.3 

(Root and MacKinnon, 1994; Seifert et al., 1999). A similar protonation induced 

conductance change was observed in L-type voltage-gated Ca2+ channels in which 

proton binding to an extracellular site with an apparent pKa of 7.5 resulted in a 

threefold decrease of channel conductance (Prod'hom et al., 1987). Such pKa 

shifts of acidic side chains in proteins are not uncommon and may be justified by 

the side chain being confined in a fairly hydrophobic micro environment, similar 
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to observations in our mutant structures (Mehler et al., 2002; Schutz and Warshel, 

2001). Studies of catfish olfactory CNG channels have pointed to the four 

conserved glutamates in a channel tetramer forming two identical non-interacting 

protonation sites (Root and MacKinnon, 1994). Although L-type voltage-gated 

Ca2+ channels have four glutamates at presumably similar positions as those of 

CNG channels, only one protonation site was proposed for the L-type Ca2+ 

channel (Prod'hom et al., 1987). The CNG-mimicking NaK-mutant structures, 

however, would predict four such independent sites, one at every glutamate side 

chain, instead of one or two and further analysis is needed to reconcile this 

discrepancy.    

In summary, results on CNG-mimicking NaK mutants provide an accurate 

picture of how Ca2+ binds in the selectivity filter as well as the position of 

conserved acidic residues mediating it. In light of other striking similarities 

between the two groups, the NaK mutant structures are thought to present the 

most accurate pictures to date of CNG channel pores, complementing long 

standing electrophysiological studies and providing novel structural insights into 

CNG channel biology. Although further study is needed to work out exact details 

of Ca2+ binding mechanisms, the Ca2+ binding mechanism observed in the NaK 

mutants is believed to be the same as that in CNG channels. A Similar mechanism 

may also apply to voltage-gated Ca2+ channels whose Ca2+ binding mechanism 

has been suggested to be similar to CNG channels (Kaupp and Seifert, 2002; 
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Zagotta and Siegelbaum, 1996), utilizing the four conserved glutamate residues in 

the filter, one from each homologous domain, to confer Ca2+ specificity (Ellinor et 

al., 1995; Tang et al., 1993; Yang et al., 1993). These high resolution structures 

also open the door for computational simulations aimed at providing a more 

theoretical explanation for Ca2+ binding in tetrameric cation channels. 
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CHAPTER SIX 
Future directions 

 

Even though the most well characterized CNG channels are those from 

vertebrate photoreceptors and olfactory sensory neurons, many more similar 

channels have been identified in other cell types and also in many lower 

organisms (Kaupp and Seifert, 2002). In D. melanogaster two genes that encode 

for CNG channels have been cloned and characterized (Baumann et al., 1994; 

Miyazu et al., 2000). These channels, though generally similar to their vertebrate 

counterparts, display deviations on some key properties. The first Drosophila 

CNG channel identified by Kaupp group was shown to exhibit linear macro- or 

microscopic I-V relationships in contrast to those of vertebrate CNG channels that 

display considerable rectification (Baumann et al., 1994). The most striking 

deviation however occurs in their divalent cation blockage or permeation 

properties. A plot of I/Imax versus divalent cation concentration showed that for 

the Drosophila channel the concentration of half-maximal current inhibition (the 

inhibition constant, Ki) increased more than 50 fold both in Ca2+ and Mg2+ 

compared to the bovine rod CNG channel (Baumann et al., 1994), indicating a 

more than 50 fold reduced divalent cation sensitivity. What might be the 

underlying reason for such distinct behavior of the Drosophila CNG channel? 

Examination of the selectivity filter sequences of CNG channels from several 
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Drosophila species and other insects show that the Glutamate residue responsible 

for divalent cation blockage properties in vertebrate CNG channels is also 

conserved in these channels (Figure 3-1). However, few residues past this 

conserved Glutamate considerable deviations in protein sequence are noticed and 

this variation was invoked as the cause of the observed functional difference 

(Baumann et al., 1994; Seifert et al., 1999).  

In the present study a NaK mutant (NaK-ETPT) that mimics the 

selectivity filter of Drosophila and/or insect CNG channels was made. NaK-

ETPT exhibits very similar biochemical properties as NaK-ETPP, mutant that 

mimics most common vertebrate CNG channels. However, its structure exhibited 

a dramatic rearrangement at the top half of the selectivity filter and the 

extracellular entryway (Figure 6-1A, C, D). The bottom two ion binding sites in 

the selectivity filter remain largely similar to those of the other mutants but 

residues Gly65-Thr69 undergo startling rearrangement in which the main chain 

bulges outward and rotates almost 180o. The pyrrolidine group of Pro68 that acts 

as an anchor of the extracellular funnel shaped entryway in the other mutants 

moves outward in NaK-ETPT making it much wider (Figure 6-1B). However, 

several layers of water molecules are still observed in the external entryway 

suggesting that this region, though wider, probably serves a similar purpose as in 

the other mutants. The carbonyl group of Gly65 of NaK-ETPT, which forms site 

2 in NaK-ETPP, undergoes almost a 180o flip orienting itself opposite the ion 
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conduction pathway (Figure 6-1C, D). The side chain of the acidic residue E66 

also makes similar translation and rotation resulting in the carboxylate group 

facing the ion conduction pathway and pointing upwards to the extracellular 

entryway. This translation and rotation propagates to the other residues upto 

Thr69. As a result, packing interactions around the selectivity filter of NaK-ETPT 

are completely different from the other mutants. Considering the similar 

biochemical behavior and identical structure in the rest of the protein, how would 

this structural change in the selectivity filter affect its ion permeation and Ca2+ 

sensitivity? To discern this, single channel conductance, permeability ratio and 

Ca2+ permeation experiments would be necessary. This can be done the same way 

as the other mutants- reconstitute protein into lipid vesicles and analyze single 

channel behavior by liposome patch-clamping. A more thorough structural 

analysis is also necessary. This can also be done in exactly the same way as the 

other mutants – determine structure in different cations and analyze ion binding 

behavior. Only after this can a correlation to Drosophila CNG channels be made. 

Is a structural change responsible for the different Ca2+ sensitivity of Drosophila 

CNG channels?  
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Figure 6-1 – Structure of the selectivity filter of NaK-ETPT. Shown in (A) is a 
stick representation of the selectivity filter; (B)- 2Fo-Fc map of the selectivity 
filter including water molecules (red spheres) in the extracellular entryway; (C)- 
structural alignment of NaK-ETPT selectivity filter (yellow) with that of NaK-
ETPP (magenta) and (D) shows a slightly enlarged top-half of (C) showing the 
structural variation. Front and back subunits are removed for clarity purposes.  
  

The importance of the acidic residue in Ca2+ permeation in vertebrate 

CNG channels has usually been shown by mutating it into uncharged residues, 

typically into Asparagine. A similar Glu-to-Asn mutation was also employed to 

probe the property in the present work. This mutation does remove the negative 

charge as intended, however its side chain is a methyl group shorter than 
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Glutamate. Ideally, a Glu-to-Gln mutant that only removes the charge but 

maintains the overall length of the side chain would be used. Studies using such 

mutation reported some peculiar properties. Eismann et al found that mutating the 

Glu363 of the rod photoreceptor CNG channel to Glutamine dramatically changed 

its properties (Eismann et al., 1994). The mutant became strongly outwardly 

rectifying and I-V curves for different alkali metal ions were very similar. The 

reason for this variation, they suggested, is structural perturbations that propagate 

through the entire pore region. Menini group reported almost identical results for 

the olfactory sensory neuron CNG channel (Gavazzo et al., 2000).  A recent study 

on rod photoreceptor CNGA1 channel over a much wider voltage range found 

that the Glu-to-Gln mutant show very strong outward rectification on its 

macroscopic I-V curve, similar to the above two, but its single channel I-V curve 

did not show appreciable rectification (Martinez-Francois et al., 2009). Because 

these experiments involved use of saturating cGMP concentration, the results 

might imply a voltage-dependent gating of the Glu-to-Gln mutant. What is the 

underlying reason for such aberrant behavior of this mutant? Does this Glu-to-Gln 

mutation change the structure of the selectivity filter and would that translate into 

changing the conductance state of the channel? In support of this a Glu-to-Gln 

mutant (NaK-QTPP) of NaK-ETPP exhibited dramatic rearrangement of the 

selectivity filter structure (Figure 6-2). In NaK-QTPP the bottom two ion binding 

sites and the anchor Pro68 of the extracellular entryway remain largely 
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unaffected. However, the main and side chains of Gly65, Gln66 and Thr67 

undergo striking conformational changes. Compared to NaK-ETPP structure, the 

carbonyl group of Gly65 in NaK-QTPP moves away from the ion conduction 

pathway creating a vestibule. The side chain of Gln66 also exhibits a dramatic 

leftward movement compared to the Glu66 of NaK-ETPP. The other interesting, 

and may be more important shift is that exhibited by the side chain of Thr67 of 

NaK-QTPP – it moved inwards and now faces the aqueous ion conduction 

pathway (Figure 6-2A). The packing interactions in NaK-QTPP are also 

remarkably different from those of the other NaK mutants. Can the observed 

structural changes of NaK-QTPP explain the observed functional variations of the 

Glu-to-Gln mutant of vertebrate CNG channels? Does this mutant of CNG 

channels represent their non-conductive or inactivated state and can NaK-QTPP 

represent this state? A preliminary single channel recording of NaK-QTPP 

proteoliposome showed that, although single channel current amplitude is only 

slightly reduced, the open probability is significantly lower than NaK-ETPP, and 

the trace exhibits several (at least three) conductance states, all of which are 

consistent with the observation in Glu-to-Gln mutant of vertebrate CNG channels. 

However, a thorough study of the NaK-QTPP mutant is necessary. Its single 

channel properties need to be characterized in detail, especially in relation to Ca2+ 

blockage and the different states. Its macroscopic I-V curve would also need to be 

analyzed if it shows strong outward rectification as observed in a similar mutation 
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of vertebrate CNG channels. The experiments would be essentially similar to 

those of the other NaK mutants. A detailed statistical analysis of the current 

behavior would be quite informative, such as amplitude histogram, dwell time and 

open probability. In addition, a detailed structural analysis would be very 

insightful. For that, its structure in various other cations, especially Ca2+ and Na+, 

will need to be determined. Ideally, this can be done similar to the other NaK 

mutants in this study – soaking K+ crystals in suitable stabilization solutions, 

determining their structures and calculating ion-omit maps. In order to visualize 

Ca2+ more clearly X-ray diffraction data could be collected at long wavelengths to 

capitalize on anomalous diffraction by Ca2+. Combining the structural and 

functional analyses would reveal important hallmarks of the mutants that may 

very well be correlated with vertebrate CNG channels.  

  

 

 
Figure 6-2 – Selectivity filter structure of NaK-QTPP (A) and its alignment with 
that of NaK-ETPP (B). NaK-QTPP is in green and NaK-ETPP is in magenta. 
Selectivity filter structure of NaK-ETPP is also shown (C) for comparison. Front 
and back subunits removed.  
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  Native CNG channels from photoreceptors and olfactory sensory neurons 

are known to function as heterotetramers in which three A and one B subunits co-

assemble to form the functional channel. Only the main channel forming A 

subunits have been shown to form functional homotetramers, with the exception 

of CNGA4, which is grouped with the A subunits because of sequence similarity. 

However, homotetrameric channels, despite exhibiting similar properties as native 

channels, do show variations from the heterotetramers, especially on their Ca2+ 

sensitivity. This can be intuitively seen from their sequences at the selectivity 

filter (Figure 3-1). The A subunits (A1-A3) are the main channel subunits and 

carry a Glutamate after the conserved T(V/I)G sequence whereas the auxiliary 

subunits carry either a Glycine (B1, B3) or an Aspartate (A4) at the equivalent 

position. Native rod and cone CNG channels comprise 3A:B subunits while those 

from olfactory sensory neurons assume 2A2:A4:B arrangement. In this 

heterotetrameric arrangement each A subunit contributes an acidic residue (A1, 

A2, A3 – Glutamate, A4 – Aspartate) while the B subunits contribute uncharged 

Glycine, but a homotetramer would have the same acidic residue from each 

subunit. In rod photoreceptors, the presence of the glycine residue in the 

heterotetramers was reported to reduce its calcium sensitivity compared to the 

homotetramer (Korschen et al., 1995). Moreover, native olfactory CNG channels 

have distinctly enhanced calcium permeation, thought to arise due to the 

Aspartate contributed from the A4 subunit instead of a Glutamate (Dzeja et al., 
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1999). The present study relied on the homotetrameric NaK channel and the 

mutants thus mimic the homotetrameric CNG channels. To recapitulate the native 

heterotetrameric channels more closely a tandem NaK heterotetramer can be 

designed. The individual subunits could be separately cloned into expression 

vectors with suitable restriction endonucleases and designed to have short linker 

peptide sequences and then combined to generate the tandem tetramer. Necessity 

for reasonable expression and subsequent purification of a stable heterotetramer 

might require attempting different lengths of linker peptides and subunit 

sequences. To recapitulate the rod and cone CNG channels three NaK-ETPP and 

one NaK-GLPE sequences (see methodology) can be arranged into a tandem 

tetramer presumably similar to the 3A:B arrangement of the native channels. The 

olfactory CNG channel would be represented by a tandem tetramer created with 

two Na-ETPP, one NaK-DTPP and one NaK-GLPE sequences to assume the 

2A2:A4:B stoichiometry. 
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