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Youxing Jiang, Ph.D.

Potassium channels play a central role in a number of biological
processes, most classically the action potential of excitable cells in
multicellular organisms. These channels are defined by their selective
conduction of potassium to the exclusion of other monovalent ions as
governed by a common sequence and structural motif, the selectivity filter.
This structure, made of backbone carbonyls and threonine side chains,
directly coordinates the ions as they diffuse through the channel and
appears central to this sub-angstrom discrimination between cations.
Utilizing the non-selective Sodium and Potassium conducting channel
(NaK) as a structural scaffold the mechanisms of both ion selectivity and

formation of this selective structure are examined.
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Chapter 1. Introduction

Membrane Structure and Permeability

The boundaries of all cells are defined by a lipid membrane which
envelops the cellular volume. (Fig 1.1) The phospholipids that make up
this membrane have both a hydrophilic moiety and some number of
hydrophobic acyl tails and with this amphipathic nature these lipids
spontaneously form multi-molecular structures to achieve an energetically
stable state in aqueous solution. Specifically, those lipids that make up a
cell membrane form a two-dimensional sheet termed a bilayer. This
structure, with hydrophilic portions facing the aqueous milieu and the acyl
chain tails forming a hydrophobic core, presents a strong energetic barrier

against the spontaneous diffusion of polar or charged solutes (1).

Figure 1.1. Structure of a eukaryotic cell membrane. The membrane is
made up of lipids, primarily phospholipids, though it also includes
cholesterol, sphingolipids and glycolipids. Within the membrane reside
membrane proteins which act to transport signals and substrates across
the bilayer. Figure reproduced from (2).



These membranes defines the boundaries of both the cell and its
internal compartments and the hydrophobic barrier segregating
biochemical reactions within the cell (3). Organisms both utilize and need
to overcome the diffusional impediment this membrane presents to the
movement of solutes. Notably nutrients, waste products and information
all need to be moved across these membranes. To overcome this barrier
organisms have evolved a number of strategies to allow for the regulated
import and export of substrates and signals of biological importance.
Membrane proteins that reside within the membrane catalyze and control
these processes (4). A number of mechanisms have been devised, some
specific only to single domain or kingdom of life, while others are
maintained throughout evolution from bacterial to mammals. In humans an
estimated 27% of the human proteome is made up of alpha-helical
membrane proteins (5). These include receptors for carrying information,
transporters to import or export substrates, and enzymes to catalyze

chemical reactions near or within the membrane.

Organisms have evolved to use membranes as a means to store
energy, in addition to acting as an organizational structure (6). The
asymmetric partitioning of solutes, ions or small molecules, gives rise to
both chemical and in some cases electrical gradients that the cell can use
both as an energy store and in information signaling. For example, in
mammalian skeletal muscle sodium, calcium, and chloride are notably
more concentrated outside while potassium is concentrated within the cell;
these ionic differences giving rise to a resting potential below -60mV.
(Table 1.1) Similar electrochemical gradients are found in all kingdoms of
life and can further be differentially used within the organelles of a single
organism. In multicellular organisms, these gradients are most classically
used in the efficient long distance transmission of information by
electrically excitable cells, notably in nervous tissues. However, within

those same cell types asymmetric calcium partitioning into the ER and



proton gradients across the membrane of the mitochondrion are
fundamental aspects of the function of those organelles. Exploiting the
energy invested and biological need for this solute asymmetry, a number
of toxins, including antibiotics, act by neutralizing this electrochemical

gradient to the detriment of the target organism (7, 8).

Extracellular Intracellular

concentration concentration 7”}“7‘ l.:
lon (mm) (mMm) [Ton],
Na* 145 12 12
K* 4 155 0.026
Ca?t 1.5 100 nm 15,000
Cl 123 42 29

Table 1.1. The resting free ion concentration in Mammalian skeletal

muscle. Figure reproduced from (3).

Channels and Transporters

The transport proteins that reside within the membrane were
classically first identified by their functional role in model organisms,
characterized by their functional behaviors, and then further studied in
model systems as the specific genes were identified. Grossly, transport
proteins are separated into channels and carriers, where channels simply
open a hole in the membrane which allows substrate to diffuse down its
electrochemical gradient while carriers must undergo discrete binding and
unbinding events, each with an associated conformational change. (Fig
1.2)

Among the carriers, there is a further series of subdivisions based
on the need and source of energy for ligand transport. While uniporters
simply move a ligand by simple diffusion, there are a number of discrete
energy coupled transporter families where the substrate can be
concentrated against its electrochemical gradient using the free energy

associated with a coupled second reaction. (Fig 1.2B) Symporters link the



transport of the desired cargo to the co-tranport of a second energetically
favored ligand. (Fig 1.2C) Conversely, antiporters couple ligand movement
to the flow of a second substrate in the opposite direction; again with a net
decrease in free energy. (Fig 1.2D) Alternatively, the ABC Transporters
and P- and V-type ATPases use the energy of ATP hydrolysis to drive
ligand transport. (Fig 1.2E) While it can be convenient to generally
describe gene families discretely as either channels or carriers these
divisions are occasionally blurred by cases of transporter family members

having evolved into channels and the reverse (9, 10).

Given the differences of mechanism for transporting ligands across
this lipid barrier, the kinetics of moving ligands across the membrane
couple to the energetic source. Grossly these differences in mechanism
give rise to discrete regimes of activity, where the kinetics of the energetic
source, substrate binding, and necessary protein rearrangement limit the
rate of transport and the ability to accumulate substrate (3). ATPases
generally are the slowest but can generate the greatest ligand asymmetry,
while channels only allow energetically favored substrate movement but

do so the quickest, at up to diffusion limited rates.

A common feature noted as being of biological importance and
correspondingly frequently used as a means of discriminating between
membrane transporters is ion selectivity. This selectivity is defined as the
relative flux of ions to relative to some reference ion. The biological role of
some transporters clearly depends upon their ability to recognize the
appropriate substrate with high fidelity, while in other cases an
indiscriminate nature is central to their function, as is the Na/K-ATPase
and multi-drug resistance transporters, respectively (11, 12). Gradations in
selectivity may underly the physiological role of some transporters whose
selectivity is diminished relative to their evolutionary ancestors, as in the
cases of theCyclic Nuclotide Gated (CNG) and Hyperpolarization activated
Cyclic Nucleotide gated (HCN) channels (3, 13, 14).



TTT1

Figure 1.2. Cartoon of major membrane transporter classes,
demonstrating the distinct mechanisms of substrate transport.
Depicted are the (A) channel and (B) Uniporters which transport without
an energetic source. (C) Symporters and (D) Exchangers/Antiporters
couple transport of the ligand to another, energetically favored, substrate.
(E) ATPases, including the V- and F-type and ABC transporters, couple
transport to the hydrolysis of ATP.
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Chapter 2. lon Channels

Channels

In contrast to the slower kinetics of carriers, channels rapidly
conduct ions down their electrochemical gradient (3). This flux can be
orders of magnitude higher than the carrier rates. Channels accomplish
this fast ionic flux by providing a continuous pathway across the
membrane which the ions traverse by simple diffusion. While the overall
gating process can be kinetically complex, the open state is usually
generalized as a single conductive state, in contrast to carriers’ multi-step

transport cycle.

Within electrically excitable tissues it is the coordination of multiple
ionic currents that give rise to the action potential. (Fig 2.1) This
depolarization and repolarization wave is mediated by a number of ion
channel genes with varying selectivity and kinetic properties. Generally,
some external stimuli depolarizes the local membrane from the resting
potential. If the depolarization is above a threshold potential it activates
voltage gated sodium and calcium channels, which rapidly open and allow
sodium and calcium into the cytosol, further depolarizing the membrane.
These sodium channels then rapidly inactive. This change in the local
electric field activates adjacent voltage gated sodium channels,
propagating the signal down the cell body. Restoration of the membrane
potential begins with the opening of voltage gated potassium channels,
which open with slower kinetics and allow potassium to flow out of the cell.
Finally, these voltage gated potassium channels inactivate and ATPases
and transporters restore the resting ionic concentrations across the
plasma membrane. Mis-regulation of these signals, in selectivity or gating,
can be caused by either drug effects or naturally occurring mutations and
lead to a number of diseases in humans including long QT syndrome,

adenomas and blindness (15-17).
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Figure 2.1. The action potential is composed of discrete currents
mediated by a number of selective ion channels. Depolarizing currents
respond to the initial stimulus and depolarize the local membrane and
rapidly inactivate. Subsequent channels and transporters repolarize the
membrane and restore the electrochemical gradients. Figure reproduced
from (18).

Channels, including voltage-gated channels, have been found in all
kingdoms of life, though their biological role in prokaryotic and archaeal
organisms is not well understood where action potential like signaling is
unexpected (19-22). However, as proteins in microbes tend to be smaller
and more readily expressed in standard protein expression systems they
usually are more amenable to experimentation and have served as

valuable models for the study of basic channel biophysics (23, 24).

When initially identified by a variety of genetic, biochemical or
pharmacological studies channels were organized into families based
upon substrate specificity and gating mechanism. With further genetic
information, some of the disparate families have been further organized
into larger superfamilies. The largest of these is the tetrameric cation
channel family which includes the notable branches of Na+, K+, Ca+2, CNG
and HCN channel families (5, 25). (Fig 2.2)



The tetrameric cation channel superfamily was recognized based
on a common topology and domain structure within channels of diverse
function (26). Minimally, this superfamily contains a pore domain defined
as two transmembrane helices linked by a sequence termed the P-loop
(27). (Fig 2.4A) It is this P-loop which contains a sequence characteristic
for each family that is believed to define selectivity (Fig 2.3) with four
domains being required to form a single ion conduction pathway (28).
These domains can be encoded on a single polypeptide or multiple
peptides, including separate genes forming a single heterotetramer pore.
While channels within this superfamily are quite diverse with differences in
selectivity, size, and mechanism of gating; this single domain structure is
common throughout. Genes encoding the channel domain alone are
commonly seen in prokaryotes, though eukaryotic channels usually have
additional domains that regulate channel gating in response to stimuli
such as membrane voltage or ligand binding (25, 29).

M Na,
[ cay
MK
|:| KCa
D Kir
D K2P
] HCN

B cNG

NaK2K

KirBac1.1

NaVAb

KcsA

7

Figure 2.2. The NaK2K channel is most similar to potassium selective
channels. Phylogenetic tree of tetrameric cation channels. Phylogenetic
tree constructed with the pore domains only of representative tetrameric
cation channels and bacterial homologs with crystal structures.
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Figure 2.3. The secondary structural context of the P-loop. The P-loop
(boxed) is between the transmembrane helices of the pore domain of
tetrameric cation channels.

These P-loop sequences are conserved in each family and distinct
between channels of differing selectivity, belying their central role in ion
discrimination (13). (Fig 2.3) Variations in this sequence, either by natural
differences or experimental mutation, frequently alter selectivity in these
channels, further underlining their central role in selectivity (30). It should
be noted that while the potassium channel P-loops are frequently 4-fold
symmetric this is not necessarily the case for all of the tetrameric cation
channels, most notably sodium and calcium channels where the filter is
asymmetric by differences in the sequences contributing to the tetrameric
pore. Such asymmetry can arise from non-identical pore subunits encoded
on a single polypeptide or hetreotetramerization of differing channel

subunits.

K+ Channels
Within the potassium channels there are three major sub-families,
organized by sequence, predicted structure, and physiological behavior.

(Fig 2.2) These are the Voltage gate (Kv) and Calcium gated Potassium
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channels (Kv and Kca) (31, 32), the Inward Rectifier Potassium channels
(Ki) (33), and the Two Pore Potassium channels (Kzp) (34). Within the Kir
and Kop channel families the protein frequently contains additional extra-
membrane domains but generally do not have additional transmembrane
domains. (Fig 2.4B & C) However in the Ky and Kca families can have
voltage gating domains, or analogous domains that may be vestigial,
which add an additional 4-5 transmembrane helices, in addition to soluble
regulatory domains. (Fig 2.4B, D & E) In contrast, prokaryotic orthologs
tend to be smaller, with out any additional transmembrane helices (24).
(Fig 2.4 A &B)
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Figure 2.4. Domain organization of K+ channels. Potassium channels
have divergent domain organization but share a common pore domain. (A)
The pore domain of K* channels, minimally required for potassium
selectivity. (B) K+ channel domain with C-terminal regulatory domain.
Examples include wild-type KcsA and MthK (35, 36). (C) Two pore
potassium channels where the complete channel pore is believed to form
by dimerization. Examples include TWIK and TRAAK (37, 38). (D) Voltage
gated potassium channels. The N-terminal voltage sensing domain
regulates channel opening in response to membrane voltage, such as in
the shaker channel and K\AP (39, 40). (E) Potassium channels with both a
voltage sensing domain and ligand binding domain. These channels
include BK and MlotiK1 (41, 42).
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All of these potassium channels have a common conserved
sequence motif within the P-loop connecting a short pore helix and the
second transmembrane helix, termed the signature sequence (13, 30).
(Fig 2.3) Generalized as TVGYG, it has been shown that mutations within
this sequence lead to variations in selectivity or a conductively dead
channel suggesting a central role for this sequence in ion conduction. In
particular, both absolutely conserved glycine residues are particularly
sensitive to mutation. In distantly related HCN and CNG channels the
signature sequence has clear variations from the canonical potassium
channel sequence, corresponding their lack of selectivity between sodium
and potassium (13, 14). (Figs 2.2 and 2.3)

Inward M BK
Delayed rectifier rectifier current K(Ca)
Frog Frog Snail Starfish Frog Rat
lon node muscle neuron egg neuron  muscle
I 23 1.29 1.5 — 1.2
K* 1.0 1.0 1.0 1.0 1.0 1.0
Rb~ 091 0.95 0.74 0.35 0.94 0.67
NH,' 0.13 — 0.15 0.035 0.11 0.11
Cs* <0.077 <011 0.18 <0.03 0.10 <05
| <(.018 <0.02 0.09 _— <0.00 <0.02
Na* <0,010 <0.03 0.07 <003 <0.004 <0.01
H,NNH;* <0.029 — _
Methyvlammonium <0.021 — — <0.004

Table 2.1. Relative ion permeability of K+ channels. Potassium
channels have markedly low sodium permeability to sodium, though less
selectivity agains rubidium and cesium. Table of relative ion permeabilities

(Px/Pk) of Potassium Channels, reproduced from (3).

Using this characteristic signature sequence potassium channels
are able to discriminate with high precision and accuracy between sodium
and potassium, the most highly concentrated cations found at the plasma
membrane of animals, despite the smaller ionic radius of sodium. (Tables
1.1 and 2.1) Potassium channel selectivity is usually described as a

permeability ratio relative to K+ (Px/Px, where X is the second ion for
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comparison) and Pna/Pk is typically less than 0.01 in canonical potassium
channels (43). The mechanism by which the K+ channels select their
substrate is unknown as, in addition to size, there are differences in the
related charge density and dehydration energy between the two ions.
Despite this stringent selectivity, potassium ions can pass through some K
+ channels at near diffusion limited rates (3, 44). However, these same
potassium channels are typically unable to exclude larger monovalent
cations, with Thallium, Rubidium and Cesium having permeabilities

greater than 0.1 relative to potassium.

The first theories of selectivity, before individual channels were
identified functionally, were descriptions of channels as molecular sieves,
where ions were selected by size exclusion (3). With the identification of
the potassium channel and others, new theories were devised to account
for selective conduction of larger ions to the exclusion of small ions. The
initial model of selectivity was an equilibrium electrostatic model, where
selectivity depends on the electric field strength of the ion binding site
within the channel (45). Another theory of selectivity in potassium
channels was the snug-fit model, where the distances of the coordinating
ligands within the pore were thought to be optimized to the distance of a
water molecule in the first hydration shell of a potassium ion (46). As the
sodium ion is smaller, with a correspondingly smaller hydrations shell, its
binding within a binding site of the a potassium channel would be

energetically unfavorable.

With the first structure of the tetrameric cation channel, the pore
domain of the potassium channel from Streptomyces lividans (KcsA),
many previously inferred features of tetrameric channels were directly
observed (47). Representing only the ion conduction pathway, the channel
polypeptide contains two transmembrane helices connected by a helix-
loop structure, over a portion of which the ion is directly coordinated by the

polypeptide and is termed the selectivity filter. (Fig 2.5B) In the case of



14

KcsA four polypeptides come together to form a single, four-fold
symmetric ion conduction pathway. (Fig 2.5A) In the initial KcsA crystal
structure the channel is clearly in a closed state, where the internal gate is
closed with the second transmembrane helices forming a bundle crossing
too narrow for an ion to pass. A consequence of this closed structure is an
enclosed aqueous volume contained within the pore domain termed the
cavity. Notably, the selectivity filter is formed by the 7sTVGYG signature
sequence which adopts a novel structure where permeating ions were
coordinated largely by the carbonyls of the peptide backbone. These ion
binding sites were identified initially by discrete binding of rubidium or

cesium, used as a more strongly diffracting surrogates for potassium.

Figure 2.5. The secondary and tetrameric quarternary structure of the
KcsA channel pore (47). (A) View from the extracellular solution of the
KcsA tetramer. (B) View from the membrane plane of the KcsA fold. The
front and back subunits have been removed for clarity. Though
crystallographically equivalent each symmetry related subunit is colored
uniquely for clarity.

Following on this work, the high resolution structure of KcsA was
solved (48). While again in a closed state, the selectivity filter with bound
potassium ions can now be unambiguously described. (Fig 2.6) Clearly

seen are four ion binding sites, formed by the backbone carbonyls of the
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signature sequence and hydroxyl side signature sequence’s conserved
threonine. Labeled sites 1-4, from the external to cytoplasmic sides, each
of these binding sites contains a well ordered potassium ion; in addition to
partially dehydrated ions seen at the extracellular face of the filter and a
fully hydrated potassium ion within the cavity. In the presence of a low
concentration of potassium, and therefore the predominant ion within the
crystallization solution is sodium, the filter of KcsA adopts a “collapsed”
structure where the filter structure significantly changes and no longer

forms a continuous pathway for ions to traverse.
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Figure 2.6. Structure of the KcsA ion selectivity filter (48). Structure of
the KcsA selectivity filter with K+ ions drawn as green spheres. The four
potassium ions within the filter are bound completely dehydrated by
backbone carbonyls of residues 75-78 and the Thr75 side-chain
hydroxyls. The front and back subunits removed for clarity.
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Interestingly, the filter collapse of KcsA can be abrogated by a
synthetic mutation within the channel filter (49). Replacing the central
glycine (Gly77) of the signature sequence with a D-Ala amino acid locks
the channel in a conductive state when crystallized in a low potassium
environment. This synthetic mutation is necessary as glycine, the only
achiral amino acid, is in a left handed configuration within the KcsA filter
(50). The mutant channel remains potassium selective demonstrating that
selectivity is intrinsic to the non-collapsed filter structure.However, in the
absence of potassium the synthetic channel can conduct sodium,
suggesting that selectivity arises through competition of ions within the

filter.

It is notable that that the electron density within the filter was not
equivalent between potassium and rubidium in the high resolution KcsA
structures, though both ion are known to conduct through the channel
(44). Despite similar ion profiles within the filter at low K+ or Rb+
concentration, the electron density is relatively uniform for potassium at
higher concentrations with equivalent intensity at all four ion binding sites.
In contrast, density was notably absent at site 2 in KcsA crystals at even at
300mM rubidium concentrations. These results correlate well the fact that
both ion have similar currents at low concentration but increasing
potassium concentration results in higher flux while rubidium flux saturates
with increasing concentration. These combined structure and function
results suggest that with high concentration potassium ions can move
through the four energetically equivalent sites, with two ions occupying
site 1 and 3 or sites 2 and 4. Such an equivalence is not see with
rubidium, resulting in an energetic barrier for rubidium ions traversing the

pore and resulting in the slower kinetics of ion conduction.

With the high resolution KcsA structure and those of other
potassium channels the mechanism of potassium selectivity, most notably

the robust conduction of potassium to the exclusion of sodium, began to
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be directly examined. Structures of a number of prokaryotic and eukaryotic
potassium channels have been solved, illustrating a number of different
protein architectures (36, 39-41, 51, 52). Most of these structures
highlighted different mechanisms for gating, such as voltage or ligand
dependent gating. Pertinent to the issue of selectivity, however, all contain
a similar signature sequence (TVGYG) and adopt similar filter structures.
This common sequence and structure appears to underly a common

mechanism of selectivity.

Figure 2.7. The tetrameric quarternary and secondary structure of the
NaK channel (53). (A) View from the extracellular solution of the NaK
tetramer. (B) View from the membrane plane of the NaK fold. The front
and back subunits have been removed for clarity. Though
crystallographically equivalent each subunit is colored uniquely for clarity.

The first non-potassium selective tetrameric cation channel
crystallized was the Sodium and Potassium conducting channel (NakK)
cloned from Bacillus cereus (53). Initially proposed as a CNG channel
pore homolog, the overall pore fold is similar to that of the previous
potassium channels. (Fig 2.7) The signature sequence of eTVGDG
contains an acidic amino-acid, distinct from the classic potassium channel
and reminiscent of the CNG channel filter sequence. (Fig 2.3) In addition

to this sequence difference the filter structure of the NaK is clearly distinct
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from those of potassium selective channels. (Fig 2.8) The two most
intracellular ion binding sites are maintained, corresponding to the
conserved TVG filter sequence of both NaK and K+ channels, but sites 1
and 2 are remodeled to form an enlarged vestibule and external ion
binding site. Electrophysiological and flux assays of the radioactive tracer
86Rb* show this channel to be non-selective between sodium and
potassium. (Fig 2.9) However, structurally there is no change in the filter
structure in the presence of either sodium or potassium. With a higher
resolution structure it became apparent that within the two ion binding
sites of the NaK channel the potassium ions bound via the classical K+
channel like coordination chemistry (Fig 2.8A), while sodium ions bound to
different sites within the same filter structure. (Fig 2.8B) This was direct
structural evidence contradicting the snug fit model of selectivity as it
demonstrated that the ion binding sites could be used by smaller ions

without necessitating a change in the filter structure.
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Figure 2.8. Structure of the NaK selectivity filter (54). (A) The structure
of NaK crystallized in potassium. Potassium ions bind at sites 3 and 4 in a
similar mode to KcsA. In the vestibule and at the external binding site
potassium ions bind coordinated by backbone carbonyls and four
symmetry related water molecules. (B) The structure of NaK crystallized in
sodium. Sodium binds in plane with the hydroxyl of Thr63 and backbone
carbonyls of Val64. Bound within site 3 is a strongly diffracting
contaminant ion modeled as cesium. K+, Na* and Cs* ions drawn as dark
green, light green and yellow spheres, respectively.
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Figure 2.9. The NaK channel conducts both sodium and potassium,
as demonstrated by 8Rb* flux competition assay (53). Rubidium
permeation is decreased by the flux of the permeant potassium and
sodium ions, while the impermeant lithium and NMG have no effect.
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Similarly, the high resolution structure of the MthK pore domain in
the presence of only sodium also demonstrated a potassium selective
channel could bind sodium within the canonically potassium filter without a
structural change in the protein (55). (Fig 2.10) Sodium is seen to bind in
plane with the carbonyls of Gly63 (site 4) of MthK soaked in 100% NaCl.
Interestingly, while the merged diffraction data of crystals soaked in 99%
NaCl/1% KCI indicates equivalent density across all four binding sites, the
anomalous difference peaks show markedly weaker potassium binding at
site 2 and less so at site 4. This demonstrates some amount of in-
equivalence in sodium versus potassium competition for each of the filter
binding sites. Corresponding to this maintained filter structure in the
absence of potassium, sodium currents were observed in the absence of

potassium, similar to the results of the KcsA D-Ala channel (49).

Figure 2.10. Sodium binds in the MthK pore with distinct binding
sites from potassium (55). MthK pore structure and Fo-Fc ion omit map
of the MthK pore soaked in 100mM Na+*, OmM K+. The ion omit map is
contoured at 50.
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The recently available structure of a sodium selective channel
NavAb from Arcobacter butzleri illustrates the differences between sodium
and potassium selective channels (56). While the overall fold of the pore
domain is grossly similar to potassium selective channels, there is are
some notable difference in the structure. A helix-loop-helix motif links the
pore lining transmembrane helices, where two anti-parallel pore helices
are connected by a loop forming the selectivity filter. This selectivity filter is
shorter and wider overall than that of potassium channels suggesting
incomplete dehydration of the permeant ions and a distinct mechanism of
selectivity from K+ channels where a single high field strength site

determines the preferential Na+ to K+ conduction.

Mechanisms of Selectivity

With the availability of the potassium channel filter structure a
number of theories were developed for selectivity based on biophysical
properties and computational simulations (57-62). While many propose
mechanisms for potassium versus sodium selectivity, it should be noted
that some proposals are not mutually exclusive and may represent some

of the multiple requirements of K+ selectivity.

Initial study of the KcsA structure lent credence to some proposed
mechanisms of potassium selectivity and unambiguously invalidated
others. The static K+ crystallized structure agrees well with the sung-fit
model as the potassium ions observed in the filter are at the center of
square anti-prism binding sites, with ion-oxygen distance similar to what
would be expected for the first hydration shell of potassium in water (46,
48, 63). (Fig 2.6) Such a result explains how potassium channels can
conduct at high rates, with minimal energetic cost of the ion transferring
from water to the filter. Additionally, these ligand-ion distances were
though to reflect a role of distance restraints in selectivity, as they are ideal
for coordinating potassium but not the shorter distance expected to

coordinate the smaller sodium. To coordinate a sodium ion was
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hypothesized to require a structural change in the filter, with an associated
energetic cost. Correspondingly, when KcsA was crystallized in the
presence of sodium the selectivity filter structure changes significantly,
adopting a non-conductive state. This change to the collapsed state is
believed to reflect the necessity of potassium to stabilize KcsA in a

conductive configuration.

The primary direct criticism of the snug-fit hypothesis, as it applies
to KcsA and other potassium channels, is that the thermal motion of the
protein is greater than the size difference between sodium and potassium
(64). As there is only a 0.38A difference in Pauling radius between sodium
and potassium a snug-fit mechanism of selectivity seems implausible as
the high resolution structure of KcsA has filter B-factors corresponding to a
positional root mean square deviation of ~0.75A and similarly large
movements are modeled in molecular dynamics simulations. In addition,
other K+ selective channels and channel mutants can conduct sodium in
the absence of potassium, suggesting the filter collapse cannot be the

sole mechanism of selectivity.

In molecular dynamics simulations of the KcsA filter suggested
differences in the free energy of solvation between sodium and potassium
which were found to favor sodium when the repulsion between carbonyl
backbone coordinating ligands is removed (64). An extension of the field
strength principle of selectivity, these results suggested that while the free
energy of binding sodium was lower than potassium with the high field
strength carbonyls, the carbonyl-carbonyl repulsion of the more tightly
packed ligands disfavors such a binding event. Further molecular
dynamics studies comparing KcsA and NaK structures assert that while
the structure of sites 3 and 4 appear the same between both channels, the
access of water to the ion binding cages allows sodium to more easily
permeate NaK (65). As the permeant ion is increasing coordinated by

water, selectivity is lost with the decreased ligand dipole strength.
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Other studies highlighted the preferred coordination number of the
alkali ions in water (66). Calculating the preferred number of carbonyl or
water molecules in the first hydration shell of each ion by molecular
dynamics simulation, there is a direct correlation with atomic number
where sodium is optimally coordinated by 6 ligands and potassium by 7.
Further, for each hydration number there is a preferred geometry to the
coordinating ligands, where the 8 coordinate state of potassium matches
the carbonyl square anti-prism coordinated potassium ion within the

selectivity filter KcsA.

Further studies on potassium channels have illustrated that, in
addition to conducting sodium in the absence of potassium, sodium on the
cytoplasmic side of the membrane acts as a voltage dependent channel
blocker of potassium currents (67). Structurally, when crystallized in
lithium KcsA no longer undergoes filter collapse as it did in sodium (68).
The authors assert that a lithium ion binds in plane with the carbonyl
moieties of between sites 3 and 4, though direct observation of the ion is
not possible. Building off this uncollapsed KcsA structure, and evidence
that both sodium and lithium act as fast blockers of KcsA, it was proposed
that while the lowest energy state of potassium is the octadentate binding
in the center of the ion binding site, sodium can be coordinated
equatorially by the carbonyl ligands within the same protein structure and
ionic interactions by ions bound at two sites give rise to potassium
selectivity. This proposal partially matches with the NaK and MthK sodium
structures, where sodium is seen to bind preferentially in plane with the

carbonyl and hydroxyl groups of the filter. (Fig 2.8B & 2.10)

With the initial structure of an Nav channel, the mechanisms of
sodium selectivity can be addressed (56). The structure agrees well with
an electrostatic model of selectivity. The narrowest point in the selectivity
filter is defined by a ring of Glu side chains, presenting a high electric field

site where a partially dehydrated Na+ ion can preferentially bind over K+.
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As the filter structure and chemistry are clearly distinct from K+ channels,
and the NaK channel, sodium channels clearly use a distinct means of ion

selectivity.

Folding of the Selectivity Filter

Despite the central role of the selectivity filter to potassium versus
sodium discrimination, only limited studies have been carried out into how
this structure is formed and stabilized by the protein which surrounds the
filter. The initial low resolution KcsA structure described a cuff of aromatic
amino-acids, from the pore helix and selectivity filter, which pack around
the filter (47). With the high resolution structure of KcsA, the selectivity
filter was seen to be directly stabilized by a network of hydrogen bonds
between the filter and the pore helix (48). (Fig 2.11) The aromatic packing
interactions noted in the low resolution structure are also a part of this
hydrogen bond network between a glutamate on the pore helix, aspartate
following the signature sequence, a buried water molecule and backbone
amides the selectivity filter. Though un-noted in the high-resolution
structure paper (48), a tryptophan on the pore helix is also involved in this
network, hydrogen bonding to the aspartate. Later structures of other
potassium selective channels had similar networks noted, though an
acidic amino acid at the position equivalent to glutamate in KcsA is only

seen in the KirBac and Kir families of channels (51, 52, 69).
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Figure 2.11. Extensive intermolecular bonds within the KcsA pore
stabilize the selectivity filter (48). The pore helix and filter of KcsA is
stabilized by a hydrogen bond network involving the side chains of Trp67,
Glu71, Asp80 and the main chain amides of Tyr66 and Gly67. Water
molecules and K+ ions are drawn as red and green spheres, respectively.

The Inwardly Rectifying Potassium (Ki) channels are known to
have packing around the filter distinct from the previously crystallized
channels as they had a distinct set of conserved residues in the P-loop.
Rather than the hydrogen bond network seen in KcsA and the KirBac
channels, the Ki channels have a conserved pair of acidic and basic
amino acids which functionally are required for selectivity and permeation
(69). These conserved pairs were proposed to be structurally linked by a
salt bridge. With the solution of the eukaryotic Kir channel, Ki2.2 from
Gallus gallus, the salt bridge was confirmed and appears to structurally
link the filter and pore helix in an analogous way to that seen in KcsA and
KirBac (51). (Fig 2.12)
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Figure 2.12. A salt bridge stabilizes the filter within the pore of K;2.2
from Gallus gallus (51). The pore helix and filter of Ki2.2 is stabilized by
a salt bridge between Glu139 and Arg149 and hydrogen bond network
involving the side chains of Glu139 and the main chain amides of Gly147,
Phe148 and Arg149. Water molecules and K+ ions are shown as red and
green spheres, respectively.

In the non-selective NaK channel, the two cytoplasmic binding sites
are formed by the e3TVG residues as might be expected given their
identity to the equivalent sequence within the filter of K+ channels.
However, the external binding site and vestibule appear to be stabilized by
the orientation of Asp66, which points toward the external face of the
protein and makes a hydrogen bond with the backbone amide group of
Asn68 (53, 54). (Fig 2.13A) Later work showed that neutralization of the
hydrogen bond acceptor at position 66 changed the filter stability around
the vestibule and external binding site (70). Intermolecularly, there are
three buried water molecules which link the backbone between subunits in

an extensive hydrogen bond network.
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Figure 2.13. Intra- and intermolecular bonds within the NaK channel
act to stabilize the filter (53). (A) The intramolecular hydrogen bond
between Asp66 and the amide nitrogen of Asn68. (B) The inter-subunit
bonds between two adjacent NaK filters, colored green and yellow for
clarity. Inter-subunits bonds are mediated by Asn68 and Ser70 directly and
in a a hydrogen bond network involving Tyr55, Thr60, amide nitrogen of
Gly67, the backbone carbonyls of Gly65, both backbone carbonyl and
amid nitrogen of Asp66. Water molecules and K+ ions are shown as red
and green spheres, respectively.

Further mutations were made on the NaK channel, engineering it to
better resemble the CNG channel filter sequence and therefore study the
ion conduction properties of this non-selective tertrameric cation channel
family (71). The NaK filter sequence ssTVGDGNFSP was replaced with
TVGETPP (NaK2CNG-E), TVGDTPP (NaK2CNG-D) and TVGNTPP
(NaK2CNG-N). While the original wild-type NaK channel filter structure
was proposed as a model of the CNG channel pore, these mutations
illustrated that minor differences in sequence can give rise to major
structural and biophysical effects. In the NaK2CNG mutants the filter now
has three ion binding sites, structurally and chemically equivalent to sites
2-4 of KcsA. (Fig 2.14) The peptide backbone that formed external ion
binding site and vestibule in NaK has rearranged into an ion binding site
analogous to site 2 in KcsA. While the filter architecture is similar between

the three NaK2CNG mutants, the packing of the side chains around this
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structure are involved in distinct intra- and inter-subunit hydrogen bonding
networks between the pore helix, selectivity filter and buried water

molecules. (Fig 2.15)
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Figure 2.14. The NaK2CNG-D channel has a filter with three discrete
potassium binding sites (71). Structure of the NaK2CNG-D selectivity
filter with 2Fo-Fc electron density map contoured at 2o. Binding sites are
labeled 2-4, corresponding to equivalent sites in KcsA. Potassium ion and
water molecules are colored green and red, respectively.

NaK2CNG-D NaK2CNG-E NaK2CNG-N

Figure 2.15. Intra and inter subunit hydrogen bonding differences in
the NaK2CNG mutants are apparent despite similar selectivity filter
structures and subtle differences of filter sequence (71). Despite
similarities in sequence the packing around the filter varies between
NaK2CNG-D, NaK2CNG-E and NaK2CNG-N. Side chains and water
molecules involved in stabilizing the filter are shown as sticks and red
spheres, respectively. Potassium ions within the filter are shown as green
spheres.
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Channel Inactivation

In addition to selectivity, the regulated opening and closing of the
channel termed gating, plays an important role in the physiological
function of many channels (3). The gating process of a channel regulates
the duration and timing of ion flux through the pore and is in turn regulated
both by external stimuli and the primary sequence of the protein. Beyond
the stimuli induced channel opening some channels have the additional
property of inactivation, a mechanism by which an open channel becomes
non-conductive despite the continued presence of a channel opening
signal. (Fig 2.16)

Within the potassium channels there are two types of inactivation,
N- and C-type, named for the region of the protein which is responsible for
the activity. In N-type inactivation, the so-called ball-and-chain mechanism,
the amino-terminus of a protein directly interacts with the pore of the open
channel to block the flow of permeant ions. (Fig 2.16C) This amino-
terminal inactivation domain can be provided by either the channel itself or
an associated regulatory protein. Alternatively, C-type inactivation occurs
by changes within the selectivity filter itself, though the mechanism itself is
not fully understood. It is believed during C-type inactivation the selectivity
filter structure changes to a non-conductive state, though distant portions

of the protein may regulate this process. (Fig 2.16D)

As KcsA is the only inactivating potassium channel for which high
resolution structures are available it has become the structural model for
the inactivation process. Without an extended N-terminal sequence, the
inactivation observed for KcsA cannot be N-type. The bonds which appear
to stabilize the selectivity filter also appear to play a role in the inactivation
process (72). Mutations of the glutamate on the pore helix have been

studied in particular for their role in changing the C-type inactivation
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kinetics of KcsA (73). Structural differences in the filter between mutants,
both the protein structure and buried water molecules, have been noted;
as have differences in protein dynamics by B-factors and molecular
dynamics simulations. These results suggest that destabilization of the
filter, through the residues surrounding the signature sequence, underlies

the C-type inactivation process.

~ W

Figure 2.16. Channels block ion conduction after opening (inactivate)
by a pair of distinct mechanisms. (A) A channel in the closed state.
Upon some stimulus the channel activates (B) opening the cytoplasmic
gate by bending at the glycine hinge on the inner transmembrane helix.
The channel can then undergo inactivation by either N-type inactivation
(C) where a peptide occludes the ion conduction pathway or C-type

inactivation (D) where the structure of the filter changes to some non- or
less conductive state.




Chapter 3. Methodology

Potassium Channel Studies

The aim of this work is to understand potassium channel selectivity,
both the direct mechanisms of ion selectivity and the corresponding
constraints on protein sequence, structure, and electrostatics that govern
this selectivity. While much has been done previously to explain K+
channel selectivity, most work is based around theoretical studies (59, 62),
simulations (61), or mutational work of structurally uncharacterized
channels (74). What structural information that is available focuses on the
high resolution KcsA structure which has the added complexity of
undergoing filter collapse structurally and inactivation functionally (72).

As the NaK channel represents a homolog of the potassium
channel family it provides a useful tool for understanding potassium
selectivity and its relation to the amino acid sequence which forms and
surrounds the selectivity filter. (Fig 1.5) The selectivity filter of NaK has
only a single difference from the canonical signature sequence and the
overall fold of the pore domain is the same as the known potassium
channels (53). (Fig 1.6) However, despite these similarities, the filter
structure of NaK is markedly different from the K+ selective channels. NaK
has only two of the four contiguous ion binding sites characteristic of
potassium channels, equivalent to sites 3 and 4. While the binding mode
of potassium within those sites is similar to KcsA, binding in the center of
square anti-prisms made by backbone carbonyls and threonine hydroxyls,
NaK is clearly functionally non-selective between sodium and potassium.

The ability to routinely get high resolution structures of the
NaKNA19 channel construct in a variety of ionic conditions serves as a
good platform for the structural study of filter packing and ion selectivity
(75). In addition, the ability to get clear single channel electrophysiological
data on purified and reconstituted channels carrying the additional F92A

mutation, distant from the selectivity filter, allowed for unambiguous

33
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functional characterization and direct comparison of structure and
function. Further, NaK has also proven robust to protein engineering,
where channels extensive mutations been both crystallized and
functionally characterized.

The close homology between NaK and the K+ channel family’s filter
and its placement in the K+ channel clade of the tetrameric cation channel
superfamily suggested that NaK would serve as a good model system for
understand how sequence could drive the structure of the filter and
function within the potassium channel family. Mutants of NaK generated
can be both structurally and functionally tested, with further validation by
bioinformatics and testing of analogous mutations in canonical potassium
selective channels. The results demonstrate a correlation between filter
architecture and selectivity and allow for a description of the packing

necessary for forming a potassium selective channel.

Bioinformatic Coupling Analysis

The ion_trans and ion_trans2 channel families were downloaded
from Pfam (76) and aligned using the Promals3D server (77). Sequences
containing the TVGYG within the filter region were retained and
histograms of the position dependent amino-acid distribution were

calculated as previously described (78).

Phylogenetic Tree Construction

The phylogenetic tree was generated as described previously (79).
Briefly, protein sequences for the human Nay, Cay, Ky, Kca, Kir, Kap, HCN,
and CNG channel families and structurally characterized bacterial
channels were downloaded and aligned using the Promals3D server (77).
The alignment was truncated to the pore domain based on the KcsA
(1K4C), NaK2K (BOUF), Ky1.2/2.1 chimera (2R9R), and Na/Ab (3RVY).

The tree was calculated in ClustalW (80) using the Blossum62 matrix.
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All sequence alignments shownwere generated in Promals3D (77)

and presented using Jalview (81) or Weblogo (82, 83).

Filter-like Structure Search

The whole of the Protein Data Bank (84) was searched using a
custom made BioJava (85) script (courtesy Matthew Guttag) against the
average sequence of Ramachandran torsion angles for the backbone of
the K+ selective channels KcsA (1K4C), K\AP (10RQ), Ky1.2/2.1 chimera
(2R9R), NaK2K (30UF), MiotiK1 (3BEH), KirBac3.1 (2WLJ), and Kir2.2
(8JYC). Those sequences within a defined tolerance of the reference

angles were retained.

Protein Expression and Purification

Mutations were made using the Quickchange Il mutagenesis kit
corresponding residues of the Kv-Kca and Kir channel families’ conserved
residues on the NaKNA19 gene cloned into the pQE-60 plasmid. The E.
coli expression vector also included a C-terminal thrombin cleavage site
and hexa-histidine tag. The NaK channel mutants were expressed as
previously described for other mutants (71, 75, 86) and behaved similarly,
with few exceptions. Briefly, protein was expressed in the Escherichia coli
strain SG13009 transformed with the pQE-60 expression vector including
the NaK channel or mutant. Protein expression was induced (at ODeoo
~0.8) with 0.4mM IPTG at 25°C for 18 hours in the presence of 5mM
BaClz. Cells were harvested and lysed in a solution of 100mM KCI, 50mM
Tris-HCI pH 8.0, DNAsel and the protease inhibitors leupeptin, pepstatin,
apropeptin, and PMSF. The channel was extracted by the addition of
40mM n-decyl-B- D-maltoside (DM) for 3 hours at room temperature and
purified over a Talon Co+*2 column (Clontech). The hexa-histidine tag was
removed by digesting with 1 unit thrombin per 2mg protein and further

purified by size exclusion chromatography on a Superdex 200 (10/30)
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column (GE) in a solution of 100mM KCI, 20mM Tris-HCI 8.0 and 4mM
DM. Notably, the NaK mutations corresponding to the Kir channel family
had low protein expression and multiple peaks on size exclusion
chromatography. The peak corresponding to the typical NaK channel

tetramer was used for functional characterization and crystallization trials.

Crystallization

All NaK channel mutants were concentrated to 12-24mg ml-! using
an Amicon Ultra centrifugal device (50 kDa MWCO) and crystallized at
25°C using the sitting drop vapor diffusion method. Equal volumes protein
solution and well solution of 60-77.5% (v/v) (x)-2-methyl-2,4-pentanediol
(MPD) and 100 mM of various buffers (MES for pH 6.0, Tris-HCI for pH
7.0-8.5, or Glycine for pH 9.0-9.5) were mixed. Crystal quality could
sometimes be improved with the addition of 100mM KCI to the well
solution. Crystals appeared within approximately 16 hours and grew to
maximum size in 3 days. Crystals were flash frozen in liquid nitrogen using

the crystallization solution as cryoprotectant.

Data Collection

Data was collected at the Advanced Photon Source (APS)
beamlines 19-BM/ID, 23-ID-B/D and the Advanced Photon Source (ALS)
beamlines 8.2.1 and 8.2.2. Diffraction data was processed and scaled
using HKL2000 (87). All crystals used for structure refinement were of the
|4 space group with unit cell dimensions of around a=PB=68A, y=89A and
contained two molecules in the asymmetric unit. Structures were
determined by molecular replacement using the starting models of
NaKNA19 or NaK2K with the residues 65-69 removed, followed by cycles
of model building in Coot (88) and refinement in Phenix (89). All structure
figures were generated in PyMol (90). Ramachandran plots were made in
Chimera (91).
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Proteoliposome Preparation

Protein was reconstituted in proteoliposome of 1- palmitoyl-2-
oleoyl-phosphatidylethanolamine (POPE) and 1-palmitoyl-2-oleoyl-
phosphatidylglycerol (POPG) (Avanti Polar Lipids). Lipids dissolved in
chloroform were mixed at 3:1 molar ratio, choloroform evaporated under
argon and held under vacuum for one hour. The dried lipids were
resuspended in 100mM KCI, 10mM HEPES-KOH pH 7.4. The lipid
suspension was sonicated to clarity and 10mM DM added and vortexed
for 3 hours. Purified protein was added and dialyzed against a buffer of
100mM KCI, 10mM HEPES pH 7.4 for 3 days with buffer changed every

24 hours. Proteoliposomes were alloquoted and stored at -80°C.

NaK Channel Electrophysiology

Currents of the NaK channel were measured by giant liposome
patch clamp. Typically, single channel currents were measured at a protein
to lipid ratio of 1:5000 (w:w). Giant liposomes were formed by drying
proteoliposomes on clean glass coverslips overnight at 4°C followed by
rehydration at room temperature. The bath solution contained 150mM KCl,
0.5mM EGTA, and 10mM HEPES-KOH pH 7.4. Pipettes were pull from
borosilicate glass (Harvard Apparatus) to a resistance of 8-12MQ. The
pipette was filled with 150mM NaCl, 0.5mM EGTA, and 10mM HEPES-
NaOH pH 7.4. The gigaseal (>10GQ) was formed by gentle suction with
the patch pipette attached to the giant liposome. To get a single layer of
membrane patched, the pipette was pulled away from the giant liposome
and the tip exposed to air for 1-2 seconds. Membrane voltage was
controlled and data acquired using an AxoPatch 200B amplifier (Molecular
Devices) and a low-pass analogue filter set to 1 kHz. The current signal
was sampled at a rate of 20 kHz using a Digidata 1322A digitizer
(Molecular Devices) and further analyzed with pClamp 9 software

(Molecular Devices).
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Eukaryotic Channel Functional Studies

The role of some interactions seen structurally and functionally in
the NaK mutants were also functionally tested in the Kv1.6 voltage gated
potassium channel. The Ky1.6 gene from Rattus norvegicus was cloned in
the pEGFP-C1 mammalian expression plasmid. Included in the plasmid is
a C-terminal GFP expression tag and mutations in the gene were made
with the Quickchange Il mutagenesis kit. Recordings were made in the
standard patch clamp whole cell configuration using HEK 293 cells within
24-48 hours of transiently transfected. The pipette contained 140mM KCI,
4mM MgCI2, 5mM EGTA, 10mM HEPES pH 7.4. The bath solution
contained 140mM NaCl, 4mM KCI, 2mM CaCl,, 1mM MgClz, and 10mM
HEPES pH 7.4. The holding potential was set to -80mV. To measure
voltage activation, the membrane was stepped from the holding potential
ot various testing potentials and then returned to the holding potential.
Peak currents were measured 10ms after activation. Selectivity was
measured by activating the channels at 60mV, followed by stepping the
membrane to various testing potentials. Tail currents were recorded to
generate the |-V curves used for determination of the reversal potential.
The mean + s.e.m. (n = 3-5) was used as data points to plot all I-V and G/

Gmax-V curves.



Chapter 4. Binding Site Studies

Introduction

Though the overall fold of the NaK channel is similar to previously
described potassium channels there are clear differences within filter
corresponding to the distinct signature sequence (53). (Fig 2.3) With no
difference in the first three positions of the filter sequence between NaK
and canonical K+ channels, the NaK channel protein forms two binding
sites structurally and chemically identical to sites 3 and 4 of KcsA.
However, the structure at the extracellular side of the filter is clearly
distinct, what would be sites 1 and 2 in the K+ channels, with significant
differences of both side chains and the peptide backbone. (Fig 2.8) The
carbonyls of Gly65 and Asp66 are tangential to the four-fold axis of the ion
conduction pathway, forming a large internal volume termed the vestibule.
At the external face of the protein there is an external binding site formed
by the backbone carbonyls of Gly67 and Asn68. Linking these two
structures, the side chain of Asp66 points toward the extracellular face and
makes a hydrogen bond with the backbone of Gly68. (Fig 2.13A) This is in
contrast to the potassium channels where the equivalent position to
Asp66, the tyrosine of the signature sequence, packs into a hydrophobic
cleft between the two subunits and nominally toward the cytoplasmic face
of the protein. (Fig 2.11)

Despite having two ion binding sites chemically and structurally
identical to sites 3 and 4 of described potassium channels NaK was non-
selective between sodium and potassium using a 8Rb+ flux assay. (Fig
2.9) This result was later confirmed by giant liposome patch clamp with bi-
ionic conditions (86). (Fig 4.5) The initial NaK structures soaked in sodium
and potassium showed distinct ion density differences within the filter
without an appreciable change in the filter architecture. However, the
differences in ion binding between individual ions was compounded by

high concentrations of calcium within the crystallization condition.

39
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Further information on ion binding within the filter was gleaned
when the high resolution structure of NaK was solved. Using a new NaK
(NaKNA19) channel construct with the MO interfacial helix removed and a
new crystallization condition, calcium free high resolution crystals could be
obtained (54). The overall fold of the protein remained the same, including
the selectivity filter, thought the second transmembrane helix is now bent
at Gly67 and consequently the intracellular gate is open. Within the NaK
filter potassium ions were observed to bind as expected to sites 3 and 4 of
the NaK channel, comparable to that of the equivalent sites in potassium
channels. (Fig 2.8A) Additionally, a potassium ion binds both within the
vestibule and at the external binding site where each ion is coordinated
by ordered water molecules and the backbone carbonyls of Val65 and
Gly67, respectively. Each potassium ion is coordinated in a square anti-
prism configuration analogous to both that of the potassium channel filter
and the first hydration shell of a solvated potassium ion.

Crystallizing NaKNA19 in sodium chloride, the sodium ions bind
with distinct modes within the an identical filter structure to the potassium
bound structure. (Fig 2.8B) While analysis of ion binding is made difficult
by a contaminant ion bound at site 3, most likely barium, sodium is
proposed to bind in plane with the oxygen atoms which form the
potassium binding sites 3 and 4. The difference in ion binding mode is
most clear at the cytoplasmic side of site 4, where no contamination is
present. In all cases, the coordinating backbone carbonyls and side chains
hydroxyls bind equatorially with the sodium ion; though an additional water
molecule coordinates the Na+ ion on the cytoplasmic side of site 4.

Previous studies on selectivity had primarily focused on the role of
the individual binding sites to selectivity (64, 66) and separately ascribed
the observation of four contiguous ion binding sites to the high
conductance of the potassium channels (44). The structure of NaK, with
two sites equivalent to potassium channels, clearly contradicts the notion

that individual binding sites are the sole determiners of cation selectivity. In
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addition, structure of the MthK pore in sodium also clearly demonstrated
that a structural change is not required for sodium binding in a potassium
selective channel (55). (Fig 2.10) Sodium ions can be seen bound in a
similar mode to NaK within the filter of MthK, binding in plane with the
carbonyls at the extracellular face of site 1 and agree with later work
proposing lithium binding in plane with the carbonyls of KcsA (68). (Fig
4.1) In that study, KcsA crystals are soaked into LiCl solutions. The
structure is seen uncollapsed, and while Li+ density cannot be directly
observed the ion is proposed to bind in plane with the carbonyls between

sites 3 and 4 and further coordinated by water molecules.

..35 35,
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Figure 4.1. The structure of KcsA soaked into Li*+ and the ion’s
proposed binding site within the pore. KcsA soaked into 150mM Li+,
O0mM K+ omit map contoured at 1.250 and the proposed coordination of Li*
between sites 3 and 4 by backbone carbonyls and water molecules.
Figure reproduced from (68).

The further mutational work on NaK with the aim of modeling the
CNG channel ion conduction pathway yielded more insights into selectivity
(71). The modification the NaK selectivity pore sequence (esTVGDGNFS)
in NaK2CNG-D (TVGDTPP) results in a major reorganization of external
portion of the filter domain, with loss of the external binding site and the

formation of an additional potassium binding site. (Fig 4.2A) While the filter
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amino acid composition is clearly divergent from the signature sequence
of potassium channels, the peptide backbone itself adopts a conformation
nearly identical to sites 2-4 of KcsA. (Fig 4.2B) This structural
rearrangement is reflected in the backbone torsion angles of the filter
where Gly65 has undergone a movement of approximately 120 degrees
about Psi. (Fig 4.3) Strong density is clearly seen at sites 2-4 of
NaK2KCNG-D when crystallized in the presence of potassium,
corresponding to K+* ions binding withthe same square anti-prism
configuration as the equivalent sites in KcsA. When crystallized in sodium,
the smaller ion bound in-plane with carbonyl ions at the same positions as
previously seen in wild-type NaK. Tested functionally in giant liposomes
patch clamp, this three-site structure was completely non-selective
between sodium and potassium with a reversal potential of OmV. (Fig
4.5B) Notably there is a distinct increase in the single channel potassium
conductance to 110pS, corresponding perhaps to the loss of the
constriction in the ion conduction pathway at the external binding site, a

mechanism discussed further in the following chapter.

B

VoSS

NaK2CNG-D JKesA

Figure 4.2. The NaK2CNG-D construct has three discrete ion binding
sites and with similar chemistry and structure to equivalent sites in
KcsA. (A) Selectivity filter structure and ion binding of NaK2CNG-D with K
+ jons bound at sites 2-4. Fo-Fc ion omit map contoured at 50. (B)
Structural alignment of NaK2CNG-D (yellow) and KcsA (magenta). Figure
reproduced from (86).
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Figure 4.3. Ramachandran plot of the filter residues of NaK and
NaK2CNG-D. The structural changes in the NaK2CNG-D (green) filter

from NaK-WT (magenta) involve large changes in the protein back bone
torsion angles within the filter. Figure reproduced from (86).
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Results

Comparing the sequences of NaK to canonical potassium
channels, notably the K, and Kca family of potassium channels, there is a
notable primary sequence difference outside the selectivity filter.
Immediately following the signature sequence is a conserved aspartate
residue in K+ channels which is neutralized to asparagine in the NaK
channels. The corresponding D66Y/N68D mutations were made in the

NaK channel and the resulting channel named the NaK2K channel (86).

KcsA | TYPRALWWSVETATTVGYGDLYPV
MthK ESWTVSLYWTFVTIATVGYGDYSPS
Avi1.7 SSIPDAFWWAVVSMTTVGYGDMYPV
NaK LRPIDALYFSVVTLTTVGDGNFSPQ

NaK2CNG-D LRP IDALYFSVVTLTTVGDTPP -PQ
NaKZ2K LRPIDALYFSVVTLTTVGYGDFSPQ

Figure 4.4. Alignment of the P-loop of NaK and mutants with
representative potassium channels. The selectivity filter sequence is
colored in green based upon identity to the potassium channel signature
sequence.

When tested by electrophysiology, the NaK2K channel is potassium
selective with a reversal potential of 80mV in giant liposome patch clamp
under bi-ionic conditions with single channel conductance in symmetric
potassium of 120pS. (Fig 4.5C) This reversal potential corresponds to a

relative permeability (Pna/Pk) of 0.04.
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Figure 4.5. The NaK2K channel is K+ selective, while NaK and
NaK2CNG-D are perfectly non-selective. Current voltage relationships
under bi-ionic conditions of NaK (A), NaK2CNG-D (B) and NaK2K (C).
Measured using giant liposome patch-clamp with 150mM NaCl inside the
pipette, 150mM KCI in the bath solution. NaK and NaK2CNG were
recorded as single channel currents at each test potential, NaK2K was
measured by macroscopic current reversal potential. Figure adapted from
(86).

This double mutation causes a significant structural rearrangement
of the peptide backbone at positions 65 through 68, best illustrated by
large changes in the torsion angles. (Fig 4.6) Both the backbone dihedral
angles and the site chain orientations of NaK2K are very similar to those
of canonical potassium channels. This movement of the backbone
generates two new potassium binding sites that are equivalent in primary
sequence, chemistry and structure to those of KcsA. (Fig 4.7B) Within the
selectivity filter of the NaK2K channel are four well ordered potassium ions
coordinated by backbone carbonyls and the hydroxyls of Thr63 in a mode
identical to KcsA. (Fig 4.7A)
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Fig 4.6. Ramachandran plot of the filter residues of NaK and NaK2K.
The filter rearrangement of NaK (red) to NaK2K (blue) involves dramatic
changes in the protein peptide torsion angles. Figure reproduced from

(86).
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Driving this rearrangement are two new packing interactions not
present in the wild-type NaK pore. The position 66 Tyrosyl side chain now
orients away from the extracellular face and inserts into a cleft at the
interface between two subunits. (Fig 5.3) The Asp68 side chain points into
the core of the protein, making a hydrogen bond with Tyr55 on the pore
helix, in contrast to Asn68 in the wild-type protein which points out into
bulk solution. Such interactions are similar to those present in many
previously crystallized potassium channels and the nature and role of
these interactions in potassium selectivity are the focus of the following
chapter. Directly however, this increase in potassium selectivity with four
sequential ion binding sites suggests that the number of binding sites

plays a direct role in potassium selectivity.
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Figure 4.7. The NaK2K channel has 4 well ordered K+ ions bound
within a filter structure superimposable with that of KcsA. (A)
Selectivity filter structure of NaK2K and ion omit map of K+ ions bound in
the channel filter. Fo-Fc ion omit map contoured at 5o0. (B)
Superimposition of the NaK2K (cyan) and KcsA (magenta) selectivity filter
structures. Figure reproduced from (86).

As a means to further validate the importance of these four sites to
potassium selectivity a additional mutation on the selective NaK2K
channel was generated. As site 4 is created by both the side-chain

hydroxyls and backbone carbonyls of Thr63, the mutation T63A truncates
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this side to a single methyl group. This mutation removes the coordinating
hydroxy! of site 4, presumably without otherwise changing the selectivity
filter structure. This threonine to alanine mutant channel, NaK2K_T63A,
has a reversal potential of OmV (Fig 4.8), corresponding to an inability to
discriminate between sodium and potassium, without a notable change in
potassium conductance. Unfortunately, crystals could not be grown for
NaK2K_T63A for unknown reasons. However, as this threonine is
absolutely conserved in the signature sequence of potassium channels
the corresponding mutation could be made on another structurally and
functionally characterized K+ channel. The equivalent mutation threonine
to alanine (T59A) was made on the pore filter of the calcium gated
potassium channel from Methanothermobacter thermautotrophicus
(MthK). The MthK channel’s pore domain has already been solved to high
resolution and is known to be highly potassium selective without any

known propensity to collapse in sodium or inactivate. (Fig 4.9A)

50 100
Voltage (mV)

Figure 4.8. A single threonine to alanine mutation is sufficient to
abolish sodium versus potassium selectivity in NaK2K_T63A. Single
channel |-V curve of NaK2K_T63A measured under bi-ionic conditions
with 150mM NaCl inside the pipette and 150mM KCI in the bath solution.
Figure reproduced from (86).

The protein structure of the MthK_T59A pore domain is nearly

identical to that of the wild type MthK pore, excepting the expected
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absence of density beyond the beta carbon of the side chain at position
59. (Fig 4.9C) Within the filter, sites 1-3 show strong density
corresponding to potassium ions, while site 4 has markedly reduced
potassium binding as a consequence of the missing side-chain hydroxyl.
Functionally the consequences of this mutation were tested, again using
giant liposome patch-clamp under bi-ionic conditions. Though there is no
change in potassium conductance, the T59A mutation causes a dramatic
loss of selectivity with the reversal potential decreasing form 80mV to

10mV corresponding to a thirteen-fold loss in selectivity. (Fig 3.9B)
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Figure 4.9. A single threonine to alanine mutation is sufficient to
abolish ion binding at site 4 and selectivity in the mutant channel
MthK_T59A. (A) Current-voltage relationship of wild type MthK under bi-
ionic conditions. (B) Current-voltage relationship of MthK_T59A under bi-
ionic conditions. Both wild-type MthK and MthK_T59A were measured as
single channel currents at various testing potentials using planar lipid
bilayers with 150mM NaCl and 150mM KCI on opposing sides of the
membrane. (C) Filter structure of MthK_T59A with 2Fo-Fc ion omit map
contoured at 50. Figure adapted from (86).
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Discussion

Ultimately, these results demonstrate the necessity of at least four
contiguous potassium binding cages for potassium selectivity. Notably, the
selectivity in the NaK and its mutants is not graded with the number of
binding sites but rather is apparent only in in the four-sited NaK2K
channel. (Fig 4.5) This would be unexpected if the water access
mechanism (65) or the compounded selectivity of multiple selective or
partially selective binding sites were responsible for channel selectivity
(64, 66). This result demonstrates that while other features of potassium
channels may be necessary for selectivity, they are not sufficient, and at
least 4 in-line binding sites are required for K+ selectivity.

The requirement of four contiguous ion binding sites had been
previously addressed for its proposed role in conductance and the
energetic equivalence of the 1,3 and 2,4 states within the filter. However,
these results demonstrate that selectivity, and not conductance, is
governed by the number of ion binding sites. The conversion from three to
four sites in the constructs NaK2CNG-D and NaK2K results in only a ~9%

increase in K+ conductance but a 20-fold change in selectivity. Similarly,

reducing the number of binding sites from 4 to 3 in MthK-WT versus
MthK_T59A or NaK2K versus NaK2K_T63A results in no significant
change of conductance but 13- or 25-fold changes in selectivity,
respectively. Differences in conductance between 2 and more sites is
complicated by the structure of wild-type NaK. The dramatic shift in
conductance that is seen in NaK mutants, their markedly higher K+
conductance than wild type, may be attributable to the constriction
between the external binding site and the vestibule in the wild type
channel, absent in each mutant, and is discussed further in the
subsequent chapter where mutations make this constriction is less rigid.
(Fig 2.8)
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Interestingly, some tetrameric cation channels closely related to
potassium channels have clearly divergent sequences within the P-loop
which may explain their differences in selectivity relative to canonical
potassium channels. (Fig 2.2 & 2.3) The previously mentioned CNG
channels clearly preserve in sequence the amino acids necessary for the
first two ion binding sites (13) and perhaps also a third, based upon the
NaK2CNG models. Conversely, the HCN channels preserve the C-
terminal portion of the signature sequence but no longer have a hydroxyl
available for the formation site 4 (14, 92). Corresponding to this partially
similar filter sequence, these channel families are both non-selective
between sodium and potassium. In addition, some channels described as
potassium channels have markedly low Pna/Pk. Within the small
conductance calcium gated potassium channel (Kca2.1 or SKca) the
position of the highly conserved threonine of the signatures sequence is a
serine and this channel has a permeability ratio (Pna/Pk) of ~0.1 (93). (Fig
4.10) This lower K+ selectivity may be the result of a less well ordered side
chain hydroxyl forming site 4, a consequence of the smaller serine side-
chain volume. The necessity of a rigidly ordered binding site in selectivity
will be discussed in the next chapter, particularly with relation to the
NaK2K_Y66F mutant.

KcsA | TYPRALWWSVETATTVGYGDLYPV
KCa7.7 LTYWECVYLLMVTMSTVGYGDVYAK
KCa2. 7 SNFLGAMWLISITFLSIGYGDMVPH
HCN7 KQYSYALFKAMSHMLCIGYGAQAPV
CNGA7 RKYVYSLYWSTLTLTTIGETPP-PV
CNGA4 RQYLYSFYFSTLILTTVGDTPP-PA

Figure 4.10. Alignment of the P-loops of KcsA and Kcal.1 with less
and non-selective channels. The selectivity filter sequences are
highlighted in green based upon similarity to the canonical K+ channel
signature sequence.
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Comparison of the NaK, NaK2CNG and NaK2K structures
suggests some possible geometric restrictions on forming an ion binding
site. The NaK2CNG-D, NaK2CNG-N, NaK2CNG-E, and NaK2K channels
each orient the position 66 side-chain into the same cleft between protein
subunits, despite differences in coordination within that pocket and
sequence of the filter (71). (Fig 2.15 & 4.11) Interactions within the cleft
vary among the NaK2CNG and NaK2K mutants and clearly play a role in
ion binding and selective permeation of each. Based on the NaK2CNG-E
model, the calcium block of ionic currents is abrogated by swapping the
threonine to glutamate hydrogen bonding positions in either bovine
CNGA1 or NaK2CNG-E (E66T/T60E). If a similar bond is ablated in
NaK2K there is a clear reduction in selectivity; as will be discussed in the
following chapter. As a similar cleft is seen in the other potassium channel
structures, it may serve to correctly orient the peptide backbone for the
formation of site 2. Similarly, the side chain at position 64 in NaK also
inserts into the cleft and is conserved as either a Val or lle in both CNG
and K+t channels, perhaps playing a role in the forming of site 3.
Interactions within this cleft may serve as a general mechanism to forming
the selectivity filter within this clade of the tetrameric cation channel
superfamily. Correspondingly, the equivalent position is threonine in the
first pore domain of the Kop1 channel and is suggested to underly the

increased Na+* permeability in conditions of low K+ concentration (38).
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Figure 4.11. The glutamate of the NaK2CNG-E filter inserts into the
adjacent cleft in a similar mode to that of the other NaK2CNG
mutants and Tyr66 of NaK2K. Ribbon rendering of the proximal
NaK2CNG-E monomer and surface rendering of the other monomers in
the channel. Potassium ions within the pore are drawn as green spheres.

Figure reproduced from (71).



Chapter 5. K+ Channel Filter Packing

Introduction

The distinct conformational change of the filter seen in the NaK2K
structure, relative to the wild-type NaK channel, appears to be a function
of the changes in side-chain orientations and interactions as the peptide
backbone length and chemistry is common to both. The mutations from
NaK to NaK2K involve positions highly conserved within the K, and Kca
channel family (48, 94), and less so in the Kop and Ki, KirBac channel
clades (52, 69). Earlier studies have attempted to address the functional
consequences of many of these positions, but usually without insight into
the structure of the filter itself (95-100). Alternatively, within the structure of
previously solved potassium channels some analogous interactions have
been observed, though their direct role in folding of the filter structure or
selectivity were not directly interrogated (48).

These positions have been previously suggested to play roles in a
number of potassium channel properties. The highly conserved aromatic
positions within the pore domain had previously been noted (101) and in
the absence of structural information it was proposed that these aromatic
residues might be responsible for selectivity through cation-tt interactions
(102).

The acidic residue found to follow the signature sequence has
previously been implicated to play a number of roles in various model
potassium channels. As early studies had demonstrated mutation of the
equivalent aspartate residue abolished currents in shaker channels later
studies were carried out tandem hetrodimers where one subunit contains
an aspartate to threonine mutation (103). These two-fold neutralize
channels had a notable increase the permeability of all tested monovalent
cations, though the channel still maintains the same ion selectivity
sequence. Two later studies in the BK and Tok1p channels where the

equivalent aspartate residue was neutralized to asparagine both noted

54
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reduced currents in the mutant channel and suggested the charge of the
acidic residue may serve to accumulate potassium ions at the external
entrance to the filter (97-99).

With the structure of KcsA it became apparent that only the
threonine of the signature sequence was the only side chain to directly
interact with the permeating ion within the selectivity filter (47). (Fig 2.6)
The low resolution structure suggested a network of aromatic residues
which hold the filter at the proper diameter for potassium selectivity. In the
later high resolution structure a hydrogen bond network between the pore
helix, selectivity filter peptide backbone and buried water molecules was
suggested to stabilize the filter structure (48). (Fig 2.11) This was further
supported by the collapsed structure where this web of hydrogen bonds is

significantly altered when the filter is occupied by sodium.
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Figure 5.1. A small side chain is usually conserved at the equivalent
position of Glu71 in KcsA. Multiple sequence alignment plotted as
amino-acid probability by position of the Pfam ion_trans and ion_trans_2
family members containing the TVGYG signature sequence. The position
equivalent to Glu71 of KcsA is boxed in red.

Interestingly, this glutamate on the pore helix of KcsA (Glu71) is not
conserved in the Kv and Kca channel families, though it is in the K family
and KirBac orthologs. (Fig 5.1) In other potassium channel structures
where the proteins are more similar to the Ky and Kca family, the
equivalent position is a small hydrophobic residue. Notably, in those

structures a second well ordered water molecule frequently occupies the
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same location as the terminal carboxylate moiety of the pore helix

glutamate on KcsA. (Fig 5.2)

Figure 5.2. There are differences in the waters bound within the pore
of KesA and MthK (48, 55). Structures of the pore domain of (A) KcsA
(1K4C, 2.0A) and (B) MthK (3LDC, 1.45A). Side chains involved in the
packing of KcsA filter and equivalents in MthK are shown as sticks.
Potassium ions and water molecules are shown as green and red
spheres, respectively.

The later KirBac1.1, KirBac3.1, and Mus musculus-KirBac3.1
chimera structures have a similar network to that of KcsA involving
glutamate to aspartate hydrogen bonds (52, 104, 105). However, the
protein interaction network which stabilizes the eukaryotic Kir family may
not have been well represented by these structures. Prior sequence
analysis and mutational work on IRK1 has shown that the Ki- family has a
highly conserved and required basic residue which follows the signature
sequence (69), rather than the acidic residue seen in the KirBac
orthologs. (Fig 2.3) This residue, usually an arginine, was thought to be
involved in an ion pair that is require required for forming a selective and
functional channel. With the later structure of Ki2.2, an inwardly rectifying
channel from Gallus gallus, the direct salt bridge between the glutamate
on the pore helix and the arginine on the pore helix was confirmed (51).
(Fig 2.12)

Despite belonging to K+ channel clade of tetrameric cation channels

and having a pore sequence and overall fold largely similar to potassium
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channels, the selectivity filter of NaK is clearly distinct from the canonical
K+ channel structure. (Fig 2.2 & 2.3) The two filter binding sites on the
cytoplasmic side, equivalent to sites 3 and 4, are structurally
superimposable with those of KcsA (53). (Fig 2.8) However, the
extracellular portion of the filter adopts a distinct structure, forming a large
open structure without direct ion coordination, termed the vestibule, and a
external binding site formed by the backbone carbonyls of Gly67. These
changes in the binding sites correspond to large changes in the peptide
backbone structure of the filter region. In comparing the sequence of the
wild-type NaK channel and canonical Kv and Kca potassium channel family
members, there are two notables differences within the pore sequence.
The first is Asp66 within the signature sequence and the second is the
neutralization of the side chain immediately following the signature
sequence. In the previously described NaK2K channel (NaK_D66Y/N68D)
two new interaction give rise to a rearrangement of the extracellular side
of the filter (86). (Fig 5.3) Within the NaK2K pore Asp68 make a hydrogen
bond with Tyr55 on the pore helix. Additionally, the position 66 side-chain
has reoriented relative to wild-type NaK and now points into a cleft
between subunits, making a hydrogen bond with Thr60 on the adjacent
subunit pore helix.

This NaK2K channel serves as a structural and functional scaffold
to examine the protein interactions necessary for K+ selectivity in both
NaK2K and canonical potassium channels. Both the Tyr55 to Asp68
hydrogen bond and the insertion of Tyr66 into the adjacent cleft, with its
associated hydrogen bond, the involvement of each interaction in
selectivity can be tested individually by mutagenesis to study the

consequences to channel selectivity and filter structure.
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Figure 5.3. The filter of NaK2K is a well ordered structure with
discretely bound ions resembling the pore domain of natively K+
selective channels (86). (A) Structure of the NaK2K pore helix and filter
(1.55A) with 2Fo-Fc electron density map contoured at 20. Potassium ions
and water molecules are drawn as green and red spheres, respectively.

Pore Helix Filter TM2/6

KcsA YPRALWWSVETATTVGYGDLYPVTLWGR
MthK WTVSLYWTFVT I ATVGYGDYSPSTPLGM
Shaker | PDAFWWAVVTMTTVGYGDMTPVGVWGK
ratkv1.6 | PDAFWWAVVTMTTVGYGDMYPMTVGGK
NaK PIDALYFSVVTLTTVGDGNFSPQTDFGK
NaK-D66Y P IDALYFSVVTLTTVGENYIGNFSPQTDFGK
NaK-N68D P 1DALYFSVVTLTTVGDGDIF SPQTDFGK
NaK2K PIDALYFSVVTLTTV FSPQTDFGK
NaK2K-Y66F P1DALYFSVVTLTTV DF SPQTDFGK
NaK2K-y55F P 1 DAUEIFSVVTLTTVGYGDF SPQTDFGK
NaK2K-Y55W P | DALMF SVVTLTTVGYGDF SPQTDFGK
Nak2K-D6SE P 1 DALYFSVVTLTTVGYGEIF SPQTDFGK

Figure 5.4. Mutants of the NaK2K channel with the NaK channel and
representative K+ channels. The position of mutations used in this study
are boxed. Figure reproduced from (78).
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Results

Building off of the wild type NaK channel, mutation of either Asp66
or Asn68 individually to the corresponding residues in Kv and Kca channels
is insufficient to convert the NaK channel to a K+ selective channel, as
measured by reversal potential using giant liposome patch clamp of
mutant protein reconstituted into proteoliposomes, though single channel
currents are higher than wild type. (Fig 5.5B and 5.6B) Structurally, this
lack of selectivity is expected as the filter of both NaK_D66Y or
NaK_N68D resemble the wild-type filter structure. (Fig 5.5A and 5.6A)
Interestingly, in both single mutants the vestibule and external binding site
are much more disordered than in the wild-type channel, reflected by the
weaker electron density near the external ion binding site.

In a comparison of canonical Ky and Kca channels, the position
equivalent to Tyr55 in NaK2K is always an aromatic hydrogen bond donor,
either tyrosine or tryptophan, and Asp68 is absolutely conserved. (Fig 2.3)
Further analysis of the equivalent equivalent positions in a large set of K+
channel like sequences, specifically excluding IRK channels, there is a
clear evolutionary coupling between the two positions. (Fig 5.7) An
aromatic hydrogen bond donor, either tyrosine or tryptophan, is highly
conserved on the pore helix, equivalent to Tyr55 in NaK2K, when the
signature sequence is followed by an aspartate or, more rarely, glutamate.
However, if the signature sequence is followed by a neutral asparagine the
distribution shifts and is predominated by phenylalanine. The functional
consequences of neutralizing this acidic residue can be seen in
NaK_D66Y, equivalent to NaK2K_D68N, where the channel is functionally
non-selective and the channel resembles the non-selective wild type

channel with Asn68 is orient away from the pore helix. (Fig 5.5)
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04 v(mv)

Figure 5.5. The filter structure clearly resembles wild type in the
non-selective NaK_D66Y mutant. (A) Structure of the NaK_D66Y pore
helix and filter (1.80A) with 2Fo-Fc electron density map contoured at
1.50. Only two opposing subunits are shown for clarity. Potassium ions are
drawn as green spheres. (B) Current-voltage curve of NaK_D66Y
measured by giant liposome patch clamp |-V curve recorded from patch
containing multiple channels, measured by voltage ramp from -100 to
+100mV over 400ms. Figure reproduced from (78).

B

Current (pA)

] 1 [ g -
0 o b N\<> N A O ®©® O
L 1 1 L N 1 L 1 )

50 100
Holding Potential (mV)

-100 50 .

Figure 5.6. The filter structure clearly resembles wild type in the non-
selective NaK_N68D channel. (A) Structure of the NaK_N68D pore helix
and filter (1.95A) with 2Fo-Fc electron density map contoured at 1.50.
Potassium ions and water molecules are drawn as green and red spheres,
respectively. (B) Current-voltage relationship for NaK_N68D measured by
recording single channels at testing potentials. Figure reproduced from
(78).
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To address the role of this hydrogen bond donor in potassium
channel filter folding and selectivity, mutations were made to the
equivalent hydrogen bond donor position in NaK2K generating the mutant
channels NaK_Y55W/D66Y/N68D (NaK2K_Y55W) and NaK_Y55F/D66Y/
N68D (NaK2K_Y55F). Mutation of the hydrogen bond donor, Tyr55 in
NaK2K to the other hydrogen bond donor aromatic tryptophan, results in
the same filter architecture as NaK2K. (Fig 5.8A) The Asp68 side-chain
continues to point toward the pore helix, making a hydrogen bond with
Trp55. Functionally, under bi-ionic conditions NaK2K_Y55W has a
reversal potential of 80mV, corresponding to strong potassium selectivity
(Pna/Pk ~ 0.053). (Fig 5.8B)

The mutation of Tyr55 to phenylalanine (NaK2K_Y55F) results in a
channel that cannot discriminate between sodium and potassium under bi-
ionic conditions with a reversal potential of OmV. (Fig 5.8B) However, the
filter structure itself is unchanged with four binding sites, each occupied by
a potassium ion. (Fig 5.8A) Distinct from NaK2K and NaK2K_Y55W, the
side chain of Asp68 is exposed to the external solution, away from the

pore helix and unavailable for any interaction to the pore helix.
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Figure 5.7. There is evolutionary coupling between the pore helix and
H-bond acceptor position of potassium like channel. Amino acid
distributions at the aromatic hydrogen bond donor position (Tyr55 in
NaK2K) as it depends on the residue following the signature sequence
(Asp68 in NaK2K). Figure reproduced from (78).
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Figure 5.8. The well ordered filter structure resembles that of K+
channels in the selective NaK2K_Y55W mutant. (A) Structure of the
NaK2K_Y55W pore helix and filter (1.90A) with 2Fo-Fc electron density
map contoured at 20. Potassium ions and water molecules are drawn as
green and red spheres, respectively. (B) Current-voltage relationship for
NaK2K_Y55W measured by recording single channels. Figure adapted
from (78).
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Figure 5.9. The filter is well ordered, though the Aromatic-Aspartate
hydrogen bond is absent in the non-selective NaK2K_Y55F channel.
(A) Structure of the NaK2K_Y55F pore helix and filter (1.70A) with 2Fo-Fc
electron density map contoured at 20. Potassium ions and water
molecules are drawn as green and red spheres, respectively. (B) Current-
voltage relationship for NaK2K_Y55F measured by recording single
channels. Figure adapted from (78).
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The signature sequence of Ky and Kca channels are usually
followed by a aspartate, with glutamate rarely seen. (Fig 2.3 & 5.7)
Mutation of the aspartate that follows the signature sequence of NaK2K to
glutamate, NaK_D66Y/N68E (NaK2K_D68E), results in a non-selective
channel with a reversal potential of OmV under bi-ionic conditions. (Fig
5.10B) Structurally, while the filter architecture is similar to that of NaK2K,
the external portions of the filter are clearly more mobile. (Fig 5.10A) The
electron density at the external face of the protein and a continuous and
broad density of partially occupied ions is seen at the interface between
site 1 and the external solution. Additionally, Glu68 is oriented out into
solution and does not make a hydrogen bond with Tyr55 on the pore helix.
This indicates that in addition to the conserved acidic residue necessary
for the hydrogen bond pair there are precise distance or stearic

constraints on the packing at the top of the K+ channel filter.
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Figure 5.10. The addition of a single carbon is sufficient to
destabilize the filter and render the NaK2K_D68E channel non-
selective. (A) Structure of NaK2K_D68E (1.75A) with 2Fo-Fc electron
density map contoured at 1.50. Potassium ions and water molecules are
drawn as green and red spheres, respectively. (B) Current-voltage
relationship for NaK2K_D68E measured by recording single channels at
testing potentials. Figure adapted from (78).

The role of this aromatic to aspartate hydrogen bond was confirmed
in equivalent mutations on the rat Kv1.6 potassium channel expressed as
a GFP fusion in HEK293 cells. The wild type channel had robust
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potassium selectivity, Pna/Pk <0.001, as measured by tail currents in bi-
ionic conditions after activation of the channel. (Fig 5.11B) The mutation of
the aromatic hydrogen bond donor (Trp415) to the other aromatic donor,
tyrosine, results in a channel that is still potassium selective with a
reversal potential of -90mV, corresponding to a Pna/Pk ~ 0.008. (Fig
5.11C) However, ablation of the hydrogen bond donor in Ky1.6_W415F,
neutralization of the hydrogen bond acceptor in Ky1.6_D428N, or replacing
the hydrogen bond acceptor side chain with the larger acidic residue in
Kv1.6_D428E, all result in notable reductions of potassium selectivity with
Pna/Px ~ 0.130. (Fig 5.11D-F)



66

1000 - "
z 1 I/{/T
800 4 S s0] [/1
§ 71
H d
o
/‘q{
- 1 300
w4 F ;/{
M {/1 200
[
20 { £ 7
(v} i/‘ 100
g~ !/
e ——— T R
120 -100 80 60 40 -20 0 4 -2 Po w0 60 40 2 20 40
Vm (mV) L Vm(mV)  .100
40 i 8:-
< 1004 1 bod 704
3 I Z I g oo |
z = 30 H 1
g '[/l 5 I/l 3 % I 1
3 1 ] 1 i 1 471
so4 I S 207 T 71
~171 471 304
1171 i-171 i7bo ]
171 _i710 i1
/{/1 l/{ 1 P 10
————r — — ey P« S— E— g —
420 100 -Io,;,.éf’ 40 20 20 40 420 100 -io,;,io"«w 20 20 40 A2 00 40§ 40 20 4 20 4
7 e A1 vm(my) 104 P Vm (mV)
} % 1 % it
At -1 1 %
}/1 -50 1 20 40

304

Figure 5.11. The aromatic to aspartate hydrogen bond (Trp415-
Asp428) similarly plays a role in the selectivity of K\1.6. (A) Currents
were measured from Ky1.6, wild-type or mutant, expressed as GFP
fusions in HEK293 cells. The channels were activated for 10ms and
stepping to various testing potentials. Tail currents were recorded to
measure reversal potential and generate |-V curves. Insert shows the tail
currents near the reversal potential. (B-F) |-V curves of K\1.6 (B) wild type
and mutants (C) W415Y, (D) W415F, (E) D428E and (F) D428N. Figure

adapted from (78).
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In an effort to confirm the necessity of stabilizing the signature
sequence in a selective conformation with interactions between positions
on the pore helix and C-terminal of the selectivity filter, mutations were
made on the NaK channel to recapitulate the salt bridge which stabilizes
the pore of Kir channels. Mutations were made on NaK and tested by bi-
ionic giant liposome patch clamp. The NaK mutant introducing both
residues necessary for this salt bridge and the K+ channel signature
sequence, NaK_V59E/D66Y/F69R, was still non-selective with a reversal
potential of OmV. (Fig 5.13A) However, sequence and structural
comparison of NaK2K to canonical Kir channels highlights an additional
packing requirement of Ki channels. (Fig 5.12) At the position equivalent
to Tyr55 in NaK, Kir channels usually a conserved leucine. Structurally, the
Tyr55 present in NaK2K is in an orientation such that it would sterically
clash with the salt bridge. Introducing the additional mutation Tyr55Leu
(NaK_Y55L/V59E/D66Y/F69R, or NaK2Kir) yields a potassium selective
channel with a Pna/Pk of 0.331. (Fig 5.13B) Despite repeated attempts,
crystals could not be obtained of NaK_V59E/D66Y/F69R or NaK2Kir,
possibly due to markedly weak protein expression. As NaK2Kir does not
recapitulate completely the robust potassium selectivity of the Kir channel
family, it suggests that other protein packing differences may further

stabilize the filter for selective potassium conduction.
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Pore Helix Filter ™2

NaK PIDALYFSVVTLTTVGDGNFSPQTDFGK
NaK2KP IDALYFSVVTLTTVGYGDFSPQTDFGK
Kir22 FVAAFLFSIETQTTIGYGFRCVTEECPL

Figure 5.12. NaK2K and Kir channels have similar folds within the
filter though the interactions pinning the filter are distinct. Sequence
alignment of NaK, NaK2K, and K;2.2 with structural elements noted.
Structural alignment of NaK2K (green) and Ki2.2 (yellow). Only the side
chains of residues involved in Kir packing, and equivalents in NaK2K, are
shown. Figure reproduced from (78).
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Figure 5.13. Creating a selective, Ki-like filter requires additional
packing differences (NaK2Kir) not simply the introduction of the salt
bridge (NaK_V59E/D66Y/F69R). Current-voltage relationship under bi-
ionic conditions of (A) NaK_V59E/D66Y/F69R and (B) NaK2Kir measured
by single channel recordings. Figure adapted from (78).
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Also present in the NaK2K and previous K+ channel structures, and
noted in the low resolution KcsA structure, are the interactions of the
tyrosine within the signature sequence (Tyr66 in NaK2K) with a threonine
on the adjacent pore helix. (Fig 5.15C) The equivalent of this threonine is
highly conserved among Kv and Kca potassium-like channels with the
signature sequence TVGYG. Those channels where the signature
sequence is TVGFG have significantly reduced conservation of threonine
at the equivalent position on the pore helix, suggesting evolutionary
coupling between these two animo acids. (Fig 5.14) A similar coupling is
seen on the pore domains of Kop channels, where the first pore domain
contains a tyrosine within the signature sequence while the second

domain is most commonly phenylalanine or, more rarely, leucine.
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Figure 5.14. There is only weak evolutionary coupling of the
signature sequence aromatic to the pore helix in K+ like channels.
Amino acid distributions on the pore helix (Thr60 in NaK2K) as it depends
on the aromatic within the signature sequence (Tyr66 in NaK2K).
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Figure 5.15. Ablating a single hydrogen bond between the filter and
adjacent pore helix does not change the crystallized protein
structure but weakens selectivity. Insertion of the (A) NaK2K and (B)
NaK2K_Y66F filter side-chains into the cleft formed between adjacent
subunits. (C) Tyr66 form a hydrogen bond to the adjacent subunit Thr60 in
NaK2K. (D) The equivalent bond is absent in NaK2K_Y66F, despite the
same side chain orientations, in the absence of an available hydroxyl
group. Potassium ions within the selectivity filter are depicted as green
spheres. (E) Structural superimposition of the NaK2K (cyan) and
NaK2K_Y66F (purple) selectivity filters. (F) Current voltage relationship of
NaK2K_Y66F as measured by giant liposome patch clamp. Figure
adapted from (78).
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The role of this interaction was interrogated using the mutation
NaK2K_Y66F built on the K+ selective NaK2K channel, removing the
hydroxyl but maintaining the bulky aromatic phenyl ring within the
signature sequence. Functionally, this mutation results in a reversal
potential of 50mV under bi-ionic conditions, the 30mV shift reflecting about
a 3-fold loss in potassium versus sodium selectivity (Pna/Pk of 0.158). (Fig
5.15F) Structurally, the NaK2K_Y66F mutant had no gross change in filter
structure. (Fig 5.15E) The phenyl ring continues to insert in the same
orientation into the hydrophobic cleft formed between the two adjacent
subunits, though notably NaK2K_Y66F is unable to the same threonine to
tyrosine hydrogen bond seen in NaK2K. (Fig 5.15A-D) The comparable
mutant of Ky1.6 similarly has a reduced potassium selectivity relative to
wild type. Without the hydrogen bonding group on the phenyl ring of
Kv1.6_Y426F the reversal potential shifts to -60mV, reflective of a Pna/Px
~0.08 and an eighty fold increase in the permeability of sodium.

Interestingly, a search of the PDB databank structures for similar
secondary structures to the K+ filter reinforced both the necessity of
pinning the peptide in place and consequence if such interactions are
absent. The PDB was searched using the sequence of torsion angles
found in the potassium channel selectivity filter. There were two major hits,
the Jumoniji domain of the PHF2 protein from Homo sapiens (106) and the
Ferredoxin | proteins of multiple bacterial species (107, 108). Despite both
containing a polypeptide backbone similar to the selectivity filter of K+
channels, these proteins belong to distinct protein families and have very
distinct folds and functions, both from each other and potassium channels.
(Fig 5.16A-B) Furthermore, the protein sequence over this region, KCKYT
of Ferredoxin | from Azotobacter vinelandii and KLGSL of PHF2, bears
little similarity to the potassium channel signature sequence of TVGYG.
Notably, while the PHF2 K+ filter like structure is mobile, resembling the K+
channel filter only in a single of five crystal conditions. This mobility is

possibly reflective this sequence being a part of a loop exposed to solution
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and only a single hydrogen bond between the KLGSL sequence and the
adjacent protein. In contrast, the Kt filter like sequence makes five
hydrogen bonds with the adjacent protein, in addition to the amide
nitrogens of the polypeptide directly abutting an iron-sulfur cluster. These
interactions may serve to stabilize the motif in Ferredoxin | proteins, as

indicated by the filter like structure being seen in a number of species.

Figure 5.16. K+ filter like structures are found in few other proteins,
both stably and dynamically. Overall structure of (A) Ferredoxin | from
Azotobacter vinelandii (6FDR, 1.40A) (107) and (B) the Jumoniji domain of
PHF2 protein from Homo sapiens (3PUA, 1.89A) (106). Colored in green
is the K+ filter like domain. Ligands within the structure are drawn as
sticks.

Discussion

These results illustrate that there are two packing interactions
critical for forming a potassium selective channel. Both the aromatic to
aspartate hydrogen bond and the insertion of the signature sequence
aromatic into the inter-subunit cleft appear to be necessary for the proper
formation of sites 1 and 2 of the selectivity filter. Mutations of either
position change channel selectivity, though the aspartate hydrogen bond
acceptor appears to be the position most sensitive to mutation.

Interestingly, while the Thr60-Tyr66 hydrogen bond appears to play a role
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in the selectivity of NaK2K, as evidenced by the NaK2K_Y66F construct,
some canonical potassium selective channels do not have this hydrogen
bonding hydroxyl, but rather conserve a phenylalanine within their
signature sequence of TVGFG. This may be a result of alternate
interactions which stabilize the filter or represents a mechanism to tune
individual channel selectivity to fit physiological function.

The ability to ablate selectivity by signature sequence mutation has
already been noted functionally in studies on the Shaker potassium
channel. In identifying the functional role of the signature sequence,
systematic studies comparing selectivity to sequence were carried out
(30). While the selectivity (Pna/Pk) was defined by an upper bound rather
than an average, notably mutation of the signature sequence from TVGYG
to TVGFG to TVGVG results in a progressively higher maximum bound.
While only defining the maximum permeability ratio, this trend agrees well
with the NaK2K_Y66F results and the proposed necessity for structural
rigidity within the filter for selectivity.

The differences in selectivity and sequence between these
engineered potassium selective channels, NaK2K and NaK2Kir, and
canonical potassium channel families shows that still other the means are
seen to structurally restrain the selectivity filter. Particularly, in eukaryotic
Kir channels there is a conserved disulfide bond which further restricts
movement of the selectivity filter relative to the pore helix (51).

Also of note are non-selective, or less selective K+ channels, which
have a K+ channel signature sequence. Notable is the drosophila ether-a-
go-go channel (eag) which has the signature sequences of SVGFG, very
similar to the canonical K+ channel signature sequence (43, 109-111) and
yet is only weakly potassium selective. (Fig 5.17) However, the closely
related mammalian Kv10 and Ky11 channel families, including the hERG
channel, are known to be robustly potassium selective. In eag and the
related mammalian channels the residue immediately following the

signature sequence is an asparagine. In the case of eag, mutation of the
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same position to aspartate (eag_N458D) still results in a non-selective
channel (data not shown). However, this result could be partially or totally
the result of packing difference in the pore domain of this distinct channel
sub-family.

The sensitivity of selectivity to protein packing within the pore
domain is further highlighted by natural occurring mutations. Disease
causing missense mutations within the signature sequence and on the
second transmembrane helix of Ki3.4 cause a change in size and charge
of these side chains, likely altering the packing of the selectivity filter (15).
Correspondingly, these mutations result in non-selective channels under
heterologous expression and in vivo likely initiate the signaling cascade

which causes unrestrained cell proliferation.

Kvli.6 DAFWWAVVTMTTVGYGDM
Kvli.I DAFWWAVVSMTTVCYGDM
eag TALYFTMTCMTSVGEGNYV
hERG TALYFTFSSLTSVGFEGNV

Figure. 5.17. There are K, family potassium channels which clearly
do not conserve the pinning aromatic to aspartate hydrogen bond.
Partial alignment of the pore helix and filters of Kv1.1, K\1.6, eag and
hERG. The aromatic hydrogen bond donor, selectivity filter and acidic
hydrogen bond acceptor positions are highlighted in blue, green and red,
respectively.

The results of the torsion angle search demonstrate that while the
selectivity filter structure may be energetically strained, with a significant
portion of the sequence in the less favorable positive Phi region, such
structures are not unique to K+* channels. Notably, within in the K+
channels two of these residues are glycine for which the allowable regions
are much broader at positive and negative Phi angles. In this respect it is
all the more remarkable to find a number Ferredoxin | proteins with this

structure despite the absence of glycine in this sequence (107, 108).



Chapter 6. K+ Channel Inactivation

Introduction

As the total ionic flux through the channel is a function of both
unitary channel conductance and the time spent in the conductive state,
regulation of time spent in the conductive state plays a significant role in
channel physiology (3). Regulation of entry into non-conductive states, by
both intrinsic properties of the channel and external factors, is central to
the regulation of channel signaling. In potassium channels, a single
channel may have a number non-conductive states with greatly disparate
kinetics. (112-114). Broadly, the process of entering a long lived (seconds)
non-conductive state is referred to as inactivation, while the appearance of
a very transient (ms) non-conductive states is referred to as channel
flicker.

The functional mechanisms and consequences of inactivation have
been extensively studied in a number of channels, most classically in the
voltage-gated sodium channels and its role in ending the depolarization
step of the action potential (3). Within the potassium channels, inactivation
is best studied in the voltage-gated potassium channels. There are two
primary mechanisms of inactivation in tetrameric cation channels, named
for the regions of the protein which govern the process. (Fig 2.16) N-type
inactivation occurs when an amino-terminus from the channel or an
associated protein inserts into the open channel and directly blocks ion
flux. This “ball and chain” mechanism of inactivation can be alleviated by
removal, enzymatically or genetically, of the amino-terminal residues.
Differences in N-type inactivation among channels endogenous arise from
differences in primary sequence or hetro-oligomerization with other
subunits which provide the N-terminal inactivation peptide exogenously.

C-type inactivation is governed within the pore domain itself and
typically has slower kinetics than N-type. It is believed to be the

rearrangement of the selectivity filter into a non- or less conductive state,
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based on its dependence on K* concentration or pore blockers. The
kinetics of this filter rearrangement can also be altered by accessory
proteins or pore domain interactions with the N-type inactivation ball,
though such an indirect mechanisms remain poorly understood (115, 116).
Interestingly, with C-type inactivation the selectivity of some potassium
channels has been noted to change, further reflecting that structural
changes in the selectivity filter are associated with the inactivation process
(117,118).

The C-type inactivation of potassium channels has been structurally
studied primarily in the prokaryotic KcsA channel. As KcsA undergoes C-
type inactivation after activation by pH jump, structural studies can be
correlated to functional results in an effort to understand the selectivity
filter structural changes that underly this inactivation. The side-chain most
tightly correlated with inactivation kinetics is a glutamate on the pore helix
(Glu71), the same side chain seen stabilizing the filter in the wild-type
KcsA structure (72). (Fig 2.11) In association with the apparent differences
in inactivation kinetics, the mutant channel KcsA_E71A crystallizes with
two conformations, one similar to wild-type while the other has significant
differences in the both the side chains packing around the filter and the
selectivity filter structure itself. This rearranged filter, proposed as a non-
conductive channel state and termed the “flipped” conformation, involves
the rotation of the aspartate following the signature sequence toward the
external solution and rotation of the carbonyls forming parts of sites 2-4
away from the ion conduction pathway. (Fig 6.1B) Interestingly, the
kinetics of inactivation in KcsA seem to be tuned with the identity of this
position on the pore helix. (Fig 6.3) Un-noted in the text of the same study,
the same mutations which alter inactivation in KcsA also modulate
potassium selectivity, and particularly KcsA_E71A has a notable increase

in selectivity relative to the wild type channel.
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Trp67
Flipped

Figure 6.1. Structural changes with the P-loop proposed proposed
during KcsA inactivation include structural changes in the filter and
the aromatic to aspartate hydrogen bond (72). (A) Structure of the wild
type KcsA (1K4C) pore helix and filter. (B) Structure of the KcsA E71A
(2ATK, 2.5A) highlighting the conformation changes in the flipped
structure. Alternate conformations for Trp67 are shown in yellow and
orange. Potassium ions and water molecules are shown as green and red
spheres, respectively.

This result is contradicted by other studies on the KcsA_E71A
mutation, using radioactive 22Na+ flux assays, where sodium permeability
is increased relative to the wild-type channel (119). In this study the
KcsA_E71A filter is again observed in the flipped conformation when
crystallized in sodium. Sodium ions are seen binding in plane with the
carbonyls of the selectivity filter, in a mode similar to that seen in the high
resolution NaK and MthK sodium structures (54, 55) and proposed in the
KcsA lithium crystallized structure (68). These results suggest KcsA_E71A
represents a less selective state and, more generally, a structural link link
between selectivity and inactivation in potassium channel.

One additional later study demonstrated in KcsA the aromatic
hydrogen bond donor on the pore helix of KcsA, equivalent to Tyr55 of
NaK2K, also regulates the kinetics of inactivation, though without mention

of selectivity (120). Mutation of the hydrogen bond donor tryptophan to
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tyrosine yields a channel with slower inactivation, while the phenylalanine
mutant has inactivation kinetics similar to KcsA_E71A.

Corresponding to the role of C-type inactivation as a mechanism
which closes open channels, in KcsA the extent of filter rearrangement
has been seen to correlate to the dilation of the cytoplasmic channel gate
(121). Crystallization of KcsA with in a different detergent than typical can
yields channels in a variety of open states despite a common
crystallization condition. While the reason for the variety of crystallized
channel states is unknown, there is a clear correlation between
cytoplasmic gate diameter and structural change within the filter. Though
resolution is limited, ion binding with the filter clearly changes, becoming
inequivalent between the sites, and the filter peptide coordinating those
ions appears to rearrange as the gate opens. (Fig 6.2) These structures
provided the first direct evidence of coupling between cytoplasmic gate
opening and structural rearrangements in the filter. This change is thought
to be mediated by interactions between a bulky side-chain on
transmembrane helix 2 of KcsA and the cytoplasmic ends of the selectivity

filter and pore helix (122).

Figure 6.2. Changes in K+ binding in the filter with cytoplasmic gate
opening results in distinct changes in ion binding. Composite omit
maps of the KcsA filter with various degrees of cytoplasmic gate dilation.
Filter 2Fo-Fc density (blue) is shown at 20, while Fo-Fc ion omit maps are
contoured at 4-60. Figure reproduced from (121).

Later work demonstrated that the side chain of this same
glutatmate on the pore helix of KcsA, at position 71, also regulates short
time scale gating in addition to modulating inactivation of the channel

(123). (Fig 6.3) Differences in the millisecond timescale kinetics of the
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channel, visualized as channel flicker in single channel traces, are
apparent with mutation of this acidic group on the pore helix. This is also
though to be due to differences in the hydrogen bond network between the
pore helix and the selectivity filter.

However, while the amino-acid side chain identity at position 71 on
the pore helix of KcsA is closely correlated inactivation and fast gating, this
position is predominately a small, hydrophobic side-chain in other
potassium channels; including those which natively undergo C-type
inactivation. In addition, while the mutation of this pore helix glutamate in
KcsA is more selective than wild-type (in one study) and does not
inactivate the channel filter, a process believed to be related to rigidifying
the filter, the structural study notes greater conformational flexibility (72).
Thus KcsA may not serve as a general model for C-type inactivation.

Originally in an effort to confirm the role of this bridging hydrogen
bond between the pore helix and selectivity filter, Tyr55 to Asp68 in
NaK2K, mutations were made in the eukaryotic voltage gated channel
Kv1.6 from rat (124). The comparable mutations were made to both the
equivalent hydrogen bond donor, natively Trp416, and the hydrogen bond
acceptor, Asp428. While the consequences to selectivity were discussed
in the previous chapter, the mutation W415Y showed marked differences
in inactivation and a time dependent correlation between both properties.
In addition, mutations on NaK2K show difference in fast gating kinetics,
perhaps suggesting a role for the effected bonds in regulating total

channel conductance.
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Figure 6.3. There are a variety of single channel KcsA behavior with
changes in the interaction between the pore helix and the filter.
Mutation of the KcsA channel pore domain Glu71 results in differences in
differences in both short long gating kinetics after channel activation with
pH jumps from 8.0 to 4.0. Figure reproduced from (123).
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Results

The wild-type rat Ky1.6 channel and derived mutants were all
expressed as GFP fusions in HEK293 cells and tested by bi-ionic whole
cell patch clamp, with K+ and Na+* in the pipette and bath, respectively. The
wild type channel is robustly potassium selectivity, as previously
discussed, with a reversal potential of -105mV indicating a Pna/Pxk of less
than 0.001. (Fig 5.10B) The channel is half maximally activated at -30mV
and has a gating valence of 3.7, as calculated by fitting the voltage
dependent activation to the Boltzmann equation. (Fig 6.4B) Notably, the
channel does not appreciably inactivate after 200ms activation. (Fig 6.5)

The mutants Ky1.6_W415F, K,1.6_D428N, and K,1.6_D428E have
markedly different voltage dependent activation relative to wild type, with a
linear relationship between activation and voltage above 30mV. (Fig 6.4A)
In each case these mutants are expected to break the bridging hydrogen
bond between the pore helix and cytoplasmic end of the selectivity filter
and the change in channel activation is perhaps due to voltage dependent
changes in the filter or changes in coupling between the voltage sensor
and channel filter. Given this anomalous behavior above 30mV
descriptions of gating charge and voltage dependent activation will be
based upon data recorded between -80 and 30mV. (Fig 6.4B)

Neutralization of the hydrogen bond acceptor, K,1.6_D428N,
results in a channel requiring greater depolarization to open, with a V12 of
OmV and the gating charge is reduced to 2.5. Similarly, replacing Asp428
with the other acidic residue, glutamate, yields the mutant K,1.6_D428E
which also causes the channel to open at more depolarizing voltages than
wild-type, with a Vi2 of -15mV and a gating charge of 2.6. The mutant
Kv1.6_W416F, which ablates the pore helix hydrogen bond donor, requires
a positive voltage to open (V12 of 20mV) and has a gating charge of 1.9.
Each of these mutations the channel is non-selective and does not

significantly inactivate over =200ms. (Fig 6.5)
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Figure 6.4. Voltage dependent activation curves of Ky1.6 and derived
mutants. (A) Plot of G/Gmax from -80mV to +120mV. (B) Plot of G/Gmax
from -80mV to +30mV with V12 and Z values calculated by fitting to the
Boltzmann equation. Figure reproduced from (78).

The greatest differences in selectivity and gating appears in the
Kv1.6 mutant Kv1.6_W415Y, where the aromatic hydrogen bond donor is
maintained. Though the channel activates similarly to wild-type over the
entire voltage range, with a V1,2 of -15mV and gating charge of 3.3, there
is a marked difference in channel inactivation and selectivity. (Fig 6.4)
While the wild-type channel did not noticeably inactivate over experimental
timescales of activation, the mutant Kv1.6_W415Y channel rapidly
inactivates under the same conditions. (Fig 6.5) Interestingly, this
inactivation correlates with selectivity. Measuring reversal potentials 10ms
after activation Ky1.6_W415Y is still potassium selective with a Pna/Pk of
0.007. (Fig 6.6) However, if held for 200ms at the activating potential and
allowing the channel to apparently inactivate, the channel becomes
markedly less selective with a reversal potential of -40mV indicating a Pna/
Pk of 0.20.
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Figure 6.5. Mutation of the aromatic hydrogen bond donor is
sufficient to cause Kv1.6 to inactivate after channel opening. C-type
inactivation was not observed in wild-type Ky1.6, nor any of the mutants
except W415Y where the channel significantly inactivated after membrane
depolarization. Figure adapted from (78).
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Figure 6.6. The selectivity of the K\1.6_W415Y mutant is inactivation
state dependent. |-V curves of Ky1.6_W415Y after 10ms (left) and 200ms
(right) under bi-ionic conditions tail currents using whole-cell patch clamp
of HEK293 cells. Figure adapted from (78).
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Also of note are channel gating properties in the millisecond scale,
also referred to as channel flicker. The NaK2K channel and derived
mutants at either the aromatic hydrogen bond donor or aspartate acceptor
positions (55 or 68) exhibit rapid opening and closing kinetics in single
channel traces, irrespective of channel selectivity. (Fig 6.7) However, the
mutant NaK2K_Y66F exhibits only rare and brief channel closing under
the same conditions, in addition to the previously discussed three-fold loss

in potassium selectivity. (Figs 5.14F & 6.7)

+100 mV +80 mV
W*W*’"Wa"‘

WMWWWWWW fon LTI g

-80 mV °
’j_‘__'“ ___T ________________ )

NaK2K NaK2K_Y66F

Figure 6.7. Loss of a single hydroxyl is sufficient to change the fast
single channel gating behavior between NaK2K and NaK2K_YG66F.
Single channel recording under bi-ionic conditions of NaK2K (left) and
NaK2K_YG66F (right). Figure adapted from (78).

Structurally there is no discernible difference in the filter of
NaK2K_Y66F relative to NaK2K. (Figs 5.14E) However, there is a ~1A
movement of the water hydrogen bonded to Asp68 and the B-factors of
the buried water molecules within the pore domain are higher than
NaK2K, perhaps reflecting a similar mechanism of modal gating seen in
KcsA. (Fig 6.8)
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Figure 6.8. The tyrosine to phenylalanine mutation results in a shift
in the location of a water between NaK2K and NaK2K_Y66F (78). Stick
rendering of (A) NaK2K and (B) NaK2K_Y66F. Potassium ions and water
molecules are drawn as green and red spheres, respectively.

Discussion

These results indicate that both fast and slow closing of the channel
pore is governed by a number of interactions within the pore domain.
While complicated by different model systems these results do appear to
confirm the role of the aromatic hydrogen bond donor in regulating C-type
inactivation at the channel filter, in agreement with previous studies on
KcsA, Kvl.1 and K1.2 (72, 120, 125). However, the exact role of this
aromatic group or mechanism of filter rearrangement with C-type
inactivation remains unclear.

In the present studies of Ky1.6 only tyrosine causes inactivation, not
phenylalanine or tryptophan. These inactivation results are also
remarkable in terms of inactivation when taken together with the NaK2K
mutations. The NaK2K mutants do not observably inactivate under any
condition. When comparing the role these aromatic mutations in altering
C-type inactivation kinetics, no consistent pattern is apparent, other than
confirming the role of this particular position. In aggregate, these results
suggest that other residues, both within and perhaps outside of the pore

domain, must be involved in regulating inactivation. This is perhaps
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expected as C-type inactivation is thought to be coupled to channel
opening and therefore the movement protein domains distant in both

primary sequence and ternary structure from the filter.

Channel Rate of Inactivation by Pore Helix Aromatic
KcsA W>Y>>F
Kv1.1 Y > W (F non-conductive)
Kvl.2 F>Y>W
NaK2K (never inactivates)
Kv1.6 Y>>W=F

Table 6.1. Rates of C-type inactivation depend on the pore helix
aromatic differentially between a number of K+ channels.

Notably, the flipped structure of KcsA_E71A mutant is similar in
some respects to the non-selective NaK2K_Y55F, NaK2K_D68E, and
NaK_D66Y (equivalent to NaK2K_D68N). In all cases the side chain
following the signature sequence, at position 68 in NaK2K, is reoriented
away from the core of the protein and within the NaK2K mutants there is a
clear increase in the mobility of the filter backbone. However, as
previously mentioned, none of the NaK2K mutants notably inactivate or
undergo as extensive the structural rearrangements seen in KcsA_E71A,
suggesting that more than the movement of the conserved Asp or general
mobility of the filter is required for inactivation. Temptingly, in the flipped
KcsA_E71A structure only the site 4 potassium binding site is retained
(72), while in all the NaK2K mutants the original sites 3 and 4 of NaK are
preserved. It is possible that differences in the binding site number or
shape might be the basis of the differences in conductance.

While there are no consistent differences in pore sequence
between Ky1 family members related to inactivation, there is clear
functional coupling between the gating domain, cytoplasmic gate and filter

which regulates C-type inactivation. Structurally the cytoplasmic gate and
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filter have been shown to be linked by the dilation induced filter changes of
KcsA (121, 122). Additionally, it is known that N and C-type inactivation are
functionally coupled, where the presence or absence of the N-type
inactivation peptide alters C-type inactivation kinetics, despite being
distant in the primary sequence and site-of-action within the channel (115,
116). Collectively, these results suggest C-type inactivation in Kv channels
may be regulated by parts of the protein, perhaps distant in primary
sequence from the filter. Such a hypothesis is supported in part by the
changes in voltage-dependent activation of rat Kv1.6, with mutations in the
pore domain, distant from the voltage sensor, altering the voltage
dependence of channel opening.

While differences in buried water molecules have been implicated
in the modal gating of KcsA, such differences were thought to be
dependent on the identity of the amino acids on the pore helix (73). A
comparison of NaK2K and NaK2K_Y66F shows no corresponding change
in the number of buried waters, though there is a notable difference in the
position and mobility of the waters. However, as the filter backbone amide
of Gly67 is involved in coordinating these water molecules, this difference
may be the result of the absent hydrogen bond restraint on position 66 in
NaK2K rather than direct interactions with the mutated tyrosyl side-chain.

Similar to this study of fast gating in NaK2K, the inwardly rectifying
potassium channel Ki:6.2 normally has brief channel inactivation events by
single channel electrophysiology with grossly similar characteristics to
NaK2K (126). This is despite the absence of hydroxyls on the pore helix or
selectivity filter positions equivalent to the Thr60 or Tyr66 of NaK2K, and
rather are Val and Phe in Ki6.2, respectively. The double mutation
restoring the more typical threonine and tyrosine at each respective
position of Ki6.2 (V127T/F133Y) results in a channel with fewer fast
kinetic events, though changes in selectivity are not discussed. While this

mutation should result in a hydrogen bond similar to the Thr60-Tyr66
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hydrogen bond seen in NaK2K it is notable that the changes in channel

kinetics are opposite of what would be predicted by NaK2K.



Chapter 7. Heavy lon Binding

Introduction

In the studies of potassium channel selectivity it has been noted
that while K+ channels can largely discriminate between the group 1
cations this selectivity appears to be discriminatory primarily against the
smaller cations. (Table 2.1) The K+t channels preferentially conduct
potassium in the presence of either lithium and sodium despite sub-
angstrom differences in radius (3). However, the selectivity is much
weaker against the larger alkali metal rubidium despite the larger ionic
radius. Further, the next group 1 cation, cesium, is still appreciably
conducted despite a difference in radii larger than that between potassium
and sodium.

In the initial structural studies of KcsA, Rb+ and Cs+ were used to
determine the ion conduction pathway and ion binding sites, taking
advantage of their significantly stronger diffraction relative to potassium
(47). Rubidium and cesium binding sites were seen within the filter,
demonstrating the direct carbonyl-ion coordination of conducting ions.
With the availability of high resolution structures, comparisons were drawn
between the differences in ion binding profiles of rubidium and potassium
and correlated to the rates of ion conduction (44). The inequivalent ion
binding of rubidium within the filter was thought to underly the saturating
conductance rubidium, as compared to the increasing conductance of
potassium with greater concentration which was thought to be related to
the equivalent K+ binding across all four sites.

With the availability of both structural and functional analysis, KcsA
has been extensively used to study the structural and energetic
consequences of ion binding in the potassium channel filter. In structural
studies of ion binding it was noted that ions larger than potassium still
bound the filter without a structural change of the coordinating protein (44,

127). The larger rubidium and cesium ions bind inequivalently at only
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three sites within the filter. While the ion binding at sites 1 and 4 is similar
among monovalent ions an additional Rb+ and Cs* binds more broadly
between sites 2 and 3, clearly not centered as is seen with K+ within the
square anti-prism structure of the filter. In all cases the occupancies of the
ions total approximately 2 ions per filter, arguing for a specific charge
requirements of ions within the filter to electrostatically balance the partial

negative charge of the ion coordinating groups.

Figure 7.1. Rubidium, cesium and barium cations bind distinctly
within the KcsA filter. (A) The KcsA filter structure in the presence of Rb+*
with 2Fo-Fc electron density map in blue. Rubidium ion are drawn as large
red spheres. (B) The KcsA filter in the presence of Cs+ with 2Fo-Fc
electron density map in blue. Cesium ions are drawn as large gold
spheres. (C) The KcsA filter in the presence of Bat2. The 2Fo-Fc electron
density map and the anomalous difference density map are shown in blue
and magenta, respectively. Barium ions are drawn as large magenta
spheres. Water molecules are shown as small red spheres in all panels.
Figure adapted from (127, 128).

Later work analyzing the thermodynamics of ion binding by ITC in
KcsA provided further information about how the potassium channel
selects ions. Heat was clearly liberated with the addition of potassium to
the detergent solubilized channel in sodium. This heat appears to be a
consequence of the filter transitioning out of a non-conductive state, as a
constitutively non-conductive mutant has no heat associated with sodium
to potassium titration. Rubidium and cesium both also liberate heat with
ion binding. This result demonstrates that the free energy of binding is

similar between potassium and cesium and even more energetically
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favorable for rubidium. This energetic trend is in contrast to the
permeability series for these ion, where potassium and rubidium are of
similar permeability and cesium is significantly less conductive. However,
this result represents the steady state binding of ion to the filter and not
the dynamic permeation of ions through the filter. While the free energy of
ion binding reflects the favorability of the binding reaction permeation is a
kinetic process also dependent on the energy barriers between binding
sites. Put another way, ion permeation may also be governed by the

activation energy between ion translocation steps.

lon | Radius (A) [ Ko (mM) AG© AHO AS©
(kcal M) | (kcal M) | (kcal M- K1)

Na+ 0.95 nhd

K+ 1.33 0.43+0.04 | -4.54+0.06 | -1.24+0.13 | 11.2+0.48
Rb+ 1.48 0.12+0.06 | -5.29+0.29 | -1.93+0.24 | 11.4+1.27
Cs* 1.69 0.44+0.13 | -4.53+0.17 | -1.81+0.30 | 9.23+1.18
Mg+ 0.65 nhd
Ca? 0.99 nhd
Ba*2 1.35 0.19+0.06 | -5.03+0.15 | -5.51 +0.68 | 35.7 +2.37

Table 7.1. The ion binding thermodynamics of KcsA vary with cation.
These energetics have distinct entropic and enthaplic contributions
despite similar free energies (128). Values measured from isothermal
calioremetry of detergent solubilized KcsA. nhd = no heat detected.

The study is also difficult to interpret based on selectivity as some
potassium selective channels conduct sodium in the absence of
potassium, perhaps as a consequence of the filter not collapsing into a
non-conductive state. Similar measurements in a non-collapsing channel
may prove informative on the competition for ions within the filter of K+
selective channels. This point is further confused when comparing the

energetics of the ion titration from lithium. Though heat is liberated when
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titrating potassium into lithium soaked KcsA, none is observed when
titrating with sodium. While the authors argue that the heat measured
comes from structural changes in the protein, this is contradictory to
previous structural studies on KcsA in lithium which demonstrated that the
filter adopts the conductive conformation even in the absence of
potassium (68).

Interesting also to ion binding and selectivity is the classic K+
channel blocker barium. The ion Ba*2 permeates through some portion of
the pore to reach a low energy binding site and block current through the
channel (129, 130). While the Ba*2 ion may also permeate the entire
length of the channel, it must do so with such slow kinetics as to effectively
block any apparent current. Structurally, Ba+2 appears to bind at sites 2
and 4 in the KcsA channel filter (128, 131). Corresponding to a very similar
ionic radius to potassium, the barium bound structure largely does not
change relative to the K+ saturated KcsA structure. As expected for a
blocker, the free energy of ion binding is the slightly lower for barium than
potassium. However, the thermodynamics driving this binding are
significantly different from the group 1 cations, as the enthalpic
contribution is unfavorable but compensated for by a large entropic
contribution.

A channel family where ionic blocking of channel current is of
particular biological relevance are the CNG channels. Calcium in believed
to act as a classical permeating blocker of CNG channels, where its slow
conduction blocks the sodium and potassium currents. While the CNG
channel family are non-selective they are phylogenetically related to K+
channel and believed to have filters utilizing similar chemistry (13). In
studies on the NaK2CNG model channels, calcium was observed to bind
within the filter in modes similar to potassium (71). Further, calcium
binding occurred without a structural change within the filter itself. The
common binding site for potassium and calcium in NaK2CNG channel

filters is interesting given the distinct differences in ion size and charge
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and the fact that despite the individual binding sites being equivalent K+
channels are not known to either conduct or be blocked by calcium.

While heavy ion binding within the filter of KcsA has previously
been characterized, the differences in ion binding among the NaK2CNG
channels suggest that ion binding can be regulated by the protein in ways
outside of direct ion-ligand chemistry. Based on the hypothesis that the
protein environment around the filter is distinct between KcsA and NaK2K,
soaking experiments were carried out using rubidium, cesium and barium
to examine differences in heavy ion binding between these potassium

selective channels.

Results

To compare monovalent cation binding NaK2K crystals crystallized
in a potassium containing buffer were soaked into a stabilization solutions
where rubidium and cesium replaced the potassium of the mother liquor.
For the barium soaked crystals, barium was added via barium chloride to
the stabilization solution still containing potassium. Data sets of the
soaked crystals were collected at a wavelength of ~1A. Each structure
was refined to 2A or better and anomalous diffraction allowed for
unambiguous identification of the Rb*, Cs* and Ba+*2 binding sites. While
all heavy ions could be fit, in each case the native Fo-Fc maps near the
ions clearly showed Fourier truncation ripples near the strong scatters as
a result of insufficient resolution to fully describe the diffraction of these
elements (132).

The overall structure and that of the selectivity filter does not
significantly change in the rubidium soaked NaK2K channel structure
relative to potassium, with an RMDS over the signature sequence of less
than 0.2A. (Fig 7.2A) Rubidium ions bind clearly at sites 1, 3 and 4 based
on the strong diffraction at these sites. (Fig 7.2B) The identity of the ions at
these sites were confirmed by the anomalous signal of the anomalous

difference map. (Fig 7.2C)
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Figure 7.2. Rb* binding can clearly be seen with an unchanged

NaK2K channel filter. (A) Structural overlay of NaK2K in K+ (green) and
Rb+ (yellow) (B) Fo-Fc ion omit map of NaK2K soaked in Rb+*, contoured
at 8o. (C) Anomalous ion omit map of NaK2K soaked in Rb*, contoured at
80. Rubidium ions and water molecules are show as large and small
sphere, respectively. The structure is refined to 1.8A.

The cesium soaked NaK2K structure also show strongest density at
site 3 in the selectivity filter, with weaker density at sites 1 and 4. (Fig
7.3B) Sites 1 and 3 were confirmed as cesium by strong density in the
anomalous map. (Fig 7.3C) However, site 4 has been built as a
contaminating K+ ion as no anomalous diffraction is seen at this site. As
with the rubidium soaked NaK2K structure, only minor changes are seen
in the structure, with an RMSD over the signature sequence of
approximately 0.2A. (Fig 7.3A) Interestingly, a cesium ion partially
coordinated by the channel protein is seen at the external face of the filter,
as had been previously seen in the high resolution K+ crystallized KcsA
structure, though in this case the partially dehydrated ion is clearly off the

central axis of the ion conduction pathway.
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Figure 7.3. Cs* ions bind discretely at two sites within an unchanged

NaK2K filter structure. (A) Structural overlay of NaK2K in K* (green) and
Cs+ (yellow) (B) Fo-Fc ion omit map of NaK2K soaked in Cs*, contoured at
80. (C) Anomalous ion omit map of NaK2K soaked in Cs*, contoured at
50. Cesium ions, potassium ions and water molecules are drawn as
yellow, green and red spheres, respectively. The structure was refined to
1.83A.

As with both rubidium and cesium, barium binding within the filter
did not result in significant structural change (RMSD 0.1A). (Fig 7.4A) The
structure of the NaK2K channel soaked into a buffer containing both K+
and Ba*2 has ion clearly bound at sites 1, 3 and 4 within the filter and with
an additional ion at a site external to the filter (S0) coordinated by water
molecules. (Fig 7.4B) The native map has strongest density at site 3, with
density also seen in the anomalous difference map, corresponding to a
bound Ba*2 ion. (Fig 7.4C) Potassium ions are seen bound at sites 1 and
4, in positions similar to the potassium co-crystallized NaK2K channel.
Notably, the potassium ion at site 4 is clearly translated toward the
cytoplasmic surface of the membrane relative to the K+ only NaK2K and
KcsA structures (Figs 7.4B and 5.3).
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Figure 7.4. Ba*2 binds at a single site within the unchanged NaK2K

selectivity filter. (A) Structural overlay of NaK2K in K* (green) and Bat2
(yellow) (B) Fo-Fc ion omit map of NaK2K soaked in Ba+*2, contoured at
80. (C) Anomalous ion omit map of NaK2K soaked in Ba+*2, contoured at
80. Barium ions, potassium ions and water molecules are drawn as
purple, green and red spheres, respectively. The structure is refined to
2.0A.

Discussion

The differences in Ba*2 and Cs+ binding sites between NaK2K and
KcsA, despite identical chemistry and geometry of the coordinating
ligands, is perhaps a consequence of the electrostatic environment
surrounding the filter. The glutamate on the pore helix of KcsA introduces
a negative charge adjacent to the selectivity filter absent in most K+
channels, as discussed previously. This difference in local electrostatic
environment may underly the two Ba+2 ions bound within the KcsA filter,
distinct from the single ion bound within the NaK2K selectivity filter. This
single barium bound within the filter of NaK2K fits well with the functional
studies of barium-potassium competition in the BK channel (130), while
modeling of barium block in KcsA requires a two ion block model (133).
This, in addition to the greater similarity of protein packing interaction
between NaK2K and the Kca family, compared to KcsA and Kca, suggest
that NaK2K may serve as a better structural model for comparing previous
functional studies of ion binding and block to K+ channel structure in the Ky

and Kca channel families.
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The differences in ion binding between NaK2K in K+ or a K*/Ba*2
mixture are most intriguing as they suggests both a mechanism for the
barium block of K+ currents and also give a direct visualization of the
electrostatic interactions between ions within the filter. Barium binding at
site 3 causes a shift in the binding position at site 4, suggesting that the
presence of an ion at site 3 alters the affinity and equilibrium ion binding
position at adjacent sites. This change in affinity agrees well with previous
functional studies of barium blocking of the BK channel, where K+ affinity
is particularly weak adjacent to the apparent Ba+? site. This result is still
more dramatic at site 2 of the NaK2K-K+/Bat*2 structure, where the
occupancy of K+ is zero and a water appears to be bound between the
ions at sites 1 and 3. While this repulsive interaction of ions within the filter
is most likely exaggerated due to the more strongly charged Ba+?, this
structure can serve as a model for a channel trapped in the 1,3 state
during K+ conduction (44, 127). The reduction in electron density and
shifted position of the K+ at site 4 in NaK2K with barium bound suggests
that ion-ion interactions alter K+ occupancy within the filter, even in the
absence of major structural changes of the filter polypeptide. Similar
mutual destabilization of K* ions within the filter has previously been
proposed for efficient K+ conduction, though this structure allows for direct

visualization of the effect.
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Figure 7.5. Calcium binds distinctly between NaK2CNG-D and
NaK2CNG-N despite identical coordinating chemistry at sites 2-4. (A)
Fourier difference map between NaK2CNG-D soaked in solutions
containing 100mM NaCl/25mM CaCl2 and 100mM NaCl. (B) Fourier
difference map using the same solutions for NaK2CNG-N. Maps are
contoured at 8o and at 1.8A resolution for both. Figure adapted from (71).

Complementary to this study of K+ channel heavy ion binding are
an additional series of mutations on NaK modeling the CNG channel pore
which generated two additional three-sited channels by replacement of the
NaK2CNG-D Asp66 residue in the pore sequence with either glutamate
(NaK2CNG-E) or asparagine (NaK2CNG-N) (71). These channels are also
non-selective under bi-ionic conditions and had similar conductance of
potassium alone. While the packing within the core of the protein varies
between mutants, all maintain a three-site selectivity filter configuration
similar to NaK2CNG-D. However, these mutants did not have equivalent
ion binding despite the common structure, as each mutant had distinct ion
binding differences are seen via calcium and sodium co-crystallization.
Most illustrative is the affinity for calcium, a permeating blocker in both the
NaK2CNG model channels and canonical CNG channels. When

crystallized in the presence of calcium there are clear differences in
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number and position ion calcium binding within the filter of these
mutants,.This calcium binding corresponds to known differences calcium
affinity in the equivalent CNG channels and agrees well with the effective
calcium block of currents in the NaK2CNG channels. These differences
indicate that indirect interactions can alter ion affinity within the pore and

need not include structural changes within the filter.



Chapter 8. Discussion

Potassium channels are proteins which selectively conduct
potassium ions to the exclusion of other monovalent cations, most notably
sodium. Frequently opened by voltage or ligand dependent gating
domains these channels are ubiquitously expressed in human tissues but
most classically studied for their role in the action potential of excitable
cells (3). In this role the ligand gated K+ channels are involved in the
cellular response to stimulation, inwardly rectifying potassium channels set
the resting potential of the cell, and voltage gated potassium channels
restore the resting membrane potential to terminate the action potential.

Given their central role in cell signaling, the importance of
potassium channels to human physiology has been demonstrated in a
number of processes, including a direct role in gustation (taste) (134, 135),
glucose homeostasis (136), and renal function (137) and indirectly in the
propagation of numerous sensory and locomotive signals. As a
consequence of their ubiquitous role, mutations in these channel genes
results in numerous diseases. While many of these mutations are
nonsense or frame shift mutations, where the disease is simply the result
of absent or non-functional protein (138); other missense mutations result
in channels with altered behavior including adrenal adenomas, long-QT
syndrome, and seizure (15, 16, 139).

In these studies of potassium channels, using NaK as a structural
scaffold, the importance of protein packing to K+ channel filter stability,
selectivity, and gating was clearly illustrated. Channel selectivity, gating
and ion binding depend on residues distant in both sequence and
structure from those which directly coordinate the permeating ions. lons
are bound by and conduct through a structure primarily made up of the
backbone carbonyls of the signature sequence, in addition to threonine
hydroxyls. However, despite the coordinating ligands being the largely

from the common polymer backbone, channel structure and selectivity can
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be both subtly and grossly changed by the side chains which stabilize this
structure.

These results contradict some, though not all, previously proposed
mechanisms of potassium selectivity. Based upon the binding site number
study, the chemistry of each individual site sequential ion is insufficient
alone to determine selectivity. This suggests that previously proposed
selectivity mechanisms based on ligand chemistry and individual binding
site coordination number may represent necessary but insufficient
features of K+ selective channel pores. It is also notable that the
sequential increase from 2-4 binding sites in the NaK mutants has a step
function-like increase in selectivity at four sites, rather than a graded
increase in selectivity. Such a graded response might be expected if
hydration of ions within the filter were expected to play a role in selectivity,
as water access to the permeation pathway should scale inversely with
number of binding sties (65). A similar graded change in selectivity with
number of binding sites would be expected if channel selectivity were the
result of multiple partially selective sites. Further, the NaK2K and
NaK2K_Y66F comparison highlights the fact channels can have
appreciably different selectivity despite identical protein structures.
However, these results are not in conflict with other proposals of
selectivity, notably the hypothesis that sodium and potassium bind at
distinct locations within the same binding site structure and interactions of
competing ions within the filter underlies selectivity (54, 60, 71).
Additionally, these results do not exclude the possibility of necessary
features within each ion binding site, such as ligand-ion chemistry,
geometry or coordination number.

This potassium selective filter structure requires at least two key
interactions to stabilize the filter, highlighted in this study. These
interactions, between the filter sequence and the pore helix, act to hold the
filter in the proper structure for forming a four sited K+ selective structure.

Though the nature of these interactions appears to change between
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families, some type of interaction appears conserved in each clade of
potassium channels.

Common to all K+ channel structures is the insertion of the
conserved aromatic within the signature sequence, either phenylalanine or
tyrosine, into a cleft formed at the interface to the adjacent subunit. In
many cases the same position, when a tyrosine, is further restrained by a
hydrogen bond to a conserved threonine on the pore helix. An additional
bond between the C-terminal end of the filter and the pore helix is also
required. In the Ky and Kca channel family this pinning interaction is an
aromatic, tyrosine or tryptophan, to aspartate hydrogen bond while in the
Kir channel family a salt bridge is conserved. Mutations which interfere
with these bonds often result in a ablated or lost potassium selectivity, as
was functionally illustrated in the Ky1.6 and NaK2Kir channels and both
structurally and functionally demonstrated in the NaK2K channel.

The sensitivity of selectivity to mutations within the pore domain
has been demonstrated previously in a number of eukaryotic channels, in
some cases correlated to disease. Mutations in the pore domain of Ki3.4
cause a loss of selectivity which appear to be causative in the formation of
adrenal adenomas (15). In addition, the naturally occurring differences in
the P-loops of Kca2.1 (93), HCN (14, 92), and CNG (13) channels may
underly the differences in their selectivity relative to canonical potassium
channels and be relevant to their physiological function.

In some cases the differences in packing around the filter can also
give rise to changes in both C-type inactivation and fast channel gating. In
the rat Kv1.6 channel, mutations that alter selectivity can also change
inactivation kinetics. Interestingly the inactivating Kv1.6 channel mutant
(W415Y) also has state dependent differences in selectivity, as has been
previously described (117, 118). However, the fact that equivalent
mutations show no change in the inactivation of NaK2K indicate that other
positions around the filter must also regulate inactivation. Differences in

millisecond scale channel gating were also observed when the signature
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sequence of the NaK2K channel was conservatively mutated from
631 VGYG to 63TVGFG. Both these results suggest subtle differences in the
packing within the filter domain which may control the gating properties of
each channel, and perhaps similar differences around the filter underly
functional differences of physiological consequence in potassium channel

genes.



Chapter 9. Future Directions

K+ Channel Filter Packing and lon Binding

With respect to protein packing around the selectivity filter of K+
channels it might also be of interest to study the packing around those K+
channel filters where the signature sequence is atypical. The most distinct
are the Kop channel family where two pore domains are encoded on a
single polypeptide. These channels frequently have asymmetric filter
sequences including larger departures from the highly conserved
signature sequence of K+ channels. (Fig 2.3) As the protein sequence has
proven critical to the selectivity and gating of a number of model channels
(30, 50, 86), examining the amino-acid conservation and co-evolution
within this family may prove informative about the packing necessary for
forming a potassium selective filter. While the overall K+ channel fold is
conserved, as expected, coupling between pore domains may be related
to those residues that form the cavity where the bulky side chains of the
selectivity filter insert, equivalent to the cleft which accommodates the
valine and tyrosine of the canonical TVGYG sequence. It would be
expected that in those cases where the filter sequence is atypical, such as
TIGLG of the second domain of Kop1.1 and K2p6.1, that there are
compensatory mutations on the first domain to account the loss of phenyl
ring rigidity and side chain volume. Correspondingly, in the Kop1.1
structure, the orientation of the leucine side chain of the TIGLG selectivity
filter sequence is roughly parallel to the membrane plane, rather than
pointed toward the cytoplasmic face as is seen in the aromatics at the
equivalent position in other K+ selective channels. However, the
confidence in this side chain orientation is suspect given the limited
diffraction resolution. Interestingly, the conserved hydrogen bond partner
of the tyrosine within the signature sequence, Thr60 in NaK2K, is not
conserved in the K2P first domain, but rather small hydrophobic side

chains is mostly frequently found in this position. (Fig 9.1) This perhaps is
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a consequence needing to accommodate the uniquely oriented leucine of
the selectivity filter. Additionally, in the ion_trans_2 family of potassium-like
channels, there are a number of genes with selectivity filter sequences
distinct from both the wild type NaK channel, and the sodium and
potassium channel families. Structural, functional and bioinformatics
analysis may illustrate compensatory mutations which complement the
packing of these atypical pore filters and any unique folds of the filter may
prove informative a general understanding of ion coordination, conduction,
and selectivity.

More broadly interesting to the folding of the potassium channels
might be those channels that have filter sequences similar though not
identical to the classical potassium channel signature sequence. This has
already been addressed to some degree in the NaK and NaK2CNG
studies. However, other channels are distinct from K+ channels in unique
ways. While the K+ channel signature sequence can be generalized
TTVGYG, where the first threonine is less well conserved, HCN channels
have the signature sequence LCIGYG. Based on homology the filter of
HCN channels may resemble that of K+ channels, but with a thiol side
chain forming what would be the cytoplasmic side of site 4 (92). A
equivalent mutation has previously been made previously on KcsA,
demonstrating reduced potassium binding at site 4 and consequently
saturating potassium conduction, but without any mention of selectivity
(140). The decreased electronegativity of the sulfur in the coordinating
thiol may underly weaker coordination of the potassium ion. Mutations on
NaK2K may allow for more thorough structural and functional
characterization of the consequences of this thiol moiety to ion binding
and selectivity. Alternatively the loss of the gamma carbon at this site 4
may result in a less well packed side chain, discussed further in the next
section.

Relatedly, some less selective K+ channels have the filter sequence
SVGYG (110, 111). Mutating the highly conserved threonine to serine the
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loss of a single methyl group may increase the mobility of the side chain,
weaken potassium binding at site 4, and therefore increase Pna/Pk despite
the availability of an equivalent hydroxyl. An equivalent mutation in the
Shaker K+ channel noted continued potassium selectivity (30). However,
the threonine to alanine mutation at the same position also was potassium
selective, contradicting the MthK_T59A and NaK2K_T63A studies and
perhaps reflecting more complex selectivity in the Shaker channel.A
similar threonine to serine mutation has been done on the viral Kcv
channel without a notable change in selectivity (74). However, these
results are confounded by a discrepancy in the literature over the baseline
selectivity in addition to the channel inactivating (141). As previously
shown in comparing NaK2K and NaK2K_Y66F, simply creating a less
restrained filter, without structural change, can alter potassium channel
selectivity differences in selectivity with the loss of the beta carbon at site
4 are worthy of further pursuit.

Within the Kop family the aromatic to aspartate hydrogen bond is
frequently absent in the first pore domain but highly conserved in the
second. A cursory analysis of the Kop domain 1 sequences notes that
neither characteristic set interactions from the Ky-Kca or Kir families are
conserved. It would be of particular interest to see if compensatory
mutations, within or between pore domains, act to stabilize the filter
structure of the first subunit. There is a conserved threonine on the pore
helix and a conserved asparagine or histidine following the signature
sequence within the first pore domain. (Fig 9.1) This threonine is in the
equivalent position of the glutamate on the pore helix of KcsA and may be
involved in a hydrogen bond network, through intervening water
molecules, with the asparagine or histidine residue following the filter. This
grossly appears to be the case of Kop1.1 and Kop4.1 structures, with a
threonine on the pore helix and histidine or asparagine, respectively,

following the signature sequence (37, 38). However, in both cases a water



108

molecule is not built in the published model, perhaps a consequence of

the limited resolution of both crystals.
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Figure 9.1. The P-loop of the first pore domain of Kzp channels
contain hydrophilic groups around the signature sequence.
Probability distribution by position of amino-acids in the first P-loop of Kop
channels based on an alignment of the Treefam KCNK family. Boxed in
red are the Thr and Asn/His positions conserved in the first domain of Kop
channels.

In the study of NaK2K_Y55F it is noteworthy that despite being
non-selective between sodium or potassium the filter structures is similar
to those of NaK2K and KcsA. This is notable given other the NaK channel
mutant studies with varying numbers of binding sites where the absence
of selectivity was only seen in those with less than 4 ion binding sites or
with significant filter mobility in the case of NaK2K_D68E. While the
binding of sodium within a non-collapsing potassium channel may not be
unexpected, as it had been seen previously in MthK, it leaves the
mechanism of selectivity ambiguous. One hypothesized mechanism for
the loss of selectivity is in the absence of a hydrogen bond between the
pore helix and selectivity filter of NaK2K_Y55F the filter becomes more
mobile, though too subtly to be discerned structurally, and therefore sites 3
and 4 are less well ordered. This is supported by the structure of
NaK2K_Y66F, where in the absence of a hydrogen bond between the filter
aromatic and the pore helix there is also a concurrent diminution in
potassium selectivity without a structural change. However, this

hypothesis implies a mechanism of selectivity, dynamics within the pore,
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which are not observable by crystallography. Molecular dynamic
simulations of NaK2K, NaK2K_Y55F and NaK2K_Y66F, specifically
addressing mobility of the filter and relative affinities for Na+ and K+, may

be able to illustrate dynamics which underly the differences in selectivity.

K+ Channel Inactivation and Gating

In the study of inactivation there is clearly a disconnect between
functional and structural studies. While evidence demonstrates that both
eukaryotic and prokaryotic channels can inactivate, the current prokaryotic
structural model of C-type inactivation, KcsA, does not appear to well
match the mechanisms of eukaryotic channel inactivation. While KcsA
does undergo C-type inactivation, it is dependent upon the identity of the
amino acid which are not conserved in inactivating eukaryotic channels
(72, 73, 120-122). In addition, while KcsA_E71A does not inactivate it has
greater filter mobility by crystallography, contrary to the proposed
mechanism of C-type inactivation. Clearly, while KcsA does inactivate, the
proposed mechanisms may not be directly translatable to the eukaryotic
channels it is intended to model. Relatedly, while mutations on KcsA,
Kvl.1, Kv1.2 and K,1.6 have been made and show changes in inactivation,
any equivalent mutations on NaK2K do not inactivate. In aggregate, these
results highlight that C-type inactivation is a complex process dependent
on the protein environment which surrounds the filter, positions not yet
identified or characterized.

To further investigate inactivation from both a structural and
biophysical perspective, multiple avenues of study may prove illuminating.
As a control study, the equivalents of those residues which modulate
KcsA inactivation can be introduced in the NaK2K channel. This would
allow direct testing of KcsA like inactivation in an orthologous system
using the ease of single channel recording in NaK2K. NaK2K has the
advantage of structural and functional studies being possible using the

same protein construct and the ability to routinely get high-resolution
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structures to examine changes in the filter with high precision. However,
this study contains the caveat that the NaK2K channel construct used for
electrophysiology is constitutively active and so may inactivate before
experiments begin. Getting useful data from such a situation would highly
depend upon the dwell time of the channel in the inactivated state.
Correlated to the structural changes with C-type inactivation is the
fundamental biophysical question of how channels the channel inactivate
only after the cytoplasmic gate opens. With N-type inactivation the
inactivating ball is an open state blocker and so channel opening is
required inactivation. However, the mechanism of state-dependent
inactivation in C-type inactivation is less clear. In structural studies on
KcsA filter rearrangement couples to the dilation of the cytoplasmic gate.
However, as previously mentioned, in the Ky1 family the side chain identity
at the equivalent position to that identified in KcsA does not vary with
channel inactivation propensity. Further studies looking at statistical
coupling between gating domains and the filter or comparing the coupling
networks of inactivating and non-inactivating channels, may prove
informative. As the NaK channel can be structurally characterized in both
closed (NaK-full length) and open (NaKNA19) it may prove a useful
scaffold for examining multiple states of the inactivation process, though
the NaK2K mutations have never been tested on the full length construct.
The differences in millisecond scale gating between NaK2K and
NaK2K_Y66F, are worthy of further examination as well. As total ion flux is
a function of both channel current and open time, these short brief channel
closings may serve to tune the conductance of some channels to suit their
physiological role. Such single channel behavior has been observed
previously in K;6.2 and other channels (112, 113, 126). However,
differences in channel flicker are seen K+ channels where the signature
sequence is the canonical TVGYG, and the corresponding hydrogen
bonding partner on the pore helix is present as well. Conversely, in K;i:6.2

where this bond is expected to be absent, mutations which would
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introduce this bond actually increased fast channel closing kinetics, the
opposite effect of that seen in NaK2K. Clearly there are other residues
around the filter which alter this brief channel closing, outside of those
highlighted in the NaK2K_Y66F work and previous studies. Systematic
mutagenesis studies on the pore domain of NaK2K and other model K+
channels, coupled with single-channel electrophysiology and bioinformatic

studies, may illustrate packing differences which underly this process.

Heavy lon Binding in the K+ Channel Filter

The specific binding of Ba*2 within the pore of model K+ channels
may provide a helpful experimental handle for studying ion binding within
the filter and a means to study heterogeneous ion binding and competition
within the K+ channel filter.

The anomalous diffraction data of barium soaked KcsA and NaK2K
clearly shows differences in ion binding within similar selectivity filter
structures. This is despite nearly identical ionic radii, suggesting that
subtle electrostatic differences underly ion binding within the filter. While
the chemistry of the peptide backbone and threonine side chains is
identical for the coordinating residues, and the adjacent sequence is
highly similar, the presence of a charged residue on the pore helix of
KcsA may underly this difference. Mutating the equivalent position in
NaK2K or the MthK pore to charged or neutral but polar side chains may
provide structural information about how the electrostatic environment of
the filter is shaped by the pore sequence and architecture. A similar effect
has been seen in the NaK2CNG channel mutants, most notably in the
structure and functional Ca*2 binding differences (71).

As barium binds at a single site within the filter, and clearly alters
ion binding elsewhere in the filter, it could provide a way to compare ion-
ion interactions within the filter to first principles of electrostatic
interactions. Such experiments are difficult to address structurally in K+-

only conditions as the apparent equivalence between 1,3-2,4 states
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equalizes the ion density across the sites. With barium binding specifically
at site 3, the electron density at sites 2 and 4 clearly changes relative to
the NaK2K channel with K+ alone, suggesting that electrostatic
interactions with the divalent ion reduces ion affinity distant to the Bat*2
binding site. A similar mechanism has been hypothesized in models of K+
channels conducting potassium only but the novel NaK2K-K+/Bat2
structure provides the first opportunity for direct visualization of such an
interaction. Using the anomalous signal of Ba*2 to precisely define the
ion’s location and occupancy it may be possible to study ion-ion
interactions within the filter as the Ba*2 bound filter of NaK2K may
represent similar case to the 1,3 configuration of K+ ions during
conduction. Further, the ability of K+ ions to displace a bound Bat? ion
within the filter has previously been used to describe the ion binding sites
prior to any structural description. Using an analogous experiment, the
ability of other permeant ions to displace barium bound at site 3 of the
NaK2K channel may allow for functional interrogation of how ion-ion

interactions with the filter may play a role in K+ selectivity.



Appendix 1. PiT Family Transporter Studies
Phosphate Physiology and Transport

Phosphate is a physiologically essential ion involved in numerous
biologically relevant processes and its presence is required in all forms of
life, with one possible exception where arsenate may be a tolerated
replacement in the nucleic acids (142). In addition to being central to the
action of kinase and GTPase signaling and the energetic currency of the
cell, the triphosphate bond, it also is the structural scaffold of both DNA

and bone.

Inorganic phosphate (Pi) is the most minimal form of phosphate
available for uptake by living organisms. While phosphate is available to
organisms in a number of forms for accumulation P; in aqueous solution
has the added complication of four possible protonation states, the result
of three titratable groups with different pKa's. Additionally, this inorganic
phosphate must be scavenged from an external milieu including numerous
other oxyanions, most notably sulfate which has a very similar structure.
Selective acquisition of phosphate from the external environment is a
basic biological process required for cell growth and proliferation. Given
its central in a number of biological process it is not surprising there are a

number of mechanisms which have evolved for organisms to acquire P..

In the average human 0.5% of body weight is phosphorus, in the
form of phosphate, but this is largely found mineralized in bones and to a
lesser extent within the cell volume, with less than 0.1% found
extracellularly (143, 144). However, the phosphate stores of the body are
constantly in flux; with large amounts absorbed, exchanged and excreted
daily. Bone is continually being remodeled, built by osteoblasts and broken
down by osteoclasts, and acts as a buffer of total phosphate by dissolving
and depositing 500 milligrams of phosphorus per day on average. The

phosphate present in circulation is continuously filtered through the kidney
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where it is actively reabsorbed, with nearly 10 grams filtered per day and
9.85 grams recovered, relative to the average of 1 gram typically
consumed. While this homeostasis is regulated by Vitamin D and other
hormones, generally the regulation of phosphate is best characterized by
its closely coupling to that of calcium; as the liberation of phosphate from

bone necessarily frees calcium as well.

Given this actively regulation of phosphate homeostasis there are
necessarily a number of mechanisms for its uptake and retention. In
humans there are four major families of described inorganic phosphate
transporters, those on the plasma membrane are labeled sodium-
phosphate transporters one through three (NaPi-I, NaPi,-ll, and NaPi-1ll);
while the mitochondrial transporter is labeled (PiC) (145). Apparent based
on the names, the plasma membrane transporters couple the import of
phosphate to the established sodium gradient in a symport fashion. In a
similar manner PiC couples phosphate import to the proton gradient of

inner mitochondrial membrane.

NaPi-1 was the first identified as a phosphate transporter. However
this assignment has generally been found to be incorrect and the family is
now described as glutamate transporters (146). NaPi-ll is the major
phosphate recovery mechanism in the kidney (144, 147). With a high
(1mM) concentration of free phosphate in the blood, recovery is necessary
to avoid excess loss in the urine. PiC is the mitochondrial phosphate
transporter, providing inorganic phosphate for the synthesis of ATP from
ADP (148). Belonging to the mitochondrial transporter family it
correspondingly uses the available proton gradient to import inorganic
phosphate, has high sequence similarity to other mitochondrial
transporters (148, 149) and presumably has the same fold previously
illustrated by the ATP-ADP antiporter structure (150).



115

NaPi-1ll is a ubiquitously expressed protein in humans responsible
for basal phosphate uptake in most tissues, as required for basic growth
and metabolism (147). It is highly conserved in all kingdoms of life,
reflecting both the gene’s ancient origin and the fundamental requirement
of phosphate for life (145). In addition to this native function, NaPi-Ill acts
as a viral receptor for retrovirus in some mammalian species (151). In
addition, a recently identified ortholog in Plasmodium falciparum, a
causative agent in malaria, allows the parasite to acquire necessary

phosphate from the host erythrocyte cytoplasm (152).

In addition to the human mechanisms of phosphate accumulation
bacteria, lower eukaryotes and plants have unique mechanisms of their
own phosphate acquisition. In bacteria there are at least two major
phosphate absorption pathways, PstSCAB ABC transporter system with
its associated periplasmic binding protein and the PitA proton coupled
symporter which belongs to the same protein family as NaPi-lll (153). In
yeast and plants there is an additional transporter family, based in the
major facilitator superfamily, that is also responsible for accumulation of
inorganic phosphate necessary for growth (154, 155). This acquisition of
phosphate in plants is central to their symbiotic relationships with fungi,
exchanging phosphate liberated from the soil by the fungi for sugars
synthesized by the plant (156, 157).

While there are obviously numerous means for phosphate
accumulation the physical mechanisms by which each system works is
largely unknown. Given the fundamental role phosphate plays in
numerous biological processes investigation of these transporters might
provide basic insight into their selectivity and activity. The challenge of
selecting phosphate against the mixture of ions in solution is the impetus
for this study, to understand selectivity in a membrane anion transporter. In
particular, as NaPi-Ill has the most precisely described function, both in its

native function and role as a viral receptor, it serves as an interesting
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biological target for both basic transporter biophysics and virology/cancer

biology.

Selectivity of Small Molecules

This issue of how proteins select particular substrates has been
extensively addressed previously in the cases of soluble proteins, where
the ability to discriminate between similar ligands is also frequently
important to biological function. A classical example of the diversity of
ligand specificity mechanisms are the periplasmic binding proteins of
bacteria (158). This family of proteins bind their substrates in the
periplasm with high specificity and then deliver them to the appropriate
ABC transporter on the plasma membrane for import. These protein
achieve specificity by creating specific binding pockets within the scaffold
of a common ternary structure. Differences in shape, charge, van der
Waals contacts and hydrogen bonds result in the ability to selectively bind

ligands in the periplasmic milieu.

An excellent example of such specificity is the ability of bacterial
Phosphate Binding Protein and Sulfate Binding Protein to specifically
select either phosphate or sulfate despite a similar size and oxyanion
structure of both ligands (159). Both phosphate and sulfate are bound
completely dehydrated within the cleft of the binding proteins, coordinated
largely by hydrogen bonds. (Fig A1.1) The most notable difference is
within the phosphate binding protein where a negatively charged side
chain in the pocket serving as a hydrogen bond acceptor from the
protonated phosphate ion. (Fig A1.1B) The sulfate binding protein does
not have any comparable side chains in the binding pocket, solely
coordinating the fully deprotonated sulfate ion by hydrogen bonds, as any
negative charge would repel the anion. (Fig A1.1A) Further engineered
mutations on the phosphate binding protein can make the receptor
selective for the monovalent form of phosphate by the introduction of an

additional acidic side chain in the binding pocket, though this may not be
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of biological advantage to the organism and so such specificity is not see
in the wild-type gene (160). (Fig A1.1C)
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Figure A1.1. There are clear differences in oxyanion binding among
natural and engineered periplasmic binding proteins. (A) Schematic
diagram of the sulfate in the sulfate binding protein of Salmonella
typhimurium. The sulfate binding pocket is completely dehydrated and has
only uncharged hydrogen bond donors coordinating the anion. (B)
Phosphate anion binding in the phosphate binding protein of Escherichia
coli. A negatively charged Asp acts as a hydrogen bond acceptor from the
protonated phosphate ion. Phosphate is coordinated primarily by
hydrogen bonds, though charged salt bridge contributes as well. (C) A
mutation on the phosphate binding protein introduces an additional
charged hydrogen bond acceptor, making the mutant binding protein
selective for doubly protonated phosphate. Figure adapted from (159,
160).
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Among membrane proteins the mechanisms of selectivity are less
well elucidated due to the limited availability of structural information.
While biochemical and biophysical studies have noted sequences and
regions of the protein important to function, without ternary structure the
precise mechanism are not frequently known. Bioinformatic studies among
characterized proteins can note primary sequence differences that
correlate with changes in protein specificity or function. In addition,
homology modeling based on proteins related by evolution or function has
provided insights into the mechanisms of selectivity. Structures that have
been solved can be used to validate previously known primary sequence
motifs and explain their physical role in selectivity (47). As expected, given
that the binding sites of both membrane and soluble proteins are formed
out of the same library of amino-acids, similar chemistry is often employed
in the binding sites of proteins with similar function. This is true in the
cases of the betaine transporter and SERCA calcium pump (161, 162). In
the case of the betaine transporter, a further study comparing sequences
of the betaine and choline transporter families allowed the authors to
engineer a sodium coupled betaine transporter to a proton coupled
transporter selective for choline by changing the chemistry of the ligand
binding site (163). Similar comparative studies have been done among the
related P-type ATPases, where despite a common ternary architecture
there are a great diversity of substrates, governed by the chemistry of the

ligand coordination site (164).

The NaPi-llIl/P;T Transporter Family

In mammals, absorption of phosphate for most cell types from the
external milieu is primarily the responsibility of the type 3 sodium coupled
phosphate transporter (NaPi-lll), also described as the solute carrier 20
family (151). Ubiquitously expressed, the NaPi-lll gene encodes a ~600
amino acid membrane protein which couples the influx of phosphate to the

established sodium gradient. (Table 1.1) While studied in vivo, especially
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in the context of its transcriptional level regulation and role as a viral
receptor, basic biophysical knowledge about the mechanics ion binding
and transport of this protein is largely lacking. This research aimed at
addressing these gaps through a systematic and detailed biochemical and
structural characterization of NaPi-lll. Beyond characterizing this protein,
this data would expand our limited knowledge of mechanisms of specificity

and substrate flux by membrane transporters.

Previous work on the mammalian protein via electrophysiology and
other methods characterized the function and some of the structural
characteristics of the NaPi-lll transporter. In humans there are two known
paralogs, Inorganic Phosphate Transporter 1 and 2 or SLC20A1 and
SLC20A2. Via electrophysiology and 32P; flux assays the gene family has
been characterized as a symporters, using a sodium or proton gradient to
accumulate monovalent phosphate (H2PO4) with the co-transport of two
sodium ions (152, 165). By sequence analysis and epitope accessibility
experiments both human proteins appeared to have twelve
transmembrane helices formed via a gene duplication event where the N-
and C-terminal halves of the protein sequence are related by an
evolutionary gene duplication event (166). (Fig A1.2) Additionally, there is
a large regulatory loop between the two ‘halves’ of the protein in humans
and other mammals, important for physiological regulation of the protein.
Much of the study of this protein has been based around, or used as an
experimental tool, the fact that this family of proteins acts as a receptor for
transforming viruses (165). Virus transformation is used to demonstrate
correct targeting and folding of the protein and conversely mutant proteins
can characterize the requirements for viral binding and entry. Clearly
demonstrated is the fact that viral transformation is independent of

phosphate transport activity (167).
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Figure A1.2. The transmembrane topology of SLC20A1. The NaPi-lll
family transporter is predicted to consist of twelve transmembrane with the
two motifs on opposing sides of the membrane, in red.

For the aims of this research the focus is not on the mammalian
proteins directly but rather on their bacterial and archaeal homologs. This
is due to the fact that their shorter, less complex, sequences makes them
far more amenable for expression and experimentation. These genes will
allow for a general description of the overall transporter fold and a
mechanistic understanding of P; transport, though the viral transformation

activity of the SLC20 genes may not be recapitulated in these genes.
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Figure A1.3. There is a twice repeated sequence motif within the PiT
family of transporters. The (A) N-terminal and (B) C-terminal and (C)
consensus motifs of the PiT family. Figure reproduced from (168).

There are two previous publications of particular note to this study.
In one, a repeated motif contained within the primary sequence of the PiT
transporter is noted to be conserved within the larger transporter family
(168). (Fig A1.3) Mutations of this sequence abolish phosphate transport.
This motif, with the consensus sequence GANDVANA, is contained within
both domains of the protein and conserved in all branches of the
evolutionary tree. A second study characterized the previously unknown
function of the gene, yInA, within a cysteine biosynthesis operon of
Bacillus subtilis (169). The gene is functionally identified as a membrane
sulfate transporter, and the corresponding gene product is named CysP.
Of particular interest is the note that this protein actually belongs to the
PiT transporter family, yet has altered its selectivity to favor sulfate. While
a common gene origin is not unexpected given the common oxyanion
shape, size and structure of phosphate and sulfate, the characterized P;
transporters are generally known to discriminate between sulfate and
phosphate. Therefore, the differences in primary sequence between CysP
and the phosphate selective transporters may prove informative about the

mechanisms of anion selectivity in PiT the family.
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One additional fact of note are the periplasmic binding proteins,
part of the previously mentioned ABC transporter operons. This family has
been extensively studied both in terms of its mechanism of activity and
selectivity. Of importance to this study, both phosphate and sulfate binding
proteins structures are available and mutations which create valence
selective phosphate binding proteins have been described. (Fig A1.1)
While related only by ligand selectivity and not sequence or structure to
the membrane phosphate transporters, these periplasmic binding proteins
provides an intellectual handle on how phosphate can be bound

selectively within a protein.

Methods
Gene Search and Cloning

Using the PiT gene from Methanococcus jannaschii as a search
model, 21 genes were initially identified by BLAST search, cloned by PCR
and ligated into pQE-60 or pQE-70 expression vectors.

Protein Expression

Plasmids for the PiT genes were transformed into chemically
competent Escherica coli strains. Initially a number of strains were tested
for optimal expression, including XL1-Blue, SG13009, M-15, BL21, C41
and C43. The transformed cell were grown on LB-Agar plates with
Ampicillin selection overnight, then those colonies were scraped into LB
broth liquid culture with Ampicillin selection. The liquid culture was grown
at 37°C with 250rpm. Cells were induced at ODsoo ~0.8 with 0.4mM IPTG

and the culture was transitioned to 17°C overnight.

Protein Purification

The cell culture was harvested by centrifugation at 5000g for 30
minutes at 4°C. The cell pellet resuspended in lysis buffer of 400mM NaCl,
100mM HEPES pH 7.5. Cell were broken first by sonication and then

homogenized, keeping the instruments and samples ice cold. Protein was
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extracted for 3 hours at room temperature with 40mM dodecylmaltoside
(DDM) with gentle shaking then purified by gravity flow over a Talon Co+2
column pre-equilibrated with a column buffer of 100mM NaCl, 20mM
HEPES pH 7.5, 3mM DDM. The IMAC column was washed with column
buffer containing 15mM Imidazol and protein eluted in column buffer with
300mM Imidazol. The protein tag was removed by thrombin digestion
overnight at room temperature and the protein further purified on a
Sephadex 200 (10/30) column. Column buffer varied by experiment but
was based around 100mM NaCl and 20mM HEPES pH 7.5. Detergent
exchange experiments were carried out by the addition of highly
concentrated detergent, equilibration overnight, and then size exclusion

chromatography.

Bioinformatics

Sequences of the NaPi-lll homologs were collected using repetitive
BLAST searches using the PiT gene from Methanococcus jannaschii as a
search model. Sequences were aligned using ClustalW (80) and
Promals3D (77) and analyzed in either Jalview (81) or Weblogo (82, 83).
Membrane topology was rendered in TOPO2 (170)

Functional Study

The Escherichia coli phosphate transporter deficient strain strain
CE1491, with the genotype pitA pitB pitS, and pJF118EH plasmids were
kindly provided by Jan Tommassen (171). Chemically competent CE1491
cells were transformed with the pJF118EH plasmid containing either PiTA,
PiTB, CysP, CysP with mutations of interest or no gene as control and
grown in liquid LB culture. The cultures were then put on ice, diluted in ice
cold LB broth to a defined ODsoo and subsequently serial diluted stepwise
by orders of magnitude. Each concentration was then pipetted onto LB
plates or LB plates with 10mM Na:HAsOs4. The plates were stored in an

incubator overnight prior to imaging.
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Results

Of these 14 genes cloned (Table A1.1) 10 showed expression in LB
broth by western blot analysis for the fused carboxy-terminal hexa-
Histidine tag. However, most of this was only trace levels of expression,
unsuitable for structural study. Most orthologs showed slow cell growth
after transformation with pQE based expression plasmid, particularly after
induction of expression, implying that gene toxicity coupled to the leaky
expression vector played a role in low protein yields. Only one gene, from
Bacillus halodurans, showed significant and pursuit-worthy expression,
further confirmed by SDS-PAGE and Coomassie Brilliant Blue staining.
(Fig A1.4)
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Species MW (kDa) Expression

2 A. fulgidus 33272.92

3 M. mazei 35565.37 pQE/SG/TB
4 T. maritima 32201.42 pQE/SG/TB
5 P. horikoshii 33348.88 pQE/SG/TB
6 D. radiodurans 35149.93 pQE/SG/TB
9 E. coli (PiTA) 53392.33

10 M. magnetotacticum 34658.04 pQE/SG/TB
1 S. typhimurium 53492.5 pQE/SG/LB
12 T. fusca 34525.74

14 C. psychrerythraea 44798.64

15 B. halodurans (BH_CysP) 37429.38 pQE/XL/LB
17 B. subtilis (CysP) 36838.31 pQE/XL/LB
18 P. horikoshii 2 42931.01 pQE/SG/TB
19 T. maritima 2 42696.57 pQE/SG/TB

Table A1.1. Fourteen PiT homologs were successfully cloned and
expression tested. Table of genes cloned, size and optimized expression
conditions for NaPi-lll homologs cloned. Optimal expression is listed by
vector, compotent cell strain and growth media. XL = XL1-Blue, SG =
SG13009, LB = LB-Miller Broth, TB = Teriffic Broth
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Figure A1.4. Representative coomassie gel of PiT homolog
expression trials. The PiT_15 ortholog from Bacillus halodurans boxed.
Expression trials of PiT homologs expressed in XL1B, purified on Co*2
columns, and visualized by SDS-PAGE with Coomassiee staining.

Based on further sequence examination of the PiT ortholog from
Bacillus halodurans, the gene appears to be a close ortholog of the
Bacillus subtilus sulfate transporter CysP (55% identity, 73% similarity)
and was therefore named BH_CysP. These transporters are believed to be
closely related to the phosphate transporters, yet transporter sulfate.
Despite being highly expressed, BH_CysP protein was largely aggregated
when expressed at 37°C, based upon much of the protein being detergent
insoluble. Reducing the protein expression temperature to 18°C and
expressing the protein overnight improved detergent solubility, presumably
by reducing the expression rate and allowing for the proper protein folding
and targeting. However, solubilized BH_CysP proved largely unstable in
detergent solutions, corresponding to multiple broad peaks during size-
exclusion purification. In many cases, the protein purified as a large

molecular weight aggregate in the void peak. (Fig A1.5)



128

Figure A1.5. Representative traces of BH_CysP purification. Protein
was purified on Superdex 200 size exclusion chromatography with varying
detergents showing largely aggregate (C,D) or heterogeneous behavior
(A,B,D). Profile of BH_CysP on gel filtration in (A) beta-octylglucoside (B)
Lauryldimethylamine-oxide (C) Dodecylmaltopyranoside or (D)
Decylmaltopyranoside.
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Sequence analysis for the PiT transporter family gave a few hints
into the possible mechanisms of selectivity for the PiT family. Of particular
use was the previously characterized CysP, a family member with the
ability to transport sulfate rather than selectively phosphate. While the
GANDVANA motif is highly conserved in the PiT, as previously reported,
there are clear changes in the equivalent CysP and BH_CysP motifs. (Fig
A1.6) These differences neutralize the acidic residue, usually aspartate,
to either glycine or asparagine. Additionally, while not noted in the paper
that identified the GANDVANA motif there is a conserved histidine that
typically precedes only the second motif, which is an alanine in CysP and
BH_CysP.

SLC20A7 SVGANDVANSFGTA FAHGGNDVSNAIGP
FITA INGFHDTANAVATV FSHGANDGQKGIGL
CysP NIGASGAAASMGVA FSAGMNNVANAVGP

Figure A1.6. The acidic residues typically conserved with the PiT
family motifs are absent in CysP. Alignment of PiT motifs of SLC20A1,
PitA and BH_CysP from Homo sapiens, E. coli and B. halodurans,
respectively. The highly conserved aspartate (red) and histidine (blue)
residues are colored.

These conserved charged residues may act as hydrogen bond
acceptors and bond with the phosphate substrate. Given that these
hydrogens are not present on the sulfate anion, such charged side chains
at the ion binding site would repel sulfate, providing a means of phosphate
versus sulfate selectivity and explaining the neutralization of equivalent

positions in CysP. (Fig A1.7)
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PiTs CysP

Figure A1.7. A proposed mechanism of coordination and selectivity
in the phosphate and sulfate selective transporters. Phosphate
transporters conserved Asp side chains act as two hydrogen bond
acceptors coordinating the monovalent phosphate ion. Sulfate is
coordinated without these acidic residues as the charge repulsion would
make binding of the fully deprotonated anion unfavorable.

Based on this hypothesis functional studies were carried out on the
BH_CysP and E. coli PitA genes in an attempt verify the importance of
these locations. The assay depends upon the toxicity of arsenate to cells.
Arsenate is also an oxyanion with structure, size and pKa’s similar to
phosphate and can act as an analog of phosphate, being transported by
the phosphate transporter systems and replacing phosphate in a number
of cellular reactions. However, this replacement is deleterious to the cell
as the arsenate based di-ester bond is unstable and spontaneously
hydrolyzes (172).
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Figure A1.8. Schematic of the arsenate sensitivity assay to select for
arsenate transport deficient mutants. The phosphate transporter
deficient strain CE1491 is transformed with CysP mutants, or control
plasmids, and grown briefly in liquid culture. Cells are then spun down and
plated on LB plates supplemented with arsenate. Arsenate acts as a toxic
inorganic phosphate analog in those cells expressing a functional
phosphate transporter.
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The CE1491 phosphate transporter knockout strain of E. coli was
transformed with a constitutive low expression plasmid containing either
PitA, PitB, or no gene as controls. Experimental plasmids attempting to
change BH_CysP selectivity contained either wild-type BH_CysP as a
control or derived mutants. Cells were grown briefly in LB liquid culture,
diluted into sterile LB to fixed ODeoo and plated on control or arsenate
plates. After overnight growth it was noted that CysP could not restore
arsenate sensitivity to the CE1491 strain. (Fig A1.9) The additional
mutations on CysP (G20D, N184D, G20D/N184D and G20D/A180H/
N184D) which convert introduce acidic hydrogen bond acceptor side
chains the to motifs of CysP, making those motifs more like the canonical
PiT family, were also insufficient to render transformed cells sensitive to

arsenate.
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Figure A1.9. The engineered CysP constructs do not introduce
arsenate sensitivity and therefore presumably do not transport
phosphate. Serial dilution of the phosphate transporter deficient E. coli
strain CE1491 transformed with PiTA, PiTB, CysP, single mutants G20D or
N184D, double mutant G20D/N184D and triple mutant G20D/A180H/
N184D.
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Discussion

While one homolog gave reasonable expression its instability a
number of detergents made it intractable for further study. To be worthy of
pursuit for crystallographic study the protein would need to be highly
expressed, stable and preferably mono-disperse in at least one and ideally
a number of detergents. Notably, the one homolog of the PiT family that
did give reasonable expression, from Bacillus halodurans, is most likely a
sulfate transporter. This coupled with the slow growth of other homologs
under similar conditions may reflect inherent toxicity of the PiT family

during overexpression.

With respect to these limitations of the current PiT genes to
structural study, a number of strategies can be attempted. Given the noted
toxicity of PiT orthologs and the notable expression of a sulfate
transporter, the sulfate transporters of the PiT family may have fewer
issues with toxicity and prove more amenable to over-expression. Among
the CysP orthologs genes from thermophiles and hyperthermophiles may
prove more stable in detergent. These genes may have the added benefit
of being most active at higher temperature and therefore activity-
dependent toxicity may be lessened in the mesophilic E. coli expression
system. In a similar effort, 46 genes of this PiT family have been selected
for testing by a number of structural genomics groups, with 5 under active
development though only 2 are confirmed as expressed. A more guided
approach, based on these observations of PiT over-expression and
toxicity issues, may make the selection and expression of orthologs more

successful.

Functionally, it is noteworthy that CysP did not restore arsenate
sensitivity to the CE1491 strain, clearly indicating that the transporter
cannot transport arsenate. However, none of the tested mutations on
CysP were able to restore sensitivity to arsenate, a result that is not

directly informative. It is possible that the introduced aspartate side chains



135

of the CysP mutants are necessary but insufficient for phosphate
selectivity in the PiT family. Alternatively, these positions may be
conserved without the aspartate side chains directly interacting with the
substrate. Neither possibility is excluded by the results of these
experiments. Also interesting in the PiT family sequence analysis is the
lack of any noted conserved basic residues. In comparison, the bacterial
outer membrane protein OmpP, a phosphate selective porin, has an
arginine ladder which is believed to attract the anion to the transporter
active site (173). As yet no basic motif is known in the PiT family to
similarly attract phosphate, though further functional study or sequence
analysis may clarify the means of attracting the substrate to the P; binding
site. Finally, while CysP may belong to the PiT phosphate transporter
family there may be positions, either inside or outside the motifs, which
confer sulfate selectivity and this mechanism must be mutated for

phosphate transport.

As phosphate is an essential nutrient in E. coli growth, an
alternative unbiased means of identifying the mutations needed for
selectivity between sulfate and phosphate is possible. Leveraging the
phosphate transporter deficient CE1491 strain previously used, a library of
randomly mutagenized CysP genes could be screened for phosphate
transporter activity, either by positive selection on inorganic phosphate
only minimal media or negative selection by replica plating onto arsenate
spiked and arsenate free plates. These screens could identified mutations
which at a minimum are non-selective between sulfate and phosphate,
clarifying the amino-acids critical for oxyanion discrimination. The growth
assay with inorganic phosphate only media has the advantage of being a
positive selection assay, while the arsenate cell death assay may avoid

false negatives by being less stringent of P; transport capability.



Appendix 2. Data Collection and Refinement Statistics.

Bond lengths
(A)

NaK2K MthK NaK _D66Y | NaK _N68D NaK2K NaK2K
_T59A _YG66F _Y55W
Data Collection
Space group 14 P4242 14 14 14 14
Cell 67.9,89.6 | 63.6,44.0 68.2,89.2 68.1, 89.1 67.6, 89.1 68.4, 86.5
dimensions
a=b, c (A)
Resolution (&) | 50-1.55 50-1.75 50-1.80 50-1.95 50-1.90 30-1.90
Rsym (%) 4.8(97.6) | 7.2(100) 4.6 (92.7) 7.7 (92.3) 8.2 (47.6) 8.6 (48.1)
I/ol 35.0 (1.0) 27.6 (1.5) 43.0 (1.75) 27.4 (1.17) 22.4 (3.53) 19.1 (1.13)
No. 191,495 86,388 140,667 102,342 83,891 70,382
reflections- (28,703) (9484) (18,824) (14,516) (15,737) (14,653)
total (unique)
Completeness | 97.2 (77.0) | 98.9 (99.8) 99.9 (100) 98.2 (84.5) 99.6 (100) 94.1 (74.5)
Redundancy 6.7 (2.8) 9.1 (7.9) 7.5(7.3) 7.1 (4.9) 5.3(5.2) 4.8 (3.6)
Refinement
Resolution(A) |15 1.75 1.80 1.95 1.90 1.90
Rwork/Rfree 20.0/215 | 21.2/23.6 21.2/23.3 19.1/22.3 20.6/23.8 22.6/24.1
No. atoms
Protein 1487 639 1485 1477 1485 1489
MPDJion 40/9 5 -10 7 -8 -/8
Water 72 67 4 9 23 37
RMSD
Bond angles 1.088 1.072 0.563 0.713 1.123 0.730
(A)
0.0051 0.0054 0.005 0.005 0.010 0.003
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NaK2K NaK2K NaK2K-Ba*2 | NaK2K-Rb* | NaK2K-Cs*
_Y55F _D68E
Data Collection
Space group 14 14 14 14 14
Cell 67.4,836 | 67.4,84.0 68.1, 89.6 68.0, 89.3 68.1, 89.6
dimensigns
a=b, c (A)
Resolution (A) | 50-1.70 15-1.75 32.8-1.83 34.0-1.58 34.1-1.73
Rsym (%) 4.9 (100) 6.9 (72.0) 5.5 (87.2) 5.4 (78.7) 4.4 (76.2)
l/ol 30.3(1.59) | 43.7 (1.21) 16.56 (2.05) | 18.48 (2.16) | 17.82 (2.10)
No. 114,794 115,372 126,218 205,064 158,119
reflections- (20,479 ) (18,720 ) (17,886) (27,777) (21,270)
total (unique )
Completeness | 99.3 (93.7) | 98.6(87.1) | 99.57 (100) | 99.86 (99.93) | 99.9 (99.8)
Redundancy | 5.6 (5.1) 6.2 (2.5) 7.1 (7.2) 7.4 (7.3) 7.4(7.2)
Refinement
Resolution(A) |1-70 1.75 32.8-2.0 34.01-1.8 32.8-1.83
Rwork/Rfree | 19.5/22.5 | 20.2/22.5 20.2/25.6 20.2/23.2 21.6/25.2
No. atoms
Protein 1492 1490 1464 1424 1457
MPD/ion -8 -/8 16/9 8/6 8/9
Water 38 52 47 66 41
RMSD
Bond angles  [0-837 0.975 0.98 1.14 1.35
(A)
Bond lengths  [0-004 0.005 0.007 0.011 0.013

(A)
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