Chapter 18
Polyamine Block of Inwardly Rectifying
Potassium (Kir) Channels

Harley T. Kurata

Abstract Inwardly rectifying potassium (Kir) channels were first identified based
on their unique functional property of preferential conductance of potassium ions
into the cell. The property of inward rectification differs significantly from their
more widely studied Kv (voltage-gated potassium) channel relatives, which exhibit
outward rectification resulting from voltage-dependent opening and closing of the
channel pore. Rather, inward rectification arises from asymmetrical voltage-
dependent blockade of these channels by endogenous intracellular polyamines. This
distinct role of polyamines enables the physiological function of Kir channels to
maintain a substantial potassium conductance when cells are at rest, but to shut
down their conductance when faced with depolarizing stimuli to allow excitation
events (e.g., action potentials) to take place. Functional studies of cloned Kir chan-
nels, and recent crystallographic insights, have revealed the importance of numer-
ous side chains that line the channel and interact with polyamines as they move
toward a stable binding site. The displacement of permeating K* ions in the channel
pore, coupled to polyamine migration through the pore, underlies the very steeply
voltage-dependent blockade.
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18.1 Introduction

Inwardly rectifying potassium (Kir) currents were first characterized decades ago in
skeletal and cardiac muscle fibers. Also initially referred to as ‘anomalous’ rectifi-
ers, these currents were named for their unique characteristic of preferentially con-
ducting inward currents, while outward currents were inhibited (Hutter and Noble
1960; Noble 1962). This trait contrasted with the outward rectification and intrinsic
voltage dependence of the classic voltage-dependent K* (Kv) currents in excitable
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cells first described by Hodgkin and Huxley (Hodgkin and Huxley 1952). The first
inwardly rectifying potassium (Kir) channel genes were cloned in the early 1990s,
with reports of cloning IRK1 (now referred to as Kir2.1 or KCNJ2) (Kubo et al.
1993a), GIRK1 (now Kir3.1 or KCNJ3) (Kubo et al. 1993b), and ROMKI1 (now
Kirl.1, or KCNJ1) (Ho et al. 1993). These major steps forward allowed for heterolo-
gous expression of these ion channel genes, comparison of their functional proper-
ties, and identification of the major sequence determinants of Kir channel function.

Although many chapters in this textbook are concerned with important roles of
polyamines in cell growth, metabolism, and proliferation, it turns out that poly-
amines also play a major role in cellular electrical behavior by controlling inward
rectification of Kir channels. The identification of polyamine block as the underly-
ing physiological mechanism of inward rectification was hinted at by a few early
publications describing that rectification was not an ‘intrinsic’ property of the
inward rectifying conductance (Vandenberg 1987; Matsuda et al. 1987). That is, if
channels were removed from the cellular environment (by excised patch-clamp
recordings, or highly effective dialysis of intracellular contents), properties of
inward rectification could be weakened or abolished. This was a particularly unique
mechanism of ion channel regulation, because most voltage-dependent regulatory
mechanisms were presumed to be caused by conformational changes of ion channel
proteins themselves, rather than an extrinsic factor. Subsequent screening of active
components in specific cell lysate fractions led to the identification of polyamines
as the major determinant of steeply voltage-dependent inward rectification of cloned
IRK1 (Kir2.1) channels (Lopatin et al. 1994). All polyamines are able to block Kir
channels, although spermine and spermidine are typically the most potent, whereas
shorter endogenous polyamines such as putrescine are weaker blockers. The proper-
ties of polyamine block match several important features of currents described in
primary cell culture systems such as cardiomyocytes, notably the steep effective
valence of blockade and the strong coupling of the voltage dependence of rectifica-
tion with the reversal potential of K* ions (Lopatin and Nichols 1996). For the
remainder of this chapter, inward rectification is primarily discussed in the context
of Kir2.1 channels, which are the most widely studied model of polyamine block,
and also exhibit the most potent and steeply voltage-dependent polyamine block
(Nichols and Lopatin 1997).

18.2 Characteristics of Polyamine Block

18.2.1 Steepness of Voltage-Dependent Block

To an electrophysiologist, one of the most striking traits of polyamine block is the
very high ‘effective valence’ of the blocking process. Voltage-dependent blockers
such as polyamines are unique because blocker affinity for the ion channel target
is not fixed, but rather affinity varies with changes in transmembrane voltage.
A common way to assess this feature experimentally is to record ionic currents in
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Fig. 18.1 Voltage-dependent block of Kir2.1 channels by spermine. a Currents recorded using the
inside-out patch-clamp method, in symmetrical 150 mM K* solutions. Membrane patches contain-
ing Kir2.1 channels were stepped between —100 and +30 mV in 10-mV steps, in the presence and
absence of 100 pM spermine. Note the large outward currents (above the dashed ‘zero current’
line) in control conditions, but strong inhibition of outward currents by spermine. b Relative con-
ductance is calculated by dividing the current magnitude in spermine vs control at each voltage. At
negative voltages, spermine effects are very weak, whereas at positive voltages currents are
strongly inhibited

the absence and presence of a known blocker concentration, at different membrane
voltages (see Fig. 18.1a). In the absence of polyamines or divalent ions such as
Mg?*, Kir channels behave as ohmic resistors over a physiological range of mem-
brane voltage (Guo and Lu 2002). Howeyver, in the presence of polyamines, current
inhibition becomes very significant at depolarized voltages. The percentage of cur-
rent inhibition can be calculated at each voltage, and plotted graphically to illustrate
the voltage dependence of the blockade (Fig. 18.1b). In the simplest scenario of a
two-state equilibrium (open <« blocked), voltage-dependent blockade (i.e., the frac-
tion of control current that remains in the presence of the blocker) is sigmoidal and
can be described by a Boltzmann function such as

I Ul [spermine]
I(control )

28FV j

Kd(0mV) *ei[ T

In this equation, Kd v, reflects blocker affinity for the channel in the absence of
any membrane potential, and z6 describes how quickly blocker affinity changes
with membrane voltage: larger zo values reflect a steeper change of blocker affinity
as membrane voltage is changed. Typically, zd is interpreted as being the product of
the valence of the blocker (i.e., +4 for spermine), and the fraction of the transmem-
brane field traversed by the blocker en route to its final binding site (i.e., O if the
blocker does not enter the transmembrane field, or 1 if the blocker completely
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traverses the transmembrane field, so 0<d<1). In reality, the voltage dependence of
polyamine block of Kir2.1 channels is not quite this simple, and generally exhibits
multiple components (a shallow and a steep component; Fig. 18.1b), corresponding
to distinct low- and high-affinity binding sites (Xie et al. 2002).

Most notably, the voltage dependence of polyamine blockade is very steep rela-
tive to other commonly used ion channel blockers, meaning that in a physiological
setting where polyamines are present, strongly rectifying Kir channels switch from
being conductive to strongly inhibited over a very narrow voltage range. Moreover,
a notable feature of polyamine block of Kir channels is that the effective valence of
spermine block is higher than the charge of the blocker. Specifically, the effective
valence of spermine and spermidine block of Kir2.1 channels is typically reported
to be nearly 5 (Guo and Lu 2003). Because the charge of spermine can reach a maxi-
mum of +4, this property cannot be rationalized solely on the basis of migration of
the charged blocker across the transmembrane voltage difference (Woodhull 1973).

18.2.2 Coupling of Polyamine Blockers and Permeating Ions

The second classical feature of inwardly rectifying potassium channels is that the
degree of rectification depends significantly on the reversal potential of K*, and
particularly the extracellular K* concentration (Hagiwara et al. 1976). Specifically,
as the extracellular K* concentration is increased with a constant intracellular K*
concentration (thereby shifting the K* reversal potential to more positive voltages),
the degree of rectification at a given voltage becomes less pronounced. In the simple
descriptive equation for voltage-dependent block shown above, this phenomenon
would be described as a K*-dependent change in Kd,y ,v,. This permeant ion depen-
dence of affinity is thought to reflect interactions between ions and blockers in the
pore. An important but not always appreciated aspect of this process is the strong
asymmetrical dependence on K* concentration. Extracellular K* has a far more dra-
matic impact on polyamine block than intracellular K*, although there is not a well-
accepted mechanistic explanation for this asymmetry (Lopatin and Nichols 1996;
Kurata et al. 2010).

18.3 Inwardly Rectifying Potassium Channel Ontogeny
and Structures

18.3.1 Kir Channel Genes

Kir channels are categorized into seven families (Kirl—7) with a total of at least 15
different genes/subunits (in humans) (Kubo et al. 2005; Hibino et al. 2010). A func-
tional Kir channel comprises four pore-forming subunits and can be homo- or het-
erotetrameric, with heteromerization permitted among members of the same family
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(e.g., Kir2.1 with Kir2.2, Kir3.1 with Kir3.4) (Hibino et al. 2010), and in some cases
with obligatory auxiliary subunits as with Kir6 channel assembly with sulfonylurea
receptors (Inagaki et al. 1995). A peculiarity of the Kir channel family is that although
they are collectively referred to as inward rectifiers, inward rectification is not espe-
cially prominent in many of these channel types. Kir2 family channels exhibit strong
rectification and are the prototypical ion channels for the study of polyamine block.
Kir3 and Kir4 family channels exhibit intermediate rectification properties (i.e.,
weaker affinity and shallower voltage dependence relate to Kir2 channels), whereas
Kirl and Kir6 family channels are extremely insensitive to polyamine block. As is
discussed later, these differences in polyamine sensitivity can be attributed to a small
subset of amino acids that differ between these Kir subfamilies (Hibino et al. 2010).

18.3.2 Structures and Domain Architecture of Kir Channels

Recent atomic resolution structures of Kir channels have significantly enhanced our
understanding of Kir channel function and provide an important framework to
understanding their interactions with polyamines (Whorton and MacKinnon 2011;
Hansen et al. 2011) (Fig. 18.2). The Kir channel transmembrane pore consists of
two transmembrane o-helices from each subunit, linked via a re-entrant segment
that forms a selectivity filter similar to virtually all K*-selective channels.
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Fig. 18.2 Atomic resolution structure of Kir2.2. Coordinates used were reported by Hansen et al.,
(2011). Two subunits have been removed to more clearly depict the central pore axis that forms the
permeation pathway. The rectification controller residue, and cytoplasmic residues important for
polyamine block, are highlighted as spheres
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Importantly, these channels are not intrinsically sensitive to voltage because they
lack the canonical voltage-sensing domain that endows other channel types with
voltage sensitivity (Yellen 2002). The transmembrane helices of each subunit com-
prise the outer helix (TM1) and the inner helix (TM2) that lines the pore. Most
crystal structures of Kir channels have been captured in the closed state, and no
fully open conformation of a Kir channel has yet been reported, although some
‘partially open’ conformations of Kir2.2 and Kir3.2 have been described (Hansen
et al. 2011; Whorton and MacKinnon 2011), along with a mutant KirBac3.1 chan-
nel designed to prop open the channel pore (Bavro et al. 2012). In all cases, crystal-
lographic evidence indicates that Kir channel opening involves widening of an
aperture in the bundle-crossing region of the channel, and this is consistent with
several functional studies using accessibility of MTS reagents or polyamine block-
ers to study gating conformations of these channels (Phillips and Nichols 2003;
Phillips et al. 2003). In addition to the canonical K* channel pore-forming domain,
Kir channels comprise a large cytoplasmic domain. The transmembrane and cyto-
plasmic domains form a stable interface generating a single long ion-conducting
pore. The cytoplasmic domain is composed of both the N- and C-termini of the
protein and forms binding sites for numerous permeating ions, intracellular ligands,
and polyamine blockers.

The additional K* ions housed in the extended Kir channel pore likely play a role
in generating the steep voltage dependence of the block already discussed (Xu et al.
2009), because polyamine movement through the pore requires the displacement of
ions that occupy binding sites ahead of the blocker (Fig. 18.3). That is, as polyamines
migrate toward their stable binding site, ions lying ahead of the blocker in the pore
are forced to move through the transmembrane field, and thereby affect the voltage
dependence of the process. An understanding of the details of ion-binding sites and
the mechanisms that couple blocker and ion movement is important to describe
the steep voltage dependence of these channel types and the observed dependence on
K* concentration gradients. Although a firm description of interactions between
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Fig. 18.3 Coupled movement of blockers and ions in Kir channel pores. Each image is a sche-
matic of a Kir channel, depicting the progressive movement of spermine as it interacts with the
cytoplasmic domain of the channel and migrates toward its stable binding site. As the blocker
moves toward the deep binding site, multiple ions are displaced through the transmembrane field,
generating the steep voltage dependence associated with polyamine block
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blockers and permeant ions remains elusive, crystal structures have also provided
valuable insights into mapping specific ion-binding sites along the Kir channel pore.
The selectivity filter of Kir channels closely resembles other K*-selective channels
and comprises four binding sites for K* ions formed by backbone carbonyl atoms. In
addition, a commonly observed K* ion-binding site (the ‘cavity site’) is apparent in
the inner cavity region of Kir channels. Additional binding sites that are unique to
Kir channels are formed by the intracellular cytoplasmic domain, with up to five ions
visible in some crystal structures (Pegan et al. 2005; Nishida et al. 2007; Xu et al.
2009). Overall, the large number of ion-binding sites that have been identified in Kir
channel structures is consistent with the notion that a significant component of the
voltage dependence of polyamine block arises from the displacement of ions ahead
of the blocker, rather than movement of the charged blocker itself through the trans-
membrane field (Pearson and Nichols 1998; Guo and Lu 2003).

18.3.3 Important Residues for Polyamine Binding

Kir channel proteins exhibit strong sequence conservation across all subfamilies but
markedly different rectification properties and sensitivities to polyamine block
(Hibino et al. 2010). For example, channels of the Kir2 subfamily exhibit a potent
spermine block that is steeply voltage dependent, whereas Kirl or Kir6 subfamily
channels exhibit very weak inhibition by spermine or other polyamines. The
sequence similarity between channels with significant functional differences was
highly amenable to chimeric approaches, and rational site-directed mutagenesis, to
identify key residues that control polyamine binding (Taglialatela et al. 1994; Wible
et al. 1994; Kubo and Murata 2001; Lu 2004). These experiments have demon-
strated that strong rectification in Kir2 channels can be attributed to rings of pore-
lining acidic residues (generally considered to carry negative charges) in both the
cytoplasmic and transmembrane domains of the channel.

18.3.3.1 Inner Cavity Residues That Control Polyamine Block

The most important determinant of polyamine sensitivity of Kir channels lies within
the pore-lining TM2 helix, at Kir2.1 residue D172 (Wible et al. 1994; Lopatin et al.
1994) (Fig. 18.2). This residue is frequently referred to as the ‘rectification control-
ler’ Neutralization of this residue in polyamine-sensitive channels such as Kir2.1
significantly weakens polyamine block. Consistent with this finding, introduction of
acidic residues into polyamine-insensitive channels such as Kir1.1 or Kir6.2 endows
strong sensitivity to polyamine block, with steep voltage dependence (Lu and
MacKinnon 1994; Shyng et al. 1997). It is noteworthy that there is not a strict posi-
tional requirement for a TM2 negative charge to introduce polyamine sensitivity:
substitution of a negative charge at any pore-lining position in the transmem-
brane domain of Kir6.2 has been shown to introduce strong polyamine sensitivity
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(Kurata et al. 2004). However, among naturally occurring Kir channels, negatively
charged residues are virtually never present at any position except the rectification
controller D172 equivalent.

18.3.3.2 Cytoplasmic Domain Residues That Control Polyamine Block

There are also numerous pore-lining acidic residues in the cytoplasmic domain
(Kir2.1 residues E224, D255, D259, E299), along with a pore-lining aromatic resi-
due (Kir2.1 residue F254) that primarily control low-affinity interactions with poly-
amines and also alter inward rectification properties when mutated (Fig. 18.2).
Broadly speaking, mutations at these positions tend to impact the kinetics of poly-
amine block/unblock, and also the presence of the shallow voltage-dependent com-
ponent of polyamine block (Shin et al. 2005; Kurata et al. 2007) (see also Fig. 18.1).
However, mutations at E224 or E299 also diminish the overall voltage dependence
and affinity of polyamine block (Kubo and Murata 2001; Guo and Lu 2003). More
specifically, polyamine interactions with residues in the cytoplasmic domain are
thought to underlie the early rate-limiting step of polyamine block, which is fol-
lowed sequentially by polyamine migration into the inner cavity. This second step
(entry of polyamines into the inner cavity) is associated with displacement of sig-
nificantly more charge, and is thus far more steeply voltage dependent than the
weak association of polyamines with the cytoplasmic domain (Fig. 18.3) (Shin and
Lu 2005; Kurata et al. 2007). However, binding of polyamines in the cytoplasmic
domain has been suggested to facilitate blocker entry into the inner cavity by
increasing the local polyamine concentration (Lopatin et al. 1995; Kubo and Murata
2001; Xie et al. 2002).

18.3.4 The Nature of the Terminal Polyamine-Binding Site

Among the most debated aspects of polyamine block of Kir channels has been the
details of the ‘stable’ polyamine-binding site in the Kir channel inner cavity.
Although the role of the rectification controller residue is not in question, some
studies have argued for a polyamine orientation with the leading end of the blocker
located in the vicinity of the rectification controller (Guo and Lu 2003; Lu 2004),
whereas others have argued for a deeper binding site between the rectification con-
troller and the selectivity filter (Chang et al. 2003; John et al. 2004; Kurata et al.
2006, 2010). Overall, the first hypothesis is motivated primarily by data demonstrat-
ing that residues within the cytoplasmic domain may have significant effects on the
stability of the ‘deep’ binding equilibrium for polyamines, suggesting that they con-
tribute to the polyamine-binding site in some way. However, a deeper binding site is
indicated by data demonstrating that polyamines can be trapped in the inner cavity
after the introduction of positively charged adducts (such as MTSEA or MTSET)
near the cytoplasmic entrance of the inner cavity. These data suggest that spermine



18 Polyamine Block of Inwardly Rectifying Potassium (Kir) Channels 225

likely binds above the introduced adducts just one a-helical turn away from the
rectification controller (toward the cytoplasmic side, at Kir2.1 position 1176C, or
Kir6.2 position L164C) (Kurata et al. 2010, 2013). Missing from the dialogue on
polyamine binding is a crystal structure convincingly demonstrating the orientation
of polyamines in the inner cavity deep binding site. Future experiments will surely
continue to refine descriptions of polyamine binding.

18.4 Diseases Related to Polyamine-Sensitive Kir Channels

The Kir2 family are the most sensitive Kir channels to voltage-dependent poly-
amine block. Their physiological roles are best understood in excitable tissues such
as skeletal and cardiac muscle where they maintain resting membrane potential and
shut off upon depolarization to allow an action potential. Not surprisingly, loss- and
gain-of-function mutations of Kir2 family channels have interesting consequences
on cardiac function, and other consequences related to bone and muscle develop-
ment also emerge as a result of these channel defects. Loss of function mutations in
Kir2.1 result in Andersen’s syndrome, an autosomal dominant genetic disorder
characterized by cardiac arrhythmias caused by prolongation of the action potential
(long QT syndrome, LQT7), periodic muscle paralysis, and abnormal facial and
digital bone structures (Plaster et al. 2001; Tristani-Firouzi and Etheridge 2010).
Many associated mutations either disrupt channel interactions with PIP, or impair
channel trafficking (Tristani-Firouzi et al. 2002; Lopes et al. 2002).

The functional counterpoint to Kir2.1 loss-of-function is mutations that cause
gain-of-function. Remarkably, mutations of Kir2.1 residue D172 that disrupt poly-
amine binding have been reported to cause a form of short QT syndrome (SQT3)
(Priori et al. 2005). This defect results in shortening of the cardiac action potential
and is also associated with arrhythmias and cardiac death. The first SQT3 mutation
reported is in fact the D172N mutation that has been commonly used to study poly-
amine block of Kir2.1 channels, corresponding to neutralization of the rectification
controller. Given the large number of residues identified as important for polyamine
block (see Sect. 18.3.3), it seems likely that other Kir2 channel mutations will emerge
in studies of SQT3; however, at present no additional mutations have been reported.

18.5 Summary

Polyamine block of Kir channels is an essential physiological mechanism of ion
channel regulation that is distinct from the more commonly studied roles of poly-
amines in cell growth and proliferation. Intracellular polyamines enter the Kir chan-
nel pore at depolarized voltages, causing preferential blockade of outward K*
currents and allowing cellular electrical excitation to proceed. Recently identified
mutations of the Kir2.1 channel cause disruption of polyamine block and are linked
to cardiac arrhythmias.
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