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Polyamine blockade and binding energetics in the
MthK potassium channel
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Polyamines such as spermidine and spermine are found in nearly all cells, at concentrations ranging up to 0.5 mM. These
cations are endogenous regulators of cellular K* efflux, binding tightly in the pores of inwardly rectifying K* (K;,) channels in a
voltage-dependent manner. Although the voltage dependence of K;, channel polyamine blockade is thought to arise at least
partially from the energetically coupled movements of polyamine and K* ions through the pore, the nature of physical
interactions between these molecules is unclear. Here we analyze the polyamine-blocking mechanism in the model K* channel
MthK, using a combination of electrophysiology and computation. Spermidine (SPD3*) and spermine (SPM**) each blocked
current through MthK channels in a voltage-dependent manner, and blockade by these polyamines was described by a three-
state kinetic scheme over a wide range of polyamine concentrations. In the context of the scheme, both SPD3* and SPM**
access a blocking site with similar effective gating valences (0.84 + 0.03 e, for SPD3* and 0.99 + 0.04 e, for SPM**), whereas
SPM?* binds in the blocked state with an ~20-fold higher affinity than SPD3* (K, = 28.1 + 3.1 uM for SPD3* and 1.28 + 0.20 pM
for SPM**), consistent with a free energy difference of 1.8 kcal/mol. Molecular simulations of the MthK pore in complex with
either SPD3* or SPM** are consistent with the leading amine interacting with the hydroxyl groups of T59, at the selectivity
filter threshold, with access to this site governed by outward movement of K* ions. These coupled movements can account for
a large fraction of the voltage dependence of blockade. In contrast, differences in binding energetics between SPD3* and SPM**

may arise from distinct electrostatic interactions between the polyamines and carboxylate oxygens on the side chains of E92

and E96, located in the pore-lining helix.

Introduction

Polyamine molecules, found in the cytosol of nearly all cells, can
act as endogenous regulators of transmembrane ion fluxes
(Lopatin et al., 1994, 1995; Shyng et al., 1996). These molecules,
which are linear chains of cationic primary and secondary
amines linked by 3- or 4-hydrocarbon spacers, are best known as
limiters of K* efflux through eukaryotic inwardly rectifying K*
(Ki;) channels (Nichols and Lopatin, 1997). In addition, the
polyamines spermidine (SPD**) and spermine (SPM**) are known
to inhibit ion flow through other cation channels, including eu-
karyotic CNG channels and BK channels (Lu and Ding, 1999; Guo
and Lu, 2000a; Zhang et al., 2006).

In K;, channels, polyamine blockade exhibits a steep voltage
dependence corresponding to the movement of up to four ele-
mentary charges across the transmembrane electric field. This
charge movement is thought to arise either from direct (slow)
permeation of the polyamine through the pore or from a role of
the polyamine in displacing up to four K* ions from the pore
during blockade, or possibly some combination of polyamine
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and K* permeation (Lopatin et al., 1995; Guo and Lu, 2000b;
Kurata et al., 2004; Shin and Lu, 2005; Kucheryavykh et al.,
2007). Consequently, our understanding of the structural basis
for control of physiological K* efflux by these polyamines is
incomplete. It is a matter of debate whether the polyamine
binding site is contained within the vestibule of the K channel
pore, or alternatively whether a polyamine can enter the narrow
selectivity filter (SF) of the pore (Lopatin et al., 1995; Guo and Lu,
2000b; Kurata et al., 2004; Shin and Lu, 2005; Kucheryavykh
et al., 2007). In addition, it is not known whether polyamines
simply occlude a “passive” pore that is structurally inert during
blockade, or whether interactions between a polyamine and the
pore might have an impact on relative binding affinities for
different species of polyamine.

In this work, we studied polyamine blockade of MthK, a
model prokaryotic K* channel, to gain insight toward the
chemical and structural basis of this phenomenon. Similar to K,
channels, MthK exhibits inward rectification in the presence of
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physiological levels of free Mg>* or polyamines (Thomson and
Rothberg, 2012; Thomson et al., 2014). The structure of the MthK
pore is known, and this structural knowledge is complemented
by a quantitative framework defining the functional properties
of the channel, including its gating by Ca**, H*, and voltage, and
blockade of the pore by Mg>* and other ions (Jiang et al., 2002;
Dong et al., 2005; Parfenova et al., 2006; Parfenova and
Rothberg, 2006; Ye et al., 2006, 2010; Zadek and Nimigean,
2006; Kuo et al., 2007, 2008; Dvir et al., 2010; Pau et al., 2010,
2011; Thomson and Rothberg, 2010; Shi et al., 2011; Smith et al.,
2012, 2013; Posson et al., 2013, 2015; Thomson et al., 2014).
Comparison of the kinetics of SPD3* versus SPM** blockade in-
dicates that the polyamines block current with similar effective
valences, whereas SPM** blockade exhibits an ~20-fold higher
affinity than SPD®*. Molecular simulations suggest that in MthK,
the leading charged amine group of either polyamine can reach a
binding site comprising in part the hydroxyl groups of T59, at the
threshold of the SF, and that access to the threshold site is cou-
pled with outward movement of K*.

Materials and methods

Electrophysiology

Recordings were obtained using methods described previously
(Thomson and Rothberg, 2010; Thomson et al., 2014). Briefly,
MthK channels were overexpressed and purified by metal-
affinity and size-exclusion chromatography and reconstituted
into proteoliposomes comprised of 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphoethanolamine:1-palmitoyl-2-oleoyl-sn-glycero-
3-phospho-(1'rac-glycerol; POPE:POPG; 3:1 ratio), which were
stored at ~80°C until use. The amount of protein used in recon-
stitution ranged from 5 to 25 pg protein/mg lipid.

For electrophysiological experiments, proteoliposomes were
thawed and incorporated planar lipid bilayers of POPE:POPG
(3:1) in a horizontal bilayer chamber. Unless otherwise specified,
solution in the cis (top) chamber contained 200 mM KCI and
10 mM HEPES (pH 7.0). Solution in the trans (bottom) chamber
contained 200 mM KCl, 10 mM HEPES (pH 8.1), and 100 pM
CdCl, to fully activate MthK channels (Smith et al., 2013;
Thomson et al., 2014). Under these conditions, MthK channels
are activated with open probabilities of >95% over a wide range
of voltage (from -150 to 150 mV), and activation with Cd>*
precludes voltage-dependent fast blockade that can arise when
activating the channels using high concentrations of Ca2*
(Thomson et al., 2014). Solutions in the trans chamber also
contained the specified concentration of SPD3*, ranging from 10
to 1,000 uM, or SPM4*, ranging from 0.1 to 100 pM. Currents
were analyzed using bilayers that contained 10 to 15 active MthK
channels.

Currents were acquired in response to continuous voltage
ramps from -150 to 150 mV. The ramp speed (200 mV/s) ap-
peared slow enough to allow equilibration of rapid channel
blockade by polyamines, as suggested by the observation that
current-voltage relations elicited by ramps from negative to
positive voltages were effectively the same as those elicited by
ramps from positive to negative voltages. Currents were am-
plified using a Dagan PC-ONE patch clamp amplifier with low-
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pass filtering to give a final effective filtering of 333 Hz (dead
time of 0.538 ms) and sampled by computer at a rate of 50 kHz
using pClamp 9.2. Multiple ramp currents were acquired and
averaged for each bilayer in each condition (i.e., polyamine
concentration). Within each bilayer, multiple solution changes
were performed using a gravity-fed perfusion system, and to
ensure completeness of solution changes, the trans chamber was
washed with a minimum of 10 ml (~10 chamber volumes) of
solution before recording under a given set of conditions.
Current-voltage relations were averaged across bilayers fol-
lowing normalization, which was performed by dividing the
ramp current trace by the current amplitude at -100 mV (at
which it was observed that high concentrations of polyamine
had almost no effect on current amplitude). Fractional currents
were determined by dividing the current in the presence of
polyamine by the current from the same bilayer in the absence
of polyamine. Fractional currents close to the reversal potential
(between -7 and +7 mV) tended to have a very high variance and
were excluded from analysis.

Subsequent analysis, including model fitting, was performed
with user-defined functions (described below) in Origin 8.0 and
IgorPro. Only bilayers in which data were obtained at three to
five different [SPD?*] or six to seven different [SPM*'] were
used in kinetic analysis. For data in which fractional current at a
given voltage (I/I,,.,) was described as a function of polyamine
concentration, data were fitted with a Hill equation,

I 1-Iy
Xy )

e e ()

in which I, is the minimum current level, [B] is the polyamine
concentration, Ky, is the [B] required to inhibit 50% of the
current, and ny is the Hill coefficient. The relation between K,
and voltage was then analyzed using a simple equilibrium block
model model (22):

(2)

-z8VF
Kapp = KﬂPP(O)eXP( RT ):

in which 28 is the effective valence of blocking ion, V is the
transmembrane voltage, F is Faraday’s constant, R is the gas
constant, and T is absolute temperature (F/RT = 0.03935 mV~! at
22°C). Details for additional models can be found below. Data
points are presented as mean + SEM of three to five independent
experiments for each data point, as indicated.

Molecular dynamics simulations

Molecular dynamics simulations were performed using the
MthK pore structure (Protein Database [PDB] accession no.
3LDC; Ye et al., 2010), by methods described previously (Barber
et al., 2014). Briefly, molecular systems were assembled using
the CHARMM-GUI web service (Woolf and Roux, 1994; Jo et al.,
2008). The channel protein, with its symmetry axis aligned
along the z axis, was embedded in a lipid bilayer of dipalmitoyl-
phosphatidylcholine. The number of ions in the bulk was ad-
justed to reproduce experimental ionic concentrations (200 mM
KCl) and to obtain electrical neutrality. The molecular system
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Figure 1. MthK channel blockade by SPD3*. (A) Mean normalized macroscopic MthK currents. Currents were obtained over a range of [SPD3*] (<1,000 uM)
using a voltage-ramp protocol and normalized to the current amplitude at ~100 mV for the same bilayer with 0 SPD3*. (B) Fractional current versus [SPD3*]
plotted at five representative voltages. Data were fitted with Hill equations (smooth curves) to estimate K, over a range of voltages (parameters are in Table
S1). (C) Kqpp versus voltage, fitted with Eq. 1 (solid blue ling; K,,,(0) = 860 + 20 pM, z8 = 0.67 + 0.03 o).

contained ~59,170 atoms total. Calculations were performed
using the NAMD computational code (Phillips et al., 2005), using
the all-atom potential energy function CHARMMS36 for protein
and phospholipids, and the TIP3P potential for water molecules
(Jorgensen et al., 1983; Mackerell et al., 2004). Periodic bound-
aries conditions were applied, and long-range electrostatic in-
teractions were treated by the particle mesh Ewald algorithm
(Essmann et al., 1995). The SPD3* and SPM** molecules were
modeled using CHARMM general force field (Vanommeslaeghe
and MacKerell, 2012; Vanommeslaeghe et al., 2012). Before the
initial equilibration, we added one polyamine molecule to the
system (either SPD3* or SPM*", in the fully protonated state and
in the extended conformation) by manually choosing the opti-
mal rototranslations of the ligand molecule using the VMD
software. The molecular systems were equilibrated for ~2 ns
with decreasing harmonic restraints applied to the protein
atoms, the pore ions, and the water molecules localized in the
filter. This was followed by an additional equilibration phase of
20 ns of unbiased molecular dynamics simulation. All trajecto-
ries were generated with a time step of 2 fs at constant normal
pressure (1 atm) controlled by a Langevin piston and constant
temperature (323 K; Nose, 1984; Hoover, 1985; Feller et al., 1995).

Generation of free energy profiles

Free energy calculations were performed using the metady-
namics approach, as described previously (Stock et al., 2013;
Delemotte et al., 2015). This approach uses a biasing potential
that discourages the system from visiting the same regions of the
configurational space repeatedly; thus, the approach is compu-
tationally efficient and yields results that are consistent with
those obtained by other methods (such as umbrella sampling).
Asymptotically, the biasing potential compensates exactly the
underlying free energy surface, thereby providing a convenient
way to reconstruct the free energy surface along a chosen set of
collective variables (Laio and Parrinello, 2002). Two collective
variables were used to bias the sampling. The first is the distance
along the z axis between the center of mass of the polyamine and
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that of the SF. For the second collective variable, we first cal-
culated the number of contacts between any of the potassium
ions located in the SF and the centers of mass of the binding sites
lined by residues 59 and 60. For each of these sites, the number
of contacts is 1 when the site is occupied, O when the site is not
occupied, or a number between O and 1 for any intermediate
state. Finally, the collective variable was defined as the differ-
ence between these two numbers. Intuitively, this collective
variable, which spans the range between -1 and 1, can be un-
derstood as reporting progress along the displacement of the ion
between the two sites.

Generation of histograms

Histograms and related free energy profiles were obtained for
collective variables that were different from the ones used for
biasing the sampling. Because the metadynamics approach in-
troduces a time-dependent potential to the system’s Hamilto-
nian, molecular configurations are not sampled along the
trajectory according to the canonical weights prescribed by the
Boltzmann distribution. As such, time averages cannot be di-
rectly related to equilibrium expected values unless config-
urations are first reweighted through this unbiasing procedure.
This was achieved using an approach described previously
(Tiwary and Parrinello, 2015). Briefly, the unbiasing consists of
multiplying the variable of interest O(t) at time t by a weight
proportional to the time-dependent factor

ol et ey

where V(s,t) is the bias potential, dependent on t and the col-
lective variable s.

The reweighting procedure described above results in un-
biasing of statistical estimators, and consequently in a normal
distribution of the sample means. Moreover, we considered
values of the dynamical variables separated by a time lag of 1 ns,
to ensure that samples were uncorrelated. Thus, errors associ-
ated with histograms and related free energy profiles were
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Figure 2. MthK channel blockade by SPM**. (A) Mean normalized macroscopic MthK currents. Currents were obtained over a range of [SPM#*] (<100 uM)
using a voltage-ramp protocol and normalized as described in Fig. 1. (B) Fractional current versus [SPM#*] plotted at five representative voltages. Data were
fitted with Hill equations (smooth curves) to estimate K,,, over a range of voltages. (C) K,,,, versus voltage, fitted with Eq. 1 (solid blue line; Kop,(0) = 77 £ 6 uM,

25 = 0.88 + 0.05 ey).

estimated as the sample variance divided by the square root of
the sample size.

Online supplemental material

Fig. S1 presents SPD3* blockade described with an alternative
three-state model (Scheme 4). Fig. S2 shows the time series of
RMS fluctuations for SPD3* and SPM** during simulations at O
and 500 mV. Fig. S3 shows water density distributions along the
z axis corresponding to the molecular dynamics simulations in
Fig. 6. Fig. S4 shows representative snapshots of MthK, ions, and
all water molecules within 3 A of the selectivity, corresponding
to the molecular dynamics trajectory in Fig. 6 A. Fig. S5 illus-
trates a scheme for charge movement coupled to polyamine
binding at the entry to the MthK SF. Table S1 shows parameters
of Eq.1 determined from fitting the fractional blockade data as a
function of [SPM3*] and [SPM**].

Results

Current through MthK channels is inhibited by polyamines

In previous work, MthK channel current was found to be sen-
sitive to rapid blockade by Mg?*, with an apparent K; at 0 mV
(Kapp(0)) of ~1.8 mM Mg?*, which is thought to be within the
physiological range of Mg?* found in Methanothermobacter ther-
moautotrophicum as well as eukaryotes (Sprott and Jarrell, 1981).
This apparent affinity for Mg?* blockade is intermediate be-
tween that observed in “weak” inward rectifying K, channels
(such as ROMKI1) and “strong” inward rectifiers (such as IRK1),
consistent with an electrostatic environment in the MthK pore
that might favor cationic blockers (Lu and MacKinnon, 1994).

Table 1. Kinetic parameters for SPD3* blockade from Scheme 1

Patch 1 Patch 2 Patch 3 Patch 4 Mean * SEM
Ky (um)  1130.8 1110.3 468.6 1251.2 990.2 + 176
28 (eo) 0.662 0.685 0.490 0.660 0.62 + 0.05
Suma et al.

Polyamine blockade in MthK

We thus wondered whether MthK channels might share other
functional properties with K;,. channels, such as blockade by
polyamines, which are found in the cytosol of both archaea and
eukaryotes (Michael, 2018). We addressed this possibility by
measuring MthK channel currents in the presence of poly-
amines SPD3* and SPM**, applied to the cytosolic side of the
channels.

Effects of SPD3* were assayed using voltage ramp currents
from bilayers containing multiple (>10) channels. Fig. 1 A shows
that SPD3* blocked outward K* current through MthK channels
in a dose-dependent manner, such that 1 mM SPD3* inhibited
>90% of the outward current at depolarized voltages. The volt-
age dependence of blockade was quantified by first plotting the
fractional current at each voltage as a function of [SPD?*] and
fitting these data with a Eq. 1 to estimate K,,, at each voltage
(Fig. 1 B and Table S1). These Ky, values are then plotted as a
function of voltage and fitted with an exponential function to
estimate the effective valence for SPD3* blockade, as well as the
Kapp(0) (Fig. 1 C; Woodhull, 1973). This analysis yielded mean
Kapp(0) values of 860 + 20 uM and z8 values of 0.67 + 0.03 e (n =
4 bilayers). Performing this same analysis with the tetravalent
polyamine SPM** yielded K,,,(0) values of 77 + 6 uM and 28
values of 0.88 + 0.05 e, (n = 4 bilayers; Fig. 2). Thus by this
analysis, the K,,,,(0) for SPM** in MthK was ~10-fold lower than
that for SPD3*, whereas z8 was ~30% greater.

By an analysis similar to the one described above, large
quaternary amine ions were observed previously to block MthK
currents with effective valences (z8) ranging from 0.67 to 0.81 e,
(Posson et al. 2013). The range of effective valences observed for
both quaternary amines and polyamines may thus arise from
channel/blocker interactions attributable to properties of the
blockers other than the total charges of the blocker. In other
words, although SPD3* and SPM** have total valences that differ
from one another by one charge, each molecule is essentially a
“string” of spaced point charges. It has been hypothesized that
the “leading charge” likely interacts with the SF (where most of
the transmembrane voltage drop occurs), whereas the other
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Figure 3. SPD3* and SPD** blockade described with Scheme 1. (A) Mean fractional MthK current over a range of [SPD3*], with Scheme 1 predictions
superimposed (solid red curves). This model predicts that MthK currents approach 100% blockade with very strong depolarization, and thus provides a poor
description of the data over the observed range of voltage and [SPD3*]. (B) Mean fractional MthK current over a range of [SPM**], with Scheme 1 predictions
superimposed. As with SPD3*, Scheme 1 predicts that MthK currents approach 100% blockade with very strong depolarization and is thus inconsistent with the

data over the observed range of voltage and [SPM**].

charges may interact either with water molecules or with polar
or charged side chains lining the pore. Thus the relatively low z8
values for blockade by SPD3* and SPM** are consistent with the
idea that only a single leading charge from either of these mol-
ecules crosses a fraction of the electric field during blockade,
although this charge movement could also arise from movement
of K* ions or other charges through the field in response to
polyamine binding.

Although our initial analysis is consistent with polyamine
blockade involving interactions with the electric field, we
wondered whether a simple two-state model based on this idea
could quantitatively predict the voltage dependence of fractional
current over a wide range of voltage (-150 to 150 mV). To test
this, we calculated fractional current directly from MthK voltage-
ramp currents over a range of [SPD] and fitted the currents using
Scheme 1 to estimate values of K; and z8.

(Scheme 1)

K
O<—B

In this two-state scheme, the equilibrium between open (O)
and blocked (B) states is defined by the equilibrium constant K.
The fractional current (I/I,) as a function of voltage (V) and
blocker concentration ([B]) is thus defined as

—
—

= kr (3)

Table 2. Kinetic parameters for SPM** blockade from Scheme 1

Patch 5 Patch 6 Patch 7 Patch 8 Mean + SEM
Ky (um)  89.04 69.77 57.32 35.78 63.0+11
28 (eo) 0.835 0.808 0.683 0.648 0.74 + 0.05
Suma et al.

Polyamine blockade in MthK

where

(8] (#)V
K= (K—D>exp{ T }

For SPD3*, Scheme 1 fitted with fractional currents over a 300-
mV voltage range yielded mean K; values of 990 + 180 uM and z8
values of 0.62 + 0.05 e, (Table 1). Although these parameter
values were in agreement with those determined from fitting
data over the range of 20 to 120 mV using Eq. 2, the predictions
of the model revealed a key limitation: with strong depolariza-
tion, the experimental currents exhibited less inhibition than
that consistently predicted by the model (Fig. 3 A). This property
of the data is especially revealing, as a two-state model inher-
ently predicts that with sufficient depolarization, 100% of the
channels will be driven from the open state to the blocked state.
Similar agreement with Eq. 2 parameters was observed in the
description of SPM** with Scheme 1 (K3 = 63.0 + 11 pM, 28 = 0.74
+ 0.05 ey; Table 2), and the predicted fractional currents ex-
hibited similar properties (Fig. 3 B).

The experimental results from both SPD3** and SPM**
blockade instead appear to be consistent with a model in which
at least one step in the blocking mechanism is voltage depen-
dent, and at least one step beyond the voltage-dependent step
exhibits a much weaker voltage dependence, to reach a plateau
in the blocking effect. We next explored mechanisms to account
for polyamine blockade over a wide range of voltages.

Description of polyamine blockade by a three-state

kinetic scheme

To better account for the voltage dependence of polyamine
blockade of MthK current, we developed and tested a simple
model for polyamine blockade in which the polyamine might bind
to the channel in two configurations: a low-affinity configuration,
which would predominate at hyperpolarized voltages, and a high-
affinity configuration, which would predominate at depolarized
voltages. In this mechanism, depolarization would drive the
channel from the low-affinity to the high-affinity state. If we as-
sume that sojourns to the low-affinity/blocked state are extremely
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Figure 4. SPD3* and SPM** blockade described with Scheme 2. (A) Fractional MthK current over a range of [SPD3*] with Scheme 2 predictions super-
imposed. Scheme 2 predicts that depolarization drives the channel toward a receptive open state (O’) with enhanced blocker affinity, accounting well for the
experimental data. Fit parameters for individual experiments are provided in Table 3. (B) Fractional MthK current over a range of [SPM**] with Scheme
2 predictions superimposed. Scheme 2 accounts for the major features of SPM** blockade over a 1,000-fold range of [SPM**]. Fit parameters for individual

experiments are provided in Table 4.

rare under the conditions of our experiments, then this scheme
reduces to a three-state model (Scheme 2), in which the fractional
current would reach a plateau at depolarized voltages, which
would depend on the blocker affinity in the depolarized state.

O

J
K

O’ N )

(Scheme 2)

In Scheme 2, voltage-dependent transitions between two open
states (O and O’) are described by the equilibrium constant J; O’
can subsequently transit to the blocked state (B’), with an
equilibrium described by K. Importantly, Scheme 2 should
predict that at extreme depolarized voltages, the fraction of
channels blocked depends on polyamine concentration and may
not reach 1.0 unless K is sufficiently large. The fractional current
under Scheme 2 is described by
I 1+]

E_l+]+]K’ (4)

Table 3. Kinetic parameters for SPD** blockade from Scheme 2

where

J = Joexp [%]

and K = [B]/Kp. In principle, in Scheme 2 the voltage depen-
dence of blockade arises from the coupling between blocker
movement to the receptor site and the voltage-dependent tran-
sition that precedes this movement. In physical terms, the
voltage-dependent transition could correspond to some combi-
nation of a conformational change of the channel protein and
voltage-dependent ion movement, either of which might reveal
a high-affinity polyamine binding site.

The fractional blockade from SPD®* predicted by Scheme 2 is
illustrated in Fig. 4 A. By comparing the predictions of Scheme
1 and Scheme 2, it is evident that Scheme 2 provides a better
description of the plateau effect observed with voltages >100
mV. Estimates of the parameters for Scheme 2 fitted with the
SPD3* block data yielded J, = 0.027 + 0.0013, 28 = 0.84 + 0.032 ey,
and K, = 28.1 + 3.1 uM (Table 3). Because Scheme 1 and Scheme
2 are nonnested models, there is no direct comparison between
the parameters used in each model to describe the data. In terms
of the underlying mechanism, however, Scheme 2 predicts that
at very depolarized voltages, all channels will be in equilibrium
between O’ and B’ that depends largely on polyamine concen-
tration and consequently determines the fractional current at
those voltages.

Table 4. Kinetic parameters for SPM** blockade from Scheme 2

Patchl Patch2 Patch3 Patch4 Mean + SEM Patch5 Patch6é Patch7 Patch8 Mean + SEM
Jo 0.028 0.025 0.030 0.024 0.027 £ 0.0013 o 0.013 0.016 0.022 0.019 0.018 + 0.0019
Ky (um) 338 28.7 19.4 30.5 28131 Ky (um) 129 111 1.83 0.87 1.28 £ 0.20
28 (eo) 0.90 0.88 0.76 0.81 0.84 + 0.032 28 (eo) 1.08 1.02 1.00 0.87 0.99 + 0.044
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extracellular

cytosolic

Figure 5. Structure and dimensions of the MthK pore. Two of the four
pore-forming subunits from the crystal structure of the MthK pore (PDB
accession no. 3LDC) are shown side by side, to illustrate the transmembrane
jon conduction pathway. Distances represented in the z-axis scale in sub-
sequent computational experiments (corresponding to Figs. 5, 6, 7, 8, and 9)
are shown at the left. K* ions in the SF are represented by purple spheres, and
selected main chain and side chain atoms are shown as indicated (red,
oxygen; blue, nitrogen; gray, carbon).

Because Scheme 2 is actually an abbreviated version of a
four-state scheme in which the channel could also (in principle)
transit from the open (O) state to a blocked state (B) at hyper-
polarized voltages, we also fitted the data with an expanded
scheme (Scheme 3) with an additional term (C) to quantify the
allosteric coupling (i.e., the fold-change in equilibrium constant)
for transitions from O to B at hyperpolarized voltages, compared
with transitions from O’ to B’ at depolarized voltages:

K/C

O~~—B
J J/IC

O’ N )

(Scheme 3)

The fractional current under Scheme 3 is described by

I_ 1+ (5)

I, 1+]+E+JK

where

J =Joexp [%}
and K = [B]/Kp (as in Eq. 4). In all cases, the fitted values for C
were large (>10°), and consequently the transitions described by
K/C (or J/C) were very infrequent. The fits using Eq. 5 were
statistically identical to the fits with Scheme 2 and thus were not
improved by allowing transitions from O to B (or B to B’). This
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observation is consistent with the idea that polyamine blockade
is strongly coupled to an open state driven by depolarization of
open channels. An addition to Scheme 1, Scheme 2, and Scheme
3, we tested several models that did not yield statistically better
descriptions of the data compared with Scheme 2; an example is
illustrated in Scheme 4 (Fig. S1 A).

N
—B

I

Scheme 2 predicts that depolarization drives the channel
away from O, which effectively does not bind SPD3*, toward O’,
which is receptive to SPD3* with an effective affinity of 28 pM.
We next tested whether Scheme 2 could further describe SPM**
blockade and found that the scheme provided a very good de-
scription of the data over a 300-mV range of voltages and a
1,000-fold range of [SPM**], including the plateau effect ob-
served with voltages >100 mV. Kinetic parameters for SPM**
fitted with Scheme 2 were J, = 0.018 + 0.0019, z8 = 0.99 + 0.044
eo, and K, = 1.28 + 0.20 pM (Fig. 4 B and Table 4).

It is worth noting that there is a relatively small difference
(~50%) in the fitted values for J, for SPD3* and SPM** datasets,
consistent with a free energy difference (AAG) of ~0.2 kcal/mol
for this transition (RT x In[0.018/0.027]). This small difference
supports the idea that the voltage-dependent transition is in-
trinsic to the channel and is not likely to directly depend on the
presence of polyamine. In contrast, the 20-fold difference in the
channel’s affinity for SPM** over SPD3* is consistent with an
increased energetic stabilization of the SPM**-blocked state of
~1.8 kcal/mol (RT x In[28.1/1.28]) over the SPD3*-blocked state.
Thus this difference is strongly linked to the polyamine
structure.

Given a relatively simple model that provides a good de-
scription of the functional properties of polyamine blockade
over a wide range of conditions, we wondered what might be the
structural correlates of the kinetic states, and how we might
begin to account for the apparent difference in polyamine af-
finities. We explored this using computational methods, as
described below.

(Scheme 4)

Binding modes of polyamines

To gain insight toward the structural correlates of the kinetic
states proposed in the blocking model, we performed molecular
simulations of the MthK pore embedded in a lipid bilayer with
either SPD3* or SPM** in the pore. Bulk solutions in the simu-
lations consisted of water and K* and Cl- ions to approximate
200 mM KCl at both sides of the membrane. The crystal struc-
ture of the MthK pore (from PDB accession no. 3LDC), shown in
Fig. 5, illustrates the mapping of z-axis coordinates in subse-
quent figures onto the pore structure. Each simulation was
initiated with K* ions in the SO, S2, and S4 positions along the SF
(ie., at t = O in Fig. 6, A-D), in which SO corresponds to the
partially hydrated K* ion at the extracellular threshold of the SF
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Figure 6. Correlated movement of K* ions and polyamine in the MthK pore. (A) Simulation trajectory showing the positions of the N of SPD3* (blue) and
K* ions in the SF (shades of purple), relative to oxygen atoms of SF residues (red, as indicated to the right) with 0 mV transmembrane voltage. (B) Simulation
trajectory for SPD3* with 500 mV transmembrane voltage. (C) Simulation trajectory for SPM#* with O mV transmembrane voltage. (D) Simulation trajectory for
SPM#* with 500 mV transmembrane voltage. These data illustrate that movement of N to positions within hydrogen-bonding distance of T59 oxygen atoms

depends on outward displacement of K* ions.

coordinated by carbonyl oxygens from Y62; S2 corresponds to
the K* ion coordinated between carbonyl oxygens from Gé1 and
V60; and S4 corresponds to the K* ion coordinated between
carbonyl and side chain oxygens from T59. The molecular sys-
tem was observed to maintain its integrity over the courses of
simulations with either O or 500 mV across the membrane, as
indicated by plots of the overall RMS of the protein and water
density within the system (Fig. S2 and Fig. S3).

Fig. 6 shows the positions of K* ions in the SF (shades of
purple), with the positions of oxygens from SF residues (red)
and the “leading nitrogen” (Ni) of the polyamine (blue) along the
pore axis (z) during the time course of simulations performed
with either 0 mV (Fig. 6 A) or 500 mV (Fig. 6 B) across the
membrane. Under the conditions of these simulations, Ny, ex-
hibited fluctuations within the vestibule (cavity) of the pore.
With 0 mV, little direct interaction between SPD3* Ny, and the SF
oxygens is observed until the K* ion that primarily occupied S4
moves outward to the S3 or S2 position (e.g., at t > 400 ns, Fig. 6
A). This outward K* movement was followed by apparent in-
teraction between Ny, and the side chain hydroxyl group of T59
(T59-OH), which forms the threshold of the SF. Initially Ny ap-
pears to be centered at the “cytosolic” side of T59-OH (referred
to as the “S5” site), although, after further outward displacement
of K* to S2 (Fig. 6 A, at t > 450 ns), Ny, could apparently occupy
the S4 site. With 500 mV, the S4 K* was observed to rapidly
move to the S3 position (t = ~40 ns, Fig. 6 B), resulting in less
fluctuation of SPD?* Ni and greater interaction with T59-OH (at
the S5 site). Qualitatively similar results were observed with
SPM** with respect to the Ny, fluctuations (Fig. 6, C and D), in
which there was an apparent correlation between the position of
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N and occupancy of S4 by a K* ion, and outward movement of
the K* ion was followed by outward movement of Ny. As with
SPD3*, movement of a K* ion from S3 to S2 was followed by
movement of Ny into the S4 position in the SF.

To quantify these correlated movements, we constructed
histograms of the positions of K* ions along the pore, and then
performed potential of mean force calculations of the polyamine
to estimate the energetics of N;, movements as a function of K*
ion position (Fig. 7). Overall, the results illustrate that Ny can
occupy a relatively broad energy well that corresponds to the
MthK pore cavity as long as a K* ion is coordinated in part by
T59-OH. However, the energetics exhibit a shift to a narrow
energy well centered on the S4 position, correlated with K* ion
occupancy of S3 (Fig. 7 A). This pattern is also observed in
simulations with 500 mV; depolarization primarily acts to shift
K* occupancies, based on the histograms, whereas the free en-
ergy of Ny, along the MthK pore axis is correlated with the oc-
cupancies (Fig. 7 B). Similar results were observed with SPM** at
0 and 500 mV (Fig. 8).

Collectively, these results are consistent with the idea that
voltage-dependent outward K* movement is energetically cou-
pled with coordination of polyamines within the SF. However,
these results on their own do not seem to provide an explanation
for the higher apparent affinity of SPM** compared with SPD3*,
and they imply that the difference in affinities arises in part
from interactions outside of the binding of Ny, within the SF.

Roles of pore-lining side chains in polyamine binding
It was previously hypothesized that the greater apparent affinity
for SPM** over Mg?** in blockade of BK channels arose from
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Figure 7. Distributions of K* and amine energetics of SPD3* in the MthK pore. (A) Fractional occupancy of the bottommost K* ion versus position along
the pore axis from simulations with SPD3*, at 0 mV (top row). Panels in the middle row contain the free energy profiles for the N, conditioned on the position
of the bottommost K* ion, superimposed on histogram of the corresponding K* occupancy. Snapshots of structures corresponding to the global minima of the
free energy plot are shown below; two of the MthK pore-forming subunits are shown for clarity (light blue); SF main chain, polyamine, and SF-bound water
molecules are shown as sticks, and SF-bound K* ions are shown as purple spheres. (B) Corresponding histograms, free energy profiles (middle), and structure
snapshots from simulations with SPD3*, at 500 mV. Whereas conditional free energy profiles are similar with 0 or 500 mV, the bottommost K* ion is driven
from the pore cavity toward the SF with depolarization, thus driving N toward increased occupancy at the entry to the SF, to occlude K* permeation. Dashed

lines in A and B correspond to SEM, computed by considering points from the variable sampled every 1 ns.

stabilization of SPM** by a ring of negatively charged glutamate
side chains (E321 and E324) at the cytosolic end of the BK
channel pore (Zhang et al. 2006). MthK also contains glutamate
side chains (E92 and E96) at the cytosolic end of the pore. Mu-
tation of these glutamates individually, however, results in
channels with greatly reduced open probability (Parfenova et al.
2006; Shi et al. 2011).

To explore the possible roles of interactions with E92 and E96
that may contribute to polyamine binding energetics, we
plotted the positions of all polyamine nitrogens along with the
positions of the side chain oxygens of T59 (T59-OH, at the
entry to the SF), and with the side chain oxygens of E92 and
E96, during the simulation time courses (Fig. 9). Although the
side chains of E92 and E96 for each of the four MthK subunits
are close to the central axis of the pore, their distances from
one another appear to be sufficient such that their pKa values
were not shifted by carboxylate-carboxylate interactions, and
simulations were performed with side chain oxygens de-
protonated (and thus one carboxylate oxygen from each side
chain having a charge of -1). This is supported by calculations
using DelPhiPKa based on the 3LDC atomic coordinates (Wang
et al. 2016; Pahari et al. 2018). From these plots, one can ob-
serve that when SPD3+-N1 is coordinated by T59-OH, SPD3*-
N3 may be coordinated by an E92 side chain oxygen. However,
when SPM**-N1 is coordinated by T59-OH, SPM**-N3 may be
coordinated an E92 side chain oxygen, in addition to coordi-
nation of SPM**-N4 by side chain oxygens from either E92 or
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E96. The likelihood of overlap between the amine and car-
boxylates is further illustrated in histograms derived from the
trajectories (Fig. 10). Thus in our working hypothesis, the
structure of SPM**, along with its additional charged amine
group, may form key electrostatic interactions that augment
its binding energetics within the MthK channel.

Discussion

In this work, we sought to better understand the structural basis
for interactions between polyamines and K* channels using the
model K* channel, MthK. Although little is known of how MthK
is gated under native conditions, polyamines are thought to be
nearly ubiquitous among archaea, including M. thermoauto-
trophicum (with ~250 pM SPD3* and 500 uM SPM**; Hamana
et al., 2007). Whereas polyamines are known to be critical for
life in many organisms primarily because of their role in sta-
bilizing nucleic acids, these molecules are also well known to
interact with ion channels and are especially important in the
functional role of K;, channels in stabilizing membrane poten-
tial. The relatively high apparent affinity of MthK for SPD** and
SPM** would thus be consistent with a physiological role for
MthK in M. thermoautotrophicum that may be similar to the role
of a Kj, channel in eukaryotes, although MthK appears to be
additionally gated by divalent ions and modulated by protons
(Jiang et al., 2002; Zadek and Nimigean, 2006; Li et al., 2007; Pau
et al., 2010, 2011; Smith et al., 2013; Posson et al., 2015).
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We have analyzed polyamine blockade using kinetic models,
including a two-state model in which voltage and
concentration dependence are defined by a single voltage-
dependent equilibrium constant (Scheme 1). Although Scheme

5 SPD3*, 0 mV

1 may be adequate to describe blockade over a limited range of
depolarized voltages, it fails to capture blocking kinetics over a
wide range of voltages, where it becomes clear that blockade
reaches a plateau at depolarized voltages (Fig. 3). For this reason,

SPD?*, 500 mV

-10

N2 _  E92 _ T59-OH _

— N3 _
N2 E92 _ T59-OH _

5 SPM#*, 0 mV

SPM#*, 500 mV
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Figure 9. Distinct SPD** and SPM** coordination at the cytosolic end of the MthK pore. Positions of each polyamine nitrogen (in shades of blue) for
SPD3* (top panels) and SPM** (bottom panels) as a function of time, superimposed on positions of glutamate side chain oxygens (corresponding to centers of
mass for the pairs of oxygens) and hydroxyl oxygen of T59 are shown in shades of red. With strong depolarization (panels at right), SPD3* N atoms may
simultaneously interact with T59-OH and E92, whereas SPM** N atoms may interact additionally with E96.
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Occupancy

Figure 10. Distributions of polyamine nitrogen atoms
and glutamate side chain oxygen atoms at the cytosolic
end of the MthK pore, when N, is interacting with T59-
OH. Atom occupancy histograms corresponding to the tra-
jectories in Fig. 8, with polyamine and voltage as indicated.
These illustrate that SPD3* is typically within hydrogen
bonding distance of only E92 at either 0 mV (top left) or
500 mV (top right), based on differences in the peak posi-
tions (<3 A). In contrast, SPM#* is typically within hydrogen
bonding distance of both E92 and E96 at either 0 mV

Occupancy

(bottom left) or 500 mV (bottom right). These results are
consistent with electrostatic bonds between MthK pore-
lining side chains and SPM#* that are greater than those
with SPD3*. Dashed lines indicate error estimates.

we explored slightly more complex models and found that a
relatively simple three-state model, Scheme 2, can account for
polyamine blocking kinetics over a 300-mV range of trans-
membrane voltage (Fig. 4). Whereas Scheme 2 provides a good
description of the fractional MthK currents over a wide range of
conditions, it should be noted that the model predictions deviate
from the experimental data at low [SPM*'] (<1 uM), indicating
either that Scheme 2 may be too simple to account for blocking
interactions under these conditions, or possibly that the free
[SPM**] may differ slightly from the total [SPM**] under the
conditions of our experiments.

Scheme 2 contains a transition that precedes blockade, de-
fined by a voltage-dependent equilibrium constant, followed by
an transition from the open to the blocked state, which depends
only on blocker concentration. In physical terms, the voltage-
dependent O-O’ transition in Scheme 2 may correspond to
movement of K* ions within the pore while the channel is in a
conducting state. In the absence of polyamine, voltage would
drive the O-O’ transition, resulting in unobstructed permeation.
In the presence of polyamine, however, the channel is driven
from O’ to B. In this sense, O’ might be viewed more specifically
as being in a configuration with the S4 site unoccupied by K*,
and thus receptive to polyamine blockade. It is important to
note, however, that even with polyamine occupying the cavity
region of the MthK pore, K* ions may enter the pore from the
bulk solution (Fig. 6 and Fig. S4). If complete dissociation of the
polyamine from the channel is not obligatory for current flow,
then this may account in part for the observation of incomplete
fractional blockade in the presence of relative high polyamine
concentrations, with moderately depolarized voltages (Fig. 4 A,
200-1,000 uM SPD3*).

Scheme 2 indicates a valence of ~1 e, to describe the voltage
dependence of polyamine blockade in MthK. In eukaryotic
strongly K;. channels (such as Kir2.1), polyamine blockade ex-
hibits a steep voltage dependence with a valence of up to four
elementary charges, which has been attributed to either direct
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(slow) permeation of the polyamine through the pore or a role of
the polyamine in displacing up to four K* ions from the pore
during blockade, or possibly some combination of polyamine
and K* permeation (Lopatin et al., 1995; Guo and Lu, 2000b;
Kurata et al., 2004; Shin and Lu, 2005; Kucheryavykh et al.,
2007). In our computational studies of MthK, we have not ob-
served polyamine permeation through the SF beyond entry of Ny,
into the S4 site of the SF (Fig. 7). Although we cannot entirely
rule out a polyamine permeation mechanism, our computational
studies indicate that outward K* movement is a prerequisite for
Ny, binding to T59-OH groups and subsequent entry to the S4 site
(Figs. 8 and 9, and illustrated in Fig. S5). Crystal structures of a
KirBacl.3-Kir3.1 chimera, as well as Kir2.2 and Kir3.1, are con-
sistent with the idea that the “long pore” common within the K;,
family results in alignment of as many as seven ions along the
permeation pathway (Nishida et al., 2007; Tao et al., 2009; Xu
et al., 2009). Just as the outward displacement of several ions
may underlie steep voltage dependence for polyamine blockade
in Kj, channels, the net displacement of one ion across the SF
provides a plausible explanation for the valence of 1 e, observed
with MthK.

In terms of energetics, the fitted parameters for Scheme
2 suggest that the 0-O’ transition is similar for channels with
SPD3* or SPM**, with a free energy difference of 0.2 kcal/mol.
This supports the idea that the voltage-dependent transition is
largely intrinsic to the channel and does not depend strongly on
the species of polyamine present, but does not rule out a small
contribution of the polyamine to the energetics of the transition.
In contrast, the transition from O’ to B in Scheme 2 depends
strongly on the species of polyamine, and the free energy dif-
ference between SPD3* and SPM** of 1.8 kcal/mol for this
transition is consistent with the observation of additional elec-
trostatic interactions that are permitted with SPM** in the MthK
pore compared with SPD* (Figs. 9 and 10).

In a broader sense, however, the transition from O’ to B in
Scheme 2 must be viewed as a collective transition, as it must
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incorporate the movement of polyamine from the bulk solution
into the pore, followed by movement to a high-affinity binding
site. Likewise, the transition from O to O’ must be considered as
a collection of all possible transitions that lead to the polyamine-
receptive conformation.

Bacteria and other prokaryotes are known to synthesize
polyamines (Morris and Jorstad, 1973; Tabor and Tabor, 1976;
Michael, 2018). KirBacl.1, which is among the closest bacterial
relatives to eukaryotic K;, channels, is observed to be insensitive
to SPM**, whereas the pore mutation 1138D can impart SPM**
sensitivity in the channel, which along with studies of eukary-
otic K, and BK channels as well as the present study, is con-
sistent with the importance of pore electrostatic interactions in
potentially determining polyamine affinity (Kurata et al., 2006;
Zhang et al., 2006; Cheng et al., 2009). In the present study, we
have performed analysis of polyamine blockade in a relatively
simple archaeal system. This system, in turn, may be further
developed to account quantitatively for the microscopic steps in
polyamine blockade, and also be compared with similar phe-
nomena that occur in more complex bacterial and mammalian
systems.
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Figure S1. SPD3* blockade described with an alternative three-state model (Scheme 4). Mean fractional MthK current (I/lo) over a range of [SPD3*], with
Scheme 4 predictions superimposed (solid red curves). (A) Scheme 4 (left), with equations describing fractional current (right). (B) Mean fractional MthK
current (I/lp) over a range of [SPD3*] as indicated, with Scheme 4 predictions superimposed (solid red curves). The best fit with this model (x2 = 35.4) predicts
that MthK currents will ultimately reach 100% blockade with very strong depolarization, although the apparent voltage dependence of blockade is less steep
than that of Scheme 1. (C) An alternative fit representing a local minimum (x2 = 97.6) predicts that MthK currents can increase with very strong depolarization.
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Figure S2. Time series of RMS fluctuations for SPD3* and SPM** during simulations at 0 and 500 mV. (A-D) For each condition, the RMS fluctuations
varied by <1 A over the course of the simulation.
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Figure S3. Water density distributions along the z-axis for MD simulations. (A-D) Solid lines represent water density as mean number of oxygen atoms
per A3 in a 1-A-thick layer centered around z; dashed lines represent the variance of the distribution. Water distributions within the simulation were similar
under each condition, consistent with stability of the membrane. Plots were obtained using software from Giorgino (2014).
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Figure S4. Representative snapshots of Mthk, ions, and all water molecules within 3 A of the SF, during an MD trajectory. (A) Time series of the
simulation with SPD3* at 0 mV from Fig. 6 A. (B) SPD3* with N, coordinated by T59-OH groups at the entry to the SF. (C) SPD3* released from the SF, followed
by a water molecule entering the SF. (D) Entry of a K* ion from the bulk solution into the pore, past a SPD3* molecule. (E) Entry of the K* into the SF. Thus
under these conditions, ions and water can enter the pore and SF with SPD3* in the pore.
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Figure S5. Illustration of the scheme for charge movement coupled to polyamine binding at the entry to the SF. (A) K* ions (purple spheres) occupy the
canonical S1 and S3 sites within the SF, coordinated by carbonyl oxygen atoms (from Y62-G61, and V60-T59), as well as the S5 site, in which a partially
hydrated K* ion can be coordinated by side chain oxygens from T59. A hydrated polyamine (blue) can occupy the cavity, electrostatically repelled from the SF
by the K* ion at S5. (B) K* ions occupying more extracellular S2 and S4 positions, coordinated by oxygen atoms (carbonyls from G61-V60, and carbonyl/side
chain from T59-T590H), as well as the SO site, in which a partially hydrated K* ion can be coordinated by carbonyl oxygens from Y62. The polyamine remains
electrostatically repelled from the SF by the K* ion at S4. (C) Further extracellular movement of K* (to S1/S3) permits coordination of the polyamine by T59-
OH, with dissociation of K* to the bulk solution. Thus, polyamine blockade is coupled to net translocation of one electronic charge through the SF.

Table S1 is provided online as a separate Word file and lists the Hill equation fit parameters from Figs. 1 and 2.
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