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The miniature channel, Kcv, is a structural equivalent of the pore of all K*
channels. Here, we follow up on a previous observation that a largely volt-
age-insensitive channel can be converted into a slow activating inward rectifier
after extending the outer transmembrane domain by one Ala. This gain of
rectification can be rationalized by dynamic salt bridges at the cytosolic
entrance to the channel; opening is favored by voltage-sensitive formation of

salt bridges and counteracted by their disruption. Such latent voltage sensitiv-
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ity in the pore could be relevant for the understanding of voltage gating in
complex Kv channels.

Keywords: inward rectification; Kev K™ channel; salt bridges; voltage-
dependent gating

K™ channels are modular proteins with a central pore
and peripheral transmembrane and/or cytosolic
domains. The pore domain is responsible for the basic
channel functions namely selectivity and gating [1]. It
is generally believed that the pore has by itself no gen-
uine voltage dependency. Voltage- and time-dependent
gating, which is characteristic of voltage-sensitive K™
(Kv) channels, is achieved by an electro-mechanical
connection between the central pore unit and trans-
membrane domains (TMDI1) in its periphery [2]. The
latter consist of four helices (S1-S4), which serve as a
voltage sensor domain (VSD). A subset of positively
charged amino acids in S4 of these highly conserved
sensing domains [3] perceive changes in the transmem-
brane voltage [4] and transmits them to the pore via a
short linker [2]. The latter connects the VSD to the
pore forming helixes S5 and S6 [5]. In response to
depolarization the sensor is moved to the up position,

Abbreviations
TMD1, transmembrane domain; VSD, voltage sensor domain.

which in turn promotes in outward rectifying channels
an opening of the pore gates [4,6,7]. Inward rectifiers
become active when S4 moves from the up state to the
down state [8,9].

Recent work suggests that the pore unit may by
itself generate time- and voltage-dependent gating.
Such a latent voltage dependency of the pore was
deduced from work with a Kir channel. The introduc-
tion of a point mutation in the inner TMDI1 of the
Kir6.2 pore converted this channel into a slow activat-
ing outward rectifier [10]. The mutated channel, which
lacks a canonical VSD, exhibits a Kv-type gating and
opens upon depolarization in a time- and voltage-
dependent manner. Because this voltage-sensitive gat-
ing converges with other ligand-operated gates of this
channel, it was hypothesized that voltage-dependent
gating may be a latent feature of all K™ channel pores
[10]. The same conclusion was reached from work on
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K2P channels. These channels have the general pore
architecture of K channels with no canonical voltage
sensor. Some members of this channel family nonethe-
less exhibit a slow activating outward rectification,
which is attributed entirely to voltage-dependent gating
in the selectivity filter [11]. In much the same vein, sin-
gle-site mutations within the S6 o-helix of the SKOR
K™ channel convert this outward rectifier into a lar-
gely voltage-independent channel, an action that like-
wise has been ascribed to the characteristics of the
selectivity filter [12].

To search for other possible mechanisms of voltage
dependency in the pore domain of K™ channels, we
used as a working model the minimal viral K* chan-
nel Kcv. This channel consists of the pore unit, which
is present in all K" channels, and lacks large cytosolic
domains [13,14]. In spite of its small size (94 aa/mono-
mer) the Kcv channel exhibits distinct voltage depen-
dencies [15,16]. When Kcv is expressed in Xenopus
oocytes, it responds to a negative voltage by conduct-
ing a biphasic current with an instantaneous current
and a small superimposed slow activating component.
This biphasic kinetics reflects the fact that channels are
open at all voltages and that additional channels are
activated at moderate voltages in a slow- and voltage-
dependent manner [17]. At extreme negative voltages
the open channels undergo very short closures. This
fast gating can be explained by a gating in the filter
[15]; it is the cause of a negative slope conductance of
the I/V relation at extreme negative voltages.

The aforementioned slow activation of channels at
negative voltages is lost in mammalian cells when the
channel is expressed as a fusion protein with GFP [18].
These experimental results support the hypothesis of a
latent voltage dependency in K™ channel pores, which
may be present or disappear following minor changes
in the protein or in the lipid environment in which the
protein functions. This view is further supported by
experiments in which the slow time- and voltage-
dependent gating of the channel was recovered in
mammalian cells after insertion of a single Ala into
the outer TMD1 of the Kcv channel [19]. This mutant
exhibits features of a Kv-type inward rectifier; it closes
at positive voltages and activates in a time-dependent
manner at negative voltages. Here, we examine the
voltage dependency of this synthetic inward rectifier
and analyze the underlying gating mechanism. The
data support a model, in which the formation and dis-
ruption of salt bridges [19] at the cytosolic entry in
combination with the transported ion forms a gate.
The voltage dependency and the slow dynamics of
channel gating could therefore be caused by a voltage
sensitivity in the formation of salt bridges.

D. Baumeister et al.

Materials and methods

The Kcv channel or its mutants were transiently expressed
as chimeras with a C-terminally linked GFP as reported
previously [19]. Currents were measured as in [19] at differ-
ent temperatures in a standard medium containing 100 mm
KCl, 1.8 mm CaCly, 1 mm MgCl,, and 5 mm HEPES (pH
7.4); mannitol was used to adjust the osmolarity to
300 mOsmol. The temperature was changed by cooling or
heating the perfusion buffer. The actual bath temperature
during a recording was monitored by a microthermometer
(GTHI1200 digital-thermometer; Electronics,
Regenstauf, Germany). The pipettes contained 130 mm D-
potassium-gluconic acid, 10 mm NaCl, 5 mm HEPES,
0.1 mm GTP (Na salt), 0.1 pm CaCl,, 2 mm MgCl,, 5 mm
phosphocreatine, 2 mm ATP (Na salt; pH 7.4). Currents
were measured in a whole-cell configuration by clamping
cells from holding voltage (0 mV) to testing voltages
between +60 and —160 mV.

Yeast complementation experiments were done with the
yeast strain SGY1528 (Mat a ade 2-1 can 1-100 his 3—
11,15 leu 2-3,112 trp 1-1 wra 3-1 trk 1:HIS3 trk 2::TRPI)
as described previously [20].

Images of GFP-tagged Kcv in HEK293 cells were
acquired with a Leica SP confocal system (Leica Microsys-
tems, Wetzlar, Germany) equipped with a 63x Apo plan
water objective. GFP fluorescence was excited by a 488-nm
laser line and detected in the range from 505 to 540 nm.

Greisner

Results

The expression of the Kcv::GFP channel in HEK293
cells reveals a conductance, which is moderately
inward rectifying; steps to positive and negative volt-
ages elicit in this system instantaneous activating
inward and outward currents with no apparent time
dependency. Typical examples of a mock transfected
HEK?293 cell and of a Kcv::GFP-expressing cell [18]
are shown in Fig. 1B,C, respectively. It was previously
shown that the channel gains a slow activating kinetics
at negative voltages, when TMDI1 was elongated by
one Ala at position 16 [19].

The data in Fig. 1D show that the current acquired
the same pronounced biphasic activation when TMDI1
was extended by one Ala, at position 17 (Kcv::GFP-
A17). Negative voltages elicited in this case a slow
activating inward conductance, which was superim-
posed on an instantaneous activating current; the slow
component contributed 49 + 8% to the total current
at —140 mV. This current slowly decreased at positive
voltages and increased at negative voltages (Fig. 1D,
E). Altogether, the complex kinetics produced a pro-
nounced inward rectification of the steady state I/V
relation (Fig. 1F inset).
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Fig. 1. (A) Sequence of the N terminus of Kcv::GFP channel (Kcv::GFP-wt) with location (gray bar) of the outer transmembrane domain
(TMD1). The rows below the wt sequence indicate the position in which an Ala was inserted (red). Current responses of HEK293 cells
expressing only GFP (B), Kev::GFP-wt channel (C) or Kev::GFP-A17 mutant (D). (E) Magnification of current responses from (D) to voltage
steps to +60 mV (blue) and —140 mV (black). The steady-state currents in (B-D) were collected at the end of the voltage pulse (indicated by
arrows) and were plotted in (F). Inset: mean //V relation (+SE of n > 10) of Kcv::GFP-wt channel and Kcv::GFP-A17 mutant normalized to

current at +60 mV. Symbols in (F) correspond to those in (B-D).

Inspired by this finding we inserted a single Ala in
different positions along the outer TMDI1 of Kcv
(Fig. 1A) and monitored the resulting currents in
HEK293 cells. We found that a slow activating
inward conductance was also observed after inserting
an Ala in positions 14-16 in TMDI1 (Figs 1A and
2A). In all cases negative voltages elicited in these
mutants the slow activating inward current superim-
posed on an instantaneous activating current (Figs 2A
and 3A, Fig. S1). Only when the Ala was inserted
downstream of position 17, the resulting currents were
no longer distinguishable from those of nontrans-
fected cells (Fig. 2A,B). To investigate the lack of cur-
rent in constructs Kcv::GFP-A18 to A32 we examined
fluorescent images of HEK?293 cells expressing these

channel constructs. An example is shown for HEK293
cells, which transiently express Kcv::GFP-A22. These
cells show the same distribution of the fluorescence as
those expressing the wt channel (Fig. S2). The results
of these experiments suggest that an insertion of an
Ala in the upper part of TMDI does not interfere
with channel synthesis, assembly and/or trafficking.
The insertion apparently renders these channels
inactive.

The same sharp transition between active and inac-
tive Kcv channels was confirmed in yeast complemen-
tation assays (Fig. 2C). In this case, yeast mutants
that lack their own K uptake system were transfected
with Kcv-wt and mutants in which an Ala was inserted
between positions 16 and 19 into TMDI. The data
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show that the mutants, Kcv-Al6 and Al7 comple-
mented yeast growth indicating that these channels
were active. The mutants Kcv-Al8 and A19, which
failed to rescue the yeast, also did not generate a cur-
rent in HEK293 cells (Fig. 2A,B). These experimental
results confirm that Ala insertion in the top half of the
TMDI results in nonfunctional channels.

The slow activating inward rectification, which
appeared in mutants that tolerated the Ala insertion, is
typical for Kv-type voltage-dependent inward rectifiers
[21,22]. This is an interesting observation considering
the pore-only nature of Kcv and the absence of any
VSD in this channel. To quantify the voltage depen-
dency of the slow activating mutants we obtained acti-
vation curves from tail currents. Figure 3A shows an
example of the tail currents from mutant Kcv::GFP-
Al17. A HEK293 cell expressing this mutant was
clamped from a holding voltage of 0 mV to test volt-
ages between +60 mV and —140 mV and finally to a
common post voltage at —80 mV. The tail current at
—80 mV was collected 5 ms after the voltage step and
plotted as a function of the conditioning voltage. The
corresponding activation curve (Fig. 4B) can be fitted
by a Boltzmann function in the form

298
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Kev::GFP-A17

Kev::GFP-A16
§>
Kev::GFP-A15
Fig. 2. Current responses of HEK293 cells
Kev:GFP-A14 expressing different constructs in which
an Ala was inserted in TMD1 (A). The
mean steady-state currents (+=SD) evoked

by clamp step to —140 mV in
measurements as in (A) are shown in (B)
for wt channel, mutants as well as for
mock transfected cells. The number of
recordings is shown in brackets. The red
line marks the mean current recorded in
mock transfected cells. (C)
Complementation of growth of yeast
mutants by expression of Kev::GFP-wt and
mutant channels with Ala insertions at
different positions. All yeasts grow on
nonselective medium with 100 mm K*.
Under selective conditions with 0.5 mm K*
only the Kev::GFP-wt channel as well as
Kev::GFP-A16 and A17 are able to rescue

Kcv-A16

Kev-A17

Kcv-A18

Kev-A19

8 growth. Yeast mutants, which express

E Kev::GFP-A18 and A19 did not grow in low
K* medium.

1= (Imax — Ivi)/(l + exp(zF(VUz — V)/RT)) + I (1)

where I, denotes the maximal current, z the gating
charge, V,; the voltage for half maximal current activa-
tion and /; the fraction of voltage-independent currents.
R, T, and F have their usual thermodynamic meanings.
In the present case, a fit yielded a value of —75 mV for
V152, a 0.83 for z and an /,; of —383 pA (Fig. 3B). The
same analysis was performed with the other three con-
structs (A14-16), which generated a slow inward rectifi-
cation (Fig. 3C). The fitting results show that insertion
of Ala in all four positions in TMDI1 elicited the same
parameters V', and z of the A17 construct. Altogether
this suggests that any extension of TMD1 in the critical
region converts the channel into the same type of inward
rectifier. The average voltage dependency of these chan-
nels has a value of z = 0.8 &+ 0.15. This means that the
responsible ‘voltage sensor’ feels nearly the entire elec-
trical field. For comparison, a canonical Kv-type inward
rectifier like KAT1 has a z value of 1.4 [23]. Hence, the
presence of an S4 domain only increases the voltage sen-
sitivity by a factor of two.

To estimate the energy barrier for the slow voltage-
dependent gate we recorded the currents of the

FEBS Letters 591 (2017) 295-303 © 2016 Federation of European Biochemical Societies
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Fig. 3. Activation curve of Kcv::GFP-A17 mutant. (A) Activation of
current by voltage steps from +60 to —140 mV and current
relaxation of tail currents by stepping membrane voltage to
—80 mV. Tail currents from red box, are magnified on the right. (B)
Plot of initial tail currents as a function of the conditioning voltage.
The data were fitted by a Boltzmann function (Eqn 1) yielding a
value of —75 mV for V;, and a value of 0.83 for z. (C) Mean
values + SD for V4, and z for the same analysis of indicated
mutants. The number of cells analyzed is indicated in brackets.

Kcv::GFP-A17 mutant at temperatures between 11 °C
and 37 °C [24]. Typical results for the kinetics of the
slow current from one cell at five different tempera-
tures are reported in Fig. 4A. The data indicate that
slow activation was accelerated by increasing tempera-
tures. To quantify the process, the activation kinetics
was fitted by exponential equations; a single exponen-
tial was sufficient to describe the kinetics of slow cur-
rent activation (Fig. 4A inset). The temperature
dependence of the activation kinetics was analyzed by
an Arrhenius plot (Fig. 4B) showing a linear relation-
ship for current activation recorded in response to
clamp steps from 0 mV to test voltages between
—80 mV and —140 mV. Line fits of the data sets

Voltage dependency of K* channel pore

provide a value for the energy barrier for activation of
26 £ 3 kJmol™' at —80 mV, 36 +£4 at —100 mV,
39+4 at —120mV, and 41 +2kJmol' and
—140 mV and logarithmic pre-exponential factors
(normalized to a standard time unit of seconds) of
134 + 1.2, 18.1 + 1.0, 22.9 + 0.8, and 20.1 + 0.7 at
the respective voltages. The differences in the energy
barrier between the 4 V furthermore indicates that the
energy barrier increased with increasing negative volt-
age (Fig. 4C). If we assumed as an approximation for
the slow gating process a two-state system involving
forward and backward reactions only, then the formal
Arrhenius activation energies would be essentially
given by the faster component (lower activation
energy) only, since the overall kinetic time constant
were under these circumstances given by the sum of
two individual, forward and backward, contributions.
The presence of biphasic current kinetics with an
instantaneous and a slow current component, however,
indicates a more complicated kinetic scheme. As elabo-
rated further in the discussion below, we view the slow
kinetics as a distinct two-state system, which allows us
to draw qualitative conclusions about the microscopic
origin of the observed behavior.

An additional observation was that the slow kinetic
component of the current tends to disappear upon
cooling; this is apparent in the trace recorded at 11 °C
(Fig. 4A). From this behavior, we speculated that the
Kcv::GFP-wt channel may fail to exhibit a slow cur-
rent component in HEK293 cells because of a different
energy barrier. To test this hypothesis we recorded the
currents of Kcv::GFP-wt in HEK293 cells at 21 °C
and at 40 £ 2.5 °C. Figure 5 illustrates typical current
responses of the same HEK293 cell to a voltage step
from 0 to —140 mV at the two temperatures. The data
show that the current at 21 °C responds instanta-
neously to the negative voltage step; it has no apparent
time-dependent component. The same voltage step eli-
cited a smaller instantaneous current at a higher tem-
perature, which then slowly increased toward the
steady-state current measured at room temperature
(Fig. 5). Similar results were obtained in three other
experiments, which showed that an increase in temper-
ature decreased the amplitude of the instantaneous
activating current. The current then increased slowly
toward the steady-state current, which was measured
at low temperature.

Discussion

The main result of our study is that an ion channel,
which consists of nothing more than the canonical
pore module of K* channels [13,14,25], can be

FEBS Letters 591 (2017) 295-303 © 2016 Federation of European Biochemical Societies 299
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Fig. 5. Temperature induced kinetics of Kcv::GFP-wt current.
Current responses of one HEK293 cell expressing Kcv::GFP-wt to
voltage step from 0 mV to —140 mV at room temperature (21 °C,
blue line) and at 40.2 4+ 2.5 °C (red line). The open circles show
normalized mean currents (+SD) at the same voltage step from
measurements in four cells for the instantaneous current and for
the steady-state current. Data were normalized to instantaneous
current measured at room temperature (22.5 + 0.9 °C).

converted from an instantaneous to a slow activating
inward rectifier by the insertion of a single Ala into
TMDI. This supports the view that K" channel pores
have a latent voltage dependency [10,11]. Small
changes, like single amino acid exchanges [10] or, as in
the present case, an insertion of an amino acid, are
sufficient to convert a channel with no apparent volt-
age sensitivity into a voltage-sensitive channel with
slow activation kinetics. It is reasonable to speculate
that these mutations produce changes in Kcv, which
might also occur in other, more complex channels,
such as for instance the voltage-gated K™ channels. In
other words, it is possible that an inherent voltage

—140 -120 —100 -80
V/mV

T of activation (E,) obtained from the
slopes = —E,/R (dotted lines) is shown in
(C) as a function of the clamp voltage.

sensitivity of the channel pore could contribute to the
voltage sensitivity in Kv channels.

These results point to local interactions between the
cluster site within the S6 transmembrane helix and the
base of the pore helix as a key element in coupling K *
and V sensitivity and gating, and they imply a role for
cation occupancy of the channel pore in this process.

Previous computational data have highlighted a
strong mechanical interaction between the short N ter-
minus and the C terminus of the channel [26]. From
molecular dynamic simulations and experimental vali-
dations, it occurred that positively charged amino acids
(K6 and R10) on the N-terminal helix of the Kcv chan-
nel form salt bridges with the negatively charged C-ter-
minus [14,25,27]. In this context, we have previously
demonstrated that salt bridges are important for gating
and that Kcv is conductive only in their presence
because they remove the negatively charged C terminus
out of the conducting pathway as they compete for
binding of the C terminus with the permeant cation. A
channel is only conductive when the salt bridges can
form. In their absence, the negatively charged C termi-
nus strongly interacts with a positively charged K™ ion
thus trapping the channel in a nonconductive state
([14,27] Fig. 6). The present data can be explained in
the context of a modulation of salt bridge dynamics.
The negative charge of the very C terminus of Kcv is,
in the case of Kcv::GFP, substituted by the presence of
an anionic amino acid in the linker that connects Kcv
to GFP (Fig. S3). The insertion of an additional Ala
in TMDI causes a rotation plus a dislocation of the

300 FEBS Letters 591 (2017) 295-303 © 2016 Federation of European Biochemical Societies
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Fig. 6. Proposed model to explain the slow gating. The negative C
terminus of the channel (red) can either complex a K* ion (blue
sphere) or form a salt bridge (dotted line) with cationic amino acids
(blue square) in the short N-terminal cytosolic domain of the
channel. Salt bridge formation opens the channel (left) and
interaction of the C terminus with K* ions interrupts ionic current
(right). In the chimera with GFP the role of the negative carboxyl
terminus is taken over by an anionic amino acid in the linker
between channel and GFP. Inset: Insertion of an Ala (yellow bar)
upstream of Pro13 (kink), which forms the onset of TMD1,
displaces the N terminus downward and turns it by 100°.

N-terminal helix with respect to the C terminus of the
channel (Fig. 6). This displacement of the N-terminal
helix has a negative impact on the stability of the criti-
cal salt bridges in this part of the channel and hence
favors channel closing.

Given the importance of salt bridges for channel
function, we suggest a simple model to explain the
slow gating in the Ala insertion mutant (Fig. 6). The
activity of the channel is determined by forming (k)
and disrupting (k_;) salt bridges at the cytosolic
entrance; channel opening is augmented by their for-
mation and counteracted by their disruption [14,25].
Since the open probability for this channel is low (be-
low 5%, [15]), we generally have k; < k_;. In this
case, the formal ‘effective’ Arrhenius activation energy
(as analyzed according to Fig. 4) is given by

Ea,eff = klEal,(ll‘:_];;leafl ~ Ly - (2)
that is, corresponding essentially to the closing process.
We can therefore hypothesize that the rate with which
the channel state switches is determined by the kinetics
related to the breaking of the salt bridges. This view is
supported by the experimental data as an effective acti-
vation energy on the order of 26-40 kJ-mol~' was
revealed by the Arrhenius plot in Fig. 4B. This value is
close to 30 kJ-mol™', which is required to break salt
bridges in the tertiary and quaternary structure of pro-
teins [28]. The fact that this activation energy increases
with hyperpolarizing voltages (Fig. 4C) implies that the
underlying process, for example, the opening of salt
bridges becomes more difficult at negative voltages.

Voltage dependency of K* channel pore

The electrical field presumably stabilizes the salt bridge
interactions indirectly by increasing the barrier height,
near which the distance between salt bridge partners
must be increased compared to the bound state. The
transition state becomes more solvent-separated ‘ion
pair’-like compared to the compact dipole formed
within the bridge, and therefore more susceptible to the
effect of an external field. Indeed, it has been shown
that the hydration free energy of an ion increases with
larger field strength [29] and it can be expected that this
effect is less pronounced for dipole—solvent interac-
tions. Ultimately, molecular simulations will be neces-
sary to elucidate the detailed microscopic origin.

A further indication of the relevance of salt bridge
dynamics for the observed kinetics is provided by anal-
ysis of the Arrhenius prefactors, which can be inter-
preted as an effective upper limit for the ‘attempt’
frequencies to pass a barrier. Ignoring the somewhat
outlying data at —80 mV, which suffers from severe
noise, the average yields around 7.5 x 107 s~'. This
value lies within an order of magnitude in the range of
experimentally observed infrared-spectral signature of
salt bridge flips. The latter are found around
2200 cm ™', corresponding to a characteristic frequency
of 1.4 x 107 s~' [30].

The interpretation of gating on the basis of salt
bridge dynamics is interesting in the context of the
voltage dependency of the channel pore. Kcv has no
obvious voltage sensor; the TMD1s contain only two
cationic amino acids, which are in the electrical field
(Fig. S3). Since one of them, K29, was already neutral-
ized without any effect on channel gating [20], the pre-
sent data suggest that other structures must serve as a
voltage sensor. One possibility is that the salt bridges
themselves are part of voltage sensing. The closed salt
bridge will form a dipole, which is at the edge of the
electrical field. This dipole may sense a sufficient frac-
tion of the electrical field for destabilizing the salt
bridges and hence closing the channel at positive volt-
age. An even larger impact will have the free charges
of the open salt bridges in sensing voltage. From the
present results we are not able to judge if the salt
bridges are able to sense enough of the electrical field
to explain the steep voltage dependency of gating. As
an alternative it is also possible that the selectivity fil-
ter is, like in K2P channels [11], responsible for the
voltage dependency. The filter, which presumably
experiences the largest voltage drop, could be coupled
via long-range interactions with the gate at the cytoso-
lic entry; such a coupling has been proposed for the
gating of the KcsA channel [31]. Further kinetic analy-
sis will be necessary to shed more light on the micro-
scopic details.
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Supporting information

Additional Supporting Information may be found
online in the supporting information tab for this article:
Fig. S1. I/V curves of Kcv::GFP-wt channel and
mutants with Ala insertions.

Fig. S2. Confocal images of HEK293 cells expressing
GFP-tagged Kcv::GFP-wt channel (left) and Kcv::
GFP-A22 mutant (right).

Fig. S3. Amino acid sequence Kcv::GFP highlighting
cationic (red) and anionic (blue) amino acids outside
and inside (gray bars) of transmembrane domains of
the channel.
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