
Abstract Internal Mg2+ blocks many potassium

channels including Kv1.5. Here, we show that internal

Mg2+ block of Kv1.5 induces voltage-dependent cur-

rent decay at strongly depolarised potentials that con-

tains a component due to acceleration of C-type

inactivation after pore block. The voltage-dependent

current decay was fitted to a bi-exponential function

(sfast and sslow). Without Mg2+, sfast and sslow were

voltage-independent, but with 10 mM Mg2+, sfast de-

creased from 156 ms at +40 mV to 5 ms at +140 mV

and sslow decreased from 2.3 s to 206 ms. With Mg2+,

tail currents after short pulses that allowed only the

fast phase of decay showed a rising phase that reflected

voltage-dependent unbinding. This suggested that the

fast phase of voltage-dependent current decay was due

to Mg2+ pore block. In contrast, tail currents after

longer pulses that allowed the slow phase of decay

were reduced to almost zero suggesting that the slow

phase was due to channel inactivation. Consistent with

this, the mutation R487V (equivalent to T449V in

Shaker) or increasing external K+, both of which re-

duce C-type inactivation, prevented the slow phase of

decay. These results are consistent with voltage-

dependent open-channel block of Kv1.5 by internal

Mg2+ that subsequently induces C-type inactivation by

restricting K+ filling of the selectivity filter from the

internal solution.
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Introduction

Internal Mg2+ is a well-characterised blocker of K+

channels. Outward movement of K+ in inward rectifier

channels is impeded by internal Mg2+ (Horie et al.

1987; Matsuda et al. 1987; Vandenberg 1987), but a

number of voltage-gated channels are also sensitive to

internal Mg2+. Outward currents through the Shaker

channel (Harris and Isacoff 1996) as well as members

of the mammalian Kv1 family, such as Kv1.1, Kv1.2,

Kv1.4, Kv1.5 and Kv1.6 (Ludewig et al. 1993; Gomez-

Hernandez et al. 1997; Tammaro et al. 2005), are

inhibited by internal Mg2+. Both Kv3 and Kv2.1

channels show inward rectification properties in the

presence of internal Mg2+ (Rettig et al. 1992; Lopatin

and Nichols 1994) and some K+ channels are also

sensitive to external Mg2+, albeit to a much smaller

degree (Biermans et al. 1987; Elinder et al. 1998). In all

these cases, reduction of current flow is thought to

reflect direct pore blockade and/or charge screening by

Mg2+, but in none of these instances has promotion of

C-type inactivation been suggested as a mechanism of

enhanced current decay.

Internal Mg2+ binding is voltage-dependent and

induces a rapid, open-channel flickery block (Horie

et al. 1987; Matsuda et al. 1987) that is relieved by

external K+, which competes with Mg2+ at its site of

block (Horie et al. 1987; Matsuda 1991). Other inter-

nal divalent cations, such as Ca2+ and Sr2+ (Armstrong

and Palti 1991) as well as Ba2+ (Armstrong and Taylor

1980; Eaton and Brodwick 1980), cause voltage-

dependent block of K+ current. A number of other
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studies have suggested that some large organic cations

applied intracellularly can also cause a flickery open

channel block of K+ channels (e.g. quinidine (Fedida

1997)). However, in these cases, the mechanism of

block by the cations is proposed to be more complex.

The N-terminal domain of some K+ channels (Choi

et al. 1991; Demo and Yellen 1991; Hoshi et al. 1991)

and quaternary ammonium (QA) ions are thought

to impede K+ conduction by entering the inner vesti-

bule of the open channel pore, perhaps as deeply as

the internal entrance to the selectivity filter (Choi

et al. 1991; del Camino et al. 2000; Thompson and

Begenisich 2001, 2003; Zhou et al. 2001). Binding of

the N-terminal domain or an internal QA ion within

the internal pore not only directly impedes K+ flux

but, as a consequence, also greatly enhances C-type

inactivation (Baukrowitz and Yellen 1996b). Some

QA ions also act allosterically to enhance C-type

inactivation (Baukrowitz and Yellen 1996a), as does

quinidine (Wang et al. 2003).

C-type inactivation involves a highly cooperative or

concerted constriction of the outer mouth of the pore

and is sensitive to mutation of residues within the outer

pore mouth as well as the presence of K+ within the

pore such that if K+ is absent the rate of C-type inac-

tivation is enhanced (Lopez-Barneo et al. 1993; Yellen

et al. 1994; Ogielska et al. 1995). We use the term C-

type inactivation here as a simplified term to describe

the complex process of slow inactivation, which is

thought to be due to a collapse of the pore (P-type

inactivation; De Biasi et al. 1993) followed by stabili-

sation of the voltage sensor in the outward position

resulting in charge immobilisation (C-type inactivation;

Chen et al. 1997; Olcese et al. 1997; Loots and Isacoff

2000). Channel block, N-type inactivation, and C-type

inactivation can be coupled processes because the on-

set of these blocking processes accelerates the rate of

C-type inactivation (Baukrowitz and Yellen 1995;

Rasmusson et al. 1995). This is thought to arise because

binding of drugs or the N-terminal inactivation domain

within the internal pore restricts the K+ flux from the

internal solution to the selectivity filter and, by

decreasing the occupancy of a K+ binding site near the

outer pore mouth, promotes constriction of the pore

(Baukrowitz and Yellen 1995).

In the present study, we have asked whether any

aspect of the inhibition of Kv1.5 channels at depolar-

ised potentials by internal Mg2+ could be attributable

to the acceleration of C-type inactivation once the pore

was blocked. The presence of internal Mg2+ was asso-

ciated with a voltage-dependent decay of current that

could be fitted with two exponential phases. The fast

phase was attributed to rapid Mg2+ block of the

channel, whilst the slower phase represented enhanced,

indirectly voltage-dependent C-type inactivation. We

propose a mechanism in which occlusion of the open

channel by internal Mg2+ block restricts K+ occupancy

of the selectivity filter from the internal side of the

membrane, and promotes C-type inactivation.

Materials and methods

Molecular biology and cell preparation

Experiments were performed using wild-type or

mutant human Kv1.5 channels inserted into the

pcDNA3 vector. The R487V point mutation was gen-

erated using the Quikchange
TM

site-directed PCR

mutagenesis kit (Stratagene, La Jolla, CA, USA).

Stable transfections of HEK293 or mouse ltk-cells with

wild-type or R487V cDNA and a selection marker

for antibiotic resistant growth in G418 sulphate were

made using Lipofectamine 2000 reagent (Invitrogen,

Carlsbad, CA, USA) in a 1:3 (cDNA:Lipofectamine)

ratio. Cells were cultured in MEM nutrient mixture

supplemented with 10% foetal bovine serum,

10,000 units/ml penicillin G, 10,000 lg/ml streptomycin

sulphate, 25 lg/ml amphotericin B and 0.5 mg/ml G418

sulphate at 37�C in 95% air and 5% CO2. G418 sul-

phate (Invitrogen; 0.5 mg/ml) was added 48 h after

transfection. Approximately 1 · 105 cells were seeded

onto glass cover slips 24 h prior to experiments. All cell

culture reagents were obtained from Invitrogen

(Mississauga, ON, Canada).

Electrophysiology

Currents were recorded using whole-cell, outside-out

or inside-out patch clamp configurations. In all cases,

microelectrodes with a resistance of 1.5–3 MW were

used. Pipette filling solutions varied according to each

experiment. For whole-cell and outside-out patch

recordings, the pipette contained (mM): 130 KCl, ten

HEPES, ten EGTA and 0, 0.1, 0.3, 1, 3 or 10 free

MgCl2 titrated to pH 7.4 using KOH. Free Mg2+ con-

centrations were calculated using MaxChelator 2004

(obtained at http://www.stanford.edu/~cpatton/maxc.

html). For inside-out patch recordings, the pipette

contained (mM): 143.5 NaCl, ten HEPES, two CaCl2,

one MgCl2, and five glucose (titrated to pH 7.4 using

NaOH). This solution was also used as bath solutions

for whole-cell and outside-out patch recordings. For

inside-out patch recordings, the bath solution con-

tained 170 KCl, ten HEPES and 0, 0.1, 0.3, 1, 3 or 10

free MgCl2 (titrated to pH 7.4 using KOH). Membrane
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currents were recorded using an Axopatch 200A

amplifier (Axon Instruments, Union City, CA, USA)

with computer driven protocols (pClamp8 software

and Digidata 1200B interface, Axon Instruments) or

with an EPC-7 patch-clamp amplifier and Pulse +

PulseFit software (HEKA Electronik, Lambrecht,

Germany). Currents were sampled at 10 kHz and

filtered at 2–3 kHz. Whenever possible, leak subtraction

was performed using a -P/4 protocol from a holding

potential of –80 mV. It was not practical to use leak

subtraction with protocols involving pulses longer than

400 ms. Experiments were performed at 20–25�C.

Mean ± SEM and n values are shown.

Results

Internal Mg2+ causes voltage-dependent decay

of Kv1.5 current

Figure 1 shows whole-cell Kv1.5 currents recorded

during 400 ms voltage clamp pulses from –80 to

+200 mV from a holding potential of –80 mV with

internal Mg2+ concentrations ranging from 0 to 10 mM.

At strongly depolarised potentials, internal Mg2+

caused a reduction in peak current and a prominent

decay of current that could be fitted to a double

exponential function (sfast and sslow). To show the fast

phase of decay and the effect of Mg2+ on the peak

current more clearly, the insets in Fig. 1 shows the

current during the first 20 ms of each pulse. Figure 2a,

b shows mean data for the effect of Mg2+ on the volt-

age-dependence of Kv1.5 current decay. Currents were

recorded during 400 ms or 5 s pulses to obtain good fits

of sfast and sslow. In the absence of Mg2+, both phases of

decay were voltage-independent: at +40 and +140 mV,

sfast was 244 ± 32 and 206 ± 48 ms, respectively, and

the corresponding values for sslow were 2.6 ± 0.2 and

3.3 ± 0.9 s (Fig. 2a, b; n = 3–7; not significant (NS),

ANOVA). It was not possible to apply pulses long

enough (>400 ms) to obtain reliable fits at potentials

greater than +140 mV. In contrast, in the presence of

10 mM Mg2+, both phases showed clear voltage-

dependence: sfast was 156 ± 16 and 5.4 ± 1.1 ms and

sslow was 2.3 ± 0.4 s and 206 ± 11 ms at +40 mV and

+140 mV, respectively (Fig. 2a, b; n = 6; P < 0.001,

ANOVA). Because of the faster decay, it was possible

to obtain good fits for sfast and sslow up to +200 mV

from 400 ms pulses; at +200 mV with 10 mM Mg2+,

sfast was 1.1 ± 0.1 ms and sslow was 61 ± 31 ms (n = 3).

The enhancement of the decay rate was correlated with

an increase in the amplitudes of each phase. Without

Mg2+, the contributions of the current decay due to

both the fast (afast) and slow (aslow) components were

voltage-independent; at +40 and +140 mV afast was

0.36 ± 0.03 and 0.35 ± 0.07, respectively (n = 6; NS,

Fig. 1 Mg2+ causes voltage-dependent decay of Kv1.5 current.
Typical leak-subtracted whole-cell current traces recorded
during 400 ms voltage clamp pulses from 0 to +200 mV in
40 mV increments (holding potential = –80 mV) with the indi-
cated internal Mg2+ concentration. Insets show the same currents
on an expanded time scale to show the effect of Mg2+ on the fast

phase of decay and on peak current. Each set of records is from a
different cell. The decay of current at extreme depolarisation in
the absence of internal Mg2+ may be due to the presence of the
pH buffer HEPES (Guo and Lu 2002). In this and subsequent
figures, the voltage protocol used to record currents is shown as
an inset
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ANOVA), and the corresponding values for aslow were

0.09 ± 0.02 and 0.09 ± 0.02 (n = 6; NS, ANOVA). In

contrast, with 10 mM Mg2+ afast increased from

0.37 ± 0.03 to 0.56 ± 0.05 (n = 6; P < 0.01, ANOVA)

and aslow increased from 0.13 ± 0.01 at +40 mV to

0.26 ± 0.03 at +140 mV (n = 3–7; P < 0.001, ANO-

VA). These data show that whilst inactivation is largely

voltage-independent in the absence of Mg2+, the

presence of Mg2+ confers a marked voltage-depen-

dence to the current decay. We therefore performed

experiments to understand the basis for the two com-

ponents of current decay.

The fast phase of current decay

Recently, Tammaro et al. (2005) showed that internal

Mg2+ inhibits Kv1.5 channels. These authors showed

that internal Mg2+ shifted the voltage-dependence of

activation as a result of a charge screening effect, but

also reduced current amplitude at potentials at which

the open probability was maximal (0 to +70 mV). This

suggests that Mg2+ may directly block the channel. We

therefore reasoned that the fast phase of current decay

shown in Fig. 1 at strongly depolarised potentials might

represent voltage-dependent block of the pore by

internal Mg2+. To test this, we measured tail current

characteristics following depolarising pulses of differ-

ent duration. Figure 3 shows typical whole-cell current

traces recorded during 5, 10, 50, 100 and 200 ms pulses

from –80 to +180 mV (holding potential –80 mV) in

the absence and presence of 10 mM Mg2+. Tail cur-

rents at –50 mV following pulses to +100 and +180 mV

are expanded in the insets to show channel deactiva-

tion. In the absence of Mg2+, tail currents following

pulses to +100 and +180 mV were indistinguishable

from one another regardless of the pulse duration. In

contrast, the presence of internal Mg2+ significantly

altered tail current characteristics. Tail currents fol-

lowing a 5 ms pulse to +180 mV, which allowed the

fast, but not the slow, phase of current decay to occur,

were similar to those following a 5 ms pulse to

+100 mV except for a prominent rising phase. Since

current decay was prominent during a pulse to

+180 mV, but was minimal at +100 mV, this suggests

that the rising phase of tail currents represents ‘‘un-

block’’ and that Mg2+ block accounts for the fast phase

of decay. As the pulse duration was increased to allow

the slow phase of current decay to develop, tail cur-

rents following a +180 mV pulse were reduced and

were almost absent following a 200 ms pulse. This is

shown more clearly by the data in Fig. 4a, which shows

normalised tail current amplitudes following pulses of

different duration to a range of potentials in the ab-

sence and presence of Mg2+. Without Mg2+, tail current

amplitude was not very sensitive to pulse duration and

was only slightly reduced following 400 ms pulses to

strongly depolarised potentials (i.e. +160 and

+180 mV). However, with 10 mM Mg2+, the peak of

the tail current was very sensitive to pulse duration;

following a 400 ms pulse to +180 mV, tail current

amplitude was reduced to 26 ± 6 % of the value

following a pre-pulse to +40 mV (n = 6). This suggests

that with 10 mM Mg2+, the majority of channels en-

tered the inactivated state during the pulse and did not

recover from inactivation prior to deactivating (see

below). In contrast, the peak of the tail current fol-

lowing a 10 ms pulse to +180 mV was largely

unchanged (the peak of the tail current following a

400 ms pulse to +180 mV was 90 ± 2% of the value at

+40 mV; n = 5).

Fig. 2 Mg2+-induced current decay is biexponential. a and b
mean time constants for the fast (a, sfast) and slow (b, sslow)
phases of current decay with different internal Mg2+ concentra-
tions plotted against membrane potential recorded in the whole-
cell configuration such as in Fig. 1 (n = 3–11). To optimise curve
fitting to the two components, currents were recorded during
either 400 ms or 5 s pulses
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Comparison of tail currents following a 5 ms pulse

to +180 mV in the absence and presence of Mg2+

(Fig. 4b) shows further evidence that Mg2+ is an open

channel blocker of the Kv1.5 pore. In the presence of

Mg2+, tail currents showed a prominent rising phase

and a slower decay, which are features that reflect a

rapid unblock prior to channel closure and a slower

time course of closing. Figure 4c shows the time con-

stant of deactivation in the absence and presence of

Mg2+. Ten millimolar Mg2+ slowed the time constant of

channel closing approximately twofold from 19 ± 2 to

42 ± 7 ms (n = 5–8; P < 0.01, t-test).

Raising the external K+ concentration relieves

internal Mg2+ block of potassium channels by com-

peting with the blocking ion (Horie et al. 1987; Mat-

suda 1991; Harris and Isacoff 1996). Figure 5a shows

typical currents recorded from the same cell during a

15 ms pulse to +180 mV (following a 10 ms pulse to

+50 mV to open the channels) in the presence of

10 mM internal Mg2+ and the indicated external con-

centration of K+. Increasing the concentration of

external K+ slowed and reduced the extent of the fast

phase of decay in the presence of internal Mg2+. This is

shown more clearly in Fig. 5b, c, which show, respec-

tively, mean data for the time constant and fractional

amplitude of the fast phase of decay over a range of

potentials. The values for sfast differ from those re-

ported in Fig. 2a because here they were measured

Fig. 3 Tail current kinetics
reveal properties of the Mg2+-
induced current decay.
Typical current traces
recorded in the absence and
presence of 10 mM Mg2+

during 5, 10, 50, 100 or 200 ms
voltage clamp pulses from –20
to +180 mV in 40 mV
increments (holding
potential = –80 mV). Insets
show tail currents following
pulses to +100 and +180 mV
with expanded time and
current scales. In this and
subsequent figures, the dotted
line denotes the zero current
level
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following a pre-pulse to +50 mV that allowed channel

opening prior to stepping to the test potential. This was

not the case in Fig. 2a where the Mg2+ blocking time

course appears slower because channels must open

before block can proceed. The rightward shift of the

fractional amplitude curve with increasing external K+

(Fig. 5c) suggests that there is an antagonistic interac-

tion between K+ and Mg2+. Although the slow phase

was also sensitive to the external K+ concentration (see

below), it is unlikely to contribute significantly in these

experiments given the brevity (15 ms) of the voltage

pulse. Taken together, the observations in Figs. 3, 4

Fig. 4 The fast phase of
current decay is due to Mg2+

block of the open pore. a
mean normalised tail current
amplitudes following pulses
of different duration plotted
against the membrane
potential in the absence and
presence of 10 mM Mg2+.
Peak tail current amplitudes
are normalised to the
maximal peak tail current, b
typical tail currents recorded
in the absence and presence
of 10 mM Mg2+ following a
5 ms pulse to +180 mV
showing the prominent rising
phase and slowed closure in
the presence of Mg2+ and
c mean time constants of
deactivation in the absence
and presence of 10 mM Mg2+

measured from currents such
as those shown in b

Fig. 5 Raising the external
K+ concentration relieves
internal Mg2+ block. a Typical
current traces recorded from
the same cell during a 15 ms
pulse to +180 mV (following
a 10 ms pulse to +50 mV to
open the channels; not
shown) in the presence of
10 mM internal Mg2+ and the
indicated external
concentration of K+. Each
current trace is normalised
with respect to its peak, b and
c mean time constants (b) and
fractional amplitudes (c) for
the fast phase of decay over a
range of potentials with
different external K+

concentrations (n = 3–9)

28 Eur Biophys J (2006) 36:23–34

123



and 5 strongly suggest that the fast phase of current

decay is due to voltage-dependent block of open

channels by internal Mg2+.

Since the current traces shown in Fig. 1 probably

reflect channels that are rapidly blocked upon opening,

calculation of the binding affinity from the reduction of

peak current amplitude is precluded. Therefore, we

performed another set of experiments to investigate

the characteristics of Mg2+ block. Figure 6a shows

typical current traces recorded from the same inside-

out patch using 0.1 or 10 mM internal Mg2+ during

10 ms pulses to +40 mV immediately followed by

15 ms test pulses from –40 to +200 mV. By using a

10 ms pre-pulse to +40 mV, we could measure Mg2+

block of open channels without interference from

channel activation. Current at the end of the 15 ms test

pulse was used to construct the current–voltage rela-

tionships shown in Fig. 6b. Data points were fitted with

the equation:

IðV; ½Mg2þ�Þ ¼ ð0:20þ 0:00395VÞ=ð1þ ½Mg2þ�=
ðKDð0 mVÞ expð�zdFV=RTÞÞÞ ; ð1Þ

where V is the membrane voltage, z the valence (i.e. 2),

KD (0 mV) the dissociation constant for Mg2+ at 0 mV,

d the fractional electrical distance of the Mg2+ binding

site, and F, R and T have their usual meaning. KD

(0 mV) and d values were 1.5 ± 0.5 M and 0.47 ± 0.02,

respectively, at 1 mM Mg2+ and the corresponding

values at 10 mM Mg2+ were 0.8 ± 0.3 M and

0.45 ± 0.04 (n = 3–4).

Recovery from inactivation

Since Mg2+ had profound effects on the decay of Kv1.5

current, it was important to understand the effects of

internal Mg2+ on the recovery from inactivation. Fig-

ure 7a shows typical current traces recorded in the

absence and presence of 10 mM Mg2+ during a modi-

fied protocol to measure the time course of recovery of

Kv1.5 channels from inactivation. Due to patch insta-

bility at extreme depolarisations, currents were re-

corded during an initial 20 ms test pulse to +40 mV

(marked by the arrow) followed by a conditioning

pulse and then 20 ms test pulses to +40 mV following

different intervals at –80 mV. In an attempt to stan-

dardise the proportion of channels entering the inac-

tivated state, the conditioning pulse was a 5 s voltage

step to +60 mV in the absence of Mg2+ and a 600 ms

voltage step to +180 mV in the presence of 10 mM

Mg2+. This approach was only partly successful due to

the rapid decay of current with 10 mM Mg2+. Figure 7b

shows the mean time course of recovery of Kv1.5

channels from inactivation in the absence and presence

of 10 mM Mg2+. In both cases, recovery was fitted to a

double exponential function (s1 and s2). With 10 mM

Mg2+ there was no effect on either the time constant or

Fig. 6 Mg2+ sensitivity of
wild-type Kv1.5. a Currents
recorded from the same
inside-out patch with 0, 1 or
10 mM internal Mg2+ during a
10 ms voltage pulse to
+40 mV followed
immediately by 15 ms pulses
from –40 to +200 mV, b mean
current at the end of the
15 ms pulse normalised to the
peak current at +200 mV in
the absence of Mg2+ and
plotted against membrane
potential with a range of
internal Mg2+ concentrations.
Data were fitted with (1). The
KD (0 mV) and d values for
1 mM Mg2+ were 1.5 ± 0.5 M
and 0.47 ± 0.02, respectively,
and the equivalent values for
10 mM Mg2+ were
0.8 ± 0.3 M and 0.45 ± 0.04
(n = 3–4)
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contribution of either phase of recovery from inacti-

vation: in the absence and presence of 10 mM Mg2+, s1

was 1.1 ± 0.2 and 1.2 ± 0.1 s, respectively, and the

corresponding values for s2 were 10.7 ± 1.1 and

10.2 ± 0.3 s (n = 5; NS, t-test). These data suggest that

the time course of recovery in the presence of Mg2+

reflects the transition of channels from the same inac-

tivated states as in the absence of Mg2+ rather than a

slow recovery from Mg2+ block.

The slow phase of current decay

The experiments in Figs. 3, 4 and 5 suggest that the

fast phase of decay in the presence of internal Mg2+

represents fast open channel block of the pore. Tam-

maro et al. (2005) suggested that Mg2+ block might

induce inactivation of Kv1.5. In order to test this and to

understand the mechanistic basis of the slow phase of

decay, we investigated the effect of internal Mg2+ on

the slow phase using manipulations known to affect

C-type inactivation. Figure 8a shows typical current

traces recorded from mutant Kv1.5 channels in which

the R487 residue at the outer mouth of the pore was

replaced with a valine residue (R487V). Mutation of

the equivalent residue in the Shaker channel has been

shown to abolish C-type inactivation (Lopez-Barneo

et al. 1993) and the R487V mutation in Kv1.5

dramatically inhibits inactivation of Na+ current

(Wang et al. 2000). Na+ permeation of the channel

(Fedida et al. 1999). Currents were recorded in the

absence and presence of 10 mM Mg2+ during 400 ms

voltage pulses from –80 to +200 mV. The R487V

mutation reduced the effect of 10 mM Mg2+ to

such an extent that it was not possible to obtain reliable

fits of the slow phase of current decay during 400 ms

pulses. Figure 8b shows, on an expanded scale, the

pulse current decay after fast block by 10 mM Mg2+

had reduced current by approximately 90% (percent-

age current reduction was measured in relation to

the maximal observed current, therefore, this may be

an underestimate due to block by Mg2+ at lower

potentials). Following Mg2+ block, inactivation is

enhanced in the wild-type channel, as shown above,

but this is abolished in the R487V mutant channel

Fig. 7 Internal Mg2+ has no effect on recovery from inactivation.
a Typical traces recorded in the whole-cell configuration with 0
or 10 mM internal Mg2+ during a modified recovery from
inactivation protocol. Currents were recorded during a 20 ms
pre-pulse to +40 mV that was followed immediately by a
conditioning pulse to +60 mV for 5 s (with 0 mM Mg2+) or to
+180 mV for 600 ms (with 10 mM Mg2+) and then 20 ms test
pulses to +40 mV following intervals of 0.1, 0.32, 0.74, 1.76, 3.8,

8.7, 16.9 and 33.1 s at –80 mV. It was assumed that each test
pulse did not induce further inactivation. Dashed lines show a bi-
exponential fit of the data. Arrows mark current amplitude
during the +40 mV prepulse, b mean time course of the recovery
from inactivation in the absence and presence of Mg2+. Solid
lines describe fits of the data using two exponential functions
with time constants, s1 and s2. The inset shows the values for s1

and s2 with and without Mg2+ (n = 4)
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(Fig. 8b). Interestingly, the R487V mutation enhanced

Mg2+ binding. With 10 mM Mg2+, KD (0 mV) and d
values for the mutant channel were 19 ± 1 mM and

0.35 ± 0.01, respectively, compared with 830 ± 350 mM

and 0.45 ± 0.04, respectively, for the wild-type channel.

Figure 8c shows that inhibition of C-type inactivation by

raising the external K+ concentration (Lopez-Barneo

et al. 1993) also abolished the enhancement of inacti-

vation following approximately 90% block by 10 mM

Mg2+. Since the extent of Mg2+ block was sensitive to

the external K+ concentration (Fig. 5), inactivation

in Fig. 8c was measured during pulses to +180 mV.

Figure 5c shows that the effect of external K+

(0–10 mM K+) on the extent of block was minimal at

this potential. Data with 140 mM K+ are shown for

reference only since they represent inactivation fol-

lowing significantly less block than with other K+

concentrations (Fig. 5c). These data show that the

enhanced slow phase of decay following Mg2+ block

represents enhanced C-type inactivation.

Baukrowitz and Yellen (1996b) previously showed

that block of the Shaker channel by internal TEA+

derivatives enhanced inactivation by impeding internal

K+ access to the selectivity filter thereby indirectly

promoting collapse of the outer pore. Additionally, the

ability of the blocking ion to induce inactivation was

shown to be dependent on its dwell time (Baukrowitz

and Yellen 1996b). Figure 8d shows typical current

traces recorded from mutant Kv1.5 channels in which

the residue V481 at the base of the selectivity filter was

replaced with a leucine residue (V481L). Mutation of

the equivalent residue in the Kv3.1 channel has been

shown to significantly reduce the dwell time of Mg2+ at

its block site (Harris and Isacoff 1996). Currents in

Fig. 8d were recorded in the presence of 10 mM Mg2+

during 200 ms voltage pulses from –80 to +200 mV.

Similar to the effect of the R487V mutation (Fig. 8a),

the V481L mutation reduced the effect of Mg2+ on the

slow phase of current decay. Figure 8b shows the cur-

rent decay of V481L channels after fast block by 10 mM

Mg2+ had reduced current by approximately 90%. The

V481L mutant channel abolished the Mg2+-induced

inactivation without affecting C-type inactivation; in the

absence of Mg2+, the time constants of the two phases of

inactivation, sinact,fast and sinact,slow, were 413 ± 124 ms

and 2.6 ± 0.7 s, respectively compared with corre-

sponding values of 281 ± 46 ms and 2.4 ± 0.3 s in the

wild-type channel (n = 6–11; t-test, NS).

Fig. 8 The slow phase of current decay following Mg2+ block is
due to enhanced C-type inactivation. a Typical current traces
recorded from R487V mutant channels in the presence of 10 mM
Mg2+ during 400 ms voltage clamp pulses (as in Fig. 1) from 0 to
+200 mV in 40 mV increments (holding potential = –80 mV), b
typical currents recorded from wild-type, R487V and V481L
mutant channels showing inactivating current following approx-
imately 90% block by Mg2+ and c typical currents recorded from

wild-type channels in the presence of the indicated external K+

concentration showing inactivating current following approxi-
mately 90% block by Mg2+. Block was significantly less with
140 mM K+ (see text) and d typical current traces recorded from
V481L mutant channels in the presence of 10 mM Mg2+ during
200 ms voltage clamp pulses from –80 to +200 mV in 40 mV
increments (holding potential = –80 mV). For each panel,
similar recordings were obtained from 4 to 8 other cells
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Discussion

In the present study, we demonstrate that internal

Mg2+ causes a voltage-dependent biphasic decay of

Kv1.5 current at strongly depolarised potentials. We

show that the fast phase of current decay represents

voltage-dependent binding of Mg2+ within the open

channel pore, whilst the slow phase represents C-type

inactivation that is induced by Mg2+ block of the

channel. We explain these data based on a previous

model (Baukrowitz and Yellen 1995, 1996b) that sug-

gests that binding of the N-terminal inactivation

domain or an internal QA ion enhances C-type inac-

tivation by restricting the flux of internal K+ to the

selectivity filter therefore promoting collapse of the

outer pore.

Internal Mg2+ rapidly blocks the open Kv1.5

channel

The fast phase of decay was enhanced approximately

150-fold at +200 mV compared to that at +40 mV in

10 mM Mg2+ (Fig. 2a, b) and we propose that this re-

flects voltage dependent Mg2+ block of the channel.

Consistent with this, tail currents in the presence of

Mg2+ revealed that channels were not inactivated fol-

lowing short pulses (Fig. 3) and showed a relief from

block and slowed channel closure (Figs. 3, 4b, c). The

slower deactivation rate (at –50 mV) with Mg2+ may

represent the balance between Mg2+ unbinding and

channel closure; alternatively, it may be the result of a

charge screening effect due to Mg2+ as has been shown

to occur in Kv1.5 (Tammaro et al. 2005). These authors

showed that the open probability of Kv1.5 channels at

–40 mV was significantly higher in the presence than in

the absence of 10 mM Mg2+, which is consistent with

the slowed channel closure seen in the present study

(Fig. 4b). Furthermore, just as Mg2+ block of inwardly

rectifying channels was relieved by raising external K+

(Matsuda 1991), increasing extracellular K+ reduced

the effect of Mg2+ on the amplitude and decay rate of

the fast phase of current decay (Fig. 5). This is con-

sistent with a competitive inhibition of Mg2+ block by

external K+. These data strongly suggest that the fast

phase of current decay is due to voltage-dependent

open channel block of the pore by Mg2+.

Internal Mg2+ block induces enhanced C-type

inactivation

Following activation, Kv1.5 current decays as channels

slowly enter the C-type inactivated state, a process that

involves constriction of the outer pore, and which is

dependent on evacuation of K+ from the selectivity

filter (Lopez-Barneo et al. 1993; Yellen et al. 1994;

Ogielska et al. 1995). In the absence of Mg2+, the slow

phase of Kv1.5 current decay was voltage-independent

(Fig. 2a, b), as has been reported for Shaker channels,

but in the presence of 10 mM Mg2+ the slow phase was

accelerated approximately 40-fold during a strong

depolarisation (Fig. 2a, b).

Consistent with the notion that the enhanced slow

phase may be due to enhancement of C-type inacti-

vation as the pore is blocked, reduction or abolition of

C-type inactivation by either raising the external K+

concentration or the R487V mutation abolished the

voltage-dependent enhancement of the slow phase

following Mg2+ block (Fig. 8a–c). Raising external K+

to 140 mM increases the probability of K+ coordina-

tion within the selectivity filter so that collapse of the

pore is hindered and therefore C-type inactivation is

slowed. Given that when C-type inactivation was

abolished, Mg2+ block was no longer associated with an

enhanced slow phase of decay, these data strongly

suggest that the voltage-dependent slow phase of cur-

rent decay observed following Mg2+ block of the

channel is due to enhanced C-type inactivation.

Interestingly, the R487V mutation enhanced Mg2+

binding. The KD (0 mV) value for the mutant channel

was reduced by ~40-fold. Mutation of the equivalent

residue in the Kv1.4 channel (K533Y) caused a ~30-

fold decrease in the KD for Mg2+ block (Ludewig et al.

1993). Figure 8a shows that the fast phase of current

decay was abolished by the R487V mutation. The

abolition of the fast phase of current decay in the

R487V mutation (Fig. 8a) is consistent with a faster on

rate (kon) for Mg2+ block.

Baukrowitz and Yellen (1995, 1996b) described a

model in which occlusion of the inner pore, either by

the N-terminal inactivation domain or a QA ion, en-

hanced C-type inactivation by preventing K+ efflux

from the intracellular solution and thereby speeded C-

type inactivation. This is consistent with studies that

suggest that the inactivation domain and QA ions may

enter the open channel as deeply as the base of the

selectivity filter (Choi et al. 1991; del Camino et al.

2000; Thompson and Begenisich 2001, 2003; Zhou et al.

2001). We suggest that a similar model describes the

enhanced inactivation following internal Mg2+ block of

the Kv1.5 channel. The mutation equivalent to V481L

in the Kv1.5 channel reduces the dwell time of Mg2+ at

its binding site in the Kv3.1 channel by approximately

fourfold at +140 mV (Harris and Isacoff 1996). In a

model of QA block of Shaker (Baukrowitz and Yellen

1996b), QA ions with shorter dwell times, such as

TEA+, did not induce inactivation because they did not

32 Eur Biophys J (2006) 36:23–34
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restrict K+ flux for long enough to initiate collapse of

the pore. The data in Fig. 8b, d shows that this is also

the case for Mg2+ block of Kv1.5. Since the time con-

stant of Mg2+ block is dependent on the off rate, and

assuming that kon is unchanged, the abolition of the

fast phase of current decay in the V481L mutation

(Fig. 8d) is consistent with a reduced Mg2+ dwell time

within the pore. Figure 8b shows that the reduction of

the Mg2+ dwell time by the V481L mutation to a value

similar to that of TEA+ in Shaker (Harris and Isacoff

1996), also abolished the Mg2+-induced inactivation

following block.

The Mg2+ binding site

Previous studies suggest that in different types of K+

channel internal Mg2+ binds at a site positioned at an

electrical distance (d) of 0.28–0.54 measured from the

inside (Horie et al. 1987; Ludewig et al. 1993; Lopatin

and Nichols 1994; Harris and Isacoff 1996). From the

data shown in Fig. 6a, we calculated the d value for

Mg2+ block of Kv1.5 to be ~0.46 (Fig. 6b). This is

similar to previous reports in Shaker (d = 0.54) and

Kv1.4 (d = 0.5) channels and suggests a binding site

near to the internal entrance of the selectivity filter. It

is clear in Fig. 6b, however, that although the fitted

curves (which assume a Hill coefficient of 1) provide a

reasonable description of the experimental data, there

is some deviation, particularly at 10 mM Mg2+. This

alludes to a more complex mechanism of Mg2+ block,

which may involve more than one blocking site, cou-

pling of Mg2+ with the permeant ion, as has been

suggested to occur during Cs+ block of Ca2+-activated

K+ channels (Cecchi et al. 1987), or an allosteric effect

on pore structure associated with Mg2+ binding similar

to that suggested following binding of QA ions to

Shaker channels (Baukrowitz and Yellen 1996a). The d
value reported by Tammaro et al. (2005) for Mg2+

block of Kv1.5 (d = 0.11) may differ because of com-

plications associated with the presence of Tris buffer

present in the internal recording solutions (Tammaro

et al. 2005).

It is possible that the measurement of Mg2+ block in

the present study may be an underestimate due to an

unknown contribution to the fast decay of current by

the fast component of inactivation since it is known

that inactivation of Kv1.5 channels consists of both a

fast and slow component. However, we assume this

contribution to be small based on two observations: (1)

the data in Fig. 3 suggest that little channel inactivation

occurs following short pulses that allow only the fast

phase of decay as shown by the presence of robust tail

currents; (2) if the fast phase contained a significant

component due to inactivation, then it should be af-

fected by the cumulative inactivation induced by Mg2+

during repetitive pulsing, yet neither the amplitude nor

the time constant of decay of the fast phase was af-

fected by the frequency of stimulation (data not

shown).

Of particular interest in this study, is the observa-

tion that inactivation of Kv1.5 channels becomes

voltage-dependent and very rapid as a result of voltage-

dependent internal Mg2+ block. Unlike other voltage-

gated channels, inactivation of hERG (human ether a

go–go related gene) channels is very rapid and seems to

be intrinsically voltage-dependent (Sanguinetti et al.

1995). The mechanism of the rapid, voltage-dependent

inactivation of hERG channels is poorly understood,

but it is interesting that Mg2+ block confers similar

behaviour to Kv1.5.
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