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Abstract. The members of the RCK family of cloned 
voltage-dependent K + channels are quite homologous in 
primary structure, but they are highly diverse in function- 
al properties. RCK4 channels differ from RCK1 and 
RCK2 channels in inactivation and permeation proper- 
ties, the sensitivity to external TEA, and to current mod- 
ulation by external K + ions. Here we show several other 
interesting differences: While RCKI and RCK2 are 
blocked in a voltage and concentration dependent man- 
ner by internal Mg 2 + ions, RCK4 is only weakly blocked 
at very high potentials. The single-channel current- 
voltage relations of RCK4 are rather linear while RCK2 
exhibits an inwardly rectifying single-channel current in 
symmetrical K + solutions. The deactivation of the chan- 
nels, measured by tail current protocols, is faster in 
RCK4 by a factor of two compared with RCK2. In a 
search for the structural motif responsible for these dif- 
ferences, point mutants creating homology between 
RCK2 and RCK4 in the pore region were tested. The 
single-point mutant K533Y in the background of RCK4 
conferred the properties of Mg 2+ block, tail current ki- 
netics, and inward ion permeation of RCK2 to RCK4. 
This mutant was previously shown to be responsible for 
the alterations in external TEA sensitivity and channel 
regulation by external K + ions. Thus, this residue is ex- 
pected to be located at the external side of the pore en- 
trance. The data are consistent with the idea that the 
mutation alters the channel occupancy by K + and there- 
by indirectly affects ~ internal Mg 2+ block and channel 
closing. 
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Introduction 

Several ion channels are blocked by intracellular M g  2 + at 
physiological concentrations (for review see Hille 1992). 
In particular, inward rectifier potassium channels are 
strongly blocked by internal Mg 2+ (e.g., Matsuda et al. 
1987; Vandenberg 1987) but cloned voltage-dependent 
potassium channels from rat brain were also found to be 
blocked by physiological M g  2 + concentrations (Rettig et 
al. 1992). Here we show that some members of the family 
of potassium channels cloned from rat brain cortex (RCK 
family or Kvl family according to the simplified notation 
by Chandy 1991) are blocked by rnillimolar concentra- 
tions of intracellular Mg 2+ at high voltages while others 
are not. Although this voltage-dependent block by Mg z + 
might only be of minor physiological relevance, the differ- 
ent blocking characteristics on quite homologous potas- 
sium channels offer a tool for structure-function studies of 
voltage-gated potassium channels. 

The cloned voltage-gated potassium channels of the 
RCK family share a highly homologous primary structure, 
but they differ markedly in functional properties (Stfihmer 
et al. 1988; 1989; Grupe et al. 1990). While RCK1 (Kvl.1) 
and RCK2 (Kvl.6) channels mediate classical delayed 
rectifier currents, the RCK4 (Kvl.4) channels inactivate 
in approximately 50 ms, and have about half the single- 
channel conductance (~  5 pS) of RCK1 and RCK2 chan- 
nels (~  9 pS) in physiological solutions at 0 inV. Further- 
more, in contrast to RCK1 and RCK2, RCK4 channels 
are quite resistant to blockage by extracellular tetraethy- 
lammonium (TEA) (Stfihmer et al. 1989). RCK4 currents 
also depend strongly on extracellular K + ions (Pardo et 
al. 1992): the peak amplitude of outward K + current de- 
creases with decreasing external K + concentration. This 
phenomenon has not been observed for RCK1 and 
RCK2, for example. While the sites responsible for the 
differences in single-channel conductance are still not 
known, the latter differences were related to the residues 
lysine (K533) and isoleucine (I535) in the extracellular 
loop between the transmembrane segments $5 and $6 of 
RCK4 channels by site-directed mutagenesis (Stocker 
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et al. 1991; Pardo et al. 1992). In Fig. 1 A the organization 
of the transmembrane segments $1-$6 and the pore re- 
gion are shown. Part B illustrates a model of how the deep 
pore region of the potassium channels could be imagined 
to fold into the membrane to form part of the ion channel 
pore. The lysine residue of RCK4 (shaded K), which was 
assumed to be sufficient to account for the observed func- 
tional differences to both RCKI and RCK2 (Pardo et al. 
1992), is presumably located at the external entry of the 
deep pore region as suggested for other homologous 
potassium channel types (e.g., MacKinnon and Yellen 
1990; Hartmann et al. 1991; Yellen et al. 1991; Kirsch et al. 
1992). It should be noted that the residues K533 and I535 
are the only differences between RCK4 and RCK2 in this 
region. 

Here we show that the residue at position 533 in 
RCK4 is also responsible for differences in inward perme- 
ation of K +, differences in the closing kinetics of various 
RCK channels, and the channel block by internal Mg z+. 
Because this residue is accessible to external TEA and 
K +, based on previous findings, it is interesting that it 
also determines the various intracellular Mg 2+ block 
characteristics of several cloned RCK potassium chan- 
nels. This suggests that both intra- and extracellular sites 
of ion interaction are influenced by this residue. We 
provide a possible explanation of this phenomenon based 
on a model for ion permeation through the RCK chan- 
nels. All the observed differences in channel closing, block 
by internal Mg 2+, and inward K + permeation can be 
accounted for by a slight change of the external half of the 
energy profile of a two-site model for permeating K + ions 
and the resulting alteration in the channel occupancy of 
permeating ions. Such an effect would be expected for the 
introduction of mutations at an external pore site. 

Methods 

Molecular biology 

The RCK4-mutant  K533Y • I535M was prepared as de- 
scribed by Stocker et al. (1991). The point mutation 
K533Y was introduced into RCK4-pAKS DNA 
(Stiihmer et al. 1989) according to the method of Nelson 
and Long (1989) with modifications described in Stocker 
et al. (1991). The sequence of the reverse mutation primer 
was TGT GAT G G G  ATA CAT GTC CCC. The mutat- 
ed DNA was checked by sequencing and restriction anal- 
ysis. For cRNA synthesis with SP6 polymerase (Krieg 
and Melton 1987) RCKI-pAKS,  RCK2-pAKS, and 
RCK4-pAKS DNAs (Stiihmer et al. 1989), and the mu- 
tant cDNAs were linearized with EcoRI. 

Electrophysiology 

RNA preparation and oocyte injection were performed 
as described previously (Methfessel et al. 1986; St/ihmer 
et al. 1987). For heterologous expression of RCK chan- 
nels, the specific cDNA-derived m R N A  was injected into 
oocytes (average amount 25 pg per oocyte) and the cur- 
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Fig. 1. A Model for the potassium channel protein with the six 
putative transmembrane segments $1-$6 and the pore region be- 
tween $5 and $6 (segments not drawn to scale). B Topological model 
for the deep pore region, delimited by the two proline residues, of the 
RCK4 channel. The residues 513 through 535 are shown in single- 
letter code; differences with RCK1 (523S, 533Y, 535V) and with 
RCK2 (533Y, 535M) are indicated. The shaded residues were mutat- 
ed in this study in order to eliminate differences between RCK4 and 
RCK2 in the pore region 

rents were recorded 2 -5  days after injection. Conven- 
tional patch-clamp techniques were used for the electro- 
physiological recordings. Macroscopic currents were 
measured in inside-out membrane patches with alumini- 
urn-silicate pipettes with resistances of 0.8-1.2 MfJ. For 
single-channel recordings we sometimes used smaller 
pipettes pulled from hard borosilicate glass with resis- 
tances of 5-10 M~.  Leak and capacitive currents were 
subtracted on-line by using a variable P/n method with 
alternating polarity of the leak pulses (Heinemann et al. 
1992). For single-channel recordings linear leak was sub- 
tracted off-line. Since RCK4 channels recover very slow- 
ly from inactivation, intervals of up to 1 min between 
pulses were chosen in those cases. For most measure- 
ments tail pulse protocols were used, starting from a 
holding potential of - 100 mV and stepping after a pre- 
pulse to + 140 mV to the test potential. Instantaneous 
current-voltage relations were constructed by fitting 
mono-exponential functions to the current traces in re- 
sponse to the voltage step after the prepulse. The extrapo- 
lated value at the beginning of the voltage step was used 
to construct current-voltage relations. The current- 
voltage relations of block were determined by taking the 
constant current after relaxation of the tail current to a 
constant value. Since reactivation of RCK4 channels is 
faster with elevated extracellular K ÷ concentration (Par- 
do et al. 1992), unless otherwise specified, pipettes were 
filled for inside-out recordings with solution 1:100 mM 
NaC1, 16 mM KC1, 10 mM Hepes, 1.8 mM CaC1 a, pH 7.2 
(NaOH) or solution 2:115 mM KC1, 10 mM Hepes, 1.8 mM 
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CaC12, pH 7.2 (KOH). The bath contained solution 3: 
120 mM KC1, 10 mg Hepes, 1.8 mM EGTA, pH 7.2 
(KOH) and varying amounts of MgC12 between 0 and 
10.24 raM. 

All electrophysiological experiments were performed 
at 19-21 °C. Pulse patterns were generated and currents 
were sampled with the Pulse software package (HEKA 
Electronik, Lambrecht, Germany) either on a VME-bus- 
based computer system with an EPC7 patch clamp ampli- 
fier (List Medical System, Darmstadt, Germany) or on a 
Macintosh IIfx computer with an EPC9 patch clamp am- 
plifier (HEKA Electronik, Lambrecht, Germany). Before 
sampling data were passed through an 8-pole low-pass 
Bessel filter set to 10 kHz ( - 3  dB) unless otherwise stat- 
ed. 

Results 

Block of  RCK1 channels by intracellular mg  2+ 

Intracellular Mg 2+ blocks RCK1 channels in a voltage- 
dependent manner. Figure 2A shows macroscopic cur- 
rent recordings from an inside-out patch with 0 mM, 
2.56 mM, or 10.24 mM Mg 2+ in the bath solution. Macro- 
scopic tail currents were recorded as response to voltage 
steps from the conditioning voltage of + 140 mV to tail 
potentials ranging from - 140 to + 140 mV. Intracellular 
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Fig. 2 A - C .  Intracellular Mg 2+ blocks RCKI potassium channels 
in a voltage and concentration dependent manner. A Macroscopic 
tail current recordings from inside-out patches without, with 
2.56 raM, or with 10.24 mM Mg 2+ in the bath. A conditioning pulse 
was given for 8 ms to 140 mV; the potentials of the tail segments are 
indicated in millivolts (mV). B Current-voltage relations for RCKI 
channels in the indicated Mg 2 + concentrations in mmol/1 (raM). The 
continuous curves are data fits according to Eq. (1). C Tail current 
traces showing the relief of Mg 2 + block at negative potentials. The 
superimposed curves are single-exponential data fits to the decaying 
current phase. External solution 1; internal solution 3 plus indicated 
Mg 2 + concentration 

Mg 2+ reduced the potassium current through RCKI 
channels in a voltage-dependent manner, increasing the 
degree of block with increasing voltage. In 10.24 mM 
Mg 2÷ the small peak at the beginning of the conditioning 
pulse segment is indicative for the kinetics by which 
Mg 2 + enters the channel. The gating currents are expect- 
ed to contribute less than 2% of this signal. The high 
prepotential of + 140 mV was chosen in order to visual- 
ize unblocking of the channels after steps to less positive 
potentials. 

RCK1 channels were blocked by different amounts of 
intracellular Mg 2+ in a concentration-dependent man- 
ner. The current-voltage relations of outward currents in 
different Mg 2+ concentrations were fitted with Eq. (I), 
which describes a simple voltage-dependent block (Wood- 
hull 1973), assuming ohmic conductance of K + channels 
in the absence of Mg 2+ (Pusch 1990): 

i =  gk U 
[Mg 2 +] f a ( V -  100 mV) zF'~ (1) 

1 + K; (-i015 m ~  exp ~ ) R T  

with the current I, conductance gK, voltage U, magne- 
sium concentration [Mg 2 +], half-maximal blocking con- 
centration at 100 mV K a (100 mV), electrical distance of 
the blocking site from inside 6, Faraday constant F, va- 
lence of the blocking ion z, general gas constant R, and 
absolute temperature T. The block is characterized by the 
half-maximal blocking concentration at 100 mV, 
K a (100 mV) and the electrical distance from the internal 
surface, 6. K a (100 mV) was defined by Eq. (2) with a 
voltage-independent dissociation constant of block, 
Ka (0 mY). 

Ka (100 mV)=Ka (0 mV) exp(" - 26 F ~(100 mVj~"j. (2) 

In Fig. 2 B current-voltage relations from RCK1 channels 
in different internal Mg 2 + concentrations are shown. The 
data points were collected from current recordings from 
the same patch, where the bath medium was changed 
during the experiment. The curves in Fig. 2 B were fitted 
simultaneously according to Eq. (1), holding gk constant 
for all concentrations, since no rundown of channels was 
observed during the entire measurement. The concentra- 
tion and voltage dependence of the block were deter- 
mined from the average of 10 experiments, yielding 
Kd(100mV)=5.0+_l.3mM and 6=0.32+0.15. The 
voltage dependence corresponds to an e-fold increase in 
block of 39 inV. 

The closing of the channels is also affected by internal 
Mg 2+. In Fig. 2C tail currents to - 140 mV from RCKI 
channels of the same patch in 0 and 2.56 mM Mg z+ are 
superimposed. The current trace in 2.56 mM Mg z+ differs 
from the one without Mg 2+ in two respects: (a) the rising 
phase is indicative of a slow relief of Mg 2 + block before 
the channels close and (b) the closing process appears to 
be slower. In Mg 2 + solution the blocked channels do not 
close immediately after stepping to a negative potential. 
This gives rise to an increase in the current mediated by 
channels returning from a blocked state. The unblock 
kinetics followed an exponential function with a time con- 
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stant of approximately 200 gs at -140 mV. This phe- 
nomenon, together with the voltage-dependence of block, 
is consistent with Mg 2÷ ions acting directly inside the 
pore of these channels at a site that senses about 30% of 
the transmembrane electric field. 

Even if one assumes that channels have to become 
unblocked before they can close (deactivate), the single- 
exponential current decay due to the closing of the chan- 
nels was consistently slower by a about a factor of 2 in 
2.56 m~ internal Mg 2+ solution. An explanation for this 
effect could be surface charge at the cytoplasmic side of 
the membrane due to elevated concentration of divalent 
cations. This would lower the potential drop across the 
membrane, affecting the voltage-dependent closing of the 
channels. By analysis of current-voltage relationships in 
respect to the half-activation potential such a voltage shift 
was estimated to be less than 10 mV by changing the 
internal solution from 0 to 2.56 mM Mg z÷. This potential 
shift would at most slow down the deactivation kinetics 
of the channels by a factor of 1.3 as judged from the poten- 
tial dependence of deactivation (see also Fig. 7), leaving a 
net slowing of deactivation due to internal Mg 2+. This 
could be either due to a stronger effect of surface charge 
on deactivation than on activation or another as yet un- 
known specific effect of internal Mg 2+ on the conforma- 
tional change leading to channel deactivation. 

Flickering block of RCK1 single-channel currents 
by intracellular Mg 2+ 

The time course of block at high positive potentials (see 
Fig. 2 A) and of the relief from block after a step to nega- 
tive potential suggests that single blocking events of 
Mg 2 + ions should be resolvable in single-channel record- 
ings despite the limiting bandwidth of the recording sys- 
tem. 

Single-channel current recordings from RCK1 chan- 
nels are shown in Fig. 3 A, B. The traces show a flickering 
current, which represents the open (up) and shut (down) 
channel states, at 120 mV in the absence of Mg 2 + (A) and 
with 2.56 mM Mg 2+ (B) in the bath. In Mg z+ the closing 
events are much more frequent than in Mg 2+-free medi- 
um, where mostly long open times of the channel (often 
> 100 ms) with short, unresolved closings are observed. 
These long open times are not seen in Mg 2 ÷ solution. In 
Mg 2 + the current "flickers" suggest that Mg 2 + ions close 
the channel completely for short times. 

The observed gating behaviour in Mg 2 +-free medium 
was described by Stiihmer et al. (1988) as a gating mode 
of RCK1 channels with high open probability. Since 
RCKI channels can also have a gating mode with lower 
open probability (Stiihmer et al. 1988), we tested to see if 
the high open probability mode is also observed in the 
experiments using Mg 2+ solutions. This was done by 
voltage steps to lower potentials, where the Mg z+ block 
is less prominent. Since the channels appear to switch 
rarely between different modes, the gating mode of the 
channels is unlikely to change after these voltage steps. At 
lower potentials long open times, indicating the high 
open probability mode, were also observed in Mg 2+ 
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Fig. 3 A - D .  Flickering block of RCK1 channels by Mg e+. A Sin- 
gle-channel currents without or B with 2.56 mM Mg z÷ (external 
solution 1, internal solution 3) at 120 mV membrane potential. The 
currents were sampled at a rate of 20 kHz and filtered with an 8-pole 
low-pass Bessel filter at 4 kHz. C Open and D closed time histograms 
for data traces recorded in 2.65 mM internal Mg z+. Open times 
between 3.7 ms and 320 ms and closed times between 3.7 ms and 
400 ms were used. The calculated mean open time in these particular 
histograms was 0.64 ms and the mean closed time was 1.0 ms 

medium (data not shown). This argues that the flickers at 
high voltages in Mg 2+ solution are due to resolved clo- 
sures of the channel by Mg z ÷ ions rather than by changes 
in the gating mode of the channels. 

Open and closed time histograms were constructed 
from at least 300 ms long flickering current recordings. 
These histograms were well fit by single exponentials, 
which also adequately described the macroscopic un- 
blocking of the channels after voltage steps to lower po- 
tentials (see rising phase of tail currents in Fig. 2 C, for 
example). This favors a simple blocking mechanism with 
only two states of the activated channel, an open state and 
a blocked state. Histograms for the open and closed inter- 
vals at 120 mV are given in Fig. 3C and D. For 2.56 mM 
internal Mg 2+ a mean open time of 0.83 + 0.28 ms and a 
mean closed time of 1.1 _+0.5 ms (n= 5) were determined. 

RCK2 and RCK4 channels differ in their block by Mg 2÷ 

Figure 4 illustrates the blocking effects of intracellular 
Mg 2 + on two more members of the RCK channel family. 
RCK2 channels are blocked less than RCK1 (Fig. 2), 
as characterized by Ka(100mV)=15.1+_6.8mM and 
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Fig. 4. Intracellular Mg 2 + block of RCK4, the RCK4-based point mu-  
tant K533Y, or RCK2. Macroscopic tail currents without A or with B 
10.24 m ~  Mg 2+ from the same patch. RCK4 channels are only weakly 
blocked by internal Mg a + while RCK2 channels show a block not  quite 
as s t rong as RCKI  (see Fig. 2). The RCK4-based point mutant  K533Y 
shows a Mg z+ block intermediate between RCK1 and RCK2. The pro- 
tocol consisted of a conditioning pulse to + 140 mV and subsequent tail 
pulse potentials ranging between - 8 0 m V  and +140  mV in steps of 
40 mV. Filter: 8 kHz. External solution 1, internal solution 3 

6 = 0.28 _+ 0.17 (corresponding to 44 mV per e-fold block, 
n = 43). RCK4 channels are only significantly blocked at 
very high potentials and high Mg 2+ concentrations. For 
example, compare the traces recorded from the same 
patches in part A (0 Mg 2+) and part B (10.24 mM Mg 2+) 
of Fig. 4 (also see Fig. 10C). However, at low Mg 2+ con- 
centration (up to 2.56 raM) the current-voltage relations of 
RCK4 channels were linear (n = 11). For RCK4 there is 
only a slight block at very high potentials and therefore 
almost no channels recovering from the blocked state are 
observed after stepping to lower potentials. Mg 2+ is 
dragged into the channel only at very high potentials as 
seen in the small decrease of the current amplitude during 
the prepulse to +140mV with Mg 2+. Thus, at the 
highest potentials the current-voltage relations deviate 
from a linear function (see also Fig. 10). The fit to the data 
according to Eq. (1) yielded Kd (100 mV)= 178+_41 mM 
and a voltage dependence of 5 = 0.50 + 0.06 (n = 6). 

Kinetically, RCK4 channels are different from all oth- 
er RCK channels because they inactivate quickly and 
recover slowly from inactivation• We therefore also 
checked for possible effects of internal Mg 2+ on these 
parameters• Although internal Mg 2 + did not affect inacti- 
vation properties the recovery from inactivation was 
slowed (data not shown)• Unfortunately, this slowing of 
the reactivation kinetics could not be assayed in detail 
because the inactivation properties of RCK4 channels 
undergo changes in excised patches that are subject to 
regulation by the internal redox potential (Ruppersberg 
et al. 1991); RCK4 channels loose their fast inactivation in 
inside-out patches slowly after excision of the patch. The 
time course for the loss of fast inactivation, however, 
varies from patch to patch, presumably because of the 
variable kinetics for the washout of cytosolic substances 
from the inside-out patch area. Because the variability in 
the slow loss of inactivation together with the require- 
ment of reactivation intervals of more than a minute for 
measurements of the time course of reactivation, a quan- 
titative study of the slowing on the reactivation kinetics 
by internal Mg 2+ was not feasible. 

Localization of a site responsible for the differences 
in Mg 2+ block 

To determine the structural site responsible for the differ- 
ences in block by intracellular Mg 2 +, mutants of the 
RCK4 channel with amino-acid substitutions resembling 
the primary structures of RCK2 were assayed for Mg 2+ 
block• Interestingly, one of the mutations (K533Y 
• I535M) changed the sensitivity of RCK4 to voltage-de- 
pendent block by intracellular Mg / +. These mutations in 
RCK4 are sufficient to change the outer loop between the 
deep pore region and the putative transmembrane seg- 
ment $6 into the RCK2 primary structure (Fig. 1). This 
mutant channel had a sensitivity to intracellular Mg 2+ 
intermediate between RCK1 and RCK2 channels with 
Kd (I00 mV)= 10.0+4.0 mM and an electrical distance of 
0.42 _4-0.03 (n = 20). Very similar characteristics were seen 
in the single-point mutant K533Y, where we measured 
Kd (100 mV)= 10.7_+ 1.1 mM and an electrical distance 5 
of 0.47 + 0.07 (n = 6), as shown in Fig. 4 (center panel)• In 
this mutant only the positively charged lysine residue of 
RCK4 is replaced by an uncharged tyrosine residue 
which is present in the equivalent position of both the 
RCK1 and RCK2 channels. Since voltage-gated potassi- 
um channels presumably consist of 4 subunits (MacKin- 
non 1991; Liman et al. 1992), the substitution of the lysine 
by tyrosine results in an overall decrease of 4 positive net 
charges in the functional channel protein• 

Role of site 533 in RCK4 for several channel characteristics 

TEA block and effect of external K + 

Recent work showed that the double mutation K533Y 
• I535M based on the RCK4 protein confers sensitivity to 
external TEA of RCK1 to RCK4 channels (Stocker et al. 
1991) and that these residues play a crucial role in the 
sensitivity to channel modulation by extracellular K + 
(Pardo et al. 1992). Both effects were attributed to the 
lysine residue K533. This was confirmed here by measur- 
ing the external TEA block and the sensitivity to channel 
modulation by extracellular K + of the RCK4 mutant 
K533Y. This mutant has the same sensitivity to external 
TEA (ICso=0.6+0.3m~, n=5) as the double mutant 
K533Y • I535M (Stocker et al. 1991) and shows no depen- 
dence of peak current on external K +, i.e., also in this 
respect K533Y has the same properties as the double 
mutant. 

K + permeation 

The permeation properties of RCK4 channels were also 
changed by the mutation• Most of the experiments were 
done on the double mutant K533Y • I535M, but the al- 
tered permeation characteristics were also seen in the 
point mutant K533Y. While the outward permeation was 
unchanged (Stocker et al. 1991), we observed that substi- 
tution of the lysine residue at position 533 by tyrosine 
alters the properties of RCK4 for inward K + permeation• 
This was most obvious in symmetrical high K + solutions• 
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Fig. 5. A Macroscopic tail currents from RCK4, RCK4 mutant 
K533Y, or RCK2 channels in solutions with symmetrical high K + 
solutions (external solution: 2; internal solution: 3). B Instantaneous 
current-voltage relations from the traces in A. The mutant K533Y 
confers the inwardly rectifying characteristics of RCK2 on the 
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Fig. 6. Single-channel records at + / -  60mV 
membrane potential from RCK4, RCK4 mutant 
K533Y, or RCK2 channels in solutions with sym- 
metrical high K ÷ (external solution: 2; internal 
solution: 3). The mutation K533Y conferred the 
inward current flow of RCK2 to RCK4 channels, 
while the outward current remained unchanged 

In Fig. 5 instantaneous current-voltage relations of  
RCK4,  the mutant  K533Y, and R C K 2  are shown. Al- 
though R C K 4  channels have a nearly linear current- 
voltage relation, the mutat ion produces inwardly rectify- 
ing characteristics. However,  the conductance in the pos- 
itive voltage range is not changed in respect to R C K 4  
(Fig. 6). Inwardly rectifying current-voltage relations are 
also observed in RCK2 channels as well as in the mutan t  
K533Y.  I535M R C K 4  channel. 

Since inside-out patches were more stable with physio- 
logical external Ca 2 ÷ concentrations, the external medi- 
um contained 1.8 mM Ca 2÷ in most  of  the experiments. 
To find out whether the observed differences between 
R C K 4  and R C K 2  might be due to block of  the inward 
currents through R C K 4  channels by external Ca a +, these 
experiments were repeated in Caa+-free medium. One 
current-voltage relation under these conditions is shown 
in Fig. 5 B (open circles). Above - 50 mV these current- 
voltage relations were indistinguishable f rom those in 

Cae+-containing solutions, suggesting that  changes in 
the current-voltage relations between RCK4 and the mu- 
tant are due to altered K + permeation properties, rather 
than due to block by external Ca 2 +. At lower potentials 
even a saturation in current was observed in Ca z +-free 
solutions. This effect was not studied in greater detail. 

In Fig. 6 single-channel events in symmetrical high 
K + are compared for RCK4,  mutant  K533Y, and RCK2 
for + / -  60 mV. Under  these conditions the single-chan- 
nel currents of  R C K 4  are smaller than those of RCK2 by 
about  a factor of  two in both directions. The single-point 
mutat ion confers the inward K + permeation of R C K 2  on 
RCK4,  leaving the outward permeation unchanged. This 
is an interesting result for the mutat ion makes the pro- 
posed deep pore region (the region between the proline 
residues in Fig. 1) identical to RCK2.  This argues that the 
differences in the outward permeation of R C K 2  and 
RCK4 channels are mediated by structural differences 
outside this region. 



Deactivation kinetics 

In Fig. 7 the time constants of closing, from experiments 
similar to those shown in Fig. 5 A, are compared. The 
deactivation of the mutant RCK4 channels (K533Y 
• I535M and K533Y, open squares) was slightly slower 
than RCK2 channels (filled squares) and thereby clearly 
differed from the deactivation of RCK4 channels (filled 
circles). The deactivation of RCK4 is about twice as 
fast as that of RCK2 and the mutant channels in the 
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Fig. 7. Time constants for channel deactivation after a conditioning 
pulse to + 130 mV in symmetrical high K + solutions (external solu- 
tion: 2; internal solution: 3) are plotted as function of the test poten- 
tial. Throughout  the explored potential range RCK4 channels (filled 
circles) deactivate faster than RCK2 channels (filled squares) by a 
factor of approximately two. The open squares represent the pooled 
time constants for point mutants  K533Y and K533Y - I535M 
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voltage range explored. Thus, the mutated site (533) 
also influences the gating of these channels. RCK4 and 
K533Y • I535M do not differ in respect to activation ki- 
netics (also see Pardo et al. 1992, Fig. 2). 

Model of ion permeation 

As described above, a single-point mutation in the pore 
region of RCK4 channels alters ion permeation, block by 
internal M g  2+ and the kinetics of channel deactivation. 
Further insight, into the potential mechanisms behind 
these effects, may be gained by attempting a formal de- 
scription of the ion flow through the channel. In order to 
constrain a quantitative permeation model, instanta- 
neous current-voltage relations were measured in three 
different external K + concentrations and, in addition, 
single-channel amplitude measurements were obtained at 
these concentrations over a wide voltage range. Single- 
channel data were used to scale the instantaneous cur- 
rent-voltage relations to single-channel amplitudes. 
These scaled current-voltage relations were then used for 
simultaneous fits to a simple permeation model. This 
model describes all of the observed effects based on al- 
tered channel occupancy caused by the point mutation in 
the pore. 

Potassium ion flux through the pores of RCK chan- 
nels was modeled as single-file transport assuming an 
energy profile with 2 binding sites and 3 barriers (2S3B) 
allowing for double channel occupancy of K + (Hille and 
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Fig. 8 A - B .  Permeation model with two sites and three barriers. 
A Single-channel current-voltage relations recorded with the indi- 
cated external K + concentrations of the RCK4-based mutant  
K533Y • I535M channels (right panel) were fit by a 2S3B permeation 
model. The fit to the data obtained for RCK4 (left panel) was done 
by taking the parameters from the data fit to the mutant  and leaving 
only the external barrier and binding site free to vary. Schemes for 
the energy in units of kT as function of the relative position inside 
the electric field across the channel pore are shown as insets assum- 
ing a K + concentration of 1 M and 0 mV membrane potential. The 
solid lines represent the energy profile for a singly occupied channel, 
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the dashed lines indicate the energies if both sites are occupied by K + 
ions. The relative electrical distances of the binding sites were in 
both cases 0.28 and 0.87 from the inside. The state diagram for K + 
permeation through K533Y was the same as the left part of 
Fig. 10A. B Probability of site occupancy for the permeation models 
in A assuming symmetrical 120 mM K + as a function of membrane 
potential; RCK4 is more likely to be unoccupied (00, solid line) than 
is the mutant.  Long dashes." probability for internal site being occu- 
pied (K0); short dashes: probability for external site being occupied 
(OK); dots: probability for both  sites being occupied (KK) 
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Schwartz 1978). Although there may be many good rea- 
sons for supposing that the mechanism ofK + permeation 
requires more sophisticated approaches for modeling, 
such as to account for the diffusion of ions inside the 
channel (e.g., Gates et al. 1990) or to introduce more than 
two binding sites, we restricted this analysis to two bind- 
ing sites and an Eyring rate theory approach (Eyring et al. 
1949) in order to minimize the number of free parame- 
ters. A relation between the rate for barrier crossing, k, 
and the height of the energy barrier, A G, is assumed to be 
approximated by Eq. (3): 

k= exp - k ~  (3) 

with Boltzmann's constant k~ and Planck's constant h. It 
should be noted that only the relative values of the A G's 
reflect a physical meaning in such barrier models because 
of the rather arbitrary frequency factor k 8 T/h. The state 
diagram for K ÷ transport is shown on the left side of 
Fig. 10 A. Methods for the calculation of the current as a 
function of voltage, as well as the data fit algorithms, 
were used as described previously (Heinemann and Sig- 
worth 1988). 

Despite the gross simplifications introduced by such a 
model, the permeation of potassium ions through these 
channels could be well described. Because of the large 
number of free parameters we constrained the fit to the 
data obtained from RCK4; the rationale being that the 
effects of the site 533 on external TEA blockage and cur- 
rent modulation by external K + strongly suggest that this 
site is accessible from the external side of the channel. We 
therefore assumed that the internal half of the energy 
profile for K + permeation is not going to be changed by 
the mutation K533Y. Therefore, the first step of the anal- 
ysis consisted of a free fit of the permeation model to all 
the data obtained for mutant K533Y • I535M yielding a 
description represented by the current-voltage relation- 
ships shown in Fig. 8 A (right panel). The data for K533Y 
are identical to those ofK533Y • I535M so that the same 

model parameters were used for both. Starting from the 
fit parameters obtained for the mutant channels we there- 
fore only varied the external binding site and the external 
barrier height, leaving the rest of the energy profile con- 
stant, in order to fit the RCK4 data as shown in Fig. 8 A 
(left panel). In the insets of Fig. 8 A the energy profiles for 
both cases are shown for the standard situation: 1 M K + 
and vanishing membrane potential with the dashed lines 
representing the profiles for doubly occupied channels. A 
decrease of the external barrier for entering ions by 
1.25 kT and an increase of the barrier from the external to 
the internal binding site by 2.03 kT was sufficient to ac- 
count for the changes introduced by the replacement of 
Lys by Tyr at position 533 in RCK4. This supports the 
physical picture that the mutation affects the external 
area of the ion pore since the data can be described with- 
out interference of this residue with the internal binding 
site for K +. All parameters of the data fit are given in 
Fig. 10. 

The probability for channel occupancy is shown in 
Fig. 8 B. As expected from the different current-voltage 
relationships, channel occupancy of K + differs between 
RCK4 and K533Y • I535M. In particular at negative po- 
tentials the probability of the channel being empty (solid 
line) is much higher for RCK4 than for K533Y • I535M. 

Internal Mg 2+ block depends on external K + 

The effects on internal Mg 2+ block reported here along 
with the effects reported for external TEA + block and K + 
sensitivity (Stocker et al. 1991; Pardo et al. 1992) as a 
function of the residue at position 533 in RCK4 channels 
suggest that this residue has an influence on channel char- 
acteristics thought to be located on both the internal and 
external sides of the membrane. The alterations in inter- 
nal Mg 2 + block could be due to direct modification of the 
Mg z + binding site or due to indirect effects resulting from 
an altered pore occupancy with K + ions. If the changed 
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Fig. 9 A - C .  The intracellular Mg 2+ block of the RCK4 mutant 
K533Y is modulated by external K + ions. A Macroscopic tail cur- 
rents from an outside-out patch at the indicated potentials (in mV) 
with internal 10.24 m~ Mg z+ and symmetrical high K + (external 
solution: 2 internal solution: 3). B Macroscopic tail currents with 
internal 10.24 mM Mg z+ and 115 mM K +, and external 2.5 mM K + 

from the same patch as in A. C Current-voltage relations of the 
asymptotic values of the tail currents obtained from the records in 
A and B (filled circles: 2.5 mM K + , open circles: 115 mM K+). The 
continuous lines represent the data fit according to Eq. (1). The 
dashed lines represent the fit according to the microscopic 6 state 
model as described in the text and in Fig. 10 
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Fig, 10. A State diagramm for ion permeation and channel block by 
Mg 2 +. The boxes represent a channel with two binding sites, the left 
one corresponds to the internal site. The values at the transition 
arrows indicate the energies in units of kT that have to be overcome 
for mutant K533Y. The states involving channel block by M g  2+ a r e  

shown in gray, the rates involving Mg 2+ transport are indicated by 
thick arrows. The data for RCK4 were fit by a model where only 
rate constants into and out of the external binding site were altered 
in respect to K533Y. In units of kT these energies were: 00 ~ OK: 
11.3; OK ~ 00: 15.5; OK ~ K0: 11.0; KK -* OK: 12.6; MK -* M0: 
11.3. B Energy profiles for RCK4 and the point mutant K533Y 
including the energy barrier for M g  2+ . Thin solid." OK or K0, short 

Voltage [mV] 

l 

I 

1oo 

dashes: KK, thick solid: M0, long dashes: MK. The vertical dashed 
lines indicate the binding site for MgZ+; note that Mg z+ cannot 
leave the channel to the right (to outside). C Current as a function 
of potential from raw data as shown in Fig. 4 for RCK4 (circles) 
and K533Y (squares) without (open symbols) or with 10.24ram 
internal Mg 2+ (filled symbols). External solution 1, internal solution 
3 were used. The curves are predictions of the permeation and block 
model as shown in A and B. The model was not constrained for 
microscopic reversibility in order to account for small deviations of 
the local K + concentration after conditioning pulses from the bulk 
concentrations, which were used for the calculations 

blocking characteristics were due to indirect pore occu- 
pancy  effects, increased external K + concent ra t ion  
should increase the K ÷ occupancy  of  the channel  and 
should therefore reduce the block by internal Mg  2 +. To 
test this hypothesis,  the external K ÷ concent ra t ion  was 
varied with the mu tan t  channel  K533Y in an a t tempt  to 
restore the insensitivity of  R C K 4  channels to intracellular 
Mg  2 + block. These experiments showed that  the internal 
Mg  2 ÷ block is highly sensitive to external K + concentra-  
t ion (Fig. 9). 

Increasing external K + concent ra t ion  led to a reduc- 
t ion of  internal block by Mg  2 +. The block parameters  
obta ined  for the different concentra t ions  are shown in 
Table I. While for different external K ÷ concentra t ions  
the electrical distance c5 for the block was constant ,  
Ka (100 mV) varied threefold between zero and 115 mM 
external K +. 

A mode l  for M g  z+ block o f  cloned potass ium channels 

The M g  2 + block was described on the basis of  the model  
for potass ium permeat ion  in R C K  channels. One  binding 
site for M g  2+ 40% inside the t r ansmembrane  electric 
field f rom the cytoplasmic side was assumed. In  the mi- 
croscopic  state d iagram channel  block by Mg 2+ was ac- 
counted  for by the in t roduct ion  of  two more  states 
(shown as gray boxes): M0 and MK,  two blocked states, 
one in which the pore  is occupied by a single Mg  2+ and 
the other,  where the pore  binds K + and Mg  2+ simulta- 
neously  (Fig. 10A). Because the locat ion of  the M g  2+ 
binding site, inside the electric field, is similar to the loca- 

Table 1. Effect of external K* on internal Mg + block 

[K+]o 0raM 2.5mM 16mM ll5mM 

Ka(100mV ) 3.5 ___1.2 3.0 ___0.6 10.8_+1.0 10.1_+3.8 
5 0.41 +0.03 0.40+_.0.06 0.45+0.05 0.44+__0.03 
n 3 4 4 7 

Parameters of block of K533Y by internal Mg / + in the indicated 
external potassium concentrations, [K +]o. Internal solution: 3 plus 
10.24 mM MgC12 

tion of  the internal binding site for K +, it was assumed, 
that  the internal sites for Mg  2+ and K + could not  be 
occupied simultaneously. The parameters  for K + perme- 
at ion in this 6 state model  were taken f rom the fits as 
shown in Fig. 8. 

The  data  for Mg  2+ blockage of  mu tan t  K533Y in dif- 
ferent external K + concentra t ions  was fit with two as- 
sumptions:  1) the entrance of  K + into the channel  f rom 
one side is independent  of  the occupancy  of  the binding 
site on the opposi te  side of the pore and 2) start ing values 
for the blocking rates on the order  of  those determined for 
RCK1 channels were used. The best fit is shown in Fig. 10 
and as dashed lines in Fig. 9. Since the muta ted  site prob-  
ably lies on the external pore mouth ,  only the exit rate for 
K + should be different between R C K 4  wild-type and mu-  
tant  channels. The rates involving t ranspor t  of  M g  2+ 
were left unchanged;  the exit rate of  K + f rom channels 
occupied by M g  2+ was therefore fit to the R C K 4  Mg 2+ 
data. The result is shown in Figs. 9 and 10. This model  
shows how the differential Mg  2+ block of  R C K 4  and 
mutan t  K533Y can be explained by the different exit rates 
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for K + ions out of the channel, while the channel is occu- 
pied by a Mg 2+ ion without affecting the microscopic 
rates by which Mg 2 + crosses the energy barriers into and 
out of the channel. It is an example for how a residue 
remote from an actual binding site can influence the occu- 
pancy of that site in an indirect way. 

Discussion 

The channels of the RCK family differ markedly in their 
functional properties. Many of these differences can be 
attributed to the residue at position K533 in RCK4 chan- 
nels. At the homologous position both RCKI and RCK2 
have a tyrosine residue. This tyrosine is responsible for 
their sensitivity to external TEA. At the same time these 
channels are not modulated by external K + ions while 
RCK4 currents disappear when external K + is removed. 
Here we have shown that inward ion permeation, channel 
deactivation kinetics, and channel block by internal Mg 2 + 
also depend on the amino-acid that site. The homologous 
site in Shaker B potassium channels (T449) was previously 
shown to affect ion permeation (MacKinnon and Yellen 
1990). The site I535 in RCK4 seems to be of minor impor- 
tance for these phenomena. 

If the deep pore region of RCK4 is made identical to 
RCK2 by the mentioned point mutations, the inward K + 
permeation of RCK2 is conferred on RCK4. The outward 
current, however, is not changed, indicating that the per- 
meation in these channels is not solely mediated by this 
region. It is conceivable that residues connecting the seg- 
ments $4 and $5 take part in forming the inner part of the 
channel funnel and thereby determine outward ion flow as 
proposed by the model of Guy and collaborators (e.g., 
Durell and Guy 1992). 

Since mutation of the site 533 has effects on external 
TEA binding and external K + dependence, it is assumed 
that the site is easily accessible from the external side of the 
channel. In current models it is located at the external 
entry of the deep pore (Fig. 1). Channel deactivation and 
block by internal Mg 2+ are processes that presumably 
involve part of the channel that are located near the inside 
of the pore and should therefore not be directly affected by 
mutation of the site K533. A possible explanation could 
therefore be that the changed inward permeation is a direct 
effect of the mutation on K + permeation while the altered 
deactivation kinetics and Mg 2 + block are indirectly affect- 
ed through channel occupancy of permeating ions. Corre- 
lations between channel occupancy of ions and gating 
properties were observed for various potassium channels 
(e.g., Demo and Yellen 1992; Matteson and Swenson 1986; 
Sala and Matteson 1991; Swenson and Armstrong 1981). 

To test this hypothesis, we tried to model ion perme- 
ation through the RCK channels using an Erying ap- 
proach. Although it is conceivable that there can be up to 
three K + ions in the potassium channel at a time, we 
restricted our model to three energy barriers and two bind- 
ing sites in order to reduce the degrees of freedom. Ion 
permeation through the RCK4-based mutants K533Y and 
K533Y • I535M could be well described by such a model. 
Only the external energy barrier and binding site of this 

parameter set had to be adjusted to yield a description of 
ion permeation through RCK4: well reflecting the poten- 
tial physical change introduced by these mutations. 

The different energy profiles in the wild-type and mu- 
tant channels induce different pore occupancies for perme- 
ating K + ions. The altered voltage-dependent deactivation 
may therefore be a direct effect induced by the mutation, 
however, it may also be an indirect effect resulting from the 
varied occupancy of the channels by K + ions. Our model 
cannot state clearly by which mechanism the point muta- 
tion slows down deactivation. Judging from the channel 
occupancies of Fig. 8 B the signficantly higher probability 
of empty RCK4 channels could indicate that channels that 
are not occupied by ions tend to deactivate faster. This is 
consistent with previous results obtained for related potas- 
sium channels (e.g., Demo and Yellen 1992; Matteson and 
Swenson 1986; Sala and Matteson 1991; Swenson and 
Armstrong 1981). 

The differential block by internal Mg z+ could be well 
described by a permeation model with one additional 
binding site for Mg 2 +. In this model the channel can be 
occupied simultaneously by two ions, K + and Mg 2+, 
which bind at different sites inside the electric field across 
the membrane. The internal binding site for K + can only 
be occupied, if no Mg 2 + is in the channel. In this frame- 
work the change in internal Mg z+ block induced by the 
mutation K533Y could be explained through alterations in 
the energy profile at the external side of the pore. These 
results clearly demonstrate the need to analyze carefully 
the permeation mechanism when conclusions are drawn 
about the location and the role of residues in interactions 
with other residues or applied test molecules (e.g., blockers) 
even when restricted to one side of the membrane. 

Block by internal Mg 2+ ions was used as an assay to 
distinguish biophysical properties of different members of 
the RCK channel family. The observed differences could be 
attributed to a single amino-acid residue at the external 
entry of the deep pore. Mutation of this residue modifies 
channel occupancy by permeating ions and could thereby 
control other channel parameters that depend on ion occu- 
pancy such as channel deactivation and block by internal 
Mg 2+. Thus, this study shows that there can be close rela- 
tionships between channel gating and ion permeation. This 
is of particular importance for processes like deactivation 
(e.g., Swenson and Armstrong 1981) and C-type inactiva- 
tion (L6pez-Barneo et al. 1993) as well as for open-channel 
block by toxins or divalent ions. 
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