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abstract

 

We examined block of two inward-rectifier K

 

1

 

 channels, IRK1 and ROMK1, by a series of intracellu-
lar symmetric quaternary alkylammonium ions (QAs) whose side chains contain one to five methylene groups. As
shown previously, the ROMK1 channels bind larger QAs with higher affinity. In contrast, the IRK1 channels
strongly select TEA over smaller or larger QAs. This remarkable difference in QA selectivity between the two chan-

 

nels results primarily from differing QA unbinding kinetics. The apparent rate constant for binding (k

 

on

 

) of all ex-

 

amined QAs is significantly smaller than expected for a diffusion-limited process. Furthermore, a large (

 

z

 

30-fold)
drop in k

 

on

 

 occurs when the number of methylene groups in QAs increases from three to four. These observations
argue that between the intracellular solution and the QA-binding locus, there exists a constricted pathway, whose
dimension (

 

z

 

9 Å) is comparable to that of a K

 

1

 

 ion with a single H

 

2

 

O shell.
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I N T R O D U C T I O N

 

35 yr ago Armstrong and Binstock (1965) discovered
that TEA intracellularly applied inhibits squid voltage-

 

activated K

 

1

 

 channels and thereby prolongs action po-
tentials. This inhibition depends strongly on mem-
brane voltage and, consequently, renders the channel
inwardly rectifying, and is relieved by raising extracellu-
lar K

 

1

 

 concentration or by membrane hyperpolariza-
tion (Armstrong and Binstock, 1965; Armstrong, 1971).
Based on these observations, Armstrong (1971) pro-
posed that intracellular TEA inhibits the channels by
lodging in their inner pore. His proposal is supported

 

by mutagenesis studies in the 

 

Shaker

 

 voltage-activated
K

 

1

 

 channels, which showed that mutations at some res-
idues in the S6 segment lining the inner pore affect the
binding of intracellular QAs, and that cysteine substi-
tuted at some S6 residues can be protected by TEA or

 

tetrabutylammonium (TBA)

 

1

 

 from chemical modifica-
tion (Choi et al., 1993; Holmgren et al., 1997; del Ca-
mino et al., 2000). Armstrong (1971) also found that
the TEA derivative nonyltriethylammonium (C9) can
be trapped in the inner pore by the activation gate. Al-
though the 

 

Shaker

 

 channel itself traps neither TEA nor

decyltriethylammonium (C10) in the closed state, the
I470C 

 

Shaker

 

 mutant channel is capable of trapping
them both, as if the smaller cysteine side chain allows
more room for TEA or C10 binding (Holmgren et al.,
1997). Interestingly, 

 

Shaker

 

 residue I470 corresponds to
a residue in the bacterial KcsA channel that lines the
“cavity” internal to the narrow K

 

1

 

-selective pore formed
by the signature sequence (Doyle et al., 1998). Arm-
strong’s (1971) model led him to propose that the in-
ner pore diameter of voltage-activated K

 

1

 

 channels is

 

about that of TEA (

 

z

 

8 Å), comparable in size to a K

 

1

 

ion with a single H

 

2

 

O shell. He further postulated that
as they travel through the channels to the extracellular
side, intracellular K

 

1

 

 ions undergo two dehydration
steps: (1) partial dehydration in the wider inner pore
(

 

z

 

8 Å), and (2) full dehydration in the narrower and
K

 

1

 

-selective outer pore (

 

z

 

3 Å). However, the dimen-
sion of the inner pore in K

 

1

 

 channels has since become
an increasingly controversial subject.

French and Shoukimas (1981) found that the affinity
of squid voltage-activated K

 

1

 

 channels for larger sym-
metric quaternary alkylammonium ions (QAs), such as
TBA (

 

z

 

10 Å) and tetrapentylammonium (TPeA; 

 

z

 

11
Å), is much higher than that for TEA. Similar phenom-
ena were observed with ROMK1 inward-rectifier K

 

1

 

channels (Oliver et al., 1998; Spassova and Lu, 1998).
Furthermore, using cysteine mutagenesis-based electro-
physiological approaches, several laboratories have at-
tempted to determine the dimension of the inner pore
of inward-rectifiers, with intriguing results and poten-
tially conflicting conclusions (Lu et al., 1999; Loussou-
arn et al., 2000). For example, based on their study in
IRK1, Lu et al. (1999) suggest that the inner pore is so
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wide that it may not sustain single ion filing. These au-
thors varied the number of cysteine substitutions and
then examined how that number is related to the cur-
rent reduction caused by intracellular methanethiosul-
fonate-ethyltrimethylammonium. They found that for
some residues that presumably line the inner pore, sev-
eral or sometimes all four equivalent residues needed
to be replaced to obtain complete elimination of cur-
rent by methanethiosulfonate-ethyltrimethylammonium.
Based on this and other findings, they argue that the
width of the inner pore can be 

 

.

 

12 Å. On the other
hand, Loussouarn et al. (2000) argue that the inner
pore of the K

 

ATP 

 

channel (Kir6.2) can be as narrow as a
few angstroms, because the four cysteine residues sub-
stituted at certain equivalent positions can be coordi-
nated by a single Cd

 

2

 

1

 

 ion. To gain some insight into
the dimension of their inner pore, we systematically ex-
amined block of two inward-rectifier K

 

1

 

 channels by a
series of symmetric QAs.

 

M A T E R I A L S  A N D  M E T H O D S

 

Molecular Biology and Oocyte Preparation

 

IRK1 and ROMK1 cDNAs were cloned into the pcDNA1/AMP
and pSPORT plasmids, respectively (Ho et al., 1993; Kubo et al.,
1993). IRK1 and ROMK1 RNAs were synthesized using T7 poly-
merase (Promega) from NotI-linearized cDNAs. Oocytes har-
vested from 

 

Xenopus laevis

 

 (

 

Xenopus

 

 One) were incubated in a solu-
tion containing 82.5 mM NaCl, 2.5 mM KCl, 1.0 mM MgCl

 

2

 

, 5.0
mM HEPES, pH 7.6, and 2–4 mg/ml collagenase. The oocyte
preparation was agitated on a platform shaker (80 rpm) for 60–90
min, rinsed thoroughly, and stored in a solution containing 96

Figure 1. Block of IRK1 currents by intracellular QAs. Current
traces without and with TMA, TEA, TPrA, TBA, or TPeA (each at
0.3 mM). The currents were elicited by stepping membrane volt-
age from the 0-mV holding potential to 2100 mV (25 ms), and
then to various test potentials (100 ms) from 2100 to 1100 mV in
10-mV increments. All current traces were recorded from the same
patch and corrected for background current. The dotted lines
identify the zero current levels.

Figure 2. Effects of QAs on the I-V relationship of IRK1 chan-
nels. (A) Steady-state I-V curves without and with various concen-
trations of one of five QAs obtained from the data as shown in Fig.
1. The current was determined at the end of each test pulse. (B)
Ratios of the I-V curves with and without the QAs shown in A. The
curves superimposed on the data are fits of the equation I/Io 5
Kd /(Kd 1 [QA]), where Kd 5 Kd(0 mV)e2ZFVm/RT. The Kd(0 mV)
and Z values obtained from the fits are summarized in Fig. 9.
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mM NaCl, 2.5 mM KCl, 1.8 mM CaCl

 

2

 

, 1.0 mM MgCl

 

2

 

, 5 mM
HEPES, pH 7.6, and gentamicin, 50 

 

m

 

g/ml. Defolliculated oocytes
were selected and injected with RNA at least 2 and 16 h, respec-
tively, after collagenase treatment. All oocytes were stored at 18

 

8

 

C.

 

Patch Recording

 

IRK1 and ROMK1 currents were recorded from inside-out mem-
brane patches of 

 

Xenopus 

 

oocytes (injected with IRK1 cRNA) with
a patch-clamp amplifier (model Axopatch 200B; Axon Instru-
ments), filtered at 5 kHz, and sampled at 25 kHz using an ana-
logue-to-digital converter (model DigiData 1200; Axon Instru-
ments) interfaced with a personal computer. pClamp6 software
(Axon Instruments) was used to control the amplifier and ac-
quire the data. During current recording, the voltage across the
membrane patch was first hyperpolarized from the 0-mV holding
potential to 

 

2

 

100 mV for 25–50 ms, and then stepped to a test
voltage from

 

 2

 

100 to 

 

1

 

100 mV for a period of 0.1–1 s; the incre-
ment between consecutive test voltages was 10 mV. Background
leak current correction was carried out as previously described
(Lu and MacKinnon, 1994; Guo and Lu, 2000). During the re-
cording, the tip of the patch pipet was immersed in a stream of

 

intracellular solution exiting 1 of 10 glass capillaries (ID 

 

5

 

 0.2
mm) mounted in parallel.

 

Recording Solutions

 

The pipet (extracellular) solution contained (in mM): 100 K

 

1

 

(Cl

 

2

 

1

 

 HPO

 

4

 

2

 

2

 

 

 

1

 

 H

 

2

 

PO

 

4

 

2

 

), 0.3 CaCl

 

2

 

, and 1.0 MgCl

 

2

 

. The bath
(intracellular) solution contained (in mM): 90 K

 

1

 

 (Cl

 

2

 

 

 

1

 

HPO

 

4

 

2

 

2

 

 

 

1

 

 H

 

2

 

PO

 

4

 

2

 

), and 5 K

 

2

 

EDTA. Both solutions were buff-
ered at pH 7.6 with 10 mM phosphate (HPO

 

4

 

2

 

2

 

 

 

1

 

 H

 

2

 

PO

 

4

 

2

 

). The
bath solutions containing QAs were prepared daily. All chemicals
were purchased from Fluka.

 

R E S U L T S

 

Block of IRK1 Channels by Intracellular 
Quaternary Ammoniums

 

Fig. 1 shows macroscopic IRK1 current traces in the ab-
sence or presence of one of five symmetric QAs: tetra-
methylammonium (TMA), TEA, tetrapropylammonium
(TPrA), TBA, or TPeA at membrane voltages from 

 

2

 

100

Figure 3. Kinetics of voltage jump–induced IRK1 cur-
rent relaxations in the presence of QAs. (A) Current
traces at three representative test voltages in the pres-
ence of a fixed concentration of a given QA. (B) Current
traces at three representative concentrations of a given
QA at a fixed test voltage. All current traces were col-
lected as shown in Fig. 1, but for clarity, only the outward
currents are shown.
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Figure 4. Analysis of the voltage jump–induced
IRK1 current relaxations in the presence of QAs.
(A) For a given QA, the reciprocals of the time
constants (1/t; mean 6 SEM, n 5 5) obtained
from the fits as shown in Fig. 3 are plotted against
concentration and fitted with straight lines. (B
and C) The natural logarithms of kon and koff

(mean 6 SEM, n 5 5) are plotted against mem-
brane voltage, respectively. The lines through the
data are fits of the equation: ln k 5 ln k(0 mV) 6
zFV/RT. The values of k(0 mV) and z thus ob-
tained are summarized in Fig. 10.

 

Figure

 

 5. Block of ROMK1 currents by intracellular QAs. Current
traces without and with TMA, TEA, TPrA, TBA, or TPeA (each at
0.3 mM). The currents were elicited by stepping membrane voltage
from the 0-mV holding potential to 

 

2

 

100 mV (50 ms), and then to
various test potentials (1 s) from 

 

2

 

100 to 

 

1

 

100 mV in 10-mV incre-
ments. All records were obtained from the same patch.
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to 

 

1

 

100 mV in 10-mV increments. IRK1 exhibits a strik-
ing TEA selectivity: 0.3 mM TEA inhibited nearly all of
the outward IRK1 current at positive voltages, whereas
the other four QAs inhibited the IRK1 current much less
strongly. Fig. 2 A shows I-V curves of IRK1 in the absence
or presence of one of the five QAs at three representa-
tive concentrations. The extent of IRK1 block increased
with QA concentration and membrane depolarization.
The strongly voltage-dependent QA block rendered
IRK1 inwardly rectifying. In Fig. 2 B, the fraction of un-
blocked IRK1 current in the presence of a given QA is
plotted against membrane voltage at three representa-
tive QA concentrations. From fits of the Woodhull
(1973) equation, we determined, for each QA, the 

 

K

 

d 

 

at
0 mV and the associated valence factor (Z).

 

Kinetics of Voltage Jump–induced IRK1 Current Transients 
in the Presence of Quaternary Ammoniums

 

Fig. 3 A shows the outward current transients induced by
stepping membrane voltage from the 

 

2

 

100-mV prepulse
to the various test voltages indicated, in the presence of a
fixed concentration of one of the four QAs (the kinetics
of current transients in the presence of TMA are too fast
to be resolved by our recording system; Fig. 1). Fig. 3 B
shows current transients at several concentrations of one
of the fours QAs but at a fixed test voltage. The smooth
curves superimposed on the current records in both A
and B are single-exponential fits. The reciprocal of the
single-exponential time constant at a given test voltage is
plotted against QA concentration in Fig. 4 A. Assuming
that one QA molecule blocks one channel, we deter-
mined the apparent “on” rate constant (k

 

on

 

) for the
tested QA from the slope of the linear fit in Fig. 4 A and
the “off” rate constant (k

 

off

 

) from the product of kon and
the corresponding Kd. The natural logarithms of kon

and koff are plotted against membrane voltage in Fig. 4
(B and C, respectively). The lines superimposed on the
data in Fig. 4 (B and C) are fits of an equation, ln k 5 ln
k(0 mV) 6 zFV/RT. From the fits, we determined kon

and koff at 0 mV and the corresponding valence factors
(zon and zoff). Since the values of zon and zoff for a given
QA are comparable, the voltage dependence of the dis-
sociation constant reflects a similar influence of mem-
brane voltage on both kon and koff.

Block of ROMK1 Channels by Intracellular
Quaternary Ammoniums

Fig. 5 shows the current traces of another inward-recti-
fier (ROMK1) in the absence or presence of one of five
QAs, each at 0.3 mM, at membrane voltages from 2100
to 1100 mV in 10-mV increments. Contrary to our find-
ings with IRK1, but consistent with previous reports,
the extent of ROMK1 inhibition increases with increas-
ing QA size (Oliver et al., 1998; Spassova and Lu, 1998).
Fig. 6 A shows I-V curves of ROMK1 in the absence or
presence of one of the five QAs at three concentra-

tions. As in the case of IRK1, the extent of ROMK1 in-
hibition increased with both QA concentration and
membrane depolarization. The strongly voltage-depen-
dent QA block rendered ROMK1 inwardly rectifying.
Fig. 6 B plots, for each QA, the fraction of unblocked
ROMK1 current against membrane voltage at three
concentrations. From the fits of the Woodhull equation
we determined, for each QA, the Kd at 0 mV and the
corresponding valence factor (Z).

Kinetics of Voltage Jump–induced ROMK1 Current 
Transients in the Presence of Quaternary Ammoniums

Fig. 7 A shows current transients induced by stepping
membrane voltage from the 2100-mV prepulse to the

Figure 6. Effects of QAs on the I-V relationship of ROMK1 chan-
nels. (A) Steady-state I-V curves without and with various concen-
trations of one of five QAs, obtained from the data as shown in Fig.
5. (B) Ratios of the I-V curves with and without the QAs shown in
A. The curves superimposed on the data are fits of the equation
I/Io 5 Kd / (Kd 1 [QA]), where Kd 5 Kd(0 mV)e2ZFVm/RT. The Kd(0
mV) and Z values obtained from the fits are summarized in Fig. 9.
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various voltages indicated, in the presence of a fixed
concentration of one of the three QAs (the kinetics of
current transients in the presence of TMA or TEA is
too fast to be resolved by our recording system; Fig. 5).
Fig. 7 B shows the current transients recorded at vari-
ous concentrations of a given QA but for a fixed test
voltage. The smooth curves superimposed on the
records in both A and B are single-exponential fits. The
reciprocal of the single-exponential time constant at a
given test voltage is plotted against the QA concentra-
tion in Fig. 8 A. Again, assuming that one QA molecule
blocks one channel, we determined the apparent kon

for the tested QA from the slope of the linear fit in Fig.
8 A and koff from the product of kon and the corre-
sponding Kd. The natural logarithms of kon and koff are
plotted against membrane voltage in Fig. 8 (B and C,
respectively); the lines superimposed on the data are
fits of the equation used in Fig. 4. The fits yield kon and
koff at 0 mV as well as corresponding zon and zoff. It
should be mentioned that when extrapolated to com-
parable conditions, kon and koff values for TPeA deter-
mined here are comparable to those reported by Oliver
et al. (1998). As in the case of IRK1, the voltage depen-
dence of the dissociation constant for QA binding to

ROMK1 reflects the influence of membrane voltage on
both kon and koff.

Comparison of Block of IRK1 and ROMK1 Channels by 
Quaternary Ammoniums

Fig. 9 A summarizes equilibrium dissociation constants
Kd (0 mV) and the corresponding valence Z for the vari-
ous QAs in both IRK1 and ROMK1. The affinity of
ROMK1 for intracellular QAs increases with alkyl chain
length, whereas IRK1 strongly selects TEA over smaller
or larger QAs. Block of both IRK1 and ROMK1 by QAs is
strongly voltage-dependent, although for each given QA
the valence for IRK1 block is consistently larger (Fig. 9
B). Since the voltage dependence of block mostly reflects
the movement, in the pore, of K1 ions energetically cou-
pled to the blocking ion, the Z value is greatly affected by
the average number of K1 ions in the pore (Spassova and
Lu, 1998, 1999). The difference in Z value between the
two channels may, therefore, largely reflect a difference
in K1 occupancy under our experimental conditions.

Fig. 10 summarizes rate constants kon and koff (0 mV)
as well as corresponding valences zon and zoff for several
QAs in both IRK1 and ROMK1. For each QA, kon is com-
parable in the two channels. Although kon consistently

Figure 7. Kinetics of voltage jump–induced ROMK1
current relaxations in the presence of QAs. (A) Current
traces at three representative test voltages in the presence
of a fixed concentration of a given QA. (B) Current traces
at three representative concentrations of a given QA at a
fixed test voltage. All current traces collected as shown in
Fig. 5, but for clarity, only the outward currents are shown.
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decreases with increasing QA size (Fig. 10 A), the differ-
ence in kon between TEA and TPrA or between TBA and
TPeA is quite small (2–3-fold), whereas it is rather large
(30-fold) between TPrA and TBA. Consequently, Fig. 10
A (note the logarithmic scale) shows an abrupt drop in
kon as QA size is increased above that of TPrA. As for koff,
in both channels, it decreases with increasing QA size
(Fig. 10 C), except for TEA whose koff (determinable in
IRK1) is much smaller than expected from the general
pattern. Values of koff for TPrA, TBA, and TPeA are
much larger in IRK1 than in ROMK1 (Fig. 10 B), ac-
counting for the lower affinity of these three QAs for
IRK1 (Fig. 9 A). Both kon and koff are voltage-dependent,
with a little difference among QAs (Fig. 10, B and D).
The values of zon and zoff for IRK1 are comparable in
magnitude, and similar to zoff for ROMK1, whereas zon

values for ROMK1 are lower (Fig. 10 B), which accounts
for the stronger voltage dependence of channel block in
IRK1 than in ROMK1 (Fig. 9 B).

Block of Mutant IRK1 and ROMK1 Channels by 
Intracellular Quaternary Ammoniums

The presence of an acidic residue in the second trans-
membrane (M2) segment of inward-rectifier K1 chan-

nels is critical for the high affinity binding of intracellu-
lar Mg21 and polyamines. Whereas aspartate is present at
position 172 in IRK1, the corresponding residue (171)
in ROMK1 is asparagine. The question arises whether
the different QA selectivity in the two channel types sim-
ply reflects the presence of an acidic versus a neutral res-
idue at that position. To test this possibility, we examined
QA block of D172N-containing IRK1 and N171D-con-
taining ROMK1 channels. Fig. 11 shows current records
for the mutant channels in the absence or presence of
0.3 mM TMA, TEA, or TPrA (compare with Figs. 1 and
5). The resulting Kd (0 mV) and valences are plotted in
Fig. 12 together with the corresponding ones for the
wild-type channels already shown in Fig. 9. Neither mu-
tation D172N in IRK1 nor mutation N171D in ROMK1
significantly affects channel block by any of the three
QAs tested. Thus, the rather different QA selectivity be-
tween the two channels is not simply determined by the
presence of the aspartate residue in the M2 segment.

D I S C U S S I O N

The goal of the present study is to use QAs to probe the
dimension of the inner pore of inward-rectifier K1

Figure 8. Analysis of the voltage jump–
induced ROMK1 current relaxations in the
presence of QAs. (A) For a given QA, the
reciprocals of the time constants (1/t;
mean 6 SEM, n 5 5) obtained from the
fits as shown in Fig. 7 are plotted against
the concentration and fitted with straight
lines. (B and C) The natural logarithms of
kon and koff (mean 6 SEM, n 5 5) are plot-
ted against membrane voltage, respectively.
The lines superimposed on the data are fits
of the equation: ln k 5 ln k(0 mV) 6 zFV/
RT. The values of k(0 mV) and z thus ob-
tained are summarized in Fig. 10.
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channels. We incidentally observed an unexpected
phenomenon: IRK1 exhibits a much higher affinity for
intracellular TEA than for smaller or larger QAs,
whereas ROMK1 binds larger intracellular QAs with
higher affinity. The kinetic mechanism underlying the
dramatic difference in QA selectivity between the two
channels appears to be straightforward: it is conferred
almost entirely by different QA unbinding kinetics
(Fig. 10). On the other hand, the structural basis of the
phenomenon remains unclear. It is not due to the pres-
ence of acidic aspartate (D172) in IRK1 versus neutral
asparagine (N171) in ROMK1 (Figs. 11 and 12), even
though an acidic residue at that position is critical for
the high affinity binding of intracellular Mg21 and
polyamines (Ficker et al., 1994; Lopatin et al., 1994; Lu
and MacKinnon, 1994; Stanfield et al., 1994; Fakler et
al., 1995; Yang et al., 1995). Additional studies are

needed to uncover the structural basis underlying the
striking difference in QA selectivity between IRK1 and
ROMK1. This difference suggests that inward-rectifiers,
which play important physiological and pathophysio-
logical roles, can be differentially targeted by low mo-
lecular weight pharmacological agents.

Returning now to the original question—the diame-
ter of the inner pore—we use the term “inner pore” ei-
ther literally or to refer to its narrowest part if the width
is nonuniform. In practice, determining the inner pore
diameter can be translated into identifying the largest
ion that can readily enter it (Hille, 1971). In principle,
if the inner pore were a stiff pipe and the test ions in-
compressible balls of various sizes (i.e., a system without
compliance or friction) one would expect a simple bi-
nary outcome (Fig. 13 A): all ions smaller than the pore
enter it with the same rate whereas larger ones are ex-

Figure 9. Summary of equilibrium dissociation con-
stants and corresponding valence factors of channel
block by QAs. The Kd(0 mV) and Z values (mean 6
SEM, n 5 5) for each QA, obtained as shown in Figs. 2
and 6, are presented in A and B, respectively. The
open and closed circles correspond to the data for
IRK1 and ROMK1, respectively.

Figure 10. Summary of the rate con-
stants and associated valence factors for
channel block by QAs. The kon and koff val-
ues (mean 6 SEM, n 5 5) for a given QA
are presented in A and C, and the zon and
zoff in B and D, respectively. The open and
closed circles correspond to the data for
IRK1 and ROMK1, respectively.
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cluded. Pore size would be identified as that of the larg-
est ion that can enter, regardless of absolute entry rate.

However, the system (the inner pore and the QAs)
that we studied exhibits compliance and hindrance. For
example, uncertainty regarding absolute QA dimension
increases with size; larger QAs may widen the pore as
they elbow their way into it. Furthermore, as the QA trav-

els towards its binding site, part of the longer alkyl
chains may interact with and penetrate the netlike pro-
tein lining of the inner pore, significantly hindering the
QA’s mobility. Because of these effects, an ion larger
than the normal size of the open pore may be able to
squeeze into it but with a lower rate of entry (Fig. 13 B).
Therefore, to determine the normal pore diameter one

Figure 11. Block of mutant IRK1 and ROMK1
channels by intracellular quaternary ammoniums.
IRK1-D172N and ROMK1-N171D current traces
without and with TMA, TEA, or TPrA (each at 0.3
mM). The currents were elicited by stepping
membrane voltage from the 0-mV holding poten-
tial to 2100 mV (25 ms), and then to various test
potentials (100 ms) from 2100 to 1100 mV in 10-
mV increments. For each channel type, all
records are from the same patch and corrected
for background current.

Figure 12. Comparison of equilibrium dissocia-
tion constants and associated valence factors for
QA block of wild-type and mutant channels. The
Kd(0 mV) and Z value (mean 6 SEM, n 5 5) for
each of three QAs tested are presented in A and
B, respectively. (circles) IRK1; (squares) ROMK1.
(open symbols) Wild-type channels; (closed sym-
bols) mutant channels.
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needs to determine not only whether ions of a given size
can or cannot enter, but also the rates of entry. The com-
pliance and hindrance of the system cause the ion entry
rate to drop gradually with increasing ion radius, rather
than abruptly as in the idealized system (Fig. 13). Fur-
thermore, if compliance in the system is high relative to
the radius range of available test ions, the experimental
ion entry rate may not drop to zero, as occurred in the
present study. Despite these complications, one can still
infer the pore diameter from the expected steep drop of
entry rate with increasing ion size.

As shown in Fig. 10, kon decreases with increasing QA
size, from 5 3 105 M21 s21 for TEA to 3 3 103 M21 s21

for TPeA. Limiting equivalent conductivities for TMA,
TEA, TPrA, TBA, and TPeA are 45, 33, 23, 19, and
17 (S/cm)/(equiv/cm3), respectively (Robinson and
Stokes, 1968). Accepting some common assumptions,
these values predict diffusion-limited kon rates of 108–
109 M21 s21 (Andersen, 1983a,b; Kuo and Hess,
1992a,b). Clearly, experimental kon (0 mV) values for
all QAs examined are well below those expected for a
diffusion-limited process, which argues that the inner
pore is spatially restricted. The “diameters” of TMA,
TEA, TPrA, TBA, and TPeA are z7, 8, 9, 10, and 11 Å,
respectively (Robinson and Stokes, 1968). Therefore,
as discussed above, the steep (30-fold) drop in kon ob-
served between TPrA and TBA, compared with two- to
threefold drops between TEA and TPrA and between
TBA and TPeA (Fig. 10 A), argues that the diameter of
the inner pore is z9 Å, which is comparable in the size
to a K1 ion with a single H2O shell. Moreover, the value
of koff for QAs (except for TEA in IRK1) decreases with
increasing alkyl chain length (Fig. 10 C), which is con-
sistent with the notion that the path between the QA-
binding locus and the intracellular solution is spatially
restricted and that hydrophobic interaction is a crucial

factor in channel–QA interaction. It should be noted
(Fig. 10 A) that both the absolute value of kon for a
given QA and its variation with QA size are nearly the
same in IRK1 and ROMK1, which argues that the inner
pores of these two channels likely share some common
architectural features, despite the fact that rectification
is strong in the former and weaker in the latter.
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