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

Intracellular Na+-activated K+ (KNa) channels have a 
large conductance (150–180 pS with [K+]e of 140 mM) 
and a very low open probability (Po) under normal 
physiological and ionic conditions, but they are rap-
idly activated upon elevation of [Na+]i, with an EC50 
of 30 mM (Kameyama et al., 1984). Weakly voltage-
dependent KNa channel currents have been recorded 
from neurons (Bader et al., 1985; Haimann and 
Bader, 1989; Haimann et al., 1990, 1992; Egan et al., 
1992b; Dryer, 1994; Zhainazarov and Ache, 1997)  
and cardiac myocytes (Kameyama et al., 1984; Luk  
and Carmeliet, 1990; Rodrigo and Chapman, 1990; 
Sanguinetti, 1990). It has been proposed that activa-
tion of cardiac KNa channels during ischemia has a 
protective role by shortening action potential dura-
tion and preventing Ca2+ overload (Kameyama et al., 
1984; Sanguinetti, 1990; Wang et al., 1991).

The molecular cloning in 2003 of two genes named 
Slo2.1 (“Slick”) (Bhattacharjee et al., 2003) and Slo2.2 
(“Slack”) (Bhattacharjee et al., 2003; Yuan et al., 2003) 
based on their homology to Slo1 (BK or KCa1.1), has 

Correspondence to Michael C. Sanguinetti: sanguinetti@­cvrti.utah.edu
Abbreviations used in this paper: FFA, flufenamic acid; GHK, Goldman-

Hodgkin-Katz; KNa, intracellular Na+-activated K+; NFA, niflumic acid; PH, 
pore helix; Po, open probability; SF, selectivity filter; VSD, voltage sensor 
domain; WT, wild-type.

enabled molecular studies of KNa channels not previ-
ously possible. The various Slo K+ channels are regu-
lated by binding of distinct intracellular ions to a cytosolic  
C-terminal domain: Ca2+ for Slo1 (Adelman et al., 1992), 
Na+ for Slo2, and H+ for Slo3 (Schreiber et al., 1998). 
The study of heterologously expressed Slo2.1 channels 
revealed that in addition to the anticipated role of 
[Na+]i, these channels are also activated by intracellu-
lar Cl and inhibited by 5 mM of intracellular ATP 
(Bhattacharjee et al., 2003). ATP-sensitive K+ channels 
are inhibited by lower [ATP]i (Noma, 1983); however, it 
is unclear whether the decreased [ATP]i or elevated 
[Na+]i associated with ischemic conditions leads to a 
preferential early activation of either KNa or ATP-sensitive  
K+ channels. The conductance and gating properties of 
K+-selective channels can also be modified by the con-
centrations of [Na+]e and ]K+]e. Extracellular Na+ en-
hances the conductance of inward rectifier K+ channels 
(Ohmori, 1978), and the conductance and gating of Kv 
channels is [K+]e dependent. Multi-ion barrier models 
(Hille and Schwarz, 1978) predict that single-channel 
conductance saturates at high levels of [K+]e, and C-type  
inactivation of voltage-gated K+ (Kv) channels is reduced  
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Collectively, these findings indicate that Slo2.1 channel gating is modulated by [K+]e and [Na+]e, and that NFA 
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276 Slo2.1 channel activation

oocytes, and currents activated by NFA were character-
ized using two-microelectrode voltage clamp and patch 
clamp techniques. We also characterize the weak volt-
age dependence of Slo2.1 channel gating as a function 
of [NFA] and [K+]e, and determine the effect of substi-
tution of extracellular Na+ with other monovalent cat-
ions. Finally, the structural basis of voltage-dependent  
gating was explored by mutating the charged residues 
in segments S1–S4, the consensus voltage-sensing do-
main of Kv channels.

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

Molecular biology
The human Slo2.1 full-length cDNA (GenBank accession no. 
NM_198503) fragment was isolated by EcoRV and SpeI diges-
tion from hSlick/pTRACER plasmid (provided by L. Kacz-
marek, Yale University, New Haven, CT) and subcloned into the 
psGEM oocyte expression vector. Mutations of wild-type (WT) 
hSlo2.1 cDNA were performed using the Quickchange site-
directed mutagenesis kit (Agilent Technologies). Mutation con-
structs were confirmed by restriction enzyme and DNA sequence 
analyses. Complementary RNAs (cRNA) was prepared with 
mMessage mMachine T7 (Applied Biosystems) after lineariza-
tion of the expression construct with SfiI. The concentration  
of cRNA was quantified by spectroscopy or with the RiboGreen 
assay (Invitrogen).

Oocyte isolation and cRNA injection
The procedures used to harvest oocytes from Xenopus laevis were 
approved by the University of Utah Institutional Animal Care and 
Use Committee. Frogs were anesthetized with 0.2% tricaine meth-
ane sulfonate in deionized water before a small abdominal inci-
sion was made to remove ovarian lobes. The incision was sutured 
closed, and the frog was returned to its aquarium for a recovery 
period of at least 1 mo before the procedure was repeated. After 
a maximum of three surgical procedures, tricaine-anaesthetized 
frogs were killed by pithing. Oocytes were manually dispersed 
from the lobes, and the follicle cell layer was removed by treat-
ment for 90–150 min with 1 mg/ml of type II collagenase 
(Worthington) in ND96-Ca2+–free solution that contained (in 
mM): 96 NaCl, 2 KCl, 1 MgCl2, and 5 HEPES; pH was adjusted to 
7.6 with NaOH.

To characterize Slo2.1 channel current (ISlo2.1), stage IV and V 
oocytes were injected with 0.2–6 ng of WT or mutant human 
Slo2.1 cRNA. Oocytes were subsequently stored for 1–3 d at 18°C 
in Barth’s saline solution that contained (in mM): 88 NaCl, 1 KCl, 
0.41 CaCl2, 0.33 Ca(NO3)2, 1 MgSO4, 2.4 NaHCO3, 10 HEPES, 
and 1 pyruvate plus 50 mg/L gentamycin; pH was adjusted to 7.4 
with NaOH.

Two-electrode voltage clamp
1–3 d after injection with cRNA, oocytes were placed in a 0.2-ml 
recording chamber and perfused at 2 ml min1 with KCM211 solu 
tion at room temperature (22–24°C). Standard two-microelectrode  
voltage clamp techniques were used to record ionic currents from  
single oocytes (Goldin, 1991; Stühmer, 1992). A GeneClamp 500 
amplifier, Digidata 1322A data acquisition system, and Clampex 
8.2 or 9.0 software (MDS Analytical Technologies) were used to 
produce command voltages and to record current and voltage 
signals. I-V relationships for WT and mutant channels were deter-
mined by measuring currents at the end of test pulses applied in 
20-mV increments to potentials that usually ranged from 160 

at elevated [K+]e (Baukrowitz and Yellen, 1995). The ef-
fects of [Na+]e and [K+]e on Slo2.1 channel currents have  
not been previously investigated.

Fenamates such as niflumic acid (NFA) were devel-
oped for use as nonsteroidal antiinflammatory agents. 
In addition to their antiinflammatory activity, these 
compounds also affect ion channels at high (mM) con-
centrations. The fenamates were first shown to block 
Cl channels (White and Aylwin, 1990) and were later 
reported to alter the gating of a wide spectrum of ion 
channel types (Busch et al., 1994; H.S. Wang et al., 1997; 
Malykhina et al., 2002; Peretz et al., 2005; Fernandez et al.,  
2008). The most dramatic effect of fenamates on ion 
channels is their activation of Slo1. When applied to the 
extracellular chamber, 1 mM NFA caused an approxi-
mately fivefold increase in Po of coronary smooth mus-
cle BK channels reconstituted in bilayers (Ottolia and 
Toro, 1994), and 0.5 mM NFA induced a threefold in-
crease in currents conducted by heterologously expressed  
human Slo1 channels (Gribkoff et al., 1996). The effects 
of fenamates on other members of the Slo channel fam-
ily have not been reported.

The S1–S4 -helical transmembrane segments com-
prise the voltage sensor domain (VSD) in voltage-gated 
K+, Na+, and Ca2+ channels. The S4 segment is the pri-
mary voltage sensor, but acidic residues in the S2 and 
S3 segments can also form charge pair interactions with  
basic residues in S4, and these interactions are impor-
tant for subunit folding or voltage sensor function 
(Seoh et al., 1996; Tiwari-Woodruff et al., 1997, 2000). 
The net charge of the S4 segment in Shaker, the proto-
typical Kv channel is +7. Slo1 has only three basic resi-
dues in the S4, and the functional voltage sensor of Slo1 
channels is proposed to be composed of four charged  
residues: one in S4 (R213), two in S2 (D153, R167), and 
one in S3 (D186), based on the ability of charge-altering  
mutations to reduce the voltage dependence of Po (Ma 
et al., 2006). The charge displacement associated with 
full activation of a Slo1 channel is estimated to be only 
2.6 e (Horrigan et al., 1999), several times smaller than 
the 13 e estimated for Shaker (Aggarwal and MacKinnon,  
1996). In contrast to Slo1 and typical Kv channels, the 
S4 of Slo2.1 has only two basic charges, and these are 
offset by two acidic residues to give a net charge of 0. 
Based on the paucity of positive charge and the neutral 
net charge, it seems unlikely that the S4 of Slo2.1 could 
effectively sense transmembrane voltage or play an im-
portant role in coupling cell depolarization to channel 
activation. However, Slo2.1 also has several other basic 
and acidic residues in S1–S3, and some of these alone, 
or in concert with one or more of the charged residues 
in S4, could comprise a voltage-sensing module.

Here, we show that dormant Slo2.1 channels can be 
markedly activated by extracellular applied NFA, rival-
ing and superseding the effect of elevated [Na+]i. Slo2.1 
channels were heterologously expressed in Xenopus  
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treatment for 2–5 min with a hypertonic solution that contained 
(in mM): 200 K aspartate, 20 KCl, 1 MgCl2, 1 EGTA, and 10 
HEPES, pH 7.4. Patch pipettes were fabricated from borosilicate 
glass (Sutter Instrument Co.) and had a resistance of 8–13 MΩ 
when filled with the pipette solution. Currents were recorded 
using an Axopatch 200B amplifier, on-line filtered at 1 kHz  
using an eight-pole Bessel filter, and digitized at 5 kHz. Currents 
were elicited using voltage ramps or were recorded continuously 
(gap-free) for several minutes at a variable test potential (Vt) 
to determine i-V relationships.

to +80 (or +120) mV. Unless otherwise specified, the holding 
potential (Vh) or prepulse was 80 mV and the interpulse inter-
val was 10 s. Other voltage pulse protocols are described in Re-
sults and the figure legends.

Single-channel recording
The activity of multiple Slo2.1 channels was measured in cell-
attached and inside-out patches of oocyte membrane using the 
patch clamp technique (Hamill et al., 1981). Manual removal of 
the vitelline membrane from single oocytes was facilitated by 

Figure 1.  Incubation of oocytes with Nai-loading solution activates ISlo2.1. (A) Currents recorded from an uninjected oocyte before  
(control) and after 10-min incubation in Nai-loading solution. Vt was varied from 140 to +80 mV and applied in 20-mV increments 
from a holding potential of 80 mV. (B) Currents recorded from an oocyte injected with 3.2 ng Slo2.1 cRNA before (control) and after 
incubation in Nai-loading solution for 10 min. Vt was varied from 140 to +80 mV and applied in 20-mV increments from a holding 
potential of 80 mV. (C) Average ISlo2.1–V relationship determined after incubation of oocytes in Nai-loading solution for 10–15 min 
(n = 8). (D) Kinetics of ISlo2.1 activated by incubation of oocytes with Nai-loading solution for 15 min. Left plot summarizes the fast and 
slow time constants for activation (fast and slow) of the time-dependent component of current (n = 15). On the right is a plot of the 
amplitude of the instantaneous current (Iinst) divided by the total outward current (Itotal) (n = 15). (E) Currents recorded from oocytes 
injected with 3.2 ng Slo2.1 cRNA and incubated in Barth’s solution (top) or Barth’s solution plus 10 µM ouabain for 2 d (bottom). Vt was 
varied from 160 to +80 mV, applied in 40-mV increments. (F) I-V relationships for uninjected oocytes incubated in Barth’s solution plus 
10 µM ouabain for 2 d (open triangle; n = 9) and in oocytes injected with 3.2 ng Slo2.1 cRNA and incubated in Barth’s solution alone 
(open circle; n = 7) or in Barth’s solution plus 10 µM ouabain for 2 d (filled square; n = 13).
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278 Slo2.1 channel activation

The relationship was fitted to a Boltzmann function, and Gmax was 
estimated by extrapolation of the curve to more positive poten-
tials. The resulting normalized G-V relationships were again fit
ted with a Boltzmann function (Eq. 1), where z is the effective 
valence, F is Faraday’s constant, R is the gas constant, T is room 
temperature in °K, and V1/2 is the potential at which the current 
is half-activated.

	 G G  1 1  exp 2 F RT V 2Vmax t 1 2/ / { [ / ( )]}/= + z 	  (1)

The amplitude of single-channel currents was determined from 
all-points histograms of channel activity when the potential was 
held at a constant level for 1–2 min.

The concentration–effect relationship for NFA activation of 
ISlo2.1 measured at a single Vt was fitted with a Hill equation 
(Eq. 2). EC50 is the [NFA] that produced a half-maximal re-
sponse, and nH is the Hill coefficient.

	 I ISlo2 1 Slo2 1max
nH nH

5
nH NFA NFA  EC. ./ /= [ ] [ ] +( )0 	  (2)

A modified Hill equation (Eq. 3) was used to estimate EC50 and 
nH for NFA-mediated effects on V1/2 of activation or slope conduc-
tance, where A1 and A2 are the minimum and maximum values of 
the parameter measured. The coefficient of determination (R2) 
for goodness of fit is also provided.

	 y  A  A  A   NFA EC  NFA1 2 1
nH

5
nH nH= + ( ) [ ] + [ ]( )– • / 0 	 (3)

R E S U LT S

Activation of Slo2.1 channels by intracellular Na+ loading
Under normal physiological conditions, Slo2.1 channel 
currents were very small or undetectable in oocytes 
studied 3 d after injection with <10 ng of human Slo2.1 

Solutions and drugs
For two-microelectrode voltage clamp recording, all extracellular 
solutions contained 1 CaCl2, 1 MgCl2, and 5 mM HEPES, along 
with a variable concentration of KCl and NaCl. KCM211 external 
solution contained (in mM): 98 NaCl, 2 KCl, 1 CaCl2, 1 MgCl2, 
and 5 mM HEPES; pH was adjusted to 7.6 with NaOH. KCM411 
was the same, except for KCl (4 mM) and NaCl (96 mM). K104 
solution contained 104 mM KCl, 0 NaCl, 1 CaCl2, 1 MgCl2, and 
1 mM HEPES. To increase [Na+]i and activate Slo2.1 channels, 
the Na+ pump was inhibited by incubating oocytes for 5–20 min in 
a Nai-loading extracellular solution that contained (in mM): 110 
NaCl, 2.5 Na citrate, and 5 MOPS, pH 7.6. Using this solution, the 
[Na+]i in oocytes can reach a level of 80 mM after 2 h of incuba-
tion (Vasilets et al., 1991). The Nai-loading solution was washed 
out and replaced with KCM211 external solution plus 10 µM 
ouabain immediately before recording currents.

For cell-attached and inside-out patch recording of single- 
channel activity, the pipette (extracellular) solution contained 
(in mM): K gluconate and Na gluconate (as indicated for specific  
experiments), 2 MgCl2, 0.1 CaCl2, and 10 HEPES, pH 7.2. To acti-
vate Slo2.1 channels, NFA (1–6 mM) was also added to the pipette 
solution. For inside-out patch recordings, oocytes were bathed in 
an “intracellular” solution that contained (in mM): variable KCl 
and NaCl as indicated, 2 MgCl2, 10 HEPES, and 2 EGTA, pH 7.2.

NFA and flufenamic acid (FFA) were purchased from Sigma-
Aldrich and dissolved in dimethyl sulfoxide as a 1-M stock  
solution. For some experiments, the Na+ pump was inhibited by  
incubation of oocytes with ouabain (Sigma-Aldrich) at a concen-
tration of 10 µM. All solutions containing NFA were corrected to 
pH 7.6 with NaOH or KOH.

Data analysis
Off-line data analysis was performed with Clampfit 8.2 or 9.0 
(MDS Analytical Technologies), Origin 7.5 (OriginLab), and Excel  
(Microsoft) software. All data are expressed as mean ± SEM (n = 
number of oocytes). ISlo2.1 was plotted as a function of Vt to obtain 
an I-V relationship. Relative conductance (G/Gmax) was calcu-
lated as ISlo2.1/(Vt  Erev), where Erev is the reversal potential of 
whole cell current, and plotted as a function of Vt for each oocyte. 

Figure 2.  NFA activates Slo2.1 channels het-
erologously expressed in oocytes. (A) Currents 
recorded from an uninjected oocyte before 
and after treatment with 1 mM NFA. (B) Cur-
rents recorded from an oocyte expressing 
Slo2.1 before (control) and after treatment 
with 1 mM NFA for 8 min. Oocytes were in-
jected 2 d earlier with 0.32 ng Slo2.1 cRNA. In 
A and B, Vt was varied from 160 to +80 mV, 
applied in 20-mV increments. (C) Average 
I-V relationships for currents recorded before  
(control) and after treatment with 1 mM NFA 
(n = 35). (D) [NFA]– and [FFA]–response re-
lationships for increase of ISlo2.1 in response to 
continuous pulsing to 0 mV. Data were fitted 
with a Hill equation (smooth curves) to de-
termine EC50 (2.08 ± 0.04 mM) and Hill coef-
ficient, nH (1.94 ± 0.05), for NFA (n = 12). For 
FFA, the EC50 was 1.4 ± 0.02 mM and nH was 
1.92 ± 0.03 (n = 5).
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slight change in the magnitude of endogenous currents 
(Fig. 2 A). However, in oocytes expressing Slo2.1, the 
drug induced a very large increase in current magni-
tude (Fig. 2 B). The onset of current increase was very 
rapid, commencing immediately after switching the 
perfusate from the control solution to one containing 
1 mM NFA. In oocytes injected with 0.84 ng cRNA, 1 mM  
NFA induced an 80-fold increase in the magnitude of 
outward current measured at 0 mV (n = 11). Unlike 
Slo2.1 channels activated by treatment with the Nai-
loading solution, the I-V relationship for NFA-activated 
channels (Fig. 2 C) did not exhibit a reduced slope 
conductance at potentials >+40 mV, presumably because 
[Na+]i was not altered by NFA.

When quantified by repetitive pulsing to 0 mV, the ef-
fects of NFA were concentration dependent over the 
range of 1 to 10 mM, with an EC50 of 2.08 ± 0.04 mM 
(Fig. 2 D; n = 12). A related fenamate, FFA, was also an 
effective activator of Slo2.1 channels, with an EC50 of 
1.43 ± 0.02 mM (Fig. 2 D; n = 5). The Hill coefficient 
(nH) for both fenamates was 1.9, indicating a positively 
cooperative binding reaction.

The activation of Slo2.1 by Nai loading or NFA was com-
pared in a single oocyte (Fig. 3). Currents were recorded 
at potentials ranging from 160 to +100 mV under con-
trol conditions (KCM211 external solution) and after  
treatment with 1 mM NFA (Fig. 3 A, a and b). The I-V  

cRNA. As reported previously (Santi et al., 2006), func-
tional Slo2.1 channel expression in oocytes was achieved 
after injection of large amounts (75 ng/oocyte) of 
cRNA. The lack of functional Slo2.1 channel expression 
in oocytes injected with low amounts of cRNA is likely 
due to the low probability of channel opening when 
[Na+]i is within its normal physiological range of  
4–10 mM (Weber, 1999). [Na+]i in Xenopus oocytes can 
be elevated by bathing the cells in a Nai-loading solu-
tion that inhibits the Na+ pump and gradually leads to 
an accumulation of intracellular Na+ ions (Vasilets et al.,  
1991). In uninjected oocytes, Nai loading for 10–15 min 
enhanced outward currents about twofold (Fig. 1 A), 
consistent with an activation of endogenous KNa chan-
nels (Egan et al., 1992a). In contrast, in oocytes injected 
with 3.2 ng/oocyte of Slo2.1 cRNA, current magnitude 
was enhanced 10-fold after Nai loading (Fig. 1 B). The 
I-V relationship for ISlo2.1 exhibited the typical pattern 
of outward rectification expected for KNa channels 
(Fig. 1 C). In addition, the slope conductance was neg-
ative for Vt > +50 mV. The negative slope conductance 
at positive potentials is likely caused by block of out-
ward currents by the elevated [Na+]i, as reported previ-
ously for single KNa channels in guinea pig myocytes 
(Wang et al., 1991).

The activation of Slo2.1 current exhibited two com-
ponents. At the more negative potentials, the onset of 
outward current was instantaneous or at least reached a 
steady-state level within the time course of the capaci-
tance transient ( 1 ms). At a Vt positive to 60 mV, 
an additional time-dependent component of activation 
was observed. The onset of this later component was 
best described by a bi-exponential function with time 
constants of 35 and 200 ms (Fig. 1 D, left). The frac-
tion of instantaneous to total current varied from 1.0 
at 80 mV to 0.5 at +80 mV (Fig. 1 D, right). As reported  
previously for native KNa channels in guinea pig myo-
cytes (Luk and Carmeliet, 1990), ISlo2.1 could also be ac-
tivated by incubation of oocytes with ouabain (Fig. 1, 
E and F). Thus, ISlo2.1 is readily activated by increasing  
[Na+]i secondary to an inhibition of the Na+ pump.

Activation of Slo2.1 by fenamates
Fenamates such as NFA were originally reported to 
block Cl channels (White and Aylwin, 1990), but have 
since been reported to also alter the gating of a wide 
spectrum of ion channel types (Busch et al., 1994; H.S. 
Wang et al., 1997; Malykhina et al., 2002; Peretz et al., 
2005; Fernandez et al., 2008). At 1 mM, extracellularly 
applied NFA caused an approximate fivefold increase 
in Po of coronary smooth muscle BK channels reconsti-
tuted in bilayers (Ottolia and Toro, 1994), and 0.5 mM 
induced a threefold increase in currents conducted 
by heterologously expressed human Slo1 channels 
(Gribkoff et al., 1996). We found that NFA also activates  
Slo2.1 channels (Fig. 2). NFA at 1 mM caused only a 

Figure 3.  Increased [Na+]i blocks outward ISlo2.1 at positive po-
tentials. (A) Currents recorded from an oocyte expressing Slo2.1 
under control conditions (a) after 8-min treatment with 1 mM 
NFA (b), after 25-min incubation in Nai-loading solution (c), and 
then after 8-min treatment with 0.1 mM NFA (d). Vt was varied 
from 160 to +80 mV and applied in 40-mV increments. (B) I-V 
relationships for the oocyte under the indicated conditions.
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280 Slo2.1 channel activation

Single Slo2.1 channel activity was readily recorded 
in cell-attached patches if the pipette solution con-
tained a high [K+] and NFA. Without NFA in the pi-
pette, single-channel activity was not observed. In the 
example shown in Fig. 4 A, the pipette solution con-
tained 2 mM NFA, and only one channel was evident 
in the cell-attached patch when the voltage was ramped 
from +60 to 120 mV (Fig. 4 A, i). Note that the Po was 
much higher at positive potentials compared with nega-
tive potentials. Excision of the patch to form an inside-
out configuration into a bathing (“cytosolic”) solution 
that contained 140 KCl increased channel activity and 
revealed the presence of two channels in the patch 
(Fig. 4 A, ii). This increase in channel activity upon 
patch excision was observed in seven additional patches 
and may be caused by the absence of ATP and/or the 
higher concentration of Cl in the bathing solution 
compared with the cytosol. Intracellular ATP blocks, 
whereas Cl activates, Slo2.1 channels (Bhattacharjee 
et al., 2003). Switching the bathing solution to one 
containing 80 mM NaCl and 60 mM KCl increased 

relationship was linear at positive potentials in the pres-
ence of NFA (Fig. 3 B). The same cell was then incubated  
in the Nai-loading solution without NFA for 25 min. The 
currents recorded after Nai loading activated more 
slowly at positive potentials (Fig. 3 A, c), and the I-V 
relationship exhibited a region of negative slope con-
ductance at potentials positive to +50 mV (Fig. 3 B). Al-
though subsequent addition of 0.1 mM NFA further 
increased current magnitude (Fig. 3 A, d), the nonlin-
earity of the I-V relationship persisted (Fig. 3 B). Collec-
tively, these findings suggest that although an increase 
in [Na+]i activates Slo2.1 channels, it also causes a volt-
age-dependent pore block at potentials positive to +40 
mV, the approximate reversal potential for Na+. The un-
certainty regarding the absolute change in [Na+]i induced  
by treatment of oocytes with the Nai-loading solution 
limits the utility of this approach to study Slo2.1. In 
contrast, treatment of oocytes expressing Slo2.1 chan-
nels with NFA is a rapid and reproducible method to ac-
tivate whole cell channel current, and this method was 
used for the remaining studies.

Figure 4.  Activation of single Slo2.1 
channels by extracellular NFA and 
intracellular Na+. (A) Slo2.1 chan-
nels recorded during voltage ramp 
from +60 to 120 mV. The top 
panel illustrates voltage clamp pro-
tocol. Currents were recorded from 
a single patch under three record-
ing conditions: cell-attached (CA) 
patch mode (i) or inside-out (IO) 
mode (ii) with a bath solution that 
contained 140 mM KCl, and inside-
out mode (iii) with a bath solution 
that contained 80 mM NaCl and 
60 mM KCl. (B) Slo2.1 channel ac-
tivity measured during gap-free re-
cordings at –80 mV from the same 
patch as in A. The closed (C) and 
open (O1, O2, and O3) state levels 
are indicated to the right of the cur-
rent traces. (C) Single-channel i-V 
relationships for the three record-
ing conditions as indicated. Num-
bers in parenthesis indicate the 
number of patches summarized for 
each data point in the order indi-
cated by the inset legend. The slope 
conductance for single channels  
() determined for 40 to 120 mV  
was 144 ± 8 pS for CA patches,  
144 ± 6 pS for IO patches and  
140 KCl bath solution, and 130 ± 7 pS 
for IO patches and 80 NaCl/60 KCl 
bath solution.

D
ow

nloaded from
 http://rupress.org/jgp/article-pdf/135/3/275/1914719/jgp_200910316.pdf by guest on 04 D

ecem
ber 2025



� Dai et al. 281

was 51 µS at 1 mM, 103 µS at 3 mM, and 142 µS at 
6 mM NFA. The G-V relationships (Fig. 5 B) were  
determined for each concentration of NFA by di-
viding peak ISlo2.1 values from the I-V relationship 
by the electrical driving force (Vt  Erev). At 1 mM 
NFA, the average V1/2 value of the G-V relationship 
for this group of oocytes was 1.5 ± 0.7 mV, and  
the slope factor was 36 mV, equivalent to a z value  
of 0.71 ± 0.01 e (n = 8). The V1/2 for activation was 
shifted by 42 mV when [NFA] was increased from 
1 to 3 mM NFA and by 83 mV with 6 mM NFA 
(Fig. 5 B; n = 5–7). The equivalent valence, z, de-
creased from an average of 0.71 at 1 mM to 0.57 at  
3 mM and 0.46 at 6 mM NFA. Thus, NFA stabilized 
the open state of Slo2.1 channels in a concentration-
dependent manner.

Similar to current activated by the Nai-loading  
solution, ISlo2.1 activated by NFA exhibited an instanta-
neous and a time-dependent component. The time-
dependent component became apparent at a Vt > 
60 mV, and its bi-exponential onset was [NFA] de-
pendent (Fig. 5 C). The time-dependent component 
of current induced by NFA was faster in onset when 
compared with current activated by elevated [Na+]i. 
For example, at +80 mV, the fast and slow time con-
stants for the onset of time-dependent current were 
5 and 17 ms with 1 mM NFA, compared with 50 and 
325 ms for current activated by elevated [Na+]i. Simi-
lar to ISlo2.1 induced by Nai loading, the ratio of in-
stantaneous to total ISlo2.1 (Iinst/Itotal) activated by NFA 
was 1.0 at 80 mV and was decreased as Vt was made 

channel activity and revealed that the patch contained 
at least three channels, two of which were apparently 
silent when currents were measured in the cell-attached 
patch mode (Fig. 4 A, iii). As expected, the outward cur-
rents were reduced when the bath solution was switched 
from 140 mM KCl to 60 mM KCl/80 mM NaCl because 
of the change in Erev and the accompanying reduction 
in driving force for K+. As reported previously for inside-
out patch recordings of heterologously expressed Slo2.1 
channels (Yuan et al., 2003) or native KNa channels 
(Kameyama et al., 1984; Niu and Meech, 2000), Slo2.1 
exhibited reduced voltage dependence when recorded 
using high [K+]e and high [Na+]i. Channel activity was 
also measured using gap-free recording in this patch 
under the three recording conditions (Fig. 4 B); 
here, the difference in the number of active chan-
nels in the patch and Po is even more evident. The 
amplitude of single-channel currents (Fig. 4 B, i) was 
determined from analysis of all-points amplitude histo-
grams at each potential to construct the i-V relation-
ships shown in Fig. 4 C. Thus, Slo2.1 channels are 
activated independently by extracellular NFA and  
intracellular Na+.

To determine the concentration-dependent agonist 
activity of NFA over a wide range of test potentials, 
oocytes were injected with a small amount of cRNA 
(0.2 ng/oocyte) to limit the size of currents evoked 
with higher drug concentrations. The increase in the 
magnitude of ISlo2.1 by 1, 3, and 6 mM NFA was both 
concentration and voltage dependent (Fig. 5 A). The 
maximum slope conductance, gmax [(dISlo2.1/dVt)max], 

Figure 5.  Concentration-dependent 
effects of NFA on ISlo2.1 magnitude and 
kinetics. (A) I-V relationships deter-
mined before (control) and after treat-
ment of oocytes with 1, 3, and 6 mM 
NFA as indicated. (B) G-V relationships 
based on I-V relationships plotted in A. 
Data were fitted with a Boltzmann func-
tion (smooth curves) to determine the 
half-point (V1/2) and effective valence, 
z, for ISlo2.1 activated by treatment of 
oocytes with NFA. The V1/2 was 1 ± 
0.7 mV (n = 8), 43 ± 2.4 mV (n = 7), 
and 84 ± 6 mV (n = 5) for 1, 3, and 
6 mM NFA, respectively. The z values 
were 0.71 ± 0.01, 0.57 ± 0.02, and 0.46 
± 0.02 for oocytes treated with 1, 3, and 
6 mM NFA, respectively. (C) Kinetics of 
ISlo2.1 activated by NFA. A summary of 
the fast and slow time constants (fast 
and slow) for activation of the time-
dependent component of current (n = 15 
for 1 mM NFA and n = 14 for 3 mM 
NFA). (D) A plot of the amplitude of 
the instantaneous current (Iinst) divided  
by total outward current (Itotal) as a func-
tion of text potential, Vt (n = 14–15).
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ships were determined after equilibration in each solu-
tion. For these experiments, 1 mM NFA was used. In 
another batch of oocytes, the I-V relationships were also 
determined in a solution containing 300 mM KCl. For 
these oocytes, currents were first measured in a solution 
containing 99 mM KCl before switching to the 300-mM 
KCl solution, and recordings were made 2 min after the 
change in resting potential reached an equilibrium and 
before the hypertonic solutions caused significant cell 
shrinkage. Elevation of [K+]e caused a rightward shift of 
the I-V relationships (Fig. 6 A), but the slope conduc-
tance of outward currents was not altered at equivalent 

more positive. For Vt of +80 mV, Iinst/Itotal was 0.42 with  
1 mM NFA and 0.62 with 3 mM NFA (Fig. 5 D).

Voltage dependence of Slo2.1 activation is modulated  
by [K+]o
The effect of [K+]e on NFA-activated ISlo2.1 was deter-
mined. For these experiments, [K+]e was varied from 1 
to 99 mM, and the sum of [K+]e + [Na+]e was maintained 
at 100 mM. The I-V relationships were first determined 
for [K+]e = 1 mM and [Na+]e = 99 mM. The [K+]e was 
then sequentially elevated to 3, 10, 30, and 99 mM (with 
appropriate reduction in [Na+]e), and the I-V relation-

Figure 6.  Voltage dependence 
of Slo2.1 channel activation is 
[K+]e dependent. (A) I-V rela-
tionships for ISlo2.1 activated with 
1 mM NFA in oocytes bathed in 
an extracellular solution, where 
[K+]e was varied from 1 to 99 mM. 
[Na+]e was varied as indicated, so 
that the sum of [K+]e and [Na+]e 
was kept constant at 100 mM. 
Currents were measured from 
oocytes (n = 5) 3 d after they 
were injected with 0.84 ng cRNA. 
(B) Slo2.1 is K+ selective. Reversal 
potential of ISlo2.1 (Erev) was plot-
ted as a function of log10[K+]e, 
and the data were fitted by linear 
regression. The slope of the line 
is 50.5 mV/decade increment of 
[K+]e (R2 = 0.99). (C) G-V rela-
tionships for Slo2.1 as a function 
of [K+]e. (D) V1/2 of G-V relation-
ship plotted as a function of log10 
[K+]e. The data were fitted with 
a Hill equation (smooth curve) 
with an EC50 of 21.2 ± 6.0 mM 
when the Hill coefficient, nH, was 
fixed to a value of 1.0 (R2 = 0.99). 
The data for 300 mM [K+]e was 
measured in a separate batch of 
oocytes. (E) I-V relationships for 
ISlo2.1 activated with 3 mM NFA in 
oocytes bathed in an extracellu-
lar solution, where [K+]e was var-
ied from 1 to 99 mM. [Na+]e was 
varied as indicated, so that the 
sum of [K+]e and [Na+]e was kept 
constant at 100 mM. Currents 
were measured from oocytes  
(n = 6) 2 d after they were in
jected with 0.84 ng cRNA. (F) The  
slope conductance was deter-
mined at the 0 current potential 
(gErev) of the I-V relationship and 
plotted as a function of log10[K+]e. 
The data were fitted with a Hill 
equation (smooth curve) with an 
EC50 of 23.5 ± 3.5 mM when the 
Hill coefficient, nH, was fixed to a 
value of 1.0 (R2 = 0.99).
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(filled squares and filled curves) and compared with 
the relative current magnitude and corresponding  
“G-V” relationships predicted by the GHK current equa-
tion (dashed curves). This comparison clearly shows 
that outward rectification of the I-V relationships deter-
mined with a [K+]e of 2 or 10 mM is mainly a conse-
quence of the asymmetrical transmembrane gradient in 
[K+]. However, the inward currents measured at Vt < 
120 mV are significantly smaller that the GHK-pre-
dicted values. Moreover, unlike the experimental data 
summarized in Fig. 6 C, the V1/2 of the GHK-predicted 
G-V relationships do not shift as a function of [K+]e. An 
excised, inside-out patch containing a single Slo2.1 
channel also exhibited reduced inward currents com-
pared with the level predicted by the GHK current 
equation (Fig. 8). A single current trace recorded dur-
ing a voltage ramp from +80 to 120 mV is shown in 
Fig. 8 A. For this experiment, [K+]e was 10 mM and [K+]i 
was 90 mM. In Fig. 8 B, the ensemble averaged current 
from 37 voltage ramps is compared with the i-V relation-
ship predicted by GHK for a voltage-independent K+-
selective channel. Collectively, these findings indicate 
that the weak voltage dependence of Slo2.1 measured 
under asymmetrical K+ conditions is at least partially 
due to channel gating (reduced Po) and not simply 
caused by a reduced single-channel conductance.  
Under nearly symmetrical [K+] conditions (99 mM K+ out-
side and 110 mM K+ inside), the whole cell I-V relationship  
is predicted to be a nearly linear function of voltage, yet  

values of Vt  Erev. As expected for a K+-selective channel,  
Erev varied as a linear function of log10[K+]e (Fig. 6 B), 
with a slope (50.5 mV/decade) that was close to value 
(56 mV/decade) predicted by the Nernst equation. The 
G-V relationships derived from the I-V relationships are 
plotted in Fig. 6 C. The V1/2 for activation was shifted to 
more positive potentials as [K+]e was increased from 
1 to 300 mM, with an EC50 of 21.2 ± 6.0 mM (Fig. 6 D). 
We next used a higher concentration of NFA (3 mM) 
to further activate channels and facilitate the mea-
surement of the slope conductance at Erev (gErev) as a 
function of [K+]e that was varied from 1 to 99 mM. 
The I-V relationship for currents measured in five oo-
cytes is summarized in Fig. 6 E. Similar to the shift in 
V1/2 of the G-V relationship, gErev was increased as a 
sigmoidal function of log10[K+]e, with an EC50 of 23.5 ± 
3.5 mM.

Outward rectification of the ISlo2.1-Vt relationships  
results from the combined effects of voltage-dependent 
channel gating and the decrease in single-channel  
current magnitude at negative potentials predicted by 
the Goldman-Hodgkin-Katz (GHK) current equation 
(Goldman, 1943; Hodgkin and Katz, 1949). The GHK 
component dominates for large transmembrane gradi-
ents of K+, but is negligible for a [K+]e of 99 mM, assum-
ing a [K+]i of 110 mM in oocytes (Weber, 1999). In  
Fig. 7, the normalized I-V and G-V relationships for 
ISlo2.1 measured in oocytes bathed in an extracellular 
solution containing 2, 10, or 99 mM KCl are plotted 

Figure 7.  I-V and G-V relationships measured from oocytes compared with relationships predicted by GHK current equation. (A) I-V 
relationships (top) and G-V relationships determined for [K+]e = 2 mM. (B) Relationships determined for [K+]e = 10 mM. (C) Relation-
ships determined for [K+]e = 99 mM.
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concentration-dependent manner. The corresponding  
G-V relationships are plotted in Fig. 9 C. The V1/2 for acti-
vation was shifted in a [NFA]-dependent manner, with an 
EC50 of 2.1 ± 0.2 mM (nH = 2.9 ± 0.1). In addition, the mini-
mum value of G/Gmax was increased as a function of [NFA] 
(Fig. 9 D), with an EC50 of 2.4 ± 0.2 mM (nH = 1.9 ± 0.3).

The results described above for whole cell currents 
were confirmed in single-channel recordings from 
inside-out patches. From a holding potential of 80 mV, 
a 1-s voltage ramp was applied from +80 to 120 mV. 
When the pipette contained 1 mM NFA, the Po of the 
single channel in the patch was high at positive poten-
tials and low at negative potentials (Fig. 10 A, i–iii),  
resulting in outward rectification of the ensemble aver-
aged i-V relationship (Fig. 10 A, iv). In contrast, when 
the pipette contained 6 mM NFA, channel activity re-
mained nearly constant throughout the voltage ramp 
(Fig. 10 B, i–iii), and the ensemble averaged i-V rela-
tionship was linear (Fig. 10 B, iv). The i-V relationship 
for single channels exhibited inward rectification in the 
presence of NFA (Fig. 10 C).

The conductance of Slo2.1 is modulated by extracellular 
monovalent cations
Outward rectification of ISlo2.1 in the presence of high 
[K+]e could result from the removal of a blocking effect 
by extracellular Na+ ions. To test this possibility, we re-
placed the 96-mM NaCl in the extracellular solution 
with enough mannitol to maintain a constant osmolar-
ity. Substitution of NaCl with mannitol reduced Slo2.1 
current by 65% (Fig. 11 A). Na+ was also replaced with 
Rb+ (a permeable cation), Li+ and Cs+ (nonpermeable 
cations similar in size to Na+), or choline (a large, non-
permeant cation). Monovalent cations have variable  
effects on Na+ pump activity (Robinson, 1975; Akera  
et al., 1979) and would therefore cause differential 
changes in [Na+]i. Therefore, all oocytes for these  
experiments were pretreated for 10 min with 10 µM 
ouabain before switching to the Na+-free extracellular 
solutions. The I-V relationships for WT Slo2.1 channels 
were recorded in oocytes bathed in standard KCM411 
solution and in KCM411 with Na+ replaced with the cat-
ion as indicated in Fig. 11. Choline reduced outward 
ISlo2.1 by 55% (Fig. 11 B), similar to the effect of man-
nitol. Li+ did not alter currents (Fig. 11 C). Cs+ blocked 
inward currents, but did not significantly affect the 
magnitude of steady-state outward currents (Fig. 11 D). 
The permeant cation Rb+ (Fig. 11 E) did not affect out-
ward conductance when corrected for the change in 
driving force (Vt  Erev), and the slope conductance of 
inward currents was increased as predicted by the GHK 
current equation. Finally, the dependence of slope  
conductance on [Na+]e was determined. Oocytes were 
bathed in an extracellular solution containing 3 mM 
NFA and a [K+]e of 10 mM; [Na+]e was varied from 0 to 
90 mM by isoosmolar substitution with mannitol  

the measured ISlo2.1-Vt relation showed a prominent outward 
rectification in cells treated with 1 mM NFA (Fig. 7 C).

Voltage dependence of Slo2.1 channel activation is altered 
by NFA
As shown in Fig. 6, in addition to enhancing the magni-
tude of ISlo2.1, increasing [NFA] from 1 to 3 mM also re-
duced the extent of outward rectification of the I-V 
relationship. We quantified this effect more completely 
by treatment of oocytes with 1–6 mM NFA, a concentra-
tion range that induced current increases equivalent to 
a 20–90% of the maximal response (Fig. 2 D). The  
extracellular solution contained 104 mM KCl and 0 mM 
NaCl (K104), and currents were recorded during test 
pulses applied to voltages ranging from 160 to +120 mV.  
The holding potential was 0 mV, and a 100-ms prepulse 
to 80 mV was applied. Two groups of oocytes were 
evaluated, treated with either 1–3 mM NFA or 4–6 mM 
NFA. The average I-V relationships measured in these 
oocytes are plotted in Fig. 9 (A and B, respectively). 
Outward rectification was reduced by NFA in a  

Figure 8.  Slo2.1 channel rectification is greater than that pre-
dicted by GHK current equation. (A) Single Slo2.1 channel activ-
ity measured in an excised inside-out patch during a voltage ramp 
as indicated. Extracellular (pipette) solution contained (in mM): 
90 NaCl, 10 KCl, 0.1 CaCl2, 2 MgCl2, 10 HEPES, and 1 NFA, pH 
7.2; intracellular (bath) solution contained (in mM): 90 KCl, 10 
NaCl, 2 EGTA, 10 HEPES, and 2 MgCl2, pH 7.2. The holding po-
tential was 80 mV, and the voltage was stepped to +80 mV, and 
then ramped down to 120 mV over 775 ms. The slope conduc-
tance for this single channel at positive potentials was 55 pS.  
(B) Ensemble average currents recorded during 37 voltage ramps. 
The red curve represents the i-V relationship predicted by the 
GHK current equation for a voltage-independent conductance.
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contribute to voltage sensing, the acidic and basic resi-
dues in this region were neutralized by mutation to Ala. 
K70 and R80 of the S1 segment were individually mu-
tated, whereas mutations of E118 in S2 and E143 in S3 
were combined into a single mutant channel construct. 
Similar to WT Slo2.1, currents were not detectable in 
oocytes injected with cRNA for these mutant channels 
in response to test potentials ranging from 160 to +120  
mV when oocytes were bathed in K104 solution. How-
ever, robust outwardly rectifying currents were elicited by 
treatment of these oocytes with 1 mM NFA (Fig. 13, A–C).  
The G-V relationships for K70A, R80A, and E118A/
E143A Slo2.1 channels were similar to WT channels 
(Fig. 13 D). Mutations of the four charged residues 
(K174, E178, D183, and R186) and two His residues 
(H175 and H185) of the S4 segment were combined 
into a single mutant channel. The I-V relationship for 
this “S4 neutral” channel rectified normally (Fig. 13 E), 
and the G-V relationship was also similar to WT chan-
nels (Fig. 13 F). The rectification of the I-V relation-
ships for WT and the S1–S4 mutant channels is best 
compared when currents were normalized to their max-
imum values measured at +120 mV (Fig. 13 G). This 
plot reveals that the outward rectification of all the  
mutant channels is similar to WT channels and very  

(Fig. 11 F). A plot of maximum slope conductance 
(from linear fit to currents measured between +40 and 
+80 mV) versus [Na+]e was fitted with a Hill equation 
(Fig. 11 F, inset) to obtain an EC50 for [Na+]e of 10.5 mM 
and a Hill coefficient of 0.72. Thus, normal conduc-
tance of Slo2.1 channels requires the presence of phys-
iological levels of extracellular monovalent cations, 
either Na+ or other small permeant cations (K+ or Rb+) 
or nonpermeant cations (e.g., Li+).

Mutation of charged residues located in the S1–S4 
segments of Slo2.1 do not induce large changes  
in the voltage dependence of channel activation
Consistent with its weak voltage dependence of activa-
tion, the S4 domain of Slo2.1 contains an unusually low 
number of charged residues. In fact, the S4 of Slo2.1 
has two basic and two acidic residues, a net charge of 0. 
In contrast, Slo1 and Shaker have three and seven basic 
residues, respectively, in their S4 domains (Fig. 12 A). 
The functional voltage sensor of the related Slo1 chan-
nel is proposed to be composed of four charged resi-
dues: one in S4, two in S2, and one in S3 (Ma et al., 
2006). Slo2.1 also has several charged residues in the 
S1, S2, and S3 domains (Fig. 12 B). To determine if any 
of the charged residues in the S1–S4 segments of Slo2.1 

Figure 9.  NFA decreases rectification of ISlo2.1. (A) Average ISlo2.1-V relationships in oocytes treated sequentially with 1, 2, and 3 mM NFA 
(n = 8). (B) Average ISlo2.1-V relationships in another batch of oocytes treated sequentially with 4, 5, and 6 mM NFA (n = 6). Extracellular 
solution was K104. (C) G-V relationships for ISlo2.1 for different concentrations of NFA as indicated. (D) Shift in V1/2 of the G-V relation-
ship (filled circles) and minimum value of G/Gmax (open squares) is [NFA] dependent. Data were fitted with a Hill equation (smooth 
curves). For shift in V1/2, EC50 = 2.1 ± 0.2 mM and nH = 2.9 ± 0.1 (R2 = 1.0). For minimum G/Gmax, EC50 = 2.4 ± 0.2 mM and nH = 1.9 ± 
0.3 (R2 = 0.93).
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in the absence of NFA. Treatment with 1 mM NFA only 
modestly enhanced the magnitude of R190A ISlo2.1  
(Fig. 14, A and B) and increased R190Q ISlo2.1 by approx
imately twofold (Fig. 14, C and D). The basal activity of 
R190A and R190Q channels explains the reduction of 
the extent of activation by NFA (compared with WT 
channels). Mutation of R190 to another basic residue 
(R190K) produced channels with properties that re-
sembled WT channels with respect to basal current 
(barely detectable) and sensitivity to 1 mM NFA (15-
fold increase in current magnitude; Fig. 14, E and F). 
To further examine the importance of a basic residue, 
R190 was mutated to an acidic residue (Glu). Injection 
of oocytes with 0.84 ng R190E Slo2.1 cRNA induced 
large, time-independent ISlo2.1 under control conditions,  
and unlike WT, R190A, or R190Q channels, whole cell 

unlike the near-linear relationship expected for a volt-
age-independent channel, calculated according to the 
GHK current equation and shown in this graph as a dot-
ted line. Collectively, these findings indicate that 
charged residues in the S1–S4 domains are not impor-
tant for voltage sensing, and that the weak voltage de-
pendence of Slo2.1 channel activation is not mediated 
by the structural equivalent of the VSD in Kv channels.

Mutation of R190 uncouples Slo2.1 channel activation  
from obligate dependence on elevated [Na+]i or NFA
Sequence alignment of Slo2.1 with Kv channels suggests 
that R190 is located either at the C terminus of the S4 
segment or at the beginning of the intracellular S4–S5 
linker (Fig. 12). Unlike mutations in S1–S4, mutation of 
R190 to Ala or Gln produced channels that were active 

Figure 10.  The effect of 1 and 6 mM 
NFA on single Slo2.1 channel activ-
ity. (A) Activity of a single Slo2.1 
channel in an inside-out patch acti-
vated with 1 mM NFA in the pipette 
solution and recorded during volt-
age ramps from +80 to 120 mV.  
For these experiments, the extra-
cellular (pipette) solution con-
tained (in mM): 99 K gluconate,  
1 Na gluconate, 2 MgCl2, 0.1 CaCl2, 
0.1 GdCl3, 10 HEPES, and either 
1 or 6 NFA. The intracellular (cell 
chamber) solution was the same, 
except that CaCl2 was replaced with 
2 mM EGTA, and NFA was not pres-
ent. Three different current traces 
(i–iii) are shown together with the 
ensemble average of 15 traces (iv) 
plotted on a reversed voltage scale. 
Note outward rectification of cur-
rents. (B) A different inside-out 
patch showing activity of at least 
two channels that were activated 
by 6 mM NFA in the pipette solu-
tion. Three different current traces 
(i–iii) are shown together with the 
ensemble average of 30 traces (iv) 
plotted on a reversed voltage scale. 
Note that currents do not exhibit 
rectification. (C) i-V relationships 
for single Slo2.1 channels activated 
by 1 mM (n = 3) or 6 mM (n = 6) 
NFA. The slope conductance de-
termined from channels activated 
between 60 and 140 mV was 97 ±  
11 pS for 1 mM NFA (n = 3) and  
80 ± 2 pS for 6 mM NFA (n = 5).
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tude of outward ISlo2.1, but more than doubled inward 
currents (Fig. 15 B), eliminating outward rectification 
of the I-V relationship (Fig. 15 C). Thus, R190E chan-
nels are constitutively open and not simply more re-
sponsive to intracellular Na+ when oocytes are bathed in 
a low K+ extracellular solution. In contrast, when oo-
cytes were bathed in a high K+ extracellular solution, 
R190E channels had a reduced level of constitutive ac-
tivity and therefore could be activated by elevated [Na+]i 
or administration of extracellular NFA. The [K+]e depen
dence of constitutive Slo2.1 channel activity was more 
exaggerated for R190A and R190Q channels. The cur-
rents recorded in oocytes expressing R190A Slo2.1 
channels were only slightly larger than the endogenous 
currents of uninjected oocytes bathed in K104 solution, 
but exposure to 1 mM NFA induced a robust increase in 
currents that did not exhibit rectification (Fig. 15 D). 
The same low level of constitutive activity and robust  

currents were not further activated by treatment of oo-
cytes with 1 mM NFA (Fig. 14, G and H). Collectively, 
these findings indicate that a basic residue at position 
190 in Slo2.1 is required for normal channel gating, 
and that neutralization or charge reversal of R190 in-
duces constitutive channel activation or enhances the 
sensitivity of the channels to [Na+]i. We tested for the 
latter possibility by determining the effects of Nai load-
ing on oocytes expressing R190E channels (Fig. 15 A). 
Currents were recorded in cells bathed first in KCM211 
and then in K104 solution. Channels were constitutively 
active regardless of [K+]e. The cells were then incubated 
in Nai-loading solution for 15 min, and the I-V relation-
ships were again determined. Currents were increased 
by Nai loading with K104, but not with KCM211 extra-
cellular solution. In another batch of oocytes, we deter-
mined the effects of 1 mM NFA on R190E Slo2.1 channel  
activity. NFA induced a modest increase in the magni-

Figure 11.  Effects of replac-
ing extracellular Na+ with 
mannitol, choline, or mono
valent cations on Slo2.1 chan-
nel currents. (A–E) ISlo2.1-V  
relationships for oocytes 
bathed in KCM411 extra
cellular solution and acti-
vated by 1 mM NFA before 
and after replacement of 
extracellular Na+ with either 
mannitol or indicated mono
valent cation. (A and B) Cur-
rents recorded from oocytes 
3 d after injection with 0.32 ng 
cRNA (n = 6). (C and D) Cur-
rents recorded from oocytes  
3 d after injection with 0.84 ng  
cRNA (n = 5–6). (D, inset) 
Currents for Vt of 60 to 
160 mV at an expanded 
scale. (F) ISlo2.1–V relation-
ships for oocytes activated by 
3 mM NFA and bathed in an 
extracellular solution con-
taining the indicated level 
(in mM) of NaCl. [Na+]e was 
varied from 0 to 90 mM by 
substitution with mannitol to 
maintain constant osmolar-
ity (n = 6). Currents were re-
corded 3 d after injection of 
oocytes with 0.32 ng cRNA. 
Inset shows plot of maxi-
mum slope conductance as a 
function of log10[Na+]e. Data 
were fitted to a Hill equation 
(smooth curve; EC50 = 10.5 ± 
4.2 mM, nH = 0.72 ± 0.13, and 
R2 = 0.997).
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288 Slo2.1 channel activation

significant elevation of [Na+]i (Dryer, 1994). Although 
elevation of [Na+]i during the upstroke of a single neu-
ronal action potential may not be sufficient to activate 
KNa channels (Dryer, 1991), these channels can be in-
duced to open after a rapid train of action potentials 
(Safronov and Vogel, 1996). Inhibition of the Na+ pump 
by ischemia or cardiac glycosides can also activate KNa 
in cardiac myocytes (Luk and Carmeliet, 1990). As  
reported here, cloned Slo2.1 channels expressed in Xen-
opus oocytes have a very low Po until activated by inhibit
ing the Na+ pump with a K+-free solution or ouabain. 
Although these are simple methods to activate chan-
nels in oocytes, the final level of [Na+]i achieved is un-
certain and not easily controlled when measuring 
whole cell currents. Excised patch recording of single- 
or multiple-channel activity with discrete changes in 
[Na+]i is obviously a more quantitative approach for 
characterization of Slo2.1 properties, but this approach 
suffers from the possibility that unknown intracellular 
diffusible cofactors that alter channel gating or sensi-
tivity to [Na+]i are lost upon patch excision. For exam-
ple, NAD+ was recently reported to decrease the EC50 
for intracellular Na+ from 50 to 20 mM in DRG neu-
rons and heterologously expressed Slo2.2 channels 
(Tamsett et al., 2009).

Based on previous reports that NFA activates large-
conductance Ca2+-activated K+ (Slo1) channels (Ottolia 
and Toro, 1994; Greenwood and Large, 1995; Gribkoff 
et al., 1996), we reasoned that this compound or other 
fenamates might also activate Slo2.1. These compounds 
proved to be more effective than anticipated and facili-
tated the measurement of robust currents in oocytes in-
jected with as little as 0.2 ng cRNA. For comparison, 75 ng 

response to 1 mM NFA was observed for R190Q channels 
(Fig. 15 E). Finally, we determined the concentration-
dependent effects of NFA on WT, R190A, and R190E 
channel currents measured in oocytes bathed in KCM211  
and K104 solution. The I-V relationships for R190A and 
R190E channels determined using KCM104 solutions are 
presented in Fig. 16 (A and B). The maximum response 
to NFA was much greater for R190A than R190E chan-
nels. This is seen more clearly in Fig. 16 C, where the 
[NFA]–response relationships are plotted for currents 
measured at +80 mV. For comparison, the [NFA]–response 
relationships for oocytes bathed in low K+ (KCM211) solu-
tion are plotted in Fig. 16 D. Although the potency of NFA 
was greater for R190A and R190E compared with WT 
ISlo2.1, the efficacy (increase over basal level) was dimin-
ished by these mutations. For example, in the presence of 
low external [K+]e (Fig. 16 D), the EC50 for R190A ISlo2.1 
was 0.7 mM compared with 2.1 mM for WT ISlo2.1. This was 
associated with a maximum increase in R190A ISlo2.1 of five-
fold compared with an 80-fold increase for WT ISlo2.1. The 
slight (15%) increase in currents induced by high con-
centrations of NFA in oocytes expressing R190E channels 
can be accounted for by the activation of endogenous KNa 
channels. Collectively, these findings indicate that the 
constitutive activity of R190 mutant Slo2.1 channels is de-
pendent on [K+]e, and that when [K+]e is low, R190E are 
fully activated; i.e., they are not further activated by treat-
ment with NFA or elevation of [Na+]i.

D I S C U S S I O N

Under normal physiological conditions, KNa channels 
are in a nonconducting state and are only activated by a 

Figure 12.  Location of charged residues in the 
S1–S4 segments of Slo2.1 channel subunits. (A) Se-
quence alignment of S4 segments for Slo and Kv1.2 
channels. Numbering on top refers to residues in 
hSlo2.1, and box indicates the boundaries of the S4 
segment. Basic residues are colored red, and acidic 
residues are colored blue. (B) Diagram of a single 
Slo2.1 subunit showing location of charged amino 
acids in the S1–S4 segments.
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increases Po of BK (Slo1) channels reconstituted in bi-
layers when applied from the external side of the chan-
nel (Ottolia and Toro, 1994). Thus, the binding site for 
NFA on Slo1 and Slo2.1 channels is most likely located 
within a region of the protein that is readily accessible 
from the extracellular solution. Although much re-
mains to be discovered regarding the mechanisms of 
channel activation by fenamates, treatment of cells with 

cRNA per oocyte was used in previous studies of Slo2.1 
(Santi et al., 2006). The [NFA]–response relationship 
had a Hill coefficient of 1.9, indicating a positively co-
operative reaction and the possibility that two NFA mol-
ecules can bind to each Slo2.1 channel. The molecular 
basis of NFA activation of Slo2.1 or other K+ channels is 
unknown, but in all cases, the compound acts extremely 
fast after application. Moreover, NFA preferentially 

Figure 13.  Neutralization of 
charged residues in the S1–S4 
segment does not eliminate volt-
age-dependent gating of Slo2.1 
channels. (A and B) I-V relation-
ships for currents recorded from 
oocytes expressing S1 mutant 
K70A Slo2.1 (n = 14) or R80A 
Slo2.1 (n = 7) channels before 
and after treatment with 1 mM 
NFA. Extracellular solution was 
K104. Oocytes were recorded  
2 d after injection of 2.5 ng 
cRNA. (C) I-V relationships for 
currents recorded from oocytes 
expressing the S2 double mutant 
(E118A/E143A) Slo2.1 channels 
before and after treatment with 
1 mM NFA (n = 7). Oocytes were 
recorded 2 d after injection of 
2.5 ng cRNA. (D) G-V relation-
ships for WT and S1–S3 mutant 
channels. Dotted curve shows 
relationship predicted by GHK 
current equation for voltage- 
independent channel. The data 
were fitted with a Boltzmann 
function (smooth curves) to ob-
tain V1/2 and z values as follows. 
WT: V1/2 = +95 ± 0.6 mV and z = 
0.48 ± 0.01; K70A: V1/2 = +159 ± 
8 mV and z = 0.30 ± 0.04; R80A: 
V1/2 = +116 ± 3 mV and z = 0.48 ±  
0.02; E118A/E143A: V1/2 = +114 ±  
4 mV and z = 0.51 ± 0.04. (E) I-V  
relationships for currents re-
corded from oocytes expressing 
the S4 neutral mutant (K174A/
E178A/D183A/R186A/H175A/
H185A) Slo2.1 channels before 
and after treatment with 1 mM 
NFA (n = 9). Oocytes were re-
corded 3 d after injection of  
9.2 ng cRNA. (F) G-V relation-
ships for WT and S4 neutral 
mutant channels (+84 ± 1 mV; 
z = 0.69 ± 0.02). Dotted curve  
shows relationship predicted 
by GHK current equation for  
voltage-independent channel.  
(G) Normalized I-V relationships 
for WT and S1–S4 mutant chan-
nels. Currents for each channel 
type were normalized to their aver-
age values measured at +120 mV.
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with high [K+]e solutions. The very weak voltage depen-
dence of Slo2.1 activation (z = 0.48 e when measured 
with 104 mM [K+]e) is more than 10 times less than a 
typical Kv channel, such as Shaker with a z of 6.8 e  
(McCormack et al., 1991). This difference is not unex-
pected given that the S4 domain of Slo2.1 has only two 
basic amino acids that are potentially offset by two acidic  
residues. By comparison, the S4 of Shaker has seven  
basic residues. Nonetheless, it is still possible that one 
or more of the charged residues in S4 or in the S1–S3 
segments might contribute to the voltage dependence 
of Slo2.1 channel gating. A limited slope analysis of G-V 

these compounds represents a simple technique to acti-
vate whole cell Slo2.1 currents.

Outward rectification of ISlo2.1 measured in the pres-
ence of low [K+]e can largely be accounted for by a  
reduced single-channel conductance at negative trans-
membrane potentials as predicted by the GHK current 
equation. However, outward rectification of the I-V rela-
tionship was still present in cells bathed in high K+ solu-
tions, despite an opposite-directed (inward) rectification 
of the single-channel i-V relationship. This indicates 
that variation in Po of single channels accounts for the 
voltage dependence of the G-V relationship measured 

Figure 14.  Nonconserved mutations of R190 
in Slo2.1 induce constitutive channel activity 
and alter the sensitivity to NFA. (A) R190A 
current traces recorded at +40 mV before 
(control) and after treatment of oocytes with 
1 mM NFA. (B) I-V relationships for R190A 
Slo2.1 channels determined in the presence 
and absence of 1 mM NFA (n = 5). Oocytes 
were recorded 2 d after injection of oocytes 
with 0.32 ng cRNA. (C) R190Q current traces 
recorded at +40 mV before (control) and  
after treatment of oocytes with 1 mM NFA. 
(D) I-V relationships for R190Q Slo2.1 chan-
nels determined in the presence and absence 
of 1 mM NFA (n = 8). Oocytes were recorded  
2 d after injection of oocytes with 0.42 ng cRNA. 
(E) R190K Slo2.1 current traces recorded at 
+40 mV before (control) and after treatment 
of oocytes with 1 mM NFA. (F) I-V relation-
ships for R190K Slo2.1 channels determined 
in the presence and absence of 1 mM NFA 
(n = 8). Oocytes were recorded 2 d after injec-
tion of oocytes with 0.84 ng cRNA. (G) 1 mM 
NFA does not activate R190E Slo2.1 currents 
recorded at +40 mV. Note that unlike the 
other R190 mutant channels, R190E channel 
currents are time independent in the absence 
of NFA. (H) NFA does not alter the I-V rela-
tionships for R190E Slo2.1 channels (n = 9). 
Oocytes were recorded 1 d after injection of 
oocytes with 0.84 ng cRNA.
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lular Na+ was first reported for inward rectifier K+ cur-
rents (Ohmori, 1978), where it was observed that 
replacement of extracellular Na+ with choline, but not 
Li+, reduced inward currents in tunicate eggs. The de-
pendence of Slo2.1 channel conductance on [Na+]e 
could conceivably be caused by changes in [Na+]i or in-
tracellular acidification subsequent to block of the 
Na+/H+ exchanger (Harvey and Ten Eick, 1989); how-
ever, this possibility was ruled out by our finding that re-
placement of Na+ with equimolar Li+ (which blocks the 
exchanger) did not alter gmax. The dependence of out-
ward conductance on the presence of small extracellu-
lar cations, whether K+, Rb+, Na+, or Li+, suggests that 
these cations might increase channel Po by binding to 
the outermost cation binding site (site 1) of the selectivity 

curves may have revealed more subtle changes; how-
ever, as a first approximation, it is clear that mutation of 
charged residues in S1–S4 caused only minor changes 
in the voltage dependence of Slo2.1 activation. These 
findings indicate that the voltage dependence of acti-
vated Slo2.1 channel conductance is independent of 
the S1–S4 domains, the VSD of Kv channels.

Substitution of extracellular Na+ with the large imper-
meant cation choline or mannitol (an uncharged sugar 
used to maintain osmolarity of extracellular solution) 
reduced outward currents, but did not increase the 
magnitude of inward currents. Thus, outward rectifica-
tion of ISlo2.1 measured with high [K+]e solutions is not 
caused by block of inward currents by extracellular Na+. 
Enhanced K+ conductance in the presence of extracel-

Figure 15.  Activation of R190 
mutant Slo2.1 channels by NFA 
or Nai loading in oocytes bathed 
in high K+ extracellular solution. 
(A) I-V relationships for R190E 
Slo2.1 channels recorded using 
the indicated extracellular solu-
tions. Currents were recorded 
from the same oocyte as extra-
cellular solution was changed in 
the order (from top to bottom) 
indicated in the symbol legend. 
Oocytes were recorded 1 d after 
injection with 0.84 ng cRNA  
(n = 8). After recording cur-
rents when oocytes were bathed 
in KCM211 and K104 solutions, 
oocytes were then incubated in 
Nai-loading solution for 15 min 
before again measuring I-V re-
lationship using K104 solution 
(“K104, Nai-loaded”). Finally, the 
bathing solution was switched to 
KCM211, and currents were re-
corded once again (“KCM211, 
Nai-loaded”). (B) Example of 
currents recorded from an oo-
cyte before and after treatment 
with 1 mM NFA. Arrows indicate 
0 current level. (C) I-V relation-
ships for R190E Slo2.1 channels 
recorded from oocytes bathed 
in K104 extracellular solutions 
before and after treatment with 
1 mM NFA. Oocytes were re-
corded 1 d after injection with 
0.84 ng cRNA (n = 6). (D and E) 
I-V relationships for R190A (D) 
and R190Q (E) Slo2.1 channels 
recorded from oocytes bathed 
in K104 extracellular solutions 
before and after treatment with 
1 mM NFA. Oocytes were re-
corded 1 d after injection with 
0.92 ng R190A (n = 8) or 0.32 ng 
R190Q (n = 10) Slo2.1 cRNA.
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dence of current activation to more negative potentials, 
and an increase in G/Gmax, the minimum value of rela-
tive whole cell conductance. Third, in the presence of a 
saturating concentration of NFA, currents are time in-
dependent and channels are activated independently 
of transmembrane voltage, suggesting that NFA uncou-
ples channel activation from voltage sensing. Fourth, 
neutralization of the charged residues in S1–S4, the typ-
ical VSD of Kv channels, does not affect the voltage de
pendence of Slo2.1. Finally, the potential importance of  
the SF/PH in the gating of Slo2.1 is suggested by the 
observed effects of [K+]e on channel activity. The V1/2 
for activation was shifted to more positive potentials (op-
posite to NFA), as [K+]e was elevated from 1 to 300 mM, 
with an EC50 value of 21.2 mM. The shift in V1/2 is not 
predicted by the GHK current equation, and [K+]e does 
not affect the voltage dependence of gating of Kv chan-
nels that is mediated by the opening and closing of the 
S6 bundle crossing gate (Yellen, 1998). For example, an 
increase in [K+]e from 2 to 98 mM does not shift the 
voltage dependence of activation of hERG (S. Wang et al.,  
1997) and causes only a small hyperpolarizing shift in 
Kv4.3 (Wang et al., 2004). However, elevated [K+]e alters 
C-type inactivation gating of Kv channels (Baukrowitz  
and Yellen, 1995), presumably mediated by changes in the 
configuration of the SF (Loots and Isacoff, 1998). In con-
trast to the effects of [K+]e on the G-V relationship of  

filter (SF). Their absence may induce a change in the 
configuration of the SF similar to the low K+ structure 
for the bacterial KcsA channel that was proposed to dis-
favor ion conductance (Zhou et al., 2001). Although 
extracellular Na+ does not alter inward currents, exces-
sive elevation of intracellular Na+ blocks outward cur-
rents, resulting in a region of negative slope conductance 
at very positive test potentials. Thus, elevated [Na+]i has 
opposing effects on Slo2.1 channel activity, causing an 
increase in Po and pore block.

Although the binding site for intracellular Na+ has 
not been identified, it is assumed that similar to Ca2+ 
regulation of Slo1 channels, Na+ binds to a specific re-
gion of the C terminus of Slo2.1 to cause the channels 
to open. Activation of channels by elevated [Na+]i could 
result from a direct effect on an intracellular gate 
formed by the S6 bundle crossing, an allosteric effect 
on an extracellular gate formed by the SF/pore helix 
(PH), or by affecting both of these putative gating  
structures by a positively cooperative mechanism as re-
cently proposed for K2P leak channels (Ben-Abu et al., 
2009). Based on several findings reported here, we pro-
pose that NFA mediates a change in the Po of the SF/PH 
gate. First, extracellular applied NFA activates channels 
in the absence of intracellular Na+. Second, NFA causes 
a concentration-dependent stabilization of channels in 
the open state, manifest as a shift of the voltage depen-

Figure 16.  Concentration-depen-
dent effects of NFA on R190A 
and R190E Slo2.1 channels. 
(A) I-V relationships for oocytes 
expressing R190A Slo2.1 chan-
nels and bathed in K104 solu-
tion. Oocytes were studied 2 d 
after injection of 0.84 ng cRNA 
(n = 9). (B) I-V relationships for 
oocytes expressing R190A Slo2.1 
channels and bathed in K104 
solution. Oocytes were studied 
2 d after injection of 0.84 ng 
cRNA (n = 6). (C) Concentra-
tion–response relationships for 
oocytes expressing WT, R190A, 
or R190E Slo2.1 channels and 
bathed in K104 extracellular so-
lution. Currents were measured 
at a Vt of +80 mV. The data were 
fitted with a modified Hill equa-
tion (smooth curves) to estimate 
EC50 and nH values as follows: 
WT: EC50 = 2.24 ± 0.02 mM and 
nH = 1.73 ± 0.02; R190E: EC50 = 
1.28 ± 0.09 and nH = 0.83 ± 0.06; 
R190A: EC50 = 0.97 ± 0.02 and 
nH = 1.28 ± 0.04. (D) Concentra-
tion–response relationships for 
oocytes expressing WT, R190A, 

or R190E Slo2.1 channels and bathed in KCM211 extracellular solution. Currents were measured at a Vt of 0 mV. Hill equation param-
eters were as follows: WT: EC50 = 2.1 ± 0.87 mM and nH = 1.74 ± 0.50; R190E: EC50 = 1.98 ± 0.43 and nH = 2.15 ± 0.80; R190A: EC50 = 0.71 ±  
0.13 and nH = 1.34 ± 0.24. For C and D, currents were normalized to the extrapolated maximum response for each cell (I/Imax).
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Recent studies based on Ag+ accessibility of Cys resi-
dues of CNG channels suggest that the PH (Liu and 
Siegelbaum, 2000) and SF (Contreras et al., 2008) change 
their configuration in response to cyclic nucleotide 
binding to the distant CNBD of the C terminus. It is  
unclear how ligand binding to the C terminus of CNG 
channels is converted to changes in the structure of 
the SF, but the S6 segments are the likely transducing 
element (Johnson and Zagotta, 2001; Nair et al., 2006; 
Mazzolini et al., 2009). A similar positive cooperativity 
between the intracellular (S6 bundle crossing) and ex-
tracellular (SF/PH) gates may explain how binding of 
extracellular NFA or intracellular Na+ can indepen-
dently increase the Po of Slo2.1 channels.
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Slo2.1 channels, elevated [K+]e increases the Po of Kv chan-
nels at any given voltage (by shifting the voltage depen-
dence of C-type inactivation to more positive potentials). 
Thus, the affect of [K+]e on the conductance of Slo2.1 
channels appears to be opposite to that observed for Kv 
channels that exhibit a C-type inactivation mechanism.

Mutation of charged residues in the S1–S4 segments 
of Slo2.1 did not significantly alter basal channel activity 
or outward rectification of the I-V relationship; how-
ever, nonconservative mutations of R190, a charged res-
idue located either at the C-terminal end of S4 or at the 
N-terminal end of the S4–S5 linker, induced constitu-
tive channel opening. Channels harboring a neutraliz-
ing mutation (R190A and R190Q) were open under 
basal conditions (normal [Na+]i, no NFA) and were 
more sensitive to activation by NFA (lower EC50 than 
WT channels) when [K+]e was low. In the presence of 
high extracellular K+ (i.e., K104 solution), the basal ac-
tivity of R190A and R190Q channels was barely detect-
able, but channels still retained their increased sensitivity 
to NFA. Channels harboring a charge-reversing substi-
tution (R190E) exhibited the greatest basal activity and 
were not further activated by NFA or Nai loading when 
[K+]e was low. However, Nai-loading solution or NFA ap-
plication increased R190E channel activity in the pres-
ence of high extracellular K+ (K104 solution). These 
observations are consistent with the proposal that  
elevated [K+]e decreases channel Po.

The location of R190 in the Slo2.1 channel subunit is 
equivalent to D540 in hERG1. Charge-reversing muta-
tions of D540 (e.g., K540) disrupt the closed state and 
promote the opening of hERG1 channels at very nega-
tive potentials by interacting with residues in the S6 seg-
ment of an adjacent subunit (Sanguinetti and Xu, 1999; 
Tristani-Firouzi et al., 2002; Ferrer et al., 2006). By ho-
mology, E190 might also interact with the putative S6 
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