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Abstract

Inwardly rectifying potassium (Kir) channels are gated by the membrane phospholipid 

phosphatidylinositol-4,5-bisphosphate (PIP2). Among them, Kir3 channel gating requires 

additional molecules, such as the βγ subunits of G proteins or intracellular sodium. Using an 

interactive computational-experimental approach, we show that sodium sensitivity of Kir channels 

involves the side-chains of an aspartate and a histidine located across from each other in a critical 

loop in the cytosolic domain, as well as the backbone carbonyls of two additional residues and a 

water molecule. The location of the coordination site in the vicinity of a conserved arginine shown 

to affect channel-PIP2 interactions suggests that sodium triggers a structural switch that frees the 

critical arginine. Mutations of the aspartate and the histidine that affect sodium sensitivity also 

enhance the channel’s sensitivity to PIP2. Furthermore, based on the molecular characteristics of 

the coordination site, we identify and confirm experimentally a novel sodium-sensitive phenotype 

in Kir5.1.

Kir channels are important in setting the resting membrane potential and modulating 

membrane excitability1–3. A common feature of Kir channels and many other ion channels 

that has emerged in recent years is that they all require the membrane phospholipid 

phosphatidylinositol 4,5-bisphosphate (PIP2, 1) for activation4,5. Residues in both the C- and 

N- termini affect PIP2 sensitivity and activation of Kir channels.

Among these, the atrial KACh channels are heterotetrameric proteins that consist of Kir3.1 

(GIRK1) and Kir3.4 (GIRK4) subunits. Heterologous coexpression of these two subunits in 
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Xenopus oocytes or mammalian cell lines produce active heteromeric channels6–8. Single 

point mutations at a critical position located in the pore helix of either channel subunit result 

in homotetrameric highly active channels, Kir3.4_S143T or Kir3.4* and Kir3.1_F137S or 

Kir3.1* 10,11, while wild-type homotetramers typically show little or no activity.

Unlike most Kir channels, Kir3 channels are activated by PIP2 only in the presence of an 

additional gating molecule such as the βγ subunits of G proteins and/or intracellular sodium 

that enhance channel-PIP2 interactions12. Activation by internal sodium has been shown for 

several Kir3 channels including the heteromers Kir3.1/Kir3.213–15 and Kir3.1/Kir3.416 and 

the homomers Kir3.214 and Kir3.4*17. Kir3.1/Kir3.4 activation during Na+ accumulation 

has been suggested to be involved in the direct arrhythmogenic effects of cardiac glycosides, 

drugs widely used in heart failure or for improvement of the inotropic state of the heart16.

Studies aimed at identifying regions of Kir3 channels that mediate their activation by 

sodium have converged to a region located in the C-terminus proximal to the plasma 

membrane. In Kir3.4*, this region was found to include residues 214–25217. In Kir3.2, a 

similar region included the first 45 residues in the C-terminus that are downstream of the 

second transmembrane (TM2) helix15. Both studies identified a corresponding aspartate 

(position 223 in Kir3.4* and in position 226 in Kir3.2) as a prerequisite for sodium-

dependent activation of Kir3 channels. Following a comparison of the dose-response 

relationships for sodium-dependent activation in Kir3.1/Kir3.2 heteromers and Kir3.2 

homomers, it was deduced that Kir3.1 that possessed an asparagine at the equivalent 

position (position 217) was insensitive to sodium. Fitting of the dose-response curves with 

the Hill equation showed that while for the Kir3.2 homomers the Hill coefficient was about 

4, for the Kir3.1/Kir3.2 or the Kir3.1/Kir3.4 heteromers it was about 215,16. This suggested 

that each of the four subunits within the homomeric Kir3.2 channel bind a sodium ion, while 

in the heteromeric Kir3.1/Kir3.2 or Kir3.1/Kir3.4 channels, only two of the four subunits are 

sodium sensitive.

In Kir3.4*, a highly conserved arginine (R225) in the loop that contains the critical aspartate 

(D223) affects the sensitivity of the channel to PIP2
5,17. It was suggested that D223 may 

normally act to inhibit electrostatic interactions between PIP2 and this critical arginine 

residue. Sodium binding would attenuate this inhibition, allowing the arginine residue to 

enhance the channel’s sensitivity to PIP2
17.

Kir2.1 has an asparagine at the position equivalent to 217 in Kir3.1 and 223 in Kir3.4, 

whose mutation to histidine, N216H, was implicated18 in ventricular arrhythmias associated 

with Andersen’s syndrome (LQT7). Although Kir2.1 is Na+ insensitive, the N216D mutant 

exhibits a Na+ sensitive phenotype17.

Fig. 1a shows sequences of the loop that contain the aspartate residue (highlighted) that is 

required for Na+ sensitivity. Both the Na+-sensitive Kir3.2 and Kir3.4 channels not only 

possess the Asp residue but also a histidine residue located across from the critical aspartate 

in a loop that contains several residues that affected PIP2 sensitivity (e.g. Fig. 1b - R225, 

I229 in Kir3.4).
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Here we show using a computational-experimental interactive approach how Na+ was 

coordinated in Kir channels, and how it affected the interactions between the aspartate and 

the highly conserved arginine located two residues away. According to the model, the 

sodium coordination site in Kir channels involved the side-chains of the aspartate and the 

histidine as well as the backbone carbonyls of two additional residues and a water molecule. 

Guided by these results, we identified Kir5.1 to be sodium dependent as well, and showed 

how its sodium sensitivity could be removed via mutagenesis of residues in the 

corresponding loop. Kir5.1 expression in renal tubular epithelia involved in Na+ 

reabsorption and in brainstem neurons that act as chemoreceptors, may provide important 

clues towards the physiological importance of the Na+ sensitivity of K+ channels.

Results

Coordination of Na+ in Kir3.1_N217D

Recently, the crystallographic structure of the cytosolic domain of Kir3.1 was 

determined19,20. Based on this structure20, we examined the interactions between N217 and 

an arginine at position 219. Minimization of the structure showed that there was no 

interaction between these two positions (Supplementary Fig. 1a online). However, when 

position 217 was mutated to an aspartate, hydrogen bonding was observed between positions 

217 and 219 (Fig. 2a): the side-chain carbonyl OD1 of the aspartate interacts with the side-

chain hydrogen HH12 of the guanidinium group of the arginine. Experimentally, 

Kir3.1*_N217D exhibited very small whole-cell basal currents (Supp. Fig. 1c). Furthermore, 

the N217D mutant has been shown15 to confer sodium sensitivity to a chimera of Kir3.1 that 

has the transmembrane domain of Kir3.2. While this chimera with an asparagine at position 

217 exhibited currents that were similar in magnitude to those of the Kir3.1/Kir3.2 

heteromeric channel21, the N217D mutant of the chimera exhibited significantly reduced 

currents. Reduction of current was also observed when Kir3.1_N217D was co-expressed 

with Kir3.2 as compared to the currents exhibited by Kir3.1/Kir3.215. These results suggest 

that introduction of Na+ dependence to Kir3.1 can significantly reduce basal currents. We 

therefore examined the effect of Na+ on the interaction between D217 and R219 in Kir3.1. A 

Na+ ion and a water molecule are practically equivalent in an electron density map22. We 

therefore solvated the cytosolic domain of the channel, and based on the experimental result 

that mutation of the aspartate to asparagine in several Kir channels affects sodium 

sensitivity, we replaced water molecules that were located within 5Å from D217 with Na+ 

ions, one at a time.

There were a total of seven water molecules within this radius, and while in most cases the 

Na+ ions moved away from the cytosolic domain, in two cases following minimization the 

Na+ ions moved to the position displayed in Fig. 2b. One of these cases is depicted in 

Supplementary Fig. 1b online and shows a 4.6Å displacement of the Na+ that occurred 

during minimization. The final position obtained in the minimization suggests that Na+ is 

coordinated in Kir3.1 by the side-chain carbonyl OD2 of D217 and by the backbone 

carbonyls of M223 and L264. It is also within interaction distance from the H222 (Fig. 2b). 

In addition, a water molecule was found to be within hydrogen bonding distance from the 

sodium ion (Supplementary Fig. 1d online). This result is in agreement with existing 
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structures of sodium binding proteins that have demonstrated that sodium is ligated by 

oxygen atoms provided by water as well as main-chain carbonyl, carboxyl or hydroxyl 

groups with an average coordination number of five to six23. No interaction is observed 

between D217 and R219, suggesting that Na+ breaks the hydrogen bond between these two 

residues, freeing R219 to affect sensitivity to PIP2.

Coordination site of Na+: experimental validation using the Kir3.4* channel

As the N217D mutation in Kir3.1* results in a significant decrease in whole-cell currents 

(Supplementary Fig. 1c online), we proceeded to validate the coordination site of Na+ using 

the Kir3.4* model system that exhibits significantly higher basal currents. Kir3.4* that 

possesses naturally an aspartate at the equivalent position exhibits strong Na+ sensitivity, 

while its D223N mutant lacks Na+ sensitivity17. As noted above, minimization of 

Kir3.1_N217D has suggested that the side-chains of D217 and H222 are involved in the 

coordination of the Na+.

Although Kir6.2 has the critical aspartate at the equivalent position (Fig. 1a), it lacks Na+ 

sensitivity. Kir6.2 possesses a methionine at the equivalent position to the H222 whose side-

chain coordinates the Na+ in the Kir3.1 model (Fig. 2b). We have therefore examined the 

effect of the H228M mutation at the equivalent position in Kir3.4 on the interactions 

between D223 and R225. Molecular dynamics (MD) simulations of Kir3.4 and 

Kir3.4_D223N (Fig. 2c) using a homology model based on the structure of the cytosolic 

domain of Kir3.119 (see Methods), showed that there was loss of hydrogen bonding 

between position 223 and R225 following the D223N mutation. In contrast, following a 

conformational change, hydrogen bonding was formed in Kir3.4, and persisted during the 

rest of the simulation. The average minimal distance between positions 223 and 225 after the 

conformational change was 1.8±0.2Å. On the other hand, in Kir3.4_D223N hydrogen 

bonding did not form. The average minimal distance was 7.1±0.4Å after an initial 

conformational change. The simulated structures equilibrated within 0.6ns (Fig. 2d). In order 

to further characterize the conformational transitions that occur during the simulations, we 

applied clustering analysis. Applying the clustering algorithm ART-2′ (24–26) implemented 

in CHARMM(27) and using a clustering radius of 1.75Å, we classified the structures 

obtained in the simulations into clusters according to the distances between the atoms in the 

side-chains of the residues at positions 223 and 225 that could form hydrogen bonding (see 

Supplementary. Fig. 2a online). Supplementary Table 1 online includes the details of the 

clusters formed. The dominant clusters obtained from the simulation of Kir3.4 and 

Kir3.4_D223N are represented in Supplementary Figs. 2b,c online by the backbone atoms of 

the critical loop and the side-chain atoms of positions 223 and 225 in the cluster center 

conformation.

MD simulation also showed that the H228M mutation affected the interaction between D223 

and R225. By creating a hydrophobic environment in the center of the loop, the methionine 

kept the two charged amino acids at a distance that exceeded hydrogen bonding distance 

most of the time. This can be seen in Supplementary Figs. 2e,f online that depict the 

orientations of the side-chains of position 223, 225 and 228 in Kir3.4 and in Kir3.4_H228M. 

For Kir3.4_H228M, the average minimal distance was 4.4±0.6Å following a relaxation of 
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the structure from its initial conformation in the simulation (Fig. 2c). The dominant cluster 

obtained from the simulation of Kir3.4_H228M is represented in Supplementary Fig. 2d 

online by the backbone atoms of the critical loop and the side- chains of D223 and R225 in 

the cluster center conformation. This average minimal distance is between the values 

obtained for Kir3.4 and Kir3.4_D223N. Thus, hydrogen bonding is formed between D223 

and R225 in the H228M mutant only rarely.

In order to further substantiate these results, we have repeated the simulations in the 

presence of water (see Supplementary Fig. 3c online) using the primary hydration shell 

(PHS) approach(28) as described in the Methods part. The results obtained from these 

simulations were in agreement with those obtained in the absence of solvent, as can be seen 

in Supplementary. Figs. 3a,b online. Specifically, the average minimal distances between 

positions 223 and 225 as obtained in the presence of the primary hydration shell were 

1.7±0.1Å, 6.5±0.8Å, and 4.2±0.2Å for Kir3.4, Kir3.4_D223N and Kir3.4_H228M, 

respectively. This suggests that the interaction between positions 223 and 228 is formed 

independent of the water that surrounds the cytosolic domain.

Examination of the whole-cell currents of the D223N and the H228M mutants (Fig. 3d) 

shows that both of them exhibited basal currents similar to each other, which were 

approximately 50% higher than the basal currents exhibited by the control Kir3.4* channel. 

Figs. 3a–c show representative traces obtained from macropatches of oocytes expressing 

Kir3.4* and its D223N or H228M mutants. While Kir3.4* exhibited high sensitivity to 

sodium following a short application (1–3min) of PIP2 (Fig. 3a), sodium did not enhance the 

activation of the D223N mutant (Fig. 3b) and had only a very limited effect in the case of 

the H228M (Fig. 3c). Comparison of the Na+ dose-response curves for the H228M with that 

of Kir3.4* showed that for all concentrations, the Na+ stimulation of channel activity is 

significantly lower than that of the wild-type (Supplementary Fig. 4a online). This implies 

that the efficacy of the H228M mutant is lower than that of the wild-type. Yet, with a Hill 

coefficient of 4, and comparable EC50 values (Kir3.4*: 33mM and Kir3.4*_H228M: 

26mM), it appears that the potency is not affected significantly by the H228M mutation. 

Furthermore, while PIP2 alone did not lead to significant activation of Kir3.4*, following the 

D223N and the H228M mutations that the simulations suggest disrupt the hydrogen bonding 

between R225 and D223, PIP2 alone was sufficient to activate the channels. Supplementary 

Fig. 4b online depicts the PIP2 dose-response curves for Kir3.4* and for the two mutants. 

Comparison of the curves shows that the dose-response curves for both mutants are left-

shifted with respect to the wild-type, showing that the PIP2 sensitivity of the channel is 

indeed enhanced by these mutations. While the EC50 for Kir3.4* is 14.6μM, for the D223N 

and H228M mutations, it is 1.5μM and 1.7μM, respectively, which is about 10 fold lower 

than for Kir3.4*.

Kir3.4* residues that do not affect Na+ sensitivity

In order to further validate our results concerning the coordination site of the sodium in Kir 

channels, we examined two positions in the loop segment that are occupied by different 

residues in Kir3.4 and Kir2.1, but whose side-chains do not interact with the sodium ion in 

the Kir3.1 model (Fig. 2b). MD simulations suggest that both in the N226K and the I229L 
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mutants in Kir3.4, positions 223 and 225 interact, although not as strongly as they do in 

Kir3.4 itself. After relaxation of the initial conformation in the simulation, the average 

minimal distance between positions 223 and 225 is 3.0±0.3Å in the N226K mutant and 

2.3±0.4Å in the I229L mutant (Supplementary Fig. 5 online).

The whole-cell currents of the N226K and the I229L mutants exhibited similar basal 

currents to those exhibited by the D223N and the H228M mutants, of approximately 50% 

higher than those exhibited by the control Kir3.4* channel (data not shown). This effect is 

likely to be mediated via an increase in PIP2 sensitivity, somehow caused by the mutations, 

as shown explicitly for the I229L mutant (Supplementary Fig. 4b online). Yet, the 

representative traces obtained from macropatches of oocytes expressing the N226K and 

I229L mutant (Figs. 3e–f) show that unlike the D223N and the H228M mutants (Figs. 3b–c), 

both mutants, similarly to the control Kir3.4* (Fig. 3a), exhibit high sensitivity to sodium 

following a short application of PIP2. While in the absence of sodium, these mutants do not 

exhibit significant currents following a short application of PIP2, longer exposures to PIP2 

could stimulate currents independently of sodium as was previously observed for the I229L 

mutant17. Yet, even under these conditions, the mutants exhibit sodium sensitivity (data not 

shown). These results are consistent with the notion that sodium is required to interfere with 

the interaction between the aspartate (D223 in Kir3.4) and the arginine (R225 in Kir3.4): in 

Kir3.4 and in both the N226K and the I229L mutants these residues interact, while in the 

D223N mutant no interaction is observed between these positions and in the H228M mutant 

interaction between these positions is observed only rarely. The summary in Fig. 4 depicts a 

strong correlation between the sodium sensitivity and the interactions between the aspartate 

and the arginine in the Kir3.4* mutations tested.

Coordination site of Na+: experimental validation using the Kir3.1/Kir3.2 channel

As noted above, both the homomeric Kir3.2 channel, and the heteromeric Kir3.1/Kir3.2 are 

sodium sensitive14,15 (see Supplementary Figs. 6b,c online). Sodium sensitivity of this 

channel has been linked to the aspartate in Kir3.2 (Supplementary Fig. 6d online), which is 

located in the equivalent position to position 217 in Kir3.1 (Fig. 1a). We proceeded to 

examine the effect of mutation of the histidine to a methionine on Kir3.2 on the sodium 

sensitivity of the channel in the same conditions as those used previously to show the effect 

of the D226N on sodium sensitivity15. Similarly to the effect of the corresponding mutation 

in Kir3.4*, the result in Kir3.2_H231M was a significant reduction in sodium sensitivity 

(Supplementary Figs. 6b,e online), further supporting the importance of the histidine to the 

sodium sensitivity characteristics of Kir channels. As with Kir3.4*, the Kir3.2 Asp to Asn 

and the His to Met mutations yielded currents significantly larger than control 

(Supplementary Fig. 6a online).

Validation of the coordination site of Na+ using the Kir2.1 channel

Kir2.1 has an asparagine at the position equivalent to D223 in Kir3.4 (Fig. 1a), and has been 

shown to be Na+ insensitive17. On the other hand, its N216D mutant exhibited Na+ 

sensitivity, albeit weaker than in Kir3.4*. Kir2.1 possesses a histidine at the position that 

corresponds to position 228 in Kir3.4*. We examined whether the corresponding mutation 

in Kir2.1, H221M, would reverse the effect of the N216D mutation by monitoring the effect 
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of intracellular sodium on the rundown observed when a macropatch was detached. As can 

be seen in Figs. 5a,b, application of intracellular sodium significantly slowed down the 

rundown of Kir2.1_N216D currents, consistent with the interpretation that the presence of 

sodium enhanced the sensitivity of the channel to PIP2. This effect on the slowing of the 

rundown, however, was eliminated by the introduction of the additional H221M mutation as 

can be seen in Fig. 5c, implying that the H221M mutation indeed reversed the increased 

sensitivity to sodium introduced by the N216D mutation in agreement with our model (Fig. 

2b), and with the results obtained for Kir3.4* (Fig. 3a–d) and Kir3.2 (Supplementary Fig. 6 

online). Examination of these Kir2.1 mutants using HA-tagged constructs29 suggested that 

these mutations did not affect membrane expression (data not shown).

Kir5.1 is Na+ sensitive

Examination of the sequences of all other Kir channels shows that Kir5.1 is the only other 

member of a Kir subfamily besides Kir3 members that possesses both the Asp and His 

residues involved in Na+ sensitivity (Fig. 1a). We proceeded to examine the sodium 

sensitivity characteristics of Kir5.1. Since Kir5.1 is not functional on its own we have co-

expressed it with Kir4.1. Kir4.1 itself does not possess the aspartate or the histidine, and was 

not sodium sensitive (Fig. 5d) as could be seen when intracellular sodium was perfused 

during the rundown observed after the macropatch was detached. On the other hand, as can 

be seen in Fig. 5e, application of intracellular sodium significantly slowed the rundown of 

Kir4.1/Kir5.1 currents, confirming the sodium sensitivity of Kir5.1. To further investigate 

the source of the sodium sensitivity in Kir5.1, we examined the effect of mutation D205N on 

the sodium sensitivity of the channel. As can be seen in Fig. 5f, the D205N mutation 

removed the sodium sensitivity of the channel. Interestingly, the H210M did not affect Na+ 

sensitivity (Supplementary Fig. 7a online). Comparison of the four residues included in the 

loop between D205 and H210 with the equivalent residues in other Kir channels, revealed 

that three of these residues are unique to Kir5.1: F206, P208 and N209. We thus exchanged 

the loop segment (DFRPNH) with the corresponding residues in the sodium insensitive 

Kir6.2 (DLRKSM). The resulting channel, which still included D205 but in which the 

histidine was mutated to a methionine, was sodium insensitive as can be seen in 

Supplementary Fig. 7b online. This result suggests that the constituents of the residues in the 

loop between the aspartate and the histidine play an important role in affecting the sodium 

sensitivity of this channel.

Discussion

Kir3 channels are activated by PIP2 only in the presence of gating molecules, such as the βγ 

subunits of G proteins and/or intracellular sodium. In this paper we suggest that sodium is 

coordinated by residues located in a critical loop in the cytosolic domain. This loop includes 

an arginine that has been found to be critical to channel-PIP2 interactions (R225 in Kir3.4*).

Our model, which is based on the crystallographic structure of the cytosolic domain of 

Kir3.1, suggests that sodium is coordinated by the side-chains of N217D and H222, and by 

the backbone carbonyls of M223 and L264. MD simulations of Kir3.4 suggest that in 

Kir3.4, D223 (equivalent to position 217 in Kir3.1) and R225 interact in the absence of 
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sodium, while in the D223N mutant R225 does not interact with position 223, and in the 

H228M mutant (equivalent to position 222 in Kir3.1) interactions between these positions 

occur rarely. In view of possible inaccuracies in the standard force fields for alkali ions, the 

accuracy of computational studies involving sodium ions could be questioned30. We thus 

proceeded to confirm the results experimentally. Our data show that in agreement with the 

notion that sodium ions play a role of a switch that breaks the hydrogen bonding between 

the aspartate and the arginine, an Asn in place of the Asp does not exhibit sodium sensitivity 

and a Met in place of the His exhibits significantly reduced or no sodium sensitivity in the 

Kir3.4*, Kir3.2, Kir2.1, and Kir5.1 channels.

The side-chain of histidine has been previously shown to be associated with sodium binding 

sites in small dipeptides. In general, sodium is known to bind peptides primarily through 

their oxygen atom22,31, which in many cases includes the backbone carbonyls of the amino 

acids involved. However, for the GlyHis and the HisGly dipeptides, sodium also binds the 

imidazole side-chain of a histidine that serves as an additional chelation site32. This further 

corroborates our finding that the binding site of the sodium in Kir channels involves the 

side-chain of the histidine in addition to that of the aspartate, and the backbone carbonyls of 

two additional residues. Furthermore, it is possible that similar binding sites may also exist 

in other ion channels, where intracellular sodium may act as a second messenger to regulate 

function33. For example, intracelluar sodium activates the sodium activated potassium 

channels (IK(Na))34,35, and downregulates the activity of amiloride-sensitive epithelial Na+ 

channels36.

In addition to the four residues suggested to coordinate the sodium ion, a water molecule 

was found to be within hydrogen bonding distance from the sodium ion. This result is in 

agreement with existing structures of sodium binding proteins that have suggested an 

average coordination number of five to six that includes the participation of water molecules 

as well23,37.

Fig. 4 summarizes the data obtained for the Kir3.4* channel and its mutants. As shown in 

the figure, our results suggest the existence of a strong correlation between sodium 

sensitivity and the strength of the interaction between an aspartate and a critical arginine for 

channel activation by PIP2. While it is not clear whether this arginine affects channel 

activation directly or allosterically, it is likely that the availability of this arginine modulates 

the efficacy and/or affinity of PIP2
38,39. Accordingly, the less the aspartate and the arginine 

interact, the less sensitivity to sodium by the channel would be observed. This suggests that 

in order to enable activation of Kir3 channels, the critical arginine should be free to affect 

the channel’s sensitivity to PIP2. This can be achieved in several ways. First, intracellular 

sodium can interact with the aspartate and prevent it from interacting with the arginine, in 

essence pulling it away from the arginine. Alternatively, our data suggest two additional 

mechanisms that can free the critical arginine in a manner that does not require sodium for 

PIP2-dependent activation of the channel: (a) by exchange of the negatively charged 

aspartate by another residue that does not compete with PIP2 for the positively charged 

arginine located two positions away; an appropriate exchange was the polar asparagine, 

which both the Kir3.1 and Kir2.1 channels possess and are sodium insensitive naturally; (b) 

by introduction of a hydrophobic residue in the vicinity of the aspartate and the arginine 
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prevented them from interacting with each other; an appropriate exchange was the 

introduction of the hydrophobic methionine instead of the polar histidine across from the 

aspartate.

These results suggest a sodium binding motif in which an aspartate and a histidine are 

located in a loop across from each other. In particular, our results suggest that in Kir2 and 

Kir3 channels, DLR(K/N)SH is a sodium binding motif.

Another Kir channel that possesses an aspartate and a histidine is Kir5.1 that our data 

identifies to be sodium sensitive as well. The loop residues in between the aspartate and the 

histidine in this case are quite different from those in other Kir channels. As a result, while 

the corresponding D205N mutation eliminated sodium sensitivity, the H210M did not. 

Mutation of the loop residues in between the aspartate and the histidine to those that exist in 

the sodium-insensitive channel Kir6.2 in addition to the H210M mutation resulted in loss of 

sodium sensitivity. This suggests that the loop residues between the aspartate and the 

histidine are crucial to sodium sensitivity. Altogether, the common residues in the critical 

loop in the cytosolic domain of Kir5.1, Kir3 channels and Kir2.1_N216D (Fig. 1a) suggest 

that the sodium binding motif in Kir channels is DXRXXH.

Examination of the critical loop in the various crystallographic structures of the cytosolic 

domains of Kir channels (Kir2.120, Kir3.119,20,40, and Kir3.241) shows variability in the 

structure of the loop. Moreover, in the structure of the cytosolic domain of sodium-sensitive 

Kir3.2 this loop is absent, further indicating a likely flexibility of the loop. It is thus possible 

that in addition to affecting the interaction between the aspartate and the arginine, the 

sodium ions may also determine the conformation of this critical loop.

The physiological role of Na+-sensitive potassium channels is not clear. Our discovery that 

Kir5.1 confers Na+ sensitivity to other channels it heteromerizes with opens interesting 

possibilities for the physiological role of Na+ sensitivity of K+ channels. Kir5.1 is expressed 

in kidney tubules42, and brainstem neurons43 among other parts of the body. A negative 

membrane potential of kidney tubular cells contributes significantly towards Na+ 

reabsorption from the tubular lumen into the cell. Na+ sensitive K+ conductances along the 

Na+ reabsorbing length of the nephron would ensure that the membrane potential is 

maintained at negative levels near the equilibrium potential for potassium. Interestingly, 

Kir5.1 also enhances the CO2/pH sensitivities of channels it heteromerizes with and has 

been suggested to contribute to the central CO2 chemosensitivity of brainstem cardio-

respiratory nuclei43. An additional possible role for Na+ sensitivity in the physiology of 

these neurons remains to be explored.

METHODS

Molecular modeling via molecular dynamics

MD simulations were performed using CHARMM27 version 26. The crystallographic 

structure of the cytosolic domain of Kir3.1 (PDB accession number 1N9P19) was used as the 

initial structure in the simulations of Kir3.1, and as the basis for the homology model of the 

cytosolic domain of Kir3.4. The identity between the cytosolic domains of Kir3.1 and Kir3.4 
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is 63.3%. 20.5% of the remaining residues are similar and only 16.2% are completely 

different. The high sequence identity of these channels justifies using the cytosolic domain 

of Kir3.1 for constructing a homology model of Kir3.4. Within the sequence of the critical 

loop examined (Fig. 1a), the sequence of the channels differs in two residues only. 

Following a minimization stage using the Steepest Descent and the adopted-basis Newton 

Raphson algorithms, a 1.8nsec MD simulation at room temperature was carried out for 

Kir3.4 and its mutants with a time step of 0.001psec and using the leap frog Verlet integrator 

with Langevin dynamics27. The force field for the energy calculation was the CHARMM 

force field27. The non-bonded cut-off distance CUTNB that was used in combination with 

the FSWITCH option in CHARMM was 13Å. The environment was modeled by a distance-

dependent dielectric. As the cut-off distance could affect the MD results44, the model 

obtained based on the MD simulations was confirmed experimentally.

Simulations using the primary hydration shell method

The primary hydration shell (PHS) method28 is a method that provides both an efficient 

representation of solvation effects and a flexible nonspherical restraining potential. In order 

to replace the bulk representation of the solvent, a restraining force that balances the 

instantaneous pressure inside the primary solvent shell is applied.

The MD simulations were performed using CHARMM, version 2627.

The cytosolic domain was surrounded by a 30Å sphere of water molecules whose origin was 

located at its center of mass. Water molecules located within 2.6Å from the cytosolic 

domain were deleted and the combined system was minimized. After removing all waters 

located 5Å from the cytosolic domain, the system was further minimized. The structure was 

then equilibrated and the simulation was run at room temperature for 2nsec with a time step 

of 0.001psec, a restraining force of 0.95Kcal/moleÅ, and using the leap frog Verlet 

integrator with Langevin dynamics employed in the presence of the miscellaneous mean 

field potential (MMFP) in CHARMM keeping the center of mass of channel fixed and 

allowing the application of the PHS model.

Expression of Recombinant Channels in Xenopus Oocytes

Point mutations on the background of the control Kir3.4_S143T (Kir3.4*) or Kir3.1_F137S 

(Kir3.1*)10,11,45 were generated using the Quickchange site-directed mutagenesis kit 

(Stratagene, LaJolla, CA). cRNAs were transcribed in vitro using the “Message Machine” 

kit (Ambion, Austin, TX). cRNA concentration of Kir3.1* or Kir3.4* or Kir2.1 was 

estimated from two successive dilutions, which were electrophoresed in parallel on 

formaldehyde gels and compared to known concentrations of an RNA marker (GIBCO, 

Gaithersburg, MD). Oocytes were isolated and microinjected as previously described46. 

Expression of channel proteins in Xenopus oocytes was accomplished by injection of the 

desired amount of cRNA. Oocytes were injected with cRNA, 2 ng of channel. All oocytes 

were maintained at 17°C. Two-electrode voltage clamp recordings were performed 2 days 

following injection. The use of Xenopus laevis frogs was approved by the institutional 

IACUC committee.
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Two-Electrode Voltage-Clamp Recording and Analysis

Whole-cell currents were measured by conventional two-microelectrode voltage clamp with 

a GeneClamp 500 amplifier (Axon Instruments, Union City, CA), as previously reported46. 

A high-potassium (HK) solution was used to superfuse oocytes (in mM: 96 KCl, 1 NaCl, 1 

MgCl2, 5 KOH/HEPES [pH 7.4]). Basal currents represent the difference of inward currents 

obtained (at −80 mV) in the presence of 3 mM BaCl2 in HK solution from those in the 

absence of Ba2+. Each experiment shown was performed on 3–5 oocytes of the same batch. 

A minimum of two batches of oocytes were tested for each normalized recording shown. 

Recordings from different batches of oocytes were normalized by the mean of whole-cell 

basal currents from oocytes expressing the control channel Kir3.1* or Kir3.4*. Statistics 

(i.e., mean and standard error of the mean) of each construct were calculated from all of the 

normalized data recorded from different batches of oocytes.

Macropatch Recording and Analysis

Macropatch channel activity was recorded on oocytes under the inside-out mode of standard 

patch-clamp methods47, as previously described17. The bath and pipette solutions were 

composed of 96 mM KCl, 1 mM MgCl2, 5 mM EGTA and 10 mM HEPES, pH 7.4. For the 

Kir3.1/Kir3.2 channel and its mutants 2mM of MgCl2 were used. PtdIns(4,5)P2 was from 

Boehringer Mannheim. PtdIns(4,5)P2 was sonicated in cool water or on ice for 3 min before 

application, and was used at a final concentration of 2.5 μM. MgATP was from Sigma-

Aldrich, and was used at a final concentration of 5mM. Na+ was added to the bath solution 

at a concentration of 30mM. Currents were recorded at a holding membrane potential of 

−100 mV. Recordings were made using the Axon 200A patch-clamp amplifier. Data were 

sampled at 5 kHz, filtered at 2 kHz and stored on a PC-compatible computer. Analysis was 

carried out using Clampfit 9.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Positions of key residues in a loop of Kir channels where Na+ is coordinated. (a) Alignment 

of the loop segment of Kir2.1, Kir3.1, Kir3.2, and Kir3.4, Kir4.1, Kir5.1 and Kir6.2, which 

includes the residues found in this study to coordinate the Na+ ion (Asp in the red 

highlighted position and His in the green highlighted position). (b) Cytosolic domain of the 

homology model of Kir3.4 based on the crystallographic structure of the cytosolic domain of 

Kir3.1 showing along with the three residues of focus in the present study (D223 -in red, 

H228 -in green, R225 -in purple) the neighboring asparagine N226 (yellow), and isoleucine 

I229 (cyan) residues.
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Figure 2. 
H-bonding pattern between position 217 and residues in its vicinity in (a) Kir3.1_N217D 

after minimization. The model was based on the crystallographic structure of Kir3.1 (PDB 

accession number 1N9P19). (b) H-bonding pattern between the Na+ ion and the residues that 

surround it in its coordination site in Kir3.1_N217D. (c) Minimal distance between positions 

223 and 225 as obtained from MD simulations of Kir3.4, Kir3.4_D223N, and 

Kir3.4_H228M. (d) RMSD of the backbone residues of the cytosolic domain relative to the 

starting minimized structure that corresponds to the MD simulations of Kir3.4, 

Kir3.4_D223N, and Kir3.4_H228M. The calculations were performed using Simulaid: 

http://atlas.physbio.mssm.edu/~mezei/simulaid/simulaid.html). Figures a, and b were drawn 

using PyMol48.
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Figure 3. 
Experimental evidence for Kir3.4* residues involved in Na+ sensitivity (a)–(c) 

Representative traces of inside-out macropatch recordings of Xenopus oocytes. Na+ (30mM) 

and PIP2 (2.5μM) were applied as indicated by the bars in the control solution (ND96K

+EGTA) (a) Kir3.4* (b) Kir3.4*_D223N (c) Kir3.4*_H228M. (d) Whole-cell basal currents 

of Kir3.4*, Kir3.4*_D223N, and Kir3.4*_H228M recorded in Xenopus oocytes at −80mV. 

(e)–(f) Representative traces of inside-out macropatch recordings of Xenopus oocytes. Na+ 

(30mM) and PIP2 (2.5μM) were applied as indicated by the bars in the control solution 

(ND96K+EGTA). Both Kir3.4*_N226K (e) and Kir3.4*_I229L (f) show strong sensitivity 

to Na+ similar to Kir3.4*.
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Figure 4. 
Summary data of the effect of perfusion of Na+ (30mM) on Kir3.4* currents obtained from 

inside-out patches of Xenopus oocytes after a short application of PIP2 (2.5μM) as a function 

of the minimal distance between positions 223 and 225 as obtained from MD simulations.
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Figure 5. 
Experimental evidence for Kir2.1 and Kir5.1 residues involved in Na+ sensitivity (a)–(c) 

Representative traces of inside-out patches of Xenopus oocytes, showing Kir2.1 current 

rundown. Na+ (30mM) was perfused in the control solution (ND96K+EGTA). The rundown 

of Kir2.1_N216D is slowed down following application of sodium. This effect is reversed 

for the Kir2.1_N216DH221M mutant. (d)–(f) Representative traces of inside-out 

macropatch recordings of currents from Kir4.1 as a homomer or heteromer with 

Kir5.1expressed in Xenopus oocytes. Na+ (30mM) was applied as indicated by the bars in 

the control solution (ND96K+EGTA) The rundown of Kir4.1/Kir5.1 is slowed down 

following application of sodium. (d) Kir4.1 (e) Kir4.1/Kir5.1 (f) Kir4.1/Kir5.1_D205N
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