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Introduction

Cholesterol is one of the major lipid components of the plasma 
membrane in all mammalian cells, constituting up to 45 mol per-
cent with respect to other membrane phospholipids, and playing 
critical roles in cell growth and function.1,2 Increased levels of 
cholesterol, however, have been associated with multiple patho-
logical conditions including the development of cardiovascular 
disease.3-5 In recent years, it has been demonstrated to regulate 
the function of almost all known families of ion channels includ-
ing K+ channels, Ca2+ channels, Na+ channels and Cl− channels, 
as described in detail in several recent reviews.6-8 For the majority 
of the channels, increased levels of membrane cholesterol resulted 
in decreased channel activity due to a decrease in the open proba-
bility, in the unitary conductance and/or in the number of active 
channels in the membrane.8-13 Yet, the mechanisms of cholesterol 
regulation of ion channel function are only starting to emerge.

Here we focus on the constitutively active inwardly rectify-
ing potassium (Kir) channel Kir2.1 that is critically involved in 
regulation of the excitability and contraction in a variety of cell 
types and in maintaining membrane potential in several types of 
non-excitable cells.14-16 We have previously shown that cholesterol 
suppressed Kir2.1 whole-cell currents without a significant effect 
on the channel’s unitary conductance, open probability or on 
its surface expression suggesting that cholesterol stabilizes Kir2 
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channels in a closed “silent” state, providing initial mechanistic 
insights into the regulation of Kir2 channels by cholesterol.9,17

Our earlier studies have shown that mutations of four resi-
dues (N216D, K219Q, H221M and L222I) in the cytosolic CD 
loop that faces the pore of the channel (Fig. S1 for the location 
of the CD loop) affect the sensitivity of the channel to choles-
terol.18-21 Among these, the mutation of L222 to its isomer iso-
leucine completely abrogated the sensitivity of the channel to 
cholesterol. Similarly, the reverse I214L mutation at the corre-
sponding position in Kir2.3 resulted in increased sensitivity of 
Kir2.3 to cholesterol.18 Interestingly, in Kir3.4*, the highly active 
Kir3.4 pore mutant S143T,22 which is enhanced by cholesterol, 
the I229L mutation at the equivalent position (see the alignment 
of representative Kir2 and Kir3 channels in Figure S1A) abro-
gated the sensitivity of Kir3.4* to cholesterol, suggesting that the 
importance of this position in cholesterol modulation of chan-
nel function extends beyond the Kir2 family.19 Interestingly, the 
same CD loop residues also play a critical role in regulating the 
function of different Kir channels by other modulators includ-
ing the phosphoinositide PI(4,5)P

2
,23-25 which is required for Kir 

channel activation,8,23,26-28 and intracellular sodium.29-32

We have previously shown that in addition to Kir2.1, also 
other members of the Kir2 subfamily were also suppressed by 
cholesterol.9 However, whereas the sensitivity of Kir2.1 and 
Kir2.2 to cholesterol was similar, Kir2.3 and Kir2.4 exhibited 



©
20

13
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

304	 Channels	 Volume 7 Issue 4

residues to the corresponding residues in Kir2.2. This was unex-
pected because, as noted above, the sensitivity of Kir2.2 to cho-
lesterol is similar to that of Kir2.1.9 We thus hypothesized that 
the combination/interaction of each of these positions with other 
residues that are distinct between Kir2.1 and Kir2.2 underlie 
the sensitivity of Kir2.2 to cholesterol. And indeed, as described 
in the Introduction, our recent study has shown that the loss of 
cholesterol sensitivity of Kir2.1 channel that results from the 
L222I mutation can be restored by the N251D mutation of a 
distant C-terminal residue to the equivalent residue in Kir2.2.34 
However, comparison between the sequences of the modeled 
cytosolic domains of Kir2.1 and Kir2.2 revealed over 40 addi-
tional differences between the two channels. Thus, in order to 
uncover further connections between different cytosolic regions 
in Kir2.1 that control channel modulation by cholesterol, we 
studied the role of these differences between Kir2.1 and Kir2.2 
in the channel’s cholesterol sensitivity.

Cross-talk between two distant cytosolic loops of the 
C-terminus in cholesterol sensitivity of Kir2.1. We first con-
centrated on the sequence differences in the modeled C-termini 
of Kir2.1 and Kir2.2. Focusing on the most conservative muta-
tion that abrogates cholesterol sensitivity, the mutation of the 
leucine at position 222 to its isomer, isoleucine, we investigated 
whether in addition to the N251D mutation, mutations of other 
C-terminal residues in Kir2.1 to the corresponding residues in 
Kir2.2 could also restore the sensitivity of L222I to cholesterol.

Comparison of the sequences of the modeled C-termini of 
Kir2.1 and Kir2.2 revealed 32 differences in addition to the dif-
ferences between the channels in positions 222 and 251 (Fig. 1A 
and 1B). In order to investigate the role of these differences in 
determining the sensitivity of the L222I mutant to cholesterol, 
we divided the C-terminal residues that differ between Kir2.1 
and Kir2.2 into groups (Fig. 1A and 1B), and made multiple 
point mutations of all the residues in Kir2.1 within each group, 
mutating each of them to the equivalent residues in Kir2.2. As 
can be seen in Figure 1C, in addition to the N251D mutation 
(group 3C), also the multiple mutant of group 6C restored the 
sensitivity of the L222I mutation.

Within group 6C, 8 residues in the 280–290 segment of the 
sequence of Kir2.1 were converted to the equivalent residues in 
Kir2.2 (Fig. 1A and 1B). In order to identify the mutation(s) 
responsible for restoring the sensitivity of the L222I mutant to 
cholesterol, we divided group 6C into two groups, 6Ca (segment 
280–283) and 6Cb (segment 284–290) (Fig. 1A). Our data 
show that mutations of the 3 residues of group 6Ca that differ 
between Kir2.1 and Kir2.2 restored the cholesterol sensitivity of 
L222I whereas mutations of the 5 residues of group 6Cb did not 
(Fig. 2A). We thus tested which of these 3 mutations restored the 
sensitivity of the L222I mutant to cholesterol. As can be seen in 
Figure 2B and 2C, mutations of two residues in the GA loop (Fig. 
S1), Y280F and L282I, reversed the effect of the L222I muta-
tion on the sensitivity of Kir2.1 to cholesterol. Accordingly, both 
L222I_Y280F and L222I_L282I exhibited a significant decrease 
in currents following cholesterol enrichment. In contrast, the 
D281G mutation did not restore the sensitivity of L222I to cho-
lesterol and was insensitive to cholesterol enrichment.

decreased sensitivity to cholesterol. Using this difference in cho-
lesterol sensitivities as a tool to further study the mechanisms of 
cholesterol modulation of this subfamily of inwardly rectifying 
potassium channels, we recently showed that L222 and the three 
additional CD loop residues listed above were a part of a regula-
tory site that also included residues in the G-loop (C311), the 
N-terminus (D51, H53), and the connecting segment between 
the C-terminus and the inner transmembrane (TM) helix (E191, 
V194).20,21 Together these residues formed a cytosolic belt that 
surrounded the pore of the channel close to its interface with 
the TM domain, and modulated the sensitivity of the channel to 
cholesterol.20,21 Moreover, our analysis suggested that the under-
lying reason for the clustering of these residues in proximity to 
the membrane was the importance of the cholesterol sensitivity 
belt residues for Kir channel gating. More specifically, within 
the cytosolic domain, the major gate of Kir2.1 is located at the 
G-loop,33 which is regarded as the main region of the cytoplasmic 
pore at which dilation and contraction occurs. Examination of a 
database of crystallographic structures that include the cytosolic 
domains of eukaryotic Kir channels suggested that there is cor-
relation between residues of the cholesterol sensitivity belt and 
residues located in the most flexible region of the G-loop, i.e., its 
apex.20 In contrast, no significant correlation was found between 
the G-loop apex residues and residues that were just outside the 
selectivity belt.20

More recently, using a computational-experimental approach 
that combines all-atom full-membrane molecular dynamics sim-
ulations with site-directed mutagenesis and electrophysiology, we 
have shown that the N251D mutation restores the sensitivity of 
the L222I mutant to cholesterol.34 Notably, whereas the CD loop 
residue, L222, is located close to the interface of the C-terminus 
with the TM domain, N251 is located further away from the TM 
domain in the EF loop, ~24 Å from L222 (Fig. S1). Furthermore, 
the same N251D mutation also restored the strength of the inter-
action of the L222I mutant with PI(4,5)P

2
.34 These data indi-

cated that a long-distance functional intra-connection within the 
C-terminus plays an important role in the modulation of Kir2 
channels by both cholesterol and PI(4,5)P

2
.

In the current study, we show that the sensitivity of the chan-
nel to cholesterol depends on functional inter-links between the 
N- and C-termini that couple the motion of the intracellular 
domains of four subunits of the channel during gating, and that 
these connections can switch the sensitivity of the channel to 
cholesterol on or off.

Results

As noted in the Introduction, we have previously used the dif-
ferential sensitivities of Kir2.1 and Kir2.3 to cholesterol as a tool 
to identify a group of residues that formed a cholesterol sensitiv-
ity belt. Mutations of residues in the sensitivity belt to the cor-
responding residues in Kir2.3 significantly reduced or abrogated 
the sensitivity of Kir2.1 to cholesterol.20,21 Surprisingly, however, 
each of the mutations of the five residues of the cholesterol sen-
sitivity belt that abrogated the sensitivity of Kir2.1 to cholesterol 
(H53Q, E191Q, V194L, L222I and C311A) also converted these 
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vicinity of N251 away from the TM domain. Moreover, L282 is 
a part of the C-terminal reversal residue-chain.

With the Y280F and L282I mutations each restoring the sen-
sitivity of the L222I mutant to cholesterol, we next examined 
the effect of each of the mutations on the sensitivity of the WT 
Kir2.1 protein to cholesterol. As can be seen in Figure 3, both 
residues abrogate cholesterol sensitivity of Kir2.1 wild type chan-
nels when introduced as single mutations further corroborating 
the importance of these residues in determining the sensitivity of 
the channel to cholesterol.

Cross-talk between C- and N-termini in cholesterol sensitiv-
ity of Kir2.1. In addition to the interface between neighboring 
C-termini of different channel subunits, each C-terminus in Kir 
channels has an interface with the N-terminus of the adjacent 
subunit. This interface has been shown to mediate a process of 

Recently we analyzed the effect of the L222I and N251D 
mutations by all-atom full-membrane molecular dynamics (MD) 
simulations.34 In order to identify structural features that are 
reversed by the N251D mutation, we compared MD simulations 
of Kir2.1-WT, L222I, N251D and L222I_N251D. These simula-
tions indicated that the N251D mutation that reversed the effect 
of L222I on cholesterol sensitivity of the channel, also reversed 
the effect of the L222I mutation on the distances between the 
backbone central carbon (Cα) of position 222 and the Cα atoms 
of a chain of residues in the C-terminus of the channel. This 
chain of residues linked the residues in the vicinity of L222 to 
the region proximal to position 251, and from there - continued 
to surround the cytosolic domain of the channel. As can be seen 
in Figures 2D and 2E, both Y280 and L282 that restore the 
sensitivity of the L222I mutant to cholesterol, are located in the 

Figure 1. (A) Sequence alignment of the modeled C-terminus of Kir2.1 with the equivalent residues in Kir2.2. Highlighted in black on the sequence 
alignment are segments that include residues that differ between Kir2.1 and Kir2.2. (B) The C-terminus of one subunit of a model of Kir2.1 based on the 
cytosolic structure of Kir2.1 (PDB accession number 1U4F) and the TM domain of KirBac3.1 (PDB accession number 1XL4) showing segments 1–8 that 
correspond to the groups of residues in Figure 1A. The colors correspond to the colors in the alignment in Figure 1A. (C) Whole-cell basal currents at 
−80 mV showing the effect of cholesterol enrichment on Kir2.1, on the L222I mutant and on each of the multiple mutants 1C-8C described in Figure 1A 
on the background of L222I to the corresponding segments in Kir2.2 (n = 12–43). Significant difference is indicated by an asterisk (*p < 0.05).
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mutant, employing a similar strategy to the one we used to screen 
the differences between the C-termini of the two channels. We 
thus divided the residues in the structure into 3 groups as shown 
in Figure 4D. As Figure 4E shows, only the multiple mutant of 
group 3N restored the sensitivity of the L222I mutation. This 
group converted 6 residues in the 56–65 N-terminal segment of 
Kir2.1 to the equivalent residues in Kir2.2. Dividing this group 
into two groups as shown in the alignment in Figure 4D, we show 
in Figure 5A that mutations of the residues in group 3Na of the 
56–59 segment of Kir2.1 restored the sensitivity of the Kir2.1_
L222I to cholesterol whereas mutations of the 3 residues of group 
3Nb (segment 60–65) did not. Within group 3Na, I59A did not 
restore the sensitivity of the L222I mutant to cholesterol. On the 
other hand, both the V56I and the Q57E mutations reversed 
the effect of the L222I mutation and restored the sensitivity of 
the channel to cholesterol (Fig. 5B and C). Accordingly, both 
L222I_V56I and L222I_Q57E exhibited a significant decrease 
in currents following cholesterol enrichment. V56 and Q57 are 
located in the N-terminus in proximity to the TM domain (Fig. 
5D and 5E). Moreover, this pair of residues is located in the 
βA sheet of the N-terminus that interfaces the βM sheet of the 
C-terminus of an adjacent subunit (Fig. 5E and 5F; Fig. S1).

Furthermore, as described above, the C-terminal mutations 
that restore cholesterol sensitivity of L222I mutant (N251D, 
Y280F and L282I), also abrogate the sensitivity of the wild type 
Kir2.1 channel to cholesterol. We thus tested whether this is 
also the case for the pair of N-terminal mutants that restore the 

conformational change that extends through the subunits of the 
channel.35

As noted above, our recent computational analysis of the 
effect of the L222I and N251D mutations indicated that the 
N251D mutation reversed the effect of the L222I mutation on 
the distances between the backbone central carbon (Cα) of 
position 222 and the Cα atoms of a chain of C-terminal resi-
dues.34 Thus, using all-atom molecular dynamics simulations, 
we tested whether the N251D mutation also reversed the effect 
of the L222I mutation on the distances between the backbone 
central carbon (Cα) of position 222 and the Cα atoms of resi-
dues in the N-terminus. Our analysis shows that within the mod-
eled N-terminus, the N251D mutation reversed the effect of the 
L222I mutation on the distance between the backbone central 
carbon of position 222 and those of 8 residues in the N-terminus 
of the channel including K49, F58, I59, N60, V61, G62, E63 
and R67 (Fig. 4A and 4B). As can be seen in Figure 4B, this 
N-terminal reversal chain (shown in green sphere presentation) 
links to the C-terminal reversal chain (shown in dark gray sphere 
presentation) that we identified earlier.34 Moreover, a major part 
of the N-terminal reversal chain engulfed R218 at the tip of the 
CD loop, and which belongs to the C-terminal reversal chain 
(Fig. 4C). We thus hypothesized that the N-terminus plays an 
important role in the sensitivity of the channel to cholesterol.

In order to examine this hypothesis, we investigated the effect 
of the sequence differences in the modeled N-terminus between 
Kir2.1 and Kir2.2 on the cholesterol sensitivity of the L222I 

Figure 2. (A and B) Whole-cell basal currents at −80 mV showing the effect of cholesterol enrichment on Kir2.1 and on each of the multiple mutants 
6Ca and 6Cb on the background of L222I (A) (n = 7–43) and the mutants L222I_Y280F, L222I_D281G and L222I_L282I (B) (n = 7–16). Significant differ-
ence is indicated by an asterisk (*p < 0.05). (C) Representative traces of whole-cell basal currents recorded at −80 mV/+80 mV for L222I_Y280F, L222I_
D281G and L222I_L282I mutants in control and in cholesterol-enriched cells. (D) A model of the C-terminus of the cytosolic domain of one subunit of 
Kir2.1 showing L222 (yellow) in the CD loop, N251 (red) in the EF loop and Y280 (magenta) and L282 (pink) in the GA loop. (E) Surface presentation of 
the cytosolic domain of Kir2.1 showing the reversal residue chain (dark gray), L222I (yellow), and N251 (red), Y280 (magenta) and L282 (pink).
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similarly to R218, which is in the C-terminal reversal chain,34 
R67 of the slide helix is included in the N-terminal reversal resi-
due chain (Fig. 4A). This suggests that the N-terminal reversal 
chain includes key residues for channel gating. As discussed in 
the introduction, our earlier studies have suggested that choles-
terol stabilizes the channel in the closed “silent” state.9,17 We thus 
hypothesized that the N-terminus plays an important role in the 
sensitivity of the channel to cholesterol.

And indeed, we identified two N-terminal residues (V56 and 
Q57) whose mutations both restore the cholesterol sensitivity 
of the Kir2.1_L222I channel as well as abrogate the cholesterol 
sensitivity of the WT Kir2.1 channel, suggesting new mechanis-
tic insights into the role of the cytosolic domain in cholesterol 

sensitivity of L222I to cholesterol. As Figure 6 shows, also V56I 
and Q57E abrogate the sensitivity of the wild type Kir2.1 chan-
nel to cholesterol.

Discussion

In this study, we identified multiple new functional links between 
distant non-interacting residues in both the C- and N-termini 
that control the modulation of Kir2 channels by cholesterol.

Our recent study demonstrated that cholesterol sensitivity of 
Kir2.1 channels depends on the reciprocal interaction between 
the L222 residue in the CD-loop of the C-terminus and the 
N251 residue in the EF-loop even though there is no direct inter-
action between the two.34 Furthermore, all-atom full-membrane 
molecular dynamics simulations suggested that these two distant 
residues are connected by a reversal chain of residues, as defined 
by their opposite movements as a result of L222I and N251D 
mutations.34 In this study, we identified additional residues that 
are coupled to L222 and demonstrate the important role of cross-
talk between distinct cytosolic domains in determining the sen-
sitivity of the channel to cholesterol.

Specifically, comparing the differences in the sequences of the 
modeled C-termini of Kir2.1 and Kir2.2, we identified a pair 
of C-terminal residues (Y280 and L282) whose mutations both 
reverse the effect of L222I and abrogate the sensitivity of the WT 
Kir2.1 channel to cholesterol. Both residues are located in the 
vicinity of N251 further away from the TM domain in the pore 
facing GA loop that connects between the G-β-strand and the 
A-α-helix of the C-terminus. Thus, it is likely that these residues 
affect the sensitivity of the channel to cholesterol by a similar 
mechanism to the mechanism that underlies the effect of N251D 
on cholesterol sensitivity, further reinforcing the importance of 
this C-terminal region for cholesterol sensitivity.

It is also interesting to note that the same region of the chan-
nel has been recently implicated in the regulation of channel’s 
gating kinetics by PI(4,5)P

2
.36 Specifically, it has been shown that 

mutation of E272, which is located between N251 and Y280/
L282, affects both the on- and off-gating kinetics of the channel. 
Moreover, we have recently shown that in addition to reversing 
the effect of the L222I mutation on the sensitivity of Kir2.1 to 
cholesterol, N251D also restores the strength of the interaction 
of the L222I mutant with PI(4,5)P

2
 to the levels exhibited by 

the WT Kir2.1 channel.34 It is therefore likely that the flexibility 
of this region that has been suggested to play a critical role in 
the regulation of the channel’s gating kinetics by PI(4,5)P

2
,36 is 

also important for determining the sensitivity of the channel to 
cholesterol.

Recently, molecular dynamics simulations have shown that in 
a Kir3.1 chimera, interaction patterns that involve N-terminal 
residues are altered when the cytosolic gate of the channel, the 
G-loop, is dilated in the presence of PI(4,5)P

2
.37 It was thus sug-

gested that the N-terminus controls the opening of the G-loop 
gate by coordinating the interactions between the CD loop and 
the G-loop. One of the specific interactions that differed between 
the constricted and dilated conformations involved the equivalent 
residues to R67 and R218 of Kir2.1. Our analysis showed that 

Figure 3. (A) Whole-cell basal currents recorded in Xenopus oocytes at 
−80 mV showing the effect of cholesterol enrichment on Kir2.1 and the 
mutants Y280F and L282I (n = 11–18). Significant difference is indicated 
by an asterisk (*p < 0.05). (B) Representative traces of whole-cell basal 
currents recorded at −80 mV/+80 mV in Xenopus oocytes showing the 
effect of cholesterol enrichment on Kir2.1 and the mutants Y280F and 
L282I. The waveform and the coloring scheme are the same as in Figure 
2C.
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intracellular domain of the channel between its closed (latched) 
and open (unlatched) conformations.35 Our data demonstrat-
ing that the V56I and Q57E mutations that may each affect the 
hydrogen-bonding network between the βA and βM sheets of 
adjacent subunits play an important role in the modulation of 
the channel by cholesterol. This suggests that the interactions 
between the subunits that couple their coordinated motion are 
important for this process. This observation is consistent with 
our previous observation that the L222I mutation has a domi-
nant negative effect on cholesterol sensitivity of the channel,18 
and implies that more than one subunit is required for cholesterol 
to suppress channel activity.

We have previously shown that within the N-terminus, both 
D51N and H53Q affected the sensitivity of Kir2.1 to cholesterol, 
and are a part of the cholesterol sensitivity belt of the channel.20 
Specifically, D51N decreased the sensitivity of Kir2.1 to cho-
lesterol and H53Q abrogated the channel’s cholesterol sensitiv-
ity. However, despite the proximity of positions 51 and 53 to 

sensitivity of the channels. More specifically, this pair of residues 
is located in the βA sheet of the N-terminus that interfaces the 
βM sheet of the C-terminus of an adjacent subunit (Fig. 5E and 
F; Fig. S1). At the residue level, V56 and Q57 are located across 
from V339 of the βM sheet (Fig. 5F). Recent MD simulations of 
a Kir3.1 chimera suggested that the interaction pattern between 
the equivalent residues to Q57 and V339 is altered when the cyto-
solic domain is dilated in the presence of PI(4,5)P

2
.37 Notably, 

V339 of the βM sheet along with its neighboring residue K338 
are a part of the C-terminal reversal chain.34 This suggests that 
the cholesterol sensitivity of Kir2 channels depends not only on 
the interactions between residues within the same subunit of 
the channels but also on the interactions between the N- and 
the C-termini of adjacent subunits. Recent analysis of a series of 
crystal structures of bacterial KirBac channels has shown that 
parallel β sheet interactions formed between βA in one subunit 
and βM of an adjacent subunit couple the motion of each sub-
unit to its neighbor, thus enabling systematic reorientation of the 

Figure 4. (A) N-terminal residues for which the direction of the changes in the distances relative to position 222 following the L222I mutation is 
reversed in L222I_N251D. The effect of the L222I mutation on the distances between the Cα atoms of position 222 and the Cα atoms of these residues 
with respect to the WT is depicted as blue squares whereas the effect of the L222I_N251D mutation compared with the L222I mutation is depicted by 
the green triangles. The effect of the L222I_N251D mutation compared with the WT channel is also shown as red diamonds. (B) Surface presentation 
of the cytosolic domain of Kir2.1 showing the N-terminal reversal residue chain (green), Also shown are the C-terminal reversal residue chain (dark 
gray), L222 (yellow), and N251 (red). (C) Model showing a Close-up of the residue reversal chain residues in the vicinity of L222 (yellow) of the CD loop. 
The CD loop is shown in light yellow. CD loop residues included in the reversal chain are shown in light yellow. Other C-terminal reversal chain residues 
in proximity of L222 are shown in dark gray. N-terminal reversal chain residues in the adjacent subunit are shown in green. (D) Sequence alignment 
of residues 40–68 located in the modeled N-terminus of Kir2.1 with the equivalent residues in Kir2.2 (39–67). Highlighted in black on the sequence 
alignment are segments that include residues that differ between Kir2.1 and Kir2.2. (E) Whole-cell basal currents recorded in Xenopus oocytes at −80 
mV showing the effect of cholesterol enrichment on Kir2.1, on the L222I mutant and on each of the multiple mutants 1N-3N that include mutations of 
the segments shown in Figure 4D on the background of L222I to the corresponding segments in Kir2.2 (n = 12–26). Significant difference is indicated 
by an asterisk (*p < 0.05).
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described.38 Expression of channel proteins in Xenopus oocytes 
was accomplished by injection of the desired amount of cRNA. 
Oocytes were injected with 0.5 ng cRNA of the channel. All 
oocytes were maintained at 17°C. Two-electrode voltage clamp 
recordings were performed 1 d following injection. Whole-cell 
currents were measured by conventional two-microelectrode volt-
age clamp with a GeneClamp 500 amplifier (Axon Instruments), 
as previously reported.20,38 Basal currents represent the difference 
of inward currents obtained (at −80 mV) in the presence of 3 
mM BaCl

2
 in HK solution from those in the absence of Ba2+. 

A minimum of two batches of oocytes were tested for each nor-
malized recording shown. Recordings from different batches of 
oocytes were normalized to the mean of whole-cell basal currents 
obtained from control untreated oocytes. The mean of each batch 
of control untreated oocytes was normalized to one. Statistics 
(i.e., mean and standard error of the mean) of each construct 

position 56 and 57, these mutations do not restore the sensitivity 
of the L222I mutant to cholesterol (Fig. 4D and 4E, group 2N). 
Furthermore, whereas D51 and H53 were both correlated with 
the C-terminal gate of the channel, the G-loop, Q57 was not.20 
These differences between the 51/53 pair and the 56/57 pair indi-
cate that the role of these two pairs in the mechanism underlying 
channel regulation by cholesterol is different. Thus, the ability 
of the L222I_V56I and L222I_Q57E double mutants to restore 
the sensitivity of the corresponding single mutants highlights a 
unique functional inter-link between the C-terminal L222 and 
the N-terminus at the neighboring residues V56 and Q57, which 
is independent of the relationship between the G-loop and the 
modulation of the channel by cholesterol.

In summary, it is likely that the observations presented here 
are a result of the intricate relationship between three distinct 
cytosolic regions and their interrelated roles in the gating mecha-
nism of the channel. Specifically, our study linked the following 
cytosolic regions of the channel: (a) the CD loop which is in 
close proximity to the cytosolic G-loop gate, (b) the EF and GA 
loops of the C-terminus that are distant from the TM domain, 
and (c) the βA sheet of the N-terminus at the interface with the 
C-terminus. Accordingly, cholesterol regulation of Kir2 channels 
depends on two cytosolic constituents: (a) the cytosolic gating 
machinery that controls the conformational changes at the cyto-
solic G-loop gate of each subunit, as was shown in our earlier 
studies,20 and (b) the interactions at the interface between the 
N- and C-termini of the channel that couple the motion of the 
intracellular domains of its four subunits during gating.

Materials and Methods

Expression of recombinant channels and electrophysiological 
recordings in Xenopus oocytes. Point mutations were generated 
using the Quickchange site-directed mutagenesis kit (Stratagene). 
cRNAs were transcribed in vitro using the “Message Machine” kit 
(Ambion). Oocytes were isolated and microinjected as previously 

Figure 5. (A) Whole-cell basal currents recorded in Xenopus oocytes at 
−80 mV showing the effect of cholesterol enrichment on Kir2.1 and on 
each of the multiple mutants 3Na and 3Nb on the background of L222I 
that include mutations of the segments shown in Figure 4D to the cor-
responding segments in Kir2.2 (n = 12–43). (B) Whole-cell basal currents 
recorded in Xenopus oocytes at −80 mV showing the effect of cholester-
ol enrichment on Kir2.1 and the mutants L222I_V56I, L222I_Q57E and 
L222I_I59A (n = 7–26). Significant difference is indicated by an asterisk 
(*p < 0.05). (C) Representative traces of whole-cell basal currents 
recorded at −80 mV/+80 mV in Xenopus oocytes showing the effect of 
cholesterol enrichment on the mutants L222I_V56I and L222I_Q57E. 
The waveform and the coloring scheme is the same as in Figure 2C. (D) 
A model of the cytosolic domain of one subunit of Kir2.1 showing L222 
(yellow) in the CD loop, and the modeled N-terminus of an adjacent 
subunit showing V56 (blue) and Q57 (light blue) in the βA strand. (E) 
Surface presentation of the cytosolic domain of Kir2.1 showing the 
N-terminal reversal chain (green), V56 (blue) and Q57 (light blue). Also 
shown are the C-terminal reversal residue chain (dark gray) and L222I 
(yellow). (F) Enlargement of the dashed region in Figure 5E showing 
V56 (blue) and Q57 (light blue) of the βA strand located in between the 
N-terminal reversal chain (green) and two of the C-terminal reversal 
chain residues of the βM strand, K338 (dark gray) and V339 (light gray).
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HEK cells.18,34 Moreover, these data were in agreement with the 
effect of cholesterol on native Kir2 channels in aortic endothe-
lial cells40 and in atrial myocytes.41 In addition, we have recently 
shown that cholesterol treatment of Xenopus oocytes expressing 
several Kir2.1 mutants including L222I reproduces the effect 
of cholesterol on the corresponding mutants in HEK cells.34 
Therefore, as control and to confirm the quality of each choles-
terol preparation for each set of mutants, we tested the effect of 
cholesterol on Xenopus oocytes that express the wild-type Kir2.1 
channel.

Molecular dynamics simulations. The model of the chan-
nel used (KDB database ID H011)42 was based on the chimera 
between the cytosolic domain of Kir3.1 and the TM domain 
of KirBac1.3 (PDB ID 2QKS; resolution 2.2 Å).43 Comparison 
between the crystal structures33 of the cytosolic domains of 
Kir2.1 (PDB ID 1U4F, 2.41 Å resolution) and Kir3.1 (PDB ID 
1U4E, 2.09 Å resolution) shows that the structural similarity 
between the cytosolic domains of the two eukaryotic inwardly 
rectifying potassium channels is high, with a RMSD of only 1.1 
Å between the backbone C

α
 atoms. The simulation system has 

been constructed using membrane-insertion protocol developed 
within CHARMM-GUI project,44 as described in our recent 
study.34 Briefly, the simulation box contains the channel, bound 
K+ ions in the sites S2:S4 of the selectivity filter and 161 POPC 
lipid molecules solvated in an explicit 150 mM KCl aqueous 
solution represented with TIP3 water model45 and optimized 
CHARMM-27 ion parameters.46 All computations were per-
formed by NAMD version 2.7b147 and analysis was done with 
CHARMM version c36b2 with the CHARMM-27 force-fields 
for proteins and lipids.48 The protein structure has been mini-
mized in cycles with gradual decrease of harmonic restraints on 
heavy atoms. The minimized structures were embedded next 
into a lipid membrane using a multi-step membrane building 
procedure used in previous studies.34 MD simulation meth-
ods used here are similar to those used in previous studies of 
membrane systems utilizing NPAT ensemble. Briefly, constant 
temperature/constant pressure algorithms were applied (with 
pressure at 1 atm and temperature at 303 K). Electrostatic inter-
actions were treated with the Particle Mesh Ewald (PME) algo-
rithm with a 92 Å/92 Å/144 Å grid for fast Fourier transform. 
The temperature and pressure in the system were maintained 
with a combination of Langevin thermostat acting on heavy 
atoms of the lipid bilayer with Langevin dumping parameter of 
5 ps−1 and a Nose-Hoover Langevin piston method. The piston 
oscillation period was set to 100 fs with a dumping time of 50 
fs. The non-bonded interactions were smoothly switched off at 
10–13.5 Å. All simulation systems were equilibrated for 1 ns each 
without any constraints and the production was run for another  
10 ns. Figures of models were made using the PyMOL Molecular 
Graphics System, Version 1.1 (Schrödinger, LLC). Analysis 
was performed using the Visual Molecular Dynamics package 
(VMD),49 and the Data Analysis and Graphing Software Origin 
(OriginLab).
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were calculated from all of the normalized data recorded from 
different batches of oocytes.

Cholesterol enrichment of Xenopus oocytes. Treatment of 
Xenopus oocytes with a mixture of cholesterol and lipids has been 
shown to increase the cholesterol/phospholipid molar ratio of the 
plasma membrane of the oocytes.39 Thus, in order to enrich the 
oocytes with cholesterol we used a 1:1:1 (wt:wt:wt) mixture con-
taining cholesterol, porcine brain L-α-phosphatidylethanolamine 
(PE) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-l-serine 
(PS) (Avanti Polar Lipids), as described in our earlier studies.20,34 
We have shown that the effect of cholesterol on Kir2.1 channels 
expressed in Xenopus Oocytes is similar to the effect of cholesterol 
enrichment on Kir2.1 channels transfected into both CHO and 

Figure 6. (A) Whole-cell basal currents recorded in Xenopus oocytes at 
–80 mV showing the effect of cholesterol enrichment on Kir2.1 and the 
mutants V56I and Q57E (n = 7–18). Significant difference is indicated by 
an asterisk (*p < 0.05). (B) Representative traces of whole-cell basal cur-
rents recorded at −80 mV/+80 mV in Xenopus oocytes showing the ef-
fect of cholesterol enrichment on Kir2.1 and the mutants V56I and Q57E. 
The waveform and the coloring scheme are the same as in Figure 2C.
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