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Abstract

Kir channels are important in setting the resting membrane potential and modulating membrane
excitability. A common feature of Kir2 channels and several other ion channels that has emerged
in recent years is that they are regulated by cholesterol, a major lipid component of the plasma
membrane whose excess is associated with multiple pathological conditions. Yet, the mechanism
by which cholesterol affects channel function is not clear. We have recently shown that the
sensitivity of Kir2 channels to cholesterol depends on residues in the CD loop of the cytosolic
domain of the channels with one of the mutations, L2221, abrogating cholesterol sensitivity of the
channels completely. Here we show that in addition to Kir2 channels, members of other Kir
subfamilies are also regulated by cholesterol. Interestingly, while similarly to Kir2 channels,
several Kir channels, Kirl.1, Kir4.1 and Kir6.2A36 were suppressed by an increase in membrane
cholesterol, the function of Kir3.4* and Kir7.1 was enhanced following cholesterol enrichment.
Furthermore, we show that independent of the impact of cholesterol on channel function, mutating
residues in the corresponding positions of the CD loop in Kir2.1 and Kir3.4*, inhibits cholesterol
sensitivity of Kir channels, thus extending the critical role of the CD loop beyond Kir2 channels.

Cholesterol is one of the major lipid components of the plasma membrane in mammalian
cells and it is essential for cell function and growth. The excess of cholesterol, however, is
associated with multiple pathological conditions!=3 including the development of
cardiovascular disease?~8. Multiple studies have shown that an increase in membrane
cholesterol regulates the function of a variety of ion channels, including different types of
K* channels”™11, Ca*2 channels'2~16, Na* channels!?:18 and CI~ channels9:20, Multiple
types of ion channels were also shown to be associated with cholesterol-rich membrane
domains?Z. It is also known that the impact of cholesterol on different types of ion channels
is highly heterogeneous?2. In most cases an increase in cholesterol levels leads to a decrease
in channel function”+11:16,18,19 while in others, it leads to an increase in channel
activity!8:23, For example, cholesterol enrichment resulted in decreased activity of Ca?*
sensitive channels’, voltage-gated Na* channels!®, N-type Ca2* channels!®, volume-
sensitive CI~ channels!® and the inwardly rectifying K* channel, Kir2.111. On the other
hand, epithelial Na* channels (eNaC)23 and TrpC channels* were inhibited by cholesterol
depletion. However, little is still known about the mechanisms by which cholesterol
regulates the function of ion channels. Our recent study provided the first structural insights
into cholesterol sensitivity of ion channels by demonstrating that cholesterol sensitivity of
Kir2 channels, a subfamily of inwardly rectifying K* channels, critically depends on a
specific loop in the C-terminus domain?4. Here we extend our studies to test the effect of
cholesterol on the representatives of all subfamilies of Kir channels. Our new observations
show that effects of cholesterol are highly heterogenous even within the same family of ion
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channels but that corresponding structural domains may be important regardless of whether
cholesterol has an inhibitory or a stimulatory effect.

Kir channels regulate multiple cellular functions in a variety of tissues including membrane
excitability in neurons, cardiomyocytes and muscle cells, heart rate, vascular tone, insulin
release and salt flow across epithelia. Fifteen members within the Kir channel family have
been identified and classified in seven subfamilies (Kirl-7)2°. We have previously shown
that Kir2 channels are suppressed by the elevation of membrane cholesterol and enhanced
by cholesterol depletion!1:24:26 We have also shown that this effect is specific in terms of
differential sensitivity of the channels to different cholesterol analogues and that most likely
it should be attributed to a shift in channel conformation from active to silent?®. The impact
of cholesterol on other types of Kir channels, however, has not been systematically studied.
Both Kir3 and Kir4 channels have been shown to partition into lipid rafts?7:28, Yet, the
implication of these observations in terms of cholesterol sensitivity of the channels is
unclear. Kir3.1/3.2 fusion proteins were shown to partition into lipid rafts when expressed in
CHO cells but their activity was not affected by blocking cholesterol synthesis with
lovastatin?’. Interestingly, however, regulation of Kir3.1/3.2 channels by Neural Cell
Adhesion Molecule (NCAM) was compromised by lovastatin treatment suggesting that
integrity of lipid rafts are important for the interactions of Kir3 channels with NCAMZ’.
Kir4 channels were also found to partition into lipid rafts whose disruption resulted in loss
of channel functionZ8. Moreover, the role of cholesterol in regulation of Kir6 channels is
quite controversial as well. While some studies have suggested that Kir6 channels are
enhanced by plasma hypercholesterolemia?®, other studies suggest that
hypercholesterolemia blocks Kir6 channels3C.

In this study, we first examine the effect of cholesterol enrichment on a representative
homomeric member of each of the functional Kir subfamilies. Since Kir5.1 is not functional
as a homomer, we concentrate on the remaining six subfamilies and include homomers of
Kirl.1, Kir2.1, Kir3.4*, Kir4.1, Kir6.2A36 and Kir7.1. Kir3.4* refers to the homomerically
active Kir3.4 pore mutant S143T31, and Kir6.2A36 refers to the C-terminal truncation
mutant that renders these channels active as homomers in the absence of the SUR
subunits32. We used the Xenopus oocyte heterologous expression system to test the effect of
cholesterol on different Kir subfamily members.

Figure 1 depicts the effect of cholesterol enrichment on the activity of the representative Kir
channels listed above. In agreement with data obtained for Kir2.1 expressed in endothelial
cells1:26 and in CHO cells!1:24, the function of Kir2.1 channels expressed in Xenopus
oocytes was also significantly suppressed by cholesterol enrichment. As can be seen in Fig.
1A, similarly to Kir2.1, Kirl.1 and Kir6.2A36 showed a significant and comparable decrease
in currents following cholesterol enrichment. In contrast, Kir3.4* currents were significantly
enhanced by an increase in membrane cholesterol. The remaining two channels, Kir4.1 and
Kir7.1, were also affected by cholesterol but to a lesser extent. While these two channels
were less sensitive to cholesterol, the effect of cholesterol was systematic and consistent in
different batches of oocytes. Specifically, comparison of four different batches of oocytes in
each of these cases shows that Kir4.1 function is always suppressed by cholesterol
enrichment while Kir7.1 currents are always enhanced by elevation of membrane cholesterol
(see Fig. 1B).

These results demonstrate that even within the Kir family of channels itself, both the
sensitivity and the impact of cholesterol on channel function vary. First, some Kir channels
were more sensitive to cholesterol (Kirl.1, Kir2.1, Kir3.4* and Kir6.2A36) than others
(Kird.1, Kir7.1). Furthermore, the most striking observation is that while the function of
most Kir channels was suppressed by elevation of cholesterol levels (Kirl.1, Kir3.1, Kir4.1
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and Kir6.2A36), the function of two members of the Kir family, Kir3.4* and Kir7.1 was
enhanced under the same conditions.

One possibility to explain the striking difference in cholesterol sensitivity between Kir2.1
and Kir3.4* is to suggest that cholesterol interacts with the two channels in completely
different ways. An alternative possibility, however, is that the same structural domains of
the two channels are responsible for their cholesterol sensitivity even though the functional
effects are opposite. Comparison of the crystallographic structures of the cytosolic domains
of Kir2.133, Kir3.133:34:36 and Kir3.235 shows that they share high structural similarity. This
is evident, for example, in the structural alignment of the crystallized cytosolic domains of
Kir2.1 and Kir3.1 depicted in Fig. 2A, which suggests that the topology of the cytosolic
domain of Kir channels is conserved. It is expected, therefore, that Kir3.4* channels share
the same structure of the cytosolic domain. To discriminate between the two possibilities
described above, we examined whether cholesterol sensitivities of Kir2.1 and Kir3.4*
depend on the same domain in the C-termini of the channels. Thus, since as we have
recently shown?* mutations of residues in the CD loop (see Fig. 2A-C) of the cytosolic
domain of Kir2.1 significantly decrease the sensitivity of Kir2.1 to cholesterol, we examined
whether a similar effect would be observed for Kir3.4* channels. More specifically, since in
Kir2.1, the L2221 mutation resulted in the largest effect on cholesterol sensitivity in CHO
cells?4, we examined the equivalent position in Kir3.4* (Fig. 2B—C). Here we show that
similarly to our previous study in CHO cells, L2221 mutation significantly decreased
cholesterol sensitivity of Kir2.1 channels in oocytes. Most importantly, the equivalent
mutation in Kir3.4* channels, 1229L, had the same effect on cholesterol sensitivity of
Kir3.4* channels (Fig. 2D).

Thus, although the impact of cholesterol enrichment on Kir2.1 and Kir3.4* function is
opposite, cholesterol sensitivity in both channels is affected in a similar manner following
mutations at the corresponding position in the CD loop of the cytosolic domain of the
channel. This implies that the role of the CD loop in affecting cholesterol sensitivity extends
beyond Kir2 channels to other Kir subfamilies, irrespective of the impact of cholesterol on
the channel. Furthermore, these observations demonstrate that opposite effects of cholesterol
on different ion channels may still be mediated by a common mechanism.
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Figure 1. Effect of cholesterol enrichment on Kir channels

A. Whole cell basal currents of control and cholesterol-enriched Xenopus oocytes
injected with Kir channels. Expression of channel proteins in oocytes was accomplished
by injection of the following amounts of cRNA per oocyte: Kirl.1 and Kir7.1: 5ng; Kir2.1:
0.5ng; Kir3.4* and Kir6.2A36: 2ng; Kir4.1: 1ng. Two-electrode voltage clamp recordings
were performed 1(for Kir2.1) —2 (for all other channels) days after injection. Oocytes
injected with Kir6.2A36 were treated with 3mM NaAzide for 5min prior to recording. High-
potassium solution was used to superfuse oocytes (in mM: 96 KCI, 1 NaCl, 1 MgCl,, 5
HEPES-KOH buffer, pH 7.4). Basal currents represent the difference of inward currents
obtained at —80 mV in the presence of 3 mM (or 10mM for Kir7.1) BaCls in high-potassium
solution from those in the absence of Ba2*. 26 batches of oocytes were tested for each
normalized recording shown as detailed in the figure caption of Fig. 1B. For each construct,
the total number of [control, enriched] oocytes tested was: Kirl.1 [19,20], Kir2.1 [64,52],
Kir3.4* [45,33], Kird.1 [28,26], Kir6.2A36 [15,10] and Kir7.1 [25,15]. Recordings from
different batches of oocytes were normalized to the mean of whole-cell basal currents
obtained from control untreated oocytes. Statistics (i.e., mean and standard error) of each
construct were calculated from all of the normalized data recorded from different batches of
oocytes. B. Average of normalized mean of whole-cell basal currents obtained from
different batches of cholesterol enriched oocytes. The number of [batches] tested was:
Kirl.1 [3], Kir2.1 [6], Kir3.4* [5], Kird.1[4], Kir6.2A36 [2] and Kir7.1 [4]. The mean of
each batch of control untreated oocytes was normalized to one, and therefore the average of
the means of all batches of untreated oocytes was one, which is represented by the dashed
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line in the figure. The averages of all cholesterol enriched batches of oocytes were
significantly different than one, as indicated by the asterisk (*p < 0.05).
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Figure 2. Effect of mutation in the CD loop of Kir2.1 and Kir3.4* on cholesterol sensitivity of the
channels

A. Structural alignment of the crystallographic structures of the cytosolic domains of
Kir2.1 and Kir3.1. The Root Mean Square Deviation (RMSD) between the structures of the
cytosolic domains of Kir2.1 (gray) (PDB accession no. 1U4F) and Kir3.1 (light orange)
(PDB accession no. 1U4E) is only 1.1A despite a sequence identity of only 54.2%. The CD
loop is colored yellow in Kir2.1 and orange in Kir3.1. B. Homology model showing two
opposite facing subunits of Kir2.1. The CD loop is colored red and the position of L222 is
highlighted green. Due to the high structural similarity between the cytosolic domains of
Kir2 and Kir3 channels as depicted in Fig. 2A, 1229 in Kir3.4* would be located at
approximately the same position. The structure shown is a homology model based on the
cytosolic domain of Kir2.1 (PDB accession no. 1U4F) and the TMD of KirBac3.1 (PDB
accession no. 1XL4). C. Alignment of the CD loop residues in Kir2.1 and Kir3.4. The
residues included in the alignment correspond to the segment highlighted red in Fig. 2B, the
CD loop. L222 in Kir2.1 and 1229L in Kir3.4 are colored green and correspond to the

Channels (Austin). Author manuscript; available in PMC 2010 July 20.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Rosenhouse-Dantsker et al. Page 9

residue highlighted in green in the homology model, Fig. 2B. D. Effect of CD-loop residue
on the sensitivity to cholesterol of Kir2.1 and Kir3.4*. Whole cell basal currents of
control and cholesterol-enriched Xenopus oocytes injected with Kir2.1, its L2221 mutant,
Kir3.4* and its 1229L mutant. The recordings were obtained as described in the Figure
caption of Fig. 1A. For each construct, the total number of [control, enriched] oocytes tested
was: Kir2.1 [64,52], Kir2.1_L2221 [35,32], Kir3.4* [45,33], Kir3.4*_1229L [17,12].
Number of [batches] tested: Kir2.1 [6], Kir2.1_L222I [4], Kir3.4* [5], Kir3.4*_1229L [3].
Significant difference is indicated by the asterisk (*p < 0.05).
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