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ABSTRACT: In recent years, it has become evident that cholesterol plays a direct role in the modulation of a variety of ion channels. In most
cases, cholesterol downregulates channel activity. In contrast, our earlier studies have demonstrated that atrial G protein inwardly rectifying
potassium (GIRK) channels are upregulated by cholesterol. Recently, we have shown that hippocampal GIRK currents are also upregulated by
cholesterol. A combined computational-experimental approach pointed to putative cholesterol-binding sites in the transmembrane domain of the
GIRK2 channel, the primary subunit in hippocampal GIRK channels. In particular, the principal cholesterol-binding site was located in the center
of the transmembrane domain in between the inner and outer a-helices of 2 adjacent subunits. Further studies pointed to a similar cholesterol-
binding site in GIRK4, a major subunit in atrial GIRK channels. However, a close look at a sequence alignment of the transmembrane helices
of the 2 channels reveals surprising differences among the residues that interact with the cholesterol molecule in these 2 channels. Here, we
compare the residues that form putative cholesterol-binding sites in GIRK2 and GIRK4 and discuss the similarities and differences among them.

KEYWORDS: Cholesterol, GIRK channel, Kir3 channel, ion channel, potassium channel, G protein—gated inwardly rectifying potassium

channels, channel modulation, membrane protein, protein-lipid interaction, structure-function

RECEIVED: November 10, 2017. ACCEPTED: November 14, 2017.
TYPE: Commentary

FUNDING: The author(s) received no financial support for the research, authorship, and/or
publication of this article.

DECLARATION OF CONFLICTING INTERESTS: The author(s) declared no potential
conflicts of interest with respect to the research, authorship, and/or publication of this
article.

CORRESPONDING AUTHOR: Avia Rosenhouse-Dantsker, Department of Chemistry, The
University of lllinois at Chicago, Chicago, IL 60607, USA. Email: dantsker@uic.edu

Cholesterol constitutes between 10 and 45mol% of plasma
membrane lipids in mammalian cells (eg, 1). As a major com-
ponent of the plasma membrane, cholesterol plays critical roles
that are necessary for cell viability, growth, and proliferation. In
recent years, an ever-growing number of studies have demon-
strated that among its multiple roles, cholesterol also modu-
lates a variety of ion channels (eg, 1). Both indirect and direct
mechanisms have been proposed to explicate the effect of cho-
lesterol on channel function.!? Earlier studies have attributed
an indirect effect of cholesterol on transmembrane proteins to
the rigidity of the ring structure of the cholesterol molecule.’
Accordingly, changes in cholesterol levels lead to changes in
the physical properties of lipid bilayers including their rigidity,
fluidity, and thickness, which in turn affect the function of
transmembrane proteins including ion channels. However,
recent accumulating evidence indicates that cholesterol may
also play a direct role in the modulation of ion channels by
binding to the channel protein.*

In most cases, it has been shown that cholesterol downregu-
lates channel function.! Only in very few cases, cholesterol has
been shown to upregulate channel activity. Among these, we
have shown that both atrial and hippocampal G protein
inwardly rectifying potassium (GIRK or Kir3) channels are
upregulated by cholesterol despite differences in subunit com-
position.>” Atrial GIRK channels are heterotetramers of
GIRK1 and GIRK4 subunits, whereas hippocampal GIRK
channels are composed of GIRK1, GIRK2, and GIRK3 subu-
nits. To test the effect of cholesterol on individual GIRK subu-
nits, we employed the Xenopus oocytes heterologous expression
system and expressed highly active pore mutants of GIRK1,

GIRK2, and GIRK4 that increase their membrane expression
and activity. Because GIRK3 subunits do not express as homo-
tetramers in the plasma membrane, the effect of cholesterol on
GIRK3 alone could not be determined. Our data showed that
GIRK1* (GIRK1_F137S) was downregulated by cholesterol,
whereas both GIRK2A (GIRK2_E152D) and GIRK4*
(GIRK4_S5143T) were upregulated. With GIRK2”A and
GIRK4* exhibiting a similar response to cholesterol as the hip-
pocampal and atrial GIRK channels, respectively, we focused in
our recent studies”® on characterizing the effect of cholesterol
on these 2 representative channels as well as on the identifica-
tion of putative cholesterol-binding sites within the channels.

In earlier studies, we have identified 2 putative cholesterol-
binding sites in the transmembrane domain of the inwardly
rectifying potassium channel Kir2.1.” The principal binding
site was located at the center of the transmembrane domain. A
second site was located close to the interface between the
transmembrane and cytosolic domains. Both binding pockets
were nonannular sites that were occluded from phospholipid
binding and were located in between transmembrane o-helices
of adjacent channel subunits. The interaction between the
channel protein and the cholesterol molecule was weaker and
possibly short-lived in the second binding site, suggesting that
this binding site may be a transient site.

Although Kir2.1 is downregulated by cholesterol, we have
previously shown that equivalent residues in a central cytosolic
loop (the CD loop) that plays a key role in channel gating
exhibit similar cholesterol sensitivities in both Kir2.1 and
GIRK4*.>10 We therefore hypothesized that despite the oppo-
site impact of cholesterol on Kir2.1 and the GIRK channels
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Figure 1. (A) Model illustrating the 2 putative cholesterol-binding regions in Kir2.1 and GIRK2A. (B) Identity and similarity among the sequences of
mKir2.1 (AAI37843.1), hGIRK2 (NP_002231.1), and hGIRK4 (AAB07269.1). The homology information is provided for the inner and outer helices of the
channels (gray background) as well as for the entire channels (black background). TM indicates transmembrane.

GIRK27 and GIRK4*, cholesterol would bind to similar trans-
membrane regions in all 3 channels. Because our 2 recent stud-
ies”® were conducted independently and were focused on
different aspects of cholesterol modulation of GIRK channels,
the residues that we tested in GIRK2” and GIRK4* were not
all located at equivalent positions. Nevertheless, in both chan-
nels, we identified residues from both the inner and outer
transmembrane a-helices whose mutation abrogated the sensi-
tivity of the channels to cholesterol. These data suggested that
cholesterol-binding sites in GIRK channels were located in the
same regions as in Kir2.1 (see Figure 1A). Specifically, the
principal cholesterol-binding pocket in these 2 GIRK channels
was located at the center of the transmembrane domain. A sec-
ond putative cholesterol-binding site was also identified in

GIRK2A in the transmembrane domain close to its interface
with the cytosolic domain at a similar location to the transient
binding site in Kir2.1. Further studies are required to deter-
mine whether GIRK4" also possesses a second (“transient”)
cholesterol-binding site.

Notably, however, while the putative cholesterol-binding
sites in both GIRK channels were in the same regions as the
binding sites in Kir2.1, the residues that form cholesterol-bind-
ing sites in the channels were not all located at equivalent posi-
tions in the sequences. In particular, only mutations of 2 pairs of
equivalent residues in Kir2.1 and GIRK4* resulted in the same
effect on cholesterol sensitivity. Specifically, mutations of A91
of Kir2.1 and V96 of GIRK4* did not have an effect on choles-
terol sensitivity of the channels, and mutations of 1166 of Kir2.1
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Figure 2. (A) Sequence alignment of the outer and inner transmembrane helices of GIRK2 and GIRK4 showing residues tested for their effect on
cholesterol sensitivity. Highlighted in yellow are residues whose mutation did not affect the sensitivity of the channel to cholesterol. Highlighted in cyan
(outer helix) and green (inner helix) are residues whose mutation significantly affected the sensitivity of the channel to cholesterol. (B) V99, M100, V101,
L174, and V183 depicted in 2 adjacent subunits of GIRK2 based on a crystallographic structure of the channel (PDB ID: 3SYA).

and 1173 of GIRK4* both abrogated the sensitivity of the chan-
nel to cholesterol.$? Although this could be a coincidence, it is
surprising that for all the pairs of equivalent residues in Kir2.1
and GIRK2A tested, the effect on the sensitivity of the channels
to cholesterol differed among the 2 channels (in Kir2.1: C89,
A91, V162, 1171, M183, and the corresponding residues in
GIRK2A: V99, V101, L174, V183, 1195, respectively).”
Specifically, when a mutation had no effect on the sensitivity of
Kir2.1 to cholesterol, a mutation at the equivalent position in
GIRK2A had a significant effect on the cholesterol sensitivity of
the channel, and vice versa. Although we cannot rule out the
possibility that different mutations of different types of residues
could have a different effect on cholesterol sensitivity, these
observations suggest that although cholesterol binds to the
same regions in Kir2.1 and GIRK, the actual binding pockets
are not necessarily formed by residues that are located at

equivalent positions in the sequences of the channels. This
could stem from the opposite impact of cholesterol on Kir2.1
compared with GIRK2A and GIRK4* or due to the lower
homology between Kir2.1 and the 2 GIRK channels compared
with the homology among the 2 GIRK channels themselves
(see Figure 1B). Thus, the question that remains is whether in
the 2 highly homologous GIRK channels that are both upregu-
lated by cholesterol all the residues that form putative choles-
terol-binding sites are equivalent.

Surprisingly, however, the residues whose mutation abro-
gated cholesterol sensitivity in these 2 GIRK channels were not
all located at equivalent positions in the sequences of the chan-
nels (see Figure 2A).78 In the inner transmembrane helix, muta-
tions of equivalent residues (L174V and V1831 in GIRK2" and
L169V and V1781 in GIRK4*) had a similar effect on the sen-
sitivity of the channels to cholesterol, whereas in the outer
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transmembrane helix, this was not the case. Specifically, based
on sequence alignment of the 2 channels, M100 in GIRK2/
and M95 in GIRK4* are located in equivalent positions (Figure
2A). Yet, the M100L mutation in GIRK2A had no effect,
whereas the M95L mutation in GIRK4* abrogated its sensitiv-
ity to cholesterol.”,® Conversely, mutation of V101 in GIRK2A
abrogated its sensitivity to cholesterol, whereas mutation of the
equivalent residue in GIRK4*, V96, had no effect.”® Our recent
studies on GIRK2/ suggested that V99 and 1.174 were involved
in one putative cholesterol-binding site (the “principal” site),
whereas V101 and V183 were involved in a second putative
cholesterol-binding site (the “transient” site).” These residues
and their relative locations are depicted in Figure 2B showing
the transmembrane inner and outer helices of 2 adjacent subu-
nits of GIRK2 based on a crystallographic structure of the
channel (PDB ID: 3SYA). In contrast to these residues, M100
is facing a different direction (toward the membrane), which
may explain why its mutation did not have an effect on the sen-
sitivity of GIRK2” to cholesterol. Currently, a crystal structure
of the transmembrane domain of GIRK4 is not available. Thus,
because mutation of the equivalent methionine residue in
GIRK4*, M95, abrogated the sensitivity of GIRK4* to choles-
terol,® this raises the question whether the outer transmem-
brane helices are oriented in a slightly different manner in the 2
channels.

Because our studies focused on 1 channel at a time, testing
different sets of residues in Kir2.1, GIRK2, and GIRK4,7-?
further studies are needed to consolidate these observations in
a systematic manner. Nonetheless, the emerging picture is that
even among highly homologous channels (see Figure 1B),

caution needs to be taken when attempting to infer the resi-
dues that will form a cholesterol-binding site merely based on

homology.
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