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Abstract

The G-protein gated inwardly rectifying potassium channel 4 (Kir3.4) subunit forms functional 

tetramers. Previous studies have established that phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) 

is required for Kir3.4 function. However, the binding preferences of Kir3.4 for the head group 

and acyl chains of phosphorylated phosphatidylinositides (PIPs) and other lipids is not well 

understood. Here, the interactions between full-length, human Kir3.4 and lipids are characterized 

using native mass spectrometry (MS) in conjunction with a soluble fluorescent lipid binding 

assay. Kir3.4 displays binding preferences for PIPs and, in some cases, the degree of binding is 

influenced by the type of acyl chains. The interactions between Kir3.4 and PIPs are weaker in 

comparison to full-length, human Kir3.2. The binding of PI(4,5)P2 modified with a fluorophore 

to Kir3.2 can be enhanced by other lipids, such as phosphatidylcholine. Introduction of S143T, a 

mutation that enhances Kir3.4 activity, results in an overall reduction in the channel binding PIPs. 

In contrast, the D223N mutant of Kir3.4 that mimics the sodium bound state exhibited stronger 

binding for PI(4,5)P2, particularly for those with 18:0–20:4 acyl chains. Taken together, these 

results provide additional insight into the interaction between Kir3.4 and lipids that are important 

for channel function.
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Introduction

Inward rectifying potassium (Kir) channels are found in cells throughout the human 

body, such as neuronal cells,1 cardiac myocytes,2 skeletal muscle cells,3 blood cells,4 and 

endothelial cells.5 Kir channels have roles in numerous physiological functions, such as 

regulating the resting membrane potential of excitable cells,6–8 parasympathetic slowing 

of the heart,9 and pancreatic insulin secretion.10 Dysfunction of Kir is associated with 

diseases, such as Bartter and Andersen syndromes.11–14 The Kir channel family can be 

categorized into four groups based on their functional mechanism: K+ transport channels 

(Kir1.x, Kir4.x, Kir5.x, and Kir7.x), constitutively active channels (Kir2.x), ATP-sensitive 

K+ channels (Kir6.x), and G-protein-coupled Kir channels (Kir3.x).3

Despite their functional diversity, all of the Kir channels adopt a similar tetrameric structure 

with identical or different subunits.15, 16 Each subunit consists of two cytoplasmic domains 

located on the N- and C-termini, and two transmembrane domains that are connected by 

a pore-forming P loop.17 The function of Kir channels is regulated by many factors, such 

as ethanol, polyamines, magnesium, sodium, protein kinases, guanine nucleotide-binding 

proteins (G proteins), and phosphorylated phosphoinositides, such as PI(4,5)P2.18–25 The 

structures of Kir2.2 and Kir3.2 in complex with PI(4,5)P2 have revealed PI(4,5)P2 with 

8:0 acyl chains binds to a specific site on each subunit.26, 27 The binding site is located 

at the interface of the transmembrane domain and the cytoplasmic N-terminus, a highly 

conserved region that primarily consists of lysine and arginine residues. These positively 

charged amino acid residues interact with the phosphoglycerol backbone and the 4’ and 5’ 

phosphates of PI(4,5)P2.28, 29

Besides PI(4,5)P2, other PIPs can also activate Kir channels to different degrees.30–32 In 

general, Kir2.x shows no stimulation by PI(3,4)P2 and PI(3,4,5)P3. Kir3.4 and Kir3.1/Kir3.4 

have shown weak activation by PI(3,4,5)P3 and PI(3,4)P2. Kir6.2 is promiscuously activated 

by all PIPs.19 In addition to the headgroups, different acyl chains of phosphoinositides 

also contribute to the regulation of Kir channel activity. The hetero-tetrameric Kir3.1/Kir3.4 

channel shows specific selectivity for PI(4,5)P2 with 18:0–20:4 acyl chains.30, 33, 34 In 

contrast, Kir2.1 displays no preference for the lipid acyl chains.35 Moreover, previous 

studies have shown that the activation of both Kir3.2 and Kir3.4 by PI(4,5)P2 can be 

enhanced in the presence of sodium.36–38 Anionic phospholipids, such as phosphatidic acid 

(PA), phosphatidylserine (PS), phosphatidylglycerol (PG), and phosphatidylinositol (PI) can 

also increase Kir2.1’s sensitivity to PI(4,5)P2.39, 40

Native mass spectrometry (MS) is a powerful technique to interrogate membrane proteins 

and their interactions with ligands, such as lipids.41–44 For example, native MS has 

identified lipids that stabilize membrane protein complexes.45–48 It has also been used to 

determine the binding thermodynamics of protein-lipid interactions, as well as the allosteric 

coupling for protein-protein and protein-lipid interactions.49–51 Native MS has also shown 

for a truncated form of Kir3.2 different affinities for PIPs with a preference for PI(4,5)P2 

headgroup.52, 53 The headgroup binding preference determined by native MS is consistent 

with those obtained using a solution-based fluorescent lipid-binding assay in which binding 
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of a fluorophore-modified PI(4,5)P2 to Kir3.2 fused to a fluorescent protein is monitored by 

Forster or Bioluminescent resonance energy transfer (FRET) measurements.52, 54

To better understand Kir-lipid interactions, we used native MS to characterize the binding of 

Kir3.4 and Kir3.2 to lipids varying in headgroup and acyl chain composition. Previous 

studies have determined lipid binding profiles for a truncated form of Kir3.2 from 

mouse.55, 56 Here, lipid binding to full-length, human Kir3.4 and Kir3.2 is characterized. 

The results show Kir3.4 exhibits different lipid binding preferences. Interestingly, PIP 

binding of Kir3.4 is much weaker than that of Kir3.2. The S143T mutant that enhances 

Kir3.4 activity,57 however, displayed an overall decrease in binding lipids. Kir3.4 containing 

the D223N mutation that mimics the sodium bound state37 resulted in enhanced binding 

of PIPs with a preference for 18:0–20:4 acyl chains. These studies are also complemented 

with a competition soluble fluorescent lipid binding assay with results in line with those 

determined using native MS.

Materials and methods

Expression of full-length human Kir3.4 and Kir3.2.

Human Kir3.4 (KCNJ5, Uniprot P48544) and Kir3.2 (KCNJ6, Uniprot P48051) 

cDNA was obtained from Horizon with catalog numbers of MHS6278-202856496 and 

MHS6278-202857476, respectively. For native MS studies, the DNA corresponding to the 

full-length proteins was cloned into a modified pACEBac1 (Geneva Biotech) insect cell 

expression vector as a C-terminal fusion to a StrepTag II affinity tag. For fluorescent lipid 

binding assays, the full-length genes were cloned into a modified insect cell expression 

construct to express proteins with a tobacco etch virus (TEV) protease cleavable C-terminal 

fusion to mCherry and StrepTag II. The expression constructs were made by first amplifying 

genes by polymerase chain reaction using Q5 High-Fidelity DNA polymerase (New 

England Biolabs, NEB) and cloned into the modified insect cell expression vectors using 

HiFi DNA assembly kit (NEB) according to the manufacturer’s protocol. The expression 

plasmids of this work have been deposited at Addgene plasmid #172425 to 172428. 

Mutants were introduced using the Q5 site-directed mutagenesis kit (NEB) according to 

the manufacturer’s protocol. All expression plasmids were confirmed by DNA sequencing. 

The Kir3.2 and Kir3.4 expression constructs were transformed into E. coli DH10EMBacY 

(Geneva Biotech) following the manufacturer’s protocol. Blue/White colony screening was 

used to identify clones that successfully incorporated the expression cassette into the 

baculoviral genome. A single, white colony was grown overnight and used for purification 

of bacmid DNA using a HiPure Plasmid Midiprep kit (Invitrogen). A single-step protocol 

was used for rapid baculovirus production.58 In detail, the purified baculoviral DNA (30 μg) 

was incubated with PEI Max (Polysciences) transfection reagent (60 μl, 1 mg/ml) and 2ml 

PBS (NaCl 137 mM, KCl 2.7 mM, Na2HPO4 10 mM, KH2PO4 1.8 mM, pH 7.4) for 20 

min. After 20 minutes of incubation at room temperature, the mixture was added directly 

to Spodoptera frugiperda (Sf9) cells (30 ml, 0.8 × 106 cell/ml) grown in suspension and 

incubated at 27 °C with shaking for seven days. The baculovirus was amplified in Sf9 

following standard protocols. Trichoplusia ni (Tni) cells were used for protein expression 
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for 2–3 days post-infection. Insect cell lines and ESF 921 insect cell culture media were 

obtained from Expression Systems.

Protein purification and delipidation.

The Tni cells post-infection were harvested by centrifugation (4,000 g, 10 min). All 

purification steps were carried out at 4 °C unless otherwise stated. The cell pellets were 

resuspended in lysis buffer (50 mM TRIS, 300 mM potassium chloride, pH 7.4 at room 

temperature) and lysed by three passages through a microfluidizer (M-110PS, Microfluidics 

Inc.) operating at 25,000 psi. The cell lysate was clarified by centrifugation at 25,000 g for 

20 min. Membranes were pelleted from the supernatant by ultra-centrifugation (100,000 g, 

2 hours, 4 °C). The membrane pellets were resuspended in membrane resuspension buffer 

(30 mM TRIS, 150 mM potassium chloride, 10% Glycerol, pH 7.4 at room temperature) 

and homogenized using a glass homogenizer (Wheaton). Membrane proteins were extracted 

with 1.5% (w/v) n-Dodecyl-β-D-Maltopyranoside (DDM, Glycon Biochemicals) for two 

hours with gently stirring at 4 °C. The extracted membrane resuspension was clarified 

by centrifugation (40,000 g, 20min) and filtered through a 0.45 μm syringe filter. The 

protein sample was then loaded onto a drip column packed with 0.5 ml of Streptactin 

Sepharose (IBA Biosciences) pre-equilibrated with buffer SPKHA (50 mM Tris, 150 mM 

potassium chloride, 10% glycerol, and 0.025% DDM, pH 7.4 at room temperature). After 

loading, the column was washed with 5 column volumes (CV) of SPKHA, 10 CV of 

SPKHB buffer (50 mM Tris, 150 mM potassium chloride, 10% glycerol and 6 mM DHPC 

[1,2-dihepanoyl-sn-glycero-3-phosphocholine], pH7.4 at room temperature) to remove the 

co-purified contaminants, and 10 CVs of SPKHC buffer (50 mM Tris, 150 mM potassium 

chloride, 10% glycerol and 0.065% C10E5 [Pentaethylene Glycol Monodecyl Ether], pH 

7.4). The protein was eluted with SPKHD buffer (SPKHC with 3 mM D-desthiobiotin). The 

concentration of protein was determined by using a DC protein assay (Bio-Rad).

Native mass spectrometry.

Protein samples were buffer exchanged into aqueous ammonium acetate (200 mM, pH 7.4 

adjusted with ammonium hydroxide) supplemented with 0.065 % C10E5 using a centrifugal 

desalting column (Micro Bio-Spin 6, Bio-Rad). Lipid films were dissolved in the same 

buffer. Membrane protein samples were mixed with lipids at a molar ratio of 1:10 and 

analyzed on a Q Exactive UHMR Hybrid Quadrupole-Orbitrap mass spectrometer (Thermo). 

Gold-coated nanoelectrospray ionization emitters were prepared in-house as previously 

described.59 Instrument settings were tuned to preserve non-covalent interactions as follows: 

the capillary voltage was 1.20 kV; the capillary temperature was 250 °C; collision-induced 

dissociation (CID) and collision energy (CE) was 60 V and 35 V, respectively; and detector 

mode and ion transfer target was set on high m/z. The in-source trapping mode was on with 

a desolvation voltage of −300 V. The trapping gas pressure was set at 7. Native MS was 

deconvoluted using UniDec43 with the peak FWHM at 20.

Fluorescent lipid competition assay.

The fluorescent lipid BODIPY FL Phosphatidylinositol 4,5-bisphosphate (B-PIP, cat no. 

C-45F6) was purchased from Echelon Biosciences. The BODIPY fluorophore is affixed on 

the short acyl chain at the sn1 position. BODIPY is the donor that can excite the mCherry 
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fusion proteins through Förster resonance energy transfer (FRET) when the fluorescent lipid 

is bound to the protein. FRET measurements and correction factors were performed as 

previously described.52 The experiments were conducted in SPKHC buffer. A total volume 

of 50 μl sample containing the protein and lipids was mixed at room temperature in a 

black 384-well plate (NUNC, cat no. 42761), and FRET measurements were made using a 

CLARIOstar microplate reader (BMG LABTECH).

Results

Preparation of full-length human Kir3.4 and Kir3.2 channels for native MS studies.

Human, full-length Kir3.4 and Kir3.2 with a C-terminal affinity tag were expressed and 

purified from insect cells for native MS characterization. The proteins were initially 

extracted and purified using n-Dodecyl-β-D-Maltopyranoside (DDM), a commonly used 

detergent. The native mass spectra of Kir channels displayed a broad hump and, in some 

cases, decorated with some sharp mass spectral peaks (Figure S1A, S2A). The underlying 

hump in the mass spectrum indicates the purified protein is heterogenous, which we 

speculate is the result of co-purified lipids. Nevertheless, the broad hump hinders the ability 

to resolve individual lipid binding events to the channel. In our previous studies53, 56, we 

discovered that washing a truncated form of Kir3.2 immobilized on affinity resin with 1,2-

dihepanoyl-sn-glycero-3-phosphocholine (DHPC), a short-chain lipid that forms micelles, 

removes co-purified contaminants resulting in pure samples. In a similar fashion, Kir3.4 and 

Kir3.2 were subjected to a DHPC wash to remove the contaminants. After this procedure, 

the native mass spectra of Kir channels in the pentaethylene glycol monodecyl ether (C10E5) 

detergent displayed a well-resolved mass spectrum with a measured mass in agreement with 

the theoretical mass of the tetrameric complex (Figure S1B, S2B; Table S2). Notably, the 

optimized samples provide means to resolve individual lipid binding events to the full-length 

channels.

Characterization of Kir3.4-lipid interactions.

The Kir3.4 samples devoid of co-purified contaminants were used to characterize 

lipid binding using native MS. The first set of lipids we investigated included 

phosphatidylinositol-3-phosphate (PI(3)P), PI(4)P, PI(5)P, PI(3,4)P2, PI(4,5)P2, and 

PI(3,4,5)P3 with dioleoyl acyl chains (18:1–18:1, DO) and, for a subset, with 1-stearoyl-2-

arachidonoyl (18:0–20:4, SA) acyl chains (Figure 1 and S3). Kir3.4 at a fixed concentration 

(0.5 μM) was mixed with 10 equivalents of lipid. For example, up to two lipid binding 

events were observed in the mass spectrum of the Kir3.4 in the presence of DOPI(4,5)P2 

(Figure 1B). Although the lipid bound mass spectral peaks are not base-line resolved, the 

small shifts in m/z for DOPI(4,5)P2 (~1 kDa) binding to the intact Kir3.4 complex (~196 

kDa) are readily discernable and these shifts are consistent with the mass of the lipid (Table 

S1, Figure S1). To compare the binding among lipids, the measured intensities from the 

deconvoluted mass spectra were used to determine the mole fraction of apo and lipid bound 

states (Figure 1C). For the mono phosphorylated PIPs, the total fraction of DOPI(3)P and 

DOPI(4)P bound Kir3.4 was similar, i.e., similar abundance of apo, but the abundance of 

one and two lipids varied. Interestingly, PI(4)P with SA acyl chains resulted in a significant 

reduction in binding compared to this lipid with DO acyl chains. The total bound for 
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PI(3,4)P2 and PI(4,5)P2 lipids was similar and, like the PIPs with one phosphate, showed 

different abundances. For example, DOPI(4,5)P2 had the highest abundance for one lipid 

bound whereas up to three SAPI(4,5)P2 were bound to Kir3.4. PI(3,4,5)P3 with SA acyl 

chains bound more to Kir3.4 in comparison to this lipid with DO acyl chains.

The second set of lipids characterized in this study focused on those with 1-palmitoyl-2-

oleoyl (16:0–18:1, PO) acyl chains. This includes phosphatidylethanolamine (PE), 

phosphocholine (PC), phosphatidic acid (PA), phosphatidylserine (PS), phosphatidylglycerol 

(PG), and PI headgroups (Figure 1D, Table S1). Of the PO lipids, Kir3.4 bound up to two 

POPI molecules whereas only one binding event was observed for the other lipids. More 

POPE was bound to Kir3.4 followed by POPC and the least to POPA, POPS, and POPG. 

Interestingly, DOPI binds more avidly to Kir3.4 and at comparable levels to some PIPs. 

Moreover, the binding pattern of DOPI is suggestive of positive cooperativity.

Characterization of Kir3.2-lipid interaction.

To compare the Kir3.4-lipid interactions to other Kirs, we performed similar lipid binding 

studies for human Kir3.2 (Figure 2 and S4). In stark contrast to Kir3.4, native mass spectra 

reveal Kir3.2 binds avidly to PIPs and, in some cases, up to five lipid binding events 

were observed (Figure 2B). Kir3.2 robustly engages PI(4,5)P2 with enhanced preference 

for the lipid with SA acyl chains (Figure 2C). Most interestingly, the binding pattern for 

DOPI(4,5)P2, SAPI(4,5)P2, and DOPI(3,4,5)P3 suggests these lipids bind with positive 

cooperativity. The cooperative binding of DOPI(3,4,5)P2 to Kir3.2 was diminished when the 

lipid contained SA acyl chain. Of the mono-phosphorylated PIPs, more PI(5)P was bound to 

the channel whereas binding for PI(3)P and PI(4)P are indistinguishable.

Next, the interactions of Kir3.2 with other phospholipids was characterized (Figure 2D). 

Unlike Kir3.4, the binding of POPI and DOPI was similar. Up to two POPE and POPS lipids 

were bound to Kir3.2. POPA while only one binding event was observed POPC and POPS. 

No binding between Kir3.2 and POPG was observed at the molar ratio tested.

Probing Kir-lipid interactions using fluorescent lipid competition assay.

A fluorescent lipid binding assay52, 54 was employed to corroborate the findings from 

native MS measurements. To this end, samples of Kir3.4 and Kir3.2 with a monomeric red 

fluorescent protein (mCherry) fused to the C-terminus were prepared as done for native 

MS studies. Importantly, the optimized protein samples did not contain any co-purified 

contaminants (Figure S1, S2), which we have recently shown can impede specific lipid 

binding to truncated Kir3.2.52 We then performed competition assays in which PI(4,5)P2 

containing a BODIPY fluorophore affixed to the acyl at the sn1 position (B-PIP) is 

competed off with natural lipids to compare with lipid binding profiles measured for the 

channels using native MS (Figure 3). The fluorescent lipid binding assay was performed 

with a fixed concentration of B-PIP and the addition of two equivalents of the phospholipid 

followed by recording the Förster resonance energy transfer (FRET) signal (Figure 3A, 3B). 

Of the PIPs tested, DOPI(3,4)P2 and DOPI displayed a marginal reduction in FRET signal 

for Kir3.4. In general, the lipids weakly competed with the binding of B-PIP to Kir3.4, 

a result that agrees with the overall poor binding of lipids observed by native MS. For 
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Kir3.2, nearly half the FRET signal was lost in the presence of SAPI(4,5)P2 followed by the 

same lipid with DO acyl chains. No competition was observed for Kir3.2 in the presence 

of DOPI, DOPI(4)P, DOPI(3,4)P2 and SAPI(3,4,5)P3, indicating relatively weak binding. 

Interestingly, some of the PO-type lipids, particularly PC, PA, PS and PG, enhanced the 

FRET signal indicating an enhancement in the interaction between Kir3.2 and B-PIP.

Characterization of mutant Kir3.4 channels with lipids.

We first prepared the Kir3.4 channel with the S143T mutation (Kir3.4S143T) that has been 

shown to produce large inwardly rectifying, G-protein-modulated currents.57 In a similar 

fashion as the wild-type channel, we performed native MS measurements of the mutant 

channel in the presence of different lipids (Figure 4 and S5). In general, the binding 

was largely weakened by this point mutation with a significant increase in abundance of 

the apo state (Figure 4C–D). SAPI(4,5)P2 was the only lipid in which two lipid binding 

events to Kir3.4S143T were observed. The binding profile of DOPI(3,4,5)P3 was statistically 

indistinguishable from the wild-type protein (Figure 4C). A reduction of the binding of 

Kir3.4S143T was observed for lipids with PO acyl chains (Figure 4D). More specifically, the 

binding of POPI and DOPI was considerably reduced compared to the avid binding of the 

wild-type protein.

The D223N mutant of Kir3.4 has been shown to mimic the sodium-bound state and 

strengthen the interaction with PI(4,5)P2.37 Native MS results for Kir3.4D223N showed 

significant enhancement in PIPs binding (Figure 5 and S6). Interestingly, the PIPs with 

SA acyl chains bound more avidly compared to wild-type Kir3.4 (Figure 5C). For the DO 

type lipids, Kir3.4D223N binding to DOPI(4,5)P2 and DOPI(3,4,5)P3 was similar to the wild-

type protein. Compared to the wild-type channel, the binding of DOPI(4)P and DOPI(5)P 

was enhanced, and a reduction in binding DOPI(3)P and DOPI(3,4)P2 was measured. A 

significant reduction was also observed for POPI and DOPI, lipids that bound avidly to 

Kir3.4. The binding of POPA and POPS was enhanced whereas a reduction in the binding of 

POPE, POPC, and POPG to KirD223N.

The FRET competition assay was also carried out for Kir3.4S143T and Kir3.4D223N (Figure 

S7). PI(4,5)P2 with SA acyl chains competed the binding of B-PIP to Kir3.4D223N. However, 

the binding of DOPI(4,5)P2 to Kir3.4D223N and PI(4,5)P2 binding to Kir3.4S143T was 

statistically indistinguishable. These results are consistent with the native MS results where 

Kir3.4D223N displays a higher affinity for PI(4,5)P2 with SA tails.

Discussion

An important observation in this work is the rather weaker binding of Kir3.4 for PIPs 

in comparison to Kir3.2. The weak interaction between Kir3.4 and PIPs observed by 

native MS is in direct agreement with previous reports.37, 57 Given Kirs are directly under 

PI(4,5)P2 regulation, it is reasonable to speculate that the low activity is due to the channels’ 

weak binding for PI(4,5)P2. Interestingly, POPI and DOPI bind Kir3.4 with comparable or 

stronger binding than some PIPs. Kir3.2 binds PIPs more avidly and selectively compared to 

Kir3.4. The binding profiles for the Kir3.2 are reminiscent of our previous native MS studies 

using truncated mouse Kir3.2 conducted at a lower molar ratio of lipid to protein.52, 53 The 
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most notable difference is Kir3.2 is more selective toward PIPs with a strong preference 

for the PI(4,5)P2 head group and SA acyl chains. The enhanced selectivity toward PIPs 

along with acyl chain dependence suggests additional N- and C-terminal components of 

Kir3.2 influence specific lipid binding. Another interesting observation is the pronounced 

abundance of the fourth PI(4,5)P2 bound to Kir3.2, indicating strong positive cooperativity 

in binding this lipid. The abundance of the fourth lipid bound state of Kir3.2 was also 

observed for DOPI(3,4,5)P3.

Fluorescent lipid competition assays agree with native MS studies. Kir3.4 has shown an 

overall weaker binding profile for not only PIPs, but also almost all the lipids tested 

when compared to Kir3.2. For Kir3.2, DOPI(4,5)P2 and SAPI(4,5)P2 lipids show the 

strongest competition with B-PIP binding to Kir3.2. It is also interesting that POPA, POPC, 

POPS, and POPG enhances or allosterically modulates the interaction between B-PIP and 

Kir3.2 (p<0.05, students t-test). This observation is consistent with reports of anionic lipids 

significantly enhancing the sensitivity of Kir2.1 and Kir2.2 to PI(4,5)P2.31 However, a 

notable difference is the increase in B-PIP binding to Kir3.2 in the presence of POPC, a 

non-anionic lipid. Moreover, the enhancement in B-PIP binding to Kir3.2 in the presence of 

other lipids was not observed for the truncated, mouse Kir3.2.52

Kir3.4 can form functional homo-tetramers and its activity can be enhanced by the 

introduction of point mutations.37, 57 The S143T mutation in Kir3.4 results in enhanced 

activity60, however, we find the mutant channel does not possess increased binding for 

PIPs. In contrast, a pore helix mutation of Kir3.2 (E152D) was shown to increase channel 

activity and also enhance the interaction of PIP2 with the mutant channel.61, 62 The binding 

of Gβγ to Kir1/4 hetero-tetramers has been shown to stabilize PIP2 binding, suggesting the 

binding of these molecules to the channel is allosterically coupled.18 Native MS studies 

were performed in the absence of Gβγ and tight PIP binding may require the presence of 

Gβγ. It has been established that elevated levels of sodium (EC50 of 30–40 mM) activate 

Kir channels containing Kir3.2 or Kir3.4 subunits.36–38, 63–65 Native MS studies cannot 

tolerate the high concentration of sodium needed to activate Kir3.2 or Kir3.4, which would 

result in significant adduction of sodium and mass spectral peak broadening. However, 

the D223N mutant of Kir3.4 mimics the effects of sodium on channel activity.37 We find 

Kir3.4D223N shows increased PIP binding consistent with an earlier report.37 A new finding 

is Kir3.4D223N displays enhanced the binding for PIPs with SA over DO acyl chains. In 

addition, the protein is more selective for PIPs as the binding to POPI and DOPI lipid was 

reduced compared to Kir3.4. Brain and heart PI(4,5)P2 is predominantly found with SA tails 

and we find that Kir3.2 and Kir3.4 preferable binds SAPI(4,5)P2 suggesting the channels 

have evolved to interact with this lipid.66, 67 In summary, native MS and fluorescent lipid 

binding studies show that the selectivity of Kir3.2 and Kir3.4 (WT and mutants) toward PIPs 

depends not only on the headgroup but also the type of acyl chains.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Biophysical characterization of Kir3.4-lipid interactions.
A) Representative native mass spectrum of optimized Kir3.4 samples solubilized in the 

C10E5 detergent. The deconvoluted mass spectrum is shown in the inset. B) Mass spectrum 

of 0.5 μM Kir3.4 mixed with 5 μM DOPI(4,5)P2. Deconvolution of the mass spectrum 

is shown in the inset. C-D) Plot of mole fraction for individual binding events from 

deconvoluted native mass spectra of Kir3.4 in the presence of 10-fold molar excess of (C) 

PIPs and (D) phospholipids. Reported are the average and s.e.m. (n=3). For comparison, 

student’s t test (** p < 0.01) was used with the mole fraction of the same lipid bound state. 

Lipid abbreviations are listed in Table S1.
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Figure 2. Native MS of human Kir3.2 in complex with phospholipids.
A) Representative native mass spectrum of Kir3.2 samples optimized for native MS. Shown 

as described in Figure 1. B) Mass spectrum of a mixture containing 0.5 μM Kir3.2 and 5 

μM DOPI(4,5)P2. The deconvoluted mass spectrum is shown in the inset. C-D) Plot of mole 

fraction for individual binding events from deconvoluted native mass spectra of Kir3.2 in 

the presence of 10-fold molar excess of (C) PIPs and (D) phospholipids. For comparison, 

student’s t test (**p < 0.01) was used with the apo mole fraction between indicated lipids. 

Reported are the average and s.e.m. (n=3).
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Figure 3. Kir3.4 and Kir3.2 fluorescent lipid binding and competition assays.
Competition of 0.5 μM (A) Kir3.4-mCherry and (B) Kir3.2-mCherry binding to B-PIP (4 

μM) in the presence of 8 μM phospholipid. Lipid abbreviations are provided in Table S1. 

Reported are the average and s.e.m. (n=3). *p < 0.05 and **p < 0.01 compared to control 

(students t-test).
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Figure 4. Kir3.4S143T lipid interactions characterized by native MS.
A-B) Plot of mole fraction for of apo and lipid bound states of Kir3.4S143T determined from 

the deconvoluted native mass spectra. Kir3.4S143T was mixed with a 10-fold molar excess 

of (A) PIPs and (B) lipids. C-D) Plot of the difference in mole fraction of (C) PIPs and (D) 

lipids bound to Kir3.4S143T from Kir3.4. Positive values indicate a higher mole fraction of 

the particular state for Kir3.4S143T. For comparison, student’s t test (**p < 0.01) was used 

with the apo mole fraction between indicated lipids. Reported are the average and s.e.m. 

(n=3).
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Figure 5. Native MS reveals Kir3.4D223N enhanced binding to PIPs.
A-B) Plot of mole fraction for of apo and lipid-bound states of Kir3.4D223N determined from 

the deconvoluted native mass spectra. Kir3.4D223N was mixed with a 10-fold molar excess 

of (A) PIPs and (B) lipids. C-D) Plot of the difference in mole fraction of (C) PIPs and (D) 

lipids bound to Kir3.4D223N from Kir3.4. Negative values indicate a higher mole fraction of 

the particular state for Kir3.4WT. For comparison, student’s t test (**p < 0.01) was used with 

the apo mole fraction between indicated lipids. Reported are the average and s.e.m. (n=3).
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