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Abstract

Crystallography has provided invaluable insights to ion channel selectivity and gating, but to 

advance understanding to a new level, dynamic views of channel structures within membranes are 

essential. We labeled tetrameric KirBac1.1 potassium channels with single donor and acceptor 

fluorophores at different sites, and examined structural dynamics within lipid membranes by single 

molecule FRET. We found that the extracellular region is structurally rigid in both closed and open 

states, whereas the N-terminal slide helix undergoes marked conformational fluctuations. The 

cytoplasmic C-terminal domain fluctuates between two major structural states both of which 

become less dynamic and move away from the pore axis and away from the membrane in closed 

channels. Our results reveal mobile and rigid conformations of functionally relevant KirBac1.1 

channel motifs, implying similar dynamics for similar motifs in eukaryotic Kir channels and for 

cation channels in general.

Introduction

Since gated currents through single ion channel pores were first observed over 40 years 

ago
1
, the gating behaviors of many ion channels have been recorded and analyzed at the 

single molecule level, and numerous kinetic schemes have been developed to predict 
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physical states underlying gating transitions
2
. Meanwhile, membrane protein 

crystallography has provided high resolution structures of ion channels in various 

configurations, and has suggested conformational changes that must occur for currents to 

turn on and off
3-7. Crystal structures have led to ideas about structural mobility and rigidity, 

such as (1) the K channel selectivity filter is a rigid structural feature 
8-10

, (2) the slide helix 

of Kir channels
11-14

, or the short α-helix that links the voltage sensor and the channel pore 

in voltage-gated channels, plays a role in controlling the helix bundle crossing (HBC) 

gate
15,16

, and (3) the Kir channel cytoplasmic domain itself moves relative to the 

transmembrane domain during gating
4,17,18

. However, crystallographic analyses cannot test 

these ideas since they typically access only a few stable states of channel proteins and in 

environments that are very different from the lipid bilayer. Hence the relevance of 

crystallographic ‘snapshots’ to the dynamic gating events of ion channels in cell membranes 

may not always be apparent.

Inward rectifier potassium (Kir) channels play critical roles in shaping action potentials of 

cardiomyocytes, potassium homeostasis of the kidney, hormone secretion of pancreatic β-

cells, membrane potentials of nerve and glial cells, as well as the electrical activity of 

endothelial and smooth muscle cells
19

. Multiple Kir channel structures have been resolved, 

but conformational trajectories of gating transitions remain speculative, although they are 

critical for a full understanding of gating mechanisms. KirBac1.1 is a prokaryotic Kir 

homolog which has the same core structural elements as eukaryotic Kir channels
17,20,21

, and 

provides a model system to study Kir channel gating; both crystallographic and molecular 

simulation analyses indicate similar structures of open and closed channels in bacterial and 

eukaryotic Kir homologues
4,17,18,22

. Phosphatidylinositol 4,5-bisphosphate (PIP2) is a 

gating ligand for many ion channels, and is a universal activatory ligand for eukaryotic Kir 

channels
23-25

, stabilizing the open conformation
4,17,19,25

. In prokaryotic KirBac1.1, the PIP2 

binding site is not identical, resulting in a switched coupling whereby PIP2 acts to stabilize 

the closed state
26

.

Single molecule FRET (smFRET) can report unsynchronized conformational changes that 

are masked by ensemble averaging of macroscopic measurements
27,28

, and may bridge the 

gap between crystal structures and single ion channel current analyses. Very few membrane 

proteins have been studied by smFRET
29-33

 due to technical challenges of position-specific 

fluorophore labeling, particularly in multimeric proteins. In the present study, we have 

implemented the use of smFRET to analyze the dynamics of structural motions in KirBac1.1 

in the closed (PIP2 bound) and open (unliganded) states. The results reveal both flexible and 

rigid motifs of the channel, confirming and refuting previous ideas about structural mobility, 

as well as generating novel ideas regarding the structural dynamics of the gating transition 

itself in potassium channels.

Results

Labeled tetrameric KirBac1.1 for single molecule imaging

In liposomes of defined composition (POPE:POPG = 3:1) without PIP2, KirBac1.1 channels 

exhibit spontaneous bursts of openings, but the channels are essentially completely closed 

after incorporation of PIP2 (Fig. 1a,b, Supplementary Table 1). In the absence of PIP2, three 
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distinct closed times are resolvable (Fig. 1c), and when open, the channels occupy two 

resolvable conductance levels (Fig. 1b) with similar durations. The mean probability of 

being in any open state (Po) is ~0.12 under control conditions, and is reduced to ~0.004 in 

the presence of 5 μM PIP2 (Fig. 1d).

We have successfully applied smFRET to KirBac1.1 channels by engineering, expressing, 

labeling, and reconstituting concatemeric proteins containing only 2 cysteines within the 

tetrameric channel (Fig.2a-c). Tetramer fractions of Alexa Fluor 555 and Alexa Fluor 647 c2 

maleimide labeled KirBac1.1 mutants were collected by size exclusion chromatography 

(Supplementary Fig.1A) and reconstituted into liposomes (POPE:POPG = 3:1). Functional 

assays confirm that all labeled mutants retain channel activity and sensitivity to PIP2 

inhibition that is similar to WT (Supplementary Fig.1B). Single molecule imaging was 

performed with a prism-based TIRF microscope
28

 with time resolution of 30ms and 100ms 

(Fig. 2d). The mutant proteins were labeled very specifically with over 95% fluorescent 

spots arising from KirBac1.1 cysteine mutants, in comparison with WT control (Fig.2e, 

Supplementary Fig.1C).

Structural rigidity of the extracellular region

The backbone structure of the selectivity filter region is remarkably consistent in all 

crystallized K channels
7,8,34

, but whether this simply reflects a stable crystallographic 

configuration, or a functionally relevant rigidity, is unknown. Computational and 

experimental analyses
35

 suggest conformational coupling of the selectivity filter to the loop 

that extend outwards. To provide direct visualization of structural dynamics in the 

extracellular selectivity filter region (Fig. 3a), we labeled the residue T120C at the top of this 

loop in KirBac1.1. Individual smFRET trajectories reveal a remarkably stable FRET 

efficiency of ~0.8, without fluctuations, and which does not change when the channel is 

closed by saturating PIP2 (Figs. 3a,b, Supplementary Fig. 2A, Supplementary Table 2). 

smFRET histograms and population contour plots obtained from 76 individual channel 

records in the absence of PIP2 (and 91 in the presence of PIP2) (Fig. 3b, as well as data 

acquired at 30 ms time resolution - Supplementary Fig.3A), confirm that FRET efficiencies 

at this position have a very narrow distribution which does not differ between closed and 

open states. These experiments provide a first time-resolved demonstration of the rigidity of 

the extracellular selectivity filter region, independent of the channel gating state, in 

functional channels embedded within a lipid membrane environment.

Slide helix constriction in PIP2

A ubiquitous structural motif of many K channels, the N-terminal amphipathic slide helix 

forms a ‘belt’ around the channel at the cytoplasmic face of the membrane and has been 

proposed as a key linking element between ligand-binding or voltage-sensing gating 

domains and the pore
16,36

. In Kir channels, the slide helix may participate in controlling the 

HBC gate, but structural mechanisms are not clear
4,17,21,37,38

. We placed FRET pairs in 

dimeric constructs at opposing A45C residues, located at the N-terminal ends of the slide 

helices (Fig. 2a,b). As shown by individual smFRET trajectories (Fig. 3c, Supplementary 

Fig. 2B), more than 50% of traces exhibit rapid fluctuations in FRET efficiencies between 

three major states both in the absence and the presence of PIP2. The dimensionless variance 
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in fluorescence intensities of singly (Alexa555) labeled A45C-WT (8.7 ± 1.7) and T120C-

WT (5.7 ± 1.2) samples were not significantly different, consistent with the measured FRET 

changes at residue 45 resulting from conformational changes, rather than changes in signal-

noise ratio, or changes in local quantum efficiency.

smFRET contour plots and histograms from 121 individual recordings in the absence of 

PIP2 (139 with PIP2) (Fig. 3d, Supplementary Fig. 2B) reveal a distribution of FRET 

efficiencies between ~0.45 and ~0.95, suggesting a motion range up to 20 Å between 

diagonally opposed slide helices. (based on distances (r) calculated using the Förster 

equation: r = R0*(1/E−1)1/6, where R0 is the Förster distance of the Alexa Fluor 555 and 647 

FRET pair (5.1 nm), with the assumption that the fluorophores can freely rotate at the 

labeling site, i.e κ2= 2/3). The FRET efficiency distributions are well fit by the sum of 3 

Gaussians (Fig. 3d, Table 1, Supplementary Table 2), without significant alteration in the 

histogram peak positions, with and without PIP2. In the closed channel, individual 

trajectories (Fig. 2c, Supplementary Fig.2B), as well as histograms (Fig. 2d), reveal a 

marked increase in the fraction of highest (~0.87), and decrease in the fraction of lowest 

(~0.48) FRET efficiency populations (Table 1, Supplementary Table 2). If we make the 

simplistic assumption that channel opening requires both diagonally opposed A45C pairs to 

be in the most dilated conformation (FRET efficiency ~0.48), the predicted open probability 

would be the square of the occupancy of the P0.48 state, i.e. 0.13 (0.362) in the absence of 

PIP2, and 0.04 (0.202) in the presence of PIP2. These values are quite similar to measured 

open probabilities (0.12 and 0.005, respectively, in Fig. 1d), but further work will be 

necessary to validate these ideas.

Independent sets of A45C-WT smFRET data collected at 30 ms resolution generated very 

similar distributions and recapitulated the PIP2 effects on FRET distributions 

(Supplementary Fig.3a). Although the shorter inter-residue distance reduces the sensitivity 

of the Alexa fluor 555 and Alexa 647 pair, qualitatively similar gating-dependent FRET 

changes were also identified in data from W48C-WT, located in the middle of the slide helix 

(Supplementary Fig.3b). Our results thus implicate slide helix motions during channel gating 

and suggest that closure of the channel involves tightening of the slide helix ‘belt’, with the 

lowest FRET states corresponding to the ‘dilated’ belt that permits channel opening.

Structural transitions in the C-terminal domain

Kir channels have a large C-terminal domain (CTD) with which many intracellular 

regulatory ligands interact
24

. We previously reported reduced ensemble FRET efficiency at 

the A273C position in the presence of PIP2
22

. In the present study, we again labeled two 

cytoplasmic domain cysteines, F167C and A273C, and the external residue T120C with 

EDANS and DABCYL-plus or Alexa-Fluor-488 and QSY-7 FRET pairs in dimeric or 

tetrameric constructs, and measured the PIP2-induced changes using ensemble FRET. Both 

167C and 273C exhibited reduced FRET efficiencies with PIP2, while there was no 

significant change in FRET efficiency at 120C (Supplementary Fig. 4A).

To visualize conformational dynamics of the CTD in closed and open states, we labeled 

diagonally opposed cysteines in the dimeric A273C-WT or F167C-WT constructs with 

Alexa Fluor 555 and Alexa Fluor 647 (Fig. 2a,b). As indicated by individual smFRET 
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trajectories (Fig. 3E, Supplementary Fig. 2c), more than 60% of A273-WT traces exhibited 

fluctuations between 2 major conformations with mean FRET efficiencies of 0.74 and 0.41 

in the absence of PIP2. In the presence of saturating PIP2, the number of traces showing 

detectable dynamic changes was decreased to ~30% (Fig. 3e, Table 2), and both FRET peaks 

shifted towards lower FRET values of 0.68 and 0.32, respectively (Fig. 3f). These results are 

consistent with the ensemble FRET measurements, but further suggest that the β-sheet which 

contains residue 273 actually fluctuates between two major conformations whether the 

channel is closed or open, and that both conformations are widened when the channel is 

closed. At the F167 site, the smFRET distributions also exhibit two clear peaks in both the 

absence and presence of PIP2, and again induces only a slight shift towards lower FRET 

efficiency (Supplementary Fig.3B). These data suggest that in addition to overall dilation in 

the closed channel, the major β-sheet in the CTD may undergo gating-independent 

‘breathing’ conformational transitions that are not revealed in crystal structures.

C-terminal displacement from the membrane in closed channels

Crystal structures of both potassium and sodium channels indicate that bending and rotation 

motions of the pore forming helices (TM2 or S6) are required to remove HBC gates
6,7,36,39

. 

For Kir channels, a rigidly coupled tilting or twisting of the CTD has also been 

proposed
4,18,22

. To test this idea directly, we constructed 3 concatemeric tetramers in which 

the channels were labeled across the membrane, at one cysteine in the selectivity filter 

region of extracellular side (T120C) and at A270C in the CTD of the same, the neighboring, 

or the diagonally opposed, subunit (Fig. 2c). smFRET trajectories, as well as FRET contour 

plots and histograms from these three constructs all indicate significant decrease in FRET 

efficiencies when the channels are closed by PIP2 (Fig. 4, Supplementary Fig. 5A-C). 

Ensemble FRET data from the same constructs were again consistent with these calculated 

from smFRET measurements (Supplementary Fig. 4B). These data thus indicate that the 

CTD indeed moves away from the TM when the channel closes; FRET efficiencies are 

consistent with the channel being ~80 A long in the closed state, similar to the channel 

length observed in the 1P7B KirBac1.1 crystal structure
21

, and becoming ~10 A shorter in 

the open state. This conclusion is consistent with those of other crystallographic and 

simulation studies
17,40

, but does not support gating being associated with a major twisting 

motion of the CTD relative to the TM
41

, since this would differentially affect the FRET 

signals in the three intra- or intersubunit arrangements.

Relating structural dynamics to ion current gating

At location T120C in the extracellular portion of the channel near the selectivity filter, there 

are very few detectable dynamics, with over 90% of traces showing no change in FRET 

efficiency before donor or acceptor photo bleaching (Table 2), and no cross-correlation was 

detected between donor and acceptor signal (Fig. 5a). In contrast, A45C in the slide helix 

region exhibits a strong donor-acceptor cross-correlation with decay time constant that is not 

dramatically altered by PIP2 (Fig. 5b). We propose that the structural dynamics at A45C are 

dominated by transitions among the multiple conformations of the closed state, and that 

channel opening may occur at the lowest FRET conformations (Fig. 3c,d). It is noteworthy 

that at the nearby residue W48C, the FRET signals are less dynamic (Supplementary Fig.

3B), which may be a consequence of each residue being located in different secondary 
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structures, or different local environments (i.e A45 is located just before the slide helix in a 

loop interacting with the CTD, and relatively more exposed to the cytoplasm, whereas W48 

constitutes part of the slide helix itself, and sits at the cytoplasm-membrane interfacial 

region). Striking differences in FRET dynamics between active and closed channels were 

seen at residue A273 of the CTD (Figs. 3e, 5c). The donor-acceptor cross-correlation of the 

A273C-WT sample is well fit with a double exponential function, with both time constants 

significantly increasing in PIP2, while the amplitude of both components decreases (Fig. 5c). 

These changes suggest that the frequency of the conformational fluctuations in this region 

are suppressed when the channel is closed, consistent with a model in which ionic current 

gating at the helix bundle crossing is directly coupled to conformational changes in the 

CTD
22

.

Discussion

Crystal structures provide images of channels in distinct states, but cannot reveal the 

connectivity between states nor provide time trajectories of structural changes. Our detection 

of unsynchronized structural dynamics using smFRET provides a first observation of the 

intra-molecular motions that underlie Kir channel function within lipid membranes.

Certain findings are quite striking and likely to have significant implications for other 

channels. Perhaps most notably, the external selectivity filter region exhibits no detectable 

structural fluctuations, demonstrating a rigidity that may be necessary to maintain ion 

selectivity of the pore. In contrast, both the slide helix and the CTD show marked structural 

dynamics and structural flexibility. Our results suggest that the tightness of the slide helix 

‘belt’ controls channel gating (Fig. 5d). In KirBac1.1 the ‘belt’ is tightened by PIP2 binding, 

a structural consequence that may be reversed for eukaryotic Kir channels in which a 

structurally distinct slide-helix is involved in PIP2–dependent activation 
17

. The motions we 

detect in the KirBac1.1 slide helix and CTD reflect a marked intrinsic flexibility of the 

channel structure. As more ion channels become amenable to similar approaches to those we 

describe here, we envision that the conformational changes induced by gating processes in 

eukaryotic Kir and other ion channels may be revealed to be more dramatic and more 

complex than currently perceived.

Online Methods

DNA manipulation

KirBac1.1 WT cDNA was inserted between NcoI and HindIII sites of the pQE60 vector
43

. 

For tandem dimer constructs, two copies of KirBac1.1 cDNA were inserted between NcoI 

and BamHI, BamHI and HindIII sites, respectively. A short ‘GlyGlyGlySerGlyGlyGlySer ’ 

linker was introduced between the two copies of KirBac1.1 coding DNA. To make tandem 

tetramer constructs, two copies of tandem dimer coding DNA were inserted between NcoI 

and SacI, SacI and HindIII of the pET28a(+) vector with a ‘GlyGlyGlySerGlyGlyGlySer ’ 

linker between them. In tandem constructs, all mutations were introduced into the KirBac1.1 

monomer plasmid first by site-direct mutagenesis kit (Agilent Inc.), and then subcloned into 

the tandem dimer or tetramer constructs. A 8xHis tag was introduced in the C-termini of all 

the protomers for metal affinity purification.
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Protein expression and purification

KirBac1.1 WT protein was expressed in BL21-Gold (DE3)-pLysS host strain, after 

induction by 1.0 mM IPTG for 3 hrs at 37 °C when the OD600 reached 0.8~1.0. KirBac1.1 

tandem dimer or tetramer constructs were expressed in the BL21-Gold (DE3) host strain, 

and cultures were induced by 0.1 mM IPTG overnight at 20 °C when the OD600 reached 

about 0.6~0.8. Metal affinity purification was performed as described previously
43,44

. 

Affinity purified proteins were loaded onto a gel filtration column (Superdex-200, GE 

Healthcare Inc.) and tetramer fractions were collected for the following functional or 

structural studies.

Protein labeling

Tetramer fractions of KirBac1.1 proteins were concentrated to 1 mg/ml in labeling buffer 

containing 20 mM Hepes, 150 mM KCl, 5 mM DM, pH7.0. A 1:1 mixture of Alexa Fluor 

555 and 647 c2 maleimide were added into the protein solution at protein:fluorophore ratio 

of 1:4. Labeling reactions were conducted at room temperature for 2 hrs, then terminated by 

10 mM β-mercaptoethanol and incubated at room temperature for an additional 30 min. 

Labeled proteins were diluted 10× in labeling buffer and then mixed with Cobalt Affinity 

Resin (Clonetech Inc). Free fluorophores were completely removed by extensive washing 

(>100 bed volumes) and protein was eluted by elution buffer (20 mM HEPES, 150 mM KCl, 

5 mM DM, 400 mM imidazole, pH7.5). Eluted proteins were loaded on a gel filtration 

column (Superdex-200 10/30, GE Healthcare) and tetramer fractions were collected and 

concentrated for rubidium flux assay or single molecule imaging experiments.

Rubidium flux assay

Purified KirBac1.1 proteins were reconstituted into POPE:POPG (3:1) liposomes with or 

without 1% (w/w) PIP2, at protein:lipid ratio of 1:100. The protein and lipid mixtures were 

incubated for 20 min under room temperature and proteoliposomes were formed by 

removing the detergent with Sephadex G-50 spin columns. Rubidium flux assays were 

performed on proteoliposome samples as described previously
22,44

. Rubidium uptake of all 

mutants was normalized against WT protein in liposomes without PIP2. We used purified 

PIP2 from brain (Avanti cat#840046P), which was mixed with either K-MOPS buffer for 

rubidium flux assays and single channel recordings, or with K-HEPES-TROLOX buffer for 

single molecule imaging with the final predicted nominal concentration of 5 or 100 μM. 

PIP2 likely assembles into micelles and then incorporates into liposomes by micelle fusion 

which cannot be washed away.

Single channel recordings

Single channel recordings were performed on reconstituted WT KirBac1.1 in giant 

liposomes as previously described
20

. Excised inside-out patch recordings were performed 

with electrodes of 2-5 MΩ and symmetrical bath and pipette solutions consisting of (in mM) 

20 MOPS, 158 KCl, and adjusted to pH 7.5 (KOH) were used. Single channel current 

responses were measured at an applied membrane potential of −100 mV, amplified and low-

pass filtered at 1 kHz, sampled at 10 kHz (Axopatch 1B, 4-pole Bessel), converted into 
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digital files in Clampex7, and stored on an external hard drive for offline analysis using QuB 

kinetic software (www.qub.buffalo.edu).

Single molecule Imaging

KirBac1.1 tandem proteins labeled with Alexa Fluor 555 and 647 were mixed with lipids 

(10 mg/ml, POPE:POPG = 3:1, 2% biotinylated-POPE, in buffer containing 20 mM HEPES, 

150 mM KCl, 1 mM EDTA, 1 mM EGTA, 35 mM CHAPS, pH7.5) at protein:lipid ratio of 

1:200 (w:w). The mixtures were incubated for 20 min at room temperature and 

proteliposomes were formed by removing the detergent with Sephadex G-50 spin columns. 

Proteoliposomes were diluted 10-50 times with reconstitution buffer (20 mM Hepes, 150 

mM KCl, 1 mM EDTA, 1 mM EGTA, pH7.5), loaded into a PEGylated sample chamber and 

immobilized on the surface through neutravidin
45

. Single molecule imaging was performed 

on a prism-based TIRF microscope with 532 nm laser as excitation light. At the beginning or 

end of single molecule imaging, 640 nm excitation was also used to confirm the existence of 

acceptor fluorophore, particularly for constructs with low FRET efficiencies. The imaging 

buffer contained 20 mM HEPES, 150 mM KCl, 1 mM EDTA, 1 mM EGTA, ~3 mM Trolox, 

1 mM 4-nitrobenzyl alcohol (NBA) and 1 mM cyclooctatetraene (COT), pH7.5. After 

collecting single molecule imaging data in control condition (without PIP2), the imaging 

buffer was replaced with PIP2-containing buffer (imaging buffer with additional 100 μM 

PIP2). After 5 min of incubation, the sample chamber was flushed again with PIP2 imaging 

buffer, then single molecule images were collected following the same procedure as that for 

control condition.

Data analysis

Single channel recordings—Preprocessing and analyses of single channel current 

recordings were performed offline with QuB software (www.QuB.Buffalo.edu). Brief (< 9 

samples) current spikes during prolonged closures were adjusted to the adjacent non-

conducting current amplitude to eliminate infrequent electrical noise and instances of 

baseline drift were corrected by setting the baseline to an initial zero-current level through 

the use of baseline nodes. Current amplitudes were estimated from preprocessed data with 

the ‘AMP’ function that utilizes the Baum-Welch re-estimation algorithm and were typically 

well described by three Gaussian components corresponding to one non-conducting and two 

resolvable conducting amplitudes. Whole file recordings were digitally low-passed filtered 

at 400 Hz and idealized using a 50% threshold method using the corresponding single-

channel amplitudes with no imposed dead time. The resulting idealization was inspected by 

visual comparison to that of the digitally filtered current signal. Interval distributions were 

typically well fit with three closed components and one open component for each open 

conductance class..

Single molecule FRET data analysis—The movies acquired in single molecule 

imaging were processed with an IDL script (available on request) to identify and extract 

donor and acceptor fluorescence intensity profiles of individual molecules
28

. Traces 

extracted from the movies were interactively selected, with the following acceptance criteria: 

(1) No more than one bleaching step for both donor and acceptor fluorophores; (2) The 

donor and acceptor fluorescence intensities showed clear anti-correlated pattern; (3) The 
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total fluorescence intensity from donor and acceptor was constant before photo bleaching 

occurred; (4) The lifetime of both donor and acceptor fluorophore were longer than 5s. All 

analyzed smFRET traces were selected independently by two analysts (SW and RV), and 

then analyzed following the same algorithm. No significant difference were found between 

the traces selected by SW and RV.

The bin size of all histograms was set as 0.02. FRET histograms of each single trace, 

regardless of length, was normalized to total counts (i.e. every trace contributed equally to 

the final histograms, to avoid dominant effects of long traces). The final histograms were 

obtained by combining the FRET histograms of each trace and then re-normalizing against 

total counts. To generate FRET contour plots, the first 5 sec of data from each trace was 

extracted and the histogram at each time point was obtained and normalized to total counts. 

The normalized coefficients of cross-correlation were calculated using the ‘xcov’ function 

(Signal Processing Toolbox) in Matlab©. The maximum lag was 20 sec and traces shorter 

than 20 sec were excluded from the analysis. The cross-correlation data were fitted with a 

two component exponential function using curve-fitting tool box in Matlab©.

Calculated time constants and areas for individual exponential components were tabulated 

and reported as means ± SE.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. PIP2 –dependent gating of KirBac1.1 channel activity
(a) Representative excised single channel current traces of purified KirBac1.1 reconstituted 

into giant liposomes, before and after application of PIP2. (b) Amplitude histogram of the 

corresponding traces in A before (black) and after applying (gray) PIP2. (c) Closed and open 

interval distributions from the recording depicted in A, before PIP2. Histograms are overlaid 

with the probability density function (thick lines) and individual exponential components 

(dotted lines). Mean closed (MCT) and open (MOT) times, time constants (τ, ms), and 

corresponding areas (a, %) were calculated from fits with a model consisting of three closed 

states and one open state for each conductance class. (d) Open probability (PO, Mean + 

s.e.m.) in the absence (0.12 ± 0.02, n =5) and presence (0.004 ± 0.002, n=3) of PIP2 (*, p < 

0.05, Student's t-test).
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Fig. 2. smFRET measurements of KirBac1.1 channel in liposomes
(a) Strategy for introducing two free cysteines within tetrameric KirBac1.1 channel. The 

upper panels show the organization of the encoding cDNA, and lower panels are the domain 

organizations of the resulting proteins. Every ‘GS’ linkers contain 2 ‘GGGS’ amino acid 

repeats. (b,c) Fluorophore-labeled positions in KirBac1.1 tandem dimer and tetramer 

constructs. (d) Prism-based TIRF setup to perform single molecule imaging on KirBac1.1 

reconstituted into liposomes. (e) Representative images of single molecule imaging acquired 

with prism-based TIRF microscope 
28,42

. The donor and acceptor emission channels are 

marked by solid blue and red boxes. Scale bar represents 5μm.
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Fig. 3. Conformational fluctuations of KirBac1.1 in liposomes
Labeling locations and representative smFRET traces for residues T120C (a), A45C (c) and 

A273F (e), as well as FRET contour plots and histograms (b, d and f, mean + s.e.m., n = 76 

and 91 T120 traces, 121 and 139 A45C traces, and 175 and 204 A273C traces, in the 

absence and presence of PIP2, respectively) of KirBac1.1 in liposomes with (red bars) or 

without PIP2 (blue bars).
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Fig. 4. Motion of the TM with respect to CTD upon PIP2 gating
Labeling locations and representative smFRET traces for T120-A273C residue pairs, with 

A273C located in the same subunit (a), the clockwise preceding residue (c) or the diagonally 

opposite subunit (e), as well as FRET contour plots and histograms (b, d and f) of KirBac1.1 

in liposomes with (orange bars) or without PIP2 (blue bars) (mean + s.e.m., n = 149-267 

traces in each case).
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Fig. 5. Conformational dynamics of KirBac1.1 and PIP2–dependent gating
Cross-correlation (C) of donor (Fd) and acceptor (Fa) fluorescence traces of KirBac1.1 

mutants with fluorophore labeling at (a) T120C near the selectivity filter, (b) A45C in the 

slide helix, (c) A273C in the CTD, in the absence and presence of PIP2, respectively (mean 

+ s.e.m., n = 79-204 traces in each case). Fitted time constant (τ) and amplitude (A) are 

indicated in each case. (d) Proposed motions underlying gating of the KirBac1.1 channel. 

PIP2 binds at the TM-CTD interface to tighten the slide helix ‘belt’ and confine the channel 

pore opening. Tilting or twisting motions of the CTD couple to the helix bundle crossing 

gate closure, slowing down structural fluctuations of the CTD.
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Table 1

FRET populations at A45C position from Gaussian fittings

A45C-WT F0.87 F0.70 F0.48 F0.48
2 Po (SCR)

Control 100ms 0.21 0.43 0.36 0.130 0.12

30ms 0.23 0.41 0.36 0.130

PIP2 100ms 0.34 0.44 0.22 0.048 0.004

30ms 0.36 0.44 0.20 0.040

Fx is the fraction of FRET distribution at efficiency = x. Po is the channel open probability.
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Table 2

Effect of PIP2 on structural dynamics of KirBac1.1 evaluated by cross-correlation analysis
#

a1 (% ) τ1 (ms) a2 (% ) τ2 (ms) Dynamic traces
##

T120C-WT Control - - - - 0.09

PIP2 - - - - 0.03

A45C-WT Control 69.7 111 92.0 1595 0.55

PIP2 78.1 94 120 1017 0.64

A273C-WT Control 73.7 75.5 146 1176 0.60

PIP2 17.7 238 63.9 1966 0.33

Where Δfret0 and Δfrett are variance of FRET efficiencies at time 0 and t, respectively.

The cross-correlation analysis was performed with following algorithm:

Where ΔFd0, ΔFa0 and ΔFat are variances of donor and acceptor fluorescence at time 0 and t, respectively.

All lag time (t) vs coefficients from cross co-variance analyses were fitted with either single- or two-component exponential functions:

#
The cross-correlation analysis was performed with following algorithm:

##
The FRET efficiency histogram of any trace exhibiting more than 1 population was arbitrarily defined as dynamic, in order to provide a semi-

quantitative assessment of the dynamic behaviors of the labeled structural motifs.
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