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Cardiolipin binding enhances KcsA
channel gating via both its specific
and dianion-monoanion interchangeable sites

Masayuki Iwamoto,1,* Masayuki Morito,2 Shigetoshi Oiki,3 Yudai Nishitani,4 Daisuke Yamamoto,4

and Nobuaki Matsumori2,5,*

SUMMARY

KcsA is a potassium channel with a plethora of structural and functional information, but its activity in the
KcsA-producing actinomycetemembranes remains elusive. To determine lipid species involved in channel-
modulation, a surface plasmon resonance (SPR)-based methodology, characterized by immobilization of
membrane proteins under a membrane environment, was applied. Dianionic cardiolipin (CL) showed
extremely higher affinity for KcsA than monoanionic lipids. The SPR experiments further demonstrated
that CL bound not only to the N-terminal M0 helix, a lipid-sensor domain, but to the M0 helix-deleted
mutant. In contrast, monoanionic lipids interacted primarily with the M0 helix. This indicates the presence
of an alternative CL-binding site, plausibly in the transmembrane domain. Single-channel recordings
demonstrated that CL enhanced channel opening in an M0-independent manner. Taken together, the ac-
tion ofmonoanionic lipids is exclusivelymediated by theM0 helix, while CL binds both theM0 helix and its
specific site, further enhancing the channel activity.

INTRODUCTION

The structural and functional integrity of membrane proteins (MPs) is determined by the membrane environment.1–14 The effects of mem-

branes on MP structure and function can be explained by direct interactions between these MPs and the membrane lipids,2–12 or physico-

chemical properties, such as thickness, tension, and lateral pressure.13–19 In particular, recent crystallographic studies of MPs have revealed

the presence of specifically binding lipid molecules,20–23 suggesting the prevalence of direct MP–lipid interactions. However, systematic

studies on this topic are still incipient, mainly because of the lack of a practical experimental methodology. Therefore, understandingwhether

specific lipids affect the structural and functional features of individual MP systems, and the related mechanisms involved, remains a

challenge.24

To address this issue, we recently developed a surface plasmon resonance (SPR)-basedmethod for quantitative analysis of the interactions

betweenMPs and lipids (Figure 1A),25 which we called the self-assembledmonolayer-assistedMP-lipid interaction analysis (SAMPLIA). In this

method, the SPR sensor chip surfacewasmodifiedwith a self-assembledmonolayer (SAM), which allowed formore efficient immobilization of

MPs and provided a partial membranous environment to these immobilized MPs. The affinity of various types of lipids to MPs was sensitively

and quantitatively evaluated by the addition of a solubilized lipid solution to the immobilized MPs. Examination of halobacterial MP bacte-

riorhodopsin (bR) using the SAMPLIA method not only quantified the interaction with various lipids, but also identified a native glycolipid,

S-TGA-1, as the specifically-interacting lipid.25 Further analysis revealed that S-TGA-1 promoted trimer formation of bR and enhanced its

light-driven proton pump activity.26 Although bR is one of the most extensively studied MPs, the effect of native lipids on bR was not fully

elucidated until our study. These findings demonstrate the general applicability of the SAMPLIAmethod to variousMPs, which could facilitate

the investigation of the role of lipids in MP activity.

KcsA from Streptomyces lividans, is a homotetrameric potassium channel with high structural similarity to eukaryotic congeners.27–29 KcsA

is activated by an intracellular acidic pH,30–33 and negatively charged phospholipids are believed to modulate channel activity (Figure 2).34–39

Since the co-crystal structure showed that phosphatidylglycerol (PG) is bound at the inter-subunit groove on the extracellular side of KcsA,29,35

a number of studies have postulated that the lipid binding to the groove is related to the gating properties of the channel.39 Some studies

hypothesized that the binding stabilizes the conductive conformation of the selectivity filter and inhibits the inactivation process,40–43 whereas

others contradictorily assumed that the binding prevents channel cluster formation and consequently modulates channel conductance.44,45
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In contrast, our functional study using asymmetric membranes revealed that monoanionic lipids in the inner leaflet stabilized the open

conformation via electrostatic interactions with the N-terminal amphipathic M0 helix, which is a lipid sensor lying at the membrane interface

(Figure 2).34,46 Thus, the study clearly demonstrated that negatively charged lipids are required for the channel to be fully open.34,46

In this study, the SAMPLIAmethod was first applied to quantitatively analyze the interactions between KcsA and anionic lipids (Figure 1B).

Although PG has been frequently used as a specific lipid for KcsA activation, it is not present in KcsA-producing actinomycete mem-

branes,47–49 where phosphatidic acid (PA) and cardiolipin (CL) are the main anionic lipid constituents.47 Therefore, the binding of PA and

CL to KcsA was examined using PG as a positive control. In parallel, single-channel recordings using the contact bubble bilayer (CBB)

method50–52 were performed to examine the functional contribution of these lipids to the gating of the KcsA channel. To distinguish M0

helix-dependent and -independent actions, full-length KcsA (fl-KcsA) and an M0-deleted mutant (DM0-KcsA) were used. The combined

approach of the SPR-based interaction analysis and the electrophysiological method revealed the presence of M0 helix-independent action

of CL on the KcsA channel.

RESULTS

CL interacts more strongly than PG and PA with KcsA

KcsAwas immobilized on SAM-modified sensor chips at�3000 resonance units, which enabled us to clearly observe the interactions between

KcsA and lipid molecules.25 According to the crystal structure of KcsA,29 the length of the SAM (approximately 1 nm) was insufficiently thick to

completely cover and accommodate the transmembrane domain (TMD) of KcsA; thus, a considerable part of the protein should be outside of

the SAM surface (Figure 1A).

Figure 1. SAMPLIA method for KcsA–lipid interaction

(A) Schematic of KcsA–lipid interaction analysis. KcsA molecules are covalently immobilized onto a sensor chip coated with SAM composed of

mercaptoalkylcarboxylic acid. Solubilized lipids are added to detect the interaction with KcsA.25

(B) Chemical structures of lipids.

(C) AFM images of SAM-coated SRP sensor chip before and after fl-KcsA immobilization. To facilitate observation, KcsAwas immobilized at a lower concentration

than in the SPR measurements.

(D) Height distribution pattern of fl-KcsA on the SAM-coated SPR sensor chip. The gray line indicates the result of Gaussian fitting. The height was 5.0G 1.4 nm

(n = 385).
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To confirm the immobilization of KcsA and gain insight into the orientation of immobilized KcsA, we performed atomic force microscope

(AFM) observations of the SAM-modified SPR sensor chip with and without fl-KcsA immobilization (Figure 1C). The histogram is shown for the

height of KcsA channel from the SAM surface (Figure 1D), which ranges from 2.5 to 8 nm. Given that the width and longitudinal length of fl-

KcsA channel are ca. 3.5 and 10 nm, respectively,53–55 and that the SAM length is 1 nm, the histogram range is consistent with the dimension of

the channel when slightly immersed into the SAM. Fitting with theGaussian distribution of the height histogramgave themean value of 5.0G

1.4 nm. These data suggest that the channel is somewhat immersed into the SAM and inclined at various angles from horizontal to vertical

centering around mid-angles, thus taking random orientation. This random orientation would allow for unrestricted contact between the

immobilized KcsA and extraneously added lipids. We further evaluated the particle size of lipid-detergent mixtures and confirmed that

the lipids were solubilized in SPR running buffer containing the detergent Tween 20 (Table S1).

Prior to analyzing the interaction between fl-KcsA and anionic lipids, we examined the binding of immobilized fl-KcsA to tetrabutylammo-

nium (TBA), a specific blocker of KcsA (Figure S1).56 KcsA that was co-crystallized with TBA revealed a binding configuration of TBA, with its

four butyl chains extending to the subunits.57 The binding affinity of TBA to KcsA deduced from the present SPR study (Figure S1) strongly

suggests that KcsA retains its tetrameric form on the chip (Figure 1A).

Next, we evaluated the interaction between PG and fl-KcsA to confirm the validity of the SAMPLIAmethod.34–37 Since KcsA adopts an acid-

activated state at acidic pH and a resting state at neutral pH (Figure 2), both acidic (pH 4.0) and neutral (pH 7.5) buffers were used for the

analysis. The sensorgrams were recorded upon starting of perfusion containing lipids, and were fitted to a 1:2 heterogeneous ligand binding

model that assumed that the lipid binds to KcsA at two different sites (Table S2).58,59 The smaller association constants (KA) were considered to

be due to non-specific or less relevant binding, because their maximum binding values (Rmax) were much smaller than those of the larger KAs

(Table S2), indicating little contribution to binding. Therefore, we focused on larger KA values in the subsequent experiments. Further veri-

fication of this treatment for the two KA values is given in the supplementary note including Figure S3 and Table S6. The SAMPLIA method

revealed that PGbinds fl-KcsAmore strongly at pH 4.0 than at pH 7.5 (Figures 3; S2; and Table S2). On the other hand, the interaction between

fl-KcsA and PC was not sensitive to the pH change (Figure 3B; and Table S2). This result is consistent with those of previous studies showing

that the KcsA channel opens in the presence of PG at acidic pH,34,36,37 verifying that the SAMPLIA method can be used to properly evaluate

KcsA–lipid interactions.

We subsequently evaluated the interaction of fl-KcsA with PA and CL, which are main components of Streptomycesmembranes. PA also

showed significantly higher interactionwith fl-KcsA at pH 4.0 than at 7.5, andwhen compared at pH 4.0, PA had a significantly higher affinity for

fl-KcsA than PC (Figures 3; S2; and Table S2). Surprisingly, CL showed a drastically different affinity for KcsA between acidic and neutral con-

ditions, and the affinity constant KA between CL and KcsA reached almost 109 at pH 4.0 (Figure 3; and Table S2), showing that CL has

extremely high affinity for acid-activated KcsA. At pH 7.5, CL and other anionic lipids showed affinity comparable to that of PC (Figure 3B),

suggesting that the interaction of these lipids is less specific for resting-state KcsA. The extremely high affinity of CL for KcsA at pH 4 indicates

that a specific binding site appears for CL in acid-activated KcsA. This was further supported by the kinetic data of the interaction (Table S3),

which shows that CL has a markedly smaller koff at pH 4.0 than other monoanionic lipids, suggesting its slow dissociation from the specific

binding site.

In this SAMPLIA experiment, we used lipid concentration of 100 mM. Considering that CL is reported to account for more than 10% of total

phospholipid in S. lividans,60 the lipid concentrations adopted in the SAMPLIA would not be far from physiological conditions in terms of

contact probability between KcsA and CL.

CL binds to an alternative site other than the M0 helix

Previous studies have shown that theM0 helix enables the sensing ofmonoanionic phospholipids, such as PG, in themembrane and shifts the

equilibrium toward the open conformation of KcsA.34 To understand the contribution of the M0 helix to the high-affinity binding of dianionic

Figure 2. Gating states of the KcsA channel

The gate does not open at a neutral pH. At an acidic pH on the intracellular side, the channel becomes acid-activated; the pH sensor in the cytoplasmic domain

changes conformation, and the inner gate is ready to open via a global twisting motion. Negatively charged lipids in the inner leaflet make the channel fully open

via binding to the N-terminal amphipathic M0 helix.34
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CL, anM0 helix-deletedmutant of KcsA,DM0-KcsA (Figure 4A), was used. CL bound to DM0-KcsA tightly, and the KA value was indistinguish-

able from that to the fl-KcsA channel (Figures 4B and 4C). In contrast, binding of PA and PGwas significantly weaker to theDM0-KcsA channel

than to fl-KcsA (p < 0.001) (Figures 4B and 4C). These results indicate that CL has an additional binding site other than the M0 helix, while the

M0 helix is the main binding site for PA and PG. On the other hand, PC binding did not differ between fl-KcsA and DM0-KcsA (Figures 4B and

4C), suggesting that PC binds less-specifically to KcsA without specifically recognizing the M0 helix.

Then, the involvement of the M0 helix in CL binding was examined using an M0 helix-mimicking peptide (Figure 5A). In this experiment,

liposomes containing anionic lipids were immobilized on the SPR sensor chip, whose surface was modified with an alkyl chain (Figure 5B),61

and the interaction with the peptide was evaluated. Although some methods are known for immobilizing lipid molecules on the sensor chip,

such as using biotin-tagged lipids, the liposome immobilization adopted in this study seems more appropriate because the M0 domain is

thought to interact with lipid molecules present in the bilayers, as schematically depicted in Figure 1A. Figure 5C shows the resultant sensor-

grams, which oddly began to decrease during the association process (up to 300 s), and thus could not be fitted by theoretical curves. This is

probably because theM0 peptide had some effect on the immobilized liposomes and stripped them from the sensor chip surface. Neverthe-

less, the data confirmed that the M0 peptide strongly associated with CL to a comparable extent as the monoanionic lipids, PG and PA

(Figure 5C). These results clearly show that CL interacts with acid-activated KcsA at multiple sites, including the M0 helix, whereas PA and

PG bind preferentially to the M0 helix.

CL enhances opening of DM0-KcsA channel

To gain further insight into the functional outcomes of CL binding, we performed single-channel current recordings of acid-activated KcsA

(Figure 2) using the contact bubble bilayer (CBB) method.50–52 As we previously reported, the open probability (Popen) of fl-KcsA in the pure

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) bilayer was approximately 1% (Figures 6A, 6B; and Table S5),34 and this value was

used as a control in the present study. In the presence of anionic lipids (25 wt %), the fl-KcsA channel exhibited substantially high Popen values.

For example, Popen was 17% for the PG-containing membrane (Figure 6A, 6B; Table S5), which is consistent with our previous report using

Figure 3. Analysis of the interaction of PG, PA, CL, and PC with fl-KcsA

(A) SPR sensorgrams showing the interactions of PG, PC, PA, and CL with fl-KcsA immobilized on the C6-SAMmodified sensor chip; 100 mMof the lipids dissolved

in acidic buffer (pH 4.0) were injected at a flow rate of 30 mL min�1. Colored lines indicate experimentally obtained sensorgrams, while black lines indicate fitted

curves.

(B) the affinity of PG, PA, CL, and PC toward fl-KcsA in acidic (pH 4.0) and neutral (pH 7.5) buffers, calculated from the sensorgrams by fitting to a 1:2

heterogeneous ligand binding model, as listed in Table S2, and higher association constants were adopted (see text). Asterisks denote statistical significance

(*p < 0.05, **p < 0.01, ***p < 0.001). Data presented as mean G SD (n = 3) are given in Table S2. See also Figure S2.
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bilayers containing 100% anionic lipids.34 In the case of CL (Figure 6A, and 6B), the Popen value (30%) was significantly higher than those of

other monoanionic lipids (p < 0.05), which is relevant to the higher CL binding affinity revealed by the SPR experiments (Figure 3).

We then performed single-channel recording experiments for DM0-KcsA (Figures 6C and 6D). In the absence of anionic lipids (control),

Popen (2%) was comparable to the fl-KcsA channel (Table S5), indicating that theM0 helix itself does notmodify channel gating. In the presence

of PA and PG, the Popen values did not increase and were indistinguishable from that of the control (Figure 6D). Thus, the effects of PA and PG

were exclusivelymediated by theM0 helix. In contrast, CL enhanced gating evenwithout theM0 helix (Popen 6%, p < 0.05). Thus, binding of CL

to a site different from the M0 helix rendered the channel open. This is consistent with the SPR data showing that DM0-KcsA maintained CL

binding but weakened the binding to PG or PA (Figure 4C). These results indicate that the CL binding site of theDM0-KcsA channel, plausibly

in the TMD, is exclusive to CL and not interchangeable with monoanionic lipids. We should also mention that Popen of DM0-KcsA in the pres-

ence of CL remained lower than that of fl-KcsA. Therefore, CL binding to both M0-helix and TMD contributes to higher Popen of fl-KcsA.

DISCUSSION

The important roles of lipids in MP stability, structure, and function have been reported in various studies.9,62,63 The mechanisms of such ef-

fects have generally been explained from two perspectives. One aspect is the effect of lipids on MP function through alternating membrane

physicochemical properties, such as membrane fluidity, curvature, lateral pressure, membrane tension, and hydrophobic match. The other

aspect is the direct binding of lipids to MPs, which may stabilize specific conformations, change clustering features, and/or affect their

functions. KcsA is a good target for in-depth study of lipid effects, because the channel is affected by both aspects; KcsA senses not only

membrane tension17,18 but also anionic phospholipids. In terms of the direct effect of anionic lipids on KcsA, two different modes of interac-

tion have been proposed: electrostatic interactions between anionic lipids and the N-terminal M0 helix,34 and interactions between anionic

lipids and the inter-subunit groove on the extracellular surface of KcsA.39–45 Thus, the groove present in the TMD is the candidate for an alter-

native binding site for CL. Given the pH-dependent binding of CL to KcsA (Figure 3), this groove would dramatically enhance its affinity for CL

in the acid-activated state.

Due to the inherent disorder of the M0 helix, either its conformation or its specific binding to lipids has not been revealed.28,45,64 In this

study, we demonstrated that theM0 helix is themain binding site for anionic lipids; in particular, monovalent PG and PA bind preferentially to

theM0 helix (Figure 4). On the other hand, the lipid-bound crystal structures showed that PG binds to the extracellular inter-subunit groove of

KcsA,29,35 and NMR indicated that PA binds to the groove.65 Considering that PA and PG have KA of 105 order for DM0-KcsA (Figure 4), they

can bind to the groove to some extent, and might be observed in the crystal and NMR structures. Single-channel recordings demonstrated

that deletion of the M0 helix completely abolished the effects of monovalent PG and PA (Figure 6). These affinity and functional data

Figure 4. Effect of truncation of the M0 helix on the affinity of lipids toward KcsA

(A): Location of deletion on KcsA. DM0-KcsA is the mutant in which the N-terminal M0-helix domain was truncated (purple line).

(B): SPR sensorgrams showing the interactions of PG, PA, CL, and PC with DM0-KcsA immobilized on the C6-SAM modified sensor chip; 100 mM of the lipids

dissolved in acidic buffer (pH 4.0) were injected at a flow rate of 30 mL min�1. Colored lines indicate experimentally obtained sensorgrams, while black lines

indicate fitted curves.

(C) Affinity of PG, PA, CL, and PC toward fl-KcsA and DM0-KcsA in acidic buffer (pH 4.0). Each affinity was calculated from the sensorgrams by fitting to a 1:2

heterogeneous ligand binding model, as listed in Table S4. Asterisks denote statistical significance (***p < 0.001). Data presented as mean G SD (n = 3) are

given in Table S4.
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collectively confirmed thatmonoanionic PG and PAmay bind to the groove in a less specificmanner, but their main binding site is theM0 helix

and their action on KcsA is exclusively mediated by their binding to theM0 helix. This is consistent with our previous report demonstrating that

PG in the outer membrane did not influence the channel function.34

Importantly, we demonstrated that CL opened the DM0-KcsA channel by binding to an alternative site, presumably the inter-subunit

groove. There are three Arg residues (Arg 52, 64, 89) around the groove.35,43 The dianionic nature of CL likely allows for its tight binding

to these residues, which cannot be attained by monoanionic lipids, consequently modulating the gating activity. Thus, the groove may

discriminate the charge number of anionic lipids via multiple electrostatic interactions, distinguishing dianionic CL from monoanionic lipids.

The detailed binding site and mode of interaction of CL are currently being studied, and will be reported in due course.

With two distinct binding sites, CL showed a higher open probability for fl-KcsA than the othermonoanionic lipids (Figure 6B). AlthoughCL

is known to promote the channel opening of KcsA,28,35,37,42,66–68 its contribution to the M0 helix has not been addressed so far. The simul-

taneous binding of CL to both the M0-helix and the groove site may have a synergistic effect on KcsA channel activity, resulting in a signif-

icantly higher open probability.

Here, we refer to the SAMPLIA method, which is characteristic of utilizing the SAM.25 Since the SAM is not long enough to fully accom-

modate the hydrophobic regions of KcsA, its hydrophobic regions are partially exposed to the aqueous phase, making it possible to interact

efficiently with extraneous lipid molecules (Figure 1A). The length of the SAM is considered important for the interaction analysis because a

long SAM alkyl chain could bury the channel and hamper the contact of the protein with the lipid molecules. Furthermore, the hydrophobic

nature of the SAM-modified sensor chip is expected to enable a high level of KcsA immobilization and provide a partially membranous

environment for the immobilized KcsA molecules. The affinity data obtained from the SAMPLIA agree with those of the functional experi-

ments, thus demonstrating the applicability of this method to KcsA.

In conclusion, the high-affinity binding of CL to DM0-KcsA indicates that CL has an additional binding site, which is dianion-selective

(Figures 4 and 6C, 6D). The binding site is most likely the groove site where dianionic CL binds to the multiple positive charges in adjacent

subunits. On the other hand, theM0 helix site is interchangeable for mono- and di-anionic lipids. Thesemechanistic views will be examined in

future. Historically, the KcsA channel has been used as a prototypical channel due to the extensive structural and functional information avail-

able, whereas the physiologically relevant function of the KcsA channel in KcsA-producing actinomycete membrane has not been addressed.

Since CL is a main component of the nativemembrane,47 the finding that CL bindsmore strongly to KcsA, and thus renders the channel more

active by a mechanism distinct from other monoanionic lipids, provides invaluable insight into the physiological function of the KcsA channel

in situ in the life cycle of Streptomyces. CL has recently attracted significant attention as signaling lipid via its binding to proteins,69 and this

Figure 5. Analysis of the interactions of M0 peptide with liposomes immobilized on the SPR sensor chip

(A) Amino acid sequence of wild type M0 peptide.

(B) Procedure for analyzing the interaction.61 Dodecylamine was coupled with COOH group on the CM5 sensor chip via a conventional amine coupling method.

Next, 100 nm LUV solution was injected to be immobilized onto the chip surface. Then the peptide aqueous solution was added to the immobilized liposomes

and their interactions were analyzed.

(C) Sensorgrams indicating the interaction of M0 peptide to pure PC, PG/PC (1:9), PA/PC (1:9), and CL/PC (1:9) membranes in acidic buffer (pH 4.0).
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study provides an additional insight into its effect on MPs via specific binding motifs. In addition, the procedure established in this study,

namely identification of channel-binding lipids by SAMPLIA and subsequent physiological analysis, will pave the way for a comprehensive

investigation of the biological actions of diverse membrane lipids on channels.

Limitations of the study

This study has revealed the specific interaction between of CL andKcsA, shedding light on its consequential effects on channel gating.While a

putative CL binding pocket is discussed in the text, the precise binding site remains undetermined. Moreover, this investigation has raised

new questions about which of the two KcsA gates CL affects, along with the mechanism by which CL facilitates channel opening. In pursuit of

resolving these inquiries, the ongoing research involves the mutagenesis of KcsA, followed by comprehensive binding and channel assay

experiments.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY

B Lead contact

B Materials availability

B Data and code availability

d EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Figure 6. Single-channel recordings of KcsA in various lipid membranes

The KcsA channel is activated by intracellular acidic pH.

Therefore, by making the pH conditions asymmetric (pH4/pH7.5) across the membrane, the orientation of the ‘‘active’’ channel in the membrane can be

controlled so that only channel molecule with its cytoplasmic domain facing acidic side contributes to the single-channel current.

(A) Typical single-channel current traces of the fl-KcsA channel in PC (control) and anionic-lipid-containing PC membranes at 100 mV. Single-channel

conductance differs depending on lipid membrane, owing to the surface potential of negatively charged lipids.34

(B) Open probability (Popen) in the membranes with different compositions for fl-KcsA. Error bars represent mean G SD (n = 3–8). Asterisks denote statistical

significance (*p < 0.05, **p < 0.01). Popen values are listed in Table S5.

(C) Typical single-channel current traces of the DM0 mutant at 100 mV.

(D) Popen of theDM0mutant in themembranes with different compositions forDM0-KcsA. Error bars representmeanG SD (n = 9–10). Asterisks denote statistical

significance (p < 0.05). Popen values are listed in Table S5.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

E. coli BL21(DE3)pLysS Promega L1195

Chemicals, peptides, and recombinant proteins

Cardiolipin Avanti Polar Lipids Cat#710335P, CAS: 115404-77-8

Phosphatidylglycerol (DOPG) Avanti Polar Lipids Cat#840475P, CAS: 67254-28-8

Phosphatic acid (DOPA) Avanti Polar Lipids Cat#840875P, CAS: 108392-02-5

Phosphatidylcholine (DOPC) Avanti Polar Lipids Cat#850375P, CAS: 4235-95-4

6-mercaptohexanoic acid Sigma-Aldrich Cat#674974, CAS: 17689-17-7

6-mercaptohexanol Sigma-Aldrich Cat#725226, CAS: 1633-78-9

Succinic acid Fujifilm-Wako Cat#194-04335, CAS: 110-15-6

HEPES Fujifilm-Wako Cat#346-01373, CAS: 7365-45-9

KCl Fujifilm-Wako Cat#163-03545, CAS: 7447-40-7

EDTA Fujifilm-Wako Cat#345-01865, CAS: 6381-92-6

Tween 20 TCI Cat#T2530, CAS: 9005-64-5

Dodecylamine Sigma-Aldrich Cat#325163-5ML, CAS: 124-22-1

1-(3-dimethylaminopropyl)-3-ethylcarbodiimide TCI Cat#D1601, CAS: 25952-53-8

N-hydrosuccinimide TCI Cat#H0623, CAS: 6066-82-6

HBS-EP buffer Cytiva Cat#BR100188

Tetrabutylammonium chloride TCI Cat#T0055, CAAS 1113-67-0

Phosphatidylcholine (POPC) Avanti Polar Lipids Cat#850457, CAS: 26853-31-6

HBS-N buffer Cytiva Cat#BR100828

DMSO Fujifilm-Wako Cat#043-07216, CAS: 67-68-5

Ethanolamine-HCl TCI Cat#A0298, CAS:2002-24-6

NaOH Fujifilm-Wako Cat#194-18865, CAS: 1310-73-2

2-Propanol Fujifilm-Wako Cat#161-09163, CAS: 67-63-0

SDS Fujifilm-Wako Cat#196-08675, CAS: 151-21-3

fl-KcsA Iwamoto et al.56 N/A

DM0-KcsA Iwamoto and Oiki34 N/A

M0 peptide GenScript N/A

n-dodecyl-b-D-maltoside Dojindo Cat#D316, CAS: 69227-93-6

Succinic acid Nacalai Cat#32402-05, CAS: 110-15-6

Isopropyl b-d-thiogalactopyranoside Nacalai Cat#19742-36, CAS:367-93-1

Potassium phosphate buffer Promega V446A-C

2-mercaptoethanol Nacalai Cat#21417-52, CAS:60-24-2

Imidazole Nacalai Cat#19004-35, CAS:288-32-4

Critical commercial assays

CM5 sensor chip Cytiva Cat#BR100530

SIA Kit Au Cytiva Cat#BR100405

Recombinant DNA

pET29c(+) EMD Biosciences N/A

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Nobuaki Matsumori (matsmori@

chem.kyushu-univ.jp).

Materials availability

This study did not generate new unique reagents.

Data and code availability

� All data reported in this paper will be shared by the lead contact upon request.
� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

This study did not include in vivo experiments. Our experimental model was constituted by recombinant proteins expressed in E. coli.

METHOD DETAILS

Materials

All lipids used in this study were purchased from Avanti Polar Lipids (Alabaster, AL, USA). The sensor chips for the SPR measurements were

purchased fromCytiva (Little Chalfont, Buckinghamshire, UK). Any other reagents andmaterials were all purchased from FUJIFILMWako Pure

Chemical Corp. (Osaka, Japan), Tokyo Chemical Inc. (Tokyo, Japan), or Sigma-Aldrich (St. Louis, MO, USA). M0 mimicking peptide was pur-

chased from custom peptide synthesis service of GenScript (Piscataway, NJ, USA).

Expression and purification of fl- and DM0-KcsA

Expression and purification of the fl- andDM0-KcsA channels were carried out as previously reported.34,55 In brief, the gene for the fl- orDM0-

KcsA channel with the hexa-His-tag at the C-terminal end was inserted in the pET29c(+) vector and expressed in E. coli BL21(DE3)pLysS cells.

Protein expression was induced by addition of 0.5 mM isopropyl b-d-thiogalactopyranoside (IPTG). Two hours after induction with IPTG,

E. coli cells expressing KcsA channels were harvested and disrupted by sonication. The membrane fractions were collected by ultracentrifu-

gation and solubilized in buffer (20 mM potassium phosphate, 200 mM KCl, 20 mM 2-mercaptoethanol, 50 mM imidazole, pH 7.4) containing

1% n-dodecyl b-d-maltoside. Histidine-tagged channels were purified with a Co2+-based metalchelate chromatography resin. Purified chan-

nels were eluted by 400 mM imidazole at a protein concentration of 0.5-3 mg mL�1.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

BiaEvaluation software Cytiva N/A

AFMViewer version 220418 software This paper N/A

pCLAMP software Molecular Devices Ver. 10.7

BiaEvaluation software Cytiva N/A

Other

Biacore T100 Cytiva N/A

AFM system Yamamoto70 N/A

Cantilever Olympus BL-AC10DS-A2

Contact bubble bilayer system Iwamoto and Oiki50 N/A

Patch-clamp amplifier Molecular Devices Axopatch 200B

Analog-to-digital converter Molecular Devices Digidata 1550A

Plasma cleaner Harrick Plasma PDC-32G

Scanning electron microscope Hitachi High-Tech S-4100
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Preparation of SPR sensor chip and immobilization of KcsA

The SAM-modified sensor chip was prepared using bare Au sensor chip (SIA Kit Au, Cytiva) and a mixture of 6-mercaptohexanoic acid and

6-mercaptohexanol (8:2), as previously reported.25 fl-KcsA or DM0-KcsA solubilized with 0.06% n-dodecyl-b-D-maltoside (DDM) was immo-

bilized onto SAM-modified sensor chip, according to a standard amino coupling method. HBS-EP buffer (10 mM HEPES [pH 7.4], 150 mM

NaCl, 3 mM EDTA, 0.05 % (v/v) Tween 20) was used as the running buffer. Briefly, COOH groups on the surface were activated by injecting

amixture of 390mM 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide (EDC) and 100mMN-hydrosuccinimide (NHS) for 7 min, followed by the

immobilization of KcsA by injecting the solubilized KcsA solution (100 mg mL�1) for 20 min. Unreacted carboxyl groups were deactivated by

injecting the blocking solution (1 M ethanolamine-HCl, pH 8.5) for 7 min, at a flow rate of 5 mL min�1.

KcsA-lipid interaction analysis

SPR analysis were carried out at 25.0�C using Biacore T100 system (GE Healthcare, Chicago, IL, USA). In all protocols, acidic buffer (10 mM

succinic acid [pH 4.0], 200 mM KCl, 3 mM EDTA, 0.5% (v/v) Tween 20) and neutral buffer (10 mM HEPES [pH 7.5], 200 mM KCl, 3 mM EDTA,

0.5% (v/v) Tween 20) were used as running buffers. Evaluation of KcsA-lipid interactions was made within 2 days after KcsA immobilization.

Analyte samples were prepared by dissolving dried lipids into the buffer at the concentration of 100 mM, and the samples were sonicated

prior to use. All procedures were automated, using repetitive cycles of sample injection and regeneration. The binding assays were per-

formed after three cycles of start-up injections to normalize the two flow cells, and just before the injection of lipid solutions, the buffer alone

was injected in the first two cycles in order to obtain baseline value. Afterward, lipid solutions were injected for 180 s at a flow rate of

30 mL min�1, followed by 180 s of dissociation at the same flow rate. The surface of the chip was regenerated by three sequential injection

of regeneration solution (10 mM NaOH, 0.5% (v/v) Tween 20) for 30 s at a flow rate of 30 mL min�1. Association and dissociation of lipid mol-

ecules were expressed as sensorgrams, representing the time-dependent changes. To remove the contribution from non-specific binding

between SAM and lipids, a blank channel without KcsA immobilization was used as a reference, and the response of the reference channel

(SAM-lipid interactions) was subtracted from that of the sample channel. The evaluation of interactions was performed using BiaEvaluation

software (Cytiva), and kinetic parameters were extracted by a local fit of the corrected sensorgrams using a 1:2 heterogeneous ligand binding

model.58,59 For more description on the heterogeneous binding model, see Table S2 caption. The correlations of the fitting were evaluated

using c2 analyses and residual plots.

AFM observation of immobilized KcsA channel

The SAM-coated sensor chip was cut into 1-2mm squares by a diamond cutter and ultrasonically cleaned in EtOH for 3min and then inMilli-Q

water for 3 min. The cleaned sensor chip was fixed to a 2 mm diameter cylindrical glass with a double-sided tape and was imaged using a

laboratory-built AFM.70 The AFM imagingwas performed inMilliQ-water. The cantilevers usedwere 9 mm longmicro-cantilevers with nominal

spring constant of 0.1 N/m, and resonance frequency of �500 kHz in water (BL-AC10DS-A2; Olympus, Tokyo, Japan). The probe tips were

fabricated on each cantilever by electron beamdepositionmethod using the scanning electronmicroscope S-4100 (Hitachi High-Tech, Tokyo,

Japan). The probe tips were sharpened in argon plasma using the plasma cleaner PDC-32G (Harrick Plasma, Ithaca, NY, USA). AFMmeasure-

ments were taken by amplitude modulation mode. The free oscillation amplitude of the cantilever A0 was 1nm. The set-point amplitude was

set as 0.9 A0 during the imaging. The scanning rate was 20 lines/s.

Next, COOH groups on the surface were treated with 20 mL of a mixture of 195 mM EDC and 50 mMNHS for 10 min, washed with 10 mM

acetic acid (20 mL, 5 times), and then reacted with solubilized KcsA solution (3.2 mg mL�1 in 10 mM acetic acid pH 4.0) for 10 min. The surface

was then washed with the SPR running buffer (10 mM succinic acid [pH 4.0], 200 mM KCl, 3 mM EDTA, 0.5% (v/v) Tween 20) (20 mL, twice) and

with Milli-Q water (20 mL, twice), and AFM observation was made in the same manner as above.

The AFM images were processed using a laboratory-built software, AFMViewer (version 220418). A Gaussian filter was applied to the AFM

images to reduce the noise and analyze the height of KcsA. To analyze the height of KcsA, the histogramwas fitted by the integral from x to x+

Dx of single Gaussian distribution, h(x), given by:

hðxÞ =
N

2

�
erf

�
x+Dx � mffiffiffi

2
p

s

�
� erf

�
x � mffiffiffi

2
p

s

��

where N is the number of particles, m is the mean of the distribution, s is the standard deviation of the distribution, Dx is the bin width of

histogram, and erf(x) is the error function, given by:

erfðxÞ =
2ffiffiffi
p

p
Z x

0

exp
�� t2

�
dt

Preparation of dodecylamine-modified sensor chip

The CM5 sensor chip surface was modified with dodecylamine in the samemanner as the previous report.61 The modification was performed

at 25.0�C on a Biacore T100 system, using HBS-N (10 mM HEPES [pH 7.4], 150 mM NaCl) as a running buffer. Before modification the chip

surface was washed with 50 mM NaOH/2-propanol [3/2 (v/v)] for 3 times at a flow rate of 20 mL min�1. In the modification of the chip surface,

carboxyl groups on the surface were activated by injecting a mixture of 390 mM EDC and 100 mM NHS for 7 min, followed by the
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immobilization of dodecylamine by injecting the dodecylamine (1.0 mgmL�1, 5.4 mM) in 10mMNaOAc solution (pH 5.0, 10% (v/v) DMSO) for

30 min, and the deactivation of unreacted carboxyl group by injecting 1 M ethanolamine-HCl (pH 8.5) for 7 min, at a flow rate of 5 mL min�1.

M0 peptide-membrane interaction analysis

Liposome immobilization on the dodecylamine-modified sensor chip was performed as previously reported.61 DOPC (5.0 mg, 6.4 mmol) and

0.71 mmol of DOPG, DOPA, or tetraC18:1 CL were mixed in MeOH/CHCl3, dried under N2 gas flow, and suspended in 1 mL of acidic buffer

(10 mM succinic acid [pH 4.0], 200 mMKCl, 3 mMEDTA), to preparemultilamellar vesicles (MLVs). TheMLV suspension was extruded through

200 nm, and then 100 nm polycarbonate membranes (LiposoFast Liposome Factory, Sigma-Aldrich, St. Louis, MO, USA) (21 passes for each

type of membrane), to prepare 100 nm large unilamellar vesicles (LUVs). The LUV solution was then diluted with the buffer used, to prepare

1 mM LUV solution. The following measurements were performed at 25.0�C on a Biacore T100 system. LUV solution was injected for 40 min

over flowcell on the dodecylamine-modified sensor chip at 2 mL min�1 to immobilize LUV onto the chip surface, and washed with 50 mM

NaOH solution for 3 times at a flow rate of 20 mL min�1 to remove immobilized LUV. The amount of immobilized LUV was recorded after

10 min of signal stabilization. Afterward, the peptide solution (10 mg mL�1) was injected for 300 s at a flow rate of 10 mL min�1, followed

by 300 s of dissociation at the same flow rate. The surface of the chip was regenerated by two sequential injections of 0.5% (w/v) SDS for

120 s and 50 mMNaOH/2-propanol [3/2 (v/v)] at a flow rate of 20 mL min�1. To remove the contribution from non-specific binding of the pep-

tide to the chip surface, a blank channel without liposomewas used as a reference, and the response of the reference channel was subtracted

from that of the sample channel. The kinetic parameters were extracted by a local fit of the corrected sensorgrams using a 1:1 interaction

(Langmuir interaction), performed by BiaEvaluation software (Cytiva).

Single-channel recordings

Prior to the single-channel recordings, purified fl-KcsA or DM0-KcsA channel was reconstituted into liposomes by dilution as follows. First,

pre-prepared POPC or POPC/anionic lipid (3/1, w/w) liposomes were suspended in 200 mM KCl solution, yielding a 2 mg mL�1 liposome

solution. Then, an aliquot of purified KcsA solution containing 0.06% DDM was diluted 50 times with the liposome solution, obtaining the

KcsA-reconstituted proteoliposomes with a lipid/protein ratio of 2000 (w/w). Just before the single-channel recording, a small amount of

concentrated buffer (succinic acid for pH 4 or HEPES for pH 7.5) was added to the proteoliposome solution to adjust the pH (final buffer

concentration was 10 mM). The contact bubble bilayer (CBB) method was applied for the single-channel recordings, as described in the pre-

vious report.47 Briefly, the proteoliposome solutions of different pHs were filled into separate bubble-forming pipettes (tip diameter, approx-

imately 50 mm). The tip of the pipette was immersed in hexadecane in the chamber while observing with an inverted microscope (IX73;

Olympus). A small water bubble (diameter, approximately 100 mm) was inflated at the tip of the pipette by pushing the proteoliposome

solution out of the pipette into the hexadecane. A lipid monolayer forms spontaneously at the water-hexadecane interface of the bubble.

Finally, a lipid bilayer (i.e., CBB) was prepared by contacting two water bubbles lined with a lipid monolayer. The KcsA channel spontaneously

transfers from the liposomalmembrane to the CBB. The channel insertion into the CBBwas detected as the appearance of the single-channel

current with the membrane potential applied. Since the KcsA channel is activated when the pH of the intracellular side becomes acidic, only

the channel molecule whose cytoplasmic domain faces the acidic bubble contributes to the single-channel under asymmetric pH conditions

(pH 4/pH 7.5). Thus, the acidic and neutral bubbles can be defined as the intracellular (in) and extracellular (out) sides, respectively, in the CBB

experiments. The single-channel current was recorded using a patch-clamp amplifier (Axopatch 200B, Molecular Devices, San Jose, CA). The

data was passed through a low-pass filter (1 kHz cutoff frequency) and stored in PC using an analog-to-digital converter (5 kHz sampling;

Digidata 1550A; Molecular Devices) and pCLAMP software (Molecular Devices).

QUANTIFICATION AND STATISTICAL ANALYSIS

All results were expressed asmeanG SD, and scatterplots of all values are superimposed. One-way analysis of variance (ANOVA) with Tukey’s

test was performed to evaluate the statistical significance.

ADDITIONAL RESOURCES

There are no additional resources to be reported.
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