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I N T  R O D  U C T  I O N

Ion channel gating is a dynamic process involving sev-
eral coordinated and often poorly understood struc-
tural changes within the channel. A complete set of all 
of the conformations adopted by channels is required 
to fully understand the complex energetics involved in 
channel function. Electrophysiological studies report 
on the functionally closed and open states of a channel 
but do not provide a structural framework for how tran-
sitions between these functionally determined states 
occur. Similarly, crystal structures provide detailed in-
formation about different conformational states but are 
limited to static pictures; in addition, crystallography 
does not report the functional states corresponding to 
these static pictures or provide information on the dy-
namical transitions between states. Nuclear magnetic 
resonance (NMR) spectroscopy provides a powerful 
and complementary tool to these methods as it can 
probe conformational transitions both during gating 
and under experimental conditions that allow only spe-
cific functional states. Furthermore, NMR has an advan-
tage over other techniques that can probe dynamics, 
such as fluorescence and electron paramagnetic reso-
nance (EPR) spectroscopy, in that it does not require 
the use of mutants or additional bulky probes that can 

disrupt or otherwise fail to faithfully report the func-
tionality and mobility of the native protein. Here, we 
investigated the conformational heterogeneity in spe-
cific functional states of the proton-gated, prokaryotic 
potassium channel KcsA incorporated into lipid bi-
celles, using solution state NMR combined with selec-
tive amino acid labeling.

The KcsA channel has been characterized both struc-
turally and functionally and serves as a model potassium 
channel (Cuello et al., 1998; Doyle et al., 1998; Hegin-
botham et al., 1999; LeMasurier et al., 2001; Zhou et al., 
2001). At neutral pH, KcsA is in the closed state, whereas 
at acidic pH the bundle crossing of the channel is open. 
Proton binding at the C-terminal intracellular bun-
dle-crossing region, which contains a cluster of interact-
ing ionizable residues, opens the channel by breaking 
the hydrogen bond network between these residues 
and increasing the local concentration of positive 
charges at high proton concentration, followed by slow 
inactivation at the selectivity filter (Doyle et al., 1998; 
Zhou et al., 2001; Cordero-Morales et al., 2006; Thomp-
son et al., 2008; Cuello et al., 2010a). Several KcsA stud-
ies using NMR spectroscopy have contributed to our 
fundamental understanding of gating, pH sensing, and 
activation–inactivation coupling in KcsA and other po-
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tassium channels. NMR studies of KcsA in SDS micelles 
have provided residue assignments of both monomer 
and tetramer at several pH values (Chill et al., 2006, 
2007). A pH sensor component of KcsA was identified 
by NMR experiments in dodecyl-maltopyranoside 
(DDM), based on the observation of pH-dependent 
chemical shifts for residue H25 (Takeuchi et al., 2007). 
Additional NMR studies focused on conformational 
changes occurring at the selectivity filter associated with 
inactivation gating (Ader et al., 2008, 2009; Bhate et al., 
2010; Bhate and McDermott, 2012; Imai et al., 2012; 
Weingarth et al., 2014), in addition to coupling between 
the inactivation and activation gates (Baker et al., 2007; 
Ader et al., 2008, 2009; Wylie et al., 2014). NMR has 
proven to be a useful tool for assessing local dynamics at 
the selectivity filter and the activation gate of KcsA.

We sought to investigate the pH-dependent confor-
mational changes of KcsA in the two states of the activa-
tion gate, open and closed, as well as the transition 
between these states, using NMR spectroscopy. We 
found that we were able to stabilize the functional 
closed state of the KcsA channel, even at low pH, by 
manipulating the lipid environment of the bicelles. 
Under these conditions, specifically labeled histidines 
at key positions in the channel report multiple confor-
mational states in the closed channel. After addition of 
cardiolipin to the bicelles, which allows channel open-
ing in functional experiments (Heginbotham et al., 
1998; Valiyaveetil et al., 2002; Alvis et al., 2003; Marius et 
al., 2005), we also observed evidence for two conforma-
tional states represented by peaks distinct from those 
observed in the absence of cardiolipin. Analysis of the 
pH-dependent changes in the NMR spectra suggests 
that some of the observed closed states may represent 
preopen conformations or possibly asymmetric 
closed-channel configurations along the proton-depen-
dent activation pathway.

M AT  E R I  A L S  A N D  M E T  H O D S

Protein expression, site-specific labeling, 
and purification
C-terminally His6-tagged WT KcsA and most mutants 
were expressed from a pQE60 vector (QIA GEN) in ei-
ther BL21 (DE3) T1-R (Sigma-Aldrich) or XL-1 Blue 
(Agilent Technologies) competent cells and grown in 
Luria broth (LB) with ampicillin. Cells were trans-
formed with the appropriate vectors, and the resulting 
plates were scraped and pooled for inoculation 
the following day.

The site-specific labeling protocol was adapted from 
Marley et al. (2001). Cells were grown with aeration at 
37°C until they reached an OD600 of ∼0.9 when they 
were spun at 5,000 rpm for 10 min at 4°C. The superna-
tant was removed and the cell pellet was washed with 
M9 salts (Sigma-Aldrich). Each cell pellet from 1 liter of 

media was then resuspended into 250  ml of minimal 
media (50  ml of 5× M9 salts, 100  µM CaCl2, 1  mM 
MgSO4, 0.25 g AmCl2, 1 g dextrose, 2.5 ml of 100× BME 
vitamins (Sigma-Aldrich), and 100 µg/ml ampicillin) 
supplied with 20 mg [15N]His or [13C,15N]His (uni-
formly labeled, Cambridge Isotope Laboratories). The 
remaining unlabeled amino acids were added in excess. 
The cells were recovered by aeration for 1 h at 37°C if 
induction occurred at 37°C or by aeration for 40 min at 
37°C followed by 20 min of aeration at the intended 
induction temperature. After recovery, cells were in-
duced by the addition of 0.5 mM IPTG. All KcsA mu-
tants and WT were induced at 37°C for 4 h except for 
H25R (30°C, 4 h). After induction, cells were collected 
by centrifugation at 5,000 rpm for 10 min at 4°C. Cell 
pellets were stored on ice overnight at 4°C.

Purification of KcsA was adapted from Thompson et 
al. (2008), with minor modifications. Cell pellets were 
resuspended in buffer containing 50 mM Tris, pH 7.6, 
and 100 mM KCl and lysed by sonication. Membrane 
extraction occurred at room temperature for 2 h with 
50 mM n-decyl maltoside (DM). Detergent-solubilized 
extract was separated by centrifugation for 45 min at 
17,500 rpm at 4°C. Crude lysate was applied to a Hi-
Trap chelating column charged with Ni+2 resin and 
washed with buffer B (100 mM KCl, 20 mM Tris, and 
5 mM DM, pH 7.5) and 30 mM imidazole. Protein was 
eluted with buffer B and 300 mM imidazole and con-
centrated before incubation with chymotrypsin (en-
zyme to protein ratio was 1:50, by weight) for 2–3 h at 
room temperature. The proteolyzed protein was ap-
plied to a Sephadex-200 FPLC column equilibrated 
with buffer B, and protein eluting at the correct reten-
tion volume for KcsA ΔC was collected and pooled. Pro-
tein concentration was assayed by UV absorption 
spectroscopy at 280 nm and was calculated using an ex-
tinction coefficient of 33,570 M−1cm−1.

Reconstitution and bicelle formation
Incorporation of KcsA into POPC lipid bicelles was 
adapted from Morrison and Henzler-Wildman (2012). 
Long-chain lipid (POPC, cardiolipin; dried powder 
from Avanti Polar Lipids, Inc.) was used in a 100:1 molar 
ratio to the concentration of KcsA without exceeding 
100 mM. Lipids were hydrated for several hours at room 
temperature at a concentration of 20 mg/ml in buffer 
containing 20 mM potassium phosphate, pH 7.0, and 
20  mM NaCl. Lipids were sonicated for 1–2 min in a 
water bath before addition of 10% β-OG in buffer (50 µl 
per 20 mg long chain lipid) and incubated for 30 min at 
room temperature with gentle agitation. KcsA was then 
incubated with this mixture for 1 h at room tempera-
ture. Detergent was removed by incubation with 30 mg 
Bio-Beads (Bio-Rad Laboratories) per milligram of de-
tergent at 4°C with three exchanges overnight. The re-
sulting protein–lipid mixture was centrifuged at 40,000 

 on A
ugust 12, 2017

jgp.rupress.org
D

ow
nloaded from

 

http://jgp.rupress.org/


121JGP Vol. 148, No. 2

rpm for 1 h at 4°C, and the pellet was resuspended into 
the final NMR buffer (20 mM potassium phosphate, pH 
6.1, and 50 mM KCl) containing the short-chain lipid 
06:0 PC (DHPC, Avanti Polar Lipids, Inc.) in a 3:1 ratio 
to long-chain lipid. The sample was then subjected to 
multiple freeze/thaw cycles to homogenize the bicelles. 
The sample typically contained 0.5–1  mM KcsA, and 
10% by volume D2O was added before NMR.

Cross-linking of L24C R117C
L24C/R117C KcsA (in WT and E71A backgrounds) was 
purified with the same method as WT, with minor mod-
ifications (Thompson et al., 2008). Cells were lysed and 
extracted in the presence of 1  mM TCEP, and 1  mM 
TCEP was also present in the Ni+2 affinity purification. 
The purified protein was applied to a Sephadex-200 col-
umn to remove TCEP. The eluted protein was concen-
trated and incubated with 2 mM copper phenanthroline 
(Cu-P) for 30 min at room temperature and then applied 
again to the Sephadex-200 column to remove Cu-P. After 
SDS-PAGE analysis to confirm cross-linking in the te-
trameric form, the protein was chymotrypsinized, fur-
ther purified over the Sephadex-200 column, and then 
reconstituted into bicelles as described for WT KcsA in 
the previous section. For electrophysiology, the protein 
was not chymotrypsinized and directly reconstituted into 
liposomes as described in the section below titled Recon-
stitution into liposomes and electrophysiology.

Crystallization and structure determination
Chymotrypsinized and cross-linked L24C/R117C KcsA 
was crystallized in complex with Fab (Zhou et al., 2001) 
by sitting drop vapor diffusion method at 20°C. The res-
ervoir solution contained polyethylene glycol (PEG) 
400 (23–25% wt/vol), MES (100  mM, pH 6.25–6.75), 
and magnesium acetate (25 mM). Cryoprotection was 
achieved by a stepwise increase of the PEG concentra-
tion in the reservoir at a rate of 5% per day until a final 
concentration of 40% was reached. Crystals were frozen 
and stored in liquid nitrogen.

Diffraction data were collected at beamline 12-2 of 
the Stanford Synchrotron Radiation Light Source. Re-
flections were indexed, integrated, and scaled using 
XDS (Kabsch, 2010). The structure was solved by mo-
lecular replacement using Phaser (McCoy et al., 2007) 
and KcsA-Fab complex structure (PDB ID 1K4C) as 
search model (Zhou et al., 2001). The model was re-
fined by iterative cycles of manual model building and 
refinement using COOT (Emsley and Cowtan, 2004) 
and Phenix (Adams et al., 2002), respectively. Structure 
validation was performed as described previously 
(Cheng et al., 2011) to exclude model bias.

Radioactive 86Rb+ flux assay
86Rb+ flux assays were performed as previously described 
(Nimigean, 2006). In brief, liposomes were formed by 

reconstituting 0.5 µg E71A KcsA or E71A/L24C/R117C 
KcsA (solubilized in 5 mM DM) in 5 mg POPE/POPG 
(3:1) lipids (solubilized in 34 mM CHA PS) in buffer A 
(10 mM HEP ES, 4 mM NMG, and 400 mM KCl, pH 7.0) 
and removing detergent over a G50 fine Sephadex col-
umn. Extra-liposomal K+ was removed and buffer was 
exchanged to buffer B1 (10 mM HEP ES, 4 mM NMG, 
and 400 mM sorbitol, pH 7.0) or B2 (10 mM HEP ES, 
4 mM NMG, and 400 mM sorbitol, pH 4.0) for assays 
performed at pH 7.0 or 4.0, respectively, over a G50 
Sephadex column. Uptake was initiated by adding 
600 µl buffer B1 or B2 containing 86Rb+ (∼1 µCi/ml) to 
100 µl of liposomes. 100-µl aliquots were taken at the 
indicated time points, and the extra-liposomal 86Rb+ was 
removed by passing them through 1.5-ml bed volume 
Dowex-NMG cation exchange columns. 1 µg/ml valino-
mycin was added at the end of each experiment to de-
termine the maximum 86Rb+ uptake. 86Rb+ accumulated 
inside the liposomes in each sample was measured 
using liquid scintillation counter.

Reconstitution into liposomes and electrophysiology
L24C/R117C, H20A/H124R, and WT KcsA liposomes 
were formed using 3:1 POPE/POPG lipids (Avanti 
Polar Lipids, Inc.) as described previously (Thompson 
et al., 2008). For L24C/R117C, the resulting liposomes 
were split into two fractions, with one fraction being fro-
zen and stored at −80°C in the presence of 1 mM TCEP 
and the other fraction frozen without TCEP. Liposomes 
were thawed on the day of use and sonicated briefly. 
Planar lipid bilayers (3:1 POPE/POPG, 7:3 DOPC/CL) 
were formed as previously described (Thompson et al., 
2008). The trans chamber contained a solution with 
10 mM succinate, pH 4.0, 35 mM KCl, and 15 mM KOH, 
and the cis chamber contained a solution with 10 mM 
HEP ES, pH 7.0, 35 mM KCl, and 15 mM KOH for a total 
of 50 mM K+ on each side. Changes in condition (pH, 
TCEP) were applied by perfusion of buffer into the 
trans chamber. In the case of L24C/R227C, liposomes 
that did not contain TCEP were painted onto the bi-
layer and channel incorporation was scouted at 100 mV 
(voltage reported as relative to the inside of the mem-
brane, according to the electrophysiological conven-
tion, which in this system is the trans chamber). 
Incorporated channels were recorded at 100 mV, and 
an equivalent solution with 1 mM TCEP was perfused 
into the trans chamber. Channels were recorded at 100 
mV for 30 min to ensure equilibration. For liposomes 
containing 1 mM TCEP, liposomes were painted onto 
the bilayer, and channel incorporation was scouted at 
100 mV. Upon channel incorporation, the trans cham-
ber solution was perfused to pH 7.0 to remove TCEP 
and close the channel, then perfused to pH 7.0 and 
1 mM Cu-P to cross-link the closed channel, then to pH 
4.0 and 1 mM Cu-P, then to pH 4.0 only to see if any 
channel openings were observed, and then finally back 
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to the original condition of pH 4.0 and 1 mM TCEP to 
rescue the original phenotype.

NMR data collection and analysis
[1H,15N]HSQC NMR experiments were performed on a 
600-MHz Varian Inova (Agilent Technologies) and a 
600-MHz Bruker Avance (Bruker Corporation) 
equipped with cryogenic probes. Typical experiments 
ran for 18 h and were the mean of 512 scans with 128 
real and complex points. Typical spectral widths for 
[1H,15N]HSQC were 12 ppm in the 1H dimension and 
32 ppm in the 15N dimension. All NMR experiments 
were conducted at 45°C. Protein concentrations were 
500 µM to 1 mM, and lipid concentration was limited to 
100  mM. NMR data were processed with NMRPipe 
(Delaglio et al., 1995) and analyzed with NMRViewJ 
(Johnson, 2004). Graphs were produced with Prism 
(GraphPad Software).

Mass spectrometry data collection and analysis
In brief, C-terminal labeling and quantitation to demon-
strate relative abundance of KcsA cleavage sites was 
achieved using in-gel aniline labeling of protein C ter-
mini catalyzed by 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC) for full-length and 
chymotrypsinized WT and mutant proteins. The most 
abundant C-terminal peptide from the cleaved pro-
teins, after C-terminal aniline labeling (Panchaud et al., 
2008) and in-gel chymotrypsin digestion, was W.
FVG(G/R)EQE RRGH|F. Full-length KcsA was pro-
cessed to demonstrate “background” in-gel cleavage of 
H/F, where cleavage solely depends on in-gel enzyme 
activity. Aniline labeling is not complete, but it is as-
sumed to be equivalent, independent of the C-terminal 
amino acid. Additional details and a table (Table S2) 
summarizing liquid chromatography mass spectrome-
try (LC-MS/MS) results are in the supplemental material.

Accession code
Protein Data Bank: Model and structure factors for the 
mutant KcsA structure L24C/R117C have been depos-
ited under accession code 5E1A.

Online supplemental material
The supplemental materials and methods provide 
detailed information on mass spectrometry data 
collection and analysis. Fig. S1 shows the [1H,15N]
HSQC spectrum for H25R compared with WT to 
show that H25 is not visible in PC bicelles. Fig. S2 
is provided to illustrate the pH dependence of the 
chemical shifts of all the H124 resonances. Fig. S3 
shows that all of the KcsA mutants investigated show 
similar pH dependences for the chemical shifts of all 
H124 peaks. Fig. S4 provides a zoomed-in view of the 
plot shown in Fig.  5  D, showing in detail the initial 
rates of radioactive flux uptake into liposomes loaded 

with the cross-linked–closed inactivation-free E71A/
L24C/R117C KcsA construct for comparison with the 
inactivation-free E71A KcsA. Fig. S5 is provided to 
illustrate the characteristics of the current observed in 
the very rare occasions that channel activity appears 
when liposomes loaded with the cross-linked–closed 
L24C/R117C KcsA are fused into the lipid bilayer in 
the absence of reducing agents. Fig. S6 is provided to 
show that the [1H,15N]HSQC spectrum of the cross-
linked–closed L24C/R117C KcsA displays identical 
pH dependence in chemical shifts to the WT 
spectrum. Fig. S7 shows the intensity ratios of H124 
peak C1/C2 for WT KcsA in PC and PC:CL bicelles to 
illustrate the change in pH dependence between the 
two conformations in different lipid environments. 
Fig. S8 shows the [1H,15N]HNCA spectrum for 
[13C,15N]histidine-labeled WT KcsA in PC bicelles, 
comparing it with the [1H,15N]HSQC spectrum of 
[15N]histidine-labeled WT KcsA in PC:CL bicelles. 
Table S1 is included to provide crystallographic 
data collection and refinement statistics for crystal 
structure determination of L24C/R117C KcsA. Table 
S2 is provided to summarize mass spectrometry 
experimental data for WT and L24C R117C KcsA. 
Online supplemental material is available at http ://
www .jgp .org /cgi /content /full /jgp .201611602 /DC1.

R E S  U LT S

KcsA H124 and H20 report multiple closed 
conformations as observed by NMR
We performed NMR experiments on a C-terminally trun-
cated KcsA (residues 1–125, referred elsewhere as KcsA 
ΔC [Molina et al., 2004]), reconstituted into POPC/
DHPC lipid bicelles (referred to as PC bicelles) to reca-
pitulate the lipid environment of a cell membrane. The 
truncated KcsA channels are functional with pH depen-
dence over the same pH range as full-length KcsA (Per-
ozo et al., 1999; Cortes et al., 2001; Cuello et al., 2010a), 
and comparison of the NMR spectra of the two constructs 
shows that the overall structure is the same (Takeuchi et 
al., 2007; Imai et al., 2012). To study pH-dependent gat-
ing in KcsA by NMR, we specifically labeled the channel 
with [15N]histidine to report both conformation and pro-
tonation states. We chose histidine because H25 is an im-
portant pH sensor of KcsA (Takeuchi et al., 2007; 
Thompson et al., 2008; Posson et al., 2013) and because 
labeled histidines do not result in metabolic scrambling 
like other labeled residues. Truncated KcsA contains 
three histidine residues. H25 is part of the pH sensor and 
is located at the intracellular end of first transmembrane 
helix (TM1) near the bundle crossing, or pH activation 
gate, H20 is located on the amphipathic helix at the N 
terminus, and H124 is located at the end of the second 
transmembrane helix (TM2) at the C terminus of the 
protein, located below the bundle crossing (Fig. 1).
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[1H,15N]HSQC experiments of WT KcsA ΔC were 
performed over a range of pHs between 3 and 8. Be-
cause solvent exchange effects led to the disappearance 
of peaks at higher pH, we show here spectra at lower 
pHs, which contain the highest number of peaks. At pH 
4.5, the spectrum showed one very intense signal with a 
weaker nearby peak (Fig.  2  A). The channel was re-
ported to be open at this pH in functional assays, but 
because of the lipid content of the bicelles (POPC), the 
channel is expected to be mostly closed at pH 4.5 in our 
conditions (Cuello et al., 1998; Iwamoto and Oiki, 
2013). Bilayers composed primarily of PC are known to 
inhibit channel opening and largely limit KcsA to its 
closed state (Heginbotham et al., 1998; Valiyaveetil et 
al., 2002; Marius et al., 2005; Iwamoto and Oiki, 2013). 
Given the proximity of H124 to the C terminus of the 
KcsA ΔC construct, we provisionally assigned the most 
intense signal to H124. Equivalent spectra acquired 
using an H124R mutant indeed show that this signal dis-
appears; in addition, the weaker signal nearby also dis-
appears, suggesting that both of the signals originate 
from H124 and indicating that this residue can sample 
two distinct conformations in the closed state of the 
channel (Fig.  2  C). Further examination of the WT 
spectra at lower contour levels reveals additional peaks 
(Fig. 2 B), with several peaks within the typical chemical 
shift range of a histidine backbone NH group, and two 
shifted to lower proton and higher nitrogen chemical 
shift (down- and right-shifted). The peaks shifted down 
and right are also absent in the spectrum of the H124R 
mutant (Fig.  2  C), suggesting that they also originate 

from residue H124. Because C-terminal residues often 
exhibit backbone NMR NH resonances that are shifted 
down and right, we considered whether these two addi-
tional peaks might originate from proteins with H124 as 
the C-terminal residue. This possibility was supported 
by the fact that chymotrypsin, which was used to gener-
ate KcsA ΔC via cleavage after residue Phe 125, is not 
completely specific and can also cleave after His resi-
dues (Keil, 1992). Mass spectrometry analysis (see Mate-
rials and methods and supplemental text) confirmed 
the presence of a minor population of H124 truncated 
KcsA in our samples, corroborating the assignment of 
the weak shifted signals to these forms of the protein. 
Interestingly, the detection of two signals for H124 as 
the C-terminal residue further confirms that H124 sam-
ples two distinct conformations in the closed state.

To identify the remaining peaks, we collected [1H,15N]
HSQC spectra with KcsA mutants H25R and H20A. The 
H25R spectrum (Fig. S1) looks equivalent to the WT 
ΔC spectrum, suggesting that we did not observe reso-
nances originating from H25 in [1H,15N]HSQC experi-
ments for the closed state. Mutation of H20 to an 
alanine results in the disappearance of the remaining 
unassigned peaks (Fig. 2 D), suggesting that these orig-
inate from residue H20 and indicating that this residue 
also samples multiple conformations that are in slow 
exchange in the closed state of the channel. This con-
formational heterogeneity suggests the existence of sev-
eral stable states rather than elevated mobility caused by 
disorder. Based on chemical shift differences, the upper 
limit for this conformational exchange rate must be ∼5 
Hz. This limit is similar to the rate of activation gating at 
the bundle crossing, whereas the rate of C-type inactiva-
tion occurs much slower, with time constants in the 
order of seconds (Cordero-Morales et al., 2006; Chakra-
pani et al., 2007).

Solution state NMR has been used to examine KcsA 
in several different detergent micelle contexts, includ-
ing SDS, Fos-Choline, and DDM. Several of the reso-
nances we observed in the presence of PC lipid bilayers 
correspond to previously observed signals in the con-
text of micelles, including the primary resonances for 
H124 at pH 4.5 (observed at similar positions in SDS at 
pHs 4.2–8.0 [Chill et al., 2007] and Fos-Choline at pH 
7.0 [Baker et al., 2007]) and one of the two C-terminal 
H124 resonances (observed for a construct ending at 
H124 in DDM micelles at pHs 4.1–5.0 [Takeuchi et al., 
2007]). The case of H20 is more complicated because 
several signals seem to originate from this residue. In-
terestingly, upon elimination of His-124 via the H124R 
mutation, the remaining signals corresponding to H20 
simplify into two major groups of resonances, one peak 
around 8.25/118 ppm (1H/15N) and one or two peaks 
around 8.5/118 ppm. These positions again resemble 
those previously observed in SDS and Fos-Choline at 
pH 4.0 (8.2/118 ppm [Baker et al., 2007; Chill et al., 

Figure 1. Histidine residues in KcsA structure. The KcsA crys-
tal structure (PDB no. 1K4C) is shown highlighting the histidine 
residues labeled with 15N in the NMR experiments. H20 (not 
observed in the structure and indicated by asterisks) lies on the 
N-terminal amphiphathic helix, H25 is the pH sensor and is lo-
cated on TM1, and H124 resides on TM2 at the C-terminal end 
of the bundle crossing (side chains not modeled).
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2007]) and DDM at pHs 4.1–5.0 (8.6/120 ppm [Takeu-
chi et al., 2007]). It is not clear why a greater multiplic-
ity of H20 signals is observed in the WT protein. 
Nevertheless, the fact that all but one of the signals ob-
served in our spectra likely correspond to signals previ-
ously observed by others strongly supports the notion 
that the corresponding conformations of KcsA observed 
here represent stable well-defined conformational states.

Interestingly, previous NMR studies in detergent mi-
celles only report one conformational state for residues 
H20 and H124, but different micelles capture different 
conformations (Baker et al., 2007; Chill et al., 2007; 
Takeuchi et al., 2007). SDS and Fos-Choline micelles 
capture one of our closed state conformations, whereas 
DDM at low pH appears to capture a different confor-
mation. Our results indicate that the use of lipid bicelles 
allows for greater conformational heterogeneity in the 
protein, allowing it to sample a conformational ensem-
ble that likely resembles its native physiological state 
more closely. We next inquired whether this conforma-
tional heterogeneity in the closed state is rele-
vant for gating.

The multiple conformations of the closed state of KcsA 
are relevant to channel gating
Because KcsA is intrinsically sensitive to changes in pH, 
we investigated the behavior of the His resonances as a 
function of pH (Fig. 3). The C-terminal H124 peaks ex-
hibit chemical shift changes as the protein is titrated 
(Fig. 3 A and Fig. S2). Of particular interest in our exper-
iments, however, is the peak intensity and its dependence 
on pH, which can approximately reflect the relative pop-
ulation of a conformational state at a given pH. Interest-
ingly, a comparison of the two C-terminal H124 peak 

intensities as a function of pH shows an anti-correlated 
relationship between pH 3.0 and 5 (Fig. 3 B). A similar 
anti-correlation is observed for the intensities of the pri-
mary H124 resonances (Fig. 3, C and D). This suggests 
that the two different conformations sampled by H124 
in the closed state are capable of interconverting on a 
slow time scale and that pH influences which conforma-
tion is preferred by the protein, suggesting a role in gat-
ing. At pHs above 5, the NMR signal decreases, likely 
because of solvent exchange effects, and no longer re-
flects functional changes. H20 appears as multiple peaks 
at low pH (Figs. 2 and 3 E), with two peaks correspond-
ing to previous studies (Baker et al., 2007; Chill et al., 
2007; Takeuchi et al., 2007), but also with several addi-
tional peaks. There is no easily discernible relationship 
between the intensities of these three peaks as pH 
changes (Fig. 3 F), making it difficult to link these peaks 
to conformations represented by the H124 resonances. 
Nevertheless, the pH dependence of the balance of con-
formational states in the closed state of KcsA suggests 
that these fluctuations are physiologically relevant. We 
further tested this possibility by investigating several 
KcsA mutants with altered pH-gating behavior.

Previous electrophysiological studies have shown 
that mutation of two glutamates and a histidine (E118, 
E120, and H25) at the bundle crossing changes the pH 
dependence of KcsA (Thompson et al., 2008), leading 
to the proposal that E118 and H25 are the main 
pH-sensing residues in KcsA (Posson et al., 2013). We 
reasoned that if our NMR spectra correspond to multi-
ple closed conformational states that are sampled 
during pH-dependent activation of KcsA (such as a 
preopen or intermediate closed state), some of our 
peaks may display altered chemical shift and/or inten-

Figure 2. Assignments of H124 and 
H20 peaks in the [1H,15N]HSQC spec-
trum of WT KcsA ΔC. (A) The [15N]
HSQC NMR spectrum of [15N]histi-
dine-labeled WT KcsA ΔC at pH 4.5 
shows two intense peaks. (B) Lowering 
the contour levels of the spectrum re-
veals multiple peaks of varying inten-
sity in the range for backbone amides. 
Resonance assignments were achieved 
by collecting similar [1H,15N]HSQC on 
KcsA histidine mutants. (C) Superimpo-
sition of the HSQC spectrum of H124R 
KcsA ΔC (green) with the WT spectrum 
(purple) at pH 4.5, showing that four 
peaks correspond to H124. (D) Super-
imposition of the [15N]HSQC spectrum 
of H20A KcsA ΔC (red) with the WT 
spectrum (purple) at pH 4.5, showing 
that four peaks correspond to H20.
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sity in mutant channels that mimic protonation at pH 
sensor residues. To test this, we studied [15N]His-la-
beled mutant channels E118A, E118A/E120A, and 
H25R and compared the NMR spectra to those of the 
WT. For all three mutants, the chemical shifts of the 
H20 and H124 signals and their pH dependence are 
similar to WT (Fig. S3), indicating that the mutant 
channels remain in a closed state ensemble. However, 
the intensity ratios of the two C-terminal H124 peaks 
display a lower (E118A, E118A/E120A) or absent 
(H25R) pH dependence compared with WT (Fig. 4). 
Because residue E118 is a weak pH sensor and residue 
H25 is a strong pH sensor (Posson et al., 2013), it 
stands to reason that E118A could result in a decrease 
in pH-dependent conformational exchange, whereas 
H25R could result in a loss of such pH-dependent con-
formational exchange. Therefore, mutation of pH-sens-
ing residues did not eliminate any of these 
conformations but degraded the pH-dependent inter-
conversion between the closed states, suggesting that 
these relate to channel activation by protons (Takeuchi 
et al., 2007; Posson et al., 2013).

We showed so far that H124 reports at least two 
slowly exchanging conformations that are dependent 
on pH, suggesting that these may be functional states 
related to channel gating. This is supported by the ob-

servation that the two conformations interchange over 
the pH range where the channel is known to increase 
its open probability in functional assays (pH 3–5 
[Cuello et al., 1998; Heginbotham et al., 1999]) and 
that mutation of known pH sensors reduces 
this pH dependence.

Figure 4. pH sensor KcsA mutants alter the pH depen-
dence of the H124 peak intensities. Intensity ratios for 
C-terminal H124 peaks A/B (calculated from data shown in 
Fig. 3 B) are shown as a function of pH for WT, H25R, E118A, 
and E118A/E120A.

Figure 3. Histidine peaks change 
with pH in the [1H,15N]HSQC spec-
trum of WT KcsA ΔC. (A) pH-depen-
dent chemical shift changes of the 
C-terminal H124 peaks (labeled peaks 
A and B) at pH 4.5 (blue), 5.5 (orange), 
6.5 (green), and 7.5 (pink). Peaks A and 
B are observed through the pH range 
measured (pH 3–8). (B) Raw intensities 
plotted for C-terminal H124 peaks A 
and B as a function of pH. (C) pH-de-
pendent chemical shift changes of the 
primary H124 peaks (labeled C1 and 
C2) at pH 3.0 (yellow), 4.5 (blue), 5.5 
(orange), 6.5 (green), and 7.5 (pink). C1 
and C2 peaks are marked with an arrow 
for pH 3.0 and 4.5. At pH 5.5, 6.5, and 
7.5 only C2 is visible. (D) Raw intensi-
ties plotted for primary H124 peaks C1 
and C2 as a function of pH. (E) pH-de-
pendent chemical shift changes of the 
H20 peaks (labeled peaks D–F) at pH 
3.7 (red), 4.0 (blue), 5.0 (black), and 
5.5 (pink) showing their pH-dependent 
changes in chemical shift. (F) Raw inten-
sities plotted for H20 peaks D–F.
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Cross-linking KcsA in a closed state limits the channel 
to one conformation
To further explore whether the multiple peaks we ob-
served arise from different conformations visited by the 
channel in the closed state, we reduced the channel 
mobility by physically locking the channel using disul-
fide bonds in the closed conformation, as seen in the 
KcsA crystal structure (Fig. 1; Zhou et al., 2001). If the 
multiple peaks arise from channel mobility, we expect 
that the NMR spectrum of this channel would only dis-
play one peak for each histidine and that the peak in-
tensity would be independent of pH. For this, we 
designed, expressed, and purified a channel where two 
residues at the KcsA bundle crossing, L24 on TM1 and 
R117 on TM2 (Fig.  5  A), were mutated to cysteines, 
which we chemically cross-linked using the oxidizing 
agent Cu-P. The intersubunit disulfide bonds then cre-
ated a “belt” around the bundle crossing gate of the te-
tramer, preventing the helices from opening and thus 
trapping KcsA in the closed state. We confirmed that 
this construct is cross-linked and closed using SDS-
PAGE analysis, 86Rb+ flux assays, x-ray crystallography, 
and single-channel bilayer studies (Fig. 5, Figs. S4 and 
S5, and Table S1).

The [1H,15N]HSQC spectrum of cross-linked closed 
L24C/R117C KcsA ΔC in PC bicelles indeed shows the 
disappearance of multiple peaks when compared with 
the WT spectrum (Fig. 6). One of the two C-terminal 
H124 peaks disappears, as did one of the primary H124 
resonances of the two closed conformations. The chem-
ical shifts of the remaining H124 peaks were very similar 
to those observed in WT (Fig. S6). Additionally, the in-
tensity of the remaining C-terminal H124 peak is greatly 
increased. This suggests that in the cross-linked channel, 
only one of the two closed conformations observed for 
the WT protein is populated. This is further supported 
by the observation that the pair of H124 peaks that re-
main visible in the cross-linked mutant, as well as the pair 
of peaks that disappear, exhibit similar intensity changes 
as a function of pH in the WT, suggesting that each pair 
originates from one conformation. The loss of reso-
nances resulting from cross-linking KcsA into the closed 
state depicted by the KcsA crystal structure (Zhou et al., 
2001) further supports that one set of peaks is represen-
tative of a functional conformational state adopted by 
KcsA during gating, as indicated by the behavior of the 
pH-gating mutants shown in the previous section.

Cross-linking also altered the population of the vari-
ous H20 peaks. The peak at 8.2/118 ppm, correspond-
ing to the resonances observed in SDS and 
Fos-Choline, disappears, whereas a single peak re-
mained at ∼8.5/119 ppm, reminiscent of the reso-
nance observed in DDM. This is consistent with the 
scenario in which cross-linking the closed state of the 
channel traps a conformation similar to the one ob-
served in DDM micelles.

Cardiolipin biases KcsA toward the open state 
and reveals H25
Using PC lipids allowed us to examine conformational 
heterogeneity within the closed channel without the 
complication of channel opening, which results in fur-
ther, more dramatic conformational changes (Doyle et 
al., 1998; Zhou et al., 2001; Jiang et al., 2002; Cuello et 
al., 2010b,c). By using a different lipid bicelle composi-
tion that includes 15% cardiolipin, known to facilitate 
KcsA channel opening (Heginbotham et al., 1999; Vali-
yaveetil et al., 2002; Alvis et al., 2003; Marius et al., 2005), 
we could examine the open state of the channel with 
NMR. HSQC spectra of WT KcsA in bicelles containing 
15% cardiolipin and 85% POPC (Fig. 7, referred to as 
PC:CL bicelles) at low pH show both similarities to and 
differences from spectra obtained in PC-only bicelles. 
The primary signals arising from H124 appear at the 
same position, but their intensities are altered. Notably, 
the H124 signal that disappears upon cross-linking 
(peak C2 in Fig. 3) becomes very intense in PC:CL bi-
celles, whereas the peak that remains in the cross-linked 
closed state (peak C1 in Fig. 3) becomes quite weak. The 
ratio of the two peaks also becomes insensitive to pH 
(Fig. S7). This suggests that although the conformations 
sampled by H124 are locally insensitive to the structural 
transitions that accompany channel opening (hence no 
chemical shift changes), the distribution of these con-
formations changes in different lipid compositions. In 
PC:CL, the signal reporting on a closed state conforma-
tion becomes very weak, whereas the signal that is elim-
inated by cross-linking, which may represent a preopen 
or intermediate closed state, becomes very intense. In-
terestingly, peaks corresponding to the H124 truncated 
KcsA do not appear (peaks A and B in Fig. 3), and only 
two H20 peaks are observed, at positions similar to those 
observed for the H124R mutant rather than the WT. 
Most interestingly, four novel peaks appear.

To explore the origin of these new peaks, we collected 
equivalent spectra using the H20A/H124R double mu-
tant, which contains a sole remaining histidine, H25. 
This spectrum contains the four new signals, but not the 
H20 and H124 signals (Fig. 7 A, blue). Correspondingly, 
in the spectrum of the H25R mutant, the four new sig-
nals are absent while other signals were preserved. Thus, 
the new signals correspond to H25, indicating a new 
conformation present in PC:CL bicelles. HNCA spectra 
in PC:CL bicelles exhibit all four of these H25 peaks as 
well, confirming that they originate from a 13C,15N-la-
beled histidine (Fig. S8). One of the H25 signals, located 
at 8.3/120 ppm, corresponds well to a previous observa-
tion of an H25 resonance in DDM micelles at low pH 
(Takeuchi et al., 2007). A second signal at 8.7/121 ppm 
must correspond to an H25 backbone NH group in a 
different environment, indicating the presence of mul-
tiple conformations as we observed previously for the 
other histidines in the closed state (Fig. 2). The two ad-
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ditional signals are shifted to higher 15N and lower NH 
shifts, suggesting that they likely correspond to C-termi-
nal resonances from a minor population of chymotryptic 
fragments with H25 at their C termini. The presence of 

such fragments was also confirmed by mass spectrometry, 
though it is presently unclear how such a small peptide 
would remain in the sample through detergent ex-
traction, gel filtration, and exchange into bicelles.

Figure 5. L24C/R117C KcsA is cross-linked into the closed state and does not exhibit ion flux. (A) The crystal structure of L24C/
R117C KcsA was solved to 3.4 Å and was nearly identical to WT in the closed state. Comparison of L24C/R117C (green) and WT 
(yellow) models superimposed onto the electron density of the cross-linked mutant at the bundle-crossing region is shown. Several 
residues are shown, including the mutated cysteine residues C24 and C117. The two cysteine sulfur atoms are 2.02 Å apart in the 
structure, consistent with a disulfide bond. It is possible that the disulfide bond was lost in the structure because of radiation damage 
and therefore not visible in the electron density. (B) Comparison of L24C/R117C and WT at the selectivity filter, with key residues 
noted. (C) SDS-PAGE analysis of the cross-linked state of L24C/R117C KcsA in the absence of reducing agent. The channel is a 
tetramer in the absence of cross-linking agent Cu-P (lane 1), but when boiled for 10 min, half of the sample runs at the monomer 
size (lane 2), and bands at dimer, trimer, and tetramer size are also observed. After incubation with 2 mM Cu-P for 30 min at room 
temperature, the channel is cross-linked and runs at the tetramer size (lane 3), remaining stable even after boiling (lane 4). The white 
line indicates that intervening lanes have been spliced out. (D) 86Rb+ uptake through E71A/L24C/R117C (cross-linked, see Materials 
and methods) at pH 4.0 (open green circles) and 7 (open black triangles) compared with that through E71A at pH 4.0 (closed green 
circles) and 7 (closed black triangles), at the same protein to lipid ratio reconstitutions. Protein-free liposomes showed no activity at 
either pH 7.0 (open black squares) or 4.0 (open green squares). Because flux through E71A at pH 4.0 is so large, we show a y-axis 
zoom in Fig. S3 to better evaluate the data. Symbols and error bars represent mean ± SE for experiments repeated in triplicate. (E) 
A bar graph summarizing the 86Rb+ uptake from A. Normalized mean Rb+ uptake after 5 min is plotted for E71A and E71A/L24C/
R117C at pH 4.0 and 7.0. The normalized Rb+ uptake at 300 s for E71A is 0.26 ± 0.02 at pH 4.0 and 0.019 ± 0.003 at pH 7, and for 
E71A/L24C/R117C the normalized uptake at 300 s is 0.0036 ± 3 × 10−4 at pH 4.0 and 0.0026 ± 2 × 10−4 at pH 7. Error bars represent 
SE for three experiments. (F) Representative trace from a single-channel electrophysiology experiment in planar lipid bilayers (3:1 
POPE/POPG) with L24C/R117C liposomes reconstituted in the presence of 1 mM TCEP. Experiments were performed at 100 mV 
and filtered at 1 kHz. See Materials and methods for details.
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Because these H25 signals are observed only at pH 
3–5 (no change in chemical shifts was observed in this 
pH range) and appear in the presence of cardiolipin, a 
lipid known to promote channel opening (Hegin-
botham et al., 1998; Valiyaveetil et al., 2002), we attri-
bute them to open conformations of the channel. The 
open state likely leads to altered mobility for H25, mak-
ing it observable in solution NMR spectra. This could 
result either from an increased degree of local mobility 
via release of hydrogen-bonding interactions at the 
bundle-crossing that hold the channel closed or possi-
bly from a decrease in mobility/conformational ex-
change if H25 samples multiple conformations in the 
closed state and channel opening reduces this to fewer 
or a single conformation. In either case, our NMR data 
correlate with H25 appearing in conditions that pro-
mote the open state of the channel, supporting data 
that show higher KcsA activity in the presence of cardi-
olipin. The location of one H25 signal occurs near the 
expected random-coil chemical shifts for a backbone 
histidine residue, suggesting that in this conformation, 
H25 may not be involved in well-defined tertiary struc-
ture, as seen in the open state crystal structure of KcsA 
(Cuello et al., 2010c). The second H25 signal appears at 
a novel position not previously observed for this residue 
and is shifted well away from the random coil chemical 
shifts of a His residue; this suggests that in this confor-
mation, H25 may be participating in tertiary structure 
interactions. The presence of two distinct H25 reso-
nances suggests that, as in the case of the closed state, 
the open state of the channel also features multi-
ple conformations.

Interestingly, peaks corresponding to H25 also appear 
in PC-only bicelles for the H20A/H124R double mutant 
at the same positions as in PC:CL bicelles, suggesting 
that this mutant channel is more open than WT (which 
does not show any peaks corresponding to H25 in PC-

only bicelles). We investigated the new H20A/H124R 
double mutant electrophysiologically using single 
channel bilayer recordings, and indeed, this mutant was 
found to have a higher open probability than WT in 
POPE :POPG (3:1) planar lipid bilayers (Fig. 7 B).

D I S  C U S  S I O N

Several crystal structures of KcsA and related potassium 
channels have provided a general picture of a subset of 
the conformational states that play a functional role in 
the process of gating. The closed state crystal structures 

Figure 6. L24C/R117C KcsA ΔC is cross-linked into the 
closed state. [1H,15N]HSQC spectrum of L24C/R117C KcsA ΔC 
(red) superimposed onto the WT spectrum (black), both at pH 
4.2, showing that H124 peaks A and C2 and two H20 peaks are 
missing in the spectrum of the cross-linked construct.

Figure 7. Cardiolipin reveals open state of KcsA. (A) [1H,15N]
HSQC of KcsA in PC:CL bicelles. WT KcsA was reconstituted 
into PC:CL bicelles containing 15% cardiolipin. The [15N]HSQC 
spectrum in PC:CL bicelles (orange) reveals similarities and 
differences compared with the [15N]HSQC of KcsA in PC-only 
bicelles (black), both at pH 4.5. Additional peaks are observed 
in PC:CL conditions, identified as H25 by comparison with the 
[15N]HSQC spectrum of the mutant H20A/H124R KcsA (blue) at 
pH 4.5, which retains H25 as its sole histidine. (B) KcsA mutant 
that allows visualization of H25 with NMR exhibits a higher open 
probability (Po) in planar lipid bilayers. Liposomes of H20A/
H124R KcsA (in the background of a noninactivating E71A 
mutant commonly used for electrophysiology) were applied 
to 3:1 POPE :POPG planar lipid bilayers. Mean Po at 100 mV 
is shown for pH 4.0, 5.0, and pH 5.5, comparing E71A/H20A/
H124R (solid bars) with E71A (checked bars [Posson et al., 
2013]). The bars represent the mean ± SEs for n = 3 experiments.
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of KcsA (Doyle et al., 1998; Zhou et al., 2001) show a 
tight constriction at the bundle crossing, or activation 
gate. In contrast, the inner helices of the activation gate 
are widely splayed in the open state crystal structures of 
KcsA (Cuello et al., 2010c) and MthK (Jiang et al., 
2002). We found here using solution NMR that there is 
considerable conformational heterogeneity within the 
open and closed states of KcsA, not visible in these 
crystal structures.

We observe multiple resonances for residues H20 
and H124 in NMR spectra of WT KcsA ΔC in lipid bi-
celles composed of POPC, suggesting that at least two 
conformational states are in slow exchange on a milli-
second–second timescale at any given pH. The elimina-
tion of a conformational state in the cross-linked 
channel suggests that the remaining state is the closed 
state, whereas the eliminated state may be an interme-
diate closed state or preopen state that is part of or sep-
arate from the gating pathway. Remarkably, inclusion 
of 15% cardiolipin into the POPC bicelles results in the 
appearance of new NMR resonances that were identi-
fied as the pH sensor residue H25, which is not ob-
served in POPC-only bicelles. Similar to resonances 
observed in the closed state or states in POPC-only bi-
celles, H25 resonances in the open states appear at two 
different positions (the two upper resonances in the 
H25 quartet). This result implies that the open state 
ensemble of KcsA, like the closed state ensemble, en-
compasses more than a single stable conformation. At 
this point, it is possible only to speculate on the nature 
of these two conformations. One possible model de-
scribes the open state transitioning between two con-
formations. In one conformation, the N-terminal TM1 
helix of KcsA interacts with the other helices of the 
channel, with H25 participating in tertiary interactions. 
In the second conformation, TM1 is detached from the 
other helices of the channel and H25 is not involved in 
tertiary structure. Clearly, determination of the pKa of 
H25 in the closed and open states would be integral to 
understanding gating in KcsA. Unfortunately, we do 
not see H25 in the closed state and therefore cannot 
evaluate our previous proposal for a strongly perturbed 
pKa in this state (Posson et al., 2013). The observation 
of H25 in PC:CL could in principle allow us to measure 
the pKa of the pH sensor in the open state; however, 
these peaks only appear at low pH and do not move 
with pH, and therefore H25 is likely not titrating 
in this regime.

These results suggest we have a strong correlation be-
tween our NMR and electrophysiology data, linking 
structural features to functional properties of the chan-
nel. Although there are certainly differences between 
lipid bilayer and lipid bicelles in terms of curvature, flu-
idity, pressure, and thickness (Lundbæk et al., 1996; 
Cross et al., 2011; Warschawski et al., 2011), our data 
support that at least in KcsA, the functional attributes of 

the channel are consistent between the two lipid envi-
ronments. The cross-linked closed channel and chan-
nels in POPC are shown to have a lower open probability 
in electrophysiology studies and also appear to be in the 
closed state in NMR studies. Conversely, mutants show-
ing modified pH dependence in electrophysiological 
studies (H25R, E118A, E118A/E120A, H20A/H124R) 
also display an altered pH dependence or change in 
NMR spectra compared with WT in POPC; the pH de-
pendence of the peaks in these spectra as well as the 
fact that channels in PC:CL bicelles produce alternate 
spectra suggest that we also observe the open state of 
KcsA. The pH dependence of slowly exchanging con-
formations in the closed state and the appearance of 
H25 in conditions supporting the open state suggest 
that the conformations we observe play a functional 
role in gating. The slow exchange occurs on the time-
scale that could be consistent with activation gating, 
providing further support that the conformational ex-
change we observe may be functional.

It is also interesting to note that the resonances ob-
served for H20 in the presence of cardiolipin are lo-
cated in positions similar to those observed for the 
closed state of the H124R mutant in the absence of car-
diolipin and different from those observed for the 
closed state of the WT protein. This suggests the possi-
bility that in the presence of PC lipids, the regions con-
taining H124 and H20 might interact. H20 is located in 
a membrane surface–bound helix that is generally not 
directly visualized in structures of KcsA (Doyle et al., 
1998; Zhou et al., 2001; Cuello et al., 2010c), and thus 
its position relative to H124 is not known. Fewer H20 
peaks are observed in the presence of CL, suggesting 
the interaction between the two regions may be elimi-
nated in the open state. Furthermore, when we exam-
ined the H20A/H124R double mutant in POPC-only 
bicelles to identify H25 resonances in the PC:CL spec-
trum, we observed all four H25 resonances. This result 
predicts that the H20A/H124R mutant populates the 
open state even in POPC-only bicelles, indicating in-
creased open probability as demonstrated by electro-
physiology experiments. If this were in fact the case, it 
would suggest that interactions between the C terminus 
of TM2 and the H20-containing helix might be import-
ant in stabilizing the closed conformation of the channel.

The notion of multiple closed states in the gating 
path of ion channels was initially proposed many years 
ago (Hodgkin and Huxley, 1952; Armstrong, 1969) and 
is supported by decades of ion channel electrophysiol-
ogy (Magleby, 2003) and, more recently, for KcsA by 
fluorescence (Blunck et al., 2008), computational 
(Zhong and Guo, 2009; Linder et al., 2013), and elec-
trophysiology (Thompson et al., 2008) studies suggest-
ing that opening of the four subunits of KcsA does not 
occur in a concerted fashion but in a stepwise, cooper-
ative manner that includes multiple closed states 
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(Blunck et al., 2008). Asymmetric opening of the chan-
nel is further supported by a computational study that 
observed that the channel remains closed upon open-
ing of one or two subunits, but that opening of three 
subunits is required to open the channel (Linder et al., 
2013). It has also been suggested that the four subunits 
move in an asymmetric fashion before opening, and 
that multiple states are sampled until an optimal con-
formation is achieved for opening (Zhong and Guo, 
2009). The observation of subconductances in an elec-
trophysiological study also supports the notion of asym-
metric subunit movements in KcsA (Thompson et al., 
2008). The novel intermediate closed state we observe 
in our NMR study could reflect this asymmetry in chan-
nel opening. Assignation of closed states to structurally 
different conformations is usually complicated by the 
fact that they cannot be easily observed in existing ex-
perimental assays (because closed states do not allow 
ion fluxes). Similar asymmetries could also exist in the 
open state ensemble of the channel. Several other stud-
ies suggest local dynamical changes contribute to mul-
tiple closed states that play a functional role in gating 
(Zhong and Guo, 2009; Hulse et al., 2014; Raghuraman 
et al., 2014). Our study, which presents novel closed and 
open conformations of KcsA, further supports this hy-
pothesis, and additional studies of dynamics in the 
closed state will aid in the fundamental understanding 
of gating in potassium channels.

Conclusions
In this study, we used NMR spectroscopy to elucidate dif-
ferent conformational states that are populated by KcsA 
in the closed and open states. Conformational dynamics 
in proteins is increasingly found experimentally to be 
important for their function. We observe that in particu-
lar functional states of KcsA, there are significant confor-
mational fluctuations on a slow time scale that are 
demonstrated to be important for gating. Using NMR, 
we were able to capture conformational heterogeneity of 
KcsA in both its closed and open states, showing that an 
equilibrium between multiple conformations within spe-
cific functional states is critical for channel activation in 
KcsA. To our knowledge, this is the first direct structural 
measurement on a molecular scale of multiple closed 
and open states in KcsA that are shown to be rel-
evant to gating.
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Mass spectrometry data collection and analysis
LC-MS/MS identification of cleavage sites
To demarcate the C-terminal boundary after incubation with chymotrypsin, cleaved proteins were analyzed by bot-
tom-up LC-MS/MS. Cleaved proteins were separated by SDS-PAGE, excised, and treated as follows.
Sample preparation for fragment ending in H124/F125
Although proteolysis of KcsA was achieved using chymotrypsin, the sequence requirements of the C terminus made 
it necessary to use chymotrypsin rather than other available enzymes to generate detectable peptides for MS analy-
sis. Thus, aniline labeling (Panchaud et al., 2008), which reacts with carboxyl groups, marking the protein C termi-
nus (and also aspartic acid and glutamic acid residues), was used to provide evidence for C-terminal position before 
proteolytic cleavage during MS sample prep. Chymotrypsinized KcsA samples were either labeled by aniline or left 
unlabeled and proteolytically digested. In brief, 100 mM aniline was incubated with gel bands in 200 mM pyridine, 
pH 5, with 200 mM EDC at room temperature for 2 h. After labeling, bands were extensively washed with 100 mM 
ammonium bicarbonate and acetonitrile, increasing the organic concentration in each washing step. Proteins were 
reduced in 10  mM dithiothreitol (Sigma-Aldrich) before alkylation of cysteines with iodoacetamide (Sigma-Al-
drich). After dehydrating gel bands, a solution of 20 ng/µl chymotrypsin (Promega) in 100 mM ammonium bicar-
bonate was absorbed into the band for overnight digestion.
Sample preparation for fragment ending in H25
To generate ideal proteolytic peptides for samples containing H25 at the C terminus, gel bands were digested with 
either 20 ng/µl trypsin (Promega) or LysC (Wako Pure Chemical Industries) after cysteine alkylation.
LC-MS/MS analysis
Each sample was analyzed by nano LC-MS/MS (Dionex 3000 HPLC coupled to Q-Exactive mass spectrometer; 
Thermo Fisher Scientific). Peptides were separated at 200 nl/min using a “typical” gradient for unlabeled peptides 
or gradient to a higher percentage organic to elute the hydrophobic aniline-labeled peptides: (a) a gradient increas-
ing from 5% B to 30% B in 75 minutes (A: 0.1% formic acid, B: acetonitrile/0.1% formic acid) or (b) a gradient 
increasing from 5% B to 60% B in 75 min. Peptides were loaded onto a trap column before separation on a packed-
in-emitter C18 column (75 µm by 12 cm, 3 µm particles; Nikkyo Technos Co., Ltd.). For data-dependent analysis of 
peptide/modification identification, the mass spectrometer was operated in “preferred mode”: fragmentation of up 
to 20 ions per cycle using an under fill ratio of 1%. MS spectra (m/z range: 300–1,400) were recorded at a resolution 
of 70,000 (AGC: 5e5) and MS/MS spectra at 17,500 (AGC: 2e5) with a lowest m/z of 100. Generated LC-MS/MS 
data were queried against a custom database (containing contaminants, irrelevant entries, and the proteins of inter-
est) using Mascot, with carbamidomethylation of cysteine (C) as a static modification and the following variable 
modifications as appropriate: oxidation of methionine, acetylation of protein N termini, aniline labeling on D, E, 
and C terminus, and semi-specific enzyme restrictions with trypsin, LysC, or chymotrypsin. Mass accuracy require-
ments were 10 ppm for MS and 20 mmu for MS/MS. Data are summarized in Table S2.

Figure S1. [1H,15N]HSQC spectrum of H25R KcsA. The [1H,15N]HSQC spectrum of H25R KcsA at pH 4.0 (lime) is compared with 
the [15N]HSQC spectrum of WT KcsA at pH 4.2 (lavender). The contours of the H25R spectrum are set to low to observe the H124 
peak A and B signals.

http://www.jgp.org/cgi/content/full/jgp.201611602/DC1
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Figure S2. Chemical shifts of histidine peaks in WT KcsA ΔC. The plot shows the chemical shift as a function of pH of H124 peaks 
A, B, C1, and C2 in the 1H dimension (top) and the 15N dimension (bottom).
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Figure S3. Comparison of H124 chemical shift pH dependence in various mutants to WT KcsA. (A–D) Chemical shifts are shown 
as a function of pH for various mutants in the 1H (left column) and 15N (right column) dimensions for H124 peak A (A), peak B (B), 
peak C1 (C), and peak C2 (D). KcsA variants include WT, H25R, E118A, E118A E120A, H20A, and L24C R117C.
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Figure S4. Detailed view of Rb+ flux activity of E71A/L24C/R117C. The graph shows a zoomed-in view of Fig. 4 A with an ad-
justed y axis for clarity. E71A/L24C/R117C does not show appreciable flux at pH 7.0 and 4.0 compared with the E71A control (black 
closed triangles). Flux for naked liposomes at pH 7.0 and 4 is included as a control. E71A at pH 4.0 has such high activity that it does 
not appear on the graph at this scale but is visible in Fig. 4 A.

Figure S5. Example of single channel bilayer recording of L24C R117C KcsA prepared in liposomes without TCEP. In most in-
stances under these conditions, nothing was observed in the bilayers upon liposome addition. However, in 9 out of ∼140 total bilay-
ers, spiky, low Po channels are scouted at 100 mV in pH 4, and upon observation of a channel, 1 mM TCEP in solution at pH 4.0 is 
perfused into the trans chamber. After 5–10 min of incubation, an increase in Po is observed in channel activity.
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Figure S6. Chemical shifts of histidine peaks in L24C R117C KcsA ΔC. Comparison of the chemical shift of H124 peak B in WT 
and L24C R117C KcsA in the 1H (top) and 15N (bottom) dimensions.

Figure S7. Intensity ratios for H124 in PC and PC:CL bicelles. The ratio of H124 peak C1/C2 intensities from [1H,15N]HSQC was 
calculated and plotted as a function of pH for WT KcsA in PC-only and PC:CL bicelles.
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Figure S8. [1H,15N]HNCA spectrum of KcsA. The [1H,15N]HNCA spectrum of WT KcsA labeled with [13C,15N]histidine (orange) in 
PC bicelles was compared with the [1H,15N]HSQC spectrum of [15N]histidine-labeled WT KcsA (black) in PC:CL bicelles at pH 4.2.

Table S1. Crystallographic data collection and refinement statistics

Parameter Value

Data collection
Wavelength (Å) 0.9792
Space group I4
Unit cell parameters
a, b, c (Å) 154.794, 154.794, 74.479
α, β, γ (deg) 90, 90, 90
Resolution range (Å) (Highest shell) 48.95-3.4 (3.52-3.4)
CC(1/2) 99.9 (39.9)
Redundancy 13.26 (13.52)
Completeness (%) 99.8 (99.7)
Rsym (%) 15.2 (331.2)
I/sigma(I) 14.16 (1.06)
Refinement
Resolution 3.4
Number of reflections 12,268 (1,209)
Rwork/Rfree 30.79/34.49
Number of atoms
 Protein 4,061
 Ligand 4
 Water 0
Average B factor (Å2)
 Protein 42.50
 Ligand 15.60
RMSD
 Bond lengths (Å) 0.009
 Bond angles (deg) 1.47

Statistics for the highest-resolution shell are shown in parentheses.
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Table S2. Summary of mass spectrometry data

Peptide sequence Description Protease Modification Observed m/z of identified ions (<5 ppm)

Calculated MH+ 2+ 3+ 4+

1. W.FVG REQ ERR GH.F WT - cleaved chymotrypsin fully aniline labeled 1,595.84946 532.6213 -
2. W.FVG REQ ERR GHF.V WT - not cleaved chymotrypsin - 1,517.77104 759.3892 506.59512 380.1983
3. W.FVG CEQ ERR GH.F L24C R117C - 

cleaved
chymotrypsin fully aniline labeled 1,599.77443 - - 400.6991

4. W.FVG CEQ ERR GHF.V L24C R117C - not 
cleaved

chymotrypsin - 1,521.70246 - 507.9052 381.1805

5. K.LLL GRH GSA LH.W WT - cleaved LysC - 1,173.68193 587.3446 391.8994 -
6. R.HGS ALH WR.A WT - not cleaved trypsin - 963.49047 482.2482 321.8347 -

Rows 1, 2, 5, and 6 refer to analyses performed on WT KcsA, and rows 3 and 4 refer to analyses performed on L24C R117C. Rows 1 and 3 show cleavage at H124, and 
rows 2 and 4 show cleavage at F125, whereas rows 5 and 6 show cleavage at H25 and R27, respectively. The protease used for in-gel cleavage is noted, as is the use of 
aniline labeling. The m/z value is the mass-to-charge ratio observed in the spectrum.
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