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Cloning, Mutagenesis, and Channel Biochemistry. We used pQE32
vector encoding the KcsA gene with a cysteine mutation at desired
positions and for protein expression, as described by Cortes and
Perozo (1). Mutations were carried out using QuikChange (Stra-
tagene) site-directed mutagenesis. For EPR measurements, purified
mutants were spin-labeled withmethane thiosulfonate spin label (To-
ronto Research) and reconstituted in palmitoyloleoylphosphatidyl
choline/palmitoyloleoylphosphatidyl glycerol (POPC/POPG) (3:1)
liposomes as described previously (2). Distance measurements
[both continuous wave (CW) EPR and pulsed EPR] were done
using tandem dimer (TD) constructs of KcsA. TD constructs
of cysteine mutants corresponding to outer vestibule residues of
KcsA (positions 52–54, 56–58, 60, 81, 82, and 84–86) were con-
structed by cloning the cysteine mutant containing KcsA in the B
protomer of the TD construct. The TD constructs were expressed
and purified as described previously (2), resulting in a KcsA tet-
ramer in which only the diagonal subunits had the desired muta-
tion(s). Channels with cysteine mutants corresponding to positions
51, 53, 55, and 59 were not included in any measurements due to
purification issues in eitherWT type or E71A background. ForCW-
EPR distance measurements, we made full-label and under-label
samples, and the spin labeling was done at 1:10 (monomer/label) and
10:1 (monomer/label) molar ratios in ice for 1 h to prepare the full-
label and under-label samples, respectively.
For fluorescence measurements, the purified cysteine mutants

of KcsA were selectively labeled with the environment-sensitive
fluorophore NBD (7-nitrobenz-2-oxa-1,3-diazol-4-yl) using N,N′-
dimethyl-N-(iodoacetyl)-N′-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)
ethylenediamine (Invitrogen) dissolved in DMSO at a 1:10
(monomer/label) molar ratio in ice for 1 h. The excess dye was
removed using a PD10 column, and the subsequently labeled
KcsA tetramer was separated using gel filtration. The labeled
mutants (∼250 μg) were reconstituted in POPC/POPG (3:1)
liposomes at a 1:1,000 (protein/lipid) molar ratio with added
biobeads to remove the detergent. After high-speed ultracen-
trifugation, the proteoliposomes were resuspended in 20 mM
Tris, 200 mM KCl (pH 7.5) buffer (closed state) and citrate
phosphate (pH 4) buffer (open state).

Fluorescence Spectroscopy. Steady-state fluorescence measure-
ments were performed with a Photon Technology Instruments
spectrofluorometer using 1-cm pathlength quartz cuvettes. For
the fluorescence emission scans and red edge excitation shift
(REES)measurements, excitation and emission slits with a bandpass
of 1 nm were used for all measurements. Background intensities of
samples were subtracted from each sample spectrum to cancel out
any contribution due to the solvent Raman peak and other scattering
artifacts. The spectral shifts obtained with different sets of samples
were identical in most cases. In other cases, the values were within±
0.5 nm of those reported.

The wavelength-selective fluorescence approach in general and
REES in particular represent a unique and powerful approach
that can be used to monitor the environment-induced restriction
and dynamics around a fluorophore in a complex biological
system directly (reviewed in refs. 3–8). REES is operationally
defined as the shift in the wavelength of maximum fluorescence
emission toward higher wavelengths, caused by a shift in the
excitation wavelength toward the red edge of the absorption
band. The genesis of REES lies in the change in fluorophore–
solvent interactions in the ground and excited states brought
about by a change in the dipole moment of the fluorophore upon

excitation, and the rate at which solvent molecules reorient
around the excited-state fluorophore. In other words, this phe-
nomenon arises from slow rates of solvent relaxation (reor-
ientation) around an excited-state fluorophore and depends on
the motional restriction in the immediate vicinity of the fluo-
rophore. Through this approach, it is possible to evaluate the
local dynamics of the environment itself (which are represented
by the relaxing solvent molecules) using a fluorophore merely as
a reporter group.
For a polar fluorophore (like NBD) in a bulk nonviscous

solvent, the reorientation of solvent (water in biological systems)
molecules occurs at a time scale of the order of picoseconds, so
that all the solvent molecules completely reorient around the
excited state dipole of the fluorophore well within its excited
lifetime, which is typically of the order of nanoseconds. Hence,
irrespective of the excitation wavelength used (465–515 nm in our
case), emission is observed only from the solvent-relaxed state
and no REES will be observed (i.e., 0-nm REES). However, if
the same fluorophore is placed in a motionally restricted envi-
ronment (e.g., viscous medium, membranes, membrane pro-
teins), the process of reorientation of solvent molecules is slowed
down to nanoseconds or longer. Hence, changing the excitation
wavelength toward the red edge of the absorption band (465–515
nm) selectively excites those fluorophores that interact more
strongly with the solvent molecules in the excited state. These
are the fluorophores around which the solvent molecules are
oriented in such a way as to be more similar to those found in the
solvent-relaxed state. Thus, the necessary condition for giving
rise to REES is that a different average population of fluo-
rophores is excited at each excitation wavelength, which requires
the dipolar relaxation time for the solvent shell to be comparable
to or longer than the fluorescence lifetime, so that fluorescence
occurs from various partially relaxed states. This gives rise to
different magnitudes of REES and implies reduced mobility of
the surrounding matrix with respect to the fluorophore. The
REES approach has been widely used to monitor the organiza-
tion and dynamics of membranes and membrane/mimetic sys-
tems (9–13), lipid–protein interactions (14–17), and folding and
topology of soluble and membrane proteins (17–19).
Fluorescence polarization measurements were performed at

room temperature (∼23 °C), and the polarization values were
calculated as described previously (20). All experiments were
done with three sets of samples, and the polarization values
shown in Fig. 2 and Fig. S2 represent mean ± SE.

Liposome Patch-Clamp. Electrophysiological measurements of
proteoliposomes were made using the patch-clamp as described
earlier (21). Macroscopic currents were measured at a 1:1,000
(moles/moles) ratio under symmetrical conditions in 5 mM
3(N-morpholino) propanesulfonic acid (Mops), 200 mM KCl
(pH 4.0) buffer after a pH jump using an RCS-160 fast-solution
exchanger (Biologic). Pipette resistances were ∼2 MΩ.

EPR Spectroscopy and Distance Measurements. CW-EPR spectra at
room temperature were obtained for spin-labeled, reconstituted
channels as described for closed (pH 7) and open (pH 4)
channels, using a Bruker EMX spectrometer equipped with
a loop-gap resonator under the following conditions: 2-mW in-
cident power, 100-kHz modulation frequency, 1-G modulation
amplitude, 41-ms conversion time, and 41-ms time constant. Changes
in pH were made by resuspending the KcsA-containing liposomes
in Tris·KCl buffer (pH 7) and citrate phosphate buffer (pH 4).
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CW-EPR distance measurements in the closed and open states were
made in POPC/POPG (3:1) proteoliposomes at 130 K in presence
of liquid N2 using <50 μW of incident power to avoid saturation of
the signal. Full-label and under-label spectra were measured under
identical conditions, and the distances were estimated using the
dipolarly broadened CW spectra analysis program CWdipol (22).

Double Electron-Electron Resonance Spectroscopy.Double electron-
electron resonance (DEER) spectroscopy is a powerful pulse
EPR approach that allows the determination of spin-spin distance
and distance distributions between spin labels on soluble and
membrane proteins in their native environment (reviewed in refs.
23–26, also see refs. 27–29). This pulsed EPR approach extracts
weaker dipolar interactions from spin coherence, and is there-
fore sensitive to measuring longer interspin distances (∼20–60 Å).
The DEER signal is a modulation of the echo amplitude of one
spin population when another spin population is excited with in-
tense microwave radiation while changing the timing of the exci-
tation. DEER measurements were carried out using a Bruker
ELEXYS E580 X-band pulsed spectrometer operating near 9.7
GHz and equipped with a split-ring MS2 resonator at a tempera-
ture of 55 K using liquid helium. This temperature was used to
achieve the highest signal-to-noise ratio as T1 (spin-lattice) and T2
(spin-spin) relaxations gained optimal values (26). Spin-labeled
TD constructs of KcsA reconstituted in POPC/POPG (3:1) lip-
osomes were used. The pelleted proteoliposomes were then
transferred to quartz 1.1 × 1.6 × 100-mm capillaries and flash-
frozen to 55 K in the resonator. All the measurements were
performed using a constant-time version of the four-pulse DEER
sequence π/2(vobs) − τ1 − π(vobs) − t′ − π(vpump) − (τ1 + τ2 − t′) −
π(vobs) − τ2 − echo (30), where time t′ is varied, using the pul-
seSPEL program (Bruker). The resonator was overcoupled toQ ∼
100–200, the pump frequency (vpump) was set to the center of the
resonator dip and coincided with the maximum of the nitroxide
EPR spectrum, and the observer frequency (vobs) was set 65–70
MHz higher and coincided with the low-field local maximum of
the spectrum. The pulse lengths for π/2 and π were 16 ns and 32
ns, respectively, and the pump pulse length was 28–36 ns. The
pump pulse and inversion pump lengths were optimized using
a nutation experiment for all cases. In all experiments, a τ1 of 200
ns was used. Data were recorded typically at steps of 12 ns.
Accumulation times for the different datasets varied between 8
and 16 h. Data were processed and analyzed using the program
DEER Analysis 2008 (31). A homogeneous 3D background model
was used to subtract intermolecular background from raw data. The
criterion for choosing background subtraction was the frequency-
domain spectrum, where neither a positive spike nor an obvious
hole was present in the center of the Pake pattern. Computation of
an L-curve was performed to choose the optimal value for the

Tikhonov regularization parameter, which corresponded to the
corner of the L-curve.

Restrained Ensemble Simulations. A recently developed molecular
dynamics simulation technique, the restrained ensemble (RE)
method (32, 33), was used to refine the outer vestibule structure
of KcsA in various functional states. The crystal structures of
KcsA corresponding to closed/conductive [Protein Data Bank
(PDB) ID code 1K4C] (34), open/inactivated (PDB ID code
3F5W) (35), and “flipped” E71A (PDB ID code 2ATK) (21)
were used to construct the initial geometry for the RE simu-
lations. The simulations were carried out with the CHARMM
(36) program suite, using the all-atom CHARMM27 protein
force field (37) with the CMAP corrections (38) and the nitro-
xide spin-label force field parameters (39). For each of the
crystal structures, six structures were made, with each containing
only two spin labels at positions 52–56, 53–82, 54–81, 57–86,
58–85, and 60–84, thus avoiding steric clashes. Each KcsA tet-
ramer therefore contained a total of eight spin labels giving
a total of four distances. Due to the tetrameric arrangement,
data on a total of 24 diagonal spin-pair distance distributions
were used for the six RE simulations. Except for the selectivity
filter and the surrounding support structures (residues 51–65 and
75–88), the rest of the system is fixed to its X-ray crystallographic
structure, and the outer vestibule was completely solvated by
TIP3P water molecules. A weak harmonic restraint with a force
constant of 1 kcal·mol·Å2 was applied to the backbone of the
outer vestibule to avoid any large motion. Before RE simulation,
spin labels at a particular site were replicated 25 times, giving
a total of 625 distances (25 * 25) between ensembles of diagonal
spin-label pairs, which provides the calculated distance dis-
tributions. A force constant of 100,000 kcal/mol was used to
impose the energy restraint to match the calculated distributions
with those of the experiment. The distance distributions obtained
from simulation are very similar to those obtained from the ex-
periments (Figs. S7 and S8). The RE simulations were per-
formed as described (12, 13) for 1 ns, from which an average
structure was obtained. Six average structures thus obtained
from six different RE simulations were again averaged to obtain
the final structure, and backbone rmsd deviation was calculated
with respect to the X-ray crystal structure. Following the above
procedure, the average structure obtained from the first cycle
was again used to perform six different RE simulations; a new
average structure is obtained and rmsd deviation is calculated.
These cycles are continued until the rmsd deviation with respect
to the X-ray crystal structure flattens out, and this process is
continued for all four KcsA structures (Fig. 4C). The converged
structures thus obtained are the refined structures of the KcsA
in their various functional states, which are then used for fur-
ther analysis.
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Fig. S1. Spin-labeled and NBD-labeled E71A/Y82C constructs are functional, and the conformational changes observed are reversible. CW-EPR spectra of E71A/
Y82-SL KcsA (A) and steady-state polarization of NBD fluorescence measured for E71A/Y82-NBD KcsA (B) reconstituted in POPC/POPG (3:1, moles/moles) lip-
osomes are shown. Measurements at pH 7.5 and pH 4 correspond to closed and open states of the channel. The excitation wavelength used was 480 nm;
emission was monitored at 535 nm in all cases. The polarization values represent the mean of three independent measurements. The error is typically <2–5% of
the reported values. (C) Reversibility of dynamics of E71A/Y82-SL and E71A/Y82-NBD KcsA. The lines drawn are merely visual aids. (D) Normalized macroscopic
current of E71A/Y82-NBD KcsA was elicited by pH jumps from 8.0 to 4.0 using a rapid solution exchanger with a membrane potential held at +150 mV. Similar
functional behavior was observed for E71A/Y82-SL KcsA. Details are provided in SI Materials and Methods.
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Fig. S2. Dynamics of the outer vestibule in closed states of WT and E71A KcsA are similar. A comparison of steady-state polarization of NBD fluorescence
measured for NBD-labeled outer vestibule residues of full-length WT (brown) and E71A (orange) KcsA reconstituted in POPC/POPG (3:1, moles/moles) lip-
osomes was made. Measurements were carried out at pH 7.5 to stabilize the closed states of the channel. The excitation wavelength used was 480 nm; emission
was monitored at 535 nm in all cases. The polarization values represent mean ± SE of three independent measurements. Details are provided in SI Materials
and Methods.
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Fig. S3. Gating-related local polarity changes in inactivated and conductive states of KcsA are similar. Fluorescence emission maximum of NBD fluorescence
measured for NBD-labeled outer vestibule residues of WT (Left) and E71A (Right) KcsA reconstituted in POPC/POPG (3:1, moles/moles) liposomes (Top).
Measurements at pH 7.5 and pH 4 correspond to closed and open states of the channel. The excitation wavelength used was 480 nm in all cases. The difference
in emission maximum values (ΔEm. Max.) are shown (Middle), and the difference values were mapped on the crystal structure of KcsA (1K4C) to highlight the
changes in polarity of the microenvironment of the fluorophore between different functional states of KcsA upon gating (Bottom). Details are provided in
SI Materials and Methods.
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Fig. S4. Comparison of distance distributions corresponding to outer vestibule residues in closed and open states of WT KcsA in membranes. (A) Top view of
TD KcsA showing the outer vestibule cysteine mutants (red spheres), between diagonally symmetrical subunits, used for distance measurements. (B) Long
distances were probed by DEER at 55 K in the presence of liquid He. The dipolar evolution curves, along with the distance distributions for indicated TD
constructs, are shown for closed (red) and open (blue) states of WT KcsA reconstituted in POPC/POPG (3:1, moles/ moles) liposomes. (C) Short distances were
measured by CW-EPR between spin labels bound to diagonally placed cysteine residues in the indicated TD constructs. The measurements were made in
proteoliposomes at 130 K in the presence of liquid N2 using <50 mW of incident power to avoid saturation of the signal. The fully labeled (interacting) and
underlabeled (noninteracting) EPR spectra for closed and open states (Left) and the distance distributions (Right) are shown. (Inset) Crystal structure of the
spin-label–bound Y82C KcsA [PDB ID code 3STZ (24)] is shown, and the distance between the N and O groups of the spin label from diagonally symmetrical
subunits is labeled (black arrow). Details are provided in SI Materials and Methods.
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Fig. S5. Comparison of distance distributions corresponding to the outer vestibule residues in closed and open states of E71A KcsA in membranes. (A) Long
distances were probed by DEER at 55 K in the presence of liquid He. The dipolar evolution curves, along with the distance distributions for indicated TD
constructs, are shown for closed (red) and open (blue) states of WT KcsA reconstituted in POPC/POPG (3:1, moles/moles) liposomes. (B) Short distances were
measured by CW-EPR between spin labels bound to diagonally placed cysteine residues in the indicated TD constructs. The measurements were made in
proteoliposomes at 130 K in the presence of liquid N2 using <50 mW of incident power to avoid saturation of the signal. The fully labeled (interacting) and
underlabeled (noninteracting) EPR spectra for closed and open states (Left) and the distance distributions (Right) are shown. Details are provided in SI Materials
and Methods.
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in POPC/POPG (3:1, moles/moles) liposomes. Measurements at pH 7.5 and pH 4 correspond to closed and open states of the channel (Top). The difference in
predominant peak distances (Δ Distance) is shown (Middle), and the difference values were mapped on the crystal structure of KcsA (1K4C) to highlight the
conformational changes between different functional states of KcsA (Bottom) upon gating. Details are provided in SI Materials and Methods.
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Fig. S7. Experimentally derived distance histograms and RE simulations in different functional states of KcsA. Twenty-five copies of the spin label were at-
tached in silico to outer vestibule residues in four subunits of KcsA. The resulting 625 distances (25 * 25) between diagonally symmetrical subunits were then
used to match the experimentally derived distance distributions for (A) WT/closed (red), (B) WT/open (blue), and (C) flipped E71A (magenta) KcsA for residues
52, 53, 54, 56, 57, and 58. The two black traces correspond to distance histograms from RE simulations from two pairs of diagonal subunits. Details are provided
in SI Materials and Methods.
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Fig. S8. Experimentally derived distance histograms and RE simulations in different functional states of KcsA. Twenty-five copies of the spin label were at-
tached in silico to outer vestibule residues in four subunits of KcsA. The resulting 625 distances (25 * 25) between diagonally symmetrical subunits were then
used to match the experimentally derived distance distributions for (A) WT/closed (red), (B) WT/open (blue), and (C) flipped E71A (magenta) KcsA for residues
60, 81, 82, 84, 85, and 86. The two black traces correspond to distance histograms from RE simulations from two pairs of diagonal subunits. Details are provided
in SI Materials and Methods.
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Table S1. Cα-Cα distances for outer vestibule residues between diagonally symmetrical
subunits obtained from RE simulations

Residue
Closed/conductive
(PDB ID code 1K4C)

Open/inactivated
(PDB ID code 3F5W)

Flipped E71A
(PDB ID code 2ATK)

52 44.1 (43.1)* 44.6 (43.3) 46.3 (44.3)
53 46.7 (45.9) 47.0 (45.8) 48.2 (47.0)
54 41.7 (39.7) 41.7 (39.6) 43.1 (40.9)
56 30.3 (28.8) 31.2 (29.1) 31.7 (30.0)
57 30.6 (29.8) 30.8 (30.1) 30.9 (31.2)
58 27.8 (27.4) 28.4 (27.7) 27.7 (28.2)
60 37.9 (37.2) 38.7 (37.7) 38.3 (38.0)
81 18.2 (18.4) 17.6 (18.2) 16.6 (17.2)
82 19.8 (20.2) 19.6 (20.4) 20.3 (20.7)
84 29.8 (29.2) 29.7 (29.8) 30.4 (30.9)
85 37.1 (36.5) 37.1 (37.1) 37.6 (38.0)
86 40.4 (39.9) 40.7 (40.1) 40.8 (40.7)

Distance distributions obtained by EPR using the membrane-reconstituted TD constructs of the indicated
outer vestibule residues were used.
*Values in parentheses correspond to the Cα-Cα distances between diagonally symmetrical subunits from the
crystal structures. Details are provided in SI Materials and Methods and Fig. 4.
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