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ABSTRACT Voltage-dependent potassium (K,) channels play a fundamental role in neuronal and cardiac excitability and are
potential therapeutic targets. They assemble as tetramers with a centrally located pore domain surrounded by a voltage-sensing
domain (VSD), which is critical for sensing transmembrane potential and subsequent gating. Although the sensor is supposed to
be in “Up” conformation in both n-octylglucoside (OG) micelles and phospholipid membranes in the absence of membrane po-
tential, toxins that bind VSD and modulate the gating behavior of K, channels exhibit dramatic affinity differences in these mem-
brane-mimetic systems. In this study, we have monitored the structural dynamics of the S3b-S4 loop of the paddle motif in
activated conformation of KvAP-VSD by site-directed fluorescence approaches, using the environment-sensitive fluorescent
probe 7-nitrobenz-2-oxa-1,3-diazol-4-yl-ethylenediamine (NBD). Emission maximum of NBD-labeled loop region of KvAP-
VSD (residues 110—117) suggests a significant change in the polarity of local environment in 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine/1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) membranes compared to OG micelles. This
indicates that S3b-S4 loop residues might be partitioning to membrane interface, which is supported by an overall increased
mean fluorescence lifetimes and significantly reduced water accessibility in membranes. Further, the magnitude of red edge
excitation shift (REES) supports the presence of restricted/bound water molecules in the loop region of the VSD in micelles
and membranes. Quantitative analysis of REES data using Gaussian probability distribution function clearly indicates that
the sensor loop has fewer discrete equilibrium conformational states when reconstituted in membranes. Interestingly, this
reduced molecular heterogeneity is consistent with the site-specific NBD polarization results, which suggest that the membrane
environment offers a relaxed/dynamic organization for most of the S3b-S4 loop residues of the sensor. Overall, our results are
relevant for understanding toxin-VSD interaction and gating mechanisms of K, channels in membranes.

SIGNIFICANCE Voltage-dependent potassium (K,) channels are crucial for electrical and cellular signaling and are
important therapeutic targets. The voltage-sensing domain (VSD) responds to change in membrane potential and leads to
pore opening for K* ion conduction. Many animal toxins bind to VSD (S3b-S4 paddle motif) and modulate the gating
behavior of K, channels. Using the isolated KvAP-VSD, we show that the organization and structural dynamics of S3b-S4
loop of the paddle motif is significantly different in membrane-mimetic systems. The physiologically relevant membrane
environment not only offers dynamic organization but also appears to reduce the number of conformational states of the
sensor loop when compared to micelles, which might be relevant for understanding toxin-VSD interaction and voltage-
gating mechanisms of K, channels.

INTRODUCTION ria to human, hormone secretion, osmotic balance, and
cellular signaling (1,2). These pore-forming proteins are
important drug targets (3) and assemble as functional tetra-
mers with a centrally located pore domain (helices S5 and
S6) surrounded by a voltage-sensing domain (VSD). The
VSD is an antiparallel four-helix bundle (S1-S4), contain-
ing a cluster of highly conserved positive charges (arginine
residues) in the S4 helix (1,4-6). Depolarization of the

Voltage-gated ion channels are transmembrane proteins that
conduct ions rapidly down their concentration gradient in
response to changes in the membrane potential. They play
a critical role in regulating a wide variety of physiological
processes such as electrical signaling in species from bacte-
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transition from resting (“down”) conformation to the acti-
vated (“up”) conformation of the VSD and leads to pore
opening through its mechanical coupling with the S4-S5
linker between domains (4.5,8).

The basic molecular architecture of all VSDs is based on
a common scaffold as demonstrated by the crystal structures
of the voltage-gated ion channels (KvAP, K,1.2 and its
chimera, Eagl, NavAb, and NavRh) (4,7,9-12), a cyclic
nucleotide gated (MlotiK1) channel (13), voltage-gated pro-
ton (Hvl) channels (14), and the isolated sensor of a
voltage-dependent enzyme, Ci-VSP, from Ciona intestinalis
(15). These proteins emphasized the fact that the isolated
VSDs are not exclusively associated with ion channels
and can behave as autonomous structural and functional
units (12,16).

KvAP is a voltage-dependent K* channel from archae-
bacterium Aeropyrum pernix and has been widely studied
to understand the voltage-dependent gating mechanisms
of voltage-dependent potassium (K,) channels (4,17-20).
The crystal structures of the full-length and the isolated
VSD of KvAP have been determined in n-decyl-3-D-mal-
topyranoside (DM) and n-octyl-B-D-glucopyranoside
(OG) micelles, respectively, using monoclonal Fab frag-
ments, which bind at the loop/turn connecting S3b to S4
in both cases (4,18). Because the crystal structure of
KvAP-VSD has been obtained in the absence of membrane
potential, the isolated VSD of KvAP in detergent micelles
is supposed to represent the “Up” state. Interestingly, it has
been shown that the phosphate headgroup of phospholipid
membranes is an absolute requirement for the normal func-
tioning of KvAP and stabilizes the “Up” conformation of
the KvAP sensor (21,22). The KvAP sensor therefore
adopts “Up” conformation in both OG micelles and phos-
pholipid membranes (4,19).

Notably, the voltage sensor paddle motif (S3b-S4 helix-
turn-helix) is a conserved structural unit in voltage-depen-
dent proteins (4,16), and the S3b-S4 paddle motif of
KVAP can functionally be transplanted to gate eukaryotic
K, channels (16). Further, the voltage sensor toxin 1 from
spider venom (VSTX1) partitions into lipid membrane and
interacts with the residues of the paddle motif, particularly
G114, L115, and F116 in S3b-S4 loop, and inhibits KvAP
(16,23,24). Importantly, it has been shown that there exists
a 10*-fold discrepancy between the dissociation constant
for VSTX1 binding to KvAP in micelles to the toxin con-
centration that inhibits KvAP in membranes (23). This
discrepancy probably indicates that the organization of the
paddle motif in general and the S3b-S4 loop in particular
is different in these membrane-mimetic systems. Under-
standing the structural dynamics of this important loop of
the paddle motif in micelles and membranes therefore as-
sumes significance.

In this work, we have monitored the organization and
dynamics of the S3b-S4 loop of the paddle motif of
KvAP-VSD (Fig. | A) using site-specific labeling with an
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FIGURE 1 The S3b-S4 loop of the isolated VSD of KvAP. (A) Shown is

the cartoon representation of the isolated VSD of KvAP (PDB: 10RS, chain
C) with its four transmembrane segments (labeled S1-S4). Spheres repre-
sent the positions of single-cysteine mutants (residues 110-117) corre-
sponding to the S3b-S4 loop, whose native amino acid residues are
shown in stick representation in the enlarged view. The membrane bound-
aries are arbitrarily depicted as dashed lines. The chemical structure of the
fluorophore IANBD amide, which has been used to label the protein, is also
depicted. (B) Size-exclusion chromatography (SEC) profiles of the unla-
beled (solid line) and NBD-labeled (dotted line) 1L115C mutant of the
sensor are shown. (C) Far-UV circular dichroism (CD) spectra of the unla-
beled wild-type KvAP-VSD (dotted line) and NBD-labeled 115 residue of
KvAP-sensor in OG micelles (solid line) and when reconstituted in POPC/
POPG (3:1 mol/mol) liposomes (dashed line) are shown. See Materials and
Methods and text for other details.

environment-sensitive fluorophore 7-nitrobenz-2-oxa-1,3-
diazol-4-yl (NBD) in OG micelles and PC/PG membranes.
For this purpose, we have utilized various site-directed
fluorescence approaches (25,26) such as emission
maximum, lifetime, polarization, red edge excitation shift
(REES), and accessibility (quenching) studies in micelles
and membranes. Our results show that the S3b-S4 loop res-
idues partition at the membrane interface, and the struc-
tural dynamics of this physiologically important S3b-S4
loop is significantly altered in membrane environment.
Overall, these results are relevant for understanding
toxin-VSD interaction and gating mechanisms of K, chan-
nels in membranes.

MATERIALS AND METHODS
Materials

Escherichia coli XL1-Blue strain was purchased from Agilent (Santa Clara,
CA). DM and OG detergents were obtained from Anatrace (Maumee, OH).
Protease inhibitors were obtained from GoldBio (St. Louis, MO). 1-palmi-
toyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 1-palmitoyl-2-
oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (POPG) were obtained from
Avanti Polar Lipids (Alabaster, AL). All other chemicals used were of the



highest purity available from either Merck (Kenilworth, NJ) or Amresco
(Radnor, PA).

Mutagenesis, channel expression, and
purification

The DNA encoding the isolated VSD of KvAP was cloned into pQE70
expression vector (Qiagen, Hilden, Germany). Single-cysteine mutants
were generated for residues 110-117, which corresponds to the S3b/S4
loop of the isolated sensor. The mutations were confirmed by DNA
sequencing. Wild-type and single-cysteine mutants of KvAP-VSD were ex-
pressed in XL1-Blue cells and purified as described earlier (4). The concen-
tration of the protein was checked in a DS-114+ microvolume
spectrophotometer (DeNovix, Wilmington, DE). To analyze whether the
channel is folded properly, the purified protein (~17 kDa) was applied
onto a Superdex 75 10/300 column (GE Healthcare, Chicago, IL) size-
exclusion column equilibrated with 20 mM Tris, 100 mM KCI, 30 mM
OG (pH 8.0) buffer.

Site-specific fluorescence labeling and
membrane reconstitution

The purified single-cysteine mutants of KvAP-VSD were treated
with 5 mM dithiothreitol (DTT) for 1 h before labeling with IANBD
amide (N,N'-dimethyl-N-(iodoacetyl)-N’-(7-nitrobenz-2-oxa-1,3-diazol-4-
ylethylenediamine), which is a thiol-reactive environment-sensitive fluo-
rescent probe (Invitrogen, Carlsbad, CA). The excess DTT is removed by
passing through a PD10 desalting column (GE Healthcare). After removing
DTT, purified proteins in OG micelles were labeled with fluorophore at a
10:1 (fluorophore/sensor) molar ratio from a stock of 26 mM IANBD in di-
methylsulfoxide and incubated overnight at 4°C. Excess NBD fluorophore
was separated using a PD10 column. The labeling efficiency of the NBD-
labeled single-cysteine mutants of KvAP-VSD were found to be more
than 50% using the following equation:

A, MW rotei
Labeling efficiency(%) = — x M x 100,
e  mg protein/mL
(1)

where A, is the absorbance of NBD at 478 nm and ¢ is the molar extinction
coefficient of NBD at that wavelength (25,000 M 'em™h.

For reconstitution in liposomes, the wild-type and the labeled mutants of
KvAP-VSD were reconstituted at a lipid/protein molar ratio of 100:1 in
POPC/POPG (3:1) membranes. Briefly, 480 nmoles POPC and 160 nmoles
of POPG (640 nmoles of total lipids) in chloroform were mixed well and
dried under a stream of nitrogen while being warmed gently (~35°C). After
the lipids were dried further under a high vacuum for at least 3 h, they were
hydrated (swelled) by adding 1 mL of 20 mM Tris, 100 mM KCI (pH 8.0)
buffer and vortexed vigorously for 2 min to disperse the lipids and sonicated
to clarity. Protein was then added to give a molar ratio of 100:1 lipid/VSD
monomer. The sample was left at room temperature for 30 min on a rotator,
then 200 mg of prewashed biobeads (SM-2; Bio-Rad, Hercules, CA) were
added, and the mixture was incubated on a rotator overnight at 4°C to re-
move the detergent. The biobeads were removed by filtering using a Bio-
Rad 5 mL column filter before use (see Supporting Materials and Methods
for details regarding reconstitution in nanodiscs).

CD measurements

Circular dichroism (CD) measurements were carried out at room tempera-
ture in a Jasco J-815 spectropolarimeter (Easton, MD) purged with a nitro-
gen flow of 15 L/min. KvAP-VSD were measured at a concentration of
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6.4 uM in 20 mM Tris, 100 mM KCI, 30 mM OG (pH 8.0) buffer to obtain
a good signal/noise ratio. The spectra were scanned with a quartz optical
cuvette with a pathlength of 0.1 cm. All spectra were recorded with a band-
width of 1 nm and integration time of 0.5 s with a scan rate of 50 nm/min.
Each spectrum is the average of 10 scans. All spectra were appropriately
blank subtracted and smoothed to ensure that the overall shape of the
spectra remained unaltered. The ellipticity data obtained in millidegree
were converted to molar ellipticity ([6]) by using the following equation:

[6] = Bops/ (10C1), )

where 0, is the observed ellipticity in millidegrees, C is the concentration
in moles per liter, and [ is the pathlength in centimeters.

Steady-state fluorescence measurements

Steady-state fluorescence measurements were performed with a Hitachi
F-7000 spectrofluorometer (Schaumburg, IL) using 1-cm pathlength quartz
cuvettes. Excitation and emission slits with a nominal bandpass of 5 nm
were used for all measurements. Background intensities were appropriately
subtracted from each sample spectrum to cancel out any contribution due to
the solvent Raman peak and other scattering artifacts. Fluorescence polar-
ization measurements were performed at room temperature using Hitachi
polarization accessory. Polarization values were calculated from the
following equation (27):

Iyy + Glyy’

where Iyy and Iyy are the measured fluorescence intensities (after appro-
priate background subtraction), with the excitation polarizer vertically ori-
ented and emission polarizer vertically and horizontally oriented,
respectively. G is the grating correction factor, is the ratio of the efficiencies
of the detection system for vertically and horizontally polarized light, and is

equal to Iv/Iy. The REES data were fitted by a Gaussian probability dis-
tribution in the form of the following equation (28):

2
70 =R+ M2 Tep( 21 @

w

where A is the area, w is the full width at half-maximum, m is the midpoint,
Ry is the y-intercept, and m = Agpys, where Agiy is the excitation wave-

length that gives the largest change in the emission peak wavelength.

Time-resolved fluorescence measurements

Fluorescence lifetimes were calculated from time-resolved fluorescence in-
tensity decays using a picosecond pulsed LED-based time-correlated sin-
gle-photon counting fluorescence spectrometer and microchannel plate
photomutlipier tube as a detector. Lamp profiles were measured at the exci-
tation wavelength using Ludox colloidal silica (Sigma-Aldrich, St. Louis,
MO) as the scatterer. To optimize the signal/noise ratio, 10,000 photon
counts were collected in the peak channel. All experiments were performed
with a bandpass of 5—-8 nm. Fluorescence intensity decay curves so obtained
were deconvoluted with the instrument response function and analyzed as a
sum of exponential terms in the following equation:

F(t) = Zai exp(—t/ ), 5)

where F{(t) is the fluorescence intensity at time ¢ and «; is a preexponential
factor representing the fractional contribution to the time-resolved decay
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of the component with a lifetime 7; such that =; o;; = 1. Mean (average) life-
times <7> for triexponential decays of fluorescence were calculated from
the decay times and preexponential factors using the following equation (27):

o T? 4 0o’ + osTs?
<T> = . 6)
T+ QT + 0373

The mean fluorescence lifetime, 7, can be directly calculated using a
model-independent approach from the histogram of photons obtained dur-
ing fluorescence lifetime measurements using the following equation
(29,30):

n

(N; — noise)t;
- t[n (7)

(YEE

TH =

(N; — noise)

p

where N; and ¢; denote the number of detected photons in the ith channel and
the corresponding value on the time axis, respectively, 7 is the total number
of channels in the histogram, p is the channel with the highest number of
detected photons (peak of the decay), and 1, is the corresponding time.

Fluorescence quenching measurements

Collisional quenching experiments of NBD fluorescence in OG micelles
and PC/PG membranes were carried out by measurement of fluorescence
intensity of the KvAP-VSD loop residues after serial addition of small al-
iquots of a freshly prepared stock solution of 2.5 M potassium iodide (KI)
with 1 mM Na,S,0; in water to a stirred sample followed by incubation for
2 min in the sample compartment in the dark (shutters closed). The excita-
tion wavelength used was 465 nm and emission was monitored at respective
emission wavelengths. The fluorescence intensities were corrected for dilu-
tion. Corrections for inner filter effect were made using the following equa-
tion (27):

F = F,, x antilog[(Ae +Aen) /2], )

where F is the corrected fluorescence intensity and F,; is the background-
subtracted fluorescence intensity of the sample. A, and A, are the
measured absorbance at the excitation and emission wavelengths, respec-
tively. The absorbance of the samples was measured using a Jasco V-650
ultraviolet (UV)-visible absorption spectrophotometer. Quenching data
were analyzed by fitting to the following Stern- Volmer equation (27):

F,,/F = 1+ng[Q} - 1+kq7-a[QL (9)

where F, and F are the fluorescence intensities in the absence and presence
of the quencher, respectively, Kgy is the Stern-Volmer quenching constant,
and [Q] is the molar quencher concentration. The Stern-Volmer quenching
constant Kgy is equal to k,7,, where k, is the bimolecular quenching con-
stant and 7, is the lifetime of the fluorophore in the absence of quencher.

RESULTS

Structural integrity of KvAP-VSD is preserved
upon NBD labeling

The S3b-S4 loop residues (110-117) of the paddle motif of
the isolated VSD of KvAP are labeled with thiol-reactive
NBD fluorophore (Fig. 1 A). NBD is chosen because it is
uncharged and has relatively small size for a fluorophore,
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excitation at visible range, and its environment-sensitive
fluorescence (31-34). The imino group and the oxygen
atoms may form hydrogen bonds with the lipid carbonyls,
interfacial water molecules, and the lipid headgroup. The
N and O atoms give sufficient polar character to NBD to
be soluble in an aqueous environment. This is extremely
important because it makes NBD a suitable stable reporter
group in both aqueous and nonaqueous environments
(26,31,35). To confirm that the NBD labeling of the S3-S4
loop does not affect the structural integrity of the sensor,
we carried out size-exclusion chromatography (SEC) of
all the labeled mutants. Both wild-type and the NBD-
labeled analogs of VSD (L115-NBD is shown as represen-
tative) exhibit a similar SEC profile (Fig. 1 B), confirming
the monomeric configuration of the sensor in OG detergent
micelles (4,19,20). In addition, far-UV CD spectra (Fig. 1
C) reveal that the wild-type KvAP sensor is predominantly
a-helical in OG detergent micelles as well as when reconsti-
tuted in POPC/POPG (3:1 mol/mol) liposomes as shown
previously (36). This is consistent with the x-ray structure
of the S1-S4 domain of KvAP (4,18) and electron paramag-
netic resonance studies (17,20). Importantly, all the NBD-
labeled mutants of KvAP-VSD (L115-NBD is shown as
representative) have similar a-helical content compared to
wild-type sensor (Fig. 1 C), suggesting that the «-helical
bundle structure of VSD does not appear to be sensitive to
NBD labeling. Taken together, these results suggest that
NBD-labeled VSD analogs are structurally similar to
wild-type KvAP-VSD and therefore could be used to
monitor the structural dynamics of the S3b-S4 loop residues
in membrane-mimetic systems.

Probe environment of sensor loop residues in
micelles and membranes

It is well established that NBD is weakly fluorescent in wa-
ter, fluoresces brightly in the visible range upon transfer to a
hydrophobic medium, and exhibits a high degree of environ-
mental sensitivity (32-34), which has been widely used to
monitor the dynamics of membranes (35,37) and membrane
proteins (see (25,26) for reviews; (31,38—40)). Further, it is
known that depending on temperature, the fluorescence
emission maximum of NBD is 517-522 and 530-535 nm
when placed in the hydrophobic core (35) and in the inter-
facial region of the membrane (37), respectively. Fig. 2 A
shows the representative emission scans of two S3b-S4
loop residues in PC/PG membranes to highlight the differ-
ences in probe environment. The fluorescence emission
maximum of L110-NBD is 530 nm in both membrane-
mimetic systems (see Fig. 2 B), which suggests that the
microenvironment experienced by this residue is similar in
micelles and membranes. In micelles, the emission
maximum of the NBD-labeled sensor loop residues 111—
117 is in the range of 534-540 nm. Interestingly, for the
same residues of the sensor, the fluorescence emission
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FIGURE 2 Fluorescence emission maximum of the NBD-labeled S3b-S4 loop residues in membrane-mimetic systems. (A) Representative fluorescence
emission spectra of A111-NBD (solid line) and R117-NBD (dashed line) in POPC/POPG membranes are shown. (B) Shown are the fluorescence emission
maximum of NBD-labeled S3b-S4 loop residues in micelles (open circles) and POPC/POPG membranes at a protein/lipid molar ratio of 1:100 (solid circles).
(C) Changes in emission intensity of NBD (Fpembrane/Fmicene) for residues in the paddle motif loop observed at respective emission maximum are shown. The
excitation wavelength used was 465 nm and the concentration of KvAP-VSD was 6.4 uM in all cases. The lines joining the data points are provided merely as

viewing guides. See Materials and Methods for other details.

maximum of NBD is in the range of 530-542 nm upon
membrane incorporation, suggesting that the S3b-S4 loop
of the sensor experiences heterogeneous environment in
membranes. Significant blue shifts (3—4 nm) are observed
for NBD-labeled residues 113, 115, and 117 in membranes,
indicating that the sensor loop partitions into relatively
nonpolar/hydrophobic environment in membranes when
compared to its organization in micelles. This is supported
by an increase in fluorescence intensity of NBD in mem-
branes for most of the residues of the S3b-S4 loop of
KvAP-VSD (Fig. 2 C). Taken together, our results clearly
indicate that the environmental polarity around the loop res-
idues of the sensor is significantly altered in micelles and
membranes, which could be attributed to the partitioning
of this region of the sensor at the membrane interface.
Changes in emission intensity may not always be a reli-
able parameter to monitor the location of probes because
of its composite property that is dependent on several factors
(27,31,41). Because fluorescence lifetime is an intrinsic
property of the probe and serves as a faithful indicator of
the local environment (42), we therefore measured fluores-
cence lifetimes of NBD-labeled sensor loop. Because the
fluorescence lifetime of NBD group is sensitive to its local
environment (32,34), the magnitude of lifetime can directly
reveal the environment of the probe and in particular its
exposure to water (38). For instance, the fluorescence life-
times of NBD in membranes are in the range of ~5-10 ns
(35,37); however, it dramatically decreases to ~1.5 ns
upon complete exposure to aqueous medium (32,38,39). A
typical decay profile of G112-NBD in PC/PG membranes
with its triexponential fitting and the statistical parameters
to check the goodness of fit is shown in Fig. 3 A. The inten-
sity-weighted mean fluorescence lifetimes, <7>, of NBD-
labeled loop residues in micelles and membranes are shown
in Fig. 3 B and Table 1. The fluorescence lifetime of NBD is
~4 ns for all the residues in the sensor loop in OG micelles
with only modest variation in lifetimes. In case of VSD in
membranes, the lifetimes for the S3b-S4 loop are in the

range of ~3-7 ns, which suggests that the loop is localized
in environments of heterogeneous polarity. Interestingly,
most of the membrane-incorporated loop residues of the
sensor show significant increase (>15%) in NBD lifetimes,
and some of them (residues 110, 112, and 113) even show
>30% increase in lifetimes (see Fig. 3 C). Considering
the mean fluorescence lifetimes of residues 110, 112, and
113 are >6 ns, it is a clear indication that these residues
partition in the nonpolar region of the membrane. It is inter-
esting to note that F116-NBD is the only residue in the loop
whose lifetime is significantly shorter in membranes when
compared to its corresponding value in micelles. The
decreased lifetime of F116-NBD in membranes could be
attributed to either increased exposure of this residue to
aqueous environment or due to the presence of a nearby
charged residue (R117) that can act as a quencher of NBD
fluorescence and facilitate the decay process. We believe
the latter is applicable in this case because the water pene-
tration around this residue is significantly decreased in
membranes compared to micelles (see later).

The overall trend of increased lifetime in membranes is in
agreement with the blue-shifted emission maximum and in-
tensity changes (see above) and, as expected, the fluores-
cence lifetime values show better sensitivity of the probe
environment. This clearly shows that the loop residues of
the sensor are relatively exposed to aqueous environment
in micelles, whereas they possibly partition in an environ-
ment of intermediate polarity (i.e., the membrane interface)
in membranes. The observed differences in environmental
polarity around the S3b-S4 loop of KvAP-VSD in
micelles and membranes strongly suggest the altered orga-
nization of the sensor loop in physiologically relevant
membranes. Apart from conventional calculation of
mean fluorescence lifetimes, we have also calculated the
NBD fluorescence lifetimes (7g), obtained from the histo-
gram of photons counted during the measurement using
Eq. 7 (Table 1), using a recently developed model-
independent approach (29,30). Obviously, model-dependent
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FIGURE 3 Fluorescence lifetimes of NBD-labeled loop residues in micelles and membranes. (A) Time-resolved fluorescence intensity decay of G112-
NBD (solid line) in POPC/POPG membranes is shown. Excitation wavelength was 465 nm, and emission was monitored at 538 nm. The sharp peak on
the left (dotted line) is the lamp profile, and the relatively broad peak on the right is the decay profile (solid line), fitted to a triexponential function. The
plot in the inset shows the weighted residuals of the decay fit. (B) Mean fluorescence lifetimes for NBD-labeled mutants (residues 110-117) in micelles (white
bars) and membranes (shaded bars) are shown. (C) The effect of membrane environment on the lifetimes of sensor loop residues depicted as percent of
lifetime changes is shown. All other conditions are as in Fig. 2. See Materials and Methods and Table 1 for other details.

and model-independent analyses of lifetimes yield different
values of lifetimes. Irrespective of the method of analysis to
obtain NBD lifetimes, the conclusions derived from time-
resolved measurements remain the same.

Rotational dynamics of the NBD-labeled loop
residues of VSD

Fluorescence polarization is a powerful approach to obtain
information about the molecular flexibility and rotational
motion of a fluorophore and has been used to monitor the
dynamic behavior of ion channels (40,43). The steady-state

TABLE 1 Fluorescence Lifetimes of NBD-Labeled S3b-S4
Loop Residues of KvAP-VSD

oy T (@ms) a T@ms) a 73(ns) <r>ns' Tyns’

OG Micelles

L110 051 1.87 0.9 067 030 5.25 3.81 2.84
Alll 045 175 025 055 029 526 3.87 2.53
G112 051 172 0.7 051 032 5.17 3.86 2.66
L113 051 172 0.16 044 033 544 4.13 2.85
G114 044 204 0.16 061 040 542 4.32 3.21
L115 057 143 0.13 034 030 4.87 3.57 2.48
Fl116 050 136 0.18 038 032 474 3.61 2.32
R117 051 178 0.12 051 037 5.07 391 291

PC/PG Membranes®

L110 044 369 048 792 0.09 1.26 6.55 5.77
Alll 048 172 0.19 053 033 548 4.14 2.68
G112 041 249 049 785 0.10 0.58 6.64 5.40
L113 035 228 057 7.1 0.08 047 6.28 5.05
G114 038 237 049 6.0 0.13 0.65 5.13 4.05
L115 040 204 006 056 054 5.13 4.39 3.70
F116 052 135 0.19 038 030 4.06 2.96 2.13
RI117 040 235 0.10 0.68 049 6.07 5.10 4.08

The concentration of protein was 6.4 uM in all cases. The excitation wave-
length was 465 nm, and the emission was monitored at respective emission
maximum. See Materials and Methods for other details.

“Mean fluorescence lifetime (<7>) calculated using Eq. 6.

"Calculated using Eq. 7.

“The ratio of KvAP/total lipid is 1:100.
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fluorescence polarization values of NBD-labeled S3b-S4
loop residues in OG micelles and PC/PG membranes in gen-
eral indicate that the rotational mobility of NBD group of
NBD-labeled sensor loop is considerably restricted and
are representative of motionally restricted environments of
NBD (Fig. 4 A). It should be noted that the hydrodynamic
diameter of OG micelles is ~6 nm (44), whereas the diam-
eter of small unilamellar liposomes is ~40 nm (45). Being
smaller, micelles will have more curvature and might have
interfacial packing defects that will lead to reduced order
parameter when compared to liposomes (46). If this is the
case, one would expect increased dynamics for the sensor
loop residues incorporated in micelles that will result in
low polarization values. However, micelle-embedded sensor
displays higher polarization values than PC/PG liposomes
and do not show appreciable changes for the loop residues,
indicating a similar motional restriction throughout the loop
region of the sensor. Interestingly, in the membrane environ-
ment, the sensor paddle loop not only displays low polariza-
tion values but exhibits significant dynamic variability
(Fig. 4 A), which suggests that the sensor loop is highly dy-
namic in membranes. The periodic pattern of dynamic vari-
ability in membranes is consistent with the results obtained
from the fluorescence emission maximum (Fig. 2, B and C)
and lifetime measurements (Fig. 3 B). These results clearly
suggest that the membrane environment offers a dynamic
(relaxed) organization of the VSD sensor loop and rules
out the effect of curvature on its conformational dynamics
(see also Fig. S1).

As discussed above, the lifetime changes are more pro-
nounced especially for the loop residues in membranes.
To ensure that the polarization values measured for the
NBD-labeled loop residues of KvAP-VSD are not influ-
enced by lifetime-induced artifacts, the apparent (average)
rotational correlation times were calculated using Perrin’s
equation (27):

Te=<7>r/(r,—r), (10)
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FIGURE 4 Rotational mobility of NBD-labeled
S3b-S4 loop residues in micelles and membranes.
Steady-state fluorescence polarization of NBD
fluorescence (A) and apparent rotational correlation
times of the NBD-labeled S3b-S4 loop residues (B)
in OG micelles (open circles) and POPC/POPG
membranes (solid circles) are shown. The error
bars represent the means *+ standard error of three
independent measurements. The lines joining the
data points are provided merely as viewing guides.
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where 7, is the limiting anisotropy of NBD, r is the steady-
state anisotropy (derived from the polarization values using
r = 2P/(3—P)), and <7 > is the mean fluorescence lifetime
taken from Table 1. The apparent rotational correlation
times, calculated this way, using an r, value of 0.354 (37)
are shown in Fig. 4 B. As can be seen from the figure, the
rotational correlation time, on average, for the loop residues
of the sensor in micelles is ~9 ns, whereas the correspond-
ing values in membranes are 7—15 ns, highlighting that the
S3b-S4 loop region of the sensor exhibits high dynamic
variability in membranes, consistent with the electron para-
magnetic resonance results (19). This shows that the
observed changes in fluorescence polarization values are
more or less free from lifetime-induced artifacts. The nature
of changes in rotational dynamics further suggests that the
structural organization of the S3b-S4 loop region of the
sensor is significantly altered in membranes, which is in
agreement with previous results obtained in BK channels
7).

Collisional quenching of NBD fluorescence by
iodide ions

The above results show that the S3b-S4 loop of VSD expe-
riences relatively nonpolar environment in membranes
compared to micelles because of its partitioning in the mem-
brane interface. We performed fluorescence quenching mea-
surements using the aqueous quencher KI to explore this
issue further and to probe the water accessibility and relative
location of the sensor loop in micelles and membranes. The
water soluble iodide ion (I7) is an efficient quencher of
NBD fluorescence and has been extensively used to monitor
topology of membrane proteins (31,48). Representative re-
sults for quenching of L115-NBD in OG micelles and PC/
PG membranes by I are shown in Fig. 5 A as Stern-Volmer
plots. The slope of such a plot (Ksy) is related to the degree
of exposure (accessibility) of the NBD group to the aqueous
phase. In general, the higher the slope, the greater the degree
of exposure to water (in our case) assuming that the differ-
ence in fluorescence lifetime is not large. Our results show
that I™ ions quench NBD fluorescence more effectively

110 111 112 113 114 115 116 117
Labeled mutants

All other conditions are as in Fig. 2. See Materials
and Methods for other details.

when the sensor is present in micelles than in membranes.
This is reflected by ~40-80% quenching of NBD fluores-
cence of loop residues observed in OG micelles compared
to significantly lower quenching efficiency (~20-40%)
when the sensor is in membrane environment at the
quencher concentration of 0.1 M (Fig. 5 B). The Ky values
indeed are considerably higher in micelles than in mem-
branes (Fig. 5 C). However, the interpretation of Ky values
is complicated because of its intrinsic dependence on fluo-
rescence lifetime (see Eq. 9) and, in our case, do not accu-
rately reflect the relative collisional rates because the
NBD lifetimes, particularly in membranes, change consider-
ably (see Fig. 3 C). The bimolecular quenching constant (k,)
is a more accurate measure of the degree of exposure
because it takes into account the differences in fluorescence
lifetime. It is encouraging to note that the calculated £,
values (Fig. 5 D) are significantly lower (i.e., low accessi-
bility to water) in membranes (~0.5-2 M~ 'ns™h compared
to micelles (~2-5 M~ 'ns™ "), which is in excellent agree-
ment with Kgy values. Considering the complete exposure
of NBD to aqueous environment has a k, value of ~8
M 'ns™" (39), the loop region of the sensor is partially
exposed to water in micelles. Taken together, our results
clearly demonstrate the decreased water accessibility in
the S3b-S4 loop region of the sensor in membranes and
strongly supports the partitioning and interfacial localiza-
tion of this important region of the sensor in membranes.

REES as a tool to monitor hydration dynamics
and S3b-S4 loop heterogeneity

Hydration and dynamics play an important role in lipid-pro-
tein interactions (38) and ion channel selectivity (49)
because protein fluctuations, slow solvation, and the dy-
namics of hydrating water are all intrinsically related (50).
REES represents a unique and powerful approach that can
be used to directly monitor the environment-induced restric-
tion and dynamics around a fluorophore in a complex bio-
logical system (see (51-54) for reviews). Because REES
provides information on the relative rates of water relaxa-
tion dynamics, this approach is sensitive to changes in local
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FIGURE 5 Water accessibility probed by iodide
quenching of NBD fluorescence. (A) Representa-
tive data for Stern-Volmer analysis of KI quenching
in micelles (open circles) and membranes (solid
circles) for L115-NBD of KvAP-VSD are shown.
F, is the fluorescence intensity in absence of
quencher, and F is the corrected fluorescence inten-
sity in the presence of quencher. The excitation
wavelength was 465 nm and emission was moni-
tored at 530 nm. (B) Quenching of NBD fluores-
cence of the labeled loop residues at 0.1 M KI in
micelles (white bars) and membranes (shaded
bars) is shown. Shown are (C) Stern-Volmer con-
stants (Ksy) and (D) bimolecular quenching con-
stants (k,) for iodide quenching of NBD-labeled
residues in micelles (open circles) and membranes
at a protein/lipid molar ratio of 1:100 (solid cir-
cles). The lines joining the data points are provided
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merely as viewing guides. The excitation wave-
length used was 465 nm and the emission was
monitored at respective emission maximum. The
concentration of KvAP-VSD was 1.6 uM in all
cases. See Materials and Methods for other details.
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hydration dynamics (34,55). Recently, REES has been
shown to provide unique information on protein conforma-
tional change and the equilibrium of conformational sub-
states (28).

REES is operationally defined as the shift in the wave-
length of maximum fluorescence emission toward higher
wavelengths, caused by a shift in the excitation wavelength
toward the red edge of the absorption band. The shifts in the
maxima of fluorescence emission of G114-NBD of the
sensor loop in micelles and membranes as a function of
excitation wavelength are shown in Fig. 6 A. The magnitude
of REES, that is, the total shift in fluorescence emission
maximum upon changing the excitation wavelength from
465 to 510 nm, for all the NBD-labeled loop residues in

110 111 112 113 114 115 116 117
Labeled mutants

micelles and membranes is shown in Fig. 6 B. In general,
the S3b-S4 loop of the sensor exhibits significant REES
(except L115 in membranes), an indication of a motionally
restricted environment in both micelles and membranes and
the presence of restricted/bound water molecules. Using the
REES approach, it has been shown that restricted/bound wa-
ter molecules play a significant role in C-type inactivation
gating of KcsA potassium channel (40). Further, the magni-
tude of REES (0—4 nm) suggests that there is considerable
difference in the relaxation of solvent molecules (dynamics
of hydration) ranging from freely relaxing to fully restricted
environments in different positions of the S3b-S4 loop. Most
of the loop residues in membranes have lesser magnitude of
REES magnitude compared to micelles, suggesting that the
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FIGURE 6 Red edge excitation shift (REES) of NBD-labeled loop residues of KvAP-VSD. (A) The effect of changing excitation wavelength on the wave-
length of maximum emission for G114-NBD in micelles (open circles) and POPC/POPG membranes (solid circles) is shown. The solid lines are the fit to
Eq. 4. The magnitude of REES (B) and the relative area (C) calculated by fitting the REES data using Eq. 4 for all the labeled loop residues in micelles (white
bars) and membranes (shaded bars) are shown. All other conditions are as in Fig. 2. See Materials and Methods for other details.
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loop region of the sensor in the membrane experiences less
motional restriction imposed by solvent molecules. It is
interesting to note that the changes in hydration dynamics
of the sensor loop in micelles and membranes are not solely
due to changes in the polarity of the local microenviron-
ment. For example, the fluorescence emission maximum is
~530 nm for the loop residues 110, 113, 115, and 117 in
membranes, but the magnitude of REES varies from 0 to
4 nm. Because the loop region experiences less environ-
mental restriction, this result also suggests a relatively fast
motion of the loop region of the sensor in membranes and
is in agreement with the differential mobility of the S3b-
S4 loop observed in micelles and membranes (see Fig. 4).
As mentioned before, the observed differences between
OG micelles and PC/PG liposomes could be related to
changes in the intrinsic curvature (and hence interfacial
packing defects) of these membrane-mimetic systems.
However, we believe this is not the case because the fluores-
cence properties (emission maximum and REES) of NBD-
labeled mutant at position 117 of KvAP-VSD remain
unaffected upon incorporation in PC/PG nanodiscs (see
Fig. S1), which are novel, to our knowledge, discoidal mem-
brane-mimetic systems in which the lipids are arranged in a
bilayer form with negligible curvature. This rules out the
possibility of curvature-mediated effects in the observed
changes in the structural dynamics of S3b-S4 loop of the
sensor. Overall, our results clearly show that not only the
S3b-S4 sensor loop is highly dynamic in membranes, but
also the microenvironment associated with the sensor loop
displays faster relaxation.

Although the magnitude of REES is a very good qualita-
tive measure to monitor relative solvent relaxation dy-
namics, the area extracted from the distinct curvature of
REES data using the Gaussian probability distribution can
be used to reflect changes in the equilibrium of protein
conformational states (28). We have fitted our REES data
with Eq. 4 (see Fig. 6 A) to extract the relative area of the
distribution for the NBD-labeled loop residues of VSD in
both micelles and membranes and are shown in Fig. 6 C.
The relative area is not plotted for labeled L115 residue of
the sensor in membranes because it does not exhibit any
REES. Our results show that the relative area, in general,
for membranes is relatively low, and significant reduction
in relative area is obtained particularly for NBD-labeled
114 and 116 residues. This indicates that the loop region
of the sensor probably has fewer conformational states in
a membrane setup. Taken together, our results are strongly
in favor of significant differences in the structural organiza-
tion and dynamics of the S3b-S4 loop of the sensor in these
membrane-mimetic systems.

DISCUSSION

Biological membranes, which are complex assemblies of
lipids and proteins, constitute the site for many important

KvAP Sensor Paddle Motif Loop Dynamics

cellular functions such as organizing functional membrane
domains, ion transport, signal transduction, energy meta-
bolism, and modulating various cellular signaling pathways
(56). Membrane lipids play an important role in modulating
the structure and function of various membrane proteins
particularly because of their specific high-affinity binding
(57,58). The critical dependence of proteins on the chemical
nature of the lipid bilayer suggests that the two might have
coevolved (59). Moreover, local lipid composition has an in-
fluence on the topology and conformation of the voltage
sensor in a voltage-independent manner (22). For instance,
it has been shown that lipid phosphate headgroups are
critical for the normal functioning of voltage-dependent
potassium channels (21,22,60,61). Indeed, nonphosphate-
containing lipids have been shown to stabilize the resting/
down conformation of the voltage sensor in KvAP
voltage-dependent potassium channel (21,22,62). These
studies clearly demonstrate the importance of lipid-protein
interactions in membranes for the functioning of voltage-
gated ion channels.

However, despite the importance of lipid-protein inter-
actions for the proper functioning of membrane proteins,
the high-resolution structure determination of membrane
proteins is often carried out in detergent micelles, and in
many cases, with the help of monoclonal antibodies
(63). Although detergent micelles provide a mimic of
the lipid environment, they have been shown to adversely
affect the structure, stability, dynamic behavior, and shift
the equilibrium of functional conformational states in
several membrane proteins such as potassium channels
KcsA (64) and KvAP (65), @B,-adrenergic receptor (66),
human voltage-dependent anion channel 1 (67), and
Omp X (68).

Voltage-gated ion channels are crucial for maintaining the
electrical excitability of cells and are also involved in chem-
ical signaling. Even subtle mutations in voltage-gated ion
channels lead to drastic changes in their functional behavior
and underlie many genetically inherited pathological condi-
tions (1). The first crystal structures of the voltage-gated ion
channels have been determined for prokaryotic K, channel
KvAP (4,18). The isolated VSD of KvAP has been studied
as a model system to understand the voltage sensor move-
ment and gating mechanism of K, channels (20). This is
because the VSD (S1-S4 helical bundle) is a portable
domain and its basic architecture is common to various
voltage-sensing proteins. Particularly, the S3b-S4 loop of
the sensor constitutes an important region of the channel
because it modulates the gating kinetics when mutated or
deleted (69) and alters the equilibrium between resting
and activated conformations (70). In addition, many animal
toxins target the S3b-S4 paddle motif of the sensor and
modulate the gating of K, channels (71). As mentioned
earlier, although the KvAP sensor is supposed to have
same conformation in both micelles and phospholipid mem-
branes, toxins that bind the paddle motif of KvAP-VSD and
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modulate the gating behavior exhibit dramatic affinity dif-
ferences in these membrane-mimetic systems (23).

Our site-directed fluorescence approaches on NBD-
labeled S3b-S4 loop region of the paddle motif of the
sensor (residues 110-117) clearly demonstrate the altered or-
ganization of this crucial region of the sensor in membrane-
mimetic systems. We observe significant dynamic variability
of the S3b-S4 loop of the sensor in POPC/POPG membranes,
which appears to be suppressed in OG micelles (see Figs. 2,
3, and 4). Because we used OG micelles, which is nonionic,
and PC/PG liposomes that have negatively charged PG
lipids, the altered organization of the loop region of the
sensor in membranes might have been influenced by the
possible interaction of anionic lipids with the positively
charged R117 residue of the sensor. We have performed fluo-
rescence measurements of a NBD-labeled loop mutant (at
position 115) of KvAP-VSD reconstituted in zwitterionic
POPC membranes and compared the results with anionic
(PC/PG) membranes. The choice of monitoring NBD fluo-
rescence at position 115 of the loop allows the influential
interaction, if any, of R117 with anionic lipids. As can be
seen from Table S1, all the measured fluorescence parame-
ters, which include emission maximum, polarization, magni-
tude of REES, and quenching constants, are very similar in
both zwitterionic and anionic membranes. This clearly indi-
cates that the altered organization of the sensor loop in mem-
branes is not predominantly governed by the specific
interaction of anionic lipid with the sensor.

Overall, our results support the partitioning of S3b-S4 loop
residues of the sensor at the membrane interface, which
agrees well with the hydrophobic nature of this loop residues
(except mainly R117). The interfacial region of the mem-
brane is a chemically heterogeneous environment that is
characterized by unique motional and dielectric characteris-
tics distinct from the bulk aqueous phase and the hydrocar-
bon-like interior of the membrane (72). This is supported
by a significant reduction in polarity of the immediate envi-
ronment, increased NBD emission intensity and lifetimes,
and reduction in water accessibility in most residues of the
loop region in PC/PG membranes when compared to mi-
celles. Considering the functional correlations of hydration
and conformational dynamics in inactivating and conductive
conformations of K' channels (40,73,74), our results
showing the presence of restricted/bound water molecules
in the immediate vicinity of the loop region might also be
relevant for the sensor function. Quantitative analysis of
REES data using Gaussian probability distribution function
indicates that the sensor loop possibly has fewer discrete
equilibrium conformational states in membranes compared
to its organization in micelles. This is consistent with our
site-specific NBD mobility measurements, which suggest
that the membrane environment offers a relaxed/dynamic or-
ganization for most of the S3b-S4 loop residues of the sensor.
Our results of the dynamic nature of the sensor loop in mem-
branes are in agreement with the recent studies on OmpX
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backbone dynamics in various membrane-mimetic systems
(68) and human voltage-dependent anion channel (67).

Based on our results, we propose a model (Fig. 7) that
highlights the key differences in the organization and dy-
namics of the S3b-S4 sensor loop in micelles and mem-
branes. The sensor loop residues partition into a
considerable nonpolar environment, that is, at the interfacial
region of the membranes. In addition, the sensor loop exhibits
high dynamic variability in membranes compared to a rela-
tively rigid organization of the sensor in micellar environ-
ment. This is accompanied by relatively fast solvent
relaxation dynamics around the sensor and the presence of
fewer possible conformational substates in membranes.
These membrane-environment-induced changes in the orga-
nization of the sensor loop might be responsible for the dra-
matic differences observed in VSTX1 binding affinity to
KvAP-VSD in micelles and membranes. Despite being a
positively charged residue, the first gating charge of KvAP-
VSD (R117) appears to be shielded from complete exposure
to water in both micelles and membranes and, interestingly,
the shielding is more pronounced in membranes in which
R117 presumably interacts with membrane lipids as sug-
gested earlier (19,20). Overall, our results bring out the
importance of the membrane environment in the organization
and dynamics of S3b-S4 loop region of VSD, which might be
relevant for the voltage-gating mechanisms and the effect of
toxins on the modulation of sensor function.

Membranes

Micelles

“—
P
e
s4 ) 831??3

€ [ &
Y
)

o

FIGURE 7 Membrane-induced conformational dynamic variability of
the voltage sensor loop. A schematic representation of the key differences
in the organization and dynamics of S3b-S4 loop residues of KvAP-VSD in
OG micelles (left) and in PC/PG membranes (right) is shown. Only a part of
the S3b and S4 helices are shown, and the positions of residues 110 and 117
are indicated by spheres (C, atoms) in helices. Because of increased hydro-
phobicity of the loop region, most of the loop residues partition in relatively
nonpolar environment in membranes compared to micelles. Further, the
S3b-S4 loop region exhibits pronounced dynamic variability in membranes
as depicted by the wiggly nature of the loop (right). In contrast, the micellar
environment imposes motional restriction and induces an increased number
of discrete conformational substates of the loop region as denoted by more
copies of the loop region (/eft). Changes in hydration dynamics are depicted
by the increased ratio of bulk/free (open circles) versus restricted/bound
(solid circles) water molecules. The curved and straight lines denote the
arbitrary micellar and membrane boundaries, respectively. See Discussion
for more details.



CONCLUSION

As mentioned earlier, the basic molecular architecture of all
VSDs is based on a common scaffold as demonstrated by
the crystal structures of voltage-sensing proteins. In the
absence of membrane potential, the purified KvAP-VSD is
supposed to be in “Up” conformation in both micelles
and when incorporated in membranes. However, we find
significant differences in the conformational dynamics of
the S3b-S4 loop of the sensor in micelles and membranes.
Considering the fact that all VSDs have common scaffold,
and gating-modifier toxins target S3b-S4 paddle motif of
VSDs in K,, Na,, and Ca, channels, our results related to
the pronounced variability in the structural dynamics of
this critical loop region of the paddle motif in membranes
will be relevant to understand the toxin-sensor interaction
and voltage-dependent gating mechanisms.

SUPPORTING MATERIAL

Supporting Material can be found online at https://doi.org/10.1016/j.bpj.
2019.08.017.
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