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Detection of Nav1.5 Conformational Change in
Mammalian Cells Using the Noncanonical Amino
Acid ANAP
Mia A. Shandell,1,* Jose R. Quejada,1,2 Masayuki Yazawa,1,2 Virginia W. Cornish,1,3,* and Robert S. Kass1,*
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ABSTRACT Nav1.5 inactivation is necessary for healthy conduction of the cardiac action potential. Genetic mutations of
Nav1.5 perturb inactivation and cause potentially fatal arrhythmias associated with long QT syndrome type 3. The exact struc-
tural dynamics of the inactivation complex is unknown. To sense inactivation gate conformational change in live mammalian
cells, we incorporated the solvatochromic fluorescent noncanonical amino acid 3-((6-acetylnaphthalen-2-yl)amino)-2-aminopro-
panoic acid (ANAP) into single sites in the Nav1.5 inactivation gate. ANAP was incorporated in full-length and C-terminally trun-
cated Nav1.5 channels using mammalian cell synthetase-tRNA technology. ANAP-incorporated channels were expressed in
mammalian cells, and they exhibited pathophysiological function. A spectral imaging potassium depolarization assay was de-
signed to detect ANAP emission shifts associated with Nav1.5 conformational change. Site-specific intracellular ANAP incorpo-
ration affords live-cell imaging and detection of Nav1.5 inactivation gate conformational change in mammalian cells.
SIGNIFICANCE We incorporated a fluorescent noncanonical amino acid (3-((6-acetylnaphthalen-2-yl)amino)-2-
aminopropanoic acid) into single sites within the inactivation gate of human cardiac voltage-gated sodium channels
(Nav1.5). We developed a fluorescence-based spectral method to monitor Nav1.5 conformational change in intact
mammalian cells. This work compliments the near-atomic-level structural detail resolved in recent cryo-electron
microscopy structures of full-length eukaryotic voltage-gated sodium channels and sets the foundation for measurement of
voltage-gated sodium channel structural dynamics in mammalian cells.
INTRODUCTION

Genetic mutation in the voltage-gated sodium channel
(VGSC) Nav1.5 can lead to multiple cardiac arrhythmia dis-
orders, including Brugada Syndrome and long QT syn-
drome type 3 (LQT3), which can both lead to sudden
cardiac death. Nav1.5 is a 260 kDa transmembrane ion chan-
nel with four semihomologous domains, each containing six
transmembrane segments (1) (Fig. 1 a, right). The �50-
amino-acid linker between domains III and IV (III-IV
linker) is known as the inactivation gate. VGSC fast inacti-
vation is thought to occur by a hinged-lid mechanism
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requiring the presence of a conserved hydrophobic motif,
typically IFM, in the III-IV linker (1). This hydrophobic
motif may stabilize a channel conformation in which the
III-IV linker occludes the intracellular mouth of the pore
and halts ion conduction (1–5). The IFM motif assumes a
stable fast inactivated state by docking onto the underside
of the pore via hydrophobic interactions, mainly with sites
on the DIII:S4-S5 linker, DIV:S4-S5 linker, and DIV:S6
(5–13). The C-terminus (CT) is also important for regulating
channel availability and inactivation kinetics, demonstrated
by functional characterization of LQT3-associated muta-
tions in the CT and ion channel chimera experiments
(14–19). Furthermore, the inactivated state is stabilized by
an interaction between the III-IV linker and CT, forming
an inactivation complex, and this requires the presence of
the C-terminal part of helix 6 in the CT structured region
(8,20–23).

Structures of truncated regions of eukaryotic VGSCs,
such as the III-IV linker, in complex with accessory proteins
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FIGURE 1 Nav1.5 constructs and K
þ depolarization assay schematic. (a)

Chemical structure of ANAP (left) and Nav1.5 domain structure (right) are

shown. (b) Nav1.5(ANAP) constructs used in imaging and electrophysi-

ology experiments are shown. Star ¼ ANAP. (c) A schematic of Kþ depo-

larization in cells expressing GFP-Kir4.1 and Nav1.5(ANAP) is shown. Net

flux of Kþ is zero at both membrane potentials. 5 mM [Kþ]ext and 150

[Kþ]int set the equilibrium potential at � �80 mV, at which Nav channels

are expected to be closed. An increase to 150 mM [Kþ]ext sets the equilib-
rium potential at �0 mV, at which a large population of Nav channels is ex-

pected to be inactivated. To see this figure in color, go online.
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have been reported; however, their functional significance is
unknown (24,25). In particular, the eukaryotic III-IV linker
bound to calcium/calmodulin (CaM) has been crystallized
(24). Also, the crystal structure of the eukaryotic Nav1.5
CT domain in complex with fibroblast growth factor homol-
ogous factor and apo-CaM has been resolved (25). Consid-
ered together, these results raise questions of how the III-IV
linker, CT, calcium, and CaM may interact in the inactiva-
tion complex of full-length eukaryotic channels. One limita-
tion to the studies supporting the significance of a direct
III-IV linker CT interaction is the measurement of interac-
tions between purified III-IV linker and CT peptides, not
in full-length channels.

A number of cryo-electron microscopy structures of full-
length eukaryotic VGSCs have been published to date:
insect NavPaS (26), electric eel Nav1.4 (27), human
Nav1.7 (28), human Nav1.2 (29), and hybrid NavPaS/
human Nav1.7 (30). Interactions between voltage sensor
domain IV and the CT were visualized in the full-length
hybrid channel (insect NavPaS þ voltage sensor domain
IV from human Nav1.7) bound to a-scorpion toxin, suggest-
ing a possible resting state for the fast-inactivation complex
(30). One limitation of structural techniques is that there is
no membrane potential in a protein crystal. Therefore, it is
difficult to assign the resolved structure to voltage-depen-
dent functional ion channel states. Fluorescence imaging
in mammalian cells can be a useful complement to cryo-
electron microscopy studies for connecting structure with
function of the Nav1.5 inactivation complex. Currently, spe-
cific fluorescent labeling of the short intracellular inactiva-
tion gate with minimal perturbation in full-length channels
is a technical hurdle that must be overcome.

Options for labeling short intracellular protein linkers
are limited. Fluorescent proteins are quite large, and
cysteine labeling is nonspecific. Noncanonical amino acids
(ncAAs) offer an alternative method for incorporating
fluorophores at single sites in proteins by amber suppres-
sion. Amber suppression in mammalian cells requires
expression of an orthogonal aminoacyl-tRNA synthetase-
tRNA (aaRS-tRNA) pair specific for the ncAA, along
with the protein of interest containing an amber stop codon
at the desired incorporation site (31). 3-((6-acetylnaphtha-
len-2-yl)amino)-2-aminopropanoic acid (ANAP) is one of
a number of solvatochromic fluorescent ncAAs whose
spectrum red-shifts in increasingly polar environments
(32–34) (Fig. 1 a, left). The ANAP aaRS-tRNA pair was
evolved in Saccharomyces cerevisiae from the Escherichia
coli leucyl aaRS-tRNA pair (32). Since the first demonstra-
tion of ANAP incorporation into model proteins in
S. cerevisiae and mammalian cells, there have been a num-
ber of examples using ANAP environmental sensitivity to
study ion channels in Xenopus laevis oocytes and mamma-
lian cells (35–44).

In recent years, ANAP incorporation has been used
increasingly for studying protein dynamics in live cells. In
2013, Kalstrup and Blunck demonstrated voltage-clamp flu-
orometry of ANAP-incorporated Shaker potassium channels
in X. laevis oocytes and have published video protocols for
reproducing ANAP voltage-clamp fluorometry experiments
(35,45). ANAP spectral shifts were used to monitor protein
misfolding of luciferase in S. cerevisiae (46). In X. laevis oo-
cytes, ANAP has been incorporated into glycine receptors,
CNGA1 channels, voltage-sensing phosphatases, KCNH
channels, and ASIC channels (36–41). ANAP incorporated
in CNGA1 and KCNH channels was used to measure intra-
cellular interactions by transition metal Förster resonance
energy transfer (FRET; 36). However, there is a need for
characterization of ion-channel structural dynamics in the
mammalian cell context. A few studies have answered to
that need. Zagotta et al. demonstrated transition metal
FRET between ANAP incorporated in TRPV1 channels
and the plasma membrane of unroofed mammalian cells
(42). In Chinese hamster ovary cells, ANAP was incorpo-
rated into hASIC1a, and increasing concentrations of the
channel toxin mambalgin-1 were detected spectrally by a
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red shift in ANAP fluorescence (43). ANAP was demon-
strated as a FRET donor to enhanced green fluorescent pro-
tein (EGFP) in an FP-reporter fusion protein expressed in
mammalian cells (47). Recently, Puljung et al. interrogated
activation of ATP-sensitive Kþ channels in unroofed human
embryonic kidney (HEK)293T cells via FRET between
ANAP and fluorescent nucleotides (44).

We hypothesized that ANAP can be incorporated into the
Nav1.5 inactivation gate using mammalian cell synthetase-
tRNA technology. Once incorporated, ANAP would act as
a fluorescent reporter of human Nav1.5 conformational
change. An ANAP spectral assay was developed to address
whether ANAP responds to 1) the local environment of
the inactivation gate when incorporated at different sites
(Fig. 1 b), 2) the absence of the distal CT (Fig. 1 b),
and 3) conformational rearrangement elicited by a potas-
sium (Kþ) depolarization (Fig. 1 c).
MATERIALS AND METHODS

Chemical reagents

All reagents were purchased commercially. A 1.7 mM stock solution

of ANAP (3-((6-acetylnaphthalen-2-yl)amino)-2-aminopropanoic acid)

(AsisChem, Waltham, MA) was made in anhydrous dimethyl sulfoxide

(Sigma-Aldrich, St. Louis, MO). A 50 mM tetradotoxin (TTX; Abcam,

Cambridge, UK) solution was made in ddH2O from a 5 mM stock solution.

Reagents were aliquoted and stored at �20�C. Chemicals for physiological

solutions were purchased from Sigma-Aldrich and stored at room

temperature unless otherwise noted. Stock physiological solutions were

stored at 4�C.
Plasmids, cell lines, and molecular biology

AnapRS-LeutRNACUA, pcDNA4-EGFP(Y40TAG) ‘‘pSWAN-GFP37TAG,’’

andpCMV-MmPylRS-PylTweregifts fromPeterG.Schultz (33,48).Template

plasmids pH2B-EGFP and pcDNA3-SCN5A hh1c were available in-house.

Template plasmid pH2B-mCherry was a gift from Robert Benezra (Addgene

plasmid # 20972; Watertown, MA). HEK293T cells were available in-house.

The GFP-Kir4.1 HEK293T cell line was a gift from Christopher Ahern.

QuikChange site-directed mutagenesis (Stratagene, La Jolla, CA) and/or

Gibson Assembly (New England Biolabs, Ipswich, MA) was performed ac-

cording to the manufacturer’s instructions with modifications as needed.
Mammalian tissue culture and transfection

HEK293T cells were grown in a medium containing minimum essential

medium (MEM) (Gibco, Gaithersburg, MD) or Dulbecco’s modified Ea-

gle’s medium containing 4.5 g/L glucose, L-glutamine, and sodium pyru-

vate (Corning 10-013-CM; Corning, NY), 10% fetal bovine serum, 1%

penicillin-streptomycin, and 2 mM GlutaMAX (Gibco) supplement at

37�C in a humidified atmosphere of 5% CO2. Transfections of all cell lines

for Western blot and live-cell imaging (six-well tissue-culture-treated plates

for Western blot, LabTek eight-well chambered coverglass tissue-culture-

treated plates for imaging) were performed using Xtremegene HP (Roche,

Basel, Switzerland) or Lipofectamine 2000 (Invitrogen, Carlsbad, CA) ac-

cording to the manufacturer’s instructions. A typical imaging experiment

involved transfection of 1 mg total DNA, including 0.6 mg Nav1.5 reporter

construct and 0.4 mg AnapRS-LeutRNACUA (1.5:1 target protein/aaRS-

tRNA mass ratio). Plasmids were co-transfected with reagent (3 mL reagent
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to 1 mg DNA) in Opti-MEM (Gibco). In þANAP conditions, ANAP was

added to the well at a final concentration of 10 mM �30 min before adding

transfection reaction. This recipe was scaled up to 2 mg total DNA for elec-

trophysiology experiments, transfected in T25 flasks, then split 24 h later

and seeded into 35 mm plates. EGFP or EGFP(Y40TAG) was co-trans-

fected as a marker of cells to patch as needed (1:1 with Nav1.5(TAG)).

GFP-Kir4.1 HEK293T were cultured in Dulbecco’s modified Eagle’s me-

dium (Gibco), 10% fetal bovine serum, 1% penicillin-streptomycin,

2 mM GlutaMAX, and Zeocin (Gibco) at 37�C in a humidified atmosphere

of 5% CO2.
Western blot

HEK293T cells were seeded at 3 � 105 cells per well in a six-well

tissue-culture-treated plate, transfected according to manufacturer’s in-

structions. 1.2 mg of DNA encoding Nav1.5(TAG)-EGFP, Nav1.5-EGFP,

EGFP(Y40TAG), or EGFP was co-transfected with 0.8 mg of AnapRS-

LeutRNACUA with Xtremegene (Roche) at a ratio of 3:1 in Opti-MEM

(Gibco) supplemented with 2 mM GlutaMAX. 10 mM ANAP was added

to the media�30 min before adding transfection reaction. Transfected cells

were cultured at 37�C, 5% CO2 36–48 h before harvesting and lysis. Before

lysis, cells were washed once with Tris-HCl-buffered saline (TBS), then

lysed with Cell Lysis Buffer (Cell Signaling Technology, Danvers, MA)

with 1:100 proteasome inhibitor complex on ice for 5 min. Lysis buffer con-

tained (mM) 20 Tris-HCl (pH 7.5), 150 NaCl, 1 Na2EDTA, 1 EGTA, 1%

Triton, 2.5 sodium pyrophosphate, 1 b-glycerophosphate, 1 Na3VO4, and

1 mg/mL leupeptin. Cells were scraped and resuspended in lysis buffer

and incubated at 4�C for 30 min. Samples were centrifuged 10 min at

12,000� g, then heated (55�C). Samples were loaded onto a 5 and 10% so-

dium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gel

and electrophoresed for 45 min at 10 mA/gel, then 90 min at 20 mA/gel.

Protein gels were wet-transferred onto polyvinylidene difluoride mem-

branes overnight at 4�C (15 V). The membranes were washed briefly

with TBS, then blocked with 5% w/v skim milk in 1� TBS with Tween

20 (TBS-T) for 30 min at room temperature. Membranes were then incu-

bated with 1:8000 primary antibody (rabbit polyclonal anti-GFP) in

TBS-T for 1 h at room temperature. Membranes were washed 3 �
10 min at room temperature in TBS-T and incubated with secondary anti-

body (anti-rabbit horseradish peroxidase) 30 min at room temperature.

Membranes were washed 2 � 10 min at room temperature with TBS-T,

then 1 � 10 min at room temperature with TBS and developed using

ECL Western Blot Detection Reagents (Bio-Rad, Hercules, CA). Images

were taken by exposing light sensitive films at 30 s, 1, 2, 3, and 5 min on

a developer (Kodak, Rochester, NY) in a dark room. Membranes were strip-

ped, stained with anti-b-tubulin, and imaged as above.
Whole-cell patch-clamp electrophysiology

Sodium channel electrophysiology

Electrophysiological recordings of sodium channels expressed in

HEK293Twere carried out in a whole-cell patch-clamp configuration using

physiological solutions. Pipette resistances ranged from 1.5 to 4 MOhm.

The INa internal solution contained (mM) 50 aspartic acid, 60 CsCl,

5 Na2-ATP, 11 EGTA, 10 HEPES, 1 CaCl2, and 1 MgCl2, with pH 7.4

adjusted with CsOH. The INa external solution contained (mM)

130 NaCl, 2 CaCl2, 5 CsCl, 1.2 MgCl2, 10 HEPES, 5 glucose, with pH

7.4 adjusted with CsOH. Whole-cell sodium currents were recorded under

voltage-clamp conditions. A voltage-step protocol was used, holding

at �100 mV, step depolarization to �20 mV for 200 ms, then back to hold-

ing. Cells were pulsed at a frequency of 0.1 Hz. Steady-state inactivation

(SSI) voltage protocol was as follows: holding at �100 or �90 mV, step

to the conditioning pulse for 500 ms, depolarization to �10 mV for

20 ms, return to holding. Conditioning pulses ranged from �130



Imaging Nav1.5 Conformational Change
to �20 mV. Late sodium current was measured as TTX-sensitive current

200 ms after depolarization to �20 mV. Percent late current was measured

as the average current between 195 and 200 mV divided by the peak cur-

rent. Data was collected using an Axopatch 200B amplifier (Axon Instru-

ments, San Jose, CA) and Digidata 1440A digitizer. Data was recorded

with pClamp 8, 10, or 10.5 (Molecular Devices, San Jose, CA). Capacitive

current and series resistance compensation were carried out using analog

techniques according to the amplifier manufacturer (Axon Instruments).

All measurements were obtained at room temperature (25�C). Statistical
significance was determined using single-factor analysis of variance

(ANOVA) when comparing multiple groups and Student’s t-test assuming

equal or unequal variances based on a prior F-test of variance. p < 0.05

was considered statistically significant.

Potassium channel electrophysiology

Electrophysiological recordings of GFP-Kir4.1 HEK293T were recorded

under voltage-clamp or current-clamp conditions. Internal solution con-

tained (mM) 150 KCl, 3 MgCl2, 5 EGTA, 10 HEPES, with pH 7.4 adjusted

with KOH. Extracellular solution contained (mM) 150 NaCl, 5 KCl,

1 MgCl2, 1.8 CaCl2, 10 HEPES, with pH 7.4 adjusted with NaOH. Changes

in membrane potential were recorded over time once patch stability and

Kir4.1 channel expression were confirmed by applying a voltage-ramp pro-

tocol: cells were held at �80 mV, and a 500 ms voltage ramp was applied

once every 3 s, with voltage increasing linearly from�120 toþ60 mV, then

returned to holding. Using pClamp software, a 50� data reduction of re-

cordings was performed for data transfer compatibility to Microsoft Excel

and Origin (Microcal Software) software. All measurements were obtained

at room temperature (25�C). Where appropriate, as in comparing reversal

potentials between low Kþ and high Kþ, statistical significance was

determined using Student’s t-test assuming equal or unequal variances

based on a prior F-test of variance. p < 0.05 was considered statistically

significant.
Live-cell imaging

ANAP incorporation and spectral imaging of different sites
in Nav1.5

HEK293T cells were plated at a density of 10,000–20,000 cells per well in

LabTek eight-well chambered coverglass tissue-culture-treated plates

(Nunc, 1.5 borosilicate) 12–24 h before transfection. Transfections were

performed as described previously. Fluorescence microscopy and spectral

imaging of ANAP incorporated at different sites in Nav1.5 were performed

on a Zeiss LSM 700 confocal microscope (Zeiss, Oberkochen, Germany).

ANAP was excited at 405 nm and spectral emission collected from 410

to 600 nm in 10 nm intensity bins (Zeiss). To match the laser intensity as

accurately as possible, intensity over wavelength was measured for each

manually chosen region of interest (ROI), normalized to ROI area, and sub-

tracted by a laser-line background-area-normalized spectrum measured

near the original ROI, which did not contain a visible cell. Laser-subtracted

spectra were then normalized to the sum of the intensities under the peak.

Resulting normalized spectra were averaged and errors determined as

mean 5 standard error (SE). Peak centroids of each averaged spectrum

were calculated as

Peak Centroid ¼ sumðwavelength � intensityÞ
sumðintensityÞ

ANAP spectral imaging with Kþ depolarization

Spectral imaging for the Kþ depolarization experiment was performed on a

Nikon A1RMP confocal microscope with spectral detector (Nikon, Tokyo,

Japan). Cells were maintained at 37�C in a 5% CO2 humidified atmosphere

on the microscope with a stage-top incubator in live-cell imaging solution
(Molecular Probes, Eugene, OR) or electrophysiological solutions. Live-

cell imaging solution contained (mM) 140 NaCl, 2.5 KCl, 1.8 CaCl2,

1.0 MgCl2, 20 HEPES (pH 7.4). In Kþ depolarization experiments,

low Kþ external solution contained (mM) 150 NaCl, 5 KCl, 1 MgCl2,

1.8 CaCl2, 10 HEPES, with pH 7.4 adjusted with NaOH. High Kþ external

solution contained (mM) 150 KCl, 5 NaCl, 1 MgCl2, 1.8 CaCl2, 10 HEPES,

with pH 7.4 adjusted with KOH. During imaging, cells were maintained in

low Kþ external solution before buffer exchange to high Kþ. ANAP was

excited at 405 nm and spectral emission collected from 402 to 588 nm in

6 nm intensity bins using the spectral detector. The three shortest wave-

length bins were affected by a mechanical filter inside the spectral detec-

tor—a metal finger blocker just after the grating that prevents excitation

light from entering the photomultiplier arrays. Unmixed ANAP or GFP

spectra had negligible intensities at the affected wavelengths (Fig. S2).

Data analysis was performed as follows. Composite ANAP and GFP spectra

were fitted and unmixed using a MATLAB (The MathWorks, Natick, MA)

linear unmixing algorithm built in-house. Three spectral components were

modeled to fit and unmix experimental spectra: 1) ANAP, 2) 405 nm laser

line, and 3) GFP. First, the model ANAP spectrum was extracted from

ANAP-only control HEK293T expressing Nav1.5(Q1475ANAP) and fitted

as the linear combination of two Gaussians to obtain a smooth spectrum.

Second, a model spectrum of the peak 405 nm laser light background

was determined by measuring spectra from ROIs drawn in which there

were no visible cells. Third, the GFP model spectrum was extracted from

GFP-only control GFP-Kir4.1 co-transfected with Nav1.5(Q1475TAG)

and AnapRS-LeutRNACUA in the absence of ANAP. The GFP model spec-

trum was laser-subtracted using the model spectrum of the laser light back-

ground determined in (2). The best GFP fit was a linear combination of two

log-normal distributions (49). Once the model spectra were obtained, least-

squares regression was performed over the entire wavelength range (402–

588 nm) to fit how bright each of the peaks needed to be to explain the

observed spectrum at each wavelength. To account for ANAP shifts, the

least-squares fit was calculated at one particular wavelength of ANAP,

and the residual was recorded. The code iterated 20 nm to the left and right

of the peak in 1 nm steps, downsampled to the instrument resolution, until

residuals were minimized, resulting in the best fit overall.
RESULTS

Fluorescent ncAA ANAP was incorporated into
the Nav1.5 inactivation gate in mammalian cells

Can fluorescent ncAA ANAP be incorporated into the hu-
man Nav1.5 inactivation gate in mammalian cells? In
proof-of-principle ANAP incorporation experiments,
EGFP or mCherry was fused to the human Nav1.5 CT as a
reporter of full-length channel expression (Fig. 1 b,
construct 2). ANAP-dependent expression of full-length
Nav1.5-EGFP (�275 kDa) was measured by Western blot
for four sites: Q1475TAG, F1485TAG, E1488TAG, and
E1489TAG (Fig. 2 a). In the presence of ANAP, a band
was observed above 200 kDa, corresponding to the
more intense positive control band of the same size, repre-
senting full-length Nav1.5-EGFP. The positive control
for ncAA incorporation was to incorporate ANAP into
EGFP(Y40TAG). ANAP-dependent full-length expression
of EGFP (�27 kDa) was observed at �50 kDa, correspond-
ing to the band from cells expressing wild-type EGFP
(Fig. 2 a). In both cases, no band was observed in the
absence of ANAP. b-tubulin normalized band intensities
in the ncAA-incorporation conditions were 16% for
Biophysical Journal 117, 1352–1363, October 1, 2019 1355



FIGURE 2 Full-length Nav1.5 expression

depends on presence of ANAP and its synthetase-

tRNA pair. (a) Western blot of Nav1.5(Q1475TAG)-

EGFP and EGFP(Y40TAG) grown in HEK293T 5

10mMANAP,probedwith rabbit pAb-GFP, is shown.

All conditions were co-transfected with AnapRS-

tRNALeuCUA. (Left) Nav1.5-EGFP, 5% SDS-PAGE,

5 min exposure is shown. (Right) EGFP, 10% SDS-

PAGE,1min exposure is shown.Each image in its en-

tirety was adjusted for contrast and brightness

enhancement. Full-length EGFP is �27 kDa and

was observed �50 kDa in this blot. Full-length

Nav1.5-EGFP is�275 kDa and was observed above

200 kDa in this blot. (b) Fluorescence imaging

of HEK293T expressing Nav1.5(Q1475ANAP)-

mCherry (columns 1, 2), Nav1.5-mCherryþ10 mM

ANAP (background ANAP, column 3), or

Nav1.5(Q1475TAG)-mCherry in the absence of

ANAP (transfected cells, no ANAP, column 4) is

shown. ANAP (ex405, em445/50 nm) and mCherry

(ex555, em647/70 nm) fluorescence were imaged.

Overlay image includes ANAP (white), mCherry

(red), and brightfield channels. All except brightfield

images were equally adjusted in their entirety for

contrast enhancement. Columns 1, 3, and 4 scale

bars represent 20 mm. Column 2 scale bars represent

10 mm. (c) Quantification of the 20� images in (b) is

shown. (Left) ANAP mean fluorescence intensity

(MFI) was significantly increased when the target

codon for incorporation was present. Error bars

are 5 standard deviation. ****p < 0.0001, two-

tailed unpaired t-test withWelch’s correction. (Right)

mCherry MFI plotted as a function of ANAP MFI is

shown. To see this figure in color, go online.
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Q1475ANAP, 7% for F1485ANAP, 11% for E1488ANAP,
and 31% for E1489ANAP of that in the wild-type condition.
These results demonstrate ANAP-dependent expression of
full-length sodium channel reporter protein in mammalian
cells and emphasize the high variability in ncAA-incorpora-
tion efficiency depending on target incorporation site.

Nav1.5 was tested for permissibility to ANAP incorpora-
tion. A site in DIII:S6 Q1475TAG was chosen initially for
ANAP incorporation because we hypothesized that this site
being close to the membrane-cytosol interface would elicit
detectable spectral shifts representing changes in hydropho-
bicity in the Kþ depolarization assay (26,30). HEK293T cells
expressing Nav1.5(Q1475ANAP)-mCherry were imaged by
confocal microscopy (Fig. 2 b). In the þANAP condition,
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ANAP and mCherry fluorescence was observed at the plasma
membrane and localized to intracellular compartments
(Fig. 2 b, columns 1, 2). This was expected because of the
absence of b-subunit overexpression, which can cause defec-
tive plasma membrane trafficking (50). ANAP fluorescence
intensity correlated (R2¼ 0.6) with mCherry fluorescence in-
tensity in the Nav1.5(Q1475ANAP)-mCherry condition
(Fig. 2 c, right).As anegative control representingbackground
ANAPfluorescence,wild-typeNav1.5-mCherry andAnapRS-
LeutRNACUA were coexpressed in HEK293Tþ10 mM
ANAP (Fig. 2 b, column 3). Bright mCherry fluorescence
and dim ANAP fluorescence were observed, but ANAP
signal was significantly decreased compared to the
Nav1.5(Q1475ANAP)-mCherry condition (Fig. 2 c, left).
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As a negative control to evaluate ANAP-independent
expression of the reporter protein, Nav1.5(Q1475TAG)-
mCherry was expressed in the presence of AnapRS-
LeutRNACUA in HEK293T grown without ANAP
(Fig. 2 b, column 4). Cell autofluorescence and dim
mCherry signal were observed, but both signals were
decreased compared to the Nav1.5(Q1475ANAP)-mCherry
condition. Together, these data demonstrated ANAP-depen-
dent full-length Nav1.5 expression, suggesting that ANAP
can be incorporated into the inactivation gate. Furthermore,
ANAP fluorescence signal can be visualized and distin-
guished from background by routine confocal imaging.
Electrophysiology of ANAP incorporated
full-length and DCT truncated Nav1.5 in
mammalian cells

Weaskedwhether functional channel expression at the plasma
membrane depended on the presence of ANAP and its incor-
poration machinery. Furthermore, because the Nav1.5 inacti-
vated state is stabilized by helix 6 in the CT structured
region, we sought to measure the effect of truncating helix 6
and the entire distal CT on Nav1.5(ANAP) function
(8,20–23). We used the previously characterized truncation
mutation S1883TGA (DCT) (8). Patch-clamp electrophys-
iology was used to characterize Nav1.5(Q1475ANAP),
Nav1.5(DCT), or Nav1.5(Q1475ANAP/DCT) coex-
pressed with EGFP(Y40ANAP) in HEK293T cells.
EGFP(Y40ANAP) was a marker of cells able to carry out
ncAA incorporation. In þANAP conditions, TTX-sensitive
sodium currents were observed in EGFP-positive cells
(Fig. 3 a), although peak current density was significantly
decreased compared to wild-type channels (Fig. 3 b).
Decreased peak current density of ANAP-incorporated chan-
nels could be due to defects in channel trafficking to the
plasma membrane, lower channel expression, or a decrease
in single-channel conductance. Notably, small or no currents
were observed in cells expressing all components for ANAP
incorporation but grown in the absence of ANAP (Fig. 3, a
and b). This suggests that sodium currents observed in the
presence of ANAP are dependent on ANAP incorporation
and represent full-length Nav1.5(Q1475ANAP) or truncated
Nav1.5(Q1475ANAP/DCT) channels.

Next, the inactivation properties of Nav1.5(Q1475ANAP)
andNav1.5(Q1475ANAP/DCT) channels were characterized.
Macroscopically, currents resembledNav channels, with rapid
opening and inactivation in response to a step change inmem-
brane depolarization. There was lengthened time to half-com-
plete inactivation (t1/2) and increased late current (INa,L) in
cells expressing Nav1.5(Q1475ANAP), Nav1.5(DCT), or
FIGURE 3 Electrophysiology of ANAP incor-

porated full-length and DCT truncated Nav1.5 in

HEK293T cells. (a) Representative TTX-sensitive

capacitance-normalized current traces of wild-

type Nav1.5, Nav1.5(DCT), Nav1.5(Q1475ANAP),

or Nav1.5(Q1475ANAP/DCT) expressed in

HEK293T is shown. All conditions were co-trans-

fected with AnapRS-LeutRNACUA. Inset is the

voltage protocol. (b) Average peak current density

(pA/pF) of all conditions is shown. Error bars are

5 SEM. Numbers above bars are the number of

cells. *(left to right) two-tailed p ¼ 8.5 � 10�5,

1.7 � 10�5, 0.02, 5.6 � 10�6, Student’s t-test.

Peak currents and cell capacitances are in

Fig. S1. (c) SSI of all constructs 5 10 mM

ANAP is shown. Error bars are 5 SEM. Inset is

the voltage protocol. Numbers in legend refer to

number of cells. V1/2: WT �64.6 5 0.4 mV,

Q1475ANAP �51.8 5 0.7 mV, DCT �79.2 5

0.4 mV, Q1475ANAP/DCT �59.7 5 0.6 mV (d)

Time to half-complete inactivation (t1/2, ms) of all

constructs is shown. Error bars are 5 SEM.

Numbers above bars are the number of cells.

*(left to right) two-tailed p ¼ 0.0009, 0.0002, Stu-

dent’s t-test. (e) High-gain TTX-sensitive capaci-

tance-normalized traces of all constructs using

same voltage protocol as in (a) are shown. Arrow

indicates late sodium current (INa,L). INa,L (%

peak current, late current density): WT (0.3%,

1 pA/pF), Q1475ANAP (1.3%, 0.9 pA/pF), DCT

(0.46%,1.2 pA/pF), Q1475ANAP/DCT (3.1%,

0.8 pA/pF). To see this figure in color, go online.
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Nav1.5(Q1475ANAP/DCT) (Fig. 3, d and e). The SSI curve of
Nav1.5(Q1475ANAP), a measure of voltage-dependent tran-
sitions between the closed and closed-inactivated states, was
shifted toward more depolarized potentials relative to the
wild type, suggesting destabilized inactivation and thus, an in-
crease in availability of these channels to open and inactivate
(Fig. 3 c). The SSI curve of Nav1.5(DCT) was shifted toward
hyperpolarized potentials relative to the wild type (Fig. 3 c).
Incorporation of ANAP at Q1475 resulted in a depolarizing
shift of the SSI curve relative to the wild type, and the combi-
nation of Q1475ANAP/DCT counteracted the depolarizing
shift (Fig. 3 c). Together, electrophysiological data suggest
that ANAP can be incorporated at Q1475 in the Nav1.5 inac-
tivation gate to make functional channels. Although channel
function is different from thewild type, it is within pathophys-
iological range (51–53).
Spectral imaging of Nav1.5ANAP enables sensing
of hydrophobicity in intracellular environment

We then asked if ANAP environmentally sensitive fluo-
rescence could be measured in mammalian cells. Spec-
FIGURE 4 ANAP spectral imaging afforded detection of hydrophobicity in in

the location of the four sites tested, Q1475, F1485, E1488, and E1489is given. F

imate location of the membrane is depicted by the dashed line. Structure adapte

ground-subtracted and normalized to the sum of intensities under each peak, are

control (wild-type Nav1.5þ10 mM ANAP, black). Dashed box shows inset in w

representative of two experiments, error bars are mean 5 SE. (c) Fluoresc

mean 5 SE. ****p < 0.0001, ANOVA with Tukey’s multiple comparisons test
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tral imaging was used to measure ANAP fluorescence
emission and spectral shifts in mammalian cells. Four
different sites were tested for ANAP incorporation
into Nav1.5(TAG) expressed in HEK293T (Fig. 4 a).
ANAP spectra associated with each site demon-
strated unique emission peaks: Nav1.5(Q1475ANAP)
(centroid 480 nm), Nav1.5(F1485ANAP) (centroid
484 nm), Nav1.5(E1488ANAP) (centroid 482 nm), and
Nav1.5(E1489ANAP) (centroid 483 nm) (Fig. 4 b). Back-
ground ANAP in the presence of wild-type Nav1.5 was
red-shifted with a peak centroid of 489 nm. The fluores-
cence ratio F456 nm/F499 nm was significantly different
between sites, with Nav1.5(Q1475ANAP) being the most
blue-shifted (high F456 nm/F499 nm) and F1485ANAP
(low F456 nm/F499 nm) the most red-shifted (Fig. 4 c).
As a test for the reliability of observations using spectral
imaging and separation of signal spectrum from laser
light, results were compared between biological repli-
cates, and the resulting shifts were not significantly
different (Fig. S3). A blue shift represents a more hydro-
phobic environment. Thus, Nav1.5(Q1475ANAP) was sit-
uated in the most hydrophobic environment; the location
tracellular environment. (a) A schematic of the inactivation gate depicting

1485 is a part of the IFM motif, known as the inactivation particle. Approx-

d from Protein Data Bank: 5XSY (27). (b) ANAP spectra, laser line back-

shown. ANAP at each of the four sites is compared with background ANAP

hich spectra are zoomed in on the peak. n ¼ 12 cells for each condition,

ence ratio F456 nm/F499 nm measured for each condition, error bars are

. To see this figure in color, go online.
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of this site at the end of DIII-S6 lends itself to an expec-
tation of a more hydrophobic environment (26,30).
Nav1.5(F1485ANAP) was in a relatively less hydrophobic
environment. Background ANAP was red-shifted and
therefore was situated in the least hydrophobic environ-
ment. These data represent sensing of hydrophobicity in
the local environment of ANAP incorporated in the inac-
tivation gate of full-length Nav1.5 expressed in mamma-
lian cells.
A spectral imaging assay allows measurement of
Nav1.5 conformational change in mammalian
cells

Aspectral imaging assaywas developed to detectANAPfluo-
rescence changes correlated with inactivated states of Nav1.5
channels expressed in mammalian cells. Q1475ANAP was
chosen as a proof of principle for the spectral imaging assay
because we hypothesized that this site being close to the
membrane-cytosol interface would elicit detectable spectral
shifts representing changes in hydrophobicity. We explored
the effect of theDCTmutation on ANAP spectra with Kþ de-
polarization because truncation of the distal CT destabilizes
the inactivated state, causing a marked shift in the voltage-
dependence of SSI (8,23). We hypothesized that these
changes would cause a conformational change that ANAP
fluorescence shifting would reflect.

Spectral imaging of ANAP was combined with Kþ depo-
larization such that the sodium channel state could be
changed from closed to inactivated during imaging. To con-
trol membrane potential without voltage-clamp, we used
Kir4.1, which is sensitive to [Kþ]ext and thus enables 1)
establishment of the initial RMP at a hyperpolarized poten-
tial such that VGSCs will be closed and available and 2)
steady-state depolarization of the RMP upon addition of
increased [Kþ]ext to drive the transition between VGSC
closed and inactivated states (54–56). Based on SSI curves
of Nav1.5(Q1475ANAP) (Fig. 3 c), when the resting mem-
brane potential (RMP) is set to a hyperpolarized potential,
channels at the membrane are expected to be in the resting,
closed-available state (Fig. 1 c). With a depolarization of the
membrane, channels are expected to open and quickly inac-
tivate or undergo transitions to slow-inactivated and/or
closed-inactivated states, resulting in a mixed population
of inactivated channels at steady state (Fig. 1 c) (57).

A stable HEK293T cell line expressing GFP-Kir4.1 was
obtained to control RMP during spectral imaging experi-
ments. A representative current-clamp trace demonstrates
that transition from 5 mM [Kþ]ext (low Kþ) to 150 mM
[Kþ]ext (high Kþ) changed the membrane potential
from �76 to �5 mV (Fig. 5 a, left). The reversal potential
of these cells was shifted from approximately �80 to
0 mV with increased [Kþ]ext (Fig. 5 a, right). Expression
of Nav1.5(ANAP) in the GFP-Kir4.1 HEK293T cell line re-
sulted in composite ANAP-GFP spectra that were unmixed
and fitted to measure shifting ANAP peaks (Fig. S4). Dual-
fluorescent ANAP- and GFP-positive cells were manually
chosen for spectral analysis. The spectrum from each cell
was individually unmixed from laser-line background
and GFP.

To enhance the reliability of unmixing of spectra and to
isolate cells expressing GFP-Kir4.1, selection criteria were
introduced in postprocessing. First, as a goodness-of-fit
measure, the summed absolute residuals (SARs) after the
fit were compared to the total intensity (TI) in the spectrum.
A threshold in the SAR/TI ratio was identified empirically
as one at which the SD of the shift in the fitted ANAP
peak rapidly started to increase (Fig. S6 a). Cells with
SAR/TI< 0.04 were excluded from further processing. Sec-
ond, spectra from reliably expressing GFP-Kir4.1 cells were
selected by comparing the amplitude of the fitted GFP peak
(AGFP) to the SAR. The AGFP/SAR ratio below which the
GFP signal was comparable to the residuals was deemed the
threshold for accepting a positive identification of GFP-
Kir4.1 expression, at AGFP/SAR > 0.3 (Fig. S6, b and c).
Because certain spectra showed high expression of GFP
with relatively low ANAP signals, a further criterion was
introduced to ensure that a well-resolved ANAP signal ex-
isted—ANAP peak amplitude (APA)/SAR ratio above
APA/SAR > 1.

Spectra of Nav1.5(Q1475ANAP) show ANAP fluores-
cence shifts depending on [Kþ]ext and presence of the distal
CT (Fig. 5 b). GFP peaks were unaltered in the same exper-
iments (Fig. S5). Kþ depolarization caused a small but sig-
nificant red shift in the ANAP spectra of full-length
Nav1.5(Q1475ANAP) (Fig. 5 b, left). Notably, Kþ depolar-
ization caused no change in ANAP spectra of DCT channels
(Fig. 5 b, center). The red shift was not observed in cells ex-
pressing Nav1.5(Q1475ANAP) but failing the GFP
threshold test, validating that the spectral shift depends on
the presence of GFP-Kir1.4 and thus on the membrane po-
tential (Fig. 5 b, right). These data suggest the distal CT
plays a role in mediating inactivation gate conformational
change associated with inactivation. A general ANAP spec-
tral imaging Kþ depolarization assay for probing Nav1.5
conformational change in channels expressed in mammalian
cells has been established.
DISCUSSION

Site-specific incorporation of the environmentally sensitive
fluorescent ncAA ANAP into the Nav1.5 intracellular
inactivation gate was achieved using synthetase-tRNA tech-
nology in mammalian cells. ANAP incorporated into a fluo-
rescent reporter Nav1.5(Q1475TAG)-mCherry was imaged,
demonstrating ANAP and mCherry fluorescence localiza-
tion at the cell membrane and intracellular compartments
(Fig. 2 b). In Nav1.5(Q1475ANAP)-mCherry imaging ex-
periments, ANAP background fluorescence was observed
and may result from incomplete washout of unincorporated
Biophysical Journal 117, 1352–1363, October 1, 2019 1359



FIGURE 5 A Kþ-depolarization ANAP spectral imaging assay of Nav1.5 conformational change. (a) Establishment of Kþ depolarization to control RMP

is shown. (Left) Representative current-clamp trace of GFP-Kir4.1 HEK293T stable cells is shown. Range in Vm is�80 to 0 mV with increasing [Kþ]ext from
5 to 150 mM. (Right) Reversal potential of GFP-Kir4.1 cells can be changed from�80 mV in low Kþ (5 mM [Kþ]ext) to�0 mV in high Kþ (150 mM [Kþ]ext).
Error bars are 5 SEM. Inset is the voltage protocol. (b) Spectra of full-length Nav1.5(Q1475ANAP) (left) and Nav1.5(Q1475ANAP/DCT) (middle) in cells

expressing GFP-Kir4.1 and Nav1.5(Q1475ANAP) in cells with no GFP-Kir4.1 (AGFP/SAR < 0.3) (right), at low Kþ and high Kþ, are shown. Q1475ANAP
low Kþ, n¼ 36 cells; Q1475ANAP high Kþ, n¼ 30 cells; Q1475ANAP/DCT low Kþ, n¼ 21 cells; Q1475ANAP/DCT high Kþ, n¼ 19 cells; Q1475ANAP

no GFP-Kir4.1 low Kþ, n¼ 18 cells; Q1475ANAP no GFP-Kir4.1 high K
þ, n¼ 16 cells. Error bars are5 SE of the average relative brightness of the channel.

Spectra are zoomed in on the peak. *p-values (left to right) full-length Nav1.5(Q1475ANAP): p¼ 0.02, 0.02, 0.0009, 0.008, 0.04, 0.01, Student’s t-test. To see

this figure in color, go online.
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ANAP. Also, ANAP incorporation could potentially occur at
nontarget amber codons. In the absence of ANAP, autofluor-
escence was observed in the ANAP channel, and dim
mCherry fluorescence was observed in the mCherry chan-
nel. Collected ANAP emission was in the blue visible light
spectrum in which autofluorescence is expected because of
natural amino acids and other biomolecules such as NADH
and NADPH (58,59). mCherry background fluorescence
may result from ANAP-independent readthrough of the
target stop codon or initiation of mCherry expression. It is
notable that autofluorescence and background mCherry
fluorescence signals were negligible compared to fluores-
cence signals when ANAP and its target site of incorpora-
tion were present (Fig. 2, b and c).

Patch-clamp electrophysiology revealed ncAA-dependent
sodium currents in cells expressing Nav1.5(Q1475ANAP) or
Nav1.5(Q1475ANAP/DCT), whereas few to no sodium cur-
rents were observed in the absence of ANAP (Fig. 3),
further corroborating successful incorporation of the
fluorescent ncAA ANAP into functional channels. Electro-
physiological characterization of Nav1.5(Q1475ANAP) and
Nav1.5(Q1475ANAP/DCT) demonstrated decreased peak
current density, and for ANAP incorporation, imaging data
suggest a considerable population of fluorescent channels
1360 Biophysical Journal 117, 1352–1363, October 1, 2019
was localized in intracellular compartments (Fig. 2 b).
Decreased peak current density could represent defective
channel trafficking, lower channel expression, or decreased
single-channel conductance. Single-channel functional char-
acterization was not performed in this work and would
clarify the possible effect of each ncAA on single-channel
conductance. However, defective trafficking and lower
channel expression are expected to be primary causes of
decreased peak current density. Lower expression of
ncAA-incorporated channels is expected because of compe-
tition with endogenous release factors at the site of incorpo-
ration (31). Defects in channel trafficking to the membrane
are known to occur in the absence of b-subunit overexpres-
sion and could be compounded by an unknown trafficking
effect associated with ncAA-incorporated channels (50);
coexpression with b-subunit would likely improve
Nav1.5(ANAP) expression at the membrane and should be
employed in future work. Single-amino-acid mutation of
this region is sufficient to alter channel function, evidenced
by LQT3 mutations and the work herein (51). Although
channel function was altered by ANAP incorporation into
the inactivation gate, properties remained within pathophys-
iological range and most closely mimicked those of a charac-
terized LQT3 mutant channel F1473C (51). The method



Imaging Nav1.5 Conformational Change
developed herein facilitates experiments with LQT3 mutant
channels that could elucidate Nav1.5 structural dynamics in
a pathological context.

Spectral imaging was used to measure ANAP emission in
Nav1.5 in live mammalian cells. Unique ANAP spectra were
observed with ANAP incorporated at four different sites in
Nav1.5 Q1475, F1485, E1488 and E1489, and spectra
were red-shifted in the absence of a target stop codon for
incorporation, indicating sensing of hydrophobicity in local
environment of the inactivation gate (Fig. 4). It should be
noted that fluorescence from background ANAP (unincor-
porated or in a channel not in the membrane) cannot be
separated from target-incorporated ANAP fluorescence at
this point. Therefore, the interpretation of absolute shifts
in ANAP spectra cannot be clear, and we restrict our conclu-
sions to relative shifts. Although imaging data suggest a
considerable portion of ANAP was localized to intracellular
compartments, electrophysiology data showed that a detect-
able population of functional channels reached the plasma
membrane in an ANAP-dependent fashion. Spectra from
the membrane-only versus membrane and cytosol exhibited
no observable difference in our setup, so spectra from the
whole cell were analyzed to maximize ANAP signal
(Fig. S2).

This study provided proof-of-principle evidence of a
Kþ depolarization ANAP spectral imaging assay that
was developed to detect effects on conformational rear-
rangement of the inactivation gate in response to a change
in membrane potential without patch-clamp. For this pur-
pose, experiments were performed to test the specific ef-
fects of the DCT and channel state. Kþ depolarization
allowed sodium channel state at the plasma membrane
to be changed from closed to a mixture of open- and
closed-inactivated states in a steady-state fashion during
spectral imaging (Fig. 1 c). The timescale of the Kþ depo-
larization assay was significantly longer than that of fast
inactivation; therefore, it is more likely the assay detected
intermediate- or slow-inactivated states (57). When chan-
nels are inactivated and the CT is intact, a change in the
position of DIII-S6 (relative to resting) may increase hy-
drophobicity in the environment of Q1475ANAP, leading
to a subtle red shift in the ANAP spectra (Fig. 5 b, left).
The change in position of DIII-S6 may lead to a change
in the affinity of the III-IV linker-pore complex, destabi-
lizing the inactivation gate. ANAP spectra were unshifted
in DCT channels with Kþ depolarization, which may sug-
gest that the absence of the distal CT can prevent entry
into inactivated states, although it is possible there is a
conformational change that is undetectable with this
experimental setup.

Simultaneous electrophysiology and fluorescence mea-
surements in mammalian cells would definitively link
ANAP spectral shifts to Nav1.5 inactivation dynamics,
and characterization of all the ANAP-incorporated sites
in the Kþ depolarization assay would further validate
the method. The ability to label the inactivation gate
and measure fluorescence spectral shifts associated with
VGSC conformational change is an invaluable method
setting the foundation for such future studies. Notably,
the presented method could be used to screen environ-
mentally sensitive positions in Nav1.5 or other channels
in mammalian cells as a first-pass substitute for patch-
clamp fluorometry.
CONCLUSIONS

ANAP was incorporated into the Nav1.5 inactivation gate
in mammalian cells, resulting channel function was
modestly perturbed, and ANAP fluorescence was sensitive
to the intracellular environment, as well as to channel
state. Site-specific fluorescent incorporation of ANAP
combined with Kþ depolarization enabled direct moni-
toring of Nav1.5 inactivation gate conformational rear-
rangement in channels expressed in live mammalian
cells. The Kþ depolarization ANAP spectral assay is a
general assay for studying conformational dynamics of
the Nav1.5 inactivation gate and regulators thereof in
mammalian cells. It could provide insight on outstanding
questions of VGSC regulation, for instance, by calcium,
kinases (PKA, CAMKII, Fyn), and growth factors (fibro-
blast growth factor homologous factor) (60). Furthermore,
the development of such an assay can similarly be applied
to other ion channels and membrane proteins to gain site-
specific knowledge of their conformational dynamics in
mammalian cells.
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