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The contribution of voltage clamp fluorometry to
the understanding of channel and transporter
mechanisms

John Cowgil»>® and Baron Chanda®*®

Key advances in single particle cryo-EM methods in the past decade have ushered in a resolution revolution in modern biology.
The structures of many ion channels and transporters that were previously recalcitrant to crystallography have now been
solved. Yet, despite having atomistic models of many complexes, some in multiple conformations, it has been challenging to
glean mechanistic insight from these structures. To some extent this reflects our inability to unambiguously assign a given
structure to a particular physiological state. One approach that may allow us to bridge this gap between structure and function
is voltage clamp fluorometry (VCF). Using this technique, dynamic conformational changes can be measured while
simultaneously monitoring the functional state of the channel or transporter. Many of the important papers that have used
VCF to probe the gating mechanisms of channels and transporters have been published in the Journal of General Physiology. In
this review, we provide an overview of the development of VCF and discuss some of the key problems that have been
addressed using this approach. We end with a brief discussion of the outlook for this technique in the era of high-resolution

structures.

Historical perspective

Along with the development of voltage clamp electrophysiology,
the work by Hodgkin, Huxley, and others established that
changes in specific ion permeabilities were responsible for
electrical activity in neurons and other excitable cells (Hodgkin
and Huxley, 1952). Developments in methods to measure activ-
ities of single channels and reconstitution of purified ion chan-
nels in lipid bilayers demonstrated that the observed ionic
currents were due to proteinaceous channels (Hladky and
Haydon, 1970; White and Miller, 1979; Hamill et al., 1981).
Electron micrographs of the torpedo electrical organ provided a
first look at the architecture of an ion channel and pushed the
field toward a molecular view of channel function (Klymkowsky
and Stroud, 1979; Brisson and Unwin, 1984). This was soon fol-
lowed by cloning of the nicotinic acetylcholine receptor, un-
covering the molecular identity of a channel for the first time
(Noda et al., 1982). In the ensuing period, widespread use of
molecular biology methods in combination with newly devel-
oped single-channel electrophysiology techniques led to new
molecular insights regarding channel structure and function

(Stithmer et al., 1989; Hoshi et al., 1990). Typical electrophysi-
ological recordings measure ionic currents and, therefore, re-
port directly on the open state but not the closed states. While
the nature of the closed-state transitions can be inferred from
ionic current experiments to some extent, gating currents en-
able direct assessment of these closed voltage-dependent tran-
sitions (Armstrong and Bezanilla, 1973; Schneider and Chandler,
1973). However, neither gating nor ionic currents provide any
information about the structural nature of these transitions, and
hence, there is a need for alternative methods to probe these
transitions.

Site-directed mutagenesis enabled perturbation of the pri-
mary sequence of recombinantly expressed channels, thereby
allowing identification of key determinants of channel gating
(Mishina et al., 1985; Stithmer et al., 1989). In 1992, Arthur Karlin
and Myles Akabas introduced substituted cysteine accessibility
mapping (SCAM) to probe changes in water accessibility during
channel gating (Akabas et al., 1992). SCAM provides invaluable
structural insights but has some limitations. First, cysteine
accessibility informs only on structural changes that are
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accompanied by changes in solvent accessibility. Second, SCAM
requires that modification of substituted cysteines elicits a
clear change in a functional phenotype. Finally, SCAM does not
provide any information about the underlying kinetics.

For over half a century, biophysicists have turned to fluo-
rescence spectroscopy to shed light on protein function at a
molecular scale (Weber, 1952). The high sensitivity of fluores-
cence and the ability to measure fluorescence signals in vivo
offer significant advantages over other spectroscopic methods
such as NMR or EPR spectroscopy. Fluorescence can also provide
information about the nature of the chemical environment
around the probe and its proximity to other fluorophores or
quenchers (Lakowicz, 2013). Such measurements have been
critical for studies on soluble proteins and even some membrane
proteins, but up until the mid-1990s, fluorescence spectroscopy
has seen little use in the ion channel field for reasons outlined
below.

Biophysical studies using fluorescence generally require a
fluorescent probe capable of reporting on structural changes.
The fluorescent amino acid tryptophan is an excellent probe due
to its high quantum yield and extinction coefficient. However,
tryptophans are ubiquitous in the cell, which makes it difficult
to attribute the signal to a specific location. Historically, the
alternative was to label the side chains such as lysines and
cysteines with reactive fluorophores, but all these approaches
required purifying the protein of interest.

Purifying recombinant ion channels from the membrane is
challenging, but even with a purified channel in hand, several
obstacles must be overcome to extract useful information. For
starters, using fluorescence to track conformational changes
during channel gating requires reconstitution of the channel in a
lipid bilayer and development of a method to drive the channel
through its gating cycle. For voltage-gated ion channels there is
an additional complication; they must be reinserted into a bi-
layer asymmetrically, as in the plasma membrane of a cell to
obtain meaningful measurements. To circumvent these issues,
the Isacoff laboratory developed VCF, a technique that allows
simultaneous measurements of fluorescence signals and elec-
trical currents from labeled ion channels (Mannuzzu et al.,
1996). Soon thereafter, the Bezanilla laboratory modified this
technique to measure rapid conformational changes (Cha and
Bezanilla, 1997). These measurements have the additional ad-
vantage that they can be performed in a native environment
without the need for protein isolation. In the last 20 years, VCF
has evolved to become one of the most versatile techniques in
the ion channel and transporter field.

Development of VCF

VCF relies on the simple idea that the signals due to the con-
formational changes can be measured if they are synchronized
with stimulus jumps. Thus, it gets around the problem of puri-
fication and reconstitution of a membrane protein by isolating
the signals that are locked to the stimulus. Adequate controls are
necessary to show that the stimulus does not elicit similar
voltage-dependent fluorescence change in the wild-type channel
when labeled with fluorophores. In some instances, nonspecific
labeling of the protein of interest has to be reduced by mutating
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the accessible cysteines. In their groundbreaking work,
Mannuzzu et al. (1996) labeled Shaker channels with introduced
cysteines on the extracellular end of the voltage-sensing fourth
transmembrane segment (S4) with tetramethylrhodamine mal-
eimide (TMRM; Table 1). By coupling epifluorescence measure-
ments with two-electrode voltage clamp (TEV) on Xenopus
oocytes, they were able to spectroscopically monitor structural
changes using fluorescence and directly correlate them to func-
tional changes observed via electrophysiology. Shaker channels
with TMRM labels on the extracellular end of S4 showed fluo-
rescence quenching upon depolarization, while channels lacking
cysteines showed no change in signal. These studies provided the
first spectroscopic evidence for S4 movement during voltage
gating.

Modifications to VCF methodology

Cha and Bezanilla (1997) soon adapted this technique to the cut-
open vaseline gap (COVG) voltage clamp configuration, with
several modifications to the fluorescence detection setup. The
faster clamp speed of COVG compared to the TEV enabled
studies on fast gating channels such as the voltage-gated sodium
channel (Cha et al., 1999). Additionally, they used two separate
detectors for fluorescence emission, a photodiode for rapid de-
tection of changes in fluorescence intensity and a spectrograph
coupled to a charge-coupled device for collecting fluorescence
emission spectra. As the wavelength of fluorescence emission is
often highly dependent on the chemical environment around a
fluorophore, the ability to measure emission spectra under
voltage clamp enhanced the structural information extracted
using VCF. Subsequently, they were also able to obtain infor-
mation about protein dynamics by performing fluorescence
anisotropy measurements under voltage clamp conditions (Cha
and Bezanilla, 1998).

Standard labeling techniques provide limited access to the
cytoplasmic space, therefore inside-facing residues were not
probed in the initial studies. Zheng and Zagotta (2000) over-
came these limitations by combining the fluorescence meas-
urements with the versatility of patch clamp electrophysiology.
Blunck et al. (2004) were able to expand this technique to
mammalian expression systems using TIRF rather than epi-
fluorescence. Wulf and Pless (2018) recently added several
modifications to the patch clamp fluorometry (PCF) configura-
tion, which greatly increased the signal-to-noise ratio. A digital
micromirror device was used to selectively excite omega-shaped
membrane at the tip of the patch pipette. In combination with a
physical mask in front of the electron-multiplying charge-
coupled device, they were able to obtain a 10-fold increase in
fluorescence signal while simultaneously increasing the acqui-
sition rate by 50 fold.

Probing channel dynamics using VCF

Most of the early applications of VCF followed the design of
Mannuzzu et al. (1996), labeling a channel of interest at specific
locations to probe structural changes and dynamics during
gating. In the Shaker potassium channel, a slow conformational
change of the S4 helix was uncovered using VCF that followed
the same time course as C-type inactivation (Loots and Isacoff,
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Probe Spectral Usage notes Example references
properties
Monobromobimane  Ae =394 nm  Very small size compared with other probes allows labeling of less accessible Islas and Zagotta, 2006; Taraska
A - 490 nm locations with lower risk of structural perturbation. Near-UV excitation may et al,, 2009
emn cause aberrant photodamage.
DPTA-Tb3* Aex = 328 nm Terbium chelate used in LRET studies. Reduced orientation-dependence of Cha et al., 1999; Posson et al,,
A 492 or energy transfer makes it a more reliable reporter for distance changes than 2005
52”;5 am conventional fluorophores. Requires laser excitation in UV range.
Fluorescein Aex = 494 nm  Bright, environmentally sensitive fluorescent probe but has pH sensitivity in the Cha and Bezanilla, 1997; Dempski
A —502nm physiological range (pKa = 6.4) and is prone to photobleaching. et al, 2006
em —
exa Fluor ex = nm right fluorescent probe with low sensitivity in the siological range. eng and Zagotta, ;
Alexa Fluor 488 C5 ., = 493 Bright fl probe with low pH y in the physiological rang Zheng and Zagotta, 2000
A _516nm ower environmental sensitivity of emission makes it less sensitive to Bruening-Wright et al., 2007
e conformational changes in absence of added quenchers.
Oregon Green Aex = 501 nm Derivative of fluorescein with reduced pH sensitivity due to lower pKa (4.6) and Cha and Bezanilla, 1997
A~ 5% nm lower rate of photobleaching. Emission is highly sensitive to calcium
emn concentrations.
PyMPO Aex = 415 nm Environmentally sensitive probe whose linear shape makes it less bulky than  Savalli et al., 2006; Vaid et al,,
A - 570 nm alternatives such as fluorescein or tetramethyl rhodamine. Extended shape 2008
em means probe reaches far from point of labeling.
Tetramethyl Aex = 548 nm  Most commonly used probe with high environmental sensitivity and good Mannuzzu et al., 1996; Cha and
rhodamine m photostability. Bezanilla, 1997
em —

DPTA, diethylenetriaminepentaacetic acid; PyMPO, 1-[3-(succinimidyloxycarbonyl)benzyl]-4-[5-(4-methoxyphenyl)-2-oxazolyl]pyridinium bromide.

1998, 2000). This was the first evidence that C-type inactivation
is accompanied by a conformational change in the proximity of a
voltage sensor. Similar studies have probed the movement of the
voltage sensors for hERG (Smith and Yellen, 2002; Es-Salah-
Lamoureux et al., 2010), EAG (Bannister et al., 2005), BK
(Savalli et al., 2006), KCNQ (Osteen et al., 2010), and HCN
channels (Bruening-Wright et al., 2007), improving the under-
standing of both the molecular movement and the kinetics un-
derlying voltage-dependent activation of these channels (Tables
1,2, and 3).

In voltage-gated sodium channels, VCF showed that voltage
sensors of the four nonidentical domains move asynchronously
(Chanda and Bezanilla, 2002). The time course of fluorescence of
probes attached to the S4 on domains I-III are rapid and track
channel opening kinetics, whereas those attached to domain IV
move at a much slower rate, and their time course correlates
with entry into the inactivated state (Fig. 1). Furthermore, these
time-dependent changes in fluorescence correlate with move-
ment of gating charge and show that the domain IV voltage
sensor primarily accounts for the slow charge movement. Sub-
sequent studies reveal that the activation of domain IV is both
necessary and sufficient for channel activation and is associated
with a short-lived second open state that precedes channel in-
activation (Capes et al., 2013; Goldschen-Ohm et al., 2013).
Similar asynchronous voltage sensor movements were observed
in voltage-gated calcium channels, although their gating mech-
anism differs from the sodium channels (Pantazis et al., 2014).

Application of VCF extends far beyond the voltage-gated ion
channel superfamily. The first ligand-gated ion channel probed
with VCF was the GABA, receptor where Chang and Weiss
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(2002) provided spectroscopic evidence for distinct conforma-
tional changes associated with binding of agonists, competitive
antagonists, and allosteric antagonists. Studies with the Cys-loop
family of receptors continued with the nicotinic acetylcholine
receptor with which similar distinct mechanisms were observed
for the agonist acetylcholine compared with the partial agonist
epibatidine (Dahan et al., 2004). Pless et al. (2007) and Pless and
Lynch (2009) mapped the differences in conformational changes
elicited by glycine and the competitive antagonist strychnine in
the glycine receptor.Zheng and Zagotta (2000) used PCF to
demonstrate conformational change in the C-linker region of
CNG channels. Both VCF and PCF approaches have been applied
to probe the dynamics of acid-sensing ASIC ion channels during
gating (Passero et al., 2009; Wulf and Pless, 2018).

Numerous transporters have been probed using VCF as well.
The first was the Na*/glucose transporter by the Wright group
in 1998, monitoring voltage-dependent conformational changes
in the active site of the transporter (Loo et al., 1998). In the Na*/
K*-ATPase, VCF has been used to monitor voltage- and ion-
dependent conformational changes in the a, B, and y subunits
to better understand the conformational dynamics during the
transport cycle (Geibel et al., 2003; Dempski et al., 2006, 2008;
Diirr et al., 2008). Larsson et al. (2004) used VCF to monitor
conformational changes in the glutamate transporter associated
with ligand and/or ion binding, as well as changes in membrane
potential, enabling them to construct a detailed kinetic model for
transport turnover. Several other neurotransmitter transporters
have been examined in a similar fashion (Li et al., 2000; Li and
Lester, 2002). VCF has even enabled study of nonelectrogenic
transporters such as the H*/K*-ATPase (Diirr et al., 2008).

Journal of General Physiology
https://doi.org/10.1085/jgp.201912372

620z Jequeoeq G0 uo 3senb Aq ypd'z£Z1610Z dBl/28%86.1/€91 L/0L/LS | /4pd-Blonie/dBl/Bio sseidny//:dpy woly pepeojumoq

1165


https://doi.org/10.1085/jgp.201912372

JGP

Table 2. Exogenous probes used in VCF studies
Probe Usage notes References
Toxins Toxins often have highly specific binding sites that remain static during channel gating and therefore can Posson et al,, 2005; Kubota et al,,
serve as useful reference points for FRET studies. However, not all channels have highly specific toxins, 2017
and toxin binding can influence channel gating in some instances.
DPA Hydrophobic, anionic dye that rapidly localizes to the outer membrane leaflet at depolarized potentials Chanda et al,, 2005; Taraska and
and inner leaflet at hyperpolarized potentials. Often used in FRET studies probing distance changes  Zagotta, 2007
relative to the membrane; however, it is known to modify channel gating for many ligand-gated ion
channels.
Oxonol Voltage-dependent, anionic dye that translocates between leaflets depending on membrane potential, Chanda et al.,, 2005
similar to DPA. However, rate of translocation is on the order of hundreds of milliseconds, 350-fold
slower than that of DPA.
C18-NTA Lipid mimetic with metal chelating tag at head group that can be used to label membrane with transition Aman et al,, 2016
metals for probing distance changes relative to membrane.
Potassium Collisional quencher that is often used to probe changes in solvent accessibility during channel gating. Mannuzzu et al., 1996; Zheng and
iodide Zagotta, 2000

NTA, nitrilotriacetic acid.

Much of the focus of VCF has been to describe the confor-
mational changes underlying protein function. However, the
VCF technique can also be used to provide other information
about the mechanisms such as the energetics of coupling be-
tween two allosteric domains of an ion channel (Chowdhury and
Chanda, 2010). Muroi et al. (2010) found that certain mutations
have a singular effect on the voltage dependence of pore

Table 3. Genetically incorporated probes used in VCF studies

conductance and voltage-sensor fluorescence. They shift the
midpoints of G-V and F-V (fluorescence-voltage) curves in op-
posite directions. Analysis of allosteric models shows that these
mutations disrupt a subset of coupling interactions between
voltage-sensor and pore modules (These mutations, also known
as class II interactors, disrupt conserved interactions that occur
in both activated and resting state but not in intermediate states;

Probe Incorporation method Usage notes References
Tryptophan Standard mutagenesis Environmentally sensitive, naturally fluorescent amino acid that  Islas and Zagotta, 2006;
can also serve as a fluorescence quencher at distances >15 A. Pantazis et al., 2014
Lanthanide Short tag sequence Used to chelate lanthanides for distance measurements with LRET. Castillo et al., 2016;
binding tag (DYNKDGWYEELE) Requires labeling with micromolar concentrations of Tb3*. Carrasquel-Ursulaez et al,, 2018

Fluorescent Tagging with numerous available

Commonly used in protein-protein interaction or domain

Siegel and Isacoff, 1997;

proteins protein sequences rearrangements FRET studies. Large number of fluorescent Miranda et al., 2013
proteins allow tuning of spectral properties (GFP, YFP, CFP,
mCherry, Citrine, etc.) although tags are very large (>20 kD),
limiting use.
Halo tag Tagging with a 295-amino acid Labeling achieved by incubation with Halo-specific label, with a  Not used to date
sequence wide range of labels available. Usage and limitations are similar to
those of fluorescent proteins due to the large size.
SNAP tag Tagging with a 182-amino acid Similar to Halo tag, with slightly smaller tag sequence (~33 kD ~ Not used to date
sequence compared with 19.4 kD).
Dihistidine Introduction of two histidines into  Coordinates transition metals for use as fluorescence quenchers  Taraska et al.,, 2009; Dai and
motif helical segment (HXXH or HXXXH)  for use in transition metal FRET to probe distance changes at short Zagotta, 2017
range (>20 A).
ANAP Nonsense codon suppression Small, environmentally sensitive fluorescent unnatural amino acid Kalstrup and Blunck, 2013, 2018
introduced into Xenopus oocytes by inserting Amber stop codon
(TAG) and coinjecting with nonsense suppressor tRNA and ANAP-
tRNA synthetase.
Coumarin Nonsense codon suppression Small, environmentally fluorescent unnatural amino acid similar to Steinberg et al,, 2017

ANAP. Has been used in HEK cells via cotransfection of nonsense
suppressor tRNA and coumarin-tRNA synthetase, and gene of
interest with TAG codon inserted.

SNAP, S-nitroso-N-acetylpenicillamine.
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Figure 1. VCF highlights the unique role of the so-
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dium channel’s domain IV voltage sensor. (A) Mem-
brane topology of a voltage-gated sodium ion channel.
The location of the fluorescent probes on each of the
S4s are highlighted using colored stars. (B) Comparison
of the fluorescence response from each of the four do-
mains of the sodium channel with ionic currents (black)
in response to a depolarizing voltage pulse. The fluo-
rescence response from the S4s of domains |, Il, and Il
correlate with the activation of sodium channel. The
domain IV fluorescence signal was inverted to highlight
the tight correlation between sodium channel inactiva-
tion and domain IV activation kinetics. Note that these
fluorescence kinetics were remarkably consistent over
multiple positions in the same S4 segment. lonic cur-
rents were obtained in the absence of external sodium
and therefore represent efflux of internal potassium ions
through the sodium channel. Adopted from Chanda and

Domain |
{# Domain Il

Domain Ill

Domain IV

class I interactors are observed only in the activated or resting
state; see Muroi et al., 2010). In the rat skeletal muscle sodium
channel, it was shown that residues in the S4-S5 linker of do-
main III are involved in such class II interactions. The Blunck
group used a similar approach to show that the voltage-sensor
mode shift observed in the Shaker potassium channel is due to
voltage-sensor pore coupling, which is mediated by residues in
the S4-S5 linker (Haddad and Blunck, 2011). More recently, the
same approach was used to characterize allosteric coupling in-
teractions in the KCNQ channel (Zaydman et al., 2013).

Defining structural constraints by VCF-FRET

With the emergence of high-resolution structures of different
ion channels at the turn of the century, our models of channel
gating and function became increasingly sophisticated. In the
early days, fluorescence intensity changes and spectral charac-
teristics of the attached probes were used to interpret the nature
of conformational changes in VCF experiments, but it became
abundantly clear that the real potential lies in its ability to track
specific structural changes in real time.

One of the prevailing questions in the field during this time
was, how far does the S4 helix move during voltage activation?
VCF was quickly adapted to address this issue by taking ad-
vantage of the exquisite sensitivity of FRET, which, under the
right circumstances, can measure subnanometer distance
changes. FRET occurs when energy from the excited state of one
fluorophore (donor) is transferred to another (acceptor) via di-
polar coupling, regenerating the ground state of the donor while
simultaneously exciting the electrons in the acceptor molecule.
The efficiency of this transfer is dependent on the spectral
overlap, relative orientation, and distance between donor and
acceptor as well as the refractive index of the environment. The
spectral overlap and refractive index terms are generally con-
stant for a given donor-acceptor pair in an experiment. As-
suming that orientation of the donor and acceptor dipoles
relative to each other is highly dynamic, FRET efficiency can be
directly related to the distance between the donor and the
acceptor. The FRET efficiency is inversely proportional to the
sixth power of the distance, making it extremely sensitive to
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Bezanilla (2002).

changes in distance near the Férster radius (Ro) of the
donor-acceptor pair.

The Bezanilla and Isacoff laboratories were the first to exploit
resonance energy transfer as a means to derive subnanometer
measurements of conformational change using VCF. Cha et al.
(1999) monitored energy transfer from a Tb3* chelate to fluo-
rescein labeled at identical sites on the voltage sensor of Shaker
potassium channel. Due to the long-lived excited state of Tb3*,
this is called luminescence resonance energy transfer (LRET),
and the efficiency is extracted by measuring the Tb3* excited
state lifetime in the presence of the acceptor. Glauner et al.
(1999) used conventional FRET between a fluorescein donor
and a TMRM acceptor to monitor intersubunit distance change.
In their study, FRET efficiency was determined through changes
in the donor photobleaching rate in the absence versus presence
of acceptor. The closer the pair, the more energy is transferred
from the donor, leading to a slower photobleaching rate.

Once the structure of the voltage-sensitive prokaryotic KVAP
channel became available, two separate FRET experiments
probed the paddle model in a functional channel. Chanda et al.
(2005) used a dipicrylamine (DPA), an anionic lipophilic dye
that redistributes between the inner and outer leaflet depending
on the membrane potential. By monitoring FRET efficiency from
DPA to rhodamine attached to the S4 helix of the Shaker po-
tassium channel, they were able to demonstrate that the voltage-
sensing paddle does not translocate across the membrane, as had
been suggested at the time (Jiang et al., 2003). Posson et al.
(2005) further constrained the movement of S4 using fluo-
rescently labeled pore blockers as static reference points. The
FRET between labels on S4 and pore blockers constrained the
movement of S4 upon activation to <10 A vertical displacement.
Although multiple other approaches have been used to address
this problem, the ~10-A movement remains the consensus view
(Swartz, 2008) and is consistent with later structures of the
resting voltage-sensing domain (Li et al., 2014).

Defining structural constraints using alternative strategies
Since the early work on the Shaker potassium channel, DPA and
fluorescently labeled toxins have been used to probe stimulus-
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induced conformational changes in other channels (Table 2).
DPA has been used for FRET-based structural studies in CNG
(Taraska and Zagotta, 2007), TRP (De-la-Rosa et al., 2013), and
AMPA (Zachariassen et al., 2016) channels as well the Ci-VSP
(Sakata et al., 2016). However, DPA has been reported to mod-
ulate gating of channels like the GABA, (Chisari et al., 2011) and
NMDA (Linsenbardt et al., 2013) receptors, precluding its use in
structure-function studies of those channels. Fluorescently la-
beled toxin approaches have been used in the sodium channel
(Kubota et al., 2017) and BK channel (Castillo et al., 2016;
Carrasquel-Ursulaez et al., 2018), but many channels lack a
specific blocker capable of tightly binding the pore without
perturbing channel gating.

In 2009, the Zagotta laboratory introduced a new labeling
strategy capable of labeling multiple sites with additional ad-
vantages over the existing approaches (Taraska et al., 2009).
They engineered dihistidine motifs which bind to transition
metal ions such as Ni?>* or Cu?* and quench these fluorophores in
a strongly distance-dependent manner analogous to traditional
FRET. This can be used in combination with traditional cysteine-
based labeling strategies to enable incorporation of two probes
independently. The primary advantage of transition metal ion
FRET is that it is able to measure changes over a much shorter
distance compared to conventional FRET probes. Most com-
monly used FRET pairs have Férster radii of 45-70 A, which
means that the probes must be at this distance to achieve
maximum sensitivity to distance changes. The Forster radii of
Ni?* and Cu?* are 12 and 16 A for FRET from fluorescein, re-
spectively, making them much more suitable for short-range
distance measurements. This approach was originally devel-
oped for labeling purified proteins but has been used extensively
in VCF experiments.

Transition metal ion FRET and LRET enables the detection of
subtle conformational changes at a close range using a broadly
applicable labeling strategy. As VCF has evolved to detect a more
nuanced angstrom-level movements, some of the caveats asso-
ciated with these approaches should be considered. Transition
metal probes can have long excited-state lifetimes (micro-
seconds compared to nanoseconds for organic fluorophores),
which skews the estimates toward shorter distances if the
structure is highly dynamic. On the other hand, long lifetimes of
the transition metal allows the donor (or acceptor) fluorophore
to sample all possible orientations, which significantly reduces
errors associated with the orientation term in the Forster
equation. One should also take into account that some of the
probes such as fluorescein and TMR are more than three times
the size of a typical amino acid and, therefore, are not suitable
for estimating small distance changes. One solution is to use cys-
reactive bimanes (Kosower et al., 1979) as fluorescent labels in
VCF (Islas and Zagotta, 2006; Taraska et al., 2009), but these
dyes have inferior spectral characteristics.

An alternative strategy is to exploit the Dexter energy
transfer mechanism to estimate distance changes over a very
short distance range. This type of nonradiative energy transfer
occurs within a distance of 10 A and involves electron exchange
between donor and acceptor pairs that have spectral overlap.
For instance, rhodamine fluorescence can be quenched by
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tryptophan by this mechanism (Cha and Bezanilla, 1998) and has
been used to obtain distance restraints in the BK channel (Savalli
et al., 2006). A variation of this approach involves the use of
variable-length tethered quencher to estimate the distance be-
tween the anchoring site and a fluorescent probe attached to
another part of the protein (Jarecki et al., 2013; Pantazis et al.,
2014). In this approach, the distance between the probe and the
anchoring site can be estimated in real time by monitoring the
length dependence of quenching efficiency (Blaustein et al.,
2000).

One of the inherent pitfalls of cysteine-based labeling is
that it requires the attachment site to be accessible to exter-
nally applied reagents. Residues that are membrane-facing or
buried in the protein interior cannot be probed using con-
ventional VCF labeling techniques. The first genetic incor-
poration of fluorophores (Table 3) started with naturally
occurring fluorescent protein, GFP. Siegel and Isacoff (1997)
realized the potential of fluorescent proteins in VCF studies,
fusing GFP to the C-terminus of Shaker, and showed that a
voltage-dependent change in fluorescence correlated with
movement of gating charges. By directly incorporating a flu-
orophore in the gene of interest, the nonspecific labeling that
is inherent to cysteine-based strategies is eliminated, greatly
improving the specific signal relative to the background.
Furthermore, the cysteine-based approach generally requires
removing all accessible endogenous cysteines, which can lead
to misfolded protein or reduced expression. The growing li-
brary of fluorescent proteins with varying spectral properties
quickly opened the door to FRET-based studies, as multiple
fluorophores could be directly incorporated at distinct sites
within a single gene or multiple genes. Zheng et al. (2003)
used calmodulin fused to enhanced CFP with CNG channels
labeled by eYFP to show dynamic association during channel
gating using FRET. The Trudeau laboratory has used a similar
approach to demonstrate association and rearrangement of
the soluble domains in hERG channels (Gustina and Trudeau,
2009, 2013; Gianulis et al., 2013; Codding and Trudeau, 2019).
Fluorescent protein labeling has also been used in combina-
tion with DPA to map structural movements of soluble do-
mains relative to the membrane in CNG (Taraska and Zagotta,
2007) and TRP channels (De-la-Rosa et al., 2013), as well as
AMPA receptors (Zachariassen et al., 2016).

The primary challenge to using fluorescent proteins in VCF
studies is their large size (~27 kD), which greatly restricts where
proteins can be inserted without disrupting the structure. To
minimize such perturbations, these probes are typically intro-
duced at the N- or C-termini. Sheridan et al. (2002) developed an
in vitro transposon-based method to randomly insert eGFP into
the protein of interest and then screen for expression using
surface fluorescence. Using this approach, Giraldez et al. (2005)
identified permissible sites in the BK channel, which were later
used to probe structural rearrangements in the RCK domain
upon calcium and voltage activation of the channel (Miranda
et al.,, 2013, 2016, 2018). Interestingly, some of the viable in-
sertions were in highly structured regions, suggesting that ion
channels may be more tolerant to large insertions than previ-
ously anticipated.

Journal of General Physiology
https://doi.org/10.1085/jgp.201912372

620z Jequeoeq G0 uo 3senb Aq ypd'z£Z1610Z dBl/28%86.1/€91 L/0L/LS | /4pd-Blonie/dBl/Bio sseidny//:dpy woly pepeojumoq

1168


https://doi.org/10.1085/jgp.201912372

In 1989, the Schultz laboratory exploited a loophole in the
genetic code to incorporate unnatural amino acids (uAAs) in a
site-specific manner for the first time (Noren et al., 1989). They
introduced a variety of uAAs into PB-lactamase by chemically
ligating them to a tRNA that recognized the Amber stop codon
(UAG). This strategy has been used to incorporate a variety of
uAAs into various ion channels (Nowak et al., 1995; Pless et al.,
2010), but it was not until 2013 that it was first paired with VCF.
Kalstrup and Blunck (2013) incorporated the fluorescent uAA
ANAP into the voltage-sensing domain of Shaker, showing that
it reports on conformational change associated with voltage
gating. Additionally, they combined ANAP labeling with con-
ventional cysteine labeling, using two-color VCF to simulta-
neously monitor movement at two different positions. Using this
approach, they showed correlated movements of S4 and that the
pore precedes channel opening, which was not detectable using
existing methods. More recently, they used two-color VCF to
characterize the movement of the S4-S5 linker, which is re-
sponsible for coupling S4 movement to pore opening in a process
known as electromechanical coupling (Kalstrup and Blunck,
2018). Soh et al. (2017) adopted this approach to study the
structural changes and mechanisms of partial agonism in glycine
receptors. Coumarin has been used as an alternative to ANAP in
probing rearrangements in the pore of TRPV1 during capsaicin
activation (Steinberg et al., 2017). However, this approach re-
quires chemically ligating the uAA to the Amber stop codon
tRNA in vitro as opposed to using an engineered amino acyl-
tRNA synthetase.

Genetic incorporation of ANAP has also been combined with
FRET studies in several channels. Aman et al. (2016) determined
that the transition metal binding site is responsible for poten-
tiation of CNG channels by showing fluorescence quenching of
an ANAP residue incorporated in the C-linker region. FRET
between ANAP and DPA in the membrane was used to show that
activation of Ci-VSP does not involve vertical movement of the
catalytic region of the phosphatase (Sakata et al., 2016). Re-
cently, the mechanism of voltage-dependent potentiation of ELK
channels was probed using FRET between ANAP at the intrinsic
ligand-binding site and Co?* coordinated to the cyclic nucleotide
binding homology domain (Dai and Zagotta, 2017; Dai et al.,
2018).

Single-molecule electrophysiology combined with

fluorescence spectroscopy

Single-molecule studies can provide unprecedented details
about the dynamics that are typically difficult to extract in a
model-independent manner from ensemble data. Fluorescence
spectroscopy and voltage clamp represent two of the very few
techniques capable of reporting activity at a single-molecule
level. Naturally, there was an early push to combine both
single-molecule approaches in VCF. In a proof-of-principle ex-
periment, Ide et al. (2002) used fluorescence to track single
channels and voltage clamp to illustrate single-channel events in
the same artificial bilayer, although not simultaneously.
Borisenko et al. (2003) reported the first simultaneous obser-
vation of single-molecule fluorescence and single-channel ac-
tivity using gramicidin in bilayers. They showed that association
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of monomers of Cy3- and Cy5-labeled gramicidin shown by
FRET correlated with single-channel openings in some record-
ings but not in others. While there have been a few other reports
of combined single-molecule FRET and single-channel record-
ings, none of them have been able to convincingly measure ac-
tivity and FRET from the same molecule at the same time. This
type of measurement is necessary to relate conformational
heterogeneity with various functional modalities that are typi-
cally obscured in ensemble measurements. Some of the technical
difficulties associated with combining these two single-molecule
techniques have been reviewed recently elsewhere (Weatherill
and Wallace, 2015)

Concluding remarks

It is abundantly clear that the molecular details provided by
high-resolution structural approaches such as cryo-EM and
x-ray diffraction are unrivalled by currently available techni-
ques. But the ability of VCF to simultaneously report on struc-
ture, dynamics, and function will allow us to annotate the
numerous high-resolution structures that are emerging at an
increasingly rapid pace. The readouts provided by VCF will help
bring the static structures to life. It is now routine to measure
activity and conformational change at the same time in a near-
native environment for many ion channels and transporters. We
envision that, in the near future, VCF will become an essential
tool to complement existing electrophysiological and structural
approaches for studying the mechanisms of ion channel gating
and function.
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