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ABSTRACT The genetically encoded voltage indicators ArcLight and its derivatives mediate voltage-dependent optical signals
by intermolecular, electrostatic interactionsbetweenneighboring fluorescentproteins (FPs).A randommutagenesisevent placeda
negative charge on the exterior of the FP, resulting in a greater than 10-fold improvement of the voltage-dependent optical signal.
Repositioning this negative charge on the exterior of the FP reversed the polarity of voltage-dependent optical signals, suggesting
the presence of ‘‘hot spots’’ capable of interacting with the negative charge on a neighboring FP, thereby changing the fluorescent
output. To explore the potential effect on the chromophore state, voltage-clamp fluorometry was performed with alternating exci-
tation at 390 nm followed by excitation at 470 nm, resulting in several mutants exhibiting voltage-dependent, ratiometric optical sig-
nals of opposing polarities. However, the kinetics, voltage ranges, and optimal FP fusion sites were different depending on the
wavelengthof excitation.These results suggest that theFPhasexternal, electrostaticpathwayscapableofquenchingfluorescence
that arewavelength specific.Onemutation to the FP (E222H) showed a voltage-dependent increase in fluorescencewhen excited
at 390 nm, indicating the ability to affect the proton wire from the protonated chromophore to the H222 position. ArcLight-derived
sensors may therefore offer a novel way to map how conditions external to the b-can structure can affect the fluorescence of the
chromophore and transiently affect those pathways via conformational changes mediated by manipulating membrane potential.
SIGNIFICANCE ArcLight-type genetically encoded voltage indicators send charge information outside of the FP to the
internal chromophore enabling voltage induced conformational changes to affect fluorescence. These pathways are
excitation wavelength specific, suggesting that different external positions affect the protonated and deprotonated states of
the chromophore.
INTRODUCTION

Proton wires enable the long-range transfer of protons
through a protein via a chain of hydrogen bonds (1,2). This
chain of hydrogen bonds restricts the proton transfer along
closely spaced oxygen, nitrogen, or sulfur atoms, allowing
for the rapid transfer of charge. Fluorescent proteins (FPs)
are an ideal model system for studying proton transfers
because the protonation state of the chromophore as well as
the hydrogen bond network near the chromophore affect the
fluorescent properties of the protein (3–7). Here, we report
evidence that the ArcLight family of genetically encoded
voltage indicators (GEVIs) modulate their fluorescence via
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intermolecular electrostatic interactions that can modulate
proton wires in FPs.

GEVIs convert transients in membrane potential into
changes in fluorescence intensity, allowing simultaneous
measurements at multiple locations from subcellular regions
like the endoplasmic reticulum of a neuron (8) to population
signals in neuronal circuits (9,10). GEVIs can be mutated to
change the speed of the voltage response (11,12), the size of
the optical signal (13–15), the voltage range of the optical
signal (16), or the photophysical properties of the probe
(17–19). Further improvement of GEVIs would benefit
from a better understanding of the mechanism(s) mediating
the voltage-induced fluorescence change.

The GEVI, ArcLight, was the result of a serendipitous
mutation to the FP domain (14). This unintended mutation
introduced a negative charge to the exterior of the b-can
structure of the FP resulting in a 15-fold improvement in
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FIGURE 1 Two models for voltage-mediated

fluorescence change of ArcLight-type GEVIs. (A)

The compression model modified from Simine

et al. (21) suggesting a depolarization of the plasma

membrane potential (þDV) distorts the b-can

structure, causing a decrease in fluorescence. (B)

The dimerization model suggesting that the reposi-

tioning of a negative charge in relationship to a

neighboring chromophore causes a change in

fluorescence in response to voltage transients.

Charge interactions enable GEVI signals
the voltage-dependent optical signal. ArcLight consists of
an FP in the cytoplasm fused to a classical four-transmem-
brane, voltage-sensing domain (VSD) (20) that resides in
the plasma membrane, enabling the GEVI to optically report
changes in membrane potential (Fig. 1). How alterations to
the membrane potential mediate changes in fluorescence in-
tensities or why the addition of a negative charge to the pro-
tein outside of the voltage field in the cytoplasmic domain of
the GEVI resulted in a dramatic improvement in the optical
signal have been difficult to explain.

One potential mechanism suggested that physical
compression of the FP domain against the plasma membrane
caused the dimming of fluorescence for ArcLight in response
to depolarization of the plasma membrane (Fig. 1 A; (21)).
While that report demonstrated that compression of the b-
can structure could alter the environment of the chromophore
for ArcLight, the compression mechanism does not explain
the requirement of an external negative charge on the FP at
position 227 (A227D; numbering throughout refers to the
amino acid position in the FP) (14,17), the increase in fluores-
cence during hyperpolarization of the plasma membrane, or
the apparent requirement for the FP to be pH sensitive (17).

An alternate model describing the mechanism of
ArcLight’s voltage-dependent optical response involves an
intermolecular interaction of ArcLight via the FP domain.
Introduction of mutations that favor the monomeric form
of the FP in ArcLight reduced the voltage-dependent optical
signal by at least 70% (22), suggesting the hypothesis that
conformational changes in the VSD move the external nega-
tive charge along the b-can of a neighboring FP, altering the
environment of the chromophore (Fig. 1 B).
In this report we present evidence that suggests the nega-
tive charge on the exterior of the b-can mediates voltage-
dependent optical signals via electrostatic interactions
between neighboring probes. Repositioning the negative
charge along the outside of the b-barrel structure of the
FP resulted in the polarity of the optical response being
reversed when the membrane potential was manipulated.
The position of the external negative charge determined
whether the fluorescence became brighter or dimmer in
response to depolarization of the plasma membrane. This
result suggests an electrostatic interaction between associ-
ated FP domains mediating the voltage-dependent optical
signal. Because the FP for ArcLight is pH-sensitive, these
results support the scenario that the position of the negative
charge in relation to a neighboring chromophore simulates a
pH-like effect on the fluorescence of the GEVI with the
speed of the response now dependent upon the movement
of the VSD responding to changes in membrane potential.
This electrostatic interaction of ArcLight-type GEVIs offers
the potential to improve the magnitude of the voltage-
dependent fluorescent response as well as provide insights
into how environmental conditions at the exterior of the b-
can structure can affect the internal chromophore of the FP.
MATERIALS AND METHODS

Subcloning

The Triple Mutant (TM) construct is described in Piao et al. (11). Point mu-

tations were made through directed mutagenesis through PCR. Oligonucle-

otides were synthesized (Cosmo Genetech, Seoul, South Korea) and PCR

was performed to make the target insert (Bio-Rad Laboratories, Hercules,
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CA). Inserts were cloned into pcDNA3.1 Hygro þ vector using restriction

enzymes (New England Biolabs, Ipswich, MA). Completed constructs were

verified by sequencing (Cosmo Genetech, Seoul, South Korea; Bionics,

Seoul, South Korea).
GEVI expression

HEK 293 cells were maintained in DMEM supplemented with 10% v/v

FBS (Gibco Laboratories, Gaithersburg, MD) at 37�C (5% CO2) and

were seeded onto poly-L-lysine (Sigma-Aldrich, St. Louis, MO) coated

#0 glass coverslips (Ted Pella, Redding, CA). Transfections were per-

formed at a cell confluency of �70% with lipofectamine 2000 (Invitrogen,

Carlsbad, CA). Cells were usually tested 14 h posttransfection.
Patch-clamp fluorometry

Patch-clamp experiments were performed on an inverted microscope

(Olympus, Shinjuku, Tokyo, Japan). The chamber that held the seeded glass

coverslips had a constant flow of bath solution heated to 35�C. The bath so-
lution contained 150 mM NaCl, 4 mM KCl, 2 mM CaCl2, 1 mM MgCl2,

and 5 mM D-glucose and was buffered with 5 mM HEPES at pH 7.4

with NaOH. A 75 W xenon arc lamp (Cairn Energy, Edinburgh, UK) pro-

vided the light for the excitation of fluorophores. Two filter cubes were

used, one composed of an excitation filter at 472 nm (FF02-472/30-25), a

dichroic mirror at 495 nm (FF495-Di03-25x36), and a long pass emission

filter at 496 nm (FF01-496/LP-25). The second filter cube used the same

setup except for the excitation filter, which was optimized for 390 nm light

(FF01-386/26-25) (Semrock, Rochester, NY). The pipette electrodes were

pulled from capillary tubing (World Precision Instruments, Sarasota, FL)

by a pipette puller (Sutter Instruments, Novato, CA) to a resistance of 3–

5 MU. The pipette solution contained 120 mM K-aspartate, 4 mM NaCl,

4 mM MgCl2, 1 mM CaCl2, 10 mM EGTA, 3 mM Na2ATP, and was buff-

ered with 5 mM HEPES at pH 7.2. The HEK cells were clamped and their

membrane potential manipulated using an HEKA EPC10 amplifier (HEKA

Elektronik, Westfield, MA). An Optem Zoom System demagnifier (Qioptiq,

St Asaph Denbighshire, UK) connected the fast imaging camera to the c-

mount output of the microscope. The demagnified image was projected

onto the 80 � 80 CCD chip of the NeuroCCD camera which was used to

image fluorescence at frame rate of 1 KHz (RedShirt Imaging, Decatur,

GA). The entire system was mounted on an air table to reduce the vibra-

tional noise.
Data analysis

Data acquisition was controlled through the Neuroplex program (RedShirt

Imaging), which was also the platform from which we exported the ascii

data for further analysis using the Origin software package (Origin Labs,

Northampton, MA). Traces were averages of four trials and off-line filtering

with a 100 Hz Butterworth filter unless otherwise indicated.
RESULTS

The position of the negative charge on the surface
of the FP determines the polarity of the voltage-
dependent optical signal

The A227D mutation to the FP of ArcLight that was respon-
sible for a 15-fold improvement in the voltage-dependent
optical signal resides on the 11th b-strand with the side
chain external to the b-can structure (14). The role of this
external negative charge was examined by performing an as-
partic acid mutagenesis scan along the external residues of
1918 Biophysical Journal 120, 1916–1926, May 18, 2021
the 11th b-strand (Fig. 2 A) of an ArcLight-derived GEVI
TM, which has a longer linker segment of amino acids be-
tween the VSD and the FP and exhibits faster kinetics (11).

Mutant constructs consisting of a single external negative
charge at different positions along the 11th b-strand were ex-
pressed in HEK 293 cells while the plasmamembrane poten-
tial was manipulated via whole-cell voltage clamp (Fig. 2 A).
When the aspartic acid residue was at the original 227 posi-
tion in the FP (A227D), the optical signal got brighter upon
hyperpolarization of the plasma membrane and dimmer dur-
ing depolarization (Fig. 2 B). When the negative charge was
moved to the 225 position (A227/T225D, the next residue
on the b-strand with its side chain external to the b-can
structure), the voltage response was quite different. The hy-
perpolarizing signalwas nearly eliminatedwhereas the depo-
larizing signal consisted of at least two components with
opposing polarities; therewas a rapid, initial increase in fluo-
rescence followed by a slower decrease in fluorescence. Re-
positioning the negative charge to the next external residue
(A227/T225/F223D) resulted in the complete reversal of
the polarity for the optical signal compared with the original
A227D construct. The hyperpolarization response got dim-
mer, whereas the depolarization response got brighter. Mov-
ing the negative charge further up the b-strand to positions
L221D or V219D showed similar patterns to the F223D
construct albeit reduced in signal size. These results demon-
strate that the position of the negative charge determines the
polarity of the fluorescent response of the GEVI in response
to membrane potential changes.

The position of the external negative charge also affected
the polarity of the voltage-dependent optical signal when
TM was excited at 390 nm instead of at 470 nm (Fig. 2
B). As mentioned in the introduction, the protonation state
of the chromophore for wild-type GFP determines the exci-
tation wavelength. The protonated, neutral state is excited at
390 nm, whereas the deprotonated, anionic state is excited at
470 nm (3–5,25). TM also uses the FP, Super Ecliptic
pHlorin (SEpH), which is pH-sensitive and contains the
S65T mutation to reduce the 390 nm excitation peak
(26,27). Despite the S65T mutation in the FP, the aspartic
acid scan constructs were capable of yielding a voltage-
dependent optical signal when excited at 390 nm that also
reversed orientation depending on the position of the
external negative charge (Fig. 2 B).
Introduction of the T65S mutation to the FP
domain inverts the polarity of the optical
response for TM but not ArcLight

The observation that the position of the external negative
charge in the FP domain determined the polarity of the
voltage-dependent optical signal suggested the possibility
that the negative charge was affecting the protonation state
of the chromophore. The ability of TM to exhibit a
voltage-dependent optical signal that changed polarities



FIGURE 2 The position of the external, nega-

tive charge along the 11th b-strand of the fluores-

cent protein determines the polarity of the voltage-

dependent optical signal. (A) The crystal structure

of GFP (PDB: 1EMA) from Ormö et al. (23)

showing the position of the external residues along

the 11th b-strand. The structure was annotated us-

ing the Chimera program (24). (B) Optical traces

from HEK cells expressing a GEVI with the nega-

tive charge at the A227 position (A227D, green),

the T225 position (T225D, purple), the F223 posi-

tion (F223D, blue), the L221 position (L221D,

red), or the V219 position (V219D, black). Upper

traces are from experiments using 470 nm excita-

tion light. Lower traces are from experiments us-

ing 390 nm excitation light. The command

voltage of the whole-cell voltage clamp protocol

is shown in black (holding potential was

�70 mV). All traces were filtered offline with a

Butterworth low pass 100 Hz filter. The solid

line in the traces represents the average of at least

four cells which is also shown in the bar graphs on

the right. The shaded areas in the traces represent

the standard error of the mean (error bars in bar

graphs).

Charge interactions enable GEVI signals
when excited at 390 nm was surprising because ArcLight
was previously shown to give a voltage-dependent optical
signal that decreased in fluorescence intensity when the pro-
tonated form of the chromophore was excited; although in
that report, 400 nm light was used for excitation rather
than the 390 nm light used in these experiments (18).

To better understand the different behavior of these GE-
VIs when excited at 390 nm, we compared the ArcLight
and TM constructs having the T65 version of the FP,
SEpH (28), to the reverse-engineered constructs with
improved 390 nm excitation (the Ecliptic pHlorin version
of the FP) (26), designated epArcLight T65S and epTM
T65S (Fig. 3). HEK 293 cells expressing these constructs
were imaged under voltage clamp fluorometry with alter-
nate trials consisting of excitation at 390 nm followed by
excitation at 470 nm on the same cell.

ArcLight (T65) gave small, but distinct voltage-depen-
dent signals with peculiar properties when excited with
390 nm light (Fig. 3 A). For a 50 mV depolarization of
the plasma membrane, the fluorescence dimmed slightly.
For a 100 mV depolarization, there was a fast component
that got brighter followed by a slower component that got
dimmer. Stronger depolarizations of the plasma membrane
with a 150 mV or a 200 mV step exhibited a fast, transient
component that got brighter and a slower, persistent compo-
nent that also increased the fluorescence of the probe when
compared with the fluorescence at the holding potential of
�70 mV. Introduction of the T65S mutation into the FP
(epArcLight) reduced the complexity of the voltage-depen-
dent optical signal when excited at 390 nm but did not
exhibit an increase in fluorescence upon depolarization of
the plasma membrane when excited at 390 nm.

TM (T65) exhibited a different response than ArcLight
when excited at 390 nm (Fig. 3 B). Regardless of excitation
wavelength, the fluorescence of TM (T65) was reduced dur-
ing depolarization steps. However, introduction of the T65S
Biophysical Journal 120, 1916–1926, May 18, 2021 1919



FIGURE 3 Excitation state dependence of anti-

correlated fluorescence change for the GEVI,

epTM T65S. Traces depict voltage-dependent opti-

cal signals from HEK cells expressing ArcLight-

T65 (dark blue), epArcLight-T65S (light blue),

TM-T65 (dark red), or epTM-T65S (light red).

The command voltage is shown in black. For each

construct, optical signals were recorded using either

390 nm excitation light (top traces) or 470 nm exci-

tation light (bottom traces). Shaded regions of the

traces and error bars in the graphs are both standard

error of the mean. All traces were filtered offline

with a low pass Butterworth 100 Hz filter. t values

are given for the 100 mV depolarization step for

both TM and epTM. The solid line in the traces rep-

resents the average of at least four cells which is

also shown in the bar graphs below. The shaded

areas in the traces represent the standard error of

the mean (error bars in bar graphs).
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mutation (epTM) inverted the polarity of the voltage-depen-
dent optical signal when excited at 390 nm. Initially we
believed the inverted polarity for the epTM T65S mutant
was the result of a shift in the protonation state of the
chromophore. The voltage-induced conformational change
during depolarization steps favored the protonated state of
the chromophore causing the fluorescence to increase
when excited at 390 nm and to decrease when excited at
470 nm. However, closer inspection of the optical responses
for both excitation wavelengths revealed that the kinetics
and voltage ranges of the optical signals for the two excita-
tion wavelengths were different. The t of the response,
which is the time constant required to achieve 63% of the
1920 Biophysical Journal 120, 1916–1926, May 18, 2021
maximal response for epTM T65S at 390 nm for a 100
mV depolarization step, was 12.4 5 0.2 ms, whereas the
t of the response at 470 nm was 8.75 0.1 ms. Upon return-
ing to the holding potential, the speed of the optical response
for both wavelengths were again different, exhibiting a t of
16.25 0.3 ms when excited at 390 nm compared with a t of
10.3 5 0.2 ms when excited with 470 nm light (Fig. 3).

The voltage range was also different depending on the
wavelength of excitation. The signal size for the 390 nm
recording continued to increase even for the 200 mV depo-
larization step, whereas the 470 nm recording plateaued at
the 150 mV step, suggesting different mechanisms for
different excitation wavelengths. Indeed, the mechanism



Charge interactions enable GEVI signals
of voltage-dependent fluorescence change may be
chromophore-state specific because the voltage-dependent
optical signals for both GEVIs containing the Ecliptic
pHlorin version of the FP were reduced when excited at
470 nm (Fig. 3) compared with the original versions of
the GEVIs.

Even though the mechanism of the voltage-induced opti-
cal signal did not involve a simple transition in the proton-
ation state of the chromophore, the ability of the GEVIs to
yield signals when excited at different wavelengths offered
a potential for the development of ratio-metric probes
capable of quantitating membrane potential. We therefore
attempted to optimize the voltage-dependent signal for
both the 390 and 470 nm wavelengths using the T65S
version of the FP.
The length of the linker between the VSD and the
FP affects the polarity of the optical signal when
excited at 390 nm but not 470 nm

A general method for improving the optical signal of GEVIs
is to vary the number of amino acids between the VSD and
the FP (11,19,29–31). We employed this strategy in the hope
of generating a ratiometric probe with a dynamic response
sufficient for in vivo recordings. GEVIs were constructed
containing the Ecliptic version of the FP because epTM
T65S exhibited an inverse correlation dependent upon exci-
tation wavelength during depolarization of the plasma mem-
brane (Fig. 3). The linker segments between the VSD and
the FP domain ranged from 4 to 24 amino acids (Fig. 4).
HEK cells expressing constructs of varying linker lengths
were voltage clamped and imaged with alternating trials
of 390 and 470 nm excitation light.

Surprisingly, the optimal linker length differed depending
on the excitation wavelength. The optimal linker length for
the 470 nm excitation signal was around seven to eight
amino acids in length, whereas a longer linker of 15 amino
acids yielded the best voltage-dependent signal for 390 nm
excitation. Interestingly, the polarity of the voltage-depen-
dent optical signal during 390 nm excitation inverted as
the linker length was shortened. The fluorescence decreased
upon depolarization of the plasma membrane when the
linker length was less than six amino acids yet the fluores-
cence increased for linker lengths greater than eight. This
explains why little to no signal was seen previously for Arc-
Light upon 390 nm excitation. The linker length for Arc-
Light is around eight to nine amino acids depending on
the version being used which are poor locations for the FP
during 390 nm excitation recordings.
Mutations to the E222 position can rescue the 390
nm voltage-dependent optical signal

The different optimal linker lengths for the voltage-depen-
dent signal when excited at 390 nm compared with
470 nm suggested that the negative charge was affecting
the protonated state of the chromophore differently than
the anionic state. Different linker lengths could alter the
positioning of the negative charge on the exterior of the
FP in relationship to the neighboring chromophore upon
movement of the VSD domain in response to voltages
changes at the plasma membrane. The optimal position of
the negative charge when excited at 390 nm was different
than when excited at 470 nm. The hotspot responding to
the voltage-induced movement of the negative charge may
be wavelength dependent.

The fluorescence of SEpH is highly sensitive to pH
(26,28), indicating that a pathway or pathways exist for
the proton concentration outside of the b-can structure to
affect the fluorescence of the internal chromophore. Pro-
teins have been shown to contain proton wires that allow
for the rapid transfer of protons to different positions in
the protein (6,7,32). For instance, excitation of wild-type
GFP with 390 nm light results in an excited-state proton
transfer involving the protonated form of the chromophore
(5,7,25,33). The E222 position has been postulated as
the terminal proton acceptor in this transfer process
(6,7,34,35). In the presence of S65, the E222 side chain
is coordinated to create a proton wire from Y66 (chromo-
phore) to E222 via at least one water molecule and S205
(Fig. 5). The S65T mutation alters the coordination of
E222 thereby disrupting the proton wire. E222 is also
near the position of the external negative charge that re-
verses the polarity of the voltage-dependent optical signal
(Fig. 2). The proton wire in the protonated state of the
chromophore for wild-type GFP has also been reported to
contain low-barrier hydrogen bonds (7), which describes
a hydrogen weakly bonded to both the hydrogen donor
and hydrogen acceptor simultaneously (37). Bringing an
external charge near E222 could then potentially alter
this charge network and thereby affect the fluorescent prop-
erties of the chromophore. We therefore tested four E222
mutations that varied in charge or polarity (E222Q,
E222D, E222K, and E222H) in the presence of the S65
FP (390 nm excitation peak) or the T65 FP (470 nm exci-
tation peak).

The E222Q mutants gave modest voltage-dependent opti-
cal signals when excited at 470 nm light (Fig. 5). However,
when excited with 390 nm light, neither the E222Q/65S nor
the E222Q/65T constructs gave a voltage-dependent signal.
This is consistent with the previous finding that the E222Q
mutation destabilizes the protonated form of the chromo-
phore (35).

The E222D/65T mutant response was very similar to the
original GEVI, TM. The voltage-dependent optical signal
was larger when excited at 470 nm than when excited at
390 nm (Fig. 4). This was also the case for the E222/65T
construct (Fig. 2). The E222D mutation in the presence
of the Ecliptic S65 version of the FP exhibited a nearly
8-fold reduction in the voltage-dependent signal when
Biophysical Journal 120, 1916–1926, May 18, 2021 1921



FIGURE 4 Linker length affects the voltage-dependent optical signal differently when excited at 390 nm (blue traces) than at 470 nm (green traces).

Optical traces from HEK cells expressing the GEVI, epTM T65S, with varying linker lengths from four amino acids to 24 amino acids between the

VSD (box labeled VSD) and the fluorescent protein (box labeled FP). The linker protein sequence in red is based on the Ciona phosphatase gene.

The GDP sequence is from the Bam HI cloning site, which is also included as part of the linker sequence. Numbers above indicate total number of

amino acids between the VSD and the FP. The 8 and 9 linker length constructs excited at 390 nm were omitted from the bar graphs below because of

the complex nature of those signals. The command voltage steps are shown in black under the 12 linker trace. All traces were filtered offline with a low

pass Butterworth 100 Hz filter. The solid line in the traces represents the average of at least three cells. The shaded areas in the traces represent the standard

error of the mean.

Kang et al.
excited at 470 nm (Fig. 5). Interpretation of the signal for
E222D/65T with 390 nm excitation with a small yet short-
lived increase in fluorescence in response to depolarization
of the plasma membrane suggests a very transient effect
induced by the movement of the external negative charge.
1922 Biophysical Journal 120, 1916–1926, May 18, 2021
Reversing the charge with the E222K mutations did
not destroy the voltage-dependent signal when excited at
470 nm light regardless of whether there was a threonine
or serine residing at position 65 (Fig. 5). Excitation at
390 nm yielded very little, if any, fluorescence for both



FIGURE 5 Manipulating the proton wire from the

chromophore to E222 via voltage transients of the

plasma membrane. Top left is the chemical structure

of the protonated chromophore with an intact proton

wire from Y66 to E222 via a water molecule (W) and

the hydroxyl group of S205 in the presence of S65.

Top right is the chemical structure of the anionic

chromophore with a disrupted proton wire due to

an altered orientation of E222 in the presence of

T65 (reproduced with permission from Armengol

et al. (36), published by the PCCP Owner Societies).

Below are the voltage-dependent optical traces of

E222 mutants with the SEpH (T65) or the Ecliptic

(S65) version of the FP expressed in HEK cells.

The voltage command pulse protocol is shown at

the bottom of both columns in black. Shaded regions

in the traces are standard errors of the mean. All

traces were filtered offline with a low pass Butter-

worth 100 Hz filter. The solid line in the traces rep-

resents the average of at least three cells. The shaded

areas in the traces represent the standard error of the

mean.

Charge interactions enable GEVI signals
E222K/65T or E222K/65S constructs. As a result, no
voltage-dependent signal was observed.

Like the other E222 mutations, the E222H/T65 and
E222H/S65 mutants exhibited a voltage-dependent signal
when excited at 470 nm (Fig. 5). However, the E222H/
S65 construct is the only S65 mutant with a larger
voltage-dependent signal than the T65 version when excited
at 470 nm. Surprisingly, the E222H/65T mutant also yielded
an optical signal in the opposite direction when excited at
390 nm. In contrast, the E222H/65S construct yielded a
barely detectable change in fluorescence when excited at
390 nm, suggesting that the E222H mutant, upon a
voltage-induced conformational change, can reestablish
the proton wire from the protonated chromophore to H222
and thereby rescue the fluorescence of the protein when
excited at 390 nm but only in the presence of T65 not S65.
DISCUSSION

The mechanism of voltage-mediated fluorescence change
for ArcLight-type GEVIs appears to involve an electro-
static interaction between FP domains of two adjacent
probes. In contrast to the structural rearrangements that
might be caused by the compression of the FP onto the
plasma membrane (21), the interaction of neighboring
FPs creates an environment that can be altered by
voltage-induced conformational changes. This FP dimer-
ization model accounts for the effect of the A227D muta-
tion placing a negative charge on the exterior of the b-
can structure, the inverted polarity of the voltage-depen-
dent optical signal upon hyperpolarization of the plasma
membrane, and the effects of varying the linker length be-
tween the VSD and the cytosolic FP.

The challenge now is to determine with which amino
acids on the neighboring FP the A227D residue is interact-
ing. SEpH is a pH-sensitive FP that gets dimmer upon
acidification of the surrounding environment (26,27,38).
Initial attempts to use SEpH as the fluorescent reporter in
GEVIs resulted in probes yielding a very modest change
in fluorescence (1% DF/F/100 mV) upon depolarization
of the plasma membrane (14), indicating that pH-sensi-
tivity of the FP alone is not sufficient to explain the large
Biophysical Journal 120, 1916–1926, May 18, 2021 1923
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optical signal seen for ArcLight. Fortunately, a sponta-
neous mutagenesis event that introduced a negatively
charged amino acid on the exterior of the FP domain
(A227D) resulted in a 15-fold larger voltage-dependent op-
tical signal.

In this report, we have shown that the position of this
external charge matters. Moving the negative charge along
the exterior of the b-strand resulted in the reversal of the
polarity of the voltage-dependent optical signal (Fig. 2),
suggesting that the electrostatic environment of the FP
has been altered by the movement of the VSD in response
to voltage. When the negative charge is at the 227 posi-
tion, depolarization results in a voltage-dependent reduc-
tion of the fluorescence. When the negative charge is at
positions 219, 221, or 223, the fluorescence of the GEVI
gets brighter upon depolarization of the plasma mem-
brane. This may indicate that depolarization of the plasma
membrane results in the FP experiencing a more acidic
environment when the negative charge is at position 227
relative to the initial environment during the holding
potential. Because the lack of a negative charge on the
FP results in small, voltage-dependent optical changes,
we conclude that A227D is responsible for the generation
of this novel environment. In agreement, introduction of
monomeric favoring mutations to the FP domain of
ArcLight reduced the voltage-dependent fluorescence
change by over 70% (22).

One way to affect the fluorescence of the FP is to modu-
late the protonation state of the chromophore. GFP has
two excitation peaks. The protonated state of the chromo-
phore is excited at 390 nm, whereas the anionic chromo-
phore is excited at 470 nm (Fig. 5). If the movement of
the external negative charge in response to voltage
affected the protonation state of a neighboring chromo-
phore, the result would be an anticorrelated optical signal
dependent upon the wavelength of excitation. Protonation
of the chromophore would reduce the 470 nm excitation
signal while simultaneously increasing the 390 nm excita-
tion signal and vice versa. However, although the polarity
of the voltage-dependent optical signals were anticorre-
lated depending on the wavelength of excitation, the
speeds and voltage ranges of those optical responses
were different (Fig. 3). Further evidence suggesting that
the mechanism of fluorescence change is not a simple tran-
sition in chromophore protonation state comes from the
fact that the linker length separating the FP from the
VSD could reverse the polarity of the voltage-dependent
signal during excitation with 390 nm light but not with
470 nm excitation light (Fig. 4). For constructs consisting
of a linker shorter than seven amino acids, the fluorescence
decreases upon depolarization of the plasma membrane
regardless of whether the excitation wavelength is 390 or
470 nm.

Having ruled out a direct effect on the protonation state
of the chromophore as the only cause of fluorescence
1924 Biophysical Journal 120, 1916–1926, May 18, 2021
change, the mechanism of the voltage-dependent fluores-
cence change may involve transient changes to proton
wires affecting amino acids neighboring the chromophore.
One indication this may be the case can be seen in the
E222 mutations. E222 is the proton acceptor for the
excited state proton transfer upon excitation at 390 nm
(4,6,7,25). Changing E222 to aspartic acid, lysine, or
glutamine abolished or greatly diminished the voltage-
dependent optical signal when excited with 390 nm light.
However, the E222H mutant yielded an increase in fluo-
rescence upon depolarization of the plasma membrane
when excited at 390 nm, suggesting a potential rescue of
the proton transfer pathway for the protonated chromo-
phore but only when the S65T mutation is present
(Fig. 5). Hopefully, molecular modeling simulations will
reveal if this rescue is via the same proton pathway or
the generation of a new one.

SEpH is capable of transmitting an environmental
change in pH from the exterior of the b-can to the chro-
mophore in the interior. There must be a route for the
external environmental conditions to affect the chromo-
phore and may be true for other FPs. Indeed, a recently
developed red fluorescent protein, stagRFP, was rationally
designed by neutralizing an external acidic residue on the
b-barrel (39). This led to a reduction in the blinking to the
dark state, which improved the fluorescence of the FP. In
addition, molecular dynamic simulations revealed the
presence of many novel proton wires potentially capable
of transferring protons from the chromophore to the
bulk solution (6). These multiple pathways linking
the interior of the FP to the exterior environment may
explain the biphasic nature of some of the optical traces
as asynchronous interaction of the A227D residue with
those pathways would depend upon the movement of
the FP.

Our current hypothesis, based on the evidence pre-
sented here, is that the movement of the VSD alters
fluorescence by repositioning a negative charge near the
pH-sensing region of a neighboring FP. This would
also explain why different linker lengths alter the
voltage-dependent signal in different ways, as the
pathway the negative charge of the A227D residue trans-
verses upon movement of the VSD would be different
when the linker length is changed. Fig. 4 shows that
the optimal linker length for the voltage-dependent signal
for 390 nm excitation recordings is indeed different from
that at 470 nm.

ArcLight-type GEVIs offer the exciting possibility of
differentiating/mapping these pathways by transiently
altering electrostatic interactions between FP domains.
The pathways could be controlled by manipulating the
voltage of the plasma membrane. Indeed, by combining mo-
lecular modeling and structural data, it may be possible to
map the movement of the FP in conjunction with the move-
ment of the VSD, further improving the development of
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GEVIs as well as revealing how protons are moving through
the FP.
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