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ABSTRACT: Fluorescence microscopy with fluorescent reporters that respond to environmental cues are a powerful method for
interrogating biochemistry and biophysics in living systems. Photoinduced electron transfer (PeT) is commonly used as a trigger to
modulate fluorescence in response to changes in the biological environment. PeT based indicators rely either on PeT into the excited
state (acceptor PeT) or out of the excited state (donor PeT). Our group has been developing voltage-sensitive fluorophores (VF dyes)
that respond to changes in biological membrane potential. We hypothesize that the mechanism of voltage sensitivity arises from
acceptor PeT (a-PeT) from an electron-rich aniline-containing molecular wire into the excited state fluorophore, resulting in
decreased fluorescence at negative membrane potentials. Here, we can reverse the direction of electron flow to access donor-
excited PeT (d-PeT) VF dyes by introducing electron-withdrawing (EWG), rather than electron-rich molecular wires. Similar to first-
generation aniline containing VF dyes, EWG-containing VF dyes show voltage-sensitive fluorescence, but with the opposite polarity:
hyperpolarizing membrane potentials now give fluorescence increases. We use a combination of computation and experiment to
estimate a AE of ~0.6 eV for voltage sensitivity in d-PeT indicators, show that two of the new reverse VF dyes are voltage sensitive,
and provide the first example, to our knowledge, of a molecular sensor that can be tuned across energy regimes to access bi-
directional electron flow for fluorescence sensing in living systems.

Biological membrane potentials (Vi) arise from differences
in ion concentrations across a selectively-permeable lipid
bilayer and are a defining feature of life.! Despite the centrality
of the maintenance and dynamics of V,,, methods to measure
Vm remain restricted primarily to electrode-based approaches
like patch-clamp electrophysiology. Visualizing cellular Vi, with

Scheme 1. PeT in Voltage-sensitive Fluorophores (VF) dyes
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electron transfer (PeT) stands out as a powerful method for
designing fluorescent reporters.3® By controlling PeT into or
out of the excited state of a fluorophore based on the binding
or reaction with a diverse array of analytes like Ca?*,” nitric
oxide,® 10,,° Zn%,° or reactive oxygen species (ROS),!* PeT
provides a generalizable trigger for designing fluorescent
reporters.

Our group has been exploring the application of PeT-based
triggers for monitoring Vi,.!2 We postulate that voltage
sensitivity within Voltage-sensitive Fluorophores (or VF dyes)
arises from a V-sensitive electron transfer (Scheme 1);13-14
therefore, the direction of the electron transfer matters. If the
electron moves from a molecular wire buried in the plasma
membrane
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into a fluorophore on the extracellular face, PeT into the
excited state fluorophore is fast at hyperpolarized potentials
and the dye is dim. At depolarized Vn, the voltage decreases
the rate of PeT, allowing fluorescence to occur, and the dye
brightens. Consistent with this hypothesis, VF dyes possess
fluorescence  turn-on responses  upon membrane
depolarization,’? nanosecond response kinetics,*> and voltage-
dependent fluorescence lifetimes.*® To date, all VF dyes make
use of an aniline-containing molecular wire to achieve voltage-
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Figure 1. Controlling photoinduced electron transfer processes in voltage-sensitive fluorophores. Frontier molecular orbital diagrams for
fluorescein and either a) electron-rich molecular wires that exhibit acceptor-excited PeT (a-PeT) or b) electron-poor molecular wires that
exhibit donor-excited PeT (d-Pet). c) Structure and LUMO of 2',7'-dichloro-3-sulfonofluorescein. d) Structure and LUMO of electron poor
molecular wires. This specific example is 4-NO, VF, but R can equal any of the substituents indicated in panel (e). e) Plot of calculated
energy levels (eV) of 2',7'-dichloro-3-sulfonofluorescein and various molecular wires with the indicated R group.

sensitivity in an acceptor-PeT (a-PeT) configuration in which
the fluorophore acts as the electron acceptor.

However, if the hypothesis about the mechanism of voltage
sensing is correct, replacing the electron-rich aniline with an
electron-withdrawing group (EWG) should decrease the
frontier molecular orbital energies of the wire and enable
donor-excited PeT (d-PeT) (Scheme 1). In this configuration,
hyperpolarized V., decrease the rate of PeT. This results in
fluorescence brightening at hyperpolarized potentials and
would provide the first example of a molecular sensor
architecture with bi-directional electron flow for sensing in a-
PeT or d-PeT configurations.

Here we show that electron-poor molecular wires with EWG
substituents can be incorporated into a VF dye scaffold,
reversing the direction of electron flow, and inverting the sign
of the fluorescence response to Vn, changes. We calculate the
HOMO and LUMO energies of a series of EWG-containing
molecular wires, synthesize 5 new EWG-VF dyes, characterize
their spectroscopic properties, and evaluate their voltage
sensitivity in mammalian cells. Two of the new dyes show
voltage sensitivity, but with an inverted polarity relative to
previously reported aniline-containing VF dyes.'’-1°

To investigate the possibility of reversing the polarity of VF
dyes through d-PeT, we performed DFT calculations to
estimate the relative HOMO and LUMO energies of the
orthogonal fluorophore and molecular wire systems. We
optimized geometry using def2-TZVP/wB97XD and calculated
HOMO and LUMO energies for the fluorophore and molecular
wire (Figure $1).202! Geometry optimization and DFT
calculations on the complete 4-NO, VF molecule (3a, Scheme
2) reveal that the HOMO is associated with the fluorophore,
and the HOMO-1 is associated with the molecular wire. The
LUMO is associated with the molecular wire, and the LUMO+1
is associated with the fluorophore (Figure S1). To save
computational time, we split the entire 4-NO, VF into two
components, the fluorophore and the molecular wire (Figure

1), optimized geometries, and calculated HOMO and LUMO
values (Figure 1). The HOMO and LUMO values calculated
using the individual components gave values that matched
well with those calculated using the entire VF dye (Figure S1).
Therefore, we used calculations based on components, to save
computational time—1440 cpu hours for the 66 atoms of the
intact 4-NO, VF compared with 270 and 288 cpu hours for the
fluorophore and molecular wire, respectively—and to enable
a rapid mix-and-match comparison of fluorophores and
different molecular wires.

We find that for aniline-substituted VF2.1.Cl,*71° the HOMO
of the molecular wire is higher in energy than the HOMO of the
fluorophore, with a HOMO-HOMO (H-H) gap of approximately
-0.05 eV, indicating the possibility of electron transfer from the
wire to the fluorophore, or a-PeT. Conversely, the molecular
wire LUMO of VF2.1.Cl is higher than the LUMO of 2'7'-
dichloro-3-sulfonofluorescein, with a LUMO-LUMO (L-L) gap of

approximately +0.27 eV, indicating that PeT from the
fluorophore to the molecular wire (dPeT) is unlikely for this
molecule (Figure 1). On the other hand, for EWG-VF dyes like
4-NO; VF, we find the complementary configuration: the wire
LUMO of 4-NO, VF is lower than the fluorescein LUMO by
approximately -0.58 eV, indicating the possibility of PeT.?2 The
HOMO of the 4-NO, VF wire is 0.75 eV lower than the HOMO
of fluorescein, making a-PeT unlikely for this molecule (Figure
1). We calculated the orbital energies for other EWG-
containing molecular wires, 2,4-diNO,, 3-NO,, 4-CN, and 4-
SO,Me (Scheme 2, Figure 1). Both 4-NO; VF and 2,4-diNO, VF
possess L-L gaps of around -0.6 eV or larger. 3-NO, VF had an
intermediate L-L gap value of -0.33 eV, while the L-L gaps for
4-CN VF and 4-SO,Me VF decrease substantially to -0.18 and -
0.07 eV, respectively (Figure 1, Table 1). For comparison, the
L-L and H-H gaps for VF2.0.Cl, which lacks an aniline or EWG
substituent and is not voltage sensitive, are +0.12 eV and +0.61
eV, respectively.



Table 1. Properties of EWG-VFs

Compound R AF/Fe LUMO (eV)b | L-L Gap (eV)* (}\;:3 Rel. Cell Brightnesse Off
3a 4-NO, -3.8+0.1 7.69 -0.58 387 2.2 0.23

3b 2,4-diNO; -8.2+0.7 7.45 -0.79 397 0.15 0.10

3c 3-NO; -0.4+0.01 7.94 -0.33 342 1.2 0.71

3d 4-CN -0.4+0.1 8.09 -0.18 366 0.99 0.71

3e 4-SO,Me 0+0.7 8.21 -0.07 360 0.10 0.51
VF2.1.Cl 4-NMe, 25+1 8.54 +0.27 389¢ 1.0 0.12¢
VF2.0.Cl H 0 8.40 +0.12 3608 - 0.838

a per 100 mV in HEK293T cells. ® Values normalized to respective sulfonate orbital. < Difference between LUMO of dichloro-
sulfononfluorescein and corresponding molecular wire. @ For molecular wire; acquired in 0.1 M EtOH-KOH. ¢ Determined in HEK293T cells;
all values relative to brightness of VF2.1.Cl. f Determined in EtOH-KOH. & Values from Boggess, et al. RSC Chem Biol, 2021, 2, 248-58.1°

Scheme 2. Synthesis of EWG-containing VF dyes

- / -
o 0. o ] _//—O—/za-e o, o o
cl ‘\ O ¢l Pd(OAc), cl ‘\

P(oTol
( )3
NEt;, DMF
100 °C

Br

2a 2b 2c 2d 2e
VF2.0.Cl VF2.1.CI 3a 3b 3c 3d 3e
Nozé\
NO,
H N NO, NO, N °o=” -

Based on these data, we hypothesize that strongly EWG
substitution, like 4-NO, and 2,4-diNO,, might enable d-PeT VF
dyes because of their large, negative L-L gaps.

R

To test the hypothesis that VF dyes could be “run in
reverse”, we synthesized 5 different EWG-substituted stilbene
derivatives. 4-NO,, 3-NO,, and 4-CN stilbenes could all be
accessed via sequential Wittig/Heck/Wittig reactions, with the

Wittig reactions carried out with K,COs as the base (Scheme
S1). More electron-withdrawing 2,4-diNO, stilbene required a
different route, since use of K,CO; in the initial Wittig
olefination caused decomposition. Instead, we synthesized
2,4-diNO, and 4-SO;Me stilbene (2b, 2e) via a Horner
Wadsworth-Emmons reaction (Scheme S2). Pd-catalyzed cross
coupling of the EWG-substituted stilbenes (2a-e) with 5-
bromo-2',7'-dichloro-3-sulfono-fluorescein (1) afforded EWG-
VF dyes (3a-e).

All of the EWG-VF dyes display an invariant absorption
maximum at 520 nm and emission maximum at 540 nm, owing
to the common 2',7'-dichloro-3-sulfonofluorescein
fluorophore (Figure 2). The absorbance band corresponding to
the molecular wire is different for each of the new EWG-VF
dyes: 3-NO, VF is shortest at 366 nm, followed by 4-CN VF and
4-SO,Me VF at ~375 nm, 4-NO, VF at 387 nm, and 2,4-diNO, VF
at 397 nm (Figure 2). For comparison, the molecular wire
absorbance band of VF2.1.Cl is approximately 390 nm. The
quantum yield of fluorescence (®s) for EWG-VF dyes ranges
from 0.09 to 0.71 (Table 1). Both 4-NO, VF and 2,4-diNO, VF
have relatively low ®g values, indicating a high degree of PeT
guenching.

All of the EWG-VF dyes stain the plasma membranes of
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Figure 2. UV-vis and emission spectra of reverse VF dyes. Plot of
relative intensity vs wavelength for indicated reverse VF dyes.
Absorbance is shown in solid lines; emission is shown in dashed
lines. Each absorbance spectrum is normalized to the Amax; €ach
emission spectrum is normalized to the Amax. Spectra were
acquired with 1.25 uM dye in 0.1M KOH in EtOH buffer. For
emission spectra, excitation was provided at 480 nm.

HEK293T cells (Figure 3). Widefield epifluorescence
microscopy reveals a “chicken-wire” pattern of cellular
staining, indicating exclusion of the dyes from the cytosol and
intercalation into the plasma membrane. When compared to
aniline-substituted VF2.1.Cl, 4-NO, VF has the brightest
membrane staining, 2-fold brighter than VF2.1.Cl (Figure 3,
Table 1). 3-NO, VF and 4-CN VF both have similar brightness
compared to VF2.1.Cl, and 2,4-diNO; VF and 4-SO,Me VF have
the lowest cellular fluorescence, approximately 10-fold less
bright than VF2.1.Cl (Figure 3, Table 1).

Finally, we assessed the voltage sensitivity of the new, EWG-
VF dyes in HEK293T cells using whole-cell patch clamp
electrophysiology. EWG-VF dyes with nitro substituents show
voltage sensitivity, but with a reverse polarity (Figure 4). Unlike
aniline-substituted VF2.1.Cl, which displays a fluorescence
increase upon membrane depolarization, the fluorescence of
4-NO, VF and 2,4-diNO, VF decreases upon depolarization and
becomes brighter upon hyperpolarization.

The other EWG-VFs, 4-CN VF, 4-SO,Me VF, and 3-NO, VF
show no voltage sensitivity. In agreement with our hypothesis,
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Figure 3. Live cell imaging with reverse VF dyes. Widefield epifluorescence images of HEK293T cells treated with either a) 4-NO, VF (6), b)
3-NO; VF (17), €) 4-CN VF (27), d) 2,4-diNO; VF (13), e) 4-SO,Me VF (23), or f) VF2.1.Cl. All dyes were loaded at 250 nM. Scale bar is 20 pum.
g) Plot of cellular fluorescence intensity of HEK293T cells loaded with the indicated dye. Data are mean + S.E.M. for n = 3 independent
experiments. For each experiment, or coverslip, we analyzed between 50 — 200 cells and took the mean fluorescence intensity.
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Figure 4. Voltage sensitivity of VF dyes. Plots of AF/F vs time for HEK293T cells loaded with either a) 4-NO, VF, b) 2,4-diNO, VF, c) 3-NO,
VF, d) 4-CN VF, or e) 4-SO,Me VF. Cells were held at -60 mV under whole-cell voltage-clamp conditions and then stepped to potentials
ranging from +100 mV to -100 mV in 20 mV increments. f) Plot of AF/F per 100 mV vs membrane potential (in mV) for 4-NO, VF (green, n=
8), 2,4-diNO; VF (magenta, n = 5), 3-NO; VF (red, n = 5), 4-CN VF (blue, n = 3), 4-SO,Me VF (gray, n = 4), or VF2.1.Cl (black). Data are mean
+ S.E.M. VF2.1.Cl data is from Turnbull, et al. ] Am Chem Soc 2021, 143 (16), 6194-6201.23

4-NO; VF and 2,4-diNO, VF have the largest L-L gaps, aniline-containing VF indicators. While a-PeT and d-PeT
corresponding to higher values of AGper. A LUMO-LUMO gap of strategies have been widely used to design fluorescent
approximately 0.6 eV is required for voltage sensitivity in EWG- reporters,” this is the first demonstration that HOMO/LUMO
VF dyes, consistent with previous reports.?? 4-NO, VF has an levels can be tuned across ranges that give access to both a-
approximate -4% AF/F per 100 mV in HEK293T cells, while 2,4- PeT and d-PeT for detection of a biologically-relevant analyte
diNO; VF has about an -8% voltage sensitivity (Figure 4, Table with the same fluorophore scaffold. Future directions include
1). However, despite the higher nominal voltage sensitivity, improving voltage sensitivity by pairing electron-deficient
2,4-diNO; VF shows very low cellular fluorescence (Figure S2), molecular wires with electron-rich fluorophores and applying
approximately 40-folder lower than 4-NO, VF, making 4-NO, reverse VF indicators to biological contexts where the
VF the most useful EWG-VF for cellular voltage imaging. membrane potential polarity is switched compared cellular

membranes, for example in lipid bilayer-enclosed organelles.?*

In summary, we report the design, synthesis, and validation -

of a new class of d-PeT based VFs for voltage imaging. DFT was

used to determine the orbital energies of different molecular

wires with EWGs and the 2',7'-dichloro-3-sulfonofluorescein ASSOCIATED CONTENT

fluorophore. This approach allowed us to mix-and-match Supporting Information. Experimental procedures, NMR spectra,
LUMO energies by normalizing to a shared orbital (Figure S3), and supporting figures. This material is available free of charge via
leading to much lower computational cost compared to the Internet.

calculations on full VF molecules. Five d-PeT VF targets were
synthesized to test the validity of our computational method AUTHOR INFORMATION
(Scheme 1). Both 4-NO, VF and 2,4-diNO, VF are voltage Corresponding Author
sensitive, but with a response polarity inverted compared to
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