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Introduction

Fluorescence lifetime predicts performance of
voltage sensitive fluorophores in cardiomyocytes
and neuronst
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Voltage imaging with fluorescent indicators offers a powerful complement to traditional electrode or Ca*-
imaging approaches for monitoring electrical activity. Small molecule fluorescent indicators present the
unique opportunity for exquisite control over molecular structure, enabling detailed investigations of
structure/function relationships. In this paper, we tune the conjugation between aniline donors and aromatic
n systems within the context of photoinduced electron transfer (PeT) based voltage indicators. We describe
the design and synthesis of four new voltage-sensitive fluorophores (VoltageFluors, or VFs). Three of these
dyes have higher relative voltage sensitivities (AF/F) than the previously-reported indicator, VF2.1.Cl. We pair
these new indicators with existing VFs to construct a library of voltage indicators with varying degrees of
conjugation between the aniline nitrogen lone pair and the aromatic © system. Using a combination of
steady-state and time-resolved fluorescence spectroscopy, cellular electrophysiology, fluorescence lifetime
imaging microscopy (FLIM), and functional imaging in mammalian neurons and human cardiomyocytes, we
establish a detailed link between the photophysical properties of VF dyes and their ability to report on
membrane potential dynamics with high signal-to-noise. Anilines with intermediate degrees of conjugation
to the aromatic © system experience intermediate rates of PeT and possess the highest absolute voltage
sensitivities. Measured using FLIM in patch-clamped HEK cells, we find that the absolute voltage sensitivity of
fluorescence lifetime (Atq per mV), coupled with traditional fluorescence intensity-based metrics like AF/F
and signal-to-noise ratio (SNR), provides a powerful method to both predict and understand indicator
performance in cellular systems.

patch-clamp electrophysiology, a series of techniques that
use an electrode in direct contact with the cell of interest,

Cell membrane potential (Vinem) arises from an unequal dis-
tribution of ions across a selectively permeable lipid bilayer. In
excitable cells such as neurons and cardiomyocytes, Vimem
fluctuates on the order of milliseconds to create action poten-
tials (APs). These APs facilitate electrochemical communication
across synapses and coordinate the contraction of millions
of cells across the chambers of the heart. Measuring this
electrical activity is critical to understanding cell physiology
in health and disease. The gold standard for measuring Vyyem is
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allowing very precise measurement of Vi,em. However, the low-
throughput, high invasiveness, and low spatial resolution® of
patch-clamp electrophysiology render it an incomplete Vihem
measurement technique.

To record electrical activity in a highly multiplexed and less
invasive manner, our lab and others have undertaken the
development of fluorescent voltage indicators,”™ either as
genetically encoded voltage indicators or small molecule vol-
tage sensitive dyes. Fluorescent voltage indicators for action
potential detection should possess fast response kinetics to
respond to rapid (<1 ms) Viem changes, bright fluorophores,
good membrane localization, and high sensitivity to Viem
changes.>® Design of indicators with all of these characteristics
remains a substantial challenge.

The precise molecular control over small molecules pro-
vided by synthetic chemistry is an advantage compared to
the design or evolution of fluorescent proteins. Control of
the structure of fluorophores has facilitated major advances

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Proposed mechanism for VoltageFluor indicators and modified anline library.

in biological sensing: small molecule indicators of Ca®* revolutio-
nized physiology,”® simple modifications of the fluorophore
structure profoundly alter color®™ or improve brightness,"®"”
and innovative functionality is opening new vistas in super-
resolution and long-term microscopy.’®?° Optimization of the
brightness, sensitivity, color, and localization of small molecule
voltage-sensitive indicators dyes has been fruitful,>>* but further
investigation is required to obtain probes with sufficient signal-
to-noise ratios for single-cell recordings in thick tissue.

Our lab has developed small molecule voltage sensitive dyes
(VoltageFluors, VFs) based on a photoinduced electron transfer
(PeT)-based Vinem sensing through a conjugated molecular wire
(Scheme 1a). Because PeT occurs from a membrane-localized
aniline electron donor through a conjugated m system, it is
sensitive to the transmembrane electric field (Scheme 1a).
We previously demonstrated that the absorption and emission
wavelength of VFs can be tuned through the incorporation of
different chromophores,**™” and the voltage sensitivity can be
modulated via optimization of the orientation,® oxidation
potential,>® and identity of the molecular wire.*®

In this work, we investigated the extent of conjugation
between the aniline donor and the molecular wire as a strategy
for tuning VFs. Using VF2.1.CI*° and VF2.0.CI** as reference
structures, we designed and synthesized four indicators with
varying degrees of conjugation between the aniline donor and
the molecular wire (Scheme 1b). We designed JuloVF (17)
and IndoVF (18) to contain annulated anilines with higher
degrees of conjugation than the dimethyl aniline in VF2.1.Cl
(Scheme 1b). In contrast, we designed NN26VF (20) to contain
an aniline locked out-of-plane by steric repulsion that we could
compare to the compound VF2.0.Cl, which completely lacks an
aniline group (Scheme 1b). Finally, we designed 'PrvF (19) to be
similar to VF2.1.Cl but with a bulkier aniline group to investi-
gate how increased substitution on the aniline would affect
conjugation to the molecular wire (Scheme 1b). We hypothe-
sized that as aniline conjugation decreased in the VF dye series,
the rate of PeT would also decrease (Scheme 1b).

We previously showed that membrane potential-induced
changes in the rate of PeT in VF2.1.Cl also produce changes
in the fluorescence lifetime (z), which can be used to read out
absolute Vpem.*! This allowed us to make an optical estimation
of the mV value of V.., without the confounds associated
with intensity-based or ratiometric imaging.*" In the context of

© 2021 The Author(s). Published by the Royal Society of Chemistry

probe design, measuring fluorescence lifetime changes allows
measurement of the absolute voltage sensitivity (At per mvV)
for a dye species, as changes in lifetime do not depend on the
probe concentration.** By measuring the baseline 15, and the
Vmem dependent tg change, we can determine differences in
voltage-sensitive PeT between VF dyes in living cells, rather
than in a cuvette. Because of their capacity to provide insights
on fundamental photophysical parameters, like fluorescence
quantum yield, g measurements are an important comple-
ment alongside intensity-based methods for benchmarking
indicator behavior, such as relative voltage sensitivity (%AF/F)
and signal-to-noise ratio (SNR).

With this library of six aniline-modified VFs, we investigated
the response of fluorescence intensity and fluorescence lifetime
to changes in Viyem. We find that modifying aniline conjugation
in VF dyes tunes relative voltage sensitivity (%AF/F), signal-to-
noise ratio (SNR), absolute voltage sensitivity (Atg per mV), and
baseline lifetime (zq) across an order of magnitude. We then
compared the ability of three VF dyes to measure cardiac and
neuronal action potentials.

VF dyes displaying the largest relative sensitivities (%AF/F)
do not have the best performance in action potential detection;
rather, indicators that have the highest SNR in HEK cells
perform best in excitable cells. Along with SNR, the absolute
voltage sensitivity of the fluorescence lifetime (Atg per mV) ably
predicts the performance of VF dyes in excitable cells. Along-
side fluorescence intensity-based metrics, determination of Atqy
per mV provides a means for both evaluating and understating
indicator performance in detection of physiologically relevant
Vmem Signals. We propose that absolute voltage sensitivity of
the fluorescence lifetime can be incorporated as a standard for
evaluating future indicator derivatives.

Results

To examine the relationships between aniline modification and
voltage sensitivity, we synthesized phenylene-vinylene molecular
wires with julolidine, N-methylindoline, N-methyl-N-isopropyl,
and N,N,2,6-tetramethylaniline aniline donors (Scheme 2). Start-
ing with julolidine, Vilsmeier-Haack formylation with POCl; was
used to obtain benzaldehyde 1 in 88% yield (Scheme S1, ESIf).
This was converted to the aminostyrene by Wittig olefination and
was promptly reacted with 4-bromobenzaldhyde in a palladium

RSC Chem. Biol,, 2021, 2, 248-258 | 249
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Scheme 2 Synthesis of new VF dye derivatives.

catalyzed cross coupling to provide molecular wire 2 in 52%
yield over two steps (Scheme 2). This two-step sequence was
performed on the same day to prevent oxidation of the electron-
rich styrene derived from julolidine 1 (Scheme S1, ESIY).
Another 2-step Wittig olefination and cross coupling with a
sulfonated dichlorofluorescein (A) provided voltage indicator
17 (JuloVF, Scheme 2). Synthesis of N-methylindoline molecu-
lar wire 5 began with a Wittig olefination on commercially
available N-methylindolinecarbaldehyde to provide 3 in 59%
yield (Scheme S1, ESIt). Pd-catalyzed cross coupling of 3 with
4-bromobenzaldehyde provided wire 4 in 34% yield (Scheme S1,
ESIt). A final Wittig olefination gave 5 in 38% yield (Scheme S1,
ESIf). Pd-Catalyzed cross coupling of 5 with a sulfonated
dichlorofluorescein (A) provided voltage indicator 18 (IndoVF,
Scheme 2).

N-Methyl-N-isopropyl molecular wire 10 was synthesized
via the following route: reductive amination of acetone with
N-methylaniline using NaCNBH; gave N-isopropyl-N-methyl

aniline 6 in 18% yield (Scheme S2, ESI¥). In a similar sequence
to the synthesis of JuloVF (17), Vilsmeier-Haack formylation
with POCl; in DMF gave aldehyde 7 (83% yield) which was
then converted to 8 through a Wittig olefination (56% yield;
Scheme S2, ESIT). Olefin 8 was then converted to 9 (63% yield)
in a Pd-catalyzed cross coupling with 4-bromobenzaldehyde
(Scheme S2, ESIf). Subsequent Wittig olefination gave 10 in
44% yield, and a final Pd-catalyzed cross-coupling with a
sulfonated dichlorofluorescein (A) provided voltage indicator
19 (‘PrVF, Scheme 2).

Synthesis of N,N,2,6-tetramethylaniline wire 16 began with
iodination of 2,6-dimethylaniline to give 11 in 67% yield
(Scheme S2, ESIf). Reductive amination of formaldehyde
using NaBH, gave N,N,2,6-tetramethylaniline 12 in 95% yield
(Scheme S2, ESIt). Nucleophilic attack on dimethylformamide
produced benzaldehyde 13 in 73% yield (Scheme S2, ESIY).
Wittig olefination (14, 81% yield), followed by a Pd-catalyzed
cross coupling (15, 41% yield), and a second Wittig olefination
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Fig. 1 UV-vis and fluorescence spectroscopy of aniline modified VoltageFluors. (a) Absorbance spectra of VoltageFluors at 500 nM in ethanol with 0.1 M
KOH (ethanol-KOH) normalized to their respective absorbance maxima. (b) Emission spectra of VoltageFluors at 500 nM in ethanol-KOH adjusted to
their respective absorbance values at 485 nm and normalized to the VF2.0.Cl emission trace. (c) Time-resolved fluorescence decays of VoltageFluors at
500 nM in POPC vesicles. Decays were normalized to the time channel with maximum photon counts. Black line indicates the instrument response

function (IRF).
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produced wire 16 (69% yield) (Scheme S2, ESIt). Pd-catalyzed
cross coupling of 16 to a sulfonated dichlorofluorescein (A)
yielded voltage indicator 20 (NN26VF, Scheme 2).

Spectroscopic characterization of VF dyes

To evaluate the degree of conjugation across the aniline series,
we first examined the aniline modified VF library with UV-vis
spectroscopy in ethanol with 0.1 M KOH (ethanol-KOH).
Modification of the aniline altered the absorbance of the
molecular wire region (300-450 nm) of these indicators but
not the absorbance of the fluorescein chromophore region
(450-550 nm) (Fig. 1a and Fig. $1, ESIT).***° The wire region
of JuloVF (17) displayed an absorbance maximum at 406 nm, a
red-shift of 17 nm relative to the wire region of VF2.1.Cl
(Table 1). In contrast, the wire region of NN26VF (20) displayed
an absorbance maximum at 368 nm, a blue-shift of 21 nm
relative to the wire region of VF2.1.Cl (Table 1). For comparison,
the wire region of VF2.0.Cl, which completely lacks an aniline,
displayed an absorbance maximum at 360 nm (Table 1). The
wire regions of IndoVF (18) and 'PrVF (19) displayed absorbance
maxima very close to VF2.1.Cl (Table 1).

The trend observed in wire absorbance maxima is repro-
duced in the "*C NMR chemical shifts of the carbon para to the
aniline nitrogen. Steric inhibition of conjugation®*** (such as
in NN26VF, 20) results in a downfield shift, while increased
conjugation moves chemical shifts upfield, as a result of
increased shielding. This trend holds for reported anilines
(Fig. S2a, ESIT)***° and for the benzaldehyde-derived anilines
reported in this manuscript (Fig. S2b, ESIt). >*C NMR assign-
ment for the unsymmetrical aniline, 1-methylindoline-5-
carbaldehyde, was guided by 2D NMR (Spectra S45 and S46).

Finally, we also performed calculations on the parent ani-
lines of the VF dye series at the B3LYP-D3(B])/6-311G* level of
theory. HOMO energy levels were calculated for the geometry
optimized anilines and match the trend in ">*C NMR chemical
shifts: electron-rich molecular wires with highly conjugated
anilines, such as JuloVF (17) have the highest HOMO energy
levels, while NN26VF (20) has the lowest (Fig. S3a, ESIY).
Taken together, this data suggests that VF dyes will have more
negative values of AGpcr, and therefore increased rates of PeT,*!
as aniline conjugation to the molecular wire increases and the

Table 1 Properties of VoltageFluor dyes
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HOMO and ionization potential of the molecular wire
increases."®

To confirm that the observed spectroscopic trends are a
result of varying degrees of aniline nitrogen conjugation to the
aromatic n system, we examined the absorbance spectra of the
VF dye series in aqueous buffers of varying pH values. Proto-
nation of the aniline in acidic buffer should result in a
hypsochromic shift in the wire absorbance, as the aniline lone
pair is no longer delocalized throughout the wire. Indeed,
at low pH, we observe wire absorbance maxima around
360-365 nm for all VF dyes (Fig. S4, ESIT), eliminating spectral
differences between dyes which were seen in basic conditions.
Therefore, we reason that the differences in wire absorbance
maxima in basic buffer result from differences in the degree of
conjugation of the aniline lone pair with the rest of the
molecular wire. Two dyes, 'PrVF (19) and NN26VF (20), dis-
played hypsochromic shifts at pH 7.5, whereas the remaining
VF dyes (JuloVF, IndoVF, and VF2.1.Cl) displayed equivalent
shifts in molecular wire absorbance at pH 5 (Fig. S4, ESIT).

Next, we measured the emission, quantum yield (®gq), and
fluorescence lifetime () of the VF series in solution. We
observed consistent shapes of the emission spectra from the
shared dichlorofluorescein chromophore, but there were clear
differences in the @y and tq (Fig. 1b, ¢ and Fig. S5, ESIf).
VF2.0.Cl had the highest &g in ethanol-KOH, followed by
NN26VF (20), 'PrVF (19), IndoVF (18), JuloVF (17), and VF2.1.Cl
respectively (Table 1). This trend was replicated in the tq
measured in ethanol-KOH (Table 1).

Cellular characterization of VoltageFluors

Having performed initial characterization across our series of
aniline donors in vitro, we next examined VF dye performance
in cells. VF2.0.Cl was the brightest indicator in HEK cells,
followed by VF2.1.Cl, NN26VF (20), ‘PrVF (19), IndoVF (18)
and JuloVF (17), which was by far the dimmest (Table 1 and
Fig. S6, ESIt). Because JuloVF (17) was so dim, functional
cellular characterizations of JuloVF (17) were carried out at
500 nM dye loading to generate sufficient signal for analysis.
To measure voltage sensitivity of these indicators, we
turned to whole-cell voltage clamp in HEK293T cells stained with
dye. By recording the changes in fluorescence intensity with

Wire Aaps” Rel. brightness®
Dye (nm) Dg® 70" g’ (HEK293T) %AF/F® SNR® Atg per mV (ps) tg at 0 mV (ns)
JuloVF (17) 406 0.10 0.63 + 0.08 0.81 + 0.05 0.021 £ 0.003 34 + 67 26+ 2 0.73 + 0.03¢ 0.31 + 0.01¢
0.037 + 0.004¢
IndoVF (18) 390 0.14 0.52 + 0.03 0.98 + 0.02  0.28 + 0.02 3742 87 +7 1.49 + 0.04 0.48 + 0.02
'PIVF (19) 392 0.28 1.04 +0.04 1.67 +0.03  0.29 & 0.03 3442 125 + 2 2.97 4 0.04 1.28 £ 0.01
VF2.1.Cl 389 0.12 0.53 +0.02 1.58 + 0.05 1.0 + 0.1 26 + 3 200 +£10  3.05 + 0.08 1.57 + 0.03
NN26VF (20) 368 0.44 1.66 + 0.03 2.55 + 0.06  0.44 & 0.05 2.2 +0.1 8.6+ 0.2  0.50 + 0.02 3.32 4 0.01
VF2.0.Cl 360 0.83 3.18 +0.02 3.1+ 0.1 1.8+ 0.2 —0.20 + 0.01 2+1 0.00 £ 0.03 3.36 & 0.03

Solution phase tn measurements were taken at 500 nM dye. Cellular measurements were conducted at 300 nM dye loading unless otherwise noted.
“ In ethanol-KOH. ” In POPC. ° All brightness values are relative to VF2.1.Cl (1.0x brightness), and were calculated as the difference between cell
signal and the surrounding background (see Fig. S6, ESI for additional details). ¢ Acquired at 500 nM dye loading on account of the low cellular
brightness of JuloVF (17). ¢ Per 100 mV in HEK293T cells. Data are mean + S.E.M. for n = 3-8 different cells.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Relative voltage sensitivity and relative brightness of VoltageFluor derivatives in HEK cells. Widefield fluorescence images of HEK cells stained with
500 nM (a) JuloVF or 300 nM (b) IndoVF, (c) 'PrVF, (d) VF2.1.CL, (e) NN26VF, or (f) VF2.0.CL. In order to show the membrane localization of each indicator,
images are not scaled to the same grey values. Scale bar is 20 pm. Plots of relative change in fluorescence intensity (%6AF/F) vs. membrane potential (in
millivolts) for (g) JuloVF, (h) IndoVF, (i) 'PrVF, (j) VF2.1.CL, (k) NN26VF, and () VF2.0.Cl. Cellular measurements were conducted at 300 nM dye loading
except for experiments with JuloVF which were conducted at 500 nM dye loading. Data are mean fluorescence values + S.E.M. for n = 3-8 different cells.

When not visible, error bars are smaller than the data points.

epifluorescence microscopy when voltage steps from 100 to
—100 mV were applied (in 20 mV increments), we observed a
dramatic difference in voltage sensitivity based on the identity of
the aniline donor. As previously reported, VF2.1.Cl has modest
relative sensitivity to Vinem changes (26% AF/F per 100 mV, Fig. 2j,
Fig. S6, ESIt and Table 1), but three of the newly synthesized
indicators have higher relative voltage sensitivies (AF/F per
100 mV) than VF2.1.Cl. Voltage indicators with ring-fused ani-
lines, IndoVF (18) and JuloVF (17), displayed larger fractional
fluorescence intensity responses to voltage changes (37% and
34% AF/F per 100 mV, respectively) (Fig. 2g, h, Fig. S6, ESIT and
Table 1). 'PrVF (19) also had a larger relative response to Viem
changes (34% AF/F per 100 mV, Fig. 2i, Fig. S6, ESI and Table 1)
than VF2.1.Cl. As previously reported, indicators lacking an ani-
line donor, like VF2.0.Cl, possess little to no relative sensitivity
(—0.2% AF/F per 100 mV, Fig. 21, Fig. S6, ESI{ and Table 1). When
methyl groups are added ortho to the aniline nitrogen (NN26VF,
20), relative voltage sensitivity drops to 2.2% AF/F per 100 mV
(Fig. 2k, Fig. S6 (ESIT) and Table 1), an order of magnitude lower
than VF2.1.CL

After examining our VF dye series with fluorescence inten-
sity imaging, we then analyzed the series with fluorescence
lifetime imaging microscopy (FLIM, Fig. 3). With simultaneous
FLIM and whole cell voltage clamp electrophysiology, we record
the lifetime in cells at different V,,.,, and then calculate a line
of best fit for each individual cell’s lifetime-V e calibration
(Fig. S7-S12, ESIT). From these lifetime-Vy,em lines of best fit,
we extract the absolute sensitivity of fluorescence lifetime to
Vmem (Atg per mV) and the baseline lifetime (tg at 0 mvV) in
HEK293T cells (Fig. 3 and Fig. S7-S12, ESI%).*!

Critically, all of the new aniline modified VFs show Viyem
sensitive fluorescence lifetimes, with absolute voltage sensitiv-
ities ranging from 0.50 to 2.97 ps mV " (Fig. 3g) and baseline
lifetimes from 0.31 to 3.32 ns (Fig. 3h and Table 1). Dimmer VFs

252 | RSC Chem. Biol, 2021, 2, 248258

such as JuloVF (17) and IndoVF (18) have a high relative Viem
sensitivity (%AF/F or %Axt/t, Fig. 2 and Fig. S13, ESIT), but a
lower absolute Aty per mV (Fig. 3g). We observe the highest
absolute voltage sensitivities for newly synthesized 'PrvF (19)
and VF2.1.Cl, which display intermediate baseline lifetimes
close to 1.5 ns at 0 mV (Fig. 3h). Very long lifetimes, such as
those in NN26VF (20), are associated with both low relative
(Fig. 2k) and absolute (Fig. 3g) voltage sensitivities.

To construct ta—Vmem calibrations, we selected exponential
models for the new VFs based on minimization of reduced chi
squared without overfitting (Fig. S14, S15 and Table S4, ESIt).
VFs dyes with shorter lifetimes (e.g. JuloVF [17], IndoVF [18]),
could not be well described with fewer than 3 exponential decay
components, but use of a 3-component decay model for the
other VF indicators resulted in overfitting.

All lifetime data were acquired at 300 nM dye concentration.
At this concentration, all dyes displayed concentration-
independent 14 (Fig. S16, ESIT) but retained suffient brightness
for cellular imaging (Table S1, ESIT). We found that the voltage
sensitivities of VF2.1.Cl and VF2.0.Cl were not substantially
different when loading with 300 nM dye instead of the opti-
mized concentration (100 nM) used in previous fluorescence
lifetime studies (Tables S2 and $3, ESIf).*! JuloVF (17) was
used at 500 nM because of its very low brightness in cells. As a
result, fluorescence lifetime data for JuloVF (17) in cells may
contain contributions from autofluorescence and concen-
tration quenching.*>*?

We compared values of fluorescence lifetime for VF dyes
measured in cells (Fig. 3, Fig. S7-S12, ESIt and Table 1) to the
values of tn we obtained from in vitro solution measurements in
EtOH-KOH (Fig. S5¢, ESIt and Table 1). We found that the 74 in
EtOH was only partially correlated with the tq at 0 mV in
cells, with some probes showing considerable discrepancies
(Fig. S17a, ESL r* = 0.70). Correlation between ty in EtOH and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Fluorescence lifetime captures absolute sensitivity of VFs. (a—f)
Lifetime-intensity overlay images for HEK293T cells at different Vinem
stained with JuloVF, IndoVF, 'PrVF, VF2.1.Cl, NN26VF, and VF2.0.C|
respectively (300 nM dye was used for all except JuloVF at 500 NM). Vinem
was held at the indicated value with whole cell voltage clamp electro-
physiology. Lifetimes are scaled across the same lifetime range (0.6 ns)
with different start and ending values. White arrow indicates voltage-
clamped cell. Scale bar represents 20 um. (g) Absolute lifetime sensitivity
(Atq per mV) for the aniline modified VF library. Gray points represent
measurements from individual cells. (h) Baseline lifetime (y-intercept/life-
time at 0 mV) from the same lines of best fit as in (g). Data are mean + SEM
for the following number of patched cells: JuloVF 6, IndoVF 8, 'PrVF 10,
VF2.1.Cl 6, NN26VF 8, VF2.0.Cl 7.

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Chemical Biology

the molecular wire absorbance A,.x is similar (Fig. S17b, ESL ¥
r* = 0.75). We hypothesized that differences in indicator
environment between EtOH-KOH and the cell membrane could
account for these discrepancies. To better model the lipid
environment of the plasma membrane in vitro, we measured
7 in vesicles of 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine
16:0-18:1 PC (POPC) (Table 1 and Fig. 1c).

We observed stronger correlation between in vitro tn values
measured in POPC vesicles and those measured in cells at 0 mV
(Fig. S17¢, ESL,f r* = 0.95) than we had with 7 in EtOH-KOH
(Fig. S17a, ESIf). The values of 75 in POPC closely follow the
shifts in the molecular wire Amay (Fig. S17d, ESLT 7> = 0.91).
Together, these data suggest that POPC vesicles are a good
proxy for cellular membranes, although the exact values of
probe tq differ between POPC and the plasma membrane.

VoltageFluors in electrically excitable cells

We evaluated the aniline-modified VFs with the three highest
absolute voltage sensitivities (IndoVF [18], 'PrVF [19], and
VF2.1.C]) for their ability to monitor electrical activity in human
induced pluripotent stem cell derived cardiomyocytes (hiPSC-
CMs) and dissociated rat hippocampal neurons. All three
indicators faithfully recorded action potential (AP) waveforms
in spontaneously contracting monolayers of cardiomyocytes
(Fig. 4a-f) and evoked action potentials in dissociated rat
hippocampal neurons (Fig. 4h-m). The average signal-to-
noise ratio (SNR) of activity recordings in cardiomyocyte mono-
layers was high in all cases, with 'PrvF (19) and VF2.1.Cl having
the highest SNR values: in excess of 400: 1 (Fig. 4g, Fig. S18a-h,
ESIt and Table 2). IndoVF (18) displays lower SNR values
(140:1) but is still capable of reporting cardiac action potential
kinetics (Fig. 4f, g and Fig. S18i, ESIf). In neurons, VF2.1.Cl
exhibits the highest average SNR (13:1) for evoked activity
recordings (Fig. 4n, Fig. S19, ESIT and Table 2). The other two
VF dyes had lower SNR values, 9.7 : 1 for "PrVF (19) and 5.6: 1 for
IndoVF (18) (Fig. 4n, Fig. S19, ESIt and Table 2).

We also investigated the phototoxicity and photostability
of these three derivatives, as we previously observed differences
in the phototoxicity of PeT-based voltage indicators with differ-
ent wire structures.”’> We compared the phototoxicity of 'PrvF
(19) and IndoVF (18) to VF2.1.Cl during prolonged measure-
ments of activity in iPSC-CM monolayers. With all three
sensors, we were able to record APs without alterations to the
AP waveform for up to 4 minutes (Fig. S20a-d, ESIt). IndoVF
(18) appeared slightly less phototoxic than 'PrvF (19) or
VF2.1.Cl. AP kinetics reported by IndoVF (18) remain
unchanged for approximately 6 minutes of continous illumina-
tion in tissue (Fig. S20d-f, ESIt). The initial photobleaching
rates for all three indicators are similar in HEK293T cells, iPSC-
CMs, and dissociated rat hippocampal neurons (Fig. S21, ESIT).
These experiments establish that modifying the aniline con-
formation has minimal effect on probe photobleaching and
phototoxicity, and IndoVF (18), ‘PrVF (19), and VF2.1.Cl are all
capable of reporting on cardiac and neuronal electrophysiology
with high SNR.
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Fig. 4 VF performance in excitable cells. Representative field of view (FOV) used for recordings of evoked electrical activity in iPSC-CMs loaded with
300 nM (a) VF2.1.CL, (c) 'PrVF, and (e) IndoVF. Average action potentials from three ten second acquisitions of iPSC-CMs loaded with 300 nM (b) VF2.1.Cl,
(d) 'PrVF, and (f) IndoVF. (g) Signal-to noise ratio (SNR) plot of spontaneous action potentials, where dots are the SNR for a single acquisition. Bars are
mean + SEM. N = 15 traces. Representative field of view (FOV) used for recordings of evoked electrical activity in dissociated rat hippocampal neurons
loaded with 300 nM (h) VF2.1.CL, () 'PrVF, and () IndoVF. Action potentials evoked from a single neuron loaded with 300 nM (i) VF2.1.CL, (k) 'PrVF, and (m)
IndoVF. (n) SNR plot of evoked action potentials. Points are the SNR of a single action potential from a unique neuron. Bars are mean + SEM. N = 48

(VF2.1.Cl), 46 (IndoVF), 58 (PrVF). Scale bars are 50 pm.

Table 2 SNR values in cellular voltage measurements

VoltageFluor hiPSC-CM Neuron
IndoVF (18) 140 + 4 5.6 4+ 0.3
IPIVF (19) 450 + 10 9.7 £ 0.5
VF2.1.Cl 440 = 10 13+1

Data are mean SNR + SEM. All data were measured at 300 nM.

Discussion

We hypothesized that VF dyes containing aniline groups with
greater conjugation to the aromatic n system would experience
faster rates of PeT, reducing ®q and tq. Increased conjugation
of the aniline nitrogen with the molecular wire © system
increases the HOMO energy level (Fig. S3, ESIt), increasing
the ionization potential of the molecular wire/aniline donor.
This increased ionization potential makes the Gibbs free
energy for PeT (AGper) more negative and, according to the
Rehm-Weller equation,*’ increases the rate of PeT. Conversely,

254 | RSC Chem. Biol., 2021, 2, 248—-258

VF dyes containing aniline groups with reduced conjugation
to the aromatic n system would experience slower rates of PeT,
increasing ®q and tg. Using this framework, we modulated
baseline tq values, signal-to-noise ratios, relative voltage sensi-
tivities, and absolute voltage sensitivities in VF dyes. Tuning
these values allowed us to identify dyes with optimal perfor-
mance in action potential detection.

Extent of conjugation alters PeT

Our initial spectroscopic characterizations demonstrated that
the identity of the aniline donor group affected the extent of
conjugation in the molecular wire in VF dyes. The molecular
wire region of JuloVF (17), which contains an annulated aniline,
displayed a red-shifted absorbance maximum relative to
VF2.1.Cl (Fig. 1a). In contrast, NN26VF (20) contains an aniline
with little conjugation to the aromatic © system and displayed a
blue-shifted absorbance maximum relative to VF2.1.Cl (Fig. 1a).
We believe these absorbance shifts are the result of the degree
of conjugation of the aniline nitrogen because protonation of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the nitrogen in acidic buffer ablates the spectral differences
observed in basic buffer (Fig. S4, ESIT).

Our observations in **C NMR spectra and calculated HOMO
energy levels of molecular wire precursors are consistent with
the UV-vis absorbance spectra of the VF series. The carbon para
to the aniline in molecular wire precursors displays an increas-
ingly upfield ">*C NMR shift as aniline conjugation increases
due to increased shielding (Fig. S2, ESIt), matching literature
values for reported dialkylanilines.*>**™*° Similarily, the calcu-
lated HOMO energy level for molecular wire precursors
increases as aniline conjugation increases across the VF dye
series (Fig. S3, ESIt). The higher HOMO energy levels and
oxidation potential of more conjugated molecular wires
increases the driving force for PeT.

The trend in @ and 1y measured in ethanol-KOH is con-
sistent with our hypothesis that the extent of conjugation of the
aniline group affects PeT (Table 1), although VF2.1.Cl has
lower-than-expected @5 and 7g values in EtOH-KOH. Because
we were concerned that solvent effects may be altering our
results, we compared the lifetime in EtOH to that in POPC
vesicles, which more closely mimic the lipid membrane
(Fig. S17, ESIY). In POPC vesicles, the tq values of all dyes track
more closely with the molecular wire A, (Fig. S17d, ESIf). In
particular, in POPC, VF2.1.Cl now displays a higher, intermedi-
ate value of g which more closely matches values in cells and
the absorbance spectroscopy data (Fig. S17, ESIt and Table 1).
The 1 of all aniline-containing VFs was longer in POPC than
in EtOH-KOH; this may be attributable to the effects of pH and
solvent dielectric constant on electron transfer rate.>® Minimal,
if any, concentration dependence was seen for g in both EtOH-
KOH and POPC, suggesting that concentration quenching is
not responsible for these trends (Fig. S5, ESIT).

Fluorescence lifetime predicts probe performance

Moving from in vitro characterization to cellular experiments,
we found that the fluorescence intensity of VFs in HEK293T
cells does not correlate strongly with the fluorescence lifetime
(Fig. 5a). This result emphasizes that caution should be used in
interpreting probe brightness in cells in terms of fundamental
photophysics. Fluorescence intensity, and metrics that rely
solely on fluorescence intensity, like SNR, are confounded by
dye concentration in the membrane, excitation intensity,
changes in detector gain or integration time, and differences
in excitation and emission filter sets. These variables can
profoundly alter the values of SNR, meaning that comparisons
of SNR must be peformed under identical conditions, making
SNR a less portable metric for comparing across large indicator
libraries. Furthermore, observation of high or low SNR offers
very little information about the mechanistic reasons for good
or poor indicator performance. On the other hand, FLIM
measurements of tg, although more technically challenging
to implement, is not strongly influenced by the variables listed
above, and therefore, provides a means to understand factors
that contribute to low SNR.

Examining the voltage dependence of tgm, we noticed a
parabolic relationship between the absolute voltage sensitivity

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Fluorescence lifetime change dictates VF performance. Data are
aggregated from Fig. 2, 3 and 4 to highlight properties of the VF library.
(@) 0 mV lifetime and fluorescence intensity of VFs at 300 nM are
only somewhat correlated in HEK cells. JuloVF is omitted here because
no lifetime data were taken at 300 nM. Line of best fit (blue): y = 1.2x + 1.1,
r? = 0.34. (b) Relationship between baseline lifetime at 0 mV and voltage
sensitivity in fluorescence lifetime (Atq per mV) for VF dyes in HEK293T
cells. Line indicates a parabola fit to the data. (c) Correlation between Atq
per mV and the signal to noise ratio (SNR) of a 100 mV Vyem step (=60 to
+40 mV) in HEK293T. Line of best fit (blue): y = 56.7x — 8.2, r> = 0.91. (d)
Correlation between Atg per mV and the SNR for detection of sponta-
neous APs in cardiomyocytes (CM, blue) or evoked APs in neurons
(orange). The SNR for each probe in each system (Tables 1 and 2) was
normalized to the maximum SNR seen in that system for ease of compar-
ison. CM line of best fit (blue): y = 0.44x — 0.35, r> = 0.99; neuron line of
best fit (orange): y = 0.30x — 0.02, r? = 0.84. For (a—d), each point
represents the mean across all measurements of each type made for each
dye; error bars are omitted for clarity. All dyes were used at 300 nM, except
for JuloVF, where 500 nM was used.

(Atg per mV) and baseline tq of the VFs (Fig. 5b). Because all of
the VFs in this study possess identical dichlorofluorescein
chromophores and have the same extinction coefficient, the
baseline 74 in patch-clamped HEK293T cells reflects differences
in the rate of PeT. The two VF dyes with intermediate baseline
g (PrVF [19] and VF2.1.Cl) have the highest absolute sensitiv-
ities to Vmem changes, while indicators in this series with high
(NN26VF [20], VF2.0.Cl) and low (IndoVF [18], JuloVF [17])
baseline 77 have much lower absolute sensitivities (Table 1).
As previously noted, dim indicators can appear to have high
relative sensitivity (%AF/F), and we observe this trend for dyes
with low baseline 75 (IndoVF [18], JuloVF [17], Table 1).

The performance of VFs hinges on a balance between the
rates of PeT quenching and fluorescence.> By tuning the extent
of aniline conjugation with the molecular wire, which directly
alters the HOMO energy levels, we present a strategy to opti-
mize this balance. The 7q of a fluorophore is the inverse of the
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sum of all of the rate constants for processes out of the excited
state, including fluorescence (kg) and non-radiative pathways
(kn.r.), which includes PeT (kper).**”* Changes in tq in response
to changes in Vy,em reflect modulation of the rate of PeT in VF
dyes (Scheme 1a). We reason VFs with intermediate baseline g
exist in an optimal regime where the surrounding electric field
of the cell membrane can modulate the rate of PeT with the
highest dynamic range.

In the present VF dye library, indicators with intermediate
baseline tq display the highest absolute sensitivity in physiolo-
gical Viyem ranges. Where the baseline 74 is very short (JulovF
[17] and IndoVF [18]), the rate of PeT quenching is much larger
than the rate of fluorescence. In these indicators, PeT quench-
ing prevails regardless of Vy,.m,-dependent changes in the rate
of PeT, leading to low absolute sensitivity and a dim probe.
Conversely, where baseline tq is longer (NN26VF [20]), PeT
quenching is too slow and fluorescence prevails regardless of
Vmem, pProducing a bright probe with low absolute sensitivity.
The use of FLIM to measure tg provides an opportunity to
explore the balance of the competing rates of fluorescence and
PeT in living cells;>" reliance on fluorescence intensity, relative
sensitivity (AF/F), and SNR precludes such an analysis, since
intensity measurements are confounded by other factors
beyond the photophysics of the indicator.>?

We next examined how this balance between the rates of
PeT and fluorescence translates to probe performance. We find
a strong correlation between the absolute voltage sensitivity
(Atq per mV) and the signal-to-noise ratio (SNR) of a 100 mV
step in HEK293T (Fig. 5¢ and Tables 1, 2). The strong correla-
tion between absolute voltage sensitivity and high SNR also
exists for AP detection in excitable cells (Fig. 5d). Therefore, in
the indicator series studied here, we can conclude that the
balance between PeT and fluorescence is generally driving
indicator performance. Where probes with similar lifetime
properties performed differently (e.g. 'PrvF[19] and VF2.1.Cl),
we can infer that differences in probe localization to the plasma
membrane are likely playing a role. Therefore, we can conclude
that the membrane localization of 'PrvF[19] would be a pro-
ductive area to focus optimization of future derivatives.

We note that the intensity-based metric %AF/F - or even
HOMO energy level calculations - does not afford the same
predictive or explanatory power. VF2.1.Cl has the highest SNR
in both HEK293T and excitable cell systems, despite having a
lower %AF/F than three other VF dyes (Tables 1 and 2). HOMO
energy levels, as a proxy for AGper,*® do not provide information
about the balance between PeT and fluorescence. In other
words, while %AF/F (Fig. S3b, ESIT) or baseline 74 (Fig. S3c,
ESIt) correlate reasonably well with HOMO energy levels
(R* = 0.83 to 0.88), none of these metrics correlate well with
cellular performance (SNR) (Fig. S3d, ESIt).

Overall, we find that absolute sensitivity of tq to Vipem is an
excellent predictor of probe SNR in diverse contexts, capturing
a snapshot of the balance between the rates of PeT and
fluorescence. In addition, we demonstrate that absolute
sensitivity (Atg per mV) provides critical information for inter-
preting how structural modifications affect probe function and
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predicting probe performance in AP detection. Although SNR
for a 100 mV step in HEK293T cells also predicts SNR in AP
detection, it offers far less information about the reason for the
observed performance. For example, a low SNR may arise from
a number of factors, from poor localization to the membrane,
low quantum yield in lipid bilayers, or low voltage sensitivity.
The use of 7 in conjunction with intensity-based metrics yields
a more complete understanding of existing VF properties and
facilitates rational design of new indicators from these data.

Guiding probe design with fluorescence lifetime

In this work, we varied aniline conjugation to optimize action
potential detection with VF dyes. We synthesized four new
VoltageFluor indicators and discovered three new VoltageFluor
dyes with higher AF/F values than the parent VF2.1.Cl. The new
indicators JuloVF (17), IndoVF (18), and 'PrVF (19) have relative
voltage sensitivities of 34, 37, and 34% AF/F per 100 mV in
HEK293T cells (Fig. 2 and Table 1). We found that despite the
higher nominal AF/F values of these new dyes, VF2.1.Cl dis-
played the best performance (SNR) in all applications we tested
(Fig. 2-4 and Table 2).

Although the dimethyl aniline wire in VF2.1.Cl was the best
molecular wire tested in this series with dichlorofluorescein,
the same may not be true for red-shifted VFs. We previously
showed that different wire scaffolds and HOMO energies are
necessary to obtain good voltage sensitivity in VFs with red-
shifted chromophores.>>*” The aniline modifications that we
present and characterize here offer an additional method for
tuning the rate of PeT in VFs, enabling further optimization of
red-shifted VF scaffolds.

One downside to Aty per mV is that it requires considerable
specialized equipment and effort to measure. As an alternative
where many dyes are to be compared, the 74 in POPC vesicles
(Fig. 1, Table 1 and Fig. S17c, d, ESIt) also appears to be a
reasonable in vitro characterization strategy. We found that ¢
in POPC vesicles matched the trends observed in baseline
lifetime in HEK293T cell membranes qualitatively, so inter-
mediate values of 7 in POPC vesicles may be a reasonable and
rapid metric to examine in order to identify dyes that merit
deeper analysis of Viem sensitivity.

Summary

In summary, we present the design and synthesis of a library
of PeT-based voltage-sensitive dyes containing aniline groups
with varying degrees of conjugation to the aromatic m system.
We performed extensive characterization of VF dye properties
in vitro, in a model cell culture system, and in two different
excitable cell types. The large range of brightness and voltage
sensitivity observed in our library suggests that synthetic mod-
ification of the aniline electron donor is an effective way to tune
PeT-based Ve Sensing domains across a wide variety of electron
donor strengths. We identify that g, and the magnitude of Viem
induced changes in tg, give a more accurate picture of VF
photophysics than fluorescence intensity (SNR or AF/F) alone.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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We anticipate that similar 74 information would be useful for
many novel probe libraries, not limited to those designed for
Vimem S€Nsing.
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