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Synthesis of sulfonated carbofluoresceins for voltage imaging

Gloria Ortiz,* Pei Liu, Su H. H. Naing,* Vikram R. Muller,* and Evan W. Miller*'*

Departments of *Chemistry and $Molecular & Cell Biology and "Helen Wills Neuroscience Institute. University of Califor-

nia, Berkeley, California 94720, United States.

ABSTRACT: We present the design, synthesis, and applications of
anew class of voltage-sensitive fluorescent indicators built on a mod-
ified carbofluorescein scaffold. Carbofluoresceins are an attractive
target for responsive probes because they maintain oxygen substitu-
tion patterns at the 3' and 6' positions, similar to fluorescein, while
simultaneously possessing excitation and emission profiles red-
shifted nearly 50 nm compared to fluorescein. However, the high pK,
of carbofluorescein dyes, coupled with their tendency to cyclize to
non-fluorescent configurations precludes their use in voltage-imag-
ing applications. Here, we overcome the limitations of carbofluores-
ceins via chlorination to lower the pKa by 2 units to 5.2 and sulfona-
tion to prevent cyclization to the non-absorbing form. To achieve
this, we devise a synthetic route to halogenated sulfonated carboflu-
oresceins from readily available, inexpensive starting materials.
New, chlorinated sulfone carbofluoresceins have low pK, values
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(5.2) and can be incorporated into phenylenevinylene molecular wire scaffolds to create carboVoltage-sensitive Fluorophores (car-
boVF dyes). The best of the new carboVF dyes, carboVF2.1(OMe).Cl, possesses excitation and emission profiles >560 nm, displays
high voltage sensitivity (>30% AF/F per 100 mV), and can be used in the presence of other blue-excited fluorophores like green
fluorescent protein (GFP). Because carboVF2.1(OMe).Cl contains a phenolic oxygen, it can be incorporated into fluorogenic labeling
strategies. Alkylation with a sterically bulky cyclopropylmethyl-derived acetoxymethyl ether renders carboVF weakly fluorescent;
we show that fluorescence can be restored by the action of porcine liver esterase (PLE) both in vitro and on the surface of living cells
and neurons. Together, these results suggest chlorinated sulfone carbofluoresceins can be promising candidates for hybrid chemical-
genetic voltage imaging at wavelengths beyond typical fluorescein excitation and emission.

INTRODUCTION

Membrane potential is central to life. Cells exert an array of
strategies to maintain tight control over the unequal ionic distri-
bution across their plasma membranes. The millisecond
changes in membrane potential associated with electrically ex-
citable cells like neurons and cardiomyocytes are most tradi-
tionally studied using electrode-based techniques. While these
methods transformed our ability to monitor membrane voltage,
they remain low through-put and highly invasive. Optical ap-
proaches for measuring membrane voltage dynamics are attrac-
tive because they offer the opportunity to probe voltage changes
in a minimally-invasive, high-throughput fashion.

Inspired by theoretical descriptions of electron transfer as a
voltage-sensing mechanism,! coupled with early demonstra-
tions of molecule-scale electric fields altering the efficiency of
electron transfer,? we recently initiated a program to optically
measure membrane voltage in living systems using fluorescent
indicators.>* These voltage-sensitive fluorophores, or Volt-
ageFluors, make use of photoinduced electron transfer, or PeT,
as a voltage-sensing trigger. Changes in the membrane voltage
alter the efficiency of PeT, allowing the fluorescent sensor to
toggle between dim and bright states in a voltage-dependent
manner. Initial VoltageFluors were based on sulfonefluores-
cein®’ and provide a fast (sub-microsecond responses)®® and
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sensitive (>20% AF/F per 100 mV) readout of membrane po-
tential. The approach appears generalizable: both rhodamine
(RhoVR)!? and silicon-rhodamine (BeRST)'" fluorophores can
be co-opted to achieve voltage imaging in the >560 nm region
of the visible spectrum. The ability to tune voltage sensing
across a range of colors enables compatibility with other com-
monly-used fluorophores, such as the green fluorescent protein
(GFP)."2

A general drawback of chemically-synthesized voltage indi-
cators is their inability to target to specific cells of interest.!*!3
This complicates the interpretation of optical voltage signals,
especially in the context of neurobiology, where cell mem-
branes often overlap in the intricate arborization of neuronal
processes. Recently, we showed that fluorescein-based Volt-
ageFluors could be ligated directly to cells of interest using self-
labeling enzymes like the SpyTag/SpyCatcher system.'!” This
approach should be generalizable to other colors of voltage-sen-
sitive dye (like RhoVR and BeRST) and to other self-labeling
enzymes.'®?! However, one potential problem is that labeling
of cells of interest depends on expression of enzyme on the cell
surface. The 1:1 stoichiometry of indicator and enzyme will
limit the total number of indicators, and therefore fluorescence
intensity, on the cell surface.
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Scheme 1. Red-shifted voltage-sensitive dyes for fluorogenic targeting to specific cells
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Scheme 2. Synthesis of carbofluorescein precursors
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The lower fluorescence intensity of the one enzyme, one in-
dicator problem could be partially addressed by fluorogenic ap-
proaches in which either photo-uncaging light or cell surface
enzyme could catalytically activate the fluorescence of a caged
voltage indicator. We showed that both of these strategies, pho-
toactivation and enzymatic uncaging,>* could be employed
with fluorescein-based VoltageFluors to provide local contrast
and voltage sensing in neurons. This strategy requires the pres-
ence of a phenolic oxygen in the fluorophore to enable alkyla-
tion-dependent reduction of fluorescence.?*?> As a result, none
of the long-wavelength indicators (>560 nm excitation) devel-
oped in our lab, like RhoVR or BeRSTcan be readily adapted
to this fluorogenic strategy, because they rely on rhodamine-
type xanthenes, which contain substituted nitrogens in place of
oxygen at the 3' and 6' positions of the xanthene fluorophore
(Scheme 1).

We were attracted, therefore, to carbofluorescein-based dyes,
which maintain the key phenolic oxygen framework character-
istic of fluorescein, but achieve >560 nm excitation and emis-
sion by the substitution of the bridge-head oxygen of the xan-
thene fluorophore with a geminal dimethyl carbon fragment.?*
27 Carbofluorescein scaffolds have been incorporated into PeT-
based Ca®" indicators,”® so we hypothesized that carbofluores-
ceins could be incorporated into a voltage-sensing platform via
installation of a phenylenevinylene molecular wire for mem-
brane localization and voltage sensing. To achieve this, how-
ever, would require breaking the propensity for carbofluoresce-
ins to cyclize, in non-polar conditions, to non-absorbing, non-
emissive states.??” We hypothesize the open/close equilibrium

of carbofluorescein could be shifted to favor the open form by
the inclusion of a sulfonate group.

We here report the design, synthesis, and application of a new
suite of sulfone-carbofluoresceins to voltage imaging. We es-
tablished an efficient, 7-step synthesis from readily available,
inexpensive starting materials to gain access to novel sulfone-
carbofluorescein and halogenated sulfone-carbofluoresceins.
All of the new sulfone-carbofluoresceins show a decreased pro-
pensity for cyclization and can be combined with phenylene-
vinylene molecular wires to yield voltage-sensitive indicators.
The best of these, carboVF2.1(OMe).Cl, which is based on a
never-before-reported chlorinated carbofluorescein scaffold,
shows a voltage sensitivity of 31% AF/F per 100 mV in HEK
cells with a SNR of 170:1, exceeding that of RhoVR (160:1)!°
and rivaling that of BeRST.! We show that car-
boVF2.1(OMe).Cl can be adapted to fluorogenic targeting strat-
egies for use in neurons, paving the way for fluorogenic target-
ing of voltage indicators to specific cells using multiple colors.

RESULTS

Synthesis of sulfone-carbofluorescein dyes

For the application of carbofluoresceins to voltage sensing, a
key challenge is the installation of a sulfonic acid group on the
meso aromatic ring, which we discovered was critical for both
preventing passage of molecular-wire fluorescent voltage indi-
cators through cellular membranes'® and for driving the correct
alignment of the voltage-sensing phenylene vinylene molecular
wire within the plasma membrane.* Sulfone xanthene dyes with
oxygen at the 10' bridge-head position, such as fluorescein or
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Scheme 3. Synthesis of carboVoltageFluor dyes
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Figure 1. Spectroscopic characterization of sulfonated carbofluo-
resceins. a) Structures of sulfonecarbofluorescein and related de-
rivatives. b) Plot of normalized absorbance (solid line) and fluores-
cence emission intensity (dashed line) for 18 (H, orange), 20, (F,
purple), and 22 (Cl, green). Spectra were acquired in HBSS. All
dyes were measured at a concentration of 250 nM. ¢) Plot of nor-
malized absorbance maximum vs. pH for 18 (H, orange), 20, (F,
purple), and 22 (Cl, green). Error bars are + S.E.M. for n =3 inde-
pendent determinations. If not visible, error bars are smaller than
the marker.

rhodamines, can be readily accessed by the acid-catalyzed
condensation of the corresponding resorcinols, in the case of
fluorescein, or aminophenols, in the case of rhodamines, with
carboxylic acids, anhydrides, or aldehydes. Carbofluoresceins
and sulfone-carbofluoresceins, where a geminal dimethyl group
replaces oxygen at the 10' bridgehead of the xanthene (Scheme
3), cannot be easily synthesized by this analogous route. Previ-
ously reported carbofluorescein fluorophores were synthesized
through the addition of an aryl-metal species to a protected an-
thracenyl ketone, yielding unsubstituted carbofluorescein® and
fluorinated carbofluorescein.?’” We envisioned adapting our ear-
lier synthesis of sulfone silicon-rhodamines!! to access both un-
substituted and halogenated, sulfone-carbofluoresceins. The
short, 6-step synthesis to access reported fluorinated?® and novel
chlorinated ketones 13 and 14 is outlined in Scheme 2. The
overall yield for fluorinated ketone 13 is 19%, adding an addi-
tional two steps to the previously reported route’’—with an
overall yield of 46%—but beginning with starting materials that
are 100-fold less expensive than the starting materials reported
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26:X=H R2?=H 31% carboVF2.1.H
27:X=H R?=OMe 24% carboVF2.1(OMe).H
28:X=F R2?=H 28% carboVF2.1.F
29:X=F R?=0OMe 34% carboVF2.1(OMe).F
30:X=Cl R2?=H 50% carboVF2.1.Cl
31:X=Cl R?=0OMe 53% carboVF2.1(OMe).CI

in the synthesis of 13.2” Additionally, our route provides access,
for the first time, to ketone 14 in 14% overall yield, beginning
from inexpensive starting materials.

Friedel-Crafts acylation of 2a or 2b with in sifu-generated
acid chlorides derived from 1a or 1b provides fluorinated ben-
zophenone 3 in 43% yield and the analogous chlorinated ben-
zophenone 4 in 44% yield. Reduction of the ketone with NaBH4
provides benzylic intermediates 5 and 6 in 84% and 80% yield.
Intermediates 5 and 6 undergo lithium-halogen exchange medi-
ated by n-butyllithium, and treatment with acetone furnishes
tertiary alcohols 7 and 8 in 76% and 63% yield. Lewis-acid cat-
alyzed cyclization and simultaneous deprotection of methyl
ethers with BBr3; in CH,Cl, gives anthrone precursors 9 and 10
in 87% and 86% yield. Following column chromatography,
these air-sensitive compounds were immediately oxidized with
DDQ in a mixture of CH>Cl,, dioxane, and water to give 11 and
12. Subsequent TBS-protection of the alcohols gave the re-
quired halogenated, TBS-protected anthrones in 89% (13,
fluoro) and 88% (14, chloro) yield. Unsubstituted anthrone 15
(X =H, Scheme 3) was prepared according to the reported pro-
cedure.?

Reaction of aryl lithium species generated from 16 or 17 (R!
= H or Br) with silyl-protected anthrones 13-15 gave sulfone
carbofluorescein dyes 18-23 in yields ranging from 20% to
67%, with halogenated anthrones giving higher yields (> 55%).
We found that using the neopentyl sulfonate ester,?’ rather than
the corresponding isopropyl ester for 16 and 17, led to improved
yields of sulfone carbofluoresceins (18-23). Lithiation of 16 or
17 and addition to the anthrone gave the best results when per-
formed in CH,Cl; at -20 °C; attempts in THF at a range of tem-
peratures (-78 °C, -40 °C, and -20 °C) gave a complicated mix-
ture of products or low yields. Sulfone carbofluorescein fluoro-
phores 19, 21, and 23 were combined with styrenes 24 or 25 in
a Pd-catalyzed Heck reaction to yield carbofluorescein-based
voltage indicators 26-31 in 24% to 53% yields after reverse-
phase HPLC purification.

Spectroscopic properties of sulfone carbofluoresceins

Sulfone carbofluoresceins display excitation and emission
profiles significantly red-shifted from sulfonated fluoresceins.
Sulfone carbofluorescein 18 possesses an absorbance maximum
at 550 nm and emission at 576 nm (Fig. 1a,b), while sulfone
fluorescein absorbs and emits at 499 and 532 nm.* This repre-
sents a bathochromic shift of 51 nm and 44 nm for absorption
and emission, respectively. This is in good agreement with the
53 and 57 nm shift in absorption and emission observed for tra-
ditional fluorescein to carbofluorescein.?® Sulfonation of carbo-
fluorescein 18 also shifts the absorption and emission profile by
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Table 1. Properties of carboVoltageFluor indicators

compound X R? Amax/ nm?® | Aem / nm? P AF/F%¢ | relative brightness? SNRY¢
carboVF2.1.H (26) H H 552 576 0.015 3£1% 0.27+0.03 22+04
carboVF2.1(OMe).H (27) H OMe 554 576 0.037 12+1% 0.58 £ 0.07 21+3
carboVF2.1.F (28) F H 562 593 0.018 6+ 0.4% 0.84 +0.03 19+2
carboVF2.1(OMe).F (29) | F | OMe 562 593 0.009 | 26+2% 0.93 +0.04 63 <10
carboVF2.1.C1 (30) Cl H 562 593 0.008 7+ 1% 0.33 +£0.01 43+8
carboVF2.1(OMe).C1 (31) | Cl OMe 562 593 0.012 31£2% 1.00 £ 0.05 171+ 10

2 Determined in HBSS with 0.01% SDS. ® Determined in HBSS. ¢ Per 100 mV. 9 Determined in HEK cells. ® Sampled at 500 Hz. Error is
+ S.E.M. for n = at least 5 cells for AF/F and SNR determination and n = 3 coverslips (>100 cells per coverslip) for relative brightness.

W}
~—
=y
o
1

Rel. Intensity
o
T

0.0 s e e
300 400 500 600 700 80

wavelength / nm

6) g .- 9 d) _

Samorst 2l
2407 ] 3340- . °
o w [ ]
=20 1 == 20 4 °
[T L P
< et < .

04 e
g °
-20 T T T 1 'ZOT T T T 1
0 50 100 150 200 -100 -50 O 50 100
time / ms membrane

potential / mV

Figure 2. Cellular and in vitro characterization of carbo-Volt-
ageFluor dyes. a) Normalized absorbance (solid line) and emission
(dashed line) spectra of cVF2.1(OMe).Cl (31) in HBSS with 0.01%
SDS. b) HEK cells stained with 500 nm cVF2.1(OMe).Cl (31).
Scale bar is 10 um. ¢) Plot of the fractional change in fluorescence
of cVF2.1(OMe).Cl (31) vs time for 100 ms hyper- and depolariz-
ing steps (£100 mV in 20 mV increments) from a holding potential
of =60 mV for single HEK cells under whole-cell voltage-clamp
mode. (d) Plot of % AF/F vs final membrane potential summarizing
data from seven separate cells, revealing a voltage sensitivity of
approximately 31% per 100 mV. Error bars are + S.D.

6 and 9 nm, respectively, relative to the parent carbofluores-
cein (Fig. 1a,b), which absorbs maximally at 544 nm and emits
at 567 nm. Again, this is similar to the shift observed when
moving from fluorescein to sulfone fluorescein (491 nm to 499
nm for absorption; 510 nm to 532 nm for emission). We observe
a similar spectroscopic shift for fluorinated, sulfone carbofluo-
rescein 20 (562/593 nm, abs/em), when compared to the corre-
sponding fluorinated carbofluorescein (555/581 nm, abs/em).?’

Sulfonation of the meso aromatic ring of carbofluorescein de-
rivatives (18, 20, and 22) results in a drop in the pK, relative to
carboxy-substituted carbofluoresceins. Sulfone carbofluores-
cein 18 has a pKa of 7.11 (+ 0.02, Fig. 1c, S1, Table S1), ap-
proximately 0.3 log units lower than prototypical carbofluores-
cein (values ranging from 7.44% to 7.54%"). Fluorine substitution

on the 2' and 7' positions of sulfone carbofluorescein 20 results
in a pK, of 5.63 (£ 0.02, Fig. 1c, S1, Table S1), a full pH unit
lower than 2',7'-difluorocarbofluorescein without a sulfonate
(pK, = 6.75).2" Chlorine substitution at the 2' and 7' positions
further lowers the pK, of sulfone carbofluorescein 22 to 5.31 +
0.02 (Fig. 1¢, S1, Table S1), compared to 5.0 for dichlorofluo-
rescein.’’ Because halogenated sulfone carbofluoresceins pos-
sess pK, values approximately 1.5-2 units lower than physio-
logical pH, we thought that halogenated sulfone carbofluores-
ceins would be most useful for cellular imaging, owing to their
largely deprotonated and fluorescent state at physiological pH.

A defining characteristic of typical carbofluoresceins is their
semi-cooperative transition from a colored, xanthene form to a
cyclized and colorless form (Scheme 1), as indicated by Hill
coefficients greater than unity for carbofluorescein (1.33 =+
0.03)*® and fluorinated-carbofluorescein (1.46 + 0.02).2° Ex-
changing carboxylate for sulfonate breaks the cooperativity of
carbofluoresceins: both unsubstituted and fluorine-containing,
sulfone carbofluoresceins 18 (H) and 20 (F) display Hill coeffi-
cients near unity, 0.92 £ 0.01 and 1.02 = 0.04, respectively.
Chlorine-substituted sulfone carbofluorescein 22 (Cl) displays
a similar Hill coefficient of 0.99 £ 0.01 (Fig. S1). Sulfonation
of the meso aromatic ring decreases the propensity of carboflu-
oresceins to cyclize.

Carbofluorescein VoltageFluors 26-31, or carboVF dyes, dis-
play absorbance and emission profiles similar to their corre-
sponding sulfone carbofluoresceins (18, 20, or 22, Table 1, Fig.
2a, Fig. S2). The carboVF dyes exhibit lower quantum yields
(Table 1) than the corresponding free fluorophores (Table S1),
indicating efficient PeT from the aniline donor to the fluoro-
phore.

Cellular characterization of carbo-VoltageFluor dyes

All of carboVF dyes (26-31) localize to the cellular mem-
branes of HEK293T cells, as determined by fluorescence mi-
croscopy (Fig. 2b, Fig. S3). Generally, halogenated carboVFs
(28-31) display higher cellular brightness than the unhalogen-
ated derivatives (26 and 27), likely because the higher pKa of
unhalogenated sulfone-carbofluoresceins (7.1 vs 5.6 and 5.3)
decreases the fluorescence of unhalogenated carboVFs 26 and
27 at physiological pH. carboVF2.1(OMe).Cl (31) is the bright-
est dye, with relative fluorescence intensities up to 4-fold
greater than carboVF2.1.H (26), the dimmest dye, and about
10% brighter than carboVF2.1(OMe).F (29) (Table 1, Fig. S3).

All of the carboVF dyes are voltage-sensitive. Patch clamp
electrophysiology, coupled with fluorescence imaging, re-
vealed that the carboVF dyes increased fluorescence upon
membrane depolarization (more positive potentials) and
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Scheme 4. Synthesis of carboVoltageFluors targeted by esterase expression, carboVF-EX 1 and 2
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Figure 3. Voltage Imaging of spontaneous neuronal activity with
c¢VF2.1(OMe).Cl a) Fluorescence and b) differential interference
contrast (DIC) images of cultured rat hippocampal neurons stained
with 500 nM cVF2.1(OMe).Cl. Scale bar is 20 pm. ¢) Optical traces
of spontaneous activity of the neurons in panels a-b) recorded at
500 Hz. Activity is shown as AF/F vs time and d) shows high-
lighted and expanded AF/F traces.

decreased fluorescence upon hyperpolarization (less positive
potentials). When the aniline donor of cVF dyes is unsubsituted
(R?=H, Scheme 3), carboVF dyes exhibit lower voltage sensi-
tivity (in units of AF/F per 100 mV): carboVF2.1.H (26) shows
a 3% AF/F per 100 mV, carboVF2.1.F (28) 6%, and car-
boVF2.1.CI (30) 7% (Table 1, Fig. S4). The voltage sensitivity
of carboVF dyes improves with substitution of the hydrogen on
the aniline ring for methoxy (R?> = OMe), moving to 12% for
carboVF2.1(OMe).H (27), 26% for carboVF2.1(OMe).F (29),
and 31% for carboVF2.1(OMe).Cl1 (31) (Table 1, Fig. 2¢,d,
Fig. S4). Halogenated carboVF dyes 29 and 31 represent the
most sensitive red-shifted, fluorescein-based voltage indicators
to date. Dyes with methoxy substitution patterns on the aniline
(R? = OMe) display higher signal-to-noise ratios (SNR) per 100
mV and show brighter membrane-associated fluorescence in
HEK cells—perhaps due to more efficient incorporation into
cell membranes. Because of its low pK, (~5.3), high voltage
sensitivity (31% AF/F per 100 mV), favorable brightness, and
high SNR for detecting voltage changes in cells (~170:1), we
carried carboVF2.1(OMe).ClI (31) forward for further charac-
terization in neurons.

CarboVF2.1(OMe).Cl stains membranes of hippocampal
neurons cultured from rat embryos and responds to spontaneous
neuronal activity with clear, distinct action potentials (Fig.
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Figure 4. In vitro characterization of PLE-mediated uncaging of
carboVF-EX 1. Normalized a) absorbance and b) emission spectra
of carboVF-EX 1 (0.5 uM) in HBSS with 0.01% SDS. Spectra are
acquired 2h after the addition of PLE (0.7 mg/mL, orange) or blank
(blue). Excitation is provided at 572 nm. ¢) Plot of relative initial
rate vs. carboVF-EX 1 concentration. Error bars are + S.E.M. for n
= 7 independent determinations. [PLE] is 168 ng/mL (1 nM) for
saturation kinetics measurements.

3a,b). Optical recordings reveal recurrent, spontaneous activ-
ity in cultured hippocampal neurons, with action potentials and
spiking events from multiple, neighboring cells (Fig. 3c¢,d).
Field stimulation of neurons indicate that carboVF2.1(OMe).Cl
responds to action potentials with 14% = 1% AF/F (SNR =28:1,
n = 17 cells, Fig. S5): an improvement over sulfone-fluores-
cein-based VoltageFluor2.1.Cl (7.5%, SNR = 20:1)* and rho-
damine-based RhoVR (9.5%, SNR = 12:1)'” and comparable to
the performance of far-red silicon-rhodamine BeRST (18%).!!

Fluorogenic targeting of carboVF dyes

Localization of synthetic voltage indicators to specific cells
of interest remains an outstanding challenge.!¥!4 17-21-23.31 The
long-wavelength excitation and emission profile, high voltage
sensitivity, ability to report on action potentials in mammalian
neurons, and carbofluorescein molecular scaffold of carboVF
derivatives make them an attractive choice for fluorogenic, cell-
specific targeting strategies. We previously showed that fluo-
rescein-based VoltageFluor dyes can be adapted to cell-specific
targeting through a fluorogenic approach: alkylation of the phe-
nolic oxygen of VF2.1.CI with either a photolabile nitrobenzyl
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Figure 5. Cellular characterization of carboVF-EX 1. a-¢) Wide-field fluorescence microscopy of HEK cells stained with carboVF-EX 1
(500 nM, 30 min) shows membrane labeling of the cell expressing cell surface PLE, as indicated by a) GFP fluorescence. b) DIC image of
HEK cells and ¢) epifluorescence image showing carboVF-associated fluorescence in PLE-expressing cell. Scale bar is 10 um. d) Voltage
sensitivity of carboVF-EX1 in patch-clamped PLE-expressing HEK cells. e) Plot of AF/F vs membrane potential (in mV) for carboVF-EX
1. Data are mean + S.D. for five cells. f-h) Live cell wide-field images of rat hippocampal neurons expressing PLE-DAF under the control
of the synapsin promoter (Syn) and stained with carboVF-EX 1 (500 nM, 30 min). f) GFP fluorescence indicated PLE expression in neurons
shown in the g) DIC image. h) CarboVF-associated fluorescence in PLE expressing neuron. Scale bar is 20 um. i) Representative AF/F traces
for spontaneous activity of neurons transfected with Syn-PLE and stained with carboVF-EX 1. Images were acquired at 500 Hz and represent
single-trial acquisitions. Inset shows expanded time scale of indicated area of the upper trace.

protecting group? or a hydrolytically-stable cyclopropylme-
thyl acetoxy methyl ether? results in decreased fluorescence,
which can be restored by photo-uncaging or the action of an
exogenously expressed esterase.*? Localization of porcine liver
esterase (PLE) on the cell surface results in VF fluorescence re-
stricted to cells that express PLE.

We hypothesized that combining esterase-mediated targeting
with long-wavelength, phenol-containing, or fluorescein-like
fluorophores, as opposed to aniline-containing, or rhodamine-
like fluorophores, would provide an opportunity for imaging
voltage dynamics from specific neurons using longer wave-
lengths of light. To accomplish this, we synthesized carbo-
VoltageFluors targeted by esterase expression (carboVF-EX,
Scheme 4). Current voltage-sensitive fluorophore scaffolds
with excitation and emission profiles above 560 nm, like
RhoVR (rhodamine) or BeRST (silicon-rhodamine) cannot be
fluorogenically targeted using these strategies, because they
lack the phenolic oxygen present in VoltageFluor and carbo-
VoltageFluor dyes.

CarboVF-EX 1 and 2 are synthesized in a single step from
carboVF2.1(OMe).Cl (Scheme 4). Addition of stoichiometric
(EX 1) or excess (EX 2) iodo-1-methylcyclopropane-carbox
ylate in DMF using N,N-diisopropylethylamine as a base pro-
vides the singly and doubly protected carboVF-EX derivatives.
Alkylation results in a hypsochromatic shift in the absorption
spectrum, from a maximum at 550 nm for carboVF2.1(OMe).Cl
to 420 nm for carboVF-EX 1 (Fig. 4a,b, Fig. S6). Alkylation of
the phenolic oxygen of carboVF2.1(OMe).Cl results in a 12-
fold decrease in fluorescence quantum yield (Table S2).

The carboVF-EX dyes are substrates for purified PLE
(Sigma, E2884). CarboVF-EX1 and EX2 are hydrolyzed by

PLE, resulting in a 45- or 21- fold increase in fluorescence, re-
spectively, after 2h. Release of the caged species results in car-
boVF2.1(OMe).Cl-like absorbance and emission profiles (Fig.
4a,b). HPLC analysis reveals carboVF2.1(OMe).Cl as the prod-
uct of PLE-mediated hydrolysis reactions (Fig. S7). Both car-
boVF-EX 1 and 2 show saturation-type enzymatic kinetics with
PLE (Table S2, Fig. 4c, Fig. S6). The Michaelis constant, Ky,
for carboVF-EX 1 is 6.4 = 1 uM and 0.16 + 0.06 uM for car-
boVF-EX 2. These values correspond reasonably well with the
values we obtained for the fluorescein-based VF-EX 1 (1.2 +
0.5 uM) and VF-EX 2 (0.12 £ 0.03 uM). All of these values are
within the range for the reaction of bis(cyclopropy-
lacetoxymethy)-fluorescein, 0.5 uM.3? The double-protected
carboVF-EX 2 is a better substrate for PLE than the singly-pro-
tected carboVF-EX 1: the k./Kwy for carboVF-EX 2 is 4.9 x 10°
M-!s"!, nearly 5-fold larger than the value for carboVF-EX 1
(1.3 x 10° M''s’!). Again, the measured k../Km values for car-
boVF-EX dyes closely match the values obtained for fluores-
cein VF-EX dyes (Table S2).

Cellular performance of carboVF-EX 1

We next sought to determine if we could elicit a similar turn-
on phenomenon in living cells. CarboVF-EX 1 (500 nM, 30 min
or 1 h) was bath applied to HEK cells transfected with cell-sur-
face PLE anchored via a glycophosphatidyl inositol, GPI, an-
chor (GPI sequence derived from decay-accelerating factor,
DAF; Fig. $8).* CarboVF-EX 1 was uncaged by PLE on the
cell surface, displaying membrane-associated fluorescence in
transfected cells (as indicated by nuclear-localized GFP fluo-
rescence, Fig. Sa-c). CarboVF-EX2 did not elicit a turn-on re-
sponse when bath-applied to PLE-expressing HEK cells (data
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not shown). We hypothesize that due to the extra carbon dime-
thyl group (C(CHj3),), carboVF-EX 2 is more lipophilic than
VF-EX2 and does not properly load into cell membranes. Due
to these results, we carried carboVF-EX 1 forward in our stud-
ies.

HEK cells expressing PLE-DAF and stained with carboVF-
EX 1 show a 8.9 (£0.7) and 5.0 (£0.4) fold turn-on after 30 mins
and 1 h, respectively, when compared to non-transfected cells
from the same culture (Fig. 5a-c, Fig. S9). These results match
the observed 7-fold increase in fluorescence after uncaging of
VF-EX 1 in HEK cells.?® As with fluorescein-based VF-EX 1,
longer incubation times with carboVF-EX 1 increases the over-
all fluorescence associated with carboVF-EX 1 in PLE-
expressing cells, but decreases the contrast due to accumulation
of uncaged carboVF-EX 1 in untransfected cells (Fig. S9). Fol-
lowing enzymatic uncaging, carboVF-EX 1 was voltage sensi-
tive in PLE-DAF expressing HEK cells, displaying an 18%
AF/F per 100 mV, lower than the 31% AF/F displayed by car-
boVF2.1(OMe).Cl (Fig. 5d,e). The lower fractional voltage
sensitivity may be a result of increased background staining
with carboVF-EX 1 compared to carboVF2.1(OMe).Cl.

We observe selective staining of neurons expressing PLE-
DAF under the neuron-specific synapsin promoter (Syn) using
carboVF-EX 1 (Fig. 5f-h, Fig. S10). Bath-application of car-
boVF-EX 1 using 500 nM, 1 pM, or 2 uM results in 2.4-, 2.3,
and 1.9-fold turn-on after 30 minutes. We also loaded 500 nM
carboVF-EX1 for 1 hr, but saw a decrease in contrast with a 1.8-
fold turn-on (Fig. S11). Our results are comparable to those ob-
tained with VF-EX1 (1 pM), which exhibits a 4.1-fold turn-on
in neurons after 1 hr.2> The membrane fluorescence associated
with carboVF-EX 1 in neurons is voltage-sensitive. CarboVF-
EX 1 responds to field stimulation electrode-evoked action po-
tentials with a voltage sensitivity of 8.4% AF/F (SNR = 12 +
0.8, n =9 cells, Fig. S12) and was able to record spontaneous
spiking events in cultured neurons transfected with PLE-DAF
(Fig. 5i) — comparable to the values of VF-EX2 / PLE in cul-
tured neurons that we previously reported (7.3 + 0.8%, SNR =
20+2.7).

DISCUSSION

In summary, we present the design, synthesis, and applica-
tions of a new class of sulfone carbofluorescein dyes towards
voltage imaging. We show that inclusion of a sulfonic acid
functional group prevents the spirocyclization typical of carbo-
fluoresceins and develop a concise synthetic route to halogen-
ated carbofluorescein precursors starting with readily available,
inexpensive starting materials. We incorporate unsubstituted,
difluoro- and novel dichloro-substituted sulfone carbofluores-
ceins into a PeT-based voltage-sensing scaffold and show that
all of the new carboVF dyes are voltage-sensitive in mamma-
lian cells. The best of these, carboVF2.1(OMe).Cl, possesses
>30% AF/F response to 100 mV depolarizations in HEK cells,
has excitation and emission spectra >560 nm, and readily re-
ports on action potentials in mammalian neurons. The use of
sulfone carbofluoresceins in the context of voltage sensing en-
ables complementation with a growing toolkit of strategies for
fluorogenic targeting.?>>* The resulting dye, carboVF-EX1, is
the first long-wavelength voltage sensitive dye targeted to spe-
cific cells via enzyme-mediated fluorogenic activation, provid-
ing voltage imaging performance rivaling that of previous en-
zyme-activated voltage indicators, but at long wavelengths
compatible with GFP. Future efforts will focus on improving

the low contrast ratio between PLE-expressing cells and wild-
type cells, by both decreasing the brightness of caged cVF-
EX1-type dyes and improving singly-protected cVF-EX1-type
dyes as substrates for PLE.
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