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Abstract

Fluorogenic bioorthogonal reactions enable biomolecule visualization in real time. These reactions
comprise reporters that “light up” upon reaction with complementary partners. While the
spectrum of fluorogenic chemistries is expanding, few transformations are compatible with

live cells due to cross-reactivities or insufficient signal turn-on. To address the need for more
suitable transformations for cellular imaging, we developed a fluorogenic reaction featuring
cyclopropenone reporters and phosphines. The transformation involves regioselective activation
and cyclization of cyclopropenones to form coumarin products. With optimal probes, the reaction
provides >1,600-fold signal turn-on, one of the highest fluorescence enhancements reported to
date. The bioorthogonal motifs were evaluated /77 vitroand in cells. The reaction was also found
to be compatible with other common fluorogenic transformations, enabling multi-component
imaging. Two cellular targets were visualized simultaneously, a first for fluorogenic bioorthogonal
chemistries. Collectively, these data suggest that the cyclopropenone-phosphine reaction will
bolster efforts to track biomolecule targets in their native settings
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INTRODUCTION

Efforts to visualize cellular biomolecules have long relied on fluorescent probes.1-3 Such
imaging agents can be appended to targets via several methods, including the bioorthogonal
chemical reporter stategy.*’ In this approach, biomolecules are outfitted with a unique
chemical handle via probe metabolism. A fluorophore is covalently attached in a subsequent
step using selective (i.e., bioorthogonal) chemistry. Such reactions typically require excess
probe to boost labeling rates. Unreacted fluorophores must be removed prior to visualization
to avoid background signal. Dye removal can be challenging in some applications and
preclude the observation of dynamic cellular events.

Fluorogenic bioorthogonal reactions offer a more facile means to visualize cellular
features.8-10 In these transformations, non-emissive reporters “light up” only upon reaction
with complementary reagents (Figure 1A). The detection probe can be used in excess to
drive the reaction, with no need to remove unbound reagent. Such wash-free reactions are
attractive for live cell microscopy and related applications.

Several fluorogenic bioorthogonal chemistries have been developed for in vitro labeling,
but few can be deployed in living cells.® These latter applications require both fast

and exquisitely biocompatible reactions with robust fluorescence enhancements. Arguably
the most popular fluorogenic transformations comprise a singular reaction type: the
inverse electron-demand Diels—Alder (IEDDA) cycloaddition of strained dienophiles (e.g.
trans-cyclooctene, TCO) and electron-deficient dienes (e.g. 1,2,4,5-tetrazine, Tz). These
ligations are fast, cell-compatible, and can illuminate biomolecules in real time.11-18
Existing fluorogenic IEDDA reactants cannot be administered together, though, owing

to cross reactivity issues. Multiplexing with other bioorthogonal reagents has also been
complicated by slow rates and poor signal turn-ons. Consequently, real-time imaging of
multiple cellular targets remains challenging.1®-22 Visualizing dynamic multi-component
processes23:24 requires biocompatible, fluorogenic motifs with unique reactivity profiles.

To address this void, we aimed to develop a new fluorogenic reaction based on a

recently reported bioorthogonal reagent, the cyclopropenone (CpO). CpO motifs are small,
stable, and genetically encodable.25:26 They react with triarylphosphine nucleophiles to
form a,B-unsaturated carbonyl products via ketene-ylide intermediates.26-27 Ketene-ylides
are versatile electrophiles for biomolecule tagging, crosslinking, and natural product
synthesis.25.26,28-30

We further recognized that ketene-ylides could be intercepted to form fluorescent
products (Figure 1B). Therefore, in this work, we employed proximal phenol nucleophiles

JAm Chem Soc. Author manuscript; available in PMC 2023 May 04.
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to yield coumarin fluorophores (Figure 1C). A suite of sterically modified CpO

reagents was prepared and screened with a panel of phosphines to identify suitable
fluorogenic reactants. Successful coumarin formation was found to be highly dependent
on regioselective activation of the CpO scaffold. The most optimal reagents provided
robust signal enhancement (~1,600-fold). We further synthesized conjugatable CpO probes
for biomolecule modification. These reagents enabled the detection of biological targets

in vitro and in live cells. The fluorogenic CpO reaction is also orthogonal to IEDDA
cycloadditions, and we capitalized on this compatibility to visualize cellular targets in
tandem. The versatility of the fluorogenic CpO transformation should enable a range of
biomolecule tracking experiments in physiological settings.

RESULTS AND DISCUSSION

We envisioned leveraging the unique reactivity of bioorthogonal cyclopropenones to form
coumarin adducts. Coumarin dyes are attractive for biological application due to their small
size, photostability, and versatility.: 31-37 Some functionalized cyclopropenones are known
to form coumarins upon prolonged heating.38 The reaction involves ketene generation and
subsequent lactonization. However, this method is inefficient due to several competing
pathways. Furthermore, strong heating is required; such conditions are not translatable to
biological settings.

We surmised that the requisite ketene intermediates could be accessed under more
biocompatible conditions (i.e., using bioorthogonal phosphines).28 In this strategy,
phosphine addition at C2 would yield the desired ketene (Figure 2). If a proximal

phenol nucleophile was present, the intermediate could be intramolecularly trapped to

forge the a,B-unsaturated lactone framework of coumarin fluorophores. A competing
pathway was also envisioned—yphosphine addition at C3. This reaction would provide non-
emissive benzofuran-2(3H)-one adducts. Successful coumarin formation therefore hinged on
regioselective phosphine addition at C2.

We hypothesized that the desired C2 addition could be achieved using CpO reagents

with large modifications at C3 (Figure 3A). To test this idea, a panel of CpO probes

(1a—c) comprising bulky C3 substituents was designed. The molecules were accessed

from 2-iodophenyl acetate (S1) via Sonogashira coupling followed by difluorocarbene
insertion and hydrolysis (Scheme S$1).3940 Upon isolation, the probes were reacted with
triphenylphosphine (PPh3 4 Figure 3B), a widely available bioorthogonal reagent known to
activate CpO motifs.2” Unfortunately, when CpO scaffolds 1a-b were treated with PPh,
only the undesired furanone adducts (3a—b) were formed (Figures 3c and S1-S2). The most
sterically encumbered CpO 1c afforded some of the desired coumarin (2c), but the reaction
was very low yielding, nonselective, and slow (Figures 3c and S3).

To identify a more robust trigger for coumarin formation, we surveyed additional phosphine
scaffolds. We surmised that both phosphine size and nucleophilicity would play key roles,
with the former parameter influencing regioselective activation and the latter dictating the
overall rate.*> With these considerations in mind, cyclohexyldiphenylphosphine (PCyPh;, 5)
and 1,3,5-triaza-7-phosphaadamantane (PTA, 6) were selected as model bulky and compact
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phosphines, respectively. Both of these reagents are also sufficiently nucleophilic and known
to be compatible with aqueous solution.30: 4243 Phosphines 5-6 were incubated with CpOs
la—c, and the distributions of cyclized products were determined using both NMR and
LC-MS analyses. When CpOs la-b were treated with either phosphine, the undesired
5-membered lactones (3a—b) were still the major products (Figures S1-S2). By contrast, no
furanone was observed when CpO 1c was treated with PCyPh, (5, Figure S3). The fert-buty!l
group likely blocked phosphine attack at C3, giving rise to the desired adduct. No coumarin
formation was observed when CpO 1c was treated with PTA (6), though, suggesting

that phosphine size and electronics also play a role in the observed product distribution.

The exact mechanism governing phosphine addition remains unclear and warrants further
investigation.

To further improve the fluorescent output of the reaction, we added another electron
donating group to the core of CpO 1c (Figure 4A).%° The resulting probe (CpO 7)
featured the fert-butyl group required for regioselective activation, along with a resorcinol
appendage to enhance product emission. We hypothesized that CpO 7 would react with
phosphine activators to form 7-hydroxycoumarin fluorophores, brighter and well-vetted
fluorescent dyes.33 Fluorogenic CpO probe 7 was prepared via a similar synthetic route
as analogs la—c (Scheme S2). In brief, acetate-protected 2-iodoresorcinol was ligated with
3,3-dimethylbutyne via Sonogashira coupling. Difluorocarbene insertion and subsequent
hydrolysis ultimately delivered the desired probe (7).

With the fluorogenic CpO in hand, we examined the activation-cyclization sequence in
aqueous solution. Until this point, the reaction had only been performed in organic solvents
devoid of competing nucleophiles for ketene trapping. Intermolecular hydrolysis is possible
in aqueous environments, though, which would diminish fluorophore formation. To evaluate
the reaction in buffer, we first sulfonated phosphine 5 to give cyclohexyldiphenylphosphine
disulfonate (CyDPPDS, 8). The sulfonate groups were selected to impart water solubility
without sacrificing phosphine reactivity.28 When phosphine 8 and fluorogenic CpO 7

were combined in buffer, coumarin 9 formed exclusively (Figure 4A). No competing
intermolecular hydrolysis was observed, indicating that cyclization is favorable even in
aqueous solution (Figure S4). Coumarins are also susceptible to quenching by phosphine
probes.#6:47 However, we did not observe any change in fluorescence when coumarin 9 was
subjected to excess phosphine (Figure S5).

We next measured the photophysical properties of CpO 7 and its cyclized products. A
synthetic standard of coumarin 9 was prepared, along with the off-target benzofuranone

10 (Figure 4A). All compounds (7, 9-10) absorbed light to a similar extent (Figure

4B), but exhibited vastly different emission profiles (Figure 4C). Both CpO 7 and the
off-target product 10 were poor emitters. By contrast, the desired coumarin 9 exhibited a
1,600-fold increase in fluorescence compared to the starting CpO probe (7, Figure 4D). This
fluorescence “turn-on” is among the largest enhancements reported to date and is on par
with several transformations previously applied in live-cell imaging.141517 The brightness
of coumarin 9 was also similar to the known fluorophore, 7-hydroxycoumarin. We further
determined the second-order rate constant for the fluorogenic transformation (k> = 0.044

JAm Chem Soc. Author manuscript; available in PMC 2023 May 04.
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M~1s71 Figure 4E). The reaction is slower than the most popular IEDDA reactions used in
cellular settings, but comparable to other fluorogenic transformations used 7 vitro16. 48-50

We next aimed to apply the fluorogenic reaction for biomolecule detection. We initially
pursued a CpO reagent (14) equipped with a nucleophilic handle for facile biomolecule
attachment. Aryl iodide 11 and protected propargyl alcohol 12 were first ligated via
Sonogashira cross-coupling (Scheme 1A). When the product (13) was subjected to the

key difluorocarbene insertion reaction, though, prohibitively low quantities of CpO (14)
were obtained, likely due to the electron-deficient nature of the alkyne (o, = +0.31 for
-OAc, Figure S6).2% 3% The more electron-rich alkyne 15 (o, = =0.27 for -OMe) provided
improved CpO yields (Scheme 1B),51:°2 and subsequent acetal cleavage delivered tertiary
alcohol 16. Initial attempts to activate 16 for bioconjugation were unsuccessful, as both
the CpO and gem-dimethyl moieties blocked reactivity of the hydroxy group (Scheme

1B, Table S1).53 To circumvent this issue, a short linker was installed between the gemnr-
dimethyl group and conjugation site (Scheme 1C). Aryl bromide 18 was thus coupled with
elongated alkyne 19, and the product was converted to an activated ester.54-56 Alkyne 19
also required a protecting group to prevent lactonization during the cross-coupling step
(Figure S7).57:58 PFP-ester 20 was ultimately subjected to carbene insertion, hydrolysis, and
acidic deprotection to deliver the desired FluorCpO probe (21).3°

To evaluate FluorCpO in a biological context, we performed the fluorogenic reaction

on a model protein in vitro. Hen egg white lysozyme (HEWL) was non-specifically
functionalized with FluorCpO motifs (Figure S8, 1-6 modifications). The conjugates were
then treated with phosphine 8 and analyzed via gel electrophoresis (Figure 5A). Fluorophore
formation was both dose- and time-dependent (Figure 5B-C). Fluorescence enhancement
was observed within 5 min of phosphine treatment, and the reaction was completed in

90 min. Catalytic amounts of phosphine 8 were also sufficient for fluorescence turn-on.
The fluorogenic CpO reaction is further compatible with live cells. A549 cells were non-
specifically labeled with FluorCpO (21).53 The cultures were then treated with phosphine
8 (Figure 6A). Subsequent imaging was performed via confocal microscopy. As shown

in Figure 6B, robust coumarin fluorescence was observed within 30 min. In the absence

of either reagent, background signal was not observed. These results indicate that the
fluorogenic CpO reaction is well-suited for cellular application.

We further investigated the platform for multi-component labeling. Visualizing multiple
targets requires mutually orthogonal reactions, but only a handful of bioorthogonal
transformations are compatible with one another.20:22:59 The fluorogenic CpO-phosphine
transformation is mechanistically distinct and likely compatible with the most commonly
applied fluorogenic reaction, the IEDDA ligation (Figure 7A).11:121517 Tq jnvestigate

this possibility, we performed reactions on modified proteins bearing either TCO or
FluorCpO handles. TCO handles were nonspecifically installed on BSA as a model protein
(TCO-BSA, Figure S9), and FluorCpO moieties were conjugated to HEWL. The protein
conjugates were then subjected to the complementary fluorogenic triggers (Tz-BODIPY or
phosphine 8). Strong fluorescent signals were detected when either protein conjugate was
incubated with its matching partner in isolation (Figure 7B). When the two transformations
were performed simultaneously in lysate, both protein targets were successfully visualized.

JAm Chem Soc. Author manuscript; available in PMC 2023 May 04.
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No cross-reactivities were observed, highlighting the biocompatibility and orthogonality of
these two reactions. The resulting fluorophores were also easily spectrally resolved, setting
the stage for tandem imaging.

We next combined the fluorogenic CpO and TCO-Tz reactions for multiplexed imaging.
To modify cellular proteins with TCO groups, we leveraged a previously established
SNAP-tag labeling method.59-62 We generated a mammalian cell line stably expressing a
mitochondrial localized SNAP-tag reporter (HEK MitoSNAP). SNAP-tagged proteins were
labeled with a TCO-benzylguanine probe (TCO-SNAP-tag) and visualized via reaction
with Tz-BODIPY. Fluorescence enhancement was only observed in the presence of both
the TCO and Tz reagents (Figure S10). BODIPY fluorescence also colocalized with a
mitochondrial stain (Figure S10).

Having verified the selectivity of both transformations, the fluorogenic reactions were
employed simultaneously to image biomolecule targets in live cells. In an initial model
system, MitoSNAP HEK cells were labeled with TCO and FluorCpO reporters (Figure
8A). In the absence of the complementary tetrazine and phosphine probes, minimal
fluorescence was observed (Figure 8B). By contrast, when the dual labeled cells were
incubated with Tz-BODIPY and phosphine 8, robst fluorescent signals were observed from
both reactions within 5 minutes (Figure 8C). The signals were monitored simultaneously and
increased in intensity over 90 min (Figures 8C-D, movies S1-S3).

The fluorogenic reactions were further used to examine the biological impacts of a sterol
metabolite.17:23-24 Sterols play essential roles in eukaryotes, both as membrane components
and signaling molecules. Key questions remain, though, regarding their cellular localization
and function. Since sterols cannot be tracked with classic genetic tags and often exert

their effects on short time scales, they are attractive targets for real-time imaging with
fluorogenic bioorthogonal reactions.

To showcase the potential of FluorCpO in this context, we focused on deoxycholic acid
(DCA\) and related metabolites—known signaling molecules®4 that modulate a variety of
cellular processes, including Golgi membrane dynamics.55-67 Additional insights into DCA
localization and function could potentially be gained via live cell imaging. Toward this

end, we synthesized a FluorCpO-maodified analog of deoxycholic acid (DCA-FluorCpO,
Figures 9 and S11). The analog was based on related C24-modified sterols,8-71 and imaging
experiments revealed probe localization to cellular membranes (Figure S12). To examine the
effects of the sterol on live cells, we employed a TCO-modified ceramide derivative (TCO-
Cer, Figure S13). TCO-Cer has been previously used to track Golgi dynamics, and unlike
other labeling agents, can be visualized over extended time periods.”2 DCA-FluorCpO

and TCO-Cer were mixed and added to live cell cultures (Figure 9A). No background
signal was observed in the absence of the corresponding bioorthogonal triggers (Figure 9B).
When BODIPY-Tz and phosphine 8 were added, though, robust fluorecence was detected
(Figure 9C). DCA-FluorCpO partitioning into the Golgi was observed, and in some cases,
disrupted organelles appeared, consistent with observations from fixed cells.”3:74 These
experiments highlight the utility of fluorogenic reactions for real-time imaging and set the
stage for further biological application.

JAm Chem Soc. Author manuscript; available in PMC 2023 May 04.
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CONCLUSION

In conclusion, we developed a new fluorogenic reaction of CpO and phosphine probes.
This reaction converts CpO reagents to fluorescent coumarin products via regioselective
activation with phosphine nucleophiles and subsequent cyclization. The coumarin products
are significantly more fluorescent than the non-emissive starting materials, and the
enhancement is among the highest reported for bioorthogonal fluorogenic reactions to date
(1,600-fold).

We also synthesized a bioconjugatable CpO reagent and applied this probe to successfully
visualize biological targets in vitroand in live cells. Biomolecules were detected within

5 min of phosphine addition, without the need for washing steps. Additionally, the
fluorogenic CpO reaction is compatible with the inverse electron-demand Diels—Alder
(IEDDA) cycloaddition reaction. We capitalized on this orthogonality to simultaneously
image two metabolites in real-time, a first for fluorogenic bioorthogonal chemistries.

We anticipate that the CpO-phosphine reaction will be translatable to a broad range

of cellular targets. FluorCpO reagents are modular and can be ligated to a variety of
biomolecule classes. The fluorogenic transformation is useful as a standalone reaction or

in combination with other bioorthogonal chemistries. Orthogonal fluorogenic reagents offer
new avenues for multi-metabolite imaging, among other applications.’® In the future, we
plan to further tune the FluorCpO scaffold to produce emission profiles across the visible
spectrum.”8-78 Such probes will add to the growing bioorthogonal toolkit and enable new
pursuits.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Fluorogenic reactions for biomolecule visualization. (A) “Dark” reporters form fluorescent
adducts upon treatment with a bioorthogonal chemical trigger. (B) Cyclopropenones react
with phosphine catalysts to produce ketenes. These intermediates can be trapped by various
nucleophiles to form cyclic products. (C) In this work, fluorogenic cyclopropenones were
developed. These reporters react selectively with phosphine nucleophiles to form fluorescent

hydroxycoumarins.
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Asymmetric CpOs can form two ketene-ylides upon phosphine treatment. Both
intermediates react with pendent phenol nucleophiles to yield cyclized adducts. However,
only phosphine addition at C2 yields the desired coumarin product; addition at C3 affords

the undesired and non-fluorescent benzofuran-2(3H)-one adduct.
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Figure 3.
Distinct regioisomers are formed upon CpO treatment with various phosphines. (A)

Phosphine activation of sterically modified CpOs can provide two cyclized adducts. (B)
Structures of the phosphine probes examined. (C) Product distributions from treatment of
CpO 1a-c with phosphines 4-6. @Yields measured by IH-NMR spectroscopy.
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Figure 4.

Regioselective phosphine addition to CpOs yields fluorescent adducts. (A) Sterically
occluded CpO 7 reacts with phosphine probes 6 or 8 to form two distinct products (9—
10). (B) Photophysical properties of CpO 7 and adducts 9-10 (measured in 50% EtOH/
PBS, pH 7.40). The fluorescence properties of cyclized product 9 are comparable to
7-hydroxycoumarin, an established fluorophore.#4 (C) Fluorescence spectra of CpO 7 and
products 9-10 (10 uM, 50% EtOH/PBS, pH 7.40). Excitation spectra are shown in dashed
lines, and emission spectra are shown in solid lines. (D) Fluorescence is dependent on the
reaction of CpO 7 and phosphine 8. (E) Kinetic analysis of the fluorogenic reaction. CpO
7 (100 uM) was reacted with phosphine probe 8 (5 mM) in PBS (pH 7.40), and coumarin
fluorescence was monitored over time. 2Measured in water.44
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Figure 5.

The fluorogenic CpO-phosphine reaction labels protein targets /n vitro. (A) FluorCpO-
HEWL (1-6 modifications, Figure S11) was incubated with CyDPPDS to label protein
conjugates. (B) SDS-PAGE analysis of FluorCpO-HEWL (40 M) incubated with
CyDPPDS (1 mM) for 5-120 min in PBS (pH 7.4). Fluorescent products were observed
within 5 min. (C) SDS-PAGE analysis of FluorCpO-HEWL (40 ¢M) incubated with
CyDPPDS (100-1000 ziv1) for 90 min in PBS (pH 7.4). Low concentrations of CyDPPDS
(100 V1) were sufficient for fluorophore formation. Data are representative of three

replicate experiments.
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The fluorogenic CpO-phosphine reaction can be performed on live cells. (A) A549 cells

- CyDPPDS )8
)
were non-specifically functionalized with CpO 21. CpO-tagged biomolecules were then
visualized upon treatment with phosphine 8. (B) Coumarin fluorescence was only observed
in the presence of both reagents. Cells surfaces were stained with a membrane marker to aid
visualization (green channel, WGA-fluorescein conjugate). Data are representative of three
replicate experiments. (Scale bar: 20 pm.)
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Figure 7.
Dual bioorthogonal fluorogenic reactions to simultaneously visualize protein targets. (A)

Protein targets bearing FluorCpO or TCO handles were visualized in “one pot” fashion
via reaction with complementary phosphine or tetrazine probes.1® (B) Gel analysis of
FluorCpO-HEWL (40 ¢M) and TCO-BSA (1 1M) reacted with 8 (10 mM) and Tz-
BODIPY (100 M) for 90 min in bacterial cell lysate (300 pg). Selective fluorophore
formation was observed when both reactions were performed separately or together. Data
are representative of three replicate experiments.
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Figure 8.
Simultaneous two-color imaging using orthogonal fluorogenic chemistries in live cells.

(A) HEK cells expressing a mitochondrial localized SNAP-tag protein were labeled with

a TCO-SNAP-tag ligand (20 uM, 30 min, 37 °C). These cells were also nonspecifically
conjugated with fluorogenic CpO 21 (1 mM, 15 min, 37 °C). To visualize modified
biomolecules, Tz-BODIPY and CyDPPDS (8) probes were added (0.25 pM, 1 mM,
respectively). The cells were imaged immediately after probe addition. (B) No background
fluorescence was observed in the absence of the fluorogenic triggers, Tz-BODIPY and
CyDPPDS (8). (Scale bar: 200 um.) (C) Modified cells were reacted with Tz-BODIPY

and CyDPPDS (8), enabling two-color visualization over 1 h. (Scale bar: 200 um.) (D)

High magnification images acquired after 90 min incubation. Data are representative of three
replicate experiments. (Scale bar: 30 um.)
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Figure 9.
Dual metabolite imaging with fluorogenic bioorthogonal chemistries. (A) Cer-TCO and

DCA-FluorCpO were incubated with HeLa cells, prior to bioorthogonal detection. (B)
No background labeling was observed in the absence of matched bioorthogonal pairs. (C)
Cer-TCO and DCA-FluorCpO were visualized upon incubation with Tz-BODIPY and
CyDPPDS. Data are representative of three replicate experiments. (Scale bars: 50 um.)
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Synthesis of a fluorogenic CpO probe for bioconjugation.
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