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Abstract

Photoconvertible fluorophores can enable the visualization and tracking of a specific 

biomolecules, complexes, and cellular compartments with precise spatiotemporal control. The 

field of photoconvertible probes is dominated by fluorescent protein variants, which can introduce 

perturbations to the target biomolecules due to their large size. Here, we present a 

photoconvertible small molecule, termed CPX, that can be conjugated to any target through azide-

alkyne cycloaddition (“click” reaction). To demonstrate its utility, we have applied CPX to study 

1) trafficking of biologically relevant synthetic vesicles and 2) intracellular processes involved in 

transmission of α-synuclein (αS) pathology. Our results demonstrate that CPX can serve as a 

minimally perturbing probe for tracking the dynamics of biomolecules.
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Over the last several decades, there has been a remarkable growth in the number of 

fluorescence imaging techniques for studying biological systems.1 Functional fluorescent 

probes such as photoactivatable fluorophores can provide dynamic information concerning 

the localization and quantity of biomolecules in living cells.2–3 Though much progress has 

been made in recent years with genetically encoded photoactivatable fluorescent proteins 

(FPs), these are often larger than the target molecule, and can cause undesired aggregation or 

altered protein function.2,4–6 Moreover, incorporation of those FPs is generally restricted to 

the C- or N-terminus, a constraint not optimal for studying dynamic proteins or small targets 

such as peptides.

A small molecule photoactivatable probe has many potential advantages in terms of size and 

options for its installation. However, photoactivatable small molecules are still rare and 

generally depend on “photoactivation,” which refers to the conversion from an initial dark 

state into a fluorescent state.2–3,7–9 Recently, the Chenoweth group reported a new class of 

“photoconvertible” dye built upon a 1,1’-diazaxanthilidene scaffold, that utilizes an 

activation mechanism based on a photochemically allowed 6π electrocyclization/oxidation 

reaction leading to the conversion of one fluorescent state to another.8–10 Unlike other 

“photoactivation” mechanisms, such as photoisomerization,11 photouncaging,12 or 

photodecomposition of azides,13 this “photoconvertible” mechanism facilitates visualization 

of both the pre- and post-activation forms and without producing potentially harmful side 

products (e.g. nitrosoaromatics) or reactive intermediates (e.g. nitrene). Herein, we present a 

Clickable and Photoconvertible diazaXanthilidene (CPX) probe made by introducing an 

orthogonal “clickable” linker to a diazaxanthilidene fluorophore (Figure 1). We demonstrate 

the advantageous properties of this new CPX probe in two biologically relevant systems, one 

with phospholipid vesicles and a second with an amyloidogenic protein.

Design and Synthesis of CPX Probe.

Our clickable photoconvertible small molecule fluorescent probe is well-suited for tracking 

or monitoring biomolecules. In an effort to develop a noninvasive tracking probe, we 

carefully designed the probe to meet four key criteria: 1) small molecular size (<500 Da) to 

preserve its non-invasive and minimally perturbing nature (i.e., noncytotoxic for lengthy 
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analysis), 2) high sensitivity, to visualize biological compounds at physiological 

concentrations (<μM), 3) efficient photoconversion using mild activating conditions (i.e., 

visible light), and 4) applicability to versatile targets for widespread use in cell biology.

Recently, we showed that N-methylation of compound 1 (Me-1) led to a highly water-

soluble, non-cytotoxic, cell-permeable, and readily photoconvertible mitochondria-specific 

imaging dye.14 In order to expand the application of 1, we designed the CPX probe to have a 

linker with a “clickable” handle that is capable of versatile covalent labeling.15 The linker 

was conveniently installed via alkylation of the diazaxanthilidene pyridine nitrogen, 

rendering the probe water-soluble.14 The alkane linker length was kept to greater than 3 

carbons (3C) to avoid interactions between diazaxanthilidene and azide, which could change 

the photophysical properties of the fluorophore or reduce the reactivity of the azide. The 

linker was kept shorter than 7C to avoid generating lipid-like properties, which could 

decrease solubility as well as localization propensity of the CPX probe. Hence, we 

investigated CPX probes with linker lengths of 4 carbons and 6 carbons.

Compound 1 was alkylated with diiodohexane or diiodobutane to afford the desired mono-

alkylated product 2a or 2b in 98% and 88% yields, respectively.14,16 The reaction was 

efficiently driven by adding an excess of alkylating agent under refluxing conditions at 

90 °C, wherein product formation can be monitored via appearance of a purple color due to 

generated iodine and triiodide. Simple extraction with hexane and acetonitrile removes 

excess alkylating agent. The resulting crude reaction can be carried forward directly to the 

azidation, providing 3a and 3b in 99% yield. (Figure 2).

Single crystals of (Z)-2a were obtained by slow evaporation of acetonitrile to show that 

(Z)-2a adopts an anti-folded conformation even with the increased steric hindrance from the 

6C linker (Figure 2). The anti-folded conformation and Z-isomer are important requirements 

for photochemical reaction through a preorganized structure for conrotatory cyclization.14 

Therefore, the (Z)-2a crystal structure supported our hypothesis that CPX with a 4C or 

greater linker can preserve the structure allowing photoconvertibility and a flexible reactive 

handle.

Photophysical properties, including photoconvertibility of 3a,3b, did not show any 

significant deviation from those of Me-1 (Figure S16–17). These validations confirmed that 

the linker does not disrupt the core fluorophore structure. We focused on probe 3a to 

demonstrate the utility of the CPX probe. To promote the photocyclization of 3a in an in 
vitro system, we irradiated 3a at 420 nm using a Rayonet photoreactor to yield 

photoconverted (PC) product 3a-PC in a 42% isolated yield. Gratifyingly, the azide 

remained intact and did not photodegrade during irradiation (Figure S9). This allows one to 

vary the order of the click reaction and photoconversion for other applications.

Photoactivation followed by tracking experiments in a confocal microscope were performed 

using three channels (Figure S18). The pre-activated 3a was imaged with a 405 nm laser and 

FITC emission filter (525±18 nm), here referred to as the green channel (405ex/FITC). 

Photoactivation was achieved by digital-micromirror device (DMD) module, which allows 

freely customized shape and size for irradiating regions of interest, and a stimulation laser at 
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440 nm. The post-activated 3a-PC was excited with 488 nm and/or 561 nm lasers and 

observed with a Cy5 emission filter (700±36 nm), referred to here as the red channels 

(488ex/Cy5 and 561ex/Cy5). Merged images of green and red channels were used to 

investigate the photoconversion of 3a. The decrease in brightness of “green” and the 

increase in “red” allows good signal detection of the photoactivated 3a-PC over background 

in a spatially defined manner. The remaining “green” serves as a reference background for 

un-activated regions. To investigate spatially selective photoactivation followed by tracking, 

regional photo-irradiation was carried out with a dense population of vesicles or live cells.

Photoactivation of GUV.

Giant unilamellar vesicles (GUVs) consisting of 3a functionalized phospholipids were 

utilized to represent a simple cell membrane system.17 GUVs were prepared by a standard 

electroformation method in sucrose solution.18–22 Each set of GUVs were formulated with 

commercially available lipids, 1,2-dioleoyl-sn-glycero-3-phosphochline (DOPC) and 1,2-

dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-dibenzocyclooctyl (16:0 DBCO-PE), and 

3a labeled DBCO-PE (3a-PE), which was synthesized via a copper-free click reaction 

between 3a and dibenzocyclooctyne (Figure S20–21). GUV1s (5:95 DBCO-PE/DOPC) 

were formulated and labeled in situ by incubating with an excess of 3a for 20 min prior to 

imaging. Under the green channel, five GUV1s were found (Figure 3A) and one of GUV1 

was selectively photoconverted by irradiating with the 440 nm laser for 60 s (Figure 3B–D). 

To demonstrate trafficking, GUV2s (5:95 3a-PE/DOPC) were synthesized to ensure that 

every vesicle was homogeneously labeled with 3a. Two free floating GUV2s were 

photoactivated (Figure 3E–F). After 2 min, non-photoactivated neighboring vesicles 

appeared, and could be clearly distinguished from previously photoactivated vesicles (Figure 

3G–H).

Photoactivation and Tracking of α-Synuclein.

Aggregates of α-synuclein (αS) are a hallmark of Parkinson’s disease.23 While a role for 

cellular transmission of aggregates has now been clearly established in the spread of 

pathology, the mechanisms underlying endocytosis of aggregates, intracellular trafficking, 

and seeding of aggregation in healthy neurons remain largely unknown, partly due to the 

lack of appropriate probes.24 The kinetics of αS inclusion growth have been investigated by 

others using αS tagged with a FP such as mEOS2 (26 kDa)25 or PS-CFP2 (27 kDa),26 both 

approximately twice the size of αS (14kDa) itself. Specifically, FPs have significant 

limitations in studying αS pre-formed fibrils (pffs) endocytosis as they can disrupt 

aggregation when attached to the N-terminus and can be proteolyzed when attached to the 

C-terminus.27–28 Hence, a small non-perturbing probe that can be placed at internal sites 

would be a powerful tool to study αS aggregate dynamics. Here, we show that our probe 

overcomes the limitations of FPs by incorporating CPX (488 Da) at three different positions 

in the αS protein.

Previously, the Petersson group has developed an efficient way to engineer and purify αS 

with propargyl tyrosine (PpY) incorporated site-specifically using unnatural amino acid 

mutagenesis in combination with a traceless C-terminal intein tag (Figure 4A).29–32 3a was 
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conjugated to αS constructs with PpY (αS-PpY3a) at position 94, 114 or 136 (Figure S26–

(29). Following purification, the three protein constructs of monomeric αS-PpY3a were 

tested for photoconversion and aggregated to demonstrate that these 3a-labeled fibrils can be 

photoconverted over 6 h of irradiation in vitro without degradation (Figure 4B–E and Figure 

S30–S36). As we previously found position 114 to be a non-perturbing location for the 

attachment of other fluorescent dyes (e.g., BODIPY), the 3a-labeled αS-Ppy114 pre-formed 

fibrils (3a-pffs) were used to investigate the internalization and endolysosomal trafficking of 

αS following protocols developed in the Lee laboratory (see Figure S37–S40 for fibril 

characterizations).24

The 3a-pffs were transduced into 7–10 days old mouse primary hippocampal neurons over a 

period of 20 h. Prior to imaging, trypan blue was added to stain the neuronal membrane to 

distinguish internalized 3a-pffs from extracellular material (Figure 5A). An individual 

endosome/lysosome with internalized 3a-pffs was then activated by laser irradiation to 

enable tracking of the pffs (Figure 5B–C). Sequential photoactivation was achieved with 

excellent spatial control over individual endosome/lysosome in crowded environments 

(Figure 5D–O). Trypan blue is false-colored to blue in the 561ex/Cy5 channel (Figure 

5E,I,M). The appearance of red vesicles (Figure 5F,J,N) and corresponding disappearance of 

green vesicles (Figure 5G,K,O) indicated successful photoconversion. Lastly, the tracking of 

3a-pffs for 3 h following photoconversion showed that we can indeed monitor the specific 

3a-pffs (Figure 5P–T, Figure S44–S52). These new tools will enable future studies involving 

larger populations and specific challenges to endosome integrity (e.g., chloroquine 

treatment) to further explore αS internalization using 3a-pffs to determine unusual 

characteristics of certain vesicles that may lead to pathology.

In conclusion, we have developed a clickable and photoconvertible small molecule 

fluorescent probe that is based on an electrocyclization/oxidation mechanism.14 The probe is 

water-soluble, cell-permeable, non-cytotoxic, and small in size allowing for cellular protein 

localization and tracking studies with minimal perturbation. The applications demonstrated 

here show the ability to impart precise spatiotemporal control, even in living cells for 

lengthy experiments of up to 8 h. Furthermore, 2a,2b is not only a precursor to azides; other 

molecules ready for bioconjugation can be generated by nucleophilic displacement of the 

iodide. Another advantage of the technology that we wish to emphasize is that the 

photophysical properties of a small molecule can be drastically modulated by the inclusion 

of electron-withdrawing or electron-donating groups,33 therefore studies are underway to 

alter the CPX pre- and post-conversion spectra. Beyond the proof-of-principle 

demonstrations here with αS, CPX will be a valuable probe for measuring and monitoring 

the movement of individual biomolecules or complexes, which are essential not only for 

basic biology research but also for the diagnosis and treatment of disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
General structure of CPX probe with absorption (dashed line) and emission (solid line) 

spectra of pre- (green) and post-activated (red) forms shown.
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Figure 2. 
Schematic reaction for linker synthesis (top) and X-ray crystal structure of anti-folded 

(Z)-2a (bottom) are shown.
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Figure 3. 
Photoactivation of 3a conjugated GUVs. White dotted squares indicate irradiated regions. 

Pre-activated (A, E) and post-activated (B-D, F-H) GUVs are shown. Images G and H were 

taken 2 min after photoactivation.
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Figure 4. 
A) Schematic view of generating 3a-labeled αS-PpY114 pre-formed fibrils (3a-pffs) and 

photoconverted fibrils (3a-PC-pffs). B) MALDI-MS and C) SDS-PAGE analysis of wild-

type (WT) and 3a-labeled αS-PpY114 (αS-PpY3a
114) irradiated for 0 or 6h. FITC (λex = 

473nm, λem = 520nm) TMR (λex = 532nm, λem = 580nm) filters are used. D-E) Emission 

spectra upon photoirradiation to measure disappearance of 3a-pffs and appearance of 3a-
PC-pffs. PpY is propargyl tyrosine and MW is molecular weight standards.
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Figure 5. 
1) Neuronal uptake and photoactivation of 3a-pffs. A) Internalized 3a-pffs (green) in 

neurons stained with Trypan Blue (blue). White dotted box is zoomed in to show B) pre- and 

C) post-activation of single endosome/lysosome containing 3a-pffs in white bracket. 2) 

Sequential activation of internalized 3a-pffs in white brackets. Pre-activation (D-G), first 

post-activation (H-K), and second activation (L-O) are shown in merged, blue (561ex/Cy5), 

red (488ex/Cy5), and green (488ex/FITC) channels from left to right. 3) Merged images of 

differential interference contrast (DIC), green and red channels are shown. P) 3a-pffs under 

yellow triangle was irradiated and zoomed in (white dotted box) to Q-T) track 3a-pffs over 3 

h. Scale bars are 10 μm. See Supporting Information (S.I.) for details.
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