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Abstract

Genetically encoded fluorescent proteins or small-molecule probes that recognize specific protein 

binding partners can be used to label proteins to study their localization and function with 

fluorescence microscopy. However, these approaches are limited in signal-to-background 

resolution and the ability to temporally control labeling. Herein, we describe a covalent protein 

labeling technique using a fluorogenic malachite green probe functionalized with a photoreactive 

crosslinker. This enables a controlled covalent attachment to a genetically encodable fluorogen 

activating protein (FAP) with low background signal. We demonstrate covalent labeling of a 

protein in vitro as well as in live mammalian cells. This method is straightforward, displays high 

labeling specificity, and results in improved signal-to-background ratios in photoaffinity labeling 

of target proteins. Additionally, this probe provides temporal control over reactivity, enabling 

future applications in real-time monitoring of cellular events.

Graphical Abstract

Fluorescent labeling of proteins in living systems has provided an invaluable window into 

cellular function.1,2 Protein expression,3 folding,4 post-translational modification,5 and 

localization6,7 can all now be monitored with fluorescent labels and microscopic analysis. 

The most common protein labeling technique employs genetic fusion of a POI with an 

intrinsically fluorescent protein (FP) such as green fluorescent protein or its variants.8 This 

process is typically accomplished through transfection of cells with a vector containing a 

promoter that induces the expression of the transgene. In most cases, overexpression of FP 

fusion proteins does not have an observable effect on the native properties and localization 

of the target protein.9,10 However, the intrinsic fluorescence of these FP labels often results 
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in diffuse signals throughout the cell, making it difficult to monitor protein dynamics with 

high resolution. Additionally, promoters such as CMV and EF-1a, commonly used for 

expression of FP fusions, result in the production of large protein copy numbers, which in 

turn can compromise signal-to-noise ratios.11,12

Additional protein labeling techniques have been developed using non-covalent or covalent 

attachment of a fluorescent ligand to a peptide or protein sequence. One common strategy is 

the tetracysteine-biarsenical system to covalently attach a green or red fluorescent small 

molecule to a protein of interest.13,14 Despite the small size and high quantum yield of these 

systems, the arsenic-containing small-molecule dyes are shown to have elevated 

photobleaching properties, diminishing the clarity of subcellular tracking of proteins. 

Systems such as SNAP/Clip-tag,15,16 LAP,17,18 Halo-tag,15,19 and coiled-coil tag20 also 

employ a system where a small organic molecule covalently attaches to the POI. While these 

techniques are simple and enable covalent modification of target proteins, they still rely on 

constitutively active fluorophores, and hence background fluorescence is quite high in 

unreacted probes, requiring additional wash-out steps for effective visualization, rendering it 

difficult to use these systems for real time monitoring of cellular behavior.

Techniques that use fluorogenic molecules21–23 have significantly improved this resolution 

issue, overcoming the background signal generated from unbound molecules. However, 

these techniques lack either covalent attachment or temporal-control of target protein 

labeling, and hence their use is limited to non-covalent associations with short, diffusion-

limited visualization lifetimes. The ability to temporally control protein labeling would 

enable pulse-chase experiments for studying time-dependent processes such as response to a 

therapeutic agent or flux in metabolic reactions.24–26 Temporally-controlled covalent protein 

labeling would also prove useful in pull-down experiments, as the protein of interest (POI) 

could be selectively labeled and isolated from a complex system.27,28 Thus, there remains a 

need for the development of a protein labeling strategy that can provide robust, stable, and 

temporally-controlled labeling with low background signal.

Herein, we address these needs using a photoaffinity labeling strategy, as light-induced 

reactions offer covalent attachment with precise temporal control, and can also offer spatial 

control of labeling if desired. Specifically, we use a fluorogen activating protein (FAP) that 

has been developed by Waggoner and coworkers and elaborated by Bruchez and coworkers. 

This FAP is composed of a single-chain variable fragment antibody that binds to and 

enhances the fluorescence of malachite green (MG).29 Non-covalent labeling using this 

protein-fluorophore pair has been used to image proteins in vitro and in live cells,30,31 

however, this strategy has yet to be elaborated to enable covalent attachment of the 

fluorogenic label. Here we extend the functionality of this labeling system by appending a 

reactive diazirine group to the MG fluorogen, such that irradiation with light triggers 

covalent attachment to the FAP (Figure 1a). The diazirine reactive group is small in size and 

has been used as a photoactive cross-linker for proteomic profiling and fluorescent labeling 

of proteins,32–34 and the high photostability of MG35,36 minimizes challenges associated 

with photobleaching. The ability to form a covalent interaction will open the door to 

additional experimental possibilities such as immunoprecipitation and enhanced imaging 

contrast after wash-out.
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To generate our photoaffinity probe, we designed a malachite green (MG) fluorophore 

functionalized with a diazirine reactive group (MG-diazarine) (Figure 1b). Malachite green, 

a triphenylmethane dye, has very low fluorescence in solution, but can display up to a 

20,000-fold increase in brightness when bound to a receptor such as the single-chain 

antibody-derived FAP. This property of MG provides low background signal for unbound 

and unreacted probe molecules, as well as for probes that may non-specifically react with 

biomolecules other than the FAP receptor. Another desirable feature of the MG-FAP system 

is its fluorescence emission maximum at 680 nm. This far red-shifted fluorescence emission 

further minimizes background signal by enabling imaging outside of the window where 

cellular autofluorescence is problematic. For the photoreactive group, we chose diazirine, 

which forms a highly reactive carbene species upon short bursts of UV irradiation at 355 

nm, and is commonly used for photo-crosslinking of proteins in cells.32,37 Finally, we 

incorporated an arginine moiety in the linker connecting the reactive diazirine group and the 

MG, as this was found to improve solubility and membrane permeability of the fluorogenic 

probe.

The synthesis of MG-diazarine is outlined in Scheme 1. Amine-modified malachite green 

was generated using the method reported by Deng and coworkers38 and was coupled with 

Fmoc-Arg(Boc)2-OH. After deprotection of the Fmoc group using 20% piperidine in 

CH2Cl2, the resulting amine was coupled with succinimidyl 4,4’-azipentanoate. Oxidation 

of the triphenylmethane using chloranil, followed by deprotection of the Boc groups, yielded 

MG-diazarine.

With the photoreactive fluorogen molecule in hand, we turned to testing the feasibility of our 

labeling approach in vitro. FAP protein was expressed and purified from bacteria, and this 

was incubated with 50 μM MG-diazarine for 10 min to allow for binding, then irradiated 

with 365 nm UV light for 5 min to initiate the diazirine group activation. The solution was 

then mixed 1:1 (v/v) with SDS denaturing loading dye and was heated to 90 °C for 10 min. 

Importantly, this denaturation step disrupts any non-covalent interactions of the fluorogen 

with the FAP, allowing for visualization of only the covalently bound FAP-MG-diazarine 

complexes. After cooling to room temperature, the samples were separated using SDS-

PAGE followed by analysis using both Coomassie staining and fluorescence imaging. MG 

has very minimal fluorescence after denaturation of the FAP binding partner, which 

introduces a challenge for detection in SDS-PAGE. However, we have found that freezing 

the gel by incubation on dry ice provides a similar rotational confinement, producing 

sufficient fluorescence enhancement to enable visualization of the MG signal. As shown in 

Figure 2, labeling is only observed for the sample having both FAP protein and MG-

diazarine, along with exposure to UV irradiation. No labeling is observed when the FAP is 

not expressed, no UV irradiation is used, or when MG-diazarine is replaced with MG 

lacking the photoreactive group. These control experiments demonstrate that covalent 

labeling of the FAP protein is attributable to binding of MG and subsequent light-induced 

reaction of the diazirine group.

To quantify the rate of covalent labeling, we next conducted a time-course experiment. 

Solutions containing FAP protein and 50 μG-diazarine in 1× PBS were prepared and 

incubated at 37 °C to allow for noncovalent equilibration of the MG-diazarine with the FAP 
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protein. After the initial incubation time, the samples were subjected to UV irradiation for 

varying quantities of time, and SDS-PAGE analysis was carried out using similar techniques 

as described above to determine the extent of covalent labeling (Figure 3a–b). Under these 

conditions, 50% labeling was observed within 10 min of UV activation (Figure 3b), which is 

comparable to previously reported photoaffinity labeling strategies.39,40

While the MG probe only becomes fluorescent after binding to the FAP, we were still 

curious to know whether the diazirine could react non-specifically with other proteins. To 

investigate this question, we carried out the labeling reaction in a whole-cell lysate both with 

and without addition of FAP (Figure 4). The solutions were incubated for 30 min, then UV 

irradiated for 5 min and analyzed by SDS-PAGE. Encouragingly, the only bands visible in 

the fluorescence channel are those corresponding to the molecular weight of the FAP 

(major) and uncleaved FAP-His fusion (minor), and these bands are not observed in the no-

FAP control. The absence of any other visible bands indicates that labeling is specific to the 

FAP and that the diazirine does not react with other proteins in a complex biological 

solution.

After validating the ability of MG-diazarine to covalently label the FAP in vitro, we turned 

toward our ultimate goal of demonstrating protein labeling in live cells. HeLa cells were 

transfected with a plasmid encoding a FAP-mCerulean3 fusion protein. In this design, the 

blue fluorescent mCerulean3 protein serves as both a transfection reporter and as a model 

POI to evaluate the use of our FAP-MG-diazarine system. Importantly, the excitation and 

emission wavelengths of the mCerulean3 and MG-diazarine do not overlap, and thus there is 

no interference from fluorescence cross-talk or FRET signal. The cells were grown to 90% 

confluency and incubated with 50 μM MG-diazarine for 15 min. UV irradiation was then 

applied for 5 min, which we previously found to be sufficient for covalent labeling in vitro, 

and we verified that this irradiation procedure did not affect cell viability (Figure S7). UV 

photolabeling of cells was followed by exchange of the media and fluorescence imaging. 

The media was subsequently exchanged every 5 min and wash-out of unreacted probe 

followed by fluorescence imaging. While not necessary for using this imaging method in 

future applications, we performed these wash-out experiments to assess the stability of 

photolabeled versus non-covalent fluorogenic signal over time. Initially, the cells showed 

similar fluorescence intensity to control cells incubated with MG-diazarine but not exposed 

to UV irradiation. As expected, cells that were not transfected did not exhibit detectable 

MG-diazarine fluorescence (Figure 5b). This result indicates that the MG-diazarine 

fluorescence signal results from binding to the FAP and that UV activation of MG-diazarine 

in the presence of other cellular components does not result in unwanted background 

fluorescence. After each washing cycle, the transfected cells that were not UV irradiated 

showed a steady decrease in fluorescence, while the transfected cells that were irradiated 

with UV light maintained a consistent fluorescence intensity over 40 min of wash-out time 

(Figure 5b–c). This indicates that the covalent labeling reaction is also robust in the context 

of living cells, and that covalent labeling produced robust signal duration and stability. 

While the fluorescence of non-irradiated cells does not fully reach background levels, we 

hypothesize that this is due to the high binding affinity of the FAP for MG, making it 

difficult to fully deplete the non-covalently FAP-bound MG fraction in this control 

condition. However, the dramatic fluorescence decrease that we do observe suggests that 
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unbound MG-diazarine is increasingly depleted from the cytoplasm, and thus our system 

would still meet this key requirement for pulse-chase labeling applications.

In conclusion, we report a new approach for covalent fluorescent labeling of proteins of 

interest in vitro as well as in living cells. To accomplish this, we have synthesized a 

fluorogenic MG-diazarine probe that has an arginine unit to provide cell permeability and a 

diazirine reactive group for photoaffinity labeling. The MG-diazarine exhibits very low 

background signal, and has red-shifted fluorescence emission that is well outside of the 

cellular auto-fluorescence region. We show that this probe is capable of covalently labeling 

its FAP binding partner. The MG-diazarine probe is facile to synthesize, and plasmids 

encoding the FAP protein are widely available, making this approach very user friendly and 

broadly applicable. Unlike other covalent protein labeling approaches, the use of UV light to 

initiate probe attachment to the protein of interest provides temporal control over the 

labeling reaction to enable future applications such as pulse-chase imaging and studies of 

cellular behavior with enhanced signal stability and reduced background. Complimenting 

currently existing protein labeling strategies, this research provides a facile approach to 

covalent protein labeling in a format that is anticipated to open the door to new applications 

requiring temporal control.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(a) Temporally-controlled covalent labeling of a protein of interest (POI). (b) Chemical 

structure of MG and MG-diazarine.
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Figure 2. 
In vitro assessment of covalent photoaffinity labeling.
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Figure 3. 
Kinetics of labeling reaction. (a) SDS-PAGE analysis of labeling as a function of time. (b) 

Normalized fluorescence as a function of time.
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Figure 4. 
Testing the specificity of FAP labeling in cell lysate.
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Figure 5. 
Fluorescence imaging of HeLa cells transfected with mCerulean3-FAP. (a) Transfected cells 

and non-transfection control. (b) Wash-out of MG-diazarine from non-irradiated cells 

demonstrates robustness of covalent labeling approach. (c) Fluorescence signal as a function 

of washout time for cells irradiated and not irradiated with UV light.
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Scheme 1. 
Synthesis of MG-diazarine.
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