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Abstract
Protein modi�cations through the genetic code engineering method have a remarkable impact on
macromolecule engineering, protein translocation, protein-protein interaction, and cell biology. Here, the
newly developed molecular biology approach expanding the genetic code was used for �ne tuning of
protein for biological availability. For that non-canonical amino acid dihydroxyphenylalanine was
genetically incorporated at the de�ned site in the protein. Further, the congener protein was enzymatically
controlled for direct conversion of quinone for strain promoted click chemistry reaction. It yields a single
product with de�ned stereochemistry and temporally controlled conjugation with BCN. The feasibility was
explored for selective cell imaging and programmed cell death in HeLa cells. 

Introduction
Protein modi�cations through chemical and genetic methods have a remarkable impact on cell labelling,
bio-conjugation studies, protein translocation, protein-protein interaction [1–2]. The chemo-selective
modi�cation of canonical amino acids on proteins had initially been executed via amide coupling of
lysine [3], sulfhydryl reaction of cysteine [4], N-terminal transamination [5] and oxidative coupling of proline
without alteration in the protein structure and function [6]. Most of the chemical modi�cations, however,
have limitations of biocompatibility, regioselectivity and homogeneity [7]. Despite these challenges, in
recent decades’ genetic incorporation of non-canonical amino acids [8] for protein modi�cation has
extended the possibilities of proteins for novel applications. Later, combinations of genetic code
engineering and chemical methods have been employed to prepare the protein conjugates for various
purposes [9–12]. Of which, metal (Cu-I) catalyzed azide-alkyne [13] and biocompatible strain promoted
oxidation-controlled click reactions were developed and used for in-vitro protein labelling, cell imaging,
and immobilization. Chemo-selective modi�cations of proteins were also performed with speci�city via
an enzymatic approach for conjugating various small molecules to the proteins. Mostly, enzyme-
mediated modi�cations using sortase [14], sublitigase[15], biotin ligase-formyl-generating enzyme (FGE)[16],
and tubulin tyrosine ligase were achieved on N and C-terminal tags and internal motif sequence that was
appended or inserted onto the proteins[17]. The unprecedented speci�city of these enzymes has enabled
modi�cation of the full-length proteins with �uorophores through expanding the genetic code.

Here, we selected tyrosine as a suitable chemical moiety for cell-selective labelling due to its
hydrophobicity and propensity to form the π-π stacking interaction, which causes restricted exposure of
tyrosine on protein surface [18–19]. Consequently, any reactive small molecule can be conjugated to the
tyrosine either through enzymatic or chemical catalyst-based methods. For instance, tyrosinase-mediated
modi�cation of tyrosine residues in the native protein was a well-established method that has been
attempted for cell labelling, antibody-drug conjugates, and tagging the protein and peptides [20–22].
Enzymatic oxidation of tyrosine is a well-known multistep reaction, which results in the formation of a by-
product and inhibits the enzyme activity as well as generates toxicity. Besides, it is very di�cult to
maintain speci�city, monitor product formation, and remove the enzyme after the reaction. Typically,
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many of the biological oxidases such as peroxidase, laccase, and polyphenol oxidase are also able to
catalyze the oxidation of catechol to o-quinones but not from phenol. Among all oxidases, only
tyrosinase can act upon both tyrosine and DOPA due to phenol monooxygenase and diphenoloxidase
activity, respectively [23]. Hence, we aimed to combine the residue-speci�c incorporation of genetically
encoded L-3, 4-dihydroxyphenylalanine (L-DOPA) into proteins and subsequent mild treatment of
tyrosinase enzyme to tag the protein with a �uorophore. This quinone-mediated metal-free click chemistry
is a useful aspect for protein labelling, in which through the enzymatic oxidation approach, ortho-quinone
can be readily generated from a catechol group [21].

Initially, the feasibility of enzyme-mediated bio-conjugation was demonstrated with a small molecule
namely, L-DOPA. In principle, orthoquinone is generated from tyrosine residue by the catalytic action of
tyrosinase through an intermediate-DOPA formation. However, DOPA is also a suitable substrate similar
to tyrosine for enzyme recognition. To evaluate the tyrosinase-mediated modi�cation in DOPA
incorporated proteins [Annexin A5 (anX) and green �uorescent protein (GFP)], we selected highly reactive
strained cyclic ring containing alkynes namely bicyclonon[6.1.0]-4-yne (BCN) and dibenzocyclooctyne-
PEG-Fluor 545 (DBCO), which was already used in life and material science applications via Strain-
Promoted Azide-Alkyne Cycloaddition (SPAAC) and Strain-Promoted Oxidation-Controlled Cyclooctyne-
1,2-quinone Cycloaddition (SPOCQ) [24–27]. Initially, the reaction was optimized with BCN to understand
the one-step SPOCQ. Then, the identical conjugation reaction was performed with DBCO to explore the
selective labeling of cells and apoptosis detection (Scheme 1).

Materials
PCR reagents, T4 DNA ligase and restriction endonucleases were obtained from Promega (Madison, WI,
USA). Isopropyl-β-D-thiogalactopyranoside (IPTG), lysozyme, L-3, 4-dihydroxyphenylalanine (L-DOPA),
mushroom tyrosinase (m-tyrosinase), bicyclo[6.1.0]non-4-yne (BCN), dibenzocyclooctyne-PEG4-Fluor 545
(DBCO) and most of the chemicals required for these experiments were procured from Sigma (St. Louis,
USA). The host bacterium Escherichia coli (E. coli) strain XL1-blue (Strata gene, USA) was used for
plasmid DNA preparation. The nickel nitrilotriacetic acid (Ni-NTA) a�nity column was purchased from
clone tech (Takara Bio, USA). E. coli strain JW2581 tyrosine auxotroph was obtained from E. coli Genetic
Stock Centre (Yale University, USA) and plasmid pQE-80L was obtained from Qiagen (Valencia, USA).

Residue-Speci�c Incorporation of DOPA

Residue speci�c incorporation of DOPA was carried out in the E. coli JW2581 containing pQE80L-anX and
GFP vector as described by George et al [26]. The cells harboring pQE80L-anX and GFP plasmids for
residue-speci�c incorporation was grown in LB broth containing ampicillin and were then incubated
overnight at 37 ºC. The cultures were collected and inoculated into 20% glucose minimal media (MM)
supplemented with 20 amino acids (40 mg/L), 1 mM CaCl2, 1 mM MgSO4, thiamine HCl (1 mg/mL) and
ampicillin (100 µg/mL). Subsequently, cells were centrifuged at 5000 rpm for 15 min and washed
thoroughly in phosphate buffer saline (PBS), and further cells were inoculated into the same 20% glucose
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MM supplemented with 19 amino acids (40 mg/L) except tyrosine, 0.03 mM tyrosine and ampicillin (100
µg/mL). The cells were grown to mid-log phase (OD600 0.6-0.8) at 37 ºC and 180 rpm. At this point, 1 mM
of DOPA was added in the culture �ask before IPTG induction. The optimum expression of DOPA
incorporated anX and GFP was achieved upon 1mM IPTG induction for 7 h at 37 ºC. As a result, anX-
DOPA and GFP DOPA was obtained from residue-speci�c incorporation methods. Then, the cells were
harvested and frozen at -80 ºC until puri�cation.

Cycloaddition of BCN with DOPA

A volume of 50 µL of DOPA stock solution (10 mM) was treated with 60 µL of tyrosinase (60 U) in Tris
buffer, pH 6.8 and mixtures were incubated at room temperature in dark condition for 5 min.
Subsequently, 100 µL of 2.5 molar excess of BCN stock solution (10 mM) in a 1:1 ratio of methanol and
MilliQ (MQ) water was added to the tyrosinase treated DOPA and the reaction was carried out in dark
condition at room temperature for 2 h. Then the reaction mixture was �ltered through a 0.22 µm Millipore
�lter device (Millipore, USA). The tyrosinase treated DOPA with BCN and tyrosinase treated DOPA without
BCN was subjected to UV/Vis spectroscopy.

Mass Spectrometric Analysis (HR-MS)

The same reaction mixture was lyophilized and dissolved in 1 mL of HPLC grade methanol and was
thoroughly �ltered using Millex-syringe driven �lter unit. Eventually, 10 µL of samples (DOPA and DOPA-
BCN) were injected into the HR-MS (Finnigan LCQ advantage max, Thermo Fisher Scienti�c) equipped
with a syringe pump.

 Preparation of anX-FITC and anX-DOPA-DBCO

The recombinant anX-�uorescein isothiocyanate (FITC) conjugate was prepared by incubation of protein
with FITC at 37 °C in the dark for 1 hr as described earlier [28]. Initially, 100 µg of FITC was dissolved in
DMSO, and it was sequentially added to 1 mg of protein in tris buffer (pH 7.4). Similarly, anX-DOPA-
Dibenzocyclooctyne-PEG4-Fluor545 (DBCO) conjugate was prepared by adding DBCO (200 µM) in 1%
DMSO to the anX-DOPA (0.5 mg). This reaction was catalyzed by the addition of tyrosinase (120 U) and
incubated at 37 °C for 2 h. After labeling, anX-FITC and anX-DOPA-DBCO conjugate were separated from
free FITC and DBCO by 10 kDa cut-off �lter (Millipore, USA). Both protein conjugates were excited using
�uorescence spectrometric analysis.

Nitroblue Tetrazolium (NBT) Staining Reactions

The formation of dopaquinone and BCN conjugation after treating the DOPA containing proteins (GFP-
DOPA and anX-DOPA) with tyrosinase was con�rmed by NBT staining. The reaction mixtures were loaded
into the SDS-PAGE and the proteins were transferred on to the methanol activated polyvinylidene
di�uoride membrane (PVDF). Protein bands on the membrane were incubated in NBT staining solution (2
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M sodium glycinate, 0.24 mM NBT, pH 10) in a dark room for 3 h. Subsequently, the membrane was
washed with a sodium borate solution overnight for protein band visualization.

Matrix-Assisted Laser Desorption Ionization Time of Flight (MALDI-TOF) Analysis

The protein samples were subjected to MALDI-TOF analysis with modi�cations as described earlier [29].
Protein samples were desalted by a C18 zip-tip (Millipore, USA). After desalting, protein samples were
examined by MALDI-TOF with a sinapinic acid matrix on a Micro �ex LT instrument (Bruker Daltonik,
Germany). The MALDI-TOF was operated in a linear mode to provide optimal resolution with a 25 kV
extraction voltage and 13 kV re�ectron potential.

Cell lines and culture condition

The EA.hy926 cells were obtained from ATCC, Washington DC, USA. The cells were grown as a monolayer
in Dulbecco's modi�ed eagle medium (DMEM) high glucose supplemented with 10% Fetal Bovine Serum
(FBS) and 1X antibiotic/antimycotic solution in humidi�ed air with 5% CO2 and 37 °C. The cells were
cultured till 80-90% con�uence and further sub-cultured in different sized cell culture dishes/plates
depending on the type of experiments.

Cell viability assay with MTT

The EA.hy926 cells (2×104) were cultured in a 96-well plate for 24 h before the experiment from the parent
�ask after trypsinization using Trypsin-EDTA solution for 2 min [30]. Different concentrations of
doxorubicin hydrochloride (Doxo) was diluted using serum-free DMEM high glucose-containing 1X
antibiotic/antimycotic solution and added with the cells for 24 h. After the indicated treatment period, the
cells were incubated for 3 h at 37 °C in a culture medium containing 10 μmol L−1 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyl tetrazolium bromide (MTT) in phosphate-buffered saline (PBS). The blue MTT formazan
precipitate was then dissolved in 100 μL of DMSO, and the absorbance was measured at 570 nm with a
multi-well plate reader. The cell viability was expressed as the percentage of the absorption values in the
treated cells relative to the non-treated (control) cells.

Fluorescence microscopy analysis

As described above cells were grown and Doxo (50 µg/mL) was used to induce apoptosis in a 100 µL
medium. After thetreatment, the cells were washed with 1X PBS, �xed with 4% paraformaldehyde for 10
to 15 min at RT and washed twice or thrice with 1X binding buffer. Then, the cells were incubated with 0.5
µg/mL concentrations of anX-FITC and anX-DOPA-DBCO with the addition of 1 µg/mL of DAPI and were
diluted by 1X binding buffer at pH 7.4 for 15 min at RT (in dark). Thereafter, cells were then washed thrice
with 1X binding buffer and sealed with a coverslip using glycerol mounting medium. Then, the cells were
viewed by a 20 X objective lens under an inverted �uorescence microscope (Leica DMi8, Germany) using
a three-color �lter and the image was analyzed by Leica Application suite 4.7 (Leica, Munich, Germany).

Flow Cytometric Analysis
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As described above cells were grown and was collected by centrifugation at approximately 500 xg for 5-
10 mins at room temperature (RT) (18-24°C) and washed by resuspending in 500 μL ice cold 1X PBS and
pelleted by centrifugation. Again, the cells were washed once with 1X binding buffer (0.2 µm sterile-
�ltered 0.1 M HEPES (pH 7.4), 1.4 M NaCl, and 25 mM CaCl2 solution) and were stained with anX-FITC,
anX-DOPA-DBCO, anX-FITC+Propidium Iodide (PI) and anX-FITC+anX-DOPA-DBCO. The staining solution
was prepared as follows; Annexin V-FITC (0.5 µg/mL) and PI (5 µg/mL) were added to the 1X binding
buffer. Cells were resuspended in 100 µL of the staining solution and stained for 15 min at RT in the dark.
Then, the cells were diluted in 1X binding buffer to a �nal volume of 400 µL and analyzed for �ow
cytometric analysis (FCM) in BD FACS CantoII (BD Biosciences, CA) having three color �lters. The labeled
cells were excited according to the reported excitation wavelength and suitable emission �lters were used
to detect �uorescence signals. Relative change in the �uorescence was determined by FACS-DiVa
software.

Results And Disscusion
Characterization of enzyme-mediated quinone reaction

The cycloaddition reaction was carried out using dopaquinone, to con�rm the catalytic action of
tyrosinase towards the substrate DOPA (Fig. 1C). At �rst, the pertinence and hurdles of the reaction were
examined at a small molecule level (DOPA). Hence, DOPA was treated with 60 U of tyrosinase to produce
dopaquinone intermediate in tris buffer pH 6.8, which is further converted into dopachrome within a
second (t1/2>1s), by an intramolecular cyclization (Michael- 1, 4 additions) and forms stable melanin

pigment that is present in the skin, hair and eyes of all animals [31-32]. As reported by Dukler et al, we also
observed a similar absorption spectrum peak corresponding to dopachrome at 475 nm, as a
consequence of tyrosinase catalysis (Fig. 1D-1). The conversion of DOPA to dopachrome does not lead to
a reduction in the absorbance but leads to a gradual shift in the absorption spectrum [33]. In contrast, a
sharp absorbance reduction, a straight line in the UV-Visible spectral region (200-600 nm) was obtained
after the tyrosinase treated DOPA conjugated with BCN (Fig. 1D-1), denoting that the reaction is stabilized
after the addition of BCN. The absorbance of tyrosinase treated DOPA was compared with BCN
conjugated dopaquinone that provided the relative amount of DOPA conjugated with BCN. The
conjugation e�ciency between dopaquinone and BCN was discovered to be around >90%, which was
determined by measuring the difference in the intensity of absorbance maxima at 475 nm before and
after BCN conjugation. This data illustrated that the in situ generated quinone through enzymatic
catalysis rapidly reacts with the triple bond of the strained alkyne (BCN) via inverse electron
demand Diels-Alder cycloaddition, which is su�cient for the generation of DOPA-BCN conjugate. DOPA
conjugation was also con�rmed by HR-MS analysis with expected molecular mass for DOPA (198.07
m/z) (Fig. 1D-2) and BCN functionalized dopaquinone (355.18 m/z) (Fig. 1D-3). As a positive control
experiment, tyrosine was also subjected to tyrosinase treatment and BCN conjugation (Fig. 1A), which
also yielded similar results as DOPA (Fig.1B.1-3). These results assured that the formation of
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dopachrome through intramolecular Michael- 1, 4 additions could be controlled within a short period (10
min) by the addition of BCN.

Biosynthesis of DOPA incorporated protein and puri�cation

To probe the in vivo expression of DOPA incorporated proteins, we selected GFP and anX having different
numbers of surface-exposed tyrosine residues. Before proceeding with the protein expression studies,
tyrosine residues that are located at the protein’s (anX and GFP) surface was perceived by extricating a
3D model structure from PDB (Fig. 2A-B). Consequently, through the energy minimization process in the
protein modeling, it was predicted that anX has six tyrosine residues (Y94, Y133, Y148, Y256, Y257 and
Y297) on the surface, out of 11 residues. GFP has eight tyrosine residues including chromophore Y66.
Out of these 8 residues, 5 residues (Y92, Y151, Y182, Y200 and Y273) are surface exposed, Y143 is
partially surface exposed and Y74 is buried internally (GFP and anX sequence information is provided in
the supporting information). Next, to perform the tyrosinase catalysed bio-conjugation reaction on DOPA
incorporated proteins, GFP and anX were cloned and the expression was optimized in an E. coli strain
JW2581 using 1 mM IPTG [34]. Simultaneously, DOPA was introduced into the proteins (GFP and anX)
through the mis-aminoacylation method after depleting the amino acid tyrosine [35]. The expression
e�ciency of GFP-DOPA and anX-DOPA was compared to native proteins via 12% SDS-PAGE analysis (Fig.
2C). The protein with the substitution of DOPA did not signi�cantly alter the expression of proteins at 37
°C. Further, the protein puri�cation was achieved by the Ni-NTA a�nity column and was desalted using
AKTA Explorer FPLC (Fig. S2). The incorporation e�ciency of DOPA in anX was measured and was
compared with wild-type proteins by MALDI-TOF analysis (Fig. 2D). The mass of the GFP increased from
28267 Da to 28396 Da on DOPA incorporation (data not shown), and the mass of anX increased from
35937 Da to 36129 Da, indicating the incorporation e�ciency of > 98%.

Structural and Functional Characterization of Modi�ed proteins

To resolve the secondary structure of proteins after DOPA incorporation, the protein samples (GFP and
anX) were subjected to CD analysis. Typically, GFP is a beta-sheet protein, showing the positive and
negative bands at 195 and 218 nm, respectively whereas anX predominantly has alpha-helix with a
negative de�ection at around 222 nm and 208 nm (Fig. 2E, and S3). These two proteins have retained
secondary structure with a characteristic beta-sheet and alpha-helix pattern after DOPA incorporation.
The functional property of these modi�ed proteins viz., GFP-DOPA and anX-DOPA was also evaluated
through �uorescent spectroscopic and direct FITC-cell labeling studies, respectively. From these studies, it
was demonstrated that GFP-DOPA could maintain its functional property by emitting the orange
�uorescence at 525 nm due to the presence of DOPA at the Y66 position of chromophore forming peptide
(Fig. S3.B) and anX-DOPA was able to bind to phosphotidyl serine in the lipid membrane of apoptotic
cells (Fig. 4C).

Coupling mechanism in protein for cell labeling
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To establish a protein-based cell labeling method, the tyrosinase-mediated modi�cation was explored on
DOPA incorporated proteins (GFP and anX). In principle, the formation of a quinone from tyrosine by
enzymatic and chemical methods is one of the rapid reactions that non-speci�cally create covalent cross-
linking. This is due to the electrophilic quinone that is readily attacked by the proximate nucleophiles
especially lysine, histidine and cysteine residues in the protein via Michael type additions [36]. Earlier
FREMY'S SALT was tested for the direct conversion of tyrosine to Dopaquinone without the formation of
any intermediate. The chemical oxidant-mediated conversion of tyrosine to dopaquinone requires a
longer incubation time (20 h) and a high concentration of FREMY’S salt (10M excess) for polymerization,
Intra cross-linking of proteins and peptides and conjugation of �uorophore [26-37]. Secondly, FREMY’S
SALT is a strong oxidant, hence it could polymerize, aggregate and precipitate the protein. In such a
condition, natural enzyme tyrosinase is necessary for reducing the limitations of oxidants like FREMY’S
Salt[37]. Usually, chemoselective conjugation for proteins are primed on surface-exposed residues in a
suitable reaction condition since it provides high selectivity and accessibility of enzymes towards the
least distributed tyrosine residues on the surface. Dopaquinone product formation in proteins was
optimized by incubating the DOPA incorporated protein (0.5 mg) with 120 U of tyrosinase in Tris buffer
pH 6.8 (Fig. 3A). At this pH, the degree of polymerization and cross-linking that is mediated by a free
amino group in the lysine residues is prevented [38]. To substantiate the dopaquinone formation in
proteins, a redox staining assay was executed using NBT, for which tyrosinase treated samples were
transferred onto PVDF membrane after SDS-PAGE. As a result, purple color owing to the redox cycling of
dopaquinone and polymerization (shearing of proteins) was observed on the membrane, which
corroborates the conversion of DOPA incorporated protein into quinoprotein by the action of tyrosinase
[39] (Fig. 3B.4). Further, residue-speci�c modi�cation of anX-DOPA was supported by mass spectrometry
(MALDI-TOF) with the expected mass shift (36129 Da) (Fig. 2D). Our results reinforced the previous
statement on DOPA modi�cation to produce quinone in a single step and it was identi�ed that 1, 2-
quinones could quickly react with BCN as described earlier [7]. Therefore, we aimed to functionalize BCN
with DOPA incorporated proteins by mild stirring for 2 h at RT. After dialysis, BCN functionalized anX-
DOPA was con�rmed by SDS-PAGE (Fig. 3B.3) and MALDI-TOF analysis with anticipated mass shift
(37071 Da) (Fig. 3B.1), representing that �ve molecules of BCN would have reacted with enzyme
catalysed-anX-DOPA. The suitability of the reaction for residue-speci�c labeling was inspected and were
allowed to conduct a SPOCQ on quino-proteins. The anX-DOPA was coupled with a strained alkyne
namely �uorophore DBCO by the action of the enzyme tyrosinase and analyzed by SDS-PAGE (Fig. S4)
and MALDI-TOF analysis with a mass shift (40808 Da) indicating that �ve molecules of DBCO is
conjugated with surface-exposed DOPA residues of anX-DOPA (Fig. 3B.2). Moreover, tyrosinase catalyzed
anX-DOPA-DBCO conjugate exhibited emission spectrum at 595 nm after dialysis (10 kDa), which shows
that the anX-DOPA was tagged with the �uorophore (DBCO) (Fig. 3C). In contrast, anX-DOPA-DBCO was
also prepared as a control experiment without tyrosinase, which did not exhibit �uorescence when it was
exposed to UV light after the dialysis (Fig. 3C.1-3). It denotes the importance of tyrosinase for residue-
speci�c protein modi�cation and its key role in labeling experiments. The generality of this method can
be applied to any proteins containing fewer numbers of surface-exposed tyrosine residues. To test the
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application of �uorogenically labeled quino-protein, we employed the single-step strain-promoted
oxidation-controlled click reactions for cell labeling and imaging experiments. Hence, the �uorogenically
labeled anX-DOPA was used for apoptosis recognition.

Fluorescent microscopy and flow cytometry analysis of apoptotic EA.hy926 cells

During programmed cell death or apoptosis, the cell loses the phospholipid asymmetry of the plasma
membrane, which reshu�es phosphatidylserine (PS) from its usual position [40]. In the presence of Ca2+,
the protein anX exclusively and sturdily binds with the PS molecule. Therefore, commercially available
�uorescent tags such as FITC, Oregon-Green, or Alexa Fluor 488, succinimidyl esters were linked with anX
by chemical coupling methods and they were extensively applied to probe apoptosis incidence. However,
the classical coupling reactions cannot be controlled due to the presence of the free amino group in the
lysine residues, which are mostly surface exposed and exist predominantly in or near the
Phosphatidylserine binding pocket.

The consequent conjugation of Annexin with FITC would probably result in �uorescence quenching and
yield a heterogeneous mixture [41-42]. The added advantage of genetic code engineering is to develop a
highly controlled and homogenously labeled �uorescent anX conjugate without altering its functional
property. To evaluate the e�cacy of anX-DOPA-DBCO for cell labeling, apoptotic studies were done in
EA.hy926 cells. Apoptosis was induced in EA.hy926 cells by treating with Doxo, and the apoptotic
changes were observed using phase-contrast microscopy. Cells with �attened and disruptive membrane
morphology were observed at the concentration of 50 µg/mL Doxo (Fig. 3D). The PS-binding activity of
anX-DOPA-DBCO was analyzed on apoptotic EA.hy926 cells through �ow cytometry. It was compared
with the commonly accessible anX-FITC. 0.5 µg/mL concentration of anX-FITC and anX-DOPA-DBCO
were used to stain the apoptotic cells (Fig. 4B-C) and it was compared to the cells without apoptosis
induction (Fig. 4A). The cells treated with anX-DOPA-DBCO responded well for apoptosis and it was more
or less similar to anX-FITC, which indicated that apoptotic labeling using anX-DOPA-DBCO resulted in PS
binding even after protein modi�cation (Fig. 4B-D).

Moreover, the advantage of using DBCO (orange �uorophore) over FITC is that it has low quantum yield
but high emission maxima, lower light scattering, and reduced auto�uorescence [43]. FITC (shorter
wavelength) with green spectral window is much more energetic than DBCO (longer wavelength) with red
spectral window, as a result, shorter wavelength �uorophores including FITC, DAPI, Alexa-488 has
potential photo-bleaching, lesser photo-stability and pH sensitivity in comparison with the light of longer
wavelength orange and red �uorophores (DBCO) [44]. From our results, we postulated that tyrosinase-
mediated modi�cation in anX-DOPA did not alter the function of proteins, especially for apoptosis
detection. Though it is too preliminary, however, it could pave a way to extend the single-step strain
promoted oxidation-controlled click reactions via expanding the genetic code to the other caspase
pathway proteins such as Bax and Bcl-XL, which are involved in the early and late events of apoptosis.

Conclusion
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In this study, we developed a biorthogonal accelerated tyrosinase-mediated strain-promoted oxidative
approach for cell labeling, which needed an easily reactive quinone functional moiety. This was achieved
through the incorporation of DOPA in proteins and ensue a single product formation. Most signi�cantly,
this method could be used for various applications apart from generating protein conjugates. It can also
be applied for targeted drug delivery and proteins for tagging cellular functions. This is one of the
promising facile conjugation approaches, in particular, for cell labeling and apoptosis detection.
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Figure 1

Characterization of enzyme-mediated quinone reaction using UV spectroscopy analysis and High-
Resolution Mass Spectrometry (HR-MS). A) Schematic representation of quinone formation from tyrosine
and click reaction with BCN as a control. B) (1) The absorbance spectrum of dopaquinone at 475 nm by
the enzyme tyrosinase with tyrosine and reduction of absorbance spectra after product formation (Tyr-
BCN), (2) The HR-MS analysis of Tyr and (3) Tyr-BCN product formation. C) Schematic representation of
quinone formation from DOPA and click reaction with BCN. D) (1) The absorbance spectrum of
dopaquinone at 475 nm by the enzyme tyrosinase with DOPA and reduction of absorbance spectra after
product formation (DOPA-BCN), (2) The HR-MS analysis of DOPA and (3) DOPA-BCN product formation.
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Figure 2

3-D structure of GFP (A) and anX (B), which shows the surface exposed tyrosine residues. (C) The protein
expression pro�le of GFP and GFP-DOPA, M: Protein Marker, 1: GFP without IPTG (-Tyrosine), 2: GFP with
IPTG (-Tyrosine), 3: GFP without IPTG (+Tyrosine), 4: GFP with IPTG +Tyrosine, 5: GFP without IPTG
(+DOPA), 6: GFP with IPTG (+DOPA). MALDI-TOF analysis of GFP (D) and GFP-DOPA (E). (F) The protein
expression pro�le of anX and anX-DOPA, M: Protein Marker, 1: E. coli tyrosine auxotroph, 2: anX without
IPTG (-Tyrosine), 3: anX with IPTG (-Tyrosine), 4: anX without IPTG (+Tyrosine), 5: anX with IPTG
(+Tyrosine), 6: anX without IPTG (+DOPA), 7: anX with IPTG (+DOPA). MALDI-TOF analysis of anX (G)
and anX-DOPA (H). Circular dichroism analysis of (I), and anX and anX-DOPA.
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Figure 3

Coupling mechanism in protein for cell labeling. A) Schematic representation of protein encoded with
DOPA treated with enzyme and subsequently attached with BCN. B) Con�rmation analysis of (1) BCN
functionalized anX-DOPA (37071 Da) and (2) DBCO functionalized anX-DOPA (40808 Da) by MALDI-TOF
analysis, (3) SDS-PAGE (M: Protein Marker, 1: anX-DOPA, 2: tyrosinase treated anX-DOPA, 3: anX-DOPA
functionalized by BCN via tyrosinase), and (4) Redox staining (M: Protein Marker, 1: anX-DOPA, 2:
tyrosinase treated anX-DOPA, 3: anX-DOPA functionalized by BCN via tyrosinase). C) Fluorescent
spectroscopic analysis of tyrosinase catalysed anX-DOPA-DBCO (red color), anX-DOPA-DBCO without
tyrosinase (blue colour-straight line) and DBCO alone (black color). (1) anX-DOPA-DBCO without
tyrosinase, (2) anX-DOPA-DBCO with tyrosinase and (3) DBCO alone. D) Cell viability was checked with
different concentrations of Doxo in EA.hy926 cells.
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Figure 4

Fluorescent microscopy and �ow cytometry analysis of apoptotic EA.hy926 cells. Fluorescence
microscopic analysis of A) Cells without apoptosis induction; (1) stained with 0.5 µg/mL anX-DOPA-
DBCO, (2) 1 µg/mL DAPI (blue), (3) stained with anX-DOPA-DBCO/DAPI. (B-C) Staining of EA. hy926 cells
with apoptosis induction. B) anX-FITC detection of apoptosis; Fluorescence microscopic analysis of 0.5
µg/mL anX-FITC (positive control-green) (1), 1 µg/mL DAPI (blue) (2) and anX-FITC/DAPI (3). C) anX-
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DOPA-DBCO detection of apoptosis; Fluorescence microscopic analysis of 0.5 µg/mL anX-DOPA-DBCO
(red) (1), 1 µg/mL DAPI (blue) (2) and anX-DOPA-DBCO/DAPI (3) staining of EA.hy926 cells after a 24-
hour treatment. D) Dot plot of Doxo treated cells shows viable cells (anX-FITC-/PI-) (1), shows early
apoptosis (anX-FITC+/PI-) (2), shows early apoptosis (anX-FITC-/anX-DOPA-DBCO+) (3), shows late
apoptosis (anX-FITC+/PI+) (4) and shows late apoptosis (anX-FITC+/anX-DOPA-DBCO+) (5).

Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

�oatimage1.png

MolebioSupportinginformation.doc

https://assets.researchsquare.com/files/rs-296659/v1/b194284fd30183df81ee3287.png
https://assets.researchsquare.com/files/rs-296659/v1/1ffb0aae1019ea559e570be8.doc

