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Specific	fluorescence	labeling	of	target	protein	by	using	ligand–4-
azidophthalimide	conjugate	
Kosuke	Chiba,a	Miwako	Asanuma,b,c	Minoru	Ishikawa,a		Yuichi	Hashimoto,a	Kosuke	Dodo,b,c	Mikiko	
Sodeoka,b,c	and	Takao	Yamaguchi*a,d

We	herein	propose	a	simple	affinity-labeling	method	using	ligand–
4-azidophthalimide	 (AzPI)	 conjugate.	 As	 proof	 of	 concept,	 we	
show	 that	 two	 different	 ligand–AzPI	 conjugates	 enabled	 highly	
specific	 fluorescence	 labeling	 of	 their	 individual	 target	 proteins	
even	 in	 crude	 cell	 lysates.	 The	method	was	 also	 applied	 to	 label	
endogenous	target	protein	inside	living	cells.	

Target protein identification (target-ID) is extremely important 
to elucidate the mechanisms of action of bioactive small 
molecules. During the past few decades, a number of target-ID 
methods have been developed.1 Among them, affinity labeling 
can be reliably used for specific modification and identification 
of weakly interacting protein targets, membrane-associated 
protein targets and target-interacting proteins (partner proteins) 
under native cellular conditions, which are difficult to achieve 
by conventional pull-down methods.2 Affinity labeling is also 
helpful for identification of ligand-binding sites, because 
labeling generally occurs on adjacent amino acid residue(s). In 
general, this method utilizes a chemical probe composed of a 
bioactive small molecule (i.e., ligand unit), a reactive group (e.g. 
electrophile or photoreactive group) and a tag unit (e.g. 
fluorophore, biotin or radioisotope) (Figure 1a). Upon addition 
of the chemical probe to a protein mixture or to living cells, the 
target protein can be selectively labeled by covalent capture 
through interaction between the ligand unit and the target 
protein. However, a major obstacle to this method is often the 
design of the highly functionalized chemical probe, because the 
probe must retain most of the parent ligand properties, such as 

target-binding affinity, target-specificity, water solubility and 
membrane permeability.3 For this reason, small alkyne/azide 
handles for subsequent conjugation with the tag unit are 
commonly used4 despite the inconvenience of the additional 
conjugation step(s). To address this issue, we recently presented 
a simple design strategy for chemical probes bearing only a 
small alkoxy nitrobenzoxadiazole (O-NBD, 180 Da)5 or 2,3-
dichloromaleimide (diCMI, 164 Da)6 unit. The O-NBD and 
diCMI units are electrophiles that selectively react with a 
nucleophilic lysine residue near the ligand-binding site to 
generate amino NBD or 2-amino-3-chloromaleimide 
fluorophore on the target. We have since focused on 
photoreactive groups (e.g. phenyl azide, diazirine and 
benzophenone), because of their applicability to any amino acid 
(i.e., any target protein) via C–H/X–H bond insertion reaction. 
Here, we demonstrate the utility of the compact 4-
azidophthalimide (AzPI, 189 Da) unit as a photoactivatable 
profluorophore based on the structures of photoreactive phenyl 
azide and fluorescent 4-aminophthalimide7 (Figure 1b). 

  

Figure 1. Affinity-labeling methods a) using a chemical probe bearing a reactive 
group and a tag unit (general approach), and b) using a ligand–AzPI conjugate 
(this work). AA means amino acid. 

To test the availability of ligand–AzPI conjugates for affinity 
labeling, we selected 4-sulfamoylbenzamide and carbonic 
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anhydrase II (CA-II) as a model ligand and target protein.8 
Based on the reported X-ray co-crystal structure of N-hexyl-4-
sulfamoylbenzamide (1) bound to human CA-II (Figure 2a),9 
we designed three chemical probes P1–P3, bearing the AzPI 
unit at the end of the linker tail (Figure 2b). These probes were 
synthesized from 4-sulfamoylbenzoic acid in three steps (see 
Supporting Information), and their binding abilities to the target 
protein were evaluated by means of assay of inhibitory activity 
towards bovine CA-II (see Supporting Information, Figure S1). 
We found that P1–P3 showed sufficient CA-II-inhibitory 
activities (IC50 = 0.40–0.53 µM), comparable to that of the 
parent compound 1 (IC50 = 0.17 µM). Importantly, this 
indicated that the small AzPI unit interfered only minimally 
with the ligand-target interaction.  

 

Figure 2. Probe design for CA-II labeling. a) X-Ray co-crystal structure of 1 
bound to human CA-II (PDB ID: 3RZ8).9 b) The structures of the designed AzPI 
probes P1–P3 and control 2. 

Then, labeling of bovine CA-II with P1–P3 was conducted in 
phosphate buffer (pH 7.0) with or without ultraviolet (UV) 
irradiation at 365 nm (5 min, 0 ºC). After the labeling, the 
products were separated by sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS-PAGE) and analysed 
by in-gel fluorescence imaging (λex 440–500 nm, λem >540 nm) 
and Coomassie Brilliant Blue (CBB) staining. As shown in 
Figure 3a, all the chemical probes were found to have labeled 
the target CA-II, based on fluorescence, in the UV-irradiated 
condition (lanes 3–5). On the other hand, a control without the 
ligand unit, 4-azido-N-methylphthalimide (2), afforded no 
fluorescence labeling (lane 2). These observations suggested 
that the ligand unit of P1–P3 was essential for CA-II labeling. 
To confirm this point, we conducted competition analysis using 
compound 1 (see Supporting Information, Figure S2). As 
expected, the CA-II labeling by P1, P2 or P3 was completely 
blocked by addition of ten equivalents of 1, supporting the 
conclusion that ligand-target interaction was involved in the 
labeling. In the absence of UV irradiation (Figure 3a, lanes 7–
10), no labeling occurred. In this context, the irradiation time 
and wavelength were briefly optimized using P3 (see 
Supporting Information, Figures S3 and S4), and it was found 
that efficient CA-II labeling proceeded with an irradiation time 
of ≤5 min (365 nm, 0 ºC). 
The target-specificity of P3 was then evaluated by conducting 
CA-II labeling in the presence of HEK293 cell lysate (Figure 

3b). To our delight, the target CA-II was selectively labeled by 
P3 even in the presence of a large excess of non-target proteins 
(lane 2). Addition of compound 1 to this mixture resulted in 
dose-dependent inhibition of the CA-II labeling (lanes 3 and 4); 
this  again confirmed that the target labeling depends upon 
ligand-target interaction. 

 

Figure 3. Fluorescence labeling of the target CA-II by ligand–AzPI conjugate. a) 
Labeling of bovine CA-II (1 µM) with or without UV irradiation at 365 nm. b) 
Specific fluorescence labeling of CA-II by P3 in the presence of HEK293 cell 
lysate. Conditions: P3 (0.5 µM), 1 (0–5 µM), CA-II (0.5 µM = 0.015 mg/mL), 
HEK293 cell lysate (0.72 mg/mL), phosphate buffer (pH 7.0), and UV irradiation 
at 365 nm (5 min, 0 ºC). 

To understand in detail the mechanism of the fluorescence 
labeling of the target protein by ligand–AzPI conjugate, the 
photoreaction products were analyzed for simple 
azidophthalimide compound 2 (see Supporting Information, 
Table S1). When 2 was irradiated at 365 nm for 1 h in DMSO-
d6, dimerized azo compound 3 was obtained as the only isolable 
product (Table S1, entry 1). In the presence of diethylamine, 
fluorescent 4-amino-N-methylphthalimide (4) was generated in 
64% yield (Table S1, entry 2). Both the photoreaction products, 
3 and 4, are expected to be generated from 2 via triplet nitrene 
species.10 It is noteworthy that azepines, which are generally 
formed by photo-irradiation of phenyl azides, were not isolated. 
These results support the formation of 4-aminophthalimide 
fluorophore during the CA-II labeling (see also Supporting 
Information, Figure S5: UV-Vis absorbance and fluorescence 
spectra of 4 and its N-propyl derivative 5). 
To investigate the generality of the AzPI method and to confirm 
covalent binding of the ligand–AzPI conjugate to the target 
protein, we selected biotin and streptavidin as a second 
model,5,6 and we designed and prepared probe P4 and its non-
AzPI counterpart P5 (Figure 4). Labeling of streptavidin was 
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examined in phosphate buffer (pH 7.0) with UV irradiation at 
365 nm (5 min, 0 ºC). When a mixture of streptavidin and P4 
was irradiated, fluorescence labeling of target streptavidin took 
place, as expected (Figure 5, lane 2). The covalent binding of 
P4 to streptavidin was confirmed by chemiluminescence 
detection using streptavidin–horseradish peroxidase 
(streptavidin–HRP) conjugate, which can visualize biotinylated 
proteins quantitatively. Pretreatment with 50 µM biotin resulted 
in disappearance of both the fluorescence and 
chemiluminescence bands (lane 3), confirming affinity-
dependent target labeling by P4. The fluorescence signals 
seemed to be well correlated with the chemiluminescence 
signals, i.e., the amount of covalently captured protein. In 
contrast, no fluorescence labeling occurred with non-AzPI 
probe P5, despite its covalent attachment to the target 
streptavidin (lane 4). These results demonstrated the importance 
of the AzPI structure for the fluorescence labeling of the target 
protein. 

 

Figure 4. Probe design for streptavidin labeling. a) The X-ray co-crystal 
structure of biotin bound to streptavidin (PDB ID: 1STP).11 b) The structures of 
the designed biotin–AzPI conjugate P4 and its non-AzPI counterpart P5. 

 

Figure 5. Labeling of streptavidin by biotin–AzPI conjugate P4 and its non-AzPI 
counterpart P5. Conditions: P4 or P5 (5 µM), biotin (50 µM), streptavidin (5 µM), 
phosphate buffer (pH 7.0), and UV irradiation at 365 nm (5 min, 0 ºC). 

In the case of the first model, covalent probe-binding to target 
protein was confirmed by LC-MS/MS analysis.12 CA-II labeled 
with P3 was subjected to tryptic digestion and analyzed by LC-
MS/MS (see Supporting Information for the detailed protocol). 
We identified Ser2–Lys9 [N-terminally acetylated 
SHHWGYGK], Ala37–Arg57 
[AVVQDPALKPLALVYGEATSR], Met59–Lys80 
[MVNNGHSFNVEYDDSQDKAVLK] and Val159–Lys169 
[VLDALDSIKTK], located close to the entrance of the ligand-
binding site, as amino-P3-immobilized peptide candidates 
(Figure 6a, see also Table S2 in the Supporting Information; 
amino-P3-immobilized peptides were identified by the 
SEQUEST search engine, taking account of the molecular 
weight gain of P3 (aminophthalimide form); sequence coverage 

was >96%). The Ser2–Lys9 sequence showed the highest ion 
intensity. Extracted ion chromatography (EIC) of the amino-
P3-immobilized Ser2–Lys9 indicated the presence of many 
modification patterns on this sequence (Figure 6b), but MS/MS 
analysis of the signal at 38.0 min demonstrated that N-terminal 
Ser2 or His3 had been covalently labeled with P3 (Figure 6c, 
see also Figures S8 and S9 in the Supporting Information).13 
These amino acids should be easily accessible, because they are 
located within about 9–14 Å from the amide nitrogen atom of 
P3, as estimated from the binding model of 1 (Figure 6a). 
These results show that covalent attachment of amino-P3 to 
CA-II occurs near the ligand-binding site. Therefore, the AzPI 
method should also be helpful for identification of the ligand-
binding site.  

 

Figure 6. Identification of the labeled amino acid by LC-MS/MS analysis. Bovine 
CA-II was labeled with P3 under UV irradiation at 365 nm (5 min, 0 ºC), and the 
products were subjected to tryptic digestion and then analysed by LC-MS/MS. a) 
Binding model of 1 and bovine CA-II. The model was constructed based on the 
X-ray co-crystal structure of 1 bound to human CA-II (PDB ID: 3RZ8) and the X-
ray structure of bovine CA-II (PDB ID: 1V9E). The sequences corresponding to 
Ser2–Lys9, Ala37–Arg57, Met59–Lys80 and Val159–Lys169 are shown in 
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yellow, pink, cyan and orange, respectively. Ser2 and His3 are shown in stick 
form. b) Chromatograms obtained with total ion current (TIC) (upper) and 
extracted ion monitoring in the range of m/z 744.23–744.34, corresponding to 
amino-P3-immobilized Ser2–Lys9 (lower). c) MS/MS analysis of the amino-P3-
immobilized Ser2–Lys9 peptide (Rt 38.0 min). The representative MS/MS 
spectrum of the doubly charged ion at m/z 744.29 shows the peptide fragment 
[Ser2–Lys9] modified with ligand–AzPI conjugate at Ser2 or His3; for details, 
see Supporting Information. 

Finally, we examined CA-II labeling in living cells (Figure 7). 
Red blood cells (RBCs), which highly express CA-II, were 
quickly isolated from bovine blood and used immediately. The 
labeling was performed under UV irradiation at 365 nm, after 
incubation of RBCs and P3 for 30 min at room temperature. 
We found that a 29 kDa protein corresponding to the target CA-
II was selectively labeled (lane 3).14 This indicates that P3 
efficiently permeated through the cell membrane and reached 
cytosolic CA-II. The fluorescent band disappeared in the 
presence of 1 (lanes 4 and 5), and no labeling proceeded with 
compound 2 (lane 2). Thus, the AzPI unit is available for 
specific fluorescence labeling of target protein inside living 
cells. 

 

Figure 7. Labeling of endogenous CA-II by P3 in living RBCs. RBCs were 
quickly isolated from bovine blood and used for the labeling. Conditions: 2 or P3 
(0.5 µM), 1 (0–5 µM), RBCs, HEPES-buffered saline, and UV irradiation at 365 
nm (5 min).12 

In summary, the results of the two case studies (4-
sulfamoylbenzamide–CA-II and biotin–streptavidin) confirm 
that the ligand–AzPI conjugate strategy enables specific 
fluorescence labeling of the target protein. Not only purified 
CA-II, but also endogenous CA-II in living cells was 
selectively labeled and visualized without the need for complex 
procedures. Since the AzPI unit is compact, it may have 
relatively little effect on many ligand-target interactions, and 
thus our simple affinity-labeling method should be available for 
a wide range of target-ID studies, as well as for determination 
of ligand-binding sites. 
 
This work was supported in part by Grant-in-Aid for Scientific 
Research (KAKENHI, No. 26810091 and No. 16K17930 to 
T.Y., and No. 26560439 to K.D.), and Platform for Drug 
Discovery, Informatics, and Structural Life Science. 
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