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Abstract

Here we report the identification of protein targets of chemopreventive phenethyl isothiocyanate 

(PEITC) via “click” chemistry in the A549 human lung cancer cell line, using a novel alkyne-

tagged PEITC which was also found to show potent in vitro anticancer activity.

Isothiocyanates (ITCs) derived from cruciferous vegetables1 are shown to inhibit 

carcinogenesis in animal models.2-5 Inverse associations between cruciferous vegetable/

ITCs intake and cancers have been demonstrated in epidemiological studies.6 Inducing 

apoptosis7-9 is considered as an important mechanism for their cancer preventive effects 

because it may eliminate the initiated cells.10 However, the molecular target(s) for inducing 

apoptosis by ITCs is still under investigation.11 It is known that ITCs can conjugate with 

glutathione (GSH) and induce cellular oxidative stress; ITCs can also bind to intracellular 

proteins (e.g. tubulin) which can induce apoptosis.12 We reported previously that phenethyl 

isothiocyanate (PEITC), an ITC rich in watercress, induced apoptosis underlies a mechanism 

of inhibiting tumorigenesis, and direct covalent binding to cellular proteins which may 

constitute an important early event in the induction of apoptosis by PEITC in A549 human 

lung cancer cells.13 As electrophiles, ITCs can form covalent bond with the thiol groups in 

proteins.14 To fully understand the cellular responses to PETIC, it is crucial to develop an 

unbiased method that can rapidly identify their protein targets. Compared with the two-

dimensional gel electrophoresis method using radiolabeled PEITC reported previously,12 the 

major advantage offered by the click chemistry method are: (1) convenient and simple to 

perform; (2) easy to enrich targeted protein(s); (3) more cost-effective; (4) higher specificity; 

and (5) safer for the researchers.

“Click” chemistry15 was introduced in 2001 by K.B. Sharpless and associates. It has 

emerged as a powerful tool in drug discovery,16, 17 chemical biology7 and proteomic 
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applications.18, 19 In this study, a click chemistry-based method, which is pioneered by 

Cravatt et al,16 was developed to identify the direct protein targets of PEITC in A549 human 

lung cancer cells. In order to perform the “click” chemistry, the tagged ITC (N-(2-(4-

methoxyalkyne)phenethyl)isothiocyanate (NPEITC) (Scheme 1) was synthesized containing 

an alkyne moiety for copper-catalyzed Huisgen 1,3-dipolar cycloaddition reaction (click 

chemistry). In order to demonstrate the effect of ITC functional group, the amide analogue 

of NPEITC was also synthesized: N-(2-(4-methoxyalkyne)phenylethyl)acetamide (NPA) 

(Fig. 1). NPA serves as a negative control because it does not contain the ITC moiety to form 

conjugations with proteins, but the alkyne group was maintained for “click” chemistry.

The three-step reaction of using NPEITC to identify the direct protein targets is summarized 

in Scheme 1. After the treatment with NPEITC, the cell lysates were applied to “click” 

chemistry involving the reaction between an alkyne and an azide, with a bio-recognizable 

motif (biotin) for affinity chromatography. The facile and reversible interaction between 

biotin and streptavidin enables highly specific protein purification. The proteins were then 

analysed by mass spectrometry for the identification of targeted proteins. Using NPA as the 

negative control will rule out potential false positive proteins introduced by click chemistry.

To validate the alkyne tagged-ITC compound (NPEITC), the anticancer activities of 

NPETIC, NPA and PEITC were determined in A549 cells by WST-1 assay. NPEITC (IC50 = 

6.9 μM) showed stronger anticancer activity than PEITC (IC50 = 19.3 μM) after 24 h 

treatment, this result may be attributed to the increased hydrophobicity of NPEITC 

compared to PEITC which could facilitate its cellular uptake. In contrast, NPA did not show 

anticancer activity with an IC50 value larger than 50 μM (Fig.1 and S1). The IC50 of PEITC 

is consistent with our previous report.12 The flow cytometry data also showed that NPEITC 

had a significantly higher potency to induce apoptosis than PEITC, but NPA did not induce 

apoptosis even at the highest concentration of 20 μM. The apoptosis data is consistent with 

the viability result. In summary, NPEITC showed potent growth inhibitory activity, similar 

to PEITC, and NPA is devoid of activity, indicating that the electrophilic ITC functional 

group is critical for the anticancer activity of NPEITC (Fig. 2A).

Previously, we reported PEITC was able to bind and subsequently degrade α-tubulin in 
vitro.12 To further confirm NPEITC behaves similarly to PEITC, the degradation of tubulin 

in A549 cells was examined. The results showed NPEITC could also degrade α-tubulin, 

suggesting that NPEITC is functionally similar to PEITC (Fig 2B). Therefore, NPEITC may 

serve as a valid and useful tool for identifying binding proteins of PEITC using the click 

chemistry approach. On the contrary, no tubulin degradation was observed after the 

treatment with NPA. Similar effects of PEITC and NPEITC on the α-tubulin and poly(ADP-

ribose) polymerase (PARP) cleavage were also observed in HT29 human colon cancer cells 

further support NPEITC to be a viable compound to study the protein targets of PEITC (Fig 

S2). The binding of NPEITC, PEITC and NPA with tubulin was also studied using the 

Ellman assay, which quantitatively measures the sulfhydryl groups on tubulin.20 After 

incubation for 1 h at 37°C of NPEITC and PEITC (180, 360 and 720 μM) with tubulin (ca. 

16 μM), a dose-dependent binding to sulfhydryl groups on tubulin proteins was observed, 

with ca. 40% of modification achieved for both NPEITC and PEITC at 720 μM (Fig S3).
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Standard “click” chemistry reactions were performed to optimize the conditions for NPEITC 

and NPA with azide-TEG biotin:21 sodium ascorbate is used to reduce CuII to CuI, and the 

ligand tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (TBTA) was used to stabilize the 

CuI catalyst. The details of the click reactions are listed in table S1. In brief: the azide-

alkyne cycloaddition between NPEITC or NPA with biotin-TEG azide was performed in an 

aqueous solution with 20% ethanol to facilitate the solubility of NPEITC and NPA. The 

reactions were kept at 25°C for 2 h, producing a yield of larger than 99% for both reactions. 

The click chemistry reaction conditions of copper-catalyzed azide-alkyne cycloaddtion 

(CuAAC) for NPEITC and NPA with azide-TEG biotin were optimized and the reaction 

products were isolated after the reactions and then analysed by mass spectrometry (Fig. S3): 

for the click reaction product of NPEITC and azide-TEG biotin, the m/z = 662.3326 was 

found, (calculated m/z = 662.3336), for the product of NPA and azide-TEG biotin, the m/z = 

662.2784 was found (calculated m/z = 662.2794). These results confirmed the formation of 

the conjugated products for both NPA and NPEITC with azide-TEG biotin.

Evidence of using NPEITC to label protein targets with biotin moiety through click 

reactions was obtained by a model reaction of NPPETIC with tubulin. NPEITC was 

incubated with tubulin at 37°C for 1 h, and then click reaction was performed under the 

same conditions as described above (details listed in Table S1). The western blot results 

showed that tubulin was labelled with biotin after incubation with NPEITC (Fig 3, lane 2). 

PEITC was found to show a competitive effect to the binding between NPEITC and tubulin 

(lane 4). On the contrary, there was no detectable biotin signal for tubulin samples treated 

with PEITC or NPA. Because PEITC does not have the alkyne group for click chemistry and 

NPA lacks the ITC group to bind to tubulin.

We then used the cell lysate from A549 cells to react with increased concentrations of 

NPEITC for 1 h at 37°C. After click reactions with azide-TEG biotin, the western blot 

results showed the proteins were labelled with biotin in a concentration dependent manner 

when there was a barely detectable signal in the DMSO control (Fig. 4A). Finally, we treated 

A549 cells with ITCs (8 μM) for 4 h. The protein lysates obtained were used for click 

reactions with azide-TEG biotin, then purified with magnetic streptavidin beads. The protein 

bands from a stain-free gel are shown the Figure 4B: clear protein bands were shown after 

the treatment with NPEITC (lane 4); however, no observable bands of proteins were 

observed in the treatment with PEITC (lane 1), NPA (lane 2) or with PEITC (8 μM) 

competition (lane 3); indicating the specificity of this method. The proteins from lane 4 were 

then analysed by proteomic assay using MS/MS. The details of the proteins identified are 

listed in Table S3; however, no detectable proteins were found after the treatment of PEITC 

or NPA by mass spectrometry which is consistent with the results of stain-free gel.

Among the seven protein targets of NPEITC identified by click chemistry, actin, vimentin 

and tubulin were already known as the targets for PEITC22 (Table 1); It is also known that 

actin,23 tubulin,23 vimentin,24 Hsp9025 are potential anticancer targets, It requires future 

work to identify which target(s) plays a central role in the biological function of NPEITC 

and PEITC.
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In summary, a novel alkyne-tagged ITC (NPEITC) was synthesized for the development of a 

“click” chemistry-based method for identifying the protein targets for PEITC. A short list of 

potential protein targets was identified, which may pave the road for understanding the 

biological functions of ITCs as chemopreventive agents.
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Figure 1. 
IC50 values of NPEITC, NPA and PEITC against A549 human lung cancer cell line.
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Figure 2. 
(A) Apoptosis induced by incubation with NPEITC, PEITC and NPA in A549 human lung 

cancer cells at different concentrations for 24 h at 37°C. (B) Tubulin degradation effects by 

NPEITC, PEITC and NPA in A549 human lung cancer cell line.
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Figure 3. 
Tubulin labelled with biotin through NPEITC conjugation. (1) PEITC (2) NPEITC (3) NPA 

(4) PEITC + NPEITC (1:1).
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Figure 4. 
Western blot of protein labelled with biotin (A) and proteins obtained after click chemistry 

(B). (A) NPEITC at different concentrations (0, 2, 8 and 16 μM) were used to incubate with 

cell lysate from A549 cells at 37°C for 2 h; (B) A549 cells were treated with PEITC (lane 1, 

8 μM), NPA (lane 2, 8 μM), PEITC (lane 3, 8 μM) + NPEITC (lane 3, 8 μM) and NPEITC 

(lane 4, 8 μM) for 4 h.
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Scheme 1. 
Proposed mechanism of using “click” chemistry to isolate proteins targeted by NPEITC. 

Step 1. Cancer cells are treated with NPEITC and NPEITC conjugated proteins are formed; 

Step 2. “Click” chemistry reaction of copper-catalyzed azide-alkyne cycloaddtion (CuAAC) 

of NPEITC with biotin-PEG azide, NPEITC conjugated proteins are tagged with biotin; Step 

3. Streptavidin magnetic beads are used to pull down the NPEITC targeted proteins tagged 

with biotin through NPEITC conjugation.
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Table 1

Protein Targets identified through click chemistry method of NPEITC.

Proteins identified by click chemistry Targets known for PEITC

Actin Yes

Annexin A2 No

Elongation factor 1-alpha 1 No

Vimentin Yes

Glyceraldehyde-3-phosphate dehydrogenase No

Heat shock protein HSP 90-alpha No

Tubulin Yes
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