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We previously reported a novel danshensu analogue known as ADTM, which 

exhibited strong protective effects against oxidative stress-induced cellular injury and 
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acute ischemic myocardial infarct in rat; however, the exact protein target of ADTM 

has not been fully characterized. In the present study, a biotin-conjugated ADTM 

analogue (BAA) was employed as molecular probe to identify its protein targets. 

BAA exhibited similar protective effect against oxidative stress-induced cells injury in 

H9c2 cardiomyoblast. Chemical proteomic approach identified ERp57 as the specific 

target for BAA. Further evaluation with Western blot and immunofluorescence 

staining assays confirmed the direct interactions between BAA and ERp57. Moreover, 

BAA displayed potent inhibitory effect on the catalytic activity of ERp57 in the 

insulin reduction assay. Molecular docking showed that BAA bound at the active site 

of ERp57. These data suggested that ERp57 is a potential target of cardioprotective 

danshensu analogues, and provided the basis for the further optimization of the 

cardioprotective compounds. 

 

1. Introduction 

The search for safe and effective substances is considered to be the “holy grail” in 

modern pharmaceutical discovery. The vast majority of the chemical drugs are small 

molecules with remarkably simple structures, but they usually induce complex 

pharmacological effects in vivo. It is a major challenge to identify the druggable 

targets with specificity of these molecules with their intertwined multiple 

pharmacological actions when the chemical drugs enter a world of chemical reactions 

in the human body. It has been reported that there are at least 600-1,500 proteins 

could serve as drug targets for small molecules,1,2 but in 2011, only 435 proteins in 
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the human genome were reported to be the drug targets for 989 drugs via 2,242 

drug-target interactions.3 This indicates that there are a number of potential novel drug 

targets remaining to be explored for drug discovery.  

Molecular target identification is one of the most important facets for drug discovery. 

From 1999 to 2013, 78% of the first-in-class drugs approved by the US Food and 

Drug Administration were discovered based on target-based approaches.4 Among 

various methods for drug target identification described to date, chemical proteomics 

is one of the most powerful method for identifying the target of small molecule.5 In 

general, solid phase carrier such as resin beads or microtitre plates conjugated with 

compounds with suitable functional groups (e.g. biotin) is used to pull-down and 

isolate the binding proteins. The proteins bound to the solid carrier is eluted, and 

identified by mass spectrometry (MS) allowing rapid identification of the profiles of 

the bound-proteins. 

Protein disulfide isomerase family (PDI) member ERp57 has received much 

attention as a potential druggable target in recent years. ERp57 is observed to be 

related to various cellular functions including apoptosis and platelet activity. For 

instance, it was reported that pharmacologically inhibiting ERp57 activity eliminated 

the effects of various apoptotic inducers.6,7 In addition, the knockdown of ERp57 by 

RNA interference enhanced the apoptosis mediated by fenretinide (an endoplasmic 

reticulum inducer) in cancer cells.8 ERp57 knockout mice study also showed that 

ERp57 down-regulation could contribute to the increase in lifespan in mammals.9 On 

the other hand, mice which were ERp57-deficient or treated with anti-ERp57 antibody 

showed that inhibition of ERp57 correlated to the suppression of platelet aggregation 

and thrombus formation in vivo.10,11 Separate lines of evidences point towards the 

pharmacological inhibition of ERp57 as potential strategy for disease therapy and/or 
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for health maintenance. However, specific chemical inhibitor for ERp57 is not yet 

available. 

We previously reported a novel compound named ADTM with strong 

cardioprotective properties.12 ADTM was synthesized in our laboratory by 

conjugating two well-known cardiovascular protective compounds, danshensu and 

tetramethylpyrazine, which are present in Chinese medicinal plants, danshen (Salvia 

miltiorrhizae) and chuanxiong (Ligustium wallichii Franch).12 ADTM exhibited 

strong cardioprotective effects against oxidative stress-induced cellular injury and 

acute ischemic myocardial infarct in rat.13 In this study, biotinylated-ADTM analogue 

(BAA) was employed as small molecular probe for the identification of the protein 

targets of ADTM. By the approach of chemical proteomics through liquid 

chromatography with tandem mass spectrometry (LC-MS/MS), the profile of the 

pull-down proteins bound to BAA were analyzed. The results identified ERp57 as a 

specific target of ADTM, providing a promising opportunity for developing novel 

cardioprotective agents with selective activity at ERp57 by using BAA as a template. 

 

2. Materials and Methods 

2.1 Chemicals 

ADTM and BAA (purity > 95%) were synthesized at Jinan University, China. Human 

recombinant ERp57 was obtained from Abcam (Cambridge, UK). MTT [3-(4, 

5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazoliumbromide], insulin, DMSO (Dimethyl 

sulfoxide), DTT (dithiothreitol) and tert-Butylhydroperoxide (t-BHP) were bought 

obtained from Sigma Aldrich (St. Louis, MO). DMEM, fetal bovine serum (FBS), 

penicillin and streptomycin were purchased from Gibco Life Technologies (Grand 

Island, USA).  

 

2.2 Cell culture 

The H9c2 cell line was purchased from the American Tissue Type Collection 

(Manassas, USA). Cells were cultured in complete medium containing DMEM 

supplemented with 10% FBS, 100 U ml-1 of penicillin and 100 U ml-1 of streptomycin 
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in 75 cm2 tissue culture flasks, and cultured at 37°C, in a humidified incubator 

containing 5% CO2. The cells were fed every 2 days, and sub-cultured once they 

reached 70-80% confluence. 

 

2.3 Cell treatment and MTT assay 

To measure cell viability, cells were seeded in 96-well plates at a density of 5×103 

cells per well. The cultures were grown at 37°C for 24 h (hours). After discarding the 

old medium, the cells were pretreated for 2 h with varying concentrations of ADTM 

or BAA diluted in DMEM nutrient mixture containing 0.5% FBS, followed by 

treatment with 150 µM t-BHP for 4 h, and cell viability was measured by the MTT 

assay. Cells incubated with 0.1% DMSO served as controls. 

 

2.4 Protein preparation from H9c2 cells 

H9c2 cells were lysed using a dounce homogenizer in NP-40 lysis buffer (Beyotine, 

China) with 1 mM phenylmethylsulfonyl fluoride (PMSF). Plate lysates were 

centrifuged at 12,500 g for 10 min at 4°C, and the supernatant was collected and 

stored at -80°C until further use. 

 

2.5 Streptavidin agarose beads pull-down with BAA 

The H9c2 cells lysates (3 µg/µl) were exposed to streptavidin agarose beads (Pierce 

Biotech, Rockford, IL, USA) for 2 h at 4°C and then centrifuged for 3 min at 2,500 g. 

The beads were discarded to remove endogenous biotin. Aliquots of supernatants (300 

µl) were treated with BAA (300 µM) for 2 h. The supernatant was combined with 

beads and allowed to shake overnight at 4°C. To eliminate the nonspecific 

combination with compound or beads before protein analysis, 0.1% DMSO and biotin 

were added to one aliquot of lysate as negative controls. The compound-protein 

bound to beads was digested with trypsin in 37°C overnight and each injected to 

LC-MS, Sample 1 (DMSO) and sample 2 (biotin) being the negative control and 

sample 3 being rich protein group. 

 

2.6 Nano LC-MS/MS analysis and data analysis 
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Nano-flow LC separation experiments were performed using Agilent 1200 series nano 

pump. Solvent A (2% ACN, 0.5% formic acid in water) and B (98% ACN, 0.5% 

formic acid in water) were used to provide pH 2 organic gradient. Reserve phase C18 

separation with 60 min 5-35% solvent B gradient was applied for all three samples. 

TripleTOF 5600 system (AB SCIEX, Concord, Canada) fitted with a Nanospray III 

source (AB SCIEX, Concord, Canada); the parameters used were as follows: ion 

spray voltage, 2.8 kV; curtain gas, 30 psi; nebulizer gas, 6 psi; interface heater 

temperature, 150°C. For IDA, full scans were acquired within 250 ms over the range 

m/z 400–1250, followed by MS/MS scans of the 20 most abundant peaks that 

exceeded 125 counts per second and carried a charge between +2 to +5 in the range 

m/z 100–1500. The dynamic exclusion time of the acquired ions was set at 20 s. The 

acquired MS/MS data were analyzed using the Paragon algorithm in ProteinPilot 4.0 

software (Applied Biosystems, Framingham, USA).14 They were searched against 

theoretical spectra generated from sequences in Uniprot (www.uniprot.org). Uniprot 

Rat complete proteome database released in August 2011 (34,098 entries) was used. 

 

2.7 Insulin reduction assay 

ERp57 activity was measured with an assay that measures the catalytic reduction of 

insulin, as described previously with a minor modification.15,16 Briefly, Insulin (1 

mg/ml) was prepared in assay buffer (100 mM potassium phosphate, 1 mM EDTA 

and 8 µM DTT). 50 µl of insulin was incubated in the presence of 10 µl of enzyme 

and varying concentrations of BAA, and then 10 µl of 1 mM DTT was added. The 

96-well plate was incubated at 25°C, and then the absorbance at 630 nm was read on a 

microplate reader (Perkin-Elmer, Singapore) for each sample consecutively at 4 min 

intervals for 40 min. ERp57 enzyme inhibition in the presence of compound was 

determined by the following formula: enzyme inhibition (%) = [1– (OD[compound + ERp57 

+ DTT]-OD[DTT])/(OD[ERp57 + DTT] - OD[DTT])]×100%. 

 

2.8 Western blot analysis  

For Western blot validation study, beads bound proteins were washed four times in 

0.3 ml lysis buffer and remaining complexes were resuspended in 2×SDS sample 

loading buffer, followed by a 5 min boil. The supernatant was analyzed by Western 

blotting as previously described method.13 Briefly, after incubation with anti-ERp57 
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antibody (Santa Cruz Biotechnology, Santa Cruz, CA), the membrane was incubated 

for 1 h with secondary horseradish peroxidase-conjugated antibody (Cell Signaling 

Technology, Beverly, MA). Proteins were detected by an advanced enhanced ECL 

system (GE Healthcare, Little Chalfont, UK).  

 

2.9 Immunofluorescence staining 

H9c2 cells were incubated with 100 µM BAA for 1 h, then washed three times with 

ice-cold PBS, and were fixed by 4% paraformaldehyde for 15 min at room 

temperature. The cells were then washed three times with PBS containing 1% BSA, 

and were incubated with blocking buffer containing 0.3% TritonX-100 and 1% BSA 

in PBS for 45 min at room temperature. The cells were incubated with anti-ERp57 

antibody (1:250) overnight at 4°C. The cells were then washed three times with PBS, 

and were incubated with Alexa Fluor 680-conjugated antibody (1:200) (Invitrogen, 

Eugene, OR, USA) and streptavidin-FITC (1:500) for 45 min at room temperature. To 

visualize the nuclear, the cells were counterstained with 300 nM DAPI for 10 min. 

Fluorescence imaging of the cells was performed with IN Cell Analyzer 2000 (GE 

Healthcare UK Ltd., Buckinghamshire, UK). 

 

2.10 Molecular docking study 

Molecular docking of BAA to ERp57 was performed using the three dimensional 

crystal structure of human ERp57 (PDB: 3F8U) obtained from the Protein Data Bank. 

The software Autodock 4.2 was used for all dockings in this study as previously 

described method.17 In general, the docking parameters for AutoDock were kept to 

their default values. The 3D structures of BAA were converted using open babel 

software, followed by energy minimization with MMFF94s force field along with 

addition of hydrogen atoms.18 The grid box was 42.2 Å × 56.6 Å × 79.2 Å, 

encompassing the active site cavity (CYS409) of human ERp57. Top 10 

configurations of binding energy were ranked by autodock, and the lowest energy 

configuration was selected. The binding results were illustrated as three dimensional 

(3-D) by PyMOL Molecular Graphics System Version 1.3 (Schrödinger, LLC, New 
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York, USA). 

 

2.11 Statistical analysis 

The MTT assay was performed three times. Data are presented as mean ± SD. The 

groups were compared using one-way ANOVA followed by Tukey’s multiple 

comparison tests using the statistics module of Graph Pad Prism 5.0. A value of P < 

0.05 was considered statistically significant.  

 

3. Results and discussion 

3.1 Protective effects of BAA against t-BHP-induced cell injury in H9c2 cells 

We have previously reported that ADTM showed prominent anti-oxidative effects in 

reducing t-BHP-induced cell injury t-BHP in H9c2 cells.13 t-BHP is a hydrogen 

peroxide donor is often used to mimic oxidative stress in myocardial ischemia.19 Here, 

we examined the cardioprotective actions of the biotin-conjugated ADTM analogue 

(BAA) by using t-BHP-induced cell injury in H9c2 cells as a cellular model of cardiac 

injury. Results in Fig. 1B showed that the pretreatment of BAA (3, 10, 30 and 100 

µM) greatly attenuated t-BHP-induced cell injury in a concentration-dependent 

manner. The protective efficiency of BAA was comparable to that of ADTM and was 

therefore considered to be an eligible tool for the identification of potential protein 

target of ADTM in subsequent experiments. 

 

3.2 Targets profiling of BAA by chemical proteomics approach 

To isolate the protein targets that bound to BAA, H9c2 cell lysates were incubated 

with BAA and the BAA-protein complexes were enriched with streptavidin agarose 

beads followed by protein profiling using LC-MS/MS. DMSO and biotin served as 

negative controls to eliminate protein bound non-specifically. Eight proteins were 

identified with > 95% protein identification probability (Supplementary information, 
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Table 1). In particular, three of the identified proteins were glycoprotein-specific 

members of the PDI family, ERp72, ERp57 and ERp5, which are well known to 

exhibit disulfide bonds modifying activity and subsequently correct misfolded 

proteins to achieve homeostasis.20 In another set of experiment performed with rat 

blood platelet lysates, BAA-bound proteins pulled down were also identified as 

ERp72, ERp57 and ERp5 (data not shown). These results indicated that ERp72, 

ERp57 and ERp5 are protein targets of BAA independent of the protein tissues. In 

addition to the PDI protein family members, peroxiredoxin-1, peroxiredoxin-2, 14-3-3 

protein zeta/delta, and annexin A1 were also found to bind to BAA. Peroxiredoxin-1 

and peroxiredoxin-2 belong to the antioxidant enzyme family peroxiredoxin. 14-3-3 

protein zeta/delta and annexin A1, which are proteins involved in the regulation of 

phospholipase A2 activity and calcium binding respectively, are also known to be 

implicated in platelet activation and heart failure.21,22 The final identified protein was 

translationally-controlled tumor protein, which was found to be involved in calcium 

binding and microtubule stabilization.23 

 

3.3 BAA inhibited the redox activity of ERp57 

To investigate whether BAA could directly modulate the enzymatic activity of ERp57, 

the effect of BAA on ERp57 activity was evaluated by insulin reduction assay. The 

result showed that BAA inhibited the activity of ERp57 in a concentration- and time- 

dependent manner (Fig. 4). The half maximal inhibitory concentration (IC50) of BAA 

on ERp57 activity was about 10-30 µM. In line with these results, ERp57 has recently 

been implicated to play crucial roles in oxidative stress-induced apoptotic cell death 

by hyperoxia and tunicamycin.7 It is likely that ERp57 acts as a target for oxidative 
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stress induced by hydrogen peroxide.24 However, further studies are needed to 

confirm this notion.  

 

3.4 Evaluation of the binding between BAA and ERp57 by Western blot analysis and 

immunofluorescence staining 

The binding between BAA and ERp57 was further evaluated by Western blot analysis 

by using anti-ERp57 antibody in H9c2 cell lysates incubated with BAA. As shown in 

Fig. 5A, specific anti-ERp57 antibody yielded a clear single band with a molecular 

mass of approximately 61 KDa with BAA but not DMSO or biotin. Furthermore, in 

our recently published paper, we found that ADTM (unbiotinlyated compound) 

competitively inhibited the binding of BAA with ERp57, providing further evidence 

that ADTM was a reversible ligand at ERp57.25 In double immunofluorescence 

staining assay, anti-ERp57 antibody (red) and Streptavidin-FITC against BAA (green) 

showed that BAA was co-localized with ERp57 protein in cytoplasm of H9c2 cells 

(Fig. 5B). This result provided further evidence of the direct interaction between BAA 

and ERp57 in cellular environment.  

 

3.5 Molecular docking analysis 

The protein structure of ERp57 has been reported to contain two catalytically active 

CYS-GLY-HIS-CYS motifs (CYS57-GLY58-HIS59-CYS60 and 

CYS406-GLY407-HIS408-CYS409), with CYS409 as the major active site for 

pharmacological function.10,26 Therefore, ERp57 protein domain (PDB: 3F8U) 

enclosing the catalytic center (CYS409) was chosen for the molecular docking 

analysis between BAA and ERp57. BAA bound to ERp57 with a binding free energy 

of -9.21 kcal/mol (Fig. 6), forming hydrogen bonds with the side chains of GLY178, 

PRO179, TRP221, ALA219, ALA217, CLY407, HIS408 and PHE450 in the catalytic 

center (CYS409) of ERp57.  

 

4. Conclusion 
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Taken together, our present study reported the biotin-conjugated ADTM analogue 

(BAA) displayed protective effects with similar efficacy as ADTM. BAA protected 

H9c2 cells from oxidative stress-induced cell injury. BAA displayed specific binding 

at ERp57 and inhibited its catalytic activity. Molecular docking showed that BAA 

displayed direct binding at ERp57 and it would be interesting to define the binding 

confirmation of the BAA-ERp57 complex by x-ray co-crystallography or NMR 

spectroscopy experiments in the future. Our data provided a rationale for the further 

development of cardioprotective agent targeting ERp57 against oxidative 

stress-induced cardiac injury. 
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Figure legends 
 

Fig. 1 Evaluation of protective effect of ADTM and BAA on t-BHP-induced cell 

injury in H9c2 cells. (A) Chemical structures of ADTM and BAA. (B) Cell viability 

of H9c2 cells incubated with different concentrations (3, 10, 30, 100 µM) of ADTM 

or BAA for 4 h. Pretreatment with ADTM or BAA significantly attenuated 

t-BHP-induced cell injury. #P < 0.05 versus control group, **P < 0.05 versus t-BHP 

treatment group. 

 

Fig. 2 Schematic illustration of identifying BAA-protein interactions with chemical 

proteomics. 

 
Fig. 3 Identification of ERp57 as one target of BAA in H9c2 proteins. ERp57 was 
identified by chemical proteomic analysis. 
 

Fig. 4 BAA inhitits the enzymatic activity of ERp57 in a concentration- and 

time-dependent manner. The recombinant ERp57 was incubated with different 

concentrations of BAA for 40 min, and its catalytic activity was determined in insulin 

reduction assay. 

 

Fig. 5 Target valication of ERp57 in H9c2 cells. (A) Confirmation of BAA targeted 

protein isolated from H9c2 cardiomyoblast cells by Western blot. (B) BAA 

colocalized with ERp57 in H9c2 cells. After treatment with or without 100 µM BAA 

for 2 h, H9c2 cells were stained with ERp57 antibody (Red), Streptavidin-FITC 

(Green) for biotin and DAPI (blue) for nuclear. Fluorescence imaging of the cells was 

performed automatically with IN Cell Analyzer 2000 (at 60× magnification). 

 

Fig. 6 Molecular docking simulation of the interaction between BAA and ERp57. The 

interaction between BAA and ERp57 was viewed by the representative structure (best 

energy) of the energetically best structure clusters found by Autodock. The free 

binding energy to the active cavity of ERp57 (PDB: 3F8U) is -9.22 kcal/mol. The 
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yellow stick represents BAA and the crystal structure of ERp57 domain with each 

monomer presented in ribbon diagram. 
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Fig. 2 Schematic illustration of identifying BAA-protein interactions with chemical proteomics.  
256x69mm (300 x 300 DPI)  
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Fig. 1 Evaluation of protective effect of ADTM and BAA on t-BHP-induced cell injury in H9c2 cells. (A) 
Chemical structures of ADTM and BAA. (B) Cell viability of H9c2 cells incubated with different concentrations 
(3, 10, 30, 100 µM) of ADTM or BAA for 4 h. Pretreatment with ADTM or BAA significantly attenuated t-BHP-

induced cell injury. #P < 0.05 versus control group, **P < 0.05 versus t-BHP treatment group.  
137x122mm (300 x 300 DPI)  
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Fig. 3 Identification of ERp57 as one target of BAA in H9c2 proteins. ERp57 was identified by chemical 
proteomic analysis.  

256x91mm (200 x 200 DPI)  
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Fig. 4 BAA inhitits the enzymatic activity of ERp57 in a concentration- and time-dependent manner. The 
recombinant ERp57 was incubated with different concentrations of BAA for 40 min, and its catalytic activity 

was determined in insulin reduction assay.  

145x75mm (300 x 300 DPI)  
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Fig. 5 Target valication of ERp57 in H9c2 cells. (A) Confirmation of BAA targeted protein isolated from H9c2 
cardiomyoblast cells by Western blot. (B) BAA colocalized with ERp57 in H9c2 cells. After treatment with or 
without 100 µM BAA for 2 h, H9c2 cells were stained with ERp57 antibody (Red), Streptavidin-FITC (Green) 
for biotin and DAPI (blue) for nuclear. Fluorescence imaging of the cells was performed automatically with 

IN Cell Analyzer 2000 (at 60× magnification).  
229x149mm (300 x 300 DPI)  
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Fig. 6 Molecular docking simulation of the interaction between BAA and ERp57. The interaction between BAA 
and ERp57 was viewed by the representative structure (best energy) of the energetically best structure 
clusters found by Autodock. The free binding energy to the active cavity of ERp57 (PDB: 3F8U) is -9.22 
kcal/mol. The yellow stick represents BAA and the crystal structure of ERp57 domain with each monomer 

presented in ribbon diagram.  
147x83mm (300 x 300 DPI)  
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