A Novel Insulin Receptor-Binding Protein from Momordica charantia Enhances Glucose Uptake and Glucose Clearance In Vitro and In Vivo through Triggering Insulin Receptor Signaling Pathway 
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ABSTRACT
[bookmark: _GoBack]Diabetes, a common metabolic disorder, is characterized by hyperglycemia. Insulin is the principle mediator of glucose homeostasis. In previous study, we have identified a trypsin inhibitor, named as Momordica charantia insulin receptor (IR)-binding protein (mcIRBP) in this study, that might interact with IR. The physical and functional interactions between mcIRBP and IR were clearly analyzed in the present study. Photo-crosslinking coupled with mass spectrometry showed that three regions (17-21, 34-40, and 59-66 residues) located on mcIRBP physically interacted with leucine-rich repeat domain and cystein-rich region of IR. IR-binding assay showed that the binding behavior of mcIRBP and insulin displayed a cooperative manner. After binding to IR, mcIRBP activated the kinase activity of IR by 5.87  0.45-fold, increased the amount of phospho-IR protein by 1.31  0.03-fold, affected phosphoinositide-3-kinase/Akt pathways, and consequently stimulated the uptake of glucose in 3T3-L1 cells by 1.36  0.12-fold. Intraperitoneal injection of 2.5 nmol/kg mcIRBP significantly decreased the blood glucose levels by 20.9  3.2% and 10.8  3.6% in normal and diabetic mice, respectively. Microarray analysis showed that mcIRBP affected genes involved in insulin signaling transduction pathway in mice. In conclusion, our findings suggested that mcIRBP was a novel IRBP that bound to the sites different from the insulin-binding sites on IR and stimulated both the glucose uptake in cells and the glucose clearance in mice. 
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INTRODUCTION
Diabetes mellitus is a chronic metabolic disorder that has a significant impact on the world health. It is also a growing medical problem in developed countries that affects 6% of the population in U.S. and 3% of the population in Northern Europe. In U.S., diabetes is the leading cause of renal disease, non-traumatic lower extremity amputations, and blindness. Therefore, with an increasing incidence worldwide, diabetes will likely continue to be a leading cause of morbidity and mortality in the future.1,2
Diabetes is characterized by hyperglycemia that is attributed to defective insulin secretion, resistance to insulin action, or a combination of both. On the basis of pathogenic process that leads to hyperglycemia, diabetes is classified into type 1 diabetes (insulin-dependent) and type 2 diabetes (non-insulin-dependent).2 Clinical studies have demonstrated that hyperglycemia is an important etiologic factor leading to diabetic complications, such as retinopathy, nephropathy, and neuropathy. For examples, Diabetes Control and Complications Trial demonstrates that tight glucose control and lowered glycated hemoglobin in patients with type 1 diabetes significantly reduce the development and the progression of chronic diabetic complications.3 Long-term follow-up of these patients demonstrates the beneficial effects on macrovascular outcomes.4 Other studies on patients with type 2 diabetes also indicate a reduced risk of microvascular complications with improved long-term glycemic control.5 These findings conclusively indicate that an effective control of blood glucose level is a key step to prevent or reverse diabetic complications and to improve the life quality of patients with diabetes.
There are several drugs currently available for diabetes. Insulin is the well-known drug for the treatment of type 1 and type 2 diabetes. Insulin is a 51-residue peptide hormone that maintains the glucose homeostasis in the body. Insulin binding to insulin receptor (IR) stimulates the autophosphorylation of IR, leading to the activation of phosphoinositide-3-kinase (PI3K) and Akt, the translocation of glucose transporter 4 (GLUT4), and the subsequent glucose uptake of adipocytes and skeletal muscle.6 In addition to insulin, insulin secretagogues, peroxisome proliferator-activated receptors (PPAR) agonists, alpha glucosidase inhibitors, and glucagon-like peptide 1 analogues, and dipeptidyl peptidase 4 inhibitors have also been used for type 2 diabetes.7  Although these drugs are used for diabetes, insulin is the only medicine for the treatment of type 1 diabetes. Moreover, insulin is also the only drug that triggers insulin signaling pathway via binding to IR.
Momordica charantia Linn. (MC) is a common vegetable that displays anti-diabetic potentials.8-12 In previous study, we have demonstrated that aqueous extract of MC stimulates insulin signaling pathway and displays hypoglycemic effect in mice. By proteomic and docking analyzes, we have found that trypsin inhibitor might interact with IR.13 Trypsin inhibitor, also named as bitter gourd trypsin inhibitor or MC trypsin inhibitor, has been isolated from MC and its amino acid sequences have been identified.14 Trypsin inhibitor consists of 68 amino acid residues and inhibits not only trypsin but also subtilisin Carlsberg. In this study, we renamed this protein as MC IR-binding protein (mcIRBP) because of its novel function on glucose homeostasis. The physical and functional interactions between mcIRBP and IR were clearly elucidated here. Recombinant mcIRBP was purified from Escherichia coli (E. coli) over-expression system. The physical and functional interactions between mcIRBP and IR were analyzed by photo-crosslinking coupled with mass spectrometry (MS), IR-binding assay, and IR kinase activity assay. Furthermore, the hypoglycemic effect and mechanism of mcIRBP were evaluated in normal and type 1 diabetic mice. Our data showed that mcIRBP bound to the sites different from the insulin-binding sites on IR and consequently enhanced the uptake of glucose in cells and the clearance of glucose in mice.


MATERIALS AND METHODS
Chemicals. Chemicals, unless indicated, were purchased from Sigma (St. Louis, MO). SuperScript™ III, RPMI-1640, and Dulbecco's modified Eagle's medium (DMEM) were purchased from Invitrogen (Carlsbad, CA). Fetal bovine serum (FBS) and calf serum were purchased from Hyclone (Logan, UT). [125I]-insulin, [γ-32P]ATP, and 2-[1,2-3H(N)]-deoxy-D-glucose were purchased from PerkinElmer (Boston, MA). Rabbit monoclonal antibodies against IR, phospho-IR, phosphoinositide-dependent kinase 1 (PDK1), phospho-PDK1, Akt, phospho-Akt (Ser473), and phospho-Akt (Thr308) were purchased from Cell Signaling (Beverly, MA). Mouse monoclonal antibody against β-actin was purchased from Santa Cruz (Dallas, TX). 

Cloning of mcIRBP gene. To clone the mcIRBP cDNA, total RNA was extracted from MC, reverse transcribed by SuperScript™ III, and amplified with P1 (5'- GATCAAGCTTATGTGTCAGGGGAAGTCGTCGTGGCCGCAG-3') and M1 (5'- GATCGAGCTCTCAACCGATGGTGGGGGGGCGGGCGACGAT-3') primers. The resulting 216-bp mcIRBP cDNA fragment was inserted into Hind III and Sac I sites of pBluescript® II KS(-) vector to create pBKS-mcIRBP. pBKS-mcIRBP was further amplified with P2 (5'-GATCACATGTGTCAGGGGAAGTCGTCGTGG-3') and T7 (5'-AATACGACTCACTATAG-3') primers. The 242-bp mcIRBP cDNA fragment was then inserted into Nco I and Sac I sites of pET-28a(+) vector to create pET-mcIRBP (Figure 1A). The plasmid DNA, which was created in this study, was confirmed as an in-frame construction by sequencing. The template sequences for primer design are originated from GenBank (Accession number: 2111250B). The protein sequences of mcIRBP have been deposited in GenBank (Accession number: AGU04661.1).

Expression and purification of recombinant mcIRBP. Recombinant mcIRBP was expressed in E. coli BL21(DE3) pLysS strain, which was transformed with pET-mcIRBP. Expression and purification of recombinant mcIRBP were performed as described previously.15 Molecular mass of mcIRBP was analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and the concentration of mcIRBP was quantified by a Bradford method (Bio-Rad, Hercules, CA).

Photo-crosslinking coupled with MS. Photo-induced crosslinking was performed as described previously.16 Briefly, mcIRBP was mixed with IR in a molar ratio of 10:1 in 10 mM sodium phosphate buffer (pH 7.4). A total volume of 18 μl protein solution was then added 1 μl of tris(bipyridyl)Ru(II) (RuBpy) solution (1 mM RuBpy in 10 mM sodium phosphate buffer, pH 7.4) and 1 μl of ammonium persulfate (APS) solution (20 mM APS in 10 mM sodium phosphate buffer, pH 7.4). The reaction was exposed to ultraviolet light for 30 sec and quenched by adding 1 μl of 1 M dithiothreitol. Protein solution was further identified using an Ultimate capillary liquid chromatography system (LC Packings, Amsterdam, The Netherlands) coupled to a QSTARXL quadrupole-time of flight MS (Applied Biosystem/MDS Sciex, Foster City, CA).

Docking calculations. The PatchDock was used for the prediction of ligand-binding sites.17 The PDB files of IR (PDB code 3LOH), mcIRBP (PDB code 1VBW), and insulin (PDB code 1JCO) were obtained from Protein Data Bank (http://www.rcsb.org/pdb/). The PDBQ files of these proteins were derived from PDB2PQR version 1.8 (http://nbcr-222.ucsd.edu/pdb2pqr_1.8/).18

Cell culture. IM-9 myeloma cells, HepG2 hepatocytes, and 3T3-L1 preadipocytes were purchased from Bioresource Collection Research Center (Hsinchu, Taiwan). IM-9 cells were maintained in RPMI-1640 supplemented with 10% FBS. HepG2 cells were maintained in DMEM supplemented with 10% FBS. 3T3-L1 preadipocytes were maintained in DMEM supplemented with 10% heat-inactivated calf serum. All cell lines were incubated at 370C in a humidified atmosphere containing 5% CO2.

IR-binding assays. The binding of mcIRBP to IR was measured by IR-binding assay, IR kinase activity assay, and enzyme-linked immunosorbent assay (ELISA). IR-binding assay was performed as described previously.19 Briefly, IM-9 cells (1.2106 cells/ml) were incubated with different amounts of mcIRBP for 15 min at 250C. 125I-labeled insulin (60,000 cpm/ml of cells) was then added and incubated for 90 min at 160C. Cells were centrifuged at 3,000 xg for 10 min and the supernatant containing unbound ligands was removed. The radioactivity of cell pellet containing bound 125I-labeled insulin was measured by scintillation counter (Beckman Coulter, Fullerton, CA).
IR kinase activity assay was performed as described previously.13 Briefly, mixtures containing IR and various amounts of mcIRBP in kinase buffer (25 mM HEPES, pH 7.6, 25 mM MgCl2, 100 μM ATP, 100 μM sodium orthovanadate, 2.5 mg/ml poly (Glu,Tyr), 25 μCi/ml [γ-32P]ATP) were incubated at 300C for 10 min and spotted on chromatography papers. Poly(Glu,Tyr) was precipitated on papers by soaking papers in 10% trichloroacetic acid solution, and the radioactivity incorporated into the precipitated poly(Glu,Tyr) was counted by scintillation counter. 
For ELISA, HepG2 cells were treated with various amounts of mcIRBP, incubated at 370C for 10 min, and solubilized in lysis buffer (1% NP-40, 20 mM Tris-HCl, pH 8.0, 137 mM NaCl, 10% glycerol, 2 mM EDTA, 1 mM sodium orthovanadate, 10 μg/ml aprotinin, 10 μg/ml leupeptin) on ice for 15 min. After the centrifugation at 2,000 xg for 5 min, the supernatant was collected, and the protein concentration was quantified. ELISA was performed with the DuoSet IC Human Phospho-IR set (R&D Systems, Minneapolis, MN). Briefly, microtiter plates (MaxiSorpTM, Nunc, Denmark) were coated with antibody against phospho-IR at 40C overnight, incubated with cellular proteins (250 μg) at room temperature for 2 h, and then incubated with horseradish peroxidase-conjugated antibody against phospho-tyrosine at room temperature for 2 h. Following four washes, chromogenic substrate tetramethylbenzidine was added, incubated at room temperature for 20 min, and stopped with 2 N H2SO4. The absorbance at 450 nm was measured in an ELISA plate reader.

Western blot analysis. HepG2 cells were cultured in 25-cm2 flasks, treated with various amounts of mcIRBP for 30 min, collected using cell scrapers, and lyzed with sample buffer (62.5 mM Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, 50 mM dithiothreitol). HepG2 cells were also treated with LY294002 (50 μM) to block the PI3K activity. Proteins (10 μg) were separated by 10% SDS-PAGE and transferred electrophoretically to nitrocellulose membranes. Membranes were then probed with anti-IR, anti-phospho-IR, anti-PDK1, anti-phospho-PDK1, anti-Akt, anti-phospho-Akt (Ser473), anti-phospho-Akt (Thr308), and anti-β-actin antibodies. The bound antibody was detected with horseradish peroxidase-conjugated anti-rabbit antibody followed by chemiluminescence and X-ray film exposure.

Adipocyte differentiation and glucose uptake assay. The differentiation of 3T3-L1 preadipocytes was induced by the addition of 0.5 mM 3-isobutyl-1-methylxanthine, 0.5 μM dexamethasone, 10 μg/ml insulin, and 10% FBS in DMEM for three days. The aforementioned medium was then replaced with 10% FBS/DMEM containing 10 μg/ml insulin. After another three days, the medium was subsequently replaced with fresh culture medium (10% FBS/DMEM), which was changed every two days until the cells were fully differentiated, judged by oil red O staining. Fully differentiated 3T3-L1 adipocytes were used for glucose uptake assay. Glucose uptake assay was performed as previously described.20 Briefly, 3T3-L1 adipocytes were cultured in 24-well plates. After a 4.5-h starvation, adipocytes were incubated in Krebs-Ringer bicarbonate buffer (118 mM NaCl, 4.7 mM KCl, 1.3 mM CaCl2, 1.2 mM MgSO4, 1.2 mM Na2HPO4, 2% bovine serum albumin, 0.5 mM glucose, 25 mM NaHCO3, pH 7.4) without or with various amounts of mcIRBP for 30 min at 370C. [3H]-2-Deoxy-D-glucose (0.1 μCi) was then added to adipocytes and incubated for another 10 min. Finally, cells were solubilized in 0.1% SDS and the radioactivity uptaken by cells was measured by scintillation counter.

Animals. BALB/c mice were obtained from National Laboratory Animal Center (Taipei, Taiwan). Mouse experiments were conducted under ethics approval from China Medical University Animal Care and Use Committee (Permit Number: 101-188-N). Type I diabetic mice were induced by streptozotocin.21 Briefly, male BALB/c mice (6-week-old) were injected intraperitoneally with streptozotocin (200 mg/kg in 200 l normal saline). Two weeks later, mice were bled via tail veins after 4 h starvation, and the blood glucose was measured by glucose oxidase method using a glucometer (ACCU-CHEK Advantage, Roche Diagnostics, Basel, Switzerland).

Glucose tolerance assay. Normal and type I diabetic mice were fasted for 18 h and 4 h, respectively. mcIRBP (2.5 nmol/kg) was then given intraperitoneally 15 min before intraperitoneal administration of glucose solution (4 g/kg for normal mice and 1 g/kg for diabetic mice).22 Blood samples were collected from tails at 15 min before and at 15, 30, 60, 90, 120, 150, 180, 240, and 270 min after glucose challenge. Blood glucose was measured by glucose oxidase method using a glucometer. Data were also expressed as area under the curve (AUC). Mice were sacrificed 5 h after glucose challenge and muscles were collected for microarray analysis.

Microarray analysis. Five hours after glucose challenge, mice were sacrificed and muscle tissues were collected for microarray analysis. Total RNAs were extracted from muscle tissues using RNeasy Mini kit (Qiagen, Valencia, CA). Total RNA from three mice was pooled and three microarray replicates for each pooled RNA were performed. Microarray analysis was performed as described previously.23-25 Briefly, fluorescence-labeled RNA targets were hybridized to Mouse Whole Genome OneArrayTM (Phalanx Biotech Group, Hsinchu, Taiwan). The Cy5 fluorescent intensity of each spot was analyzed by Genepix 4.1 software (Molecular Devices, Sunnyvale, CA). The signal intensity of each spot was corrected and further normalized by R program in the limma package.26 Fold changes of genes were calculated by dividing the normalized signal intensities of genes in mcIRBP-treated tissues by those in untreated tissues. We used the geneSetTest function to test which biological pathways were affected by mcIRBP. This function computes a p-value to test the hypothesis that the selected genes in a pathway tend to be differentially expressed. Kyoto Encyclopedia of Genes and Genomes pathways (http://www.genome.jp/kegg/pathway.html) was extracted and used for this analysis. Microarray data are MIAME compliant and raw data have been deposited in the Gene Expression Omnibus (Accession number: GSE39689). 

Statistical analysis. Data were presented as mean ± standard error. Student’s t test was used for comparisons between two experiments. A value of p < 0.05 was considered statistically significant. 


RESULTS
Expression and purification of mcIRBP. In our previous study, we have identified a trypsin inhibitor, named as mcIRBP here, that might interact with IR. The mcIRBP gene was therefore amplified by PCR and cloned for expression. mcIRBP was expressed and purified from E. coli BL21 (DE3) pLysS strain, which was transformed with pET-mcIRBP. After the induction with isopropyl-β-D-thiogalactoside, mcIRBP with molecular mass of approximately 7 kDa was observed by SDS-PAGE analysis (Figure 1B). The amount of purified mcIRBP recovered was approximately 2 mg per 100 ml of bacterial culture.

Analysis of the physical interaction between IR and mcIRBP. Photo-crosslinking coupled with MS was performed to analyze the physical interaction between IR and mcIRBP. mcIRBP was crosslinked with IR by ultraviolet light-oxidized Ru2+ and the crosslinked proteins were further identified by LC-MS/MS. We mixed mcIRBP and IR in the molar ratio of 1:1 and 10:1, and found that the crosslinking efficiency at 10:1 was better (data not shown). A total of 2,731 peptide fragments was identified by MS/MS, and 1,518 fragments were chosen after excluding the repeated fragments. We further picked up the fragments that had ≥ 3 consecutive amino acid sequences of mcIRBP on the central region and ≥ 2 consecutive amino acid sequences of IR on either terminus. A total of 146 fragments fulfilled aforementioned criteria was selected. We found that three regions located on 17-21, 34-40, and 59-66 residues of mcIRBP physically interacted with the amino acid residues located on leucine-rich repeats domains and cystein-rich (CR) region of IR. 
We further built the docking structures of IR and mcIRBP based on photo-crosslinking data. As shown in Figure 2A, the crystal structure of IR ectodomain monomer formed an inverted "V" layout that one side consists of leucine-rich repeat domains (L1 and L2) and CR region, and another side is composed of fibronectin domains and α-CT segment. mcIRBP interacted with L1/CR/L2 segments on IR and the docking score between mcIRBP and IR was 14,636. In comparison with mcIRBP, insulin, as expected, interacted with the α-CT segment on IR, with a docking score of 14,134 (Supporting information, Supplementary Figure S1).27 Close-up view of mcIRBP and IR showed that three regions located on 17-21, 34-40, and 59-66 residues of mcIRBP were closed to the amino acid residues located on the L1, CR, and L2 regions of IR (Figure 2B). These data suggested that mcIRBP was a novel IRBP that bound to the sites different from the insulin-binding sites on IR.
We analyzed the binding behavior of mcIRBP on IR by incubating cells with various amounts of mcIRBP, radioisotope-labeled insulin (hot insulin), and/or non-radioisotope-labeled insulin (cold insulin). As shown in Figure 3A, when more hot insulin was added to a fixed amount of IR, an increasing fraction of IR was occupied by hot insulin. However, when more cold insulin was added to a fixed amount of IR and hot insulin, a decreasing fraction of IR was occupied by hot insulin (Figure 3B). These results indicated that cold insulin competed with hot insulin and blocked the insulin-binding sites on IR. Then, we measured the IR-binding behavior of mcIRBP by incubating IM-9 cells with various amounts of mcIRBP and 6 pM of hot insulin. As shown in Figure 3C, an increasing fraction of IR was occupied by hot insulin when an increasing amount of mcIRBP was added to a fixed amount of IR and hot insulin. These data suggested that mcIRBP bound to a site other than the insulin-binding sites on IR and enhanced the binding of hot insulin to IR. However, the amount of bound hot insulin in the presence of 10 nM mcIRBP was dramatically decreased by the addition of excessive amount (1 µM) of cold insulin, suggesting that the mcIRBP-dependent enhancement of insulin binding on IR was specifically blocked and abolished by cold insulin. These results indicated that mcIRBP might bind to the allosteric site of IR and further enhance the effectivity of IR on the insulin binding.

mcIRBP enhanced the kinase activity and autophosphorylation of IR. IR is a transmembrane protein that exhibits the tyrosine kinase activity. Insulin binding to IR stimulates the intrinsic tyrosine kinase activity, leading to the autophosphorylation of IR.6 Therefore, we analyzed the kinase activity of IR by kinase activity assay and evaluated the level of autophosphorylated IR by ELISA. Figure 4A shows that the addition of insulin stimulated the kinase activity of IR by 7.35  0.89-fold. mcIRBP also enhanced the kinase activity of IR in a dose-dependent manner. Moreover, the maximal enhancement (5.87  0.45-fold) of kinase activity was achieved in the presence of 5 μM mcIRBP. Figure 4B shows that insulin increased the level of phosphorylated IR in HepG2 cells, as compared with mock. mcIRBP significantly stimulated the autophosphorylation of IR in a dose-dependent manner. Moreover, the maximal increase (1.31  0.03-fold) of phosphorylated IR was achieved by 5 μM mcIRBP. These findings indicated that mcIRBP bound to IR, activated the kinase activity of IR, and sequentially stimulated the autophosphorylation of IR.

mcIRBP affected IR/PI3K/Akt signaling pathway. We further performed Western blot to analyze the IR-downstream signaling pathway affected by mcIRBP. As shown in Figure 5A, insulin and mcIRBP stimulated the phosphorylation of IR, which was consistent with aforementioned data (Figure 4). Insulin enhanced the phosphorylations of PDK1 and Akt at Ser473 and Thr308, as compared with mock. mcIRBP also increased the amounts of phosphorylated PDK1 and Akt in a dose-dependent manner. However, LY294002, a PI3K inhibitor, inhibited the mcIRBP-induced phosphorylation of Akt. These findings suggested that mcIRBP bound to IR, stimulated the kinase activity of IR, and sequentially activated the PI3K/PDK1/Akt pathway. 

mcIRBP stimulated the uptake of glucose in 3T3-L1 adipocytes. PI3K has a pivotal role in the metabolic action of insulin. Activation of PI3K stimulates the activation of Akt and subsequently stimulates the translocation of GLUT4 to the cell surface, a crucial event for glucose uptake by skeletal muscle and fat.28 Therefore, we further evaluated the effect of mcIRBP on glucose uptake in 3T3-L1 adipocytes. As shown in Figure 5B, insulin and mcIRBP significantly enhanced the uptake of glucose in 3T3-L1 by 1.63 ± 0.20-fold and 1.36 ± 0.12-fold, respectively. The enhancement displayed a dose-dependent manner and the maximal enhancement was achieved by 1 μM mcIRBP. These data suggested that mcIRBP bound to IR, stimulated PI3K/PDK1/Akt pathway, and, in turn, increased the uptake of glucose in adipocytes.

mcIRBP displayed the hypoglycemic effect in normal and diabetic mice. To analyze whether mcIRBP was capable of lowering the blood glucose levels in sera, we evaluated the hypoglycemic effect of mcIRBP by glucose tolerance assay in normal and diabetic mice. As shown in Figure 6, fasting blood glucose levels of normal and diabetic mice were approximately 40 mg/dL and 450 mg/dL, respectively. After glucose challenge, the blood glucose concentrations were dramatically increased at 30 min. Mock group displayed a poor glucose clearance, while intraperitoneal administration of mcIRBP resulted in a more rapid clearance of glucose in both normal and diabetic mice. The AUC was significantly decreased by 20.9  3.2% and 10.8  3.6% in mcIRBP-treated normal and diabetic mice, respectively. The AUC was significantly decreased by 34.7  2.1% in insulin-treated diabetic mice. These data indicated that mcIRBP exhibited hypoglycemic effects in mice.

Signal transduction pathways of mcIRBP on glucose metabolism in normal and diabetic mice. Microarray analysis was performed to investigate whether insulin signaling pathway and glucose metabolism were affected by mcIRBP in mice. Although muscle and adipose tissues are dominant tissues for glucose uptake, we chose muscle tissues only to analyze the gene expression profiles affected by mcIRBP because of the similar pathway pattern between muscle and adipose tissues in our previous study.13 In a total of 29,922 genes, 636 and 1,523 genes with fold changes ≥ 2 or ≤ -2 in normal and diabetic mice, respectively, were selected and tested for the biological pathways by geneSetTest function. Top 20 up-regulated and down-regulated genes are listed in Supplementary Table S1 and Table S2. A total of 108 pathways and 95 pathways was significantly affected by mcIRBP in normal and diabetic mice, respectively (Supporting information, Supplementary Table S3 and Table S4). The information of genes for each of the significant pathway listed in Supplementary Table S3 and Table S4 is shown in Supplementary Table S5 and Table S6, respectively. As shown in Table 1, insulin signaling pathway and glucose metabolism, such as glycolysis/gluconeogenesis, citrate cycle, pentose phosphate pathway and pyruvate metabolism, were significantly regulated by mcIRBP in both normal and diabetic mice. Moreover, PPAR signaling pathway, adipocytokine signaling pathway, leptin signaling pathway, and fatty acid metabolism were also significantly regulated by mcIRBP. These findings suggested that administration of mcIRBP triggered the insulin signaling pathway and subsequently affected the glucose and lipid metabolism in mice.


DISCUSSION
In this study, we identified that a novel protein, mcIRBP, from MC directly bound to IR and triggered the insulin signaling transduction pathway in vitro and in vivo. Recently, the interaction of insulin with its primary binding site on IR was reported.27 IR is a disulphide-linked homodimer and each IR monomer contains two different insulin binding sites. Insulin binds asymmetrically to two different sites in IR dimer via bivalent growth hormone-receptor-binding mechanism.29 The primary binding site with high affinity is located on both the α-CT segment of one IR monomer and the central β-sheet of L1 of another IR monomer. The second site is located on both fibronectin domains and L2 segment of each IR monomer. Docking structure of IR and insulin in this study displayed that insulin interacted with two different sites with different docking scores on IR, as described previously.27 Analysis of the physical interaction between IR and mcIRBP by docking and photo-crosslinking showed that mcIRBP interacted with L1/CR/L2 region on IR, an opposite site of the primary binding site of insulin on IR. Moreover, IR-binding assay showed that the binding behavior of mcIRBP and insulin on IR was cooperative. These data suggested that mcIRBP was a novel IR-binding protein that bound to the sites different from the insulin-binding sites on IR. Additionally, IR is a tyrosine kinase and, in the basal state, the kinase domain of IR is wrapped up by the juxtamembrane regions proximal to catalytic domain. Upon binding to insulin, rearrangement within the ectodomain of IR results in the removal of juxtamembrane region, the release of tyrosine kinase domain, and the trans-phosphorylation of IR.30 Binding of mcIRBP to IR might induce the conformational change and release the kinase domain. This might explain why the incubation of mcIRBP and IR in tubes resulted in the activation of tyrosine kinase activity of IR.
IR significantly plays an important role in glucose homeostasis. Upon binding to insulin, tyrosine kinase activity of IR is activated, leading to the activation of PI3K/Akt and the subsequent translocation of GLUT4. Defects in the IR-mediated signaling pathways in tissues from diabetic patients or animal models also emphasize the importance of IR pathway in the regulation of glucose metabolism.6,29 In this study, we found that mcIRBP bound to IR, affected IR/PI3K/Akt pathway and, in turn, stimulated glucose uptake in 3T3-L1 cells. The hypoglycemic mechanism of mcIRBP was similar to that of insulin but was different from those of other glucose-lowering agents. For examples, thiazolidinediones, such as troglitazone, rosiglitazone and pioglitazone, bind to PPAR-γ, resulting in the enhancement of fatty acid storage, the increase of adiponectin levels, and the subsequent reduction of insulin resistance. Biguanides, such as metformin, improve insulin sensitivity and lower blood glucose levels mainly through the activation of AMP-activated protein kinase pathway.7 In addition, some compounds exhibit the hypoglycemic effects by affecting PI3K/Akt pathway. For examples, herbal compounds, such as ginsenoside Rb1, 6-gingerol, tea catechins, honokiol and embelin, stimulate the phosphorylations of PI3K and Akt, leading to the translocation of GLUT4.31-34 Cellular proteins, such as nexillin (a cardiomyopathy-associated F-actin binding protein), apelin (a cytokine mainly secreted by adipocytes) and obestatin (ghrelin gene-derived peptide), affect glucose homeostasis by activating PI3K/Akt pathway.35-38 However, none of these compounds or proteins targets to IR even though they activated PI3K/Akt pathway. These data suggested the unique mechanism of mcIRBP on the regulation of glucose homeostasis. Furthermore, mcIRBP stimulated the phosphorylation of Akt proteins at both Ser473 and Thr308. Because mammalian target of rapamycin complex 2 (mTORC2) induces the phosphorylation of Akt at Ser473 and PDK1 activates Akt activity by phosphorylating Akt at Thr308,28 we suggested that mcIRBP might also activate mTORC2 activity downstream from IR. In addition, in Figure 5A, we found that PI3K inhibitor LY294002 inhibited mcIRBP-induced phosphorylation of IR. Previous study indicates that PTP1B is a protein tyrosine phosphatase that negatively regulates insulin sensitivity by dephosphorylating the IR. However, phosphorylation of PTP1B by Akt negatively modulates its phosphatase activity and impairs it ability to dephosphorylate IR.39 Because LY294002 inhibits PI3K and PI3K-downstream Akt activities, we proposed that the decreased amount of phosphorylated IR in the presence of insulin resulted from the increased amount of unphosphorylated PTP1B.
The hypoglycemic effect of mcIRBP was analyzed by glucose tolerance assays in normal and diabetic mice. The AUC was significantly decreased by 20.9% in mcIRBP-treated normal mice, while the AUC was significantly decreased by 10.8% and 34.7% in diabetic mice treated with mcIRBP and insulin, respectively. Although the hypoglycemic effects of mcIRBP and insulin displayed a significant manner, mcIRBP was less effective than insulin in blood glucose-lowering ability. Photo-crosslinking assay suggested that mcIRBP interacted with L1/CR/L2 region on IR, an opposite site of the primary binding site of insulin on IR. IR-binding assay further showed that mcIRBP cooperated with insulin for binding to IR. Therefore, we proposed that the mcIRBP-binding site on IR was minor, in comparison with primary insulin-binding site on IR, in stimulating the IR signaling pathway and subsequently the clearance of glucose. That might explain why the blood glucose-lowering ability of mcIRBP was less effective than that of insulin. 
We performed microarray analysis to study gene expression profiles of mcIRBP in normal and diabetic mice. Microarray profiles of insulin in human skeletal muscle and rat L6 skeletal muscle myoblasts have been reported.40,41 Their data show that insulin regulates several genes involved in intermediary and energy metabolism, transcriptional and translational regulation, cell cycle, cytoskeleton, vesicle traffic, and immune response. By pathway analysis, we found the consistency of gene expression profiling between mcIRBP and insulin. Among mcIRBP-regulated pathways, the majority of pathway was associated with glucose, lipid, and energy metabolism. There were 20 and 45 differentially expressed genes in insulin-treated human skeletal muscle and insulin-stimulated rat skeletal muscle myoblasts, respectively, involved in glucose and lipid metabolism pathways (Table 1). The dominant affected pathway in insulin-treated human skeletal muscle, insulin-stimulated rat skeletal muscle myoblasts, and mcIRBP-treated mouse muscle was insulin signaling pathway. Moreover, pathways involved in transcriptional and translational regulation, such as ribosome, proteasome, RNA polymerase, SNARE and protein transport, were affected by mcIRBP. Cell cycle- and cytoskeleton-associated pathways, such as tight junction, focal adhesion, cell cycle, regulation of actin cytoskeleton, gap junction, apoptosis and cell adhesion molecules, were also regulated by mcIRBP. Additionally, mcIRBP significantly affected four immune response-associated pathways, such as complement and coagulation cascades, leukocyte transendothelial migration, antigen processing and presentation and Toll-like receptor signaling pathway, and five signaling pathways, such as PPAR, insulin, adipocytokine, mitogen-activated protein kinase, and gonadotropin-releasing hormone signaling pathways (Supporting information, Supplementary Table S3 and Table S4). These findings suggested that although mcIRBP bound to the sites different from the insulin-binding sites on IR, mcIRBP stimulated the similar biological pathways as insulin in mice.
In conclusion, our findings suggested that mcIRBP was a novel IR-binding polypeptide that bound to the sites different from the insulin-binding sites on IR. After binding to IR, mcIRBP activated IR-downstream signaling transduction pathway, regulated genes involved in glucose and lipid metabolism, and, in turn, enhanced the glucose uptake in cells and the clearance of glucose in normal and diabetic mice. 


ABBREVIATIONS USED
APS, ammonium persulfate; AUC, area under the curve; CR, cystein-rich; DMEM, Dulbecco's modified Eagle's medium; ELISA, enzyme-linked immunosorbent assay; E. coli, Escherichia coli; FBS, fatal bovine serum; GLUT4, glucose transporter 4; IR, insulin receptor; IRBP, IR-binding protein; mTORC2, mammalian target of rapamycin complex 2; MS, mass spectrometry; MC, Momordica charantia Linn.; PPAR, peroxisome proliferator-activated receptors; PI3K, phosphoinositide-3-kinase; PDK1, phosphoinositide-dependent kinase 1; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
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