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The mechanisms by which insulin activates the insulin receptor to promote metabolic processes and cellular growth are still not clear. Significant advances have been gained from recent structural studies in understanding how insulin binds to its receptor. However, the way in which specific interactions lead to either metabolic or mitogenic signalling remains unknown. Currently there are only a few examples of insulin receptor agonists that have biased signalling properties. Here we use novel insulin analogues that differ only in the chemical composition at the A6–A11 bond, as it has been changed to a rigid, non-reducible C=C linkage (dicarba bond), to reveal mechanisms underlying signaling bias. We show that introduction of an A6-A11 cis-dicarba bond into either native insulin or the basal/long acting insulin glargine results in biased signalling analogues with low mitogenic potency. This can be attributed to reduced insulin receptor activation that prevents effective receptor internalization and mitogenic signalling. Insight gained into the receptor interactions affected by insertion of an A6-A11 cis-dicarba bond will ultimately assist in the development of new insulin analogues for the treatment of diabetes that confer low mitogenic activity and therefore pose minimal risk of promoting cancer with long term use.




Keywords: insulin, dicarba insulin, insulin receptor, biased signalling agonists, mitogenic, extracellular-signal-regulated kinase (ERK), glucose metabolism, cell signalling



Introduction

Insulin acts via the insulin receptor (IR) that belongs to the receptor tyrosine kinase family. Signalling via the IR promotes essential metabolic processes required for maintaining glucose homeostasis. People with Type 1 diabetes, and many with late-stage Type 2 diabetes, use rapid acting insulin analogues to control circulating glucose levels in the postprandial phase (e.g. insulin lispro or KP insulin; Humalog®, Eli Lilly & Co.) and the basal phase (e.g. insulin glargine; Lantus®, Sanofi). While these analogues are generally effective there is a need for new analogues with improved properties, including rapid acting analogues with faster onset to minimise postprandial glucose excursions and long acting analogues with limited mitogenic properties.

Since the termination of preclinical safety testing of the postulated highly mitogenic insulin X10 (1) (HisB10Asp insulin), emphasis has been placed on reducing any potential carcinogenic risk of newly developed insulin mimetics (2). While there are no definitive reports to suggest insulin analogues currently in clinical use promote higher cancer risk, controversial discussions surrounding the complex relationships between insulin therapy, diabetes and cancer continue (2–7). Ideally, future insulin analogues should be selected to have optimal signalling traits – metabolically effective and not mitogenically active.

In order to design such an insulin analogue an understanding of the mechanisms of IR binding and activation that regulates signalling selectivity is required. Insulin is a two-chain polypeptide comprising a 21-residue A chain and a 30-residue B chain. The secondary structure of insulin consists of three α-helices, two within the A chain (A1 to A8 and A12 to A18) and a single α-helix within the central segment of the B chain (B9 to B19). The three-dimensional structure of insulin is facilitated by two intra-chain (CysA7-CysB7 and CysA20-CysB19) and one inter-chain (CysA6-CysA11) disulfide bonds. High affinity interaction of insulin with the IR involves determinants arising from insulin’s overall structure and from specific side chains located across two distinct surfaces of the insulin molecule (high affinity site 1 and low affinity site 2) (Figures 1A, B). These interact with two distinct regions on the receptor that have been characterized using site-directed mutagenesis and structural studies (8, 10–17), with IR site 1 comprising the L1 domain of one IR monomer and the αCT peptide of the second monomer (αCT’) making contact with insulin site 1 residues [reviewed in (18)]. The significance of the IR site 2 on the Fn-III-1’ is still not entirely clear but it may represent the first site of insulin contact (18). Interaction of insulin with the IR leads to substantial IR conformational change promoting IR tyrosine kinase activation, IR autophosphorylation (including juxtamembrane domain Tyr960; tyrosine kinase activation loop Tyr1148, Tyr1150, Tyr1151; C-terminal domain Tyr1316 and Tyr1322), recruitment of adapter molecules (including insulin receptor substrates, IRS-1 and IRS-2, and Shc) and subsequent downstream signalling (19).




Figure 1 | Insulin, insulin glargine and dicarba insulin analogues. (A) Primary sequence comparison of human insulin (top) and insulin glargine (bottom). Both consist of A (blue) and B (grey) chains stabilized by three disulfide bridges (yellow). Underlined are site 1-binding residues and bold are site 2-binding residues (8). Long-acting insulin glargine has a substitution of AsnA21 ➛ GlyA21 residue and an addition of ArgB31 ArgB32 residues on the C-terminal end of B chain (highlighted in green). (B) Ribbon diagram of human insulin (2-Zn-coordinated T6 conformation PDB entry 1MSO) showing the location of the three α-helices (A chain: blue; B chain: grey) and the three disulfide bonds (yellow). (C) Schematic diagram of native cysteine and isomeric cis- and trans-dicarba bridges. RP-HPLC chromatograms of (D) insulin, cis-dicarba insulin and trans-dicarba insulin (9); (E) insulin glargine, cis-dicarba dicarba glargine and trans-dicarba glargine. Analysis of the final synthesis products by mass spectrometry confirmed the correct masses of dicarba insulin (5766 Da) and dicarba insulin glargine (6021 Da).



Our limited understanding of the specific mechanisms that mediate insulin’s metabolic and mitogenic responses has been derived from characterization of a small number of biased ligands. For example, although the therapeutic promise of insulin X10 was short-lived, it is an important mitogenically-biased insulin agonist, the study of which has revealed several key insights that may explain insulin’s mitogenicity. Not only does insulin X10 have an increased binding affinity for the growth-promoting insulin-like growth factor receptor 1 (IGF-1R) but it also has a reduced rate of dissociation from the IR compared to insulin (20, 21). Its prolonged receptor residence time correlates with a sustained phosphorylation of the IR, an increased rate of receptor internalization, and enhanced mitogenic signalling (20). The basal analogue insulin glargine (GlyA21, ArgB30, ArgB31 insulin) was initially suspected to be a mitogenically biased insulin. It also binds to the IGF-1R with higher affinity and promotes an increased cell proliferation response in comparison to native insulin (22). Interestingly, however, the insulin receptor isoform A (IR-A) glargine’s dissociation kinetics do not differ from native insulin (21) and it is equipotent in promoting mitogenic cell signalling (20, 23). Conversely, the metabolically-biased S597 insulin mimetic peptide, extensively studied by Jensen et al. (24) and recently in our laboratory (25), fails to promote IR internalization. This correlates strongly with its reduced mitogenic potency compared to full metabolic activity (24, 25). Collectively, this evidence suggests IR signalling bias is influenced by ligand IR dissociation kinetics and IR internalization rates (25, 26).

Until now the studies investigating IR signalling bias have used insulin analogues with specific amino acid changes (like insulin X10), agonistic monoclonal antibodies (27), aptamers (28) or insulin mimetic peptides (24, 25). Although insulin mimetics have been useful to study mechanisms of signalling bias some, including the single chain S597 peptide, activate the IR via binding to sites distinct from the previously defined IR binding sites 1 and 2 (28, 29). In this study, we compare insulin with an analogue in which the A6–A11 disulfide bond has been replaced with an unsaturated dicarba bond (cis-dicarba insulin). Such an analogue provides a unique and important opportunity to compare the differential signalling properties between a peptide that has an identical amino acid sequence but differs only in the chemical composition at the A6–A11 bond. The installed dicarba bond is a rigid, non-reducible C=C linkage (see Figure 1C). Previously, we reported that the cis isomer of dicarba insulin binds the IR with equal affinity to insulin, promotes equivalent metabolic activity but is poor at activating a mitogenic response (9, 30). With this in mind, we first sought to determine whether the mitogenic activity of insulin glargine could be reduced through introduction of an equivalent dicarba bond. Here we show that cis-dicarba glargine does in fact act as a biased agonist with poor mitogenic potential. Subsequently, to understand the mechanism underlying the biased action of cis-dicarba insulin and cis-dicarba glargine, we investigate the relationship between phosphorylation kinetics of the IR, key IR adaptor proteins and downstream signalling molecules with IR internalization and subsequent biological activities. Our findings provide key insight into mechanisms underlying the activation of metabolic and mitogenic signalling via the IR using a structural mimetic of the insulin molecule in which the sequence is unchanged but for the installation of a conformationally constrained A6-A11 bridge.



Results


Chemical Synthesis of Cis-Dicarba Glargine Insulin

As our previous studies identified that cis-[Δ4A6,11]-dicarba human insulin (cis-dicarba insulin, with a non-reducible C=C linkage) is a biased IR agonist with reduced mitogenic potential (9, 30). We therefore sought to investigate whether the increased mitogenic potential of insulin glargine could be reduced through introduction of an analogous A6–A11 dicarba bond.

The cis- and trans-configured dicarba glargine insulin A chains, in which the A6–A11 intra-chain S-S bond is replaced by a C=C dicarba bond (Figure 1C), were synthesized as previously described using an RCM and SPPS-catalysis approach (9, 31). The modified dicarba glargine insulin A chains were then combined with the requisite insulin B chain to provide cis- and trans-isomers of c[Δ4A6,11]-dicarba glargine insulin. The synthesis of dicarba glargine is summarized in Figure S1. Isomers were separated at the final RP-HPLC step (Figures 1D, E) and correct synthesis of products was confirmed by mass spectrometry (cis-dicarba glargine insulin, m/z 6020.96).



Receptor Binding & Activation Analyses

The binding affinities of the dicarba glargine insulin analogues for the IR isoform B (IR-B), IGF-1R and IR isoform A (IR-A) were determined using competition binding assays (Figures 2A, B; Figure S2; Table 1). Similar to the effect of dicarba bonds on native insulin (9) and KP insulin (30), the cis-isomer of dicarba glargine was able to effectively bind to the IR while the trans isomer bound poorly. The trans-dicarba glargine was subsequently excluded from further receptor binding or activity assays due to its poor IR-B binding affinity. Insulin glargine bound to the IRs with a potency similar to or slightly lower than native insulin (88% via IR-B, ~35% via IR-A, compared to insulin), consistent with the literature [40-86% IR-A, 50-85% IR-B (21–23, 32)]. Additionally, glargine showed increased affinity for the IGF-1R in comparison with insulin [480% of native insulin reported in this study; 460–650% in (21, 23)]. Compared to insulin, cis-dicarba glargine showed a similar affinity for IR-B and reduced affinity for IR-A (~2.5 fold lower) (Figure 2A; Figure S2; Table 1). Whilst cis-dicarba glargine had a higher affinity than insulin for the IGF-1R (~260% of insulin) its affinity compared to glargine was significantly lower (~2 fold).




Figure 2 | Receptor binding and activation of insulin, glargine and dicarba glargine analogues. (A) Competition binding of insulin, glargine and dicarba glargine analogues with europium-labelled insulin for the IR-B and (B) with europium-labelled IGF-I for the IGF-1R. Results are expressed as a percentage of binding in the absence of competing ligand (%B/B0). (C) Activation of IR-B and (D) IGF-1R by increasing concentrations of each insulin analogue (10 min stimulation) is expressed as a percentage of the maximal receptor phosphorylation induced by insulin. All data are the mean ± S.E.M. n = at least 3 independent experiments. Error bars are shown when greater than the size of the symbols. Competition binding of insulin, glargine and dicarba glargine analogues with europium-labelled insulin for the IR-A were also performed (see Figure S2).




Table 1 | Binding affinities of IR-B and IGF-1R.



Using the kinase insulin receptor activation assay (KIRA) that detects phosphorylated tyrosine on immunocaptured, activated receptors (33), glargine insulin activated the IR-B with a potency similar to native insulin (Figure 2C) in line with previous reports (32). Of interest, the cis-dicarba glargine was shown to activate the IR-B with a ~3.5-fold reduced potency compared to glargine (Figure 2C) despite its similar affinity for the IR-B. Both insulin and cis-dicarba glargine were equipotent but poorly activated the IGF-1R (Figure 2D). This contrasts with cis-dicarba insulin which was equipotent to insulin in both binding and activation of IR-B and IGF-1R (9).



In Vitro Metabolic and Mitogenic Activity

The cis-dicarba glargine was equally potent to cis-dicarba insulin and native insulin in promoting glucose uptake by NIH3T3-L1 adipocytes, despite showing a statistically insignificant trend towards lower potency that corresponds to its slightly lower IR-B binding and activation potencies (Figure 3A). This suggests that introduction of the dicarba linkage has little effect on the ability to activate metabolic signalling pathways upon IR-B binding.




Figure 3 | In vitro metabolic and mitogenic studies of insulin, glargine and cis-dicarba analogues. (A) Glucose uptake stimulated by increasing concentrations of insulin, cis-dicarba insulin or cis-dicarba glargine is expressed as fold 2-deoxyglucose (2-DG) uptake (pmol/min/mg) above basal. Insulin vs cis-dicarba insulin vs cis-dicarba glargine (ns) (paired T-test). (B) DNA synthesis in response to increasing concentrations of stimulating insulin analogue is shown as percentage incorporation of 5-Ethynyl-2’-uridine (EdU) above basal. All data in (A) and (B) are the mean ± S.E.M. n = at least 3 independent experiments. (C) Insulin tolerance tests were conducted in mice fed on a normal diet (chow). Insulin, glargine, cis-dicarba insulin or cis-dicarba glargine (0.75 IU/kg) were administered through intraperitoneal injection (ip) under non-fasting conditions and tail vein blood glucose was measured via glucose meter at indicated times. n = 5-6 per group. Blood glucose levels are expressed as change over basal levels (mmol/L). AUC, area under the curves. Chow diet: insulin vs cis-dicarba insulinns; glargine vs cis-dicarba glarginens (paired T-test). Error bars for all graphs are shown when greater than the size of the symbols.



As a measure of in vitro mitogenic activity, DNA synthesis was observed in L6 rat skeletal myoblasts overexpressing human IR-A (L6 IR-A cells). Glargine was equipotent (within ~2-fold) to native insulin in promoting DNA synthesis (Figure 3B), consistent with previous research (32). The introduction of the dicarba bond to insulin, reduced mitogenic potency by ~5-fold, in line with our previous report (9). Importantly, the cis-dicarba glargine analogue demonstrated a marked reduction in potency in promoting DNA synthesis when compared to native insulin and glargine (~8-fold and ~3-fold respectively) (Figure 3B). Notably, there was a discrepancy between the abilities of both cis-dicarba insulin and cis-dicarba glargine to activate DNA synthesis via the IR-A and their IR-A binding affinities [Figure 3B; Figure S2 (9)]. The introduction of the A6-A11 dicarba bond significantly reduced mitogenic activity by ~8-10 fold, while only binding to the IR-A with ~2-fold lower affinity compared to native insulin. This suggests that introduction of the dicarba bond to insulin or glargine is having a similar effect on the ability of both insulins to bind and activate the IR. In summary, cis-dicarba glargine retains a metabolic potency similar to insulin that allows the analogue to effectively promote glucose uptake via stimulation of IR-B but has a reduced mitogenic potency via the IR-A (Figure 3).



Insulin Tolerance Test

All insulin analogues lowered blood glucose to a similar extent (Figure 3C). Similar to the effect of A6–A11 cis-dicarba bridge in native insulin (9) and KP insulin, the introduction of the A6–A11 dicarba bond into glargine resulted in an analogue that effectively lowered blood glucose levels in chow fed mice (Figure 3C). As was seen with cis-dicarba insulin, there was no statistical difference in the abilities of insulin glargine and cis-dicarba glargine to lower blood glucose over the 2 hours post-treatment, as was seen with cis-dicarba insulin compared with insulin.



Dose-Response Effects on P13K and MAPK Signalling

To investigate the basis of cis-dicarba insulin and cis-dicarba glargine signalling bias towards metabolic activity, activation of the molecules downstream of the IR involved in metabolic (PI3K/Akt) and mitogenic (MAPK) signalling was measured. Dose-response effects of insulin, glargine and the respective cis-dicarba analogues on these pathways were investigated using both L6 IR-A cells (Figure 4 and Figure S3) and human IR-B overexpressing, IGF-1R-negative fibroblasts (R-IR-B cells) (Figures S4 and S5).




Figure 4 | Cis-dicarba insulin and cis-dicarba glargine insulin exhibit dose-dependent signaling bias via IR-A overexpressing cells. Serum starved IR-A overexpressing L6 myoblasts (hIR-A L6) were stimulated for 10 min with increasing concentrations (0, 0.1, 0.5 1, 10 and 100 nM) of (A–B) insulin or cis-dicarba insulin, (C, D) insulin glargine or cis-dicarba glargine. Pink arrow aligns to 75 kDa marker (representative blots of n = at least 3 independent experiments). (E-L) Quantitation of western blots. Phosphorylation levels are expressed as percentage of level detected when cells were stimulated with 100 nM of insulin for 10 min; normalized to β-tubulin: (E, F) Akt (phospho-Ser473), (G, H) Akt (phospho-Thr308), (I, J) ERK 1 (phospho-Thr202/Tyr204) and (K, L) ERK 2 (phospho-Thr185/Tyr187). Quantitation of other phosphorylated proteins are included in Figure S3. All data are the mean ± S.E.M. Statistical significance of the overall difference in phosphorylation levels stimulated by cis-dicarba insulin compared to native insulin or cis-dicarba glargine compared to glargine insulin were determined via 2-way ANOVA (bars above graph); difference comparing each stimulating concentration (pink asterisks) were further analyzed using Holm-Sidak test. ns: non-significant; * (P ≤ 0.05), ** (P ≤ 0.01); *** (P ≤ 0.001); **** (P ≤ 0.0001). Dose-dependent signalling analyses were also performed in IR-B overexpressing cells (see Figures S4–S5).



Overall, in dose-response activation experiments, the cis-dicarba insulin and cis-dicarba glargine were significantly less effective than insulin or glargine, respectively, in activating the MAPK pathway. Such differential potencies were seen in both tested cell types but were more evident in the L6 IR-A cells (Figure 4 and Figure S3) than in IR-B overexpressing fibroblasts (Figures S4 and S5). A mitogenic response via the MAPK pathway is regulated by phosphorylation of ERK1/2 and p90RSK. Thus, activation and phosphorylation of ERK 1 (Thr202/Tyr204), ERK 2 (Thr185/Tyr187) and its downstream p90RSK (Ser380) were measured. Activation of IR-A receptors with cis-dicarba insulin (Figures 4A, I, K and Figure S3C) and cis-dicarba glargine (Figures 4C, J, L and S3D) resulted in significantly reduced phosphorylation levels of ERK 1, ERK 2 and p90RSK between concentration ranges of 0.1–10 nM at t = 10 min (p* ≤ 0.05 to p**** ≤ 0.0001). Similarly, activation of IR-B with both cis-dicarba insulins also showed dose-dependent lower phosphorylation levels of ERK 1 and ERK 2 (Figures S4A–D and I–L).

Compared to the MAPK pathway, the difference in activation of the PI3K/Akt pathway between native parent peptides and their respective cis-dicarba analogues was less evident. Therefore, the phosphorylation of Akt (p-Akt Thr308 and p-Akt Ser473) and S6 ribosomal protein (Ser235/236) was measured as a readout of the PI3K/Akt pathway. There was a reduced ability of cis-dicarba glargine but not cis-dicarba insulin to stimulate phosphorylation of Akt at Thr308 on L6 IR-A (Figures 4G, H; (p ≤ 0.01)) and R-IR-B cells (Figures S4G, H). The levels of Akt phosphorylation at Ser473 upon cis-dicarba insulin (IR-A: Figures 4A, E; IR-B: Figures S4A, E) or dicarba glargine (IR-A: Figures 4C, F; IR-B: Figures S4C, F) stimulation were generally similar to their parent peptides; with significant difference only apparent at the lowest concentration (0.1 nM; p* ≤ 0.05 to p** ≤ 0.01).

Downstream of Akt, phosphorylation of GSK-3β at Ser9 inhibits its activity and in turn promotes glycogen synthesis (34). Maximal phosphorylation of GSK-3β Ser9 was achieved even at the lowest concentrations used (0.1 nM) for all analogues, meaning that no potency differences between analogues could be detected for GSK-3β activation (IR-A: Figures 4B, D, and Figures S3A, B; IR-B: Figures S4B, D and S5A, D). In addition, in R-IR-B cells there was no difference in the abilities of all peptides to stimulate phosphorylation of AS160, an important effector of the PI3K/Akt pathway that promotes glucose uptake (Figures S5G, H). However, phosphorylation of AS160 was not able to be detected in L6 IR-A cells within this study.

In summary, cis-dicarba insulin and cis-dicarba glargine were significantly less potent at activating the MAPK pathway in a dose-dependent manner compared to insulin while maintaining equal potency in activating the PI3K/Akt pathway.



Kinetics of PI3K/Akt and MAPK Signalling

Following the investigation of the dose-dependent response of cis-dicarba analogues, the kinetics of PI3K/Akt and MAPK signalling were determined. Intrigued by the apparent dose-dependent signalling bias driven under IR-A activation, we further investigated the signalling kinetics of stimulated L6 IR-A cells by insulin, cis-dicarba insulin, glargine and cis-dicarba glargine using a constant 10 nM concentration of ligand over a time course of t = 0, 0.33 (20s), 0.5 (30s), 1, 3, 5, 8, 10, 20 and 30 min (Figures 5; S6, S7). The overall kinetics of activation of the PI3K/Akt pathway (Figures 5A-F) versus the MAPK pathway (Figures 5A, C, G, H) by both insulin and glargine were markedly different. Akt (Ser473; Figure 5E and Thr308; Figure 5F) and GSK-3β (Figure S7A) showed a rapid response reaching optimal phosphorylation within 20s post-stimulation and remained at maximal phosphorylation throughout the duration of experiment up to t = 30 min. On the other hand, phosphorylation of ERK1/2 (Figures 5G, H) and p90RSK (Figure S7B) progressed gradually, reaching maximal phosphorylation at t = 10 min post-stimulation and then reducing between t = 10 – 30 min.




Figure 5 | Cis-dicarba insulin and cis-dicarba glargine insulin exhibit time-dependent signaling bias via IR-A overexpressing cells. Serum starved IR-A overexpressing L6 myoblasts (hIR-A L6) were stimulated with 10 nM of (A, B) insulin or cis-dicarba insulin or (C, D) glargine or cis-dicarba glargine in a time-course of t = 0, 0.33 (20 s), 0.5 (30 s), 1, 3, 5, 8, 10, 20 and 30 min. The full time-course of insulin and glargine can be seen in Figure S6. (E-H): Quantitation of western blots (n = at least 3 independent experiments). Phosphorylation levels are expressed as percentage of level detected when cells were stimulated with 10 nM of insulin for 30 min; normalized to β-tubulin: (E) Akt (phosho-Ser473), (F) Akt (phosho-Thr308), (G) ERK 1 (phospho-Thr202/Tyr204) and (H) ERK2 (phospho-Thr185/Tyr187). All data are the mean ± S.E.M. Error bars are shown when greater than the size of the symbols. AUC, area under the curves derived from % of phosphorylation over 30 minutes. Statistical significance of the difference in total phosphorylation over 30 minutes measured as AUC when stimulated by cis-dicarba insulin compared to insulin or cis-dicarba glargine compared to glargine insulin were determined via ordinary one-way ANOVA. ns: non-significant; * (P ≤ 0.05), ** (P ≤ 0.01); *** (P ≤ 0.001); **** (P ≤ 0.0001). Quantitation of other phosphorylated proteins are included in Figure S7.



In line with the dose-response assays, the kinetics of activation of the PI3K/Akt pathway (p-Akt (Ser473; Figure 5E), p-Akt (Thr308; Figure 5F), p-GSK3β (Ser9; Figure S7A) and p-S6 (Ser235/236; Figure S7C)) were essentially the same for insulin, cis-dicarba insulin and cis-dicarba glargine. Downstream of Akt, the dicarba analogues were equipotent to their parent peptides in activating the S6 ribosomal protein, with all promoting gradual kinetics of activation, contrast to the rapid kinetics seen in other PI3K/Akt signalling proteins. These observations are consistent with the ability of cis-dicarba analogues and insulin to promote a similar level of metabolic activity in vitro (glucose uptake assays; Figure 3A) and in vivo (insulin tolerance tests; Figure 3C).

Compared to the equipotent insulin and glargine, a lower level of activation of MAPK signalling by cis-dicarba insulin and cis-dicarba glargine was characterized by more gradual ERK1/2 and p90RSK phosphorylation responses. The effect was more prominent for ERK 1/2 activation by cis-dicarba glargine (**p ≤ 0.01 to ****p ≤ 0.0001) than cis-dicarba insulin (*p ≤ 0.05 to **p ≤ 0.01) (Figures 5G, H). Moreover, when activated by cis-dicarba insulin and cis-dicarba glargine, ERK 1/2 phosphorylation never achieved the maximal level attained through stimulation by their corresponding parent peptides (insulin and glargine, respectively) (Figures 5G, H). These findings correlate well with the lower mitogenic potency of cis-dicarba analogues measured in vitro via the DNA synthesis assay (Figure 3B) and provide an explanation as to why metabolic potency is retained but mitogenic potency is reduced.



IR-A Receptor Internalization

Having established the correlation between biological outputs and their upstream intracellular signalling kinetics, we proposed that the reduced mitogenic signalling of cis-dicarba insulins is regulated by a receptor-dependent event that occurs after the initial receptor engagement. Previously, other groups (24, 35, 36) and our laboratory (25) provided evidence supporting the hypothesis that activation of mitogenic signalling via MAPK pathway is dependent on IR-A internalization, although the underlying mechanism(s) that triggers receptor internalization is not fully understood. Therefore, we sought to determine if a decreased receptor internalization was associated with the poorer mitogenic potencies of the cis-dicarba insulins. The method used in this study for measuring receptor internalization was optimized based on previous methods and performed in L6 IR-A cells (24, 25, 37).

Insulin and glargine rapidly induced receptor internalization post-stimulation (evident within 10 min). Within 2 h, only 60% of IR-A remained on the cell surface (Figure 6A). As predicted, the less mitogenic cis-dicarba insulin and cis-dicarba glargine showed significantly impaired ability to promote IR-A internalization, with virtually all receptor remaining on the surface 2 hours post-stimulation.




Figure 6 | Cis-dicarba analogues are incapable of promoting IR-A internalization due to inability to promote phosphorylation of IR-A, IRS-1 and Shc. (A) Serum starved IR-A overexpressing L6 myoblasts were treated with serum-free media (SFM; non-stimulated condition, grey) or 10 nM of insulin analogues in a time-course of t = 0, 5, 10, 20, 30, 60 and 120 min. Data are presented as % of surface receptor/total receptor followed by normalisation with % of surface receptor in SFM at t = 0; i.e. SFM at t = 0 is equivalent to 100%. (B, C) Serum starved IR-A overexpressing L6 myoblasts (hIR-A L6) were stimulated with 10 nM of insulin or cis-dicarba insulin in a time-course of t = 0, 0.5 (30 s), 1, 3, 5, 8 and 10 min. Phosphorylation levels are expressed as percentage of level detected when cells were stimulated with 10 nM of insulin for 10 min: (B) IR (phospho-Tyr1150/Tyr1151); normalized to β-tubulin, IRβ for loading control C) immunoprecipitated (IP) IRS-1 (pTyr20: total tyrosine phosphorylation); normalized to total IRS-1 and (D) p52 Shc (phospho-Tyr239/Tyr240); normalized to β-tubulin. All data are the mean ± S.E.M. n = at least 3 independent experiments. Error bars are shown when greater than the size of the symbols. Statistical significance were determined via one-way repeated measures ANOVA followed by Dunnets multiple test. For receptor internalization (A), statistical analyses were performed comparing the effect of insulin analogues and SFM. For (B-D), statistical analyses were performed comparing insulin and cis-dicarba insulin. ns: non-significant; **** (P ≤ 0.0001).





Kinetics of IR-A, IRS-1 and Shc Activation

To determine whether reduced IR-A internalization in response to cis-dicarba insulins was a result of perturbation of the initial receptor activation step, the phosphorylation of Tyr1150/Tyr1151 (Tyr residues located within the kinase domain activation loop) was measured upon cis-dicarba insulin activation (Figure 6B). While there was rapid and sustained phosphorylation over 10 min of Tyr1150/Tyr1151 in response to insulin, the cis-dicarba insulin was much slower to stimulate receptor activation and the response only reached ~20% that of insulin. This result was unexpected as cis-dicarba insulin was almost as potent as insulin in a kinase receptor activation assay in which the phosphorylation of tyrosine on immunocaptured, activated receptors is measured (9), and serves as a reminder that the KIRA assay is a read out of total receptor phosphorylation and not specifically the phosphorylation of the kinase activation loop. In turn, the ability of cis-dicarba insulin to promote IRS-1 (Figure 6C) and Shc (Figure 6D) activation was equally perturbed resulting in much slower and weaker responses (~30%) compared to insulin. As cis-dicarba insulin and cis-dicarba glargine were equally ineffective in promoting IR-A internalization we assume similar effects on Tyr1150/Tyr1151 phosphorylation and IRS-1 and Shc activation would be seen for cis-dicarba glargine. Overall these results indicate that IR-A internalisation is dependent on effective IRS-1 and Shc activation in order to promote effective ERK1/2 activation.




Discussion

In the last three decades many insulin analogues have been generated to provide effective options for the treatment of diabetes. The early discovery that insulin X10 had increased mitogenic properties highlighted the need to be aware of the potential to introduce unwanted mitogenic properties into newly designed analogues. We aimed to develop a glargine analogue with reduced mitogenic potency through the introduction of a dicarba bond at residues A6-A11. The resultant cis-dicarba glargine binds the IR with equal potency to insulin, promotes equivalent glucose uptake in vitro and in vivo and yet has marked reduction in mitogenic potency (DNA synthesis). As seen with our previous studies with dicarba insulin, the trans-dicarba glargine isomer was unable to bind the IR and was therefore inactive.

To explain how cis-dicarba glargine acts as a biased IR agonist we investigated the signalling steps leading to the different biological outcomes. Initially the ability to activate Akt and ERK1/2 was monitored as an indication of ability to regulate metabolic and mitogenic responses, respectively. Cis-dicarba glargine stimulated rapid activation of Akt with similar rapid kinetics and potency to insulin, whereas it was less potent in promoting the slower kinetics of ERK1/2 activation than insulin (Figure 5). The slower kinetics and lower potency of cis-dicarba glargine were similar to those of cis-dicarba insulin, suggesting that the cis-dicarba bond properties are conferring an altered ability to activate the ERK1/2 pathway. Here we also show that cis-dicarba insulin and cis-dicarba glargine were ineffective in promoting IR internalisation (Figure 6A), a property that has previously been shown to be required for effective and potent ERK1/2 activation (25, 26, 38). Notably, internalisation involves feedback of ERK1/2 to phosphorylate IRS-1, which allows recruitment of assembly polypeptide 2 (AP2) and the endocytic machinery (see Figure 7) (39). This requirement for feedback likely underlies the relatively gradual phosphorylation kinetics of ERK1/2 (40). It is possible that cis-dicarba glargine and cis-dicarba insulin are ineffective in promoting the required feedback and subsequent recruitment of AP2 leading to ineffective IR internalisation and resulting in much reduced ERK1/2 activation compared to insulin (Figure 7B).




Figure 7 | Akt and ERK requires different IR activation thresholds to achieve full activation that influence the fate of biological outputs. Schematic of the Akt-PI3K and ERK-MAPK signalling pathways following ligand binding. Increased/decreased green bars in battery symbol represent an increase or decrease in levels of phosphorylation. (A) Insulin binding to the IR with full activation of pathways leading to metabolism, growth and survival. (B) Dicarba insulin binding to the IR with decreased activation of the IR, IRS-1, Shc and ERK1/2 resulting in impaired feedback to IRS-1 and decreased IR internalization (decreased growth and survival). Akt signalling continues equivalent to the response to insulin (C) Schematic indicating the threshold levels of IR activation that are required for full ERK and/or full Akt activation (mitogenically or metabolically biased).



To explain why both dicarba insulins (cis-dicarba glargine and cis-dicarba insulin) were equipotent to insulin in activating Akt, and yet both were ineffective in stimulating internalization and ERK1/2 activation, we speculated that signalling upstream of Erk1/2 was affected. To explore this, we measured the ability of cis-dicarba insulin to activate the IR-A (phosphorylation of Tyr1150/Tyr1151 of the tyrosine kinase activation loop, IR-A numbering) and discovered reduced kinetics of activation compared to insulin. This is similar to the poorly mitogenic S597 peptide, which also promoted slower IR-A Tyr phosphorylation kinetics compared to insulin, not only for Tyr residues on the activation loop (Tyr1146, Tyr1150, Tyr1151) but also Tyr960 (in the Juxtamembrane domain, a docking site for the adaptor proteins IRS 1/2 and p52 Shc) and several residues on the C-terminal domain (Tyr1316 and Tyr1322) (25, 26). In contrast, the mitogenic insulin X10 promoted an increased phosphorylation of IR-A Tyr960, Tyr1146 and Tyr1322 compared to insulin (32), with a small preferential phosphorylation of Tyr960 and Tyr1146 over the C-terminal Tyr1322. Therefore, this study provides further evidence that the magnitude and kinetics of IR Tyr phosphorylation play a key role in determining the mitogenic potency of insulin analogues.

Next we measured the phosphorylation of the adapter proteins IRS-1 and Shc (Figures 6C, D). Recruitment and rapid activation of IRS 1/2 and p52 Shc adaptor proteins leads to Akt and MAPK pathway activation (Figure 7A), respectively, and we wondered if a difference in their activation could explain the bias to Akt signalling. We showed that cis-dicarba insulin was significantly less potent in activating both IRS-1 and Shc, in line with the decreased IR phosphorylation. To reconcile how Akt signalling promoted by cis-dicarba insulin remains equal to insulin despite poor receptor activation, we propose that IR signalling bias is modulated through different IR phosphorylation thresholds (Figure 7C). We propose that full activation of Akt is rapid and can be achieved via a low level of IR Tyr1150/Tyr1151 phosphorylation and IRS-1 activation. Full activation of ERK1/2 only occurs when Tyr1150/Tyr1151 phosphorylation and Shc activation exceeds a higher threshold that permits sufficient ERK1/2 feedback to IRS-1 to recruit AP2 and promote internalisation. A similar proposal has been put forward to explain the bias of the anti-IR monoclonal antibody XMetA which effectively activates the Akt pathway but fails to activate ERK (27). Such a mechanism has been previously described for the fibroblast growth factor receptor (FGFR), where the durability/strength of FGFR dimer formation promoted by ligand binding governs different levels of receptor activation and downstream signalling (41).

The evidence provided so far suggests that installation of an intrachain dicarba bridge in insulin and glargine affects the way in which the analogues engage with and subsequently activate the IR. A key structural change in insulin results in the end of the B-chain opening out from the insulin core to enable important residues at the beginning of the first A-chain to bind to the αCT’ within the IR binding site 1. Previously we conducted a detailed biophysical analysis of both the cis-and trans-dicarba isomers to explain why the trans-isomer is inactive (30). Both cis- and trans-dicarba bonds are metabolically non-reducible, planar and conformationally restricted. We showed that a cis-configured dicarba A6-A11 bridge permits A-chain flexibility which is apparently important for the transition of insulin to its active conformation for IR binding. Molecular dynamics simulations suggested that the short A6-A11 Cα-Cα distance in cis-dicarba bond allows the active conformation of the A chain to be accessed. The trans-dicarba A6-A11 bond has decreased conformational flexibility and a longer A6-A11 Cα-Cα distance changing the conformation of the A6-A11 loop, thereby preventing the formation of a hydrogen bond between ThrA8 and ValA3 in the A-chain helix and inhibiting it from adopting the active conformation that engages with binding site 1.

Recent cryo-electron microscopy studies of the IR have captured the structure of the insulin:IR complex in what is believed to be the active conformation (13, 15). A major rearrangement of the IR involves movement of the Fn-III-1-3 “legs” together which apparently brings the transmembrane spanning regions in close proximity and leads to activation of the intracellular tyrosine kinase domain (although the intracellular region is not resolved in the structures). In the active conformation the binding site 1 interaction involves the L1, αCT’ and less extensive contact with the Fn-III-1’ (termed site 1b’ (15),). Of note is that insulin’s A6-A11 loop and surrounding residues including the interchain CysA7-CysB7 disulfide bond are in close proximity to site 1b’. It may be possible that not only does the A6-A11 Cα-Cα distance and the lack of flexibility play a role in engagement with the αCT’ but it can also impact the site 1b’ interaction through the impact on the A6-A11 loop and CysA7-CysB7 bond. Interestingly, a key residue in the site 1b’ interaction is insulin HisB10 which lies near CysB7 and contacts IR Arg539’in the final active conformation. Substitution of HisB10 with Asp leads to an increased rate of receptor internalisation and enhanced mitogenic signalling that is related to its slower kinetics of dissociation from the IR (20). It is tempting to speculate that the lower mitogenic potential of cis-dicarba insulins, including cis-dicarba glargine, is due to a change in the interaction at site 1b’ through altering the flexibility of insulin in this region and more specifically impacting the CysA7-CysB7 bond. Implied is then that the cis-dicarba insulins would have an increased rate of dissociation through altered interaction at this site and this would lead to the reduced IR activation, IR internalisation and ERK1/2 signalling. It is less likely that the effect of the cis-dicarba bond on the A6-A11 loop and CysA7-CysB7 bond would impact on binding at site 2 on Fn-III-1’ (residues Arg479, Ser481, Lys484, Leu486, Arg488, Asp535, Pro537, Pro549, Gly550, Trp551, Leu552 (15)), despite HisB10 also being involved in site 2 binding. The A6-A11 loop is on the opposite side of insulin to the site 2 binding region and HisB10 is peripheral to this binding site (15–17). However, a bulge introduced in the cis-dicarba insulin B chain close to site 2 residue LeuB17 may impact site 2 binding (30). Study of cis-dicarba dissociation kinetics and determination of a structure of the dicarba insulin: IR-A complex would reveal any impact on the Fn-III-1’ interaction and is in future plans.

In conclusion, through minimal manipulation (introduction of a non-reducible A6-A11 dicarba bridge) of insulin, we have created ideal analogues (cis-dicarba insulin and cis-dicarba glargine) for the investigation of IR-A signalling bias. Analysis of the receptor binding, activation and downstream signalling confirmed that the activation of MAPK signalling via IR-A is dependent on the rate of IR-A internalization. We conclude that replacement of the A6-A11 disulfide bond with a cis-configured, rigid dicarba bond does not affect metabolic potency but significantly reduces mitogenic potential. It appears that the ability to reach an IR activation threshold that permits ERK1/2 activation is dependent on interaction between the insulin structure at the A6-A11 loop and the residues in close proximity to the CysA7-CysB7 bond and the IR Fn-III-1’, possibly at site 1b. This advance in our understanding of molecular determinants of IR activation will be important for the future design of improved insulin analogues which are metabolically effective and with minimal mitogenic activity.



Experimental Procedures


Materials

Actrapid® insulin was purchased from Novo Nordisk Pharmaceuticals Ltd. Lantus® glargine insulin was purchased from Sanofi Pty Ltd. Western Lightning Plus-ECL, Enhanced Chemiluminescence Substate was purchased from Perkin Elmer, Amersham™ Protran™ 0.2 μm nitrocellulose membrane was obtained from GE Healthcare Life Sciences. Precision Plus Protein™ Dual Color Standards was purchased from Bio-Rad. Hybridoma cells expressing antibodies specific for the IR α-subunit (83-7 and 83-14), IGF-1R α-subunit (24-31) and IR β-subunit (CT-1) were a gift from Prof. K Siddle (42–45). The monoclonal anti-IR antibody 83-14 was labelled with europium (Eu-83-14) according to instructions provided by Perkin Elmer Life Sciences. Anti-Eu PY20 was purchased from Perkin Elmer Life Sciences. 5-Ethynyl-2’-deoxyuridine (EdU) was purchased from Abcam, and FAM-Azide 488 was purchased from Lumiprobe Corporation. Blots were probed with Pathscan® Multiplex Western Cocktail (Cell Signalling, #5301S, 1:200) to detect phospho-p90RSK (Ser380), phospho-Akt (Ser473), phospho-ERK1 (Thr202/Tyr204), phospho-ERK2 (Thr185/Tyr187) and phospho-S6 ribosomal (Ser235/236) simultaneously or with antibodies against phospho-AS160 (Thr642, 1:1000), phospho-Akt (Thr308, 1:1000) and phospho-GSK3b (Ser9, 1:1000) (Cell Signalling). Phospho IR (Tyr1151/Tyr1150, 1:1000) and phospho Shc (Tyr239/Tyr240, 1:1000) were from Cell Signalling, anti-β tubulin (1:1000) was purchased from Thermo Fisher Scientific, pTyr20 (1:200) was from Santa Cruz and IRS-1 antibody (1:500) is from Merck. The IR β antibody (1:400 for western blots) was a gift from Prof. K Siddle. Secondary antibodies (donkey anti-mouse IgG IR Dye 680RD and donkey anti-rabbit IgG IR Dye 800CW, 1:50,000) were purchased from LI-COR, (goat anti-mouse IgG HRP conjugated, 1:5000) from Thermo Fisher and (donkey anti-rabbit IgG HRP conjugated, 1:5000) from Jackson Immunoresearch.




Cell Lines and Culture Conditions

Human IR-A and IR-B over-expressing R- fibroblast cells (R-IR-A and R-IR-B, respectively) derived from IGF-1R knockout mouse embryonic fibroblasts, a gift from Prof. R. Baserga (Philadelphia, USA) (46) were produced according to Denley et al. (33). Human IR-A over expressing L6 myoblasts (L6 IR-A cells) were provided by Dr B.F. Hansen (Novo Nordisk A/S, Denmark). P6 cells (BALB/c3T3 cells overexpressing the human IGF-1R) were from Prof. R. Baserga (47). All cells were maintained in Dulbecco’s minimal essential medium (DMEM) high glucose (4500 mg/L) supplemented with 10% FCS (Bovogen Biologicals), 100 U/L penicillin and 100 µg/L streptomycin. Cell culture media and supplements were purchased from Life Technologies/Thermo Fisher Scientific Australia.


Synthesis of Dicarba Glargine Insulins

Chemical synthesis of dicarba insulins was performed as previously described (9), the synthesis of dicarba glargine insulins is outlined in Figure S1. The methods of synthesis of c[Δ4A6,11]-dicarba insulin (cis- and trans-dicarba insulins) (9) and c[Δ4A6,11]-dicarba insulin glargine (cis- and trans-dicarba glargines) were essentially the same. Synthesis of dicarba A chain was achieved through an interrupted solid-phase peptide synthesis (SPPS)-catalysis and ring-closing metathesis (RCM) procedures (9, 31). Construction of glargine insulin A- and B-chain was achieved through microwave-accelerated SPPS. The monocyclic A-B conjugates were prepared by combination of the dicarba glargine A chain with the glargine insulin B chain under basic conditions resulting in spontaneous oxidation of the liberated free thiol groups. This was followed by iodine induced concurrent CysA19 and CysB20 deprotection and oxidation generating the target cis- and trans-dicarba glargine insulins.



Receptor Competition Binding Assays

IR-A, IR-B and IGF-1R competition binding with increasing concentrations of insulin, glargine insulin and cis-dicarba insulins was measured as previously described by Denley et al. (33) and as reported in Ong et al. (30). Human IR isoform A, isoform B and IGF-1R were solubilized from R-IR-A, R-IR-B and P6 cells, respectively. Briefly, cells were serum starved in serum-free medium (SFM) containing 1% (w/v) BSA for 4 h before lysis in ice-cold lysis buffer (20 mM HEPES, 150 mM NaCl, 1.5mM MgCl2, 10% (v/v) glycerol, 1% (v/v) Triton X-100, 1mM EGTA, and 1 mM phenylmethylsulfonyl fluoride, pH 7.5) for 1 h at 4°C. Lysates were centrifuged for 10 min at 2,200g, and then 100 µL of lysate was added per well to a white Greiner Lumitrac 600 96-well plate (16 h at 4°C) previously coated with anti-IR antibody 83-7 or anti-IGF-1R antibody 24-31 (250 ng/well in bicarbonate buffer, pH 9.2). Approximately 300-500,000 fluorescent counts of europium-labelled insulin or IGF-I (Eu-insulin or Eu-IGF-I prepared in house) were added to each well along with increasing concentrations of unlabelled competitor and incubated for 16 h at 4°C. Wells were washed with 20 mM Tris, pH 7.4, 150 mM NaCl (TBS) and 0.1% (v/v) Tween 20 (TBST). Then 100 µl/well DELFIA enhancement solution (PerkinElmer Life Sciences) was added. After 10 min, time-resolved fluorescence was measured using 340-nm excitation and 612-nm emission filters with a BMG Lab Technologies Polarstar fluorometer (Mornington, Australia). Assays were performed in triplicate in at least three independent experiments.



Kinase Receptor Activation Assays (KIRA)

IR-A, IR-B and IGF-1R phosphorylation in response to increasing concentrations of insulin, glargine insulin and cis-dicarba insulins was detected essentially as previously described (30, 33). Briefly, R-IR-A, R-IR-B or P6 cells (5x104 cells/well) were serum-starved for 4 h before treatment with increasing concentrations of insulin, glargine or cis-dicarba insulins (0.01 - 300 nM) in 100 µl of SFM/1% BSA for 10 min or over a time course with 10 nM ligand (0, 2, 5, 8, 12, 20, and 30 min) at 37°C/5% CO2. Cells were lysed with ice-cold lysis buffer containing 2 mM Na3VO4 and 100 mM NaF, and receptors were captured onto white Greiner Lumitrac 600 96-well plates precoated with anti-IR antibody 83-7 or anti-IGF-IR antibody 24-31 (250 ng/well) and blocked with TBST/0.5% BSA. Following overnight incubation at 4°C, the plates were washed three times with TBST. Phosphorylated receptor was detected by incubation with Eu-PY20 (76 ng/well) at room temperature for 2 h. Wells were washed four times with TBST, and time-resolved fluorescence was detected as described above. Assays were performed in triplicate in at least three independent experiments.



DNA Synthesis Assay

DNA synthesis was carried out based on previously described Gaugin et al. (48), with some modifications using the labelling approach described below. L6 rat skeletal myoblasts overexpressing the human IR-A were used as they are a well-established model for measuring mitogenic activity of insulin analogues (49). These cells express 287,000 IR-A receptors compared to 25,800 IGF-1R receptors (50), meaning the IR-A homodimer is the predominant receptor in this cell line and the responses reflect mitogenic activity promoted by IR-A. Cells were plated in a 96 well flat bottom plate (32 × 104 cells/well) and grown overnight at 37°C, 5% CO2. Cells were starved in SFM for 2 h prior to treatment with increasing ligand concentrations of insulin, glargine or cis-dicarba insulins (0.01 - 300 nM) for 18 h in SFM/1% BSA at 37°C/5% CO2. The cells were incubated with 10 µM of 5-Ethynyl-2’-deoxyuridine (EdU) for 4 h, washed with filtered PBS/1% BSA and fixed in the dark for 15 min with 4% paraformaldehyde (PFA). Fixed cells were washed with PBS/1% BSA and permeabilized for 20 min with 0.5% Triton X-100. A click chemistry labelling cocktail (2 µM FAM-Azide 488/100 mM Tris pH 7.5/4 mM CuSO4/100 mM sodium ascorbate) was added to the cells for 30 min at room temperature in the dark. Finally, cells were washed thrice with PBS/1% BSA and fluorescence was measured using 485 nm excitation and 535 nm emission filters with the BMG Lab Technologies Polarstar fluorometer. Assays were performed in triplicate in at least three independent experiments.



Glucose Uptake Assay

NIH3T3-L1 myoblasts (up to passage 20) grown in DMEM supplemented with 10% newborn calf serum, 2mM L-glutamine, 100 U/l penicillin, 100 µg/L streptomycin at 37°C were seeded into 24-well plates at 5 x 103 cells/well and grown for 8 days to confluence. They were then differentiated into adipocytes as described in Govers et al. (51). After differentiation the NIH3T3-L1 cells express 37,000 IGF-1R and 250,000 IR per cell (52). Glucose uptake in response to insulin and insulin analogues was measured essentially as described in van Dam et al. (53). Briefly, 3T3-L1 adipocytes were serum starved in SFM/1% BSA for 4 h, washed twice with Krebs-Ringer phosphate buffer (KRP; 12.5mM HEPES, 120mM NaCl, 6mM KCl, 1.2mM MgSO4, 1mM CaCl2, 0.4mM Na2HPO4, 0.6mM Na2HPO4 (pH7.4)) containing 1% BSA and incubated for 15min at 37°C. Insulin or insulin analogues were added at decreasing concentrations (100 – 0.3nM) for 30 min at 37°C. For the final 10 min 2-deoxyglucose (DOG) uptake was initiated by the addition of 50 µM cold deoxyglucose and 1 µCi 3H –deoxyglucose per well. The assay was terminated by rapidly washing the cells three times with ice-cold KRP buffer. Cells were solubilized in 0.5 M NaOH/0.1% SDS and 3H content was determined by scintillation counting. Nonspecific 2-DOG uptake was determined in the presence of 50μM cytochalasin B. Assays were performed in triplicate in at least three independent experiments.



Insulin Tolerance Test

Insulin tolerance tests were performed as previously described (9). Briefly, eight-week-old C57BL6 male mice were fed a standard chow diet containing (wt/wt) 77% carbohydrate, 20% protein and 3% fat from Ridley AgriProducts (Pakenham, Victoria, Australia). Mice (6 per group) were injected ip with 0.75I U/Kg insulin, glargine, cis-dicarba insulin or cis-dicarba glargine under non-fasting conditions and tail vein blood glucose was monitored using a glucometer at indicated times. Experimental procedures were carried out in accordance with protocols approved by Austin Health Animal Ethics Committee (AEC 2011/04396).



Immunoprecipitation and Western Blot Analysis

R/-IR-B (80,000 cells/well) or L6 IR-A cells (240,000 cells/well) were seeded in 6-well plates and allowed to grow to confluence (~ 48 hours). Prior to stimulation, cells were serum starved in SFM/1% BSA for 4 h. Cells were stimulated and analysed by dose-response (0.1, 1, 10 and 100 nM) for 10 min at 37°C and by time-course at 10 nM ligand concentration at 37°C (stimulating for various times up to 30 min) with insulin or insulin analogues. After stimulation, cells were washed with warm PBS and lysed for 60 min in 200 μL pre-chilled RIPA lysis buffer (50 mM Tris, 150 mM NaCl, 1% (v/v) NP-40, 0.25% sodium deoxycholate, 1 mM EDTA, pH 8.0) supplemented with Roche cOmplete™ Protease Inhibitor Cocktail and PhosSTOP™ phosphatase inhibitor tablets. Lysates were scraped from the well, spun at 13,000 rpm for 3 min at 0°C to remove cell debris and stored at -80°C. Lysate protein concentrations were quantified using Bio-Rad DC™ Protein Assay and 20μg of each sample was separated in 10% glycine gels under reducing conditions. Transferred blots were blocked for 1 h at room temperature in TBST containing 3% BSA and probed with primary antibodies (Pathscan Antibody, pAkt(Thr308), pGSK(Ser9), pAS160(Thr642)) in blocking solution (TBST containing 3% BSA) overnight at 4°C. All blots were also probed with anti-β-tubulin as a loading control. Blots were washed six times for 5 min each in TBST then probed with either HRP-conjugated (dose-response) or fluorophore-conjugated (time-course) secondary antibodies for 1 hour at room temperature. The washing was then repeated.

Activated IRS-1 was determined using immunoprecipitation. Anti-IRS-1 antibody(4ug) was pre incubated with protein G agarose overnight at 4°C before adding to lysates to immunoprecipitate IRS-1 overnight at 4°C. Complexes were washed three times in PBS, boiled under reducing conditions and samples separated on 10% glycine gels. Transferred blots were blocked for 1 h at room temperature in TBST containing 3% BSA and probed with primary antibodies (anti-IRS-1 for total IRS-1 protein, or anti pTyr20 for total phosphorylated protein in immunoprecipitation) in blocking solution (TBST containing 3% BSA) overnight at 4°C. Blots were washed six times for 5 min each in TBST then probed with fluorophore-conjugated secondary antibodies (donkey anti-mouse 680RD and anti- rabbit 800CW) for 1 hour at room temperature. The washing was then repeated before blots were imaged with an Odyssey® CLx Imaging System.

Dose response blots were developed in ECL reagent according to manufacturer’s instruction and imaged in Fujiflim LAS-4000 Luminescent Image Analyzer. Time course blots were imaged with an Odyssey® CLx Imaging System. All blots were performed at least three times. All data were analysed with LI-COR Image Studio™ software and each band intensity was normalized to tubulin of its respective lane. Densitometric analyses were performed to demonstrate dose-response (Equation 1) and time-course (Equation 2) effects of cis-dicarba insulin analogues on phosphorylation levels of intracellular proteins involve in metabolic and (or) mitogenic signalling.

Equation 1: Dose-response Analysis

	

Data were analysed individually, averaged and plotted as mean ± S.E.M. in bar graphs.

Equation 2: Time-course Analysis

	

Data were analysed individually, averaged and plotted as mean ± S.E.M. in XY line graphs.



Receptor Internalization

Receptor internalization assays were performed based on methods described previously with some modifications (24, 25, 37). Briefly, R-IR-A cells (10,000 cells/well) were seeded in 96-well plates in duplicate sets: one to measure surface receptor after stimulation (surface receptor plate); the other to measure total receptors (total receptor plate). Cells were allowed to grow for ~ 48 h to confluence. Prior to stimulation, cells were serum starved in SFM/1% BSA for 4 h. Time-course analyses were performed with 10 nM ligand concentration stimulating for t = 0, 5, 10, 20, 30, 60 and 120 min. After stimulation, medium was aspirated, and cells in the surface receptor plate were fixed with 4% paraformaldehyde/PBS for 15 min and washed thrice with TBS. Plates were blocked overnight with TBS containing 1% BSA. The cells in the separate total receptor plate were lysed in 110 µL ice-cold RIPA lysis buffer and incubated for 1 h, at 4 °C. Receptors were captured in white Greiner Lumitrac 600 96-well plates pre-coated with anti-IR antibody 83-7 (250 ng/well). Following overnight incubation at 4°C, both plates were washed three times with TBST. Approximately 500,000 fluorescent counts of Eu-83-14 antibody were added to each well diluted with europium binding buffer (100 mM HEPES, 100 mM NaCl, 0.5% Tween-20, 2 μM DTPA, pH 8.0) in final volume of 100 µL/well and incubated in the dark for 1 h. Wells were washed three times with TBST. DELFIA enhancement solution was added into both plates (100 µL/well). After 10 min, the solutions in the surface receptor plate were transferred to a white Greiner Lumitrac 600 96-well plate. Finally, time-resolved fluorescence was measured using 340 nm excitation and 612 nm emission filters with a BMG Lab Technologies Polarstar fluorometer (Mornington, Australia). Assays were performed in triplicate in at least three independent experiments. The extent of receptor internalization upon ligand stimulation at each time-point was analysed using Equation 3 followed by normalization with % surface receptor under non-stimulated conditions (SFM) at t = 0.

Equation 3:

	

Data were analysed individually, averaged and plotted as mean ± S.E.M. in XY line graphs.



Statistical Analyses

Statistical analysis of receptor binding, receptor activation and DNA synthesis assays were performed using a 2-way ANOVA with a Dunnett’s multiple comparison. Data for glucose uptake assay and significance of the overall change of blood glucose levels in insulin tolerance tests were analysed by paired t-test. Significance of the change of blood glucose levels at each time-point was also determined by 2-way ANOVA followed by Holm Sidak’s multiple comparison test. Significance was accepted at P < 0.05.
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from IR-B receptor binding curves in Figure 2A and IGF-1R receptor binding curves in Figure 2B.
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