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Figure 1. A mechanistic model of insulin signalling predicts a rapid negative feedback mechanism that is not dependent on mammalian target of

rapamycin complex 1 (mTORC1). (A) Schematic depicting model architecture with negative feedback via mTORC1 onto the insulin receptor substrate/

phosphoinositide 3-kinase (IRS/PI3K) node (IR, insulin receptor; NFB, negative feedback). (B) 3T3-L1 adipocytes expressing TagRFP-T-Akt2 were treated

with 1 or 100 nM insulin. Recruitment was assessed using live cell total internal reflection fluorescence microscopy (TIRFM) (n = 9 for 1 nM and n = 10

for 100 nM). (C) 3T3-L1 adipocytes were treated with 1 or 100 nM insulin for the times specified. Lysates were immunoblotted with antibodies as

Figure 1 continued on next page
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Figure 1 continued

specified, with 14-3-3 as a loading control. A representative image for five to eight independent biological replicates is presented. (D) Quantification of

panel C. Data is normalised to 14-3-3 and expressed as a percentage of the maximum phosphorylation observed for each phospho-site in response to

100 nM insulin (1 nM; n = 8, 100 nM; n = 5; p, phosphorylated). (E) Model 1 (mTORC1 to IRS/PI3K) was calibrated (fitted) using Akt recruitment, T309

and S474 phosphorylation, and PRAS40 phosphorylation in response to 1 and 100 nM insulin (purple and blue, respectively) and overlaid with the

experimentally observed kinetics for each outcome. The time axes are presented as a log2 scale to highlight the early response kinetics, with 0 added

for completeness. Model simulations are shown as dotted lines while experimental kinetics are shown as smooth lines as the mean ± SEM. (F) Model

prediction of the effect of mTORC1 inhibition on Akt recruitment in response to 1 nM insulin. The value of parameter Ki2 was set to null to model

complete inhibition of mTORC1 catalytic activity. (G) 3T3-L1 adipocytes expressing TagRFP-T-Akt2 were treated with 20 nM rapamycin for 5 min

followed by 1 nM insulin. Recruitment was assessed using TIRFM (38 control cells [n = 2], 39 rapamycin treated cells [n = 3]). (H) 3T3-L1 adipocytes were

treated with 20 nM rapamycin for 5 min followed by 1 nM insulin for 10 min. Lysates were immunoblotted with antibodies as specified, with 14-3-3 as a

loading control. A representative western blot (left) and quantification (right) is presented (n = 3; p, phosphorylated). All data expressed as

mean ± SEM; PM, plasma membrane; IR, insulin receptor; Rapa, rapamycin.
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Figure 1—figure supplement 1. A mechanistic model of insulin signalling without negative feedback does not capture signalling kinetics. (A) Box and

whiskers plots (median; interquartile range and min/max) of the local minima from 200 independent calibration runs (repeats) of negative feedback

models 1 (mammalian target of rapamycin complex 1/S6-kinase [mTORC1/S6K] to insulin receptor substrate/phosphoinositide 3-kinase [IRS/PI3K]), 2

(rapamcyin constrained), and 3 (no negative feedback), where for each run, we randomly resampled the starting parameter values as input for the

genetic algorithm. The lowest of these were deemed the global optimum (dark border) and were used for the simulations and predictions. (B) and (C)

Model simulations of Akt recruitment, T309 and S474 phosphorylation and PRAS40 phosphorylation in response to 1 and 100 nM insulin (simulation;

dotted lines), overlaid with the experimentally observed kinetics for each outcome (experiment; solid lines, mean ± SEM) for the negative feedback

models 2 (B) and 3 (C). Purple and blue indicate 1 and 100 nM insulin, respectively. NFB, negative feedback; PM, plasma membrane.
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Figure 2. Negative feedback is dependent on Akt activity. (A) Schematic depicting the model architecture including the hypothetical negative feedback

loops from phosphoinositide-dependent protein kinase 1 (PDPK1), mammalian target of rapamycin complex 2 (mTORC2), or Akt, onto phosphatase

and tensin homolog (PTEN) or the insulin receptor substrate/phosphoinositide 3-kinase (IRS/PI3K) node (IR, insulin receptor; NFB, negative feedback).

(B) Box and whiskers plots (median; interquartile range and min/max) of the local minima from 200 independent calibration runs (repeats) of negative

feedback models 4–9, where for each run, we randomly resampled the starting parameter values as input for the genetic algorithm. The lowest of these

were deemed the global optimum (dark border) and these were used for simulations and predictions. (C) Predictions from models 7–9 for the effect of

Akt inhibition on Akt recruitment in response to 1 nM insulin. The parameter values of Ki2a, Ki2b, Kf11a, and Kf11b were set to null in order to model

Akt inhibition by GDC0068. (D) 3T3-L1 adipocytes expressing TagRFP-T-Akt2 were treated with 10 mM GDC0068 for 5 min followed by 1 nM insulin.

Figure 2 continued on next page
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Figure 2 continued

Recruitment was assessed using total internal reflection fluorescence microscopy (TIRFM) (41 control cells [n = 3], 43 GDC0068-treated cells [n = 3]). (E)

3T3-L1 adipocytes were treated with 10 mM GDC0068 or vehicle control for 5 min followed by 1 nM insulin for 10 min. Subcellular fractionation was

performed to obtain the plasma membrane. Lysates were immunoblotted with antibodies as specified, with caveolin and 14-3-3 as loading controls. A

representative western blot (left) and quantitation of plasma membrane Akt2 (right) are presented (n = 6, unpaired two-tailed t-test; WCL, whole cell

lysate). (F) 3T3-L1 adipocytes expressing WT, W80A, W80A-T309A-S474A, or W80A-K181A TagRFP-T-Akt2 were exposed to 20 mM MK2206 for 3 min,

followed by 1 and 100 nM insulin. Recruitment was assessed using TIRFM (16 WT cells [n = 2], 93 W80A cells [n = 10], 53 W80A-K181A cells [n = 4], 35

W80A-T309A-S474A cells [n = 3]). (G) 3T3-L1 adipocytes expressing WT, W80A, W80A-T309A-S474A, or W80A-K181A TagRFP-T-Akt2 were treated with

1 and 100 nM insulin in the absence of MK2206. Recruitment was assessed using TIRFM (41 WT cells [n = 3], 60 W80A cells [n = 7], 21 W80A-K181A cells

[n = 2], 22 W80A-T309A-S474A cells [n = 2]). (H) Model predictions of the effect of losing Akt T309 or Akt S474 phosphorylation on Akt recruitment in

response to 1 and 100 nM insulin. The parameter values of Kf6 and Kf7 were set to null to represent loss of Akt T309 and Akt S474 phosphorylation,

respectively. (I) 3T3-L1 adipocytes expressing W80A, W80A-T309A, or W80A-S474A TagRFP-T-Akt2 were exposed to 20 mM MK2206 for 3 min, followed

by 1 and 100 nM insulin. Recruitment was assessed using TIRFM (55 W80A cells [n = 9], 57 W80A T309A cells [n = 6] 121 W80A S474A cells [n = 12]). All

data expressed as mean ± SEM; PM, plasma membrane; *p<0.05.
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Figure 2—figure supplement 1. Six hypothetical mechanistic models of insulin signalling predict signalling outcomes. The hypothetical negative

feedback models 4 (A), 5 (B), 6 (C), 7 (D), 8 (E), and 9 (F) were used to predict Akt recruitment, T309 and S474 phosphorylation, and PRAS40

phosphorylation in response to 1 and 100 nM insulin (simulation; dotted lines). This was overlaid with the experimentally observed kinetics for each

outcome (experiment; solid lines, mean ± SEM). Purple and blue indicate 1 and 100 nM insulin, respectively. PM, plasma membrane.
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Figure 2—figure supplement 2. Akt inhibition increases its phosphorylation and membrane recruitment following insulin stimulation, in diverse cell

types. (A) 3T3-L1 adipocytes were preincubated with vehicle (DMSO) or 10 mM GDC0068 for 5 min, then stimulated with 1 nM insulin for times

specified. Lysates were immunoblotted with antibodies as specified, with 14-3-3 as a loading control (n = 3; p, phosphorylated). (B) Total internal

reflection fluorescence microscopy (TIRFM) was used to assess plasma membrane recruitment of TagRFP-T-Akt2 in 3T3-L1 fibroblasts in response to 1

nM insulin, 100 nM insulin, and 10 mM GDC0068 (51 cells). TIRFM was used to assess recruitment of TagRFP-T-Akt2 in (C) HEK294E (45 cells), (D) HeLa

(48 cells), and (E) MCF7 (8 cells) cells in response to 100 nM insulin followed by the addition of 10 mM GDC0068, then 300 nM wortmannin. (F) Overlay

of the TIRF recruitment profiles of 3T3-L1 adipocytes expressing TagRFP-T-Akt2 in response to 1 and 100 nM insulin, with varying types of Akt

inhibition; in the presence of GDC0068 (WT+GDC), phospho-dead (W80A T309A S474A) and kinase-dead (W80A K181A) MK2206 resistant mutants in

the presence of MK2206. (G) The kinetics of insulin-stimulated Akt recruitment (from Figure 1B) overlaid with Akt phosphorylation and substrate

phosphorylation (from Figure 1C,D) in 3T3-L1 adipocytes. All data expressed as mean ± SEM; PM, plasma membrane.
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Figure 3. Akt regulates PI(3,4,5)P3 abundance. (A) 3T3-L1 adipocytes were treated with 10 mM GDC0068, 10 mM MK2206, 10 mM GSK2334470, or

vehicle control for 15 min, followed by 1 nM insulin for 10 min. Lipids were extracted from the cells and PI(3,4,5)P3 (PIP3) mass measured using a

competitive ELISA. PIP3 is expressed relative to PI(4,5)P2 obtained from the same samples (n = 6–7). Boxes capture lower quartile and upper quartile

with the median displayed as a horizontal line in the middle; whiskers are min and max. (B) 3T3-L1 adipocytes expressing phosphoinositide-dependent

protein kinase 1 (PDPK1)-eGFP were stimulated with 1 and 100 nM insulin, in the presence of 10 mM GDC0068, 10 mM MK2206, or vehicle control.

Recruitment was assessed by total internal reflection fluorescence microscopy (TIRFM) (123 control cells [n = 3], 121 GDC0068-treated cells [n = 3], 118

MK2206-treated cells [n = 3]). (C) 3T3-L1 adipocytes expressing Gab2PH-eGFP were stimulated with 1 nM insulin, followed by 10 mM GDC0068, and

then 1 mM wortmannin. Recruitment was assessed by TIRFM (11 cells, n = 3). (D) 3T3-L1 adipocytes co-expressing TagRFP-T-Akt2 and Gab2PH-eGFP

were stimulated with 1 nM insulin, 10 mM MK2206 and then 1 mM wortmannin. Recruitment was assessed by TIRFM (20 cells, n = 4). (E) TagRFP-T-Akt2

recruitment responses and (F) the corresponding Gab2PH-eGFP recruitment responses of 3T3-L1 adipocytes co-expressing Gab2PH-eGFP with either

WT, W80A, or W80A-T309A TagRFP-T-Akt2. Cells were treated with 10 mM MK2206 3 min prior to 1 nM insulin and then 10 mM GDC0068 (7, 8, and 9

cells expressing WT, W80A, and W80A T309A Akt2-TagRFP-T, respectively; n = 3). All data expressed as mean ± SEM; PM, plasma membrane; *p<0.05

compared to insulin alone.
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Figure 3—figure supplement 1. GSK2334470 inhibits phosphoinositide-dependent protein kinase 1 (PDPK1)-

dependent signalling outcomes in 3T3-L1 adipocytes. 3T3-L1 adipocytes were incubated with GSK2334470 (PDPK1

inhibitor) at the indicated dose for 15 min followed by 1 nM insulin for 10 min. Lysates were immunoblotted with

antibodies as specified, with 14-3-3 as a loading control (p, phosphorylated). A representative image is presented.
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Figure 4. Akt regulates insulin-stimulated production of PI(3,4,5)P3 by phosphoinositide 3-kinase (PI3K). (A) Model predictions detailing the effect of

PI3K inhibition following insulin stimulation, on the plasma membrane dissociation of Akt with and without Akt inhibition. The parameter value of Kf3

was set to null to simulate PI3K inhibition by wortmannin. (B) In the presence of 10 mM MK2206, 3T3-L1 adipocytes expressing W80A or W80A-T309A

TagRFP-T-Akt2 were treated with 100 nM insulin, followed by 1 mM wortmannin. Plasma membrane dissociation upon wortmannin treatment was

assessed using total internal reflection fluorescence microscopy (TIRFM) (left). The rate constants per individual cell (right) were calculated (70 W80A

cells [n = 3], 65 W80A-T309A cells [n = 3], unpaired two-tailed t-test). (C) In the presence of 10 mM MK2206, 10 mM GDC0068 or vehicle control, 3T3-L1

adipocytes expressing phosphoinositide-dependent protein kinase 1 (PDPK1)-eGFP were treated with 100 nM insulin, followed by 1 mM wortmannin.

Plasma membrane dissociation upon wortmannin stimulation was assessed using TIRFM (left). The rate constants per individual cell (right) were

calculated (123 control cells [n = 3], 121 GDC0068-treated cells [n = 3], 118 MK2206-treated cells [n = 3], unpaired two-tailed t-test corrected for

multiple comparisons). (D) 3T3-L1 adipocytes expressing p110* (constitutively active PI3K) and W80A or W80A-T309A TagRFP-T-Akt2 were treated with

10 mM MK2206 followed by 1 mM wortmannin. Plasma membrane dissociation upon wortmannin stimulation was assessed using TIRFM (left). The

rate constants per individual cell (right) were calculated (108 W80A cells [n = 3], 98 W80A-T309A cells [n = 3], unpaired two-tailed t-test). (E) HCC1937

phosphatase and tensin homolog (PTEN)-null, human breast cancer cells expressing TagRFP-T-Akt2 were treated with 50 ng/mL IGF1, followed by 10

mM GDC0068. Recruitment was assessed using TIRFM (64 cells [n = 2]). (F) 3T3-L1 adipocytes were treated with 10 mM MK2206, 10 mM GDC0068, or

vehicle control for 5 min, followed by 1 nM insulin for 10 min. The plasma membrane was obtained by subcellular fractionation and immunoblotted with

antibodies as specified, with caveolin and 14-3-3 as loading controls. A representative blot is presented (left). Quantification of PM PI3K p85 is

presented (right; n = 6, unpaired two-tailed t-test corrected for multiple comparisons; WCL, whole cell lysate). (G) 3T3-L1 adipocytes were treated with

10 mM MK2206, 10 mM GDC0068, or a vehicle control for 5 min, followed by 1 nM insulin for 10 min. Cells were fixed, stained with an antibody against

PI3K p85 (immunofluorescence), and imaged using TIRFM. A representative image is presented. Scale bar represents 100 mm. Relative p85 signal was

quantified (129 basal cells [n = 2], 129 insulin-treated cells [n = 2], 129 GDC0068/insulin-treated cells [n = 2], 158 MK2206/insulin-treated cells [n = 2],

unpaired two-tailed t-test corrected for multiple comparisons). All data expressed as mean ± SEM; PM, plasma membrane; ns, not significant; *p<0.05.
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Figure 5. Akt releases insulin receptor substrate 1/2 (IRS1/2) from the plasma membrane to the cytosol. (A) 3T3-L1 adipocytes expressing IRS1-eGFP

were stimulated with 10 mM GDC0068, 10 mM MK2206, or vehicle control for 10 min, followed by 1 nM insulin. Recruitment was assessed by total

internal reflection fluorescence microscopy (TIRFM) (85 control cells [n = 3], 68 GDC0068-treated cells [n = 3], 79 MK2206-treated cells [n = 3]). (B) 3T3-

L1 adipocytes expressing IRS2-eGFP were stimulated with 10 mM GDC0068, 10 mM MK2206, or vehicle control for 10 min, followed by 1 nM insulin.

Recruitment was assessed by TIRFM (71 control cells [n = 3], 73 GDC0068-treated cells [n = 3], 69 MK2206-treated cells [n = 3]). (C) 3T3-L1 adipocytes

expressing IRS1-eGFP were stimulated with 20 nM rapamycin or vehicle control for 5 min, followed by 1 nM insulin. Recruitment was assessed by TIRFM

(70 control cells [n = 3], 75 rapamycin treated cells [n = 3]). (D) 3T3-L1 adipocytes expressing IRS2-eGFP were stimulated with 20 nM rapamycin or

vehicle control for 5 min, followed by 1 nM insulin. Recruitment was assessed by TIRFM (66 control cells [n = 3], 77 rapamycin treated cells [n = 3]). (E)

3T3-L1 adipocytes were treated with 10 mM GDC0068, 10 mM MK2206, or vehicle control for 5 min followed by 1 nM insulin for 10 min. Subcellular

fractionation was performed and lysates were immunoblotted with antibodies as specified, with Na,K-ATPase and 14-3-3 as loading controls. A

Figure 5 continued on next page
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Figure 5 continued

representative western blot is presented (WCL, whole cell lysate; Cyt, cytosol; LDM, low density microsomes; HDM, high density microsomes).

Quantification of PM IRS1 (n = 4, two-tailed t-test corrected for multiple comparisons) and Cyt IRS1 (n = 3, two-tailed t-test corrected for multiple

comparisons) is presented. (F) Unstimulated 3T3-L1 adipocytes expressing WT or DelPH (deletion of pleckstrin homology [PH] domain, residues 2–115

removed) IRS1-eGFP were imaged by TIRF and epifluorescence microscopy. The median TIRF intensity of each cell was normalised to its median

epifluorescence intensity (62 WT cells [n = 3], 67 DelPH cells [n = 3], unpaired two-tailed t-test, each circle represents 1 cell). (G) 3T3-L1 adipocytes were

treated with 10 mM GDC0068, 10 mM MK2206, or vehicle control for 5 min followed by 1 nM insulin for 10 min. Subcellular fractionation was performed

and lysates were immunoblotted with antibodies as specified, with caveolin and 14-3-3 as loading controls. A representative western blot for two

independent experiments is presented (WCL, whole cell lysate; LDM, low density microsomes; HDM, high density microsomes). (H) 3T3-L1 adipocytes

stably expressing FLAG-W80A or FLAG-W80A-T309A Akt2 were incubated with 10 mM MK2206 for 5 min followed by 1 nM insulin for 10 min. Lysates

were immunoblotted with total phosphorylated tyrosine antibody (Cell Signaling Technology CST8954) and a-tubulin as a loading control (p,

phosphorylated; IR, insulin receptor). A representative western blot is presented above. Quantification of phosphorylated tyrosine (pY) IR is presented

below (n = 3, unpaired two-tailed t-test). (I) 3T3-L1 adipocytes expressing WT or DelPTB (deletion of phosphotyrosine-binding (PTB) domain, residues

161–265 removed) IRS1-eGFP were stimulated with 1 nM Insulin. Recruitment was assessed by TIRFM (63 WT cells [n = 3], 68 DelPTB cells [n = 3]). (J)

3T3-L1 adipocytes were stimulated with 10 mM GDC0068, 10 mM MK2206, or vehicle control for 5 min, followed by 1 nM insulin for 10 min. Endogenous

IRS1 or IRS2 was immunoprecipitated and insulin receptor quantified by mass spectrometry (n = 3, crosses represent missing values, two-tailed t-test

corrected for multiple comparisons). All data expressed as mean ± SEM; PM, plasma membrane; ns, not significant; *p<0.05.

Kearney, Norris, Ghomlaghi, et al. eLife 2021;10:e66942. DOI: https://doi.org/10.7554/eLife.66942 13 of 20

Research article Cell Biology Computational and Systems Biology

https://doi.org/10.7554/eLife.66942


Figure 6. Akt-mediated phosphorylation of insulin receptor substrate (IRS) removes it from the plasma membrane to engage negative feedback. (A)

IRS1-eGFP was concurrently mutated at six phosphorylation sites to make up ‘6P IRS1’ – S270A, S307A, S330A, T525A, S527A, and S1101A (human). (B)

IRS2-eGFP was concurrently mutated at five phosphorylation sites to make up ‘5P IRS2’ – S306A, S346A, S365A, S577A, S1149A (human). Each of these

Ser/Thr residues resided within an Akt substrate motif (R-X-R-X-X-S/T). Each of these residues was located outside the PH (pleckstrin homology) and

PTB (phosphotyrosine-binding) domains of IRS1/2. (C) 3T3-L1 adipocytes were co-electroporated with IRS1-eGFP (WT or 6P) and TagRFP-T-Akt2. Cells

Figure 6 continued on next page
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Figure 6 continued

were stimulated with 1 nM insulin and recruitment assessed by total internal reflection fluorescence microscopy (TIRFM) (95 WT cells [n = 3], 96 6 P cells

[n = 3]). (D) 3T3-L1 adipocytes were co-electroporated with IRS2-eGFP (WT or 5P) and TagRFP-T-Akt2. Cells were stimulated with 1 nM insulin and

recruitment assessed by TIRFM (139 WT cells [n = 5], 103 5P cells [n = 5]). (E) Quantification of phosphorylated IRS2 S306 (S303 in mouse) peptides

across three mass spectrometry experiments. (F) Quantification of phosphorylated IRS2 S577 (S573 in mouse) peptides across three mass spectrometry

experiments. (E–F) In vitro: recombinant Akt; mass spectrometry was used to quantify IRS2 phosphorylation following an in vitro assay using

immunoprecipitated IRS2-FLAG and recombinant active Akt2 (n = 4, two-tailed t-test corrected for multiple comparisons). Cells: Akt inhibitors; 3T3-L1

adipocytes were treated with 10 mM GDC0068, 10 mM MK2206, or vehicle control for 5 min followed by 1 nM insulin for 10 min. Mass spectrometry-

based phosphoproteomics was used to quantify IRS2 phosphorylation (n = 8, two-tailed t-test corrected for multiple comparisons). Cells: mTORC1

inhibitors; Triple-SILAC labelled HEK-293E cells were treated with 100 nM rapamycin, 3 nM rapalink, or vehicle control for 4 hr followed by 100 nM

insulin for 10 min. Mass spectrometry-based phosphoproteomics was used to quantify IRS2 phosphorylation (n = 4). (G) 3T3-L1 adipocytes were co-

electroporated with IRS2-eGFP (WT or S306/577A) and TagRFP-T-Akt2. Cells were stimulated with 1 nM insulin and recruitment assessed by TIRFM (79

WT cells [n = 3], 74 S306/577A cells [n = 3]). (H) 3T3-L1 adipocytes were co-electroporated with IRS2-eGFP (WT or S306/577A) and phosphoinositide-

dependent protein kinase 1 (PDPK1)-TagRFP-T. Cells were stimulated with 1 nM insulin and recruitment assessed by TIRFM (49 WT cells [n = 3], 76

S306/577A cells [n = 3]). All data expressed as mean ± SEM; PM, plasma membrane; *p<0.05.
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Figure 6—figure supplement 1. Phosphorylation of a variety of IRS1 residues alter IRS1 and Akt localisation at the plasma membrane. (A–F) 3T3-L1

adipocytes were co-electroporated with insulin receptor substrate 1 (IRS1)-eGFP (WT or mutant) and TagRFP-T-Akt2. Cells were stimulated with 1 nM

insulin and recruitment assessed by total internal reflection fluorescence microscopy (TIRFM) (n = 3). All data expressed as mean ± SEM; PM, plasma

membrane.
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Figure 6—figure supplement 2. Phosphorylation of a variety of IRS2 residues alter IRS2 and Akt localisation at the plasma membrane. (A–E) 3T3-L1

adipocytes were co-electroporated with insulin receptor substrate 2 (IRS2)-eGFP (WT or mutant) and TagRFP-T-Akt2. Cells were stimulated with 1 nM

insulin and recruitment assessed by total internal reflection fluorescence microscopy (TIRFM) (n = 3). All data expressed as mean ± SEM; PM, plasma

membrane.
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Figure 6—figure supplement 3. Phosphorylation of IRS2 at S365 and S1149 in vitro and in cells. (A) Quantification of phosphorylated insulin receptor

substrate 2 (IRS2) S365 (S362 in mouse) peptides across three mass spectrometry experiments. (B) Quantification of phosphorylated IRS2 S1149 (S1138

in mouse) peptides across three mass spectrometry experiments. (A–B) In vitro: recombinant Akt; mass spectrometry was used to quantify IRS2

phosphorylation following an in vitro assay using immunoprecipitated IRS2-FLAG and recombinant active Akt2 (n = 4, two-tailed t-test corrected for

multiple comparisons). Cells: Akt inhibitors; 3T3-L1 adipocytes were treated with 10 mM GDC0068, 10 mM MK2206, or vehicle control for 5 min followed

by 1 nM insulin for 10 min. Mass spectrometry-based phosphoproteomics was used to quantify IRS2 phosphorylation (n = 8, two-tailed t-test corrected

for multiple comparisons). Cells: mTORC1 inhibitors; Triple-SILAC labelled HEK-293E cells were treated with 100 nM rapamycin, 3 nM rapalink, or

vehicle control for 4 hr followed by 100 nM insulin for 10 min. Mass spectrometry-based phosphoproteomics was used to quantify IRS2 phosphorylation

(n = 4). All data expressed as mean ± SEM; PM, plasma membrane; *p<0.05.
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Figure 6—figure supplement 4. Phosphorylation of IRS1 at S270 and S527 only subtly alter IRS1 and Akt

localisation at the plamsa membrane. 3T3-L1 adipocytes were co-electroporated with human insulin receptor

substrate 1 (IRS1)-eGFP (WT or S270/527A) and TagRFP-T-Akt2. Cells were stimulated with 1 nM insulin and

recruitment assessed by total internal reflection fluorescence microscopy (TIRFM) (n = 3). All data expressed as

mean ± SEM; PM, plasma membrane.
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Figure 7. Akt phosphorylates insulin receptor substrate 1/2 (IRS1/2) to limit phosphoinositide 3-kinase (PI3K)-mediated phosphatidylinositol (3,4,5)-

trisphosphate (PIP3) synthesis. Schematic for a model of Akt-mediated negative feedback. Basal; IRS is plasma membrane (PM) localised due to a

pleckstrin homology (PH) domain-mediated interaction with the PM. Insulin (with negative feedback); following insulin binding the insulin receptor (IR),

it is autophosphorylated at tyrosine residues (pY) and recruits IRS, which binds PI3K. Plasma membrane-associated PI3K produces PIP3, and Akt is

activated. Akt phosphorylates IRS at a number of residues including IRS2 S306 and S577 (pS), which moves IRS to the cytosol and limits the pool

available to interact with the IR. This restricts the ability of PI3K to move to the PM and synthesise PIP3. Insulin (no negative feedback); IRS and PI3K are

not released from the plasma membrane into the cytosol and consequently there is increased PI3K-mediated PIP3 production and increased Akt

activation.
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