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Abstract

The insulin receptor (IR) is a type II receptor tyrosine kinase (RTK) that plays essential roles in 

metabolism, growth, and proliferation. Dysregulation of IR signaling is linked to many human 

diseases, such as diabetes and cancers. A “resolution revolution” in cryo–electron microscopy 

(cryo-EM) has led to the determination of several structures of IR with different numbers of 

bound insulin molecules in recent years, which have tremendously improved our understanding of 

how IR is activated by insulin. Here, we review the insulin-induced activation mechanism of IR, 

including (1) the detailed binding modes and functions of site-1 and site-2 insulins, and (2) the 

insulin-induced structural transitions that are required for the IR activation. We highlight several 

other key aspects of the activation and regulation of IR signaling, and discuss the remaining gaps 

in our understanding of IR activation mechanism and potential avenues of future research.
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Introduction

The discovery of insulin in 1921 is one of the most significant medical breakthroughs 

that changed the world(1). In the past, children and adults who developed diabetes most 

often died within a few years, sometimes even within a few days or weeks of their 

diagnosis. Since Frederick Banting and Charles Best successfully isolated the hormone 

insulin, people suffering from diabetes have been treated with insulin, and diabetes is no 

longer considered fatal. Insulin was believed to play a role in the enzymatic process of 

glucose phosphorylation, for 30 years following its discovery. The concept of insulin action 

in facilitating glucose uptake into cells was proposed in 1950(2); however, how insulin 

initiates this process was unclear until the discovery of a membrane receptor for insulin, 

the insulin receptor (IR) in 1971(3). Kahn and colleagues discovered that insulin stimulates 
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tyrosine phosphorylation of the IR by forming an IR/insulin complex (4, 5). IR cDNAs 

have been cloned in 1985(6, 7), and the concept of signal transduction by receptor tyrosine 

kinases (RTKs) has been established, making IR and aberrant RTK activation potential 

therapeutic targets.

In vertebrates, the IR belongs to the IR family that consists of three type II RTKs: IR(6, 7), 

insulin-like growth factor 1 receptor (IGF1R)(8), and IR-related receptor (IRR) (9). The IR 

is derived from a single polypeptide that is post-translationally cleaved into two subunits ❘ 
α-subunit and β-subunit, which are then cross-linked by multiple disulfide bridges to form 

a homodimer (α2β2)(10). The extracellular domains (ECD) of IR contain two leucine-rich-

repeats (L1 and L2), a cysteine-rich region (CR), and three consecutive fibronectin type III 

(FnIII-1, −2, and −3) domains(11) (Figure 1a). The FnIII-2 domain contains a furin cleavage 

site. After cleavage by furin, the insulin proreceptor is converted into a mature receptor, 

consisting of α- and β-subunits(10). The C-terminal domain of α-subunit is referred to as 

α-CT motif, which is constitutively associated with the L1 domain. The remaining β-subunit 

passes through the cellular membrane via a single transmembrane (TM) domain that is 

linked to the intracellular domains (ICD) including juxtamembrane, tyrosine kinase and 

C-terminal domains. Different to all other RTKs, IR forms a stable dimer independent 

of ligand binding. The two protomers are covalently linked by multiple disulfide bonds 

between FnIII-1 domains and α-CTs(12, 13) (Figure 1a).

The mammalian IR exists two isoforms: isoform A (IR-A), lacking exon 11 and isoform 

B (IR-B), including exon 11(6, 7, 14). Exon 11 encodes 12 amino acids long segment at 

the α-CT. IR-A and IR-B bind to native insulin with similar affinity; however, the binding 

affinity of IR-A for IGF1 or IGF2 is significantly higher than that of IR-B(15), suggesting 

that the extension plays an important role in regulating the ligand binding process, and that 

IR-B is a more insulin-specific receptor. The molecular basis for the role of the 12 amino 

acids segments in the activation of insulin-bound or IGF-bound IR is still unclear.

Most mammalian cells express IR, but its expression levels are regulated depending on 

cell types, developmental stages, and disease states. The main target tissues of insulin’s 

metabolic action are liver, muscle, and adipose tissue(16–19). In liver, insulin-activated IR 

promotes glycogen and triglyceride synthesis, and inhibits glucose production(16, 18, 20). 

In muscle, insulin-activated IR promotes glucose uptake and glycogen synthesis, while in 

adipose tissue, insulin promotes glucose uptake and inhibits lipolysis(17, 20). Aside from 

controlling systemic metabolic homeostasis, IR in brain regulates cognitive behavior, food 

intake, and depression(21, 22). In highly proliferative T-cells, IR expression is increased, and 

loss of IR causes defects in proliferation and optimal immunity(23). Furthermore, IR plays 

a role in insulin clearance, while IR in endothelial cells transports insulin via transcytosis to 

brain, muscle and adipose tissue(24, 25). Because IR signaling affects all tissues in the body 

and controls diverse biological responses, IR signaling dysfunction leads to various diseases 

including diabetes, cancer, cardiovascular diseases, and even Alzheimer’s disease.

In this review, we mainly focus on the molecular basis of insulin-dependent IR activation 

and discuss how multiple insulin bindings to two distinct sites promotes optimal IR 

signaling. We also highlight key aspects of activation and regulation of IR signaling and 
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provide insight into structure-function relationship of the IR. However, structural works on 

the IR ICD as well as its complex with downstream effector proteins will not be discussed 

here. For this topic, we refer the reader to references(26–30).

1. Insulin-induced IR signaling

Insulin activates two main signaling pathways (PI3K-AKT and MAPK) through IR on 

the plasma membrane by forming an IR-insulin high-affinity complex (16, 31–33) (Figure 

1b). The binding of insulin to IR shows complex characteristics involving multiple binding 

events (i.e., insulin binds to two distinct types of sites on IR – site-1 and site-2) and negative 

cooperativity (34–36). Moreover, it has also been established that the binding of insulin 

to IR induces a large conformational change of IR that facilitates auto-phosphorylation 

and triggers downstream signaling cascades. The insulin-activated IR kinase trans auto-

phosphorylates multiple tyrosine residues in the intracellular region: phospho-Y953 (pY953) 

and pY960 in the juxtamembrane domain, pY1146, pY1150, and pY1151 in the activation 

loop of the kinase domain, and pY1316 and pY1322 in the C-terminal domain(3–7, 37, 

38) (note that we will use the numbering system of the mature form of human IR-A). The 

phosphorylated tyrosine residues provide docking sites for downstream effector and adaptor 

proteins, thus triggering phosphorylation-mediated signaling cascades(39) (Figure 1b).

The first discovered IR substrates (IRSs) are a family of adaptor proteins that 

convert the tyrosine phosphorylation signal into a lipid kinase signal through recruiting 

phosphoinositide 3-kinase (PI3K) to plasma membrane(40–45) (Figure 1b). In human, 

three homologous IRS proteins exist (IRS1, IRS2, and IRS4)(42). IRS1 and IRS2 are 

expressed widely, meanwhile the expression of IRS4 is tissue-specific. The activated IR 

auto-phosphorylates its motif named NPEY960 in the juxtamembrane domain, and IRS 

directly binds to the NPEpY960 motif. Subsequently, the IR phosphorylates multiple 

tyrosine residues on IRS, which in turn recruit SH2-domain containing downstream 

proteins including PI3K. The triphosphorylated inositol produced by PI3K activates the 

serine/threonine kinase AKT which initiates serine/threonine phosphorylation cascades(46, 

47). The insulin dependent metabolic processes are largely governed by the PI3K-AKT 

pathway(48–52). More specifically, the PI3K-AKT pathway regulates glucose uptake by 

glucose transporter type 4 (GLUT4)(53–56), glycogen synthesis by glycogen synthase 

kinase 3 (GSK3)(57, 58), protein and lipid metabolism by mammalian target of rapamycin 

(mTOR)(59–61), and glucose metabolism by forkhead family box O (FOXO)(62–67).

Furthermore, the insulin-activated IR recruits and phosphorylates an adaptor protein❘ SH3-

containing protein (SHC), which can interact with the SH2/SH3 adaptor protein GRB2 

(growth factor receptor bound protein 2) and guanine nucleotide exchange factor SOS (son 

of sevenless)(68–71) (Figure 1b). The GRB2-SOS complex activates the mitogen-activated 

protein kinase (MAPK) pathway, which mainly controls cell growth and proliferation. IRS 

also recruit GRB2-SOS2 complex, contributing to the activation of the MAPK pathway as 

well. A non-receptor protein tyrosine phosphatase SHP2 facilitates the activation of MAPK 

pathway(72, 73). The complexities of IR signaling pathways are thoroughly reviewed. We 

hereby refer the reader to the references that provide more comprehensive summary of the 

IR signaling(16, 31, 33, 74).
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2. The structure of unliganded apo-IR

The structure of the complete ECD of IR in the unliganded, apo-state was first determined 

at 3.8 Å resolution by X-ray crystallography in 2006 (75), and it was further improved to 

3.3 Å resolution in 2016 (PDB: 4ZXB) (76) (Figure 2). These structures represent major 

breakthroughs in the structural biology of IR family receptors. The overall structure of 

IR in the unliganded, apo-state displays a ‘Λ’-shape (Figure 2). Two IR protomers, each 

of which adopts a ‘7’-shaped conformation, pack tightly together through the interaction 

between the L1 and L2 domains of one protomer and FnIII-2’ and FnIII-1’ domains of 

another. The L1 domain interacts with the FnIII-2’ domain in the middle part of the ‘Λ’, 

through highly complementary surfaces (Figure 2). The α-CT’ as well as the long linker 

between the α-CT’ and FnIII-2’ domain also contribute to this interaction. In the top region 

of the ‘Λ’, the L2 domain packs against the FnIII-1’ domain using a number of hydrophobic 

and polar residues, such as L403, H429, and Y430 (L2 domain) and L569, T571, and 

F572 (FnIII-1’ domain). At the same interface, the two L2 domains also make strong 

homotypic interactions mainly via hydrogen bonds. With such interaction patterns, the two 

membrane-proximal FnIII-3 domains are separated by a long distance (Figure 2), which 

prevents the intracellular kinase domains from undergoing efficient auto-phosphorylation, 

suggesting that such a ‘Λ’-shaped structure represents the auto-inhibited state of IR. It 

is, therefore, reasonable to imagine that a large conformational rearrangement, induced by 

insulin binding, is required for IR activation.

3. The structure of ligand-bound, active state of IR

In 2013, the first structure of insulin-bound IR was determined by X-ray crystallography, 

using a truncated ECD of IR which only contains the L1 and CR domains and a α-CT 

peptide, revealing how insulin engages site-1 of IR (PDB: 3W11) (77). Nevertheless, the 

crystallization of the insulin-bound intact IR-ECD or full-length IR is a challenge, due to 

the difficulties in large scale of protein purification and the nature of structural dynamics. In 

2011, a combination of hardware and software advances led to the “resolution revolution” 

in single-particle cryo-electron microscopy (cryo-EM) (78). Sooner than later, cryo-EM 

has become the major tool for structural studies of single-pass transmembrane receptors, 

including IR, as it requires a much smaller amount of protein and can tolerate certain levels 

of impurity and structural heterogeneity (79). In 2018, two different groups determined 

the cryo-EM structures of the complete ECD of IR bound with insulin, at approximately 

4 Å resolution(80, 81). Despite some differences in construct design, these two structures 

of the IR-ECD/insulin complex share similar structural characteristics. Specifically, upon 

insulin binding to IR site-1, the overall architecture of the IR changes from an auto-inhibited 

‘Λ’-shape to a ‘T’-shape. The large structural change brings the two kinase domains of 

the IR into close proximity, allowing efficient auto-phosphorylation, which leads to the 

activation of IR signaling.

Although these two cryo-EM structures represented another major advance in the structural 

studies of IR, they were both resolved at relatively low resolution, suggesting the intrinsic 

instability of the truncated IR-ECD samples. In addition, none of them could uncover 

the second insulin binding site. As insulin binds to full-length IR more strongly than the 
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truncated IR-ECD, structural studies of full-length IR in complex with insulin are essential 

for capturing a stable, fully liganded state of IR(82–84).

The cryo-EM structure of full-length IR in the presence of saturating insulin concentrations 

was determined at 3.2 Å resolution (1:4, IR: insulin; PDB: 6PXV) in 2019(85), and 

the structure of IR-ECD was determined at oversaturated insulin concentration at 4.3 Å 

resolution (1:28, IR: insulin; PDB: 6SOF) in 2020(86) (Figure 3a). To obtain sufficient full-

length IR for cryo-EM analysis, several new strategies were applied during the expression 

and purification of full-length IR. These include (1) several mutations in the IR-ICD were 

introduced to reduce IR endocytosis(87); (2) a new affinity purification approach based 

on the strong interaction between T6SS effector Tse3 and its immunity protein Tsi3 was 

developed and applied(88). In the full-length IR/insulin complex, the dimerized TM domains 

of IR were resolved at the secondary structural level, showing a crossover at the N-terminus 

of the TM helices(85). This structural observation suggests that the TM–TM interaction 

plays a role in stabilizing the active conformation of IR, which explains in part why the 

cryo-EM structure of the full-length IR/insulin complex was resolved at a higher resolution 

than the IR-ECD/insulin complex. Strikingly, these structures reveal that IR in the presence 

of saturating insulin concentration adopts a ‘T’-shaped symmetric conformation, with four 

insulins bound at four sites (named sites-1,−1’, −2 and −2’) that are related by a C2 

symmetry (Figure 3a). More importantly, for the first time, the binding mode between IR 

and site-2 insulin has been revealed in atomic detail, representing another major milestone in 

the structural biology of IR. In the next section, we will describe in detail the binding mode 

and the function of the binding at site-1 and site-2.

4. Insulin-binding site-1

The primary insulin-binding site of IR is composed of the L1 domain and the α-CT (namely 

site-1a) (Figure 3b). Structural comparison between the insulin-free and insulin-bound L1/α-

CTs reveals that insulin binding to this site induces a remarkable relocation of the α-CT 

in relative to the L1 domain, suggesting that certain level of flexibility of α-CT is required 

for the insulin binding. Strikingly, 24 of the 51 insulin residues are involved in binding 

to the site-1a(77, 85). The residues from the A chain of insulin predominantly contact the 

α-CT, while the residues from the B chain of insulin interact with both the L1 domain and 

α-CT, through a combination of Van der Waals and hydrogen bonding interactions (Figure 

3b). As many other review papers have described the insulin binding to site-1a in detail(89, 

90), we will not go into detail here. In addition to this primary interface, the site-1a-bound 

insulin in the ‘T’-shaped IR form simultaneous contacts with the loops in the top region 

of FnIII-1’ domain from the adjacent protomer (namely site-1b)(85) (Figure 3b). Several 

residues from the B chain of insulin, including His-B5, Ser-B9, and His-B10, contribute to 

this interaction. With such binding mode, one insulin concurrently engages two protomers, 

thereby stabilizing the ‘T’-shaped active conformation of IR (Figure 3b).

5. Insulin-binding site-2

The high-resolution cryo-EM structure of full-length IR/insulin in the fully-liganded state 

identified the location of insulin-binding site-2 in IR and revealed the detailed binding mode 
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of insulin at site-2(85). The newly discovered site is located at the side surface of a β-sheet 

in the FnIII-1 domain of IR (Figure 3c). A total of 14 residues from both A and B chains 

of insulin, such as Leu-A13, Glu-A17, His-B10, Glu-B13, and Leu-B17, are critical for the 

insulin binding to site-2. As the site-2 insulin only contacts one surface of the ‘T’-shaped 

IR, it is non-essential for maintaining the active conformation (Figure 3c). Nevertheless, 

the significance of insulin-binding at site-2 in IR activation has been demonstrated by 

mutagenesis, binding and cell-based assays(85, 91). The following structural studies have 

revealed the function of insulin binding at site-2 and will be discussed in the section 9.

6. Receptor-receptor interfaces for maintaining the ‘T’-shaped active IR 

dimer

The cryo-EM structure of the full-length IR/insulin complex also revealed several receptor-

receptor interfaces critical to the structural stability of the ‘T’-shaped IR dimer(85). Firstly, 

in the top-part of the ‘T’, each α-CT adopts a long α-helical conformation and contacts both 

the FnIII-1 domain of the same protomer and the L2’ domain of another (Figure 3b). These 

interactions exclusively exist in the ‘T’-shaped IR dimer and are critical for maintaining 

the active conformation. These interfaces involve a cluster of charged residues, including 

E697, K703, E706 and D707 (α-CT); D496, R498 and D499 (FnIII-1 domain), and R345 

(L2 domain), forming multiple salt bridges (Figure 3b). Secondly, in the bottom-part of 

the ‘T’, the two FnIII-2 domains form a homotypic interaction, further stabilizing the 

membrane-proximal domains of IR (Figure 3d). The FnIII-2-FnIII-2’ interaction may also 

facilitate dimerization of the TM domains, which place the two intracellular kinase domains 

in optimal relative positions for auto-phosphorylation.

7. Structures of IR at sub-saturating insulin concentration

In two recent studies, cryo-EM structures of a series of partially liganded full-length IR 

with one or two insulins bound were determined, using the insulin site-specific mutants or 

sub-saturating insulin concentrations(92, 93) (Figure 4a, b). The structure of one insulin 

bound full-length IR assumes a ‘Γ’-shaped conformation, which is almost identical to that 

of a single-IGF1 bound full-length IGF1R(94) (Figure 4a). This single insulin is bound at 

one of the site-1s in the top-part of the ‘Γ’, forming extensive interactions with L1’/α-CT 

and FnIII-1 domains. In the bottom-part of the ‘Γ’, the unliganded L1 domain contacts both 

membrane-proximal domains, which further stabilizes the ‘Γ’-shaped conformation. This 

structural configuration places both intracellular kinase domains close together, enabling 

auto-phosphorylation to occur. Thus, the ‘Γ’-shaped IR dimer represents an (partially) active 

state of IR (Figure 4a).

Strikingly, in response to the binding of two insulins, IR predominantly adopts a ‘Ƭ’-shaped 

asymmetric conformation (~80% of particles) (Figure 4b), while only a small population 

of IR forms a ‘T’-shaped symmetric dimer (~20% of particles)(92, 93). The conformation 

of the ‘T’-shaped IR with two insulins bound at site-1s is almost identical to that of 2:4 IR/

insulin complex. In the ‘Ƭ’-shaped asymmetric IR, one insulin is bound at site-1 in the top-

part of the ‘Ƭ’ in the same fashion as the site-1 insulin binding in the ‘T’-shaped symmetric 

IR, meanwhile another insulin is bound in the middle region of the ‘Ƭ’, simultaneously 
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contacting sites-1 and −2’ from two adjacent protomers (named hybrid site) (Figure 4b). 

Intriguingly, the cryo-EM analyses of the full-length IR show that the hybrid site can be 

crosslinked and stabilized by one insulin in two different ways(92) (Figure 4b): (1) insulin 

binds primarily to site-1 and contacts a side surface of FnIII-1’ (site-2’) at the same time 

(Conformation 1); (2) The site-1 bound insulin rotates approximately 60° around the α-CT. 

As a result, this insulin binds at site-2’, while also contacting the α-CT of the adjacent site-1 

(Conformation 2).

8. The function of site-1 insulin binding

8.1. Break the auto-inhibited apo-state of IR

The ‘Λ’-shaped IR dimer in the absence of insulin represents a stable, auto-inhibited state 

of IR. It is, therefore, conceivable that insulin binding is required to destabilize the auto-

inhibited conformation of IR. Indeed, the superimposition of the L1/α-CT’ (site-1a)-bound 

insulin onto the structure of apo-IR reveals that the insulin at site-1a of apo-IR sterically 

clashes with the linker between the FnIII-1’ and FnIII-2’ domains from the adjacent 

protomer(85) (Figure 5a). Thus, insulin binding to site-1a of apo-IR will push the FnIII-2’ 

domain away from the L1 domain, thereby partially disrupting the protomer-protomer 

interactions that are responsible for the auto-inhibition of IR. The relaxed apo-IR dimer 

would allow structural rearrangement between the two protomers, leading to a ‘T’-shaped 

active conformation. Similar mechanism has been proposed in the IGF1-induced activation 

of IGF1R (95).

8.2. Stabilize the active state of IR

The structural comparison between the ‘Λ’-shaped (apo state) and ‘T’-shaped (active state) 

IR indicates that, once site-1 bound insulin disrupts the auto-inhibited IR, receptor activation 

is achieved by dramatic conformational changes that include both inter-protomer rotation 

and intra-protomer hinge motion. In the ‘T’-shaped active IR dimer, insulins at site-1 

stabilize the active conformation by simultaneously contacting several domains between the 

two protomers, including the L1 of one protomer, and α-CT’ and FnIII-1’ of another (Figure 

5a). Thus, site-1 insulins tightly “crosslink” the two protomers in the ‘T’-shaped IR.

9. The function of site-2 insulin binding

9.1. Assist site-1 insulin for breaking the auto-inhibited IR

Insulin binding to site-1a of apo-IR separates the L1 domain of one protomer from the 

FnIII-2’ domain of the another in the middle-part of the ‘Λ’-shaped IR dimer. Nevertheless, 

due to the long inter-domain linkers in each protomer, the interactions between the L2 and 

FnIII-1’ domains in the top-part of the ‘Λ’ remain intact, even with insulin bound at site-1a. 

This suggests that site-1 insulins may not be able to completely disrupt the auto-inhibited 

IR. The cryo-EM analysis of full-length IR with insulin bound only at site-2 demonstrates 

that insulin can bind to site-2 in the apo-IR without changing the conformation of IR(92). 

In addition, the two insulins bound at sites-1a and −2 in one-half of the apo-IR would 

clash(85) (Figure 5b). Such steric clash may push the site-2 insulin and its bound FnIII-1’ 

domain away from the L2 domain of adjacent protomer, thereby further fracturing the two 
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protomers (Figure 5b). Thus, it is likely that the sites-1 and −2 insulins cooperatively disrupt 

the auto-inhibited state of IR.

9.2. Prevent the formation of asymmetric conformations of IR

IR predominantly forms asymmetric conformations when two insulins are bound at the IR 

site-1s (Figure 4b), in contrast to the ‘T’-shaped symmetric conformation induced by the 

binding of four insulins to both sites-1 and −2(92, 93). This structural observation suggests 

that insulin binding to site-2 prevents the formation of asymmetric conformations of IR. 

In other words, the insulin binding to site-2 is necessary to overcome the energetic hurdle 

associated with the asymmetric state of IR, allowing IR to reach a more stable, symmetric 

‘T’-shape.

The cryo-EM results on the full-length IR obtained at sub-saturating insulin concentrations 

provide a structural explanation for why IR cannot form an asymmetric conformation when 

four insulins are bound to both sites-1 and −2(92). In the middle-part of the ‘Ƭ’-shaped 

asymmetric IR with two insulins at site-1s, one insulin primarily binds to site-1 but also 

weakly contacts site-2’ (hybrid site) (Figure 4b). The binding of another insulin to the site-2’ 

within the hybrid site would require an outward movement of the lower L1/α-CT domain 

to prevent steric clashes between the two insulins. However, the two disulfide-linked α-CTs 

in the ‘Ƭ’-shaped IR adopt a kinked and extended conformation (Figure 4c). Such stretched 

α-CT restricts the outward movement of the lower L1 domain, preventing the binding of 

another insulin to the hybrid site in the ‘Ƭ’-shaped IR (Figure 5b). Given these structural 

observations, we propose that, upon the binding of four insulins to both sites-1 and −2, the 

L1/α-CT’ domain together with bound insulin (i.e. site-1a) must move upward, ultimately 

reaching the top loop of the FnIII-1’ domain (i.e., site-1b), to prevent both (1) the clash 

with the site-2-bound insulin and (2) the overstretching of the two disulfide-linked α-CTs. 

As a result, the ‘T’-shaped symmetric dimer would be exclusively formed. Collectively, 

these structural results and analyses explain how the binding of insulin to site-2 prevents the 

formation of asymmetric IR as well as why only the ‘T’-shaped IR has been observed in 

cryo-EM datasets of IR at saturating insulin concentrations(85, 92).

Furthermore, a recent study using site-specific insulin mutants supports the functional 

significance of site-2 insulin binding(92): (1) Insulin mutants that bind only to IR site-2 

(insulin site-1 mutants) fail to disrupt the apo-IR. Conversely, insulin mutants that bind 

only to IR site-1 (insulin site-2 mutants) break the apo-IR, but most of the insulin site-2 

mutants-bound IR forms asymmetric conformations. (2) Insulin site-2 mutants displayed 

greatly reduced potency for triggering IR auto-phosphorylation as compared with native 

insulin. (3) Neither insulin site-1 nor site-2 mutants alone reduced blood glucose levels in 

mice. However, cotreatment with 1:1 stoichiometry of the insulin site-1 and site-2 mutants 

activated IR signaling and lowered blood glucose levels in mice. (4) Consistent with the 

functional results, the structure of IR with both insulin site-1 and site-2 mutants bound 

exhibits a symmetric ‘T’-shape, identical to the ‘T’-shaped IR with four native insulins. 

These structural and functional data together suggest that site-2 insulin binding plays a 

critical role in regulating the conformation of IR, i.e., converting IR from asymmetric to 
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symmetric, and clearly demonstrates that the binding of multiple insulins to both site-1 and 

site-2 facilitates optimal IR signaling by promoting ‘T’-shaped symmetric conformation.

10. Insulin-dependent IR activation

10.1. Proposed activation mechanism of IR in response to one insulin binding

In principle, insulin should prefer to bind to IR site-1, as site-1 has a more than 10-fold 

higher affinity for insulin than site-2. The binding of one insulin to one of the two site-1s of 

apo-IR breaks one of the two L1-FnIII-2’ interactions, which is critical for the maintenance 

of the apo-IR, thus partially disrupting the auto-inhibited conformation, similar as observed 

in the IGF1R activation induced by IGF1 (Figure 6a). The released L1’/α-CT domains 

(site-1a), along with bound insulin, undergo a hinge motion and move upward, making 

interactions with the top loop of FnIII-1 domain (site-1b) from the neighboring protomer, 

forming the top-part of the ‘Γ’-shaped IR dimer (Figure 6a). The released FnIII-1−3 

domains of another protomer swing toward to the neighboring leg and make close contact 

with the L1 domain of the same protomer in the bottom-part of the ‘Γ’ (Figure 6a). This 

swing motion of FnIII-1−3 reduces the distance between the two membrane-proximal 

domains, thus facilitating the auto-phosphorylation. The L1-FnIII-2’ interaction in the 

unliganded half of the IR remains unchanged in comparison to the apo-IR. In addition, 

the two covalently linked α-CTs form a rigid beam-like structure, further contributing to the 

structural stability of one insulin-bound ‘Γ’-shaped asymmetric IR(92).

10.2. Proposed activation mechanism of IR by two insulins binding only to site-1s

IR with two insulins bound at site-1s predominately assumes an asymmetric 

conformation(92). In this asymmetric IR, protomer I has a ‘7’-shaped conformation almost 

identical to that in the ‘Λ’-shaped IR (Figure 7a, b); while protomer II retains a similar 

‘leg’ to that of protomer I with a different conformation of the ‘head’ part – extended 

versus compacted. This structural analysis hints that, after the apo-IR is disrupted by the 

insulin binding to two site-1s, a certain degree of IR activation could be achieved by a 

scissor-like rotation between the two protomers as rigid-bodies, using the interface between 

L2 and FnIII-1’ domains as a pivot point (Figure 6b). In principle, this would result in an 

extended ‘T’-shaped IR with membrane proximal stalks placed in close proximity. During 

the structural transition, however, the two L1 domains and disulfide-linked α-CTs would be 

separated by a long distance. As a consequence, the two disulfide-linked α-CTs would adopt 

a straightened and stretched conformation (similar to the game of tug-of-war), which may be 

energetically unfavorable (Figure 6b). This indicates that the extended ‘T’-shaped IR must 

be unstable, and may represent a transition state during IR activation.

We speculate that the structural instability of extended ‘T’-shaped IR would be reduced 

through spontaneous hinge motions of the L1/α-CT’-CR-L2 domains within one or 

two protomers, which convert one or two protomers from an extended to a compacted 

conformation, leading to ‘Ƭ’-shaped asymmetric or ‘T’-shaped symmetric architecture. 

(Figure 6b). Indeed, these two distinct IR conformations were observed in cryo-EM data 

of full-length IR obtained at sub-saturating insulin concentrations(92) (Figure 4b). In the 

‘Ƭ’- or compacted ‘T’-shaped IR, the distance between the two L1 domains was reduced, 
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allowing the disulfide-linked α-CTs to bridge them more facilely. On the other hand, it 

is reasonable to imagine that the straightened disulfide-linked α-CTs in the extended ‘T’-

shaped IR would act as a stretched spring that generates large contraction forces to promote 

the conformational rearrangement of IR from extended ‘T’-shape to ‘Ƭ’- or compacted 

‘T’-shape (Figure 6b).

Two different types of site-1 insulin bindings in the top and middle regions of ‘Ƭ’ 

stabilize the ‘Ƭ’-shaped asymmetric IR (Figure 4b). However, the ‘Ƭ’-shaped IR is not 

likely to be very stable, as insulin bound at site-1 of one protomer in the middle part 

of the complex makes only weak contact with the site-2’ of another protomer. Thus, the 

‘Ƭ’-shaped asymmetric IR may represent a local energy minimum and a partially active 

state. Consistently, IR exhibits lower activity in response to insulin mutants that can only 

bind to IR site-1(92).

10.3. Proposed activation mechanism of IR by four insulins binding to both sites-1 and −2

The surface of site-2 insulin binding in the apo-IR is exposed. Furthermore, the cryo-EM 

analysis of IR with insulin bound only at site-2 demonstrates that insulin can bind to site-2 

in the apo-IR without altering its overall conformation(92). It is, therefore, tempting to 

speculate that four insulins are able to bind to all the sites (i.e. two site-1s and two site-2s) 

at saturating insulin concentrations (Figure 6c). Four insulins binding to two types of sites in 

apo-IR could more effectively disrupt the auto-inhibited conformation and trigger a scissor-

like rotation between two rigid protomers, leading to an extended ‘T’-shaped conformation 

(Figure 6c). However, the extended ‘T’-shaped IR is unstable for the following reasons: 

(1) the disulfide-linked α-CTs would adopt an extended and stretched conformation, due 

to the long distance between the two L1 domains, and (2) insulins bound at sites-1 and 

−2’ are most likely to collide with each other on both sides of the extended ‘T’, owing 

to the limited space between the sites-1 and −2’ from two adjacent protomers, similar to 

that shown in the hybrid site of the ‘Ƭ’-shaped IR. Therefore, both the ‘tension’ generated 

by the over-stretched disulfide-linked α-CTs and the ‘repulsion’ force generated by the 

collision between two insulins at sites-1 and −2’ would trigger the rapid kinking movements 

of L1/α-CT’-CR-L2 domains in both protomers (Figure 6c). As a result, the two L1/α-CT’ 

domains (site-1a) together with bound insulins would move upward and ultimately touch 

the top-surface of FnIII-1’ domain (site-1b); consequently, the ‘head’ parts of two protomers 

would adopt a compacted conformation, and the IR is transformed from an extended ‘T’- 

to a compacted ‘T’-shaped conformation (Figures 6c and 7c). The ‘T’-shaped symmetric 

conformation was exclusively observed in the cryo-EM dataset of full-length IR obtained 

at saturating insulin concentration, supporting this activation model. Moreover, recent cryo-

EM studies demonstrate that IR with physically decoupled α-CT predominantly adopts 

asymmetric conformations even at saturating insulin concentrations(96). This finding further 

supports the proposed activation model that both disulfide-linked α-CTs and insulin binding 

at two distinct sites are critical for the efficient formation of the fully active, ‘T’-shaped IR.

The ‘T’-shaped IR dimer is structurally stable due to the concurrent binding of insulin to 

both sites-1a and −1b, as well as extensive protomer-protomer interactions. In addition, the 

disulfide-linked α-CTs in this compacted ‘T’-shape assume a relaxed conformation due to 
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the short distance between their two L1 domains. Collectively, these structural observations 

suggest that the ‘T’-shaped symmetric IR conformation has the highest structural stability, 

which may represent the most optimal state for IR activation.

11. The sources of negative cooperativity

Insulin binds to IR with a complex kinetics characterized by a curvilinear Scatchard plot, 

suggesting a negative cooperativity in the binding of insulin to IR(35). Recent cryo-EM 

studies of the full-length IR bound with different numbers of insulins provide a structural 

basis for understanding the source of negative cooperativity(92).

Structural plasticity of α-CT in IR is required for insulin binding. In the apo-IR, only the 

N-terminal part of α-CT is folded as a short α-helix, whereas the rest of this motif is 

disordered(76). This partially folded α-CT without any constraints in both N- and C-termini 

allows it to undergo the conformational change which is necessary for insulin binding. In 

the ‘Γ’-shaped IR dimer (with only one insulin bound at site-1), the disulfide-linked α-CTs 

adopt a rigid and elongated conformation(92) (Figure 4a). In this structural configuration, 

the conformational plasticity of the unliganded α-CT is restricted. Thus, the unliganded 

α-CT in the asymmetric IR dimer is likely to be less capable of binding insulin, suggesting a 

negative cooperativity between the two sites-1s. A similar molecular mechanism underlying 

the negative cooperativity in the binding of IGF1 to IGF1R has been proposed before(94). 

Furthermore, in the middle region of the ‘Ƭ’-shaped IR (with two insulins bound), sites-1 

and −2’ from two neighbor protomers are located in close proximity, and largely overlap 

(Figure 4b). Therefore, the binding of insulin at site-1 will hinder the binding of another 

insulin to site-2’, or conversely, thereby underlying the potential negative cooperativity 

between sites-1 and −2’ in the ‘Ƭ’-shaped IR.

12. The functional importance of α-CT

The cryo-EM structure of insulin bound full-length IR-3CS (cysteine triplets in α-CT 

substituted with serine, C682S/C683S/C685S) demonstrated that the IR with non-covalently 

linked α-CTs forms predominantly asymmetric conformations, despite insulins occupying 

all four binding sites(96). In one-half of these asymmetric conformations, insulins bind at 

site-1 and site-2’, similar to the ‘T’-shaped IR, while in the other half, two insulins bind to 

the hybrid site without stretching the α-CTs. The fact that fully liganded IR with physically 

decoupled α-CTs adopts asymmetric conformations supports the idea that disulfide-linked 

a-CTs plays a critical role in promoting the ‘T’-shaped symmetric IR. In addition, the levels 

of phosphorylation of AKT and ERK were markedly reduced in cells expressing IR-3CS, 

further suggesting that disulfide linkages between two α-CTs are essential for the formation 

of the ‘T’-shaped IR dimer and the optimal IR function(96).

13. Comparing the activation mechanisms of IR and IGF1R

Despite the fact that IR and IGF1R share high structural similarities, the characteristics 

of ligand binding are different between these two receptors(97). Recent cryo-EM studies 

have demonstrated that the activation mechanism of IR differs significantly from that of the 
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IGF1R. In contrast to the maximum 2:4 stoichiometry of active IR/insulin complex, IGF1 is 

undetectable in the side surface of FnIII-1 in IGF1R (that is equivalent to the site-2 of IR), 

and only one IGF1 binding to the IGF1R is sufficient to fully activate the receptor(94).

Additionally, in the fully liganded, active state of IR, the stalks of the dimer that contain 

FnIII-2 and FnIII-3 domains are closely associated by homotypic interactions between two 

loops in FnIII-2 domain(85). In the fully active state of IGF1R, however, the unliganded 

L1 domain bridges the two stalks of the dimer into close proximity and further stabilizes 

the active conformation(94). It is possible that the different arrangements of membrane-

proximal stalk regions between IR and IGF1R may provide a mechanism for defining 

their signaling specificity, allowing these two closely related receptors to generate distinct 

signaling outcomes.

Notably, to facilitate timely metabolic activity, the circulating levels of insulin are rapidly 

fluctuating in response to food intake and excise. In contrast, the IGF1 levels remain 

unchanged during the daytime and are responsible for long-term actions such as cell growth 

and differentiation(98–100). As IR has different insulin binding occupancy under different 

blood insulin concentrations, such a unique multi-sites system will allow IR to respond to 

a wide range of insulin concentrations at different metabolic states. In contrast, the one-site 

system in IGF1R will allow it to response to the IGF1 binding with high sensitivity. In 

part, this explains why these two related receptors use remarkably different mechanisms for 

activation.

14. Negative regulators of IR signaling

As insulin has multiple functions and is crucial to systemic homeostasis, the IR signaling 

should be tightly fine-tuned. Insulin itself contributes to the termination of the IR signaling 

by promoting IR endocytosis, and groups of phosphatases suppress the action of insulin 

in multiple steps. In addition, the levels of IR on the cell surface are regulated by ubiquitin-

mediated degradation. These mechanisms are largely redundant, and vary depending on the 

tissue, developmental stage, and health condition.

14.1. IR endocytosis

Insulin-activated IR undergoes clathrin- or caveolae-mediated endocytosis, which controls 

spatiotemporal IR signaling, insulin clearance, and insulin delivery (25, 74, 101–104). The 

IR auto-phosphorylation and downstream signaling proteins control the clathrin-mediated 

IR endocytosis, which allows activated IR to be preferentially internalized(38, 87, 105–

107). The internalized IR undergoes lysosomal degradation or recycles back to the plasma 

membrane. Thus, persistent hyperinsulinemia, which is closely related to insulin resistance, 

promotes IR endocytosis, and inhibits IR signaling. Consistent with this idea, IR levels 

on the cell surface are reduced in the livers of type 2 diabetes patients(108, 109) and 

insulin resistant mice(110). The assembly polypeptide 2 (AP2) links IR to clathrin, thus 

promoting the IR endocytosis. The SHP2-MAPK axis controls the phosphorylation of IRS, 

thus facilitating the association of IRS-AP2 with IR(74, 108). In addition, the cell division 

regulators, mitotic arrest deficient 2 (MAD2), budding uninhibited by benzimidazole-related 
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1 (BUBR1), cell division cycle protein 20 homolog (CDC20), and p31comet directly control 

the association of the AP2 with IR, thus regulating IR endocytosis(87, 102).

14.2. Ubiquitination

Several E3 ubiquitin ligases negatively regulate IR signaling by targeting IR and IRS. The 

canonical model of IR ubiquitination is that E3 ubiquitin-protein ligases (e.g. NEDD4 and 

CBL) ubiquitinate IR, facilitating the IR endocytosis and endosomal trafficking, thereby 

downregulating IR signaling(101). In addition to the canonical model, SOCS family proteins 

also inhibit IR signaling by recruiting E3 ubiquitin ligase to IR or IRS and promote 

proteasomal degradation(111). Moreover, Mitsugumin 53 (MG53) has been proposed to 

ubiquitinate IR and IRS1 in skeletal muscle (112, 113). Recently, RNAi screening identified 

MARCH1 as an E3 ligase of IR, demonstrating that MARCH1 regulates basal levels of IR in 

liver(114).

14.3. Phosphatases

Two types of phosphatases terminate IR signaling: lipid and protein phosphatases. PTEN 

and SH2-containing inositol 5’-phosphatase 2 (SHIP2) dephosphorylate lipid second 

messenger phosphatidylinositol 3,4,5-triphosphate (PI(3,4,5)P3), thereby attenuating IR 

signaling (Figure 1b). The PTEN converts PI(3,4,5)P3 to PI (4,5)P2, whereas the SHIP2 

converts PI(3,4,5)P3 to PI(3,4)P2, terminating PI3K signaling(115–117). In addition, 

protein-tyrosine phosphatase 1B (PTP1B) is the well-characterized tyrosine phosphatase 

localized at endoplasmic reticulum (ER), negatively regulating IR signaling through direct 

binding to IR(118–120).

15. IR and IGF1R hybrid

Previous studies have demonstrated that a hybrid receptor may be composed of one half 

from IR and the other from IGF1R, thus forming a heterotetramer(121, 122). A combined 

binding assay with labeled IGF1 and monoclonal antibodies specific to IR or IGF1R 

demonstrated that these hybrid receptors could bind both insulin and IGF1 with high binding 

affinity, showing potential functional properties(123). It has been proposed that there is 

a variation in the expression levels of the IR/IGF1R hybrid in different tissues, and the 

IR/IGF1R hybrid is the major form of IGF1R in muscle(124). The two isoforms of IR can 

form hybrid receptors with IGF1R with similar efficiency; however, IR-A/IGF1R and IR-B/

IGF1R hybrid receptors have different ligand binding affinities and activation potencies in 

response to insulin and IGF2(125). The IR-A/IGF1R hybrid binds to IGF2 with high affinity 

compared with the IR-B/IGF1R.

Given the distinct activation mechanisms of IR and IGF1R, the mechanism for ligand 

binding and activation of the hybrid receptor will be complicated. Moreover, the factors and 

mechanisms that regulate the formation of IR/IGF1R hybrids, as well as the physiological 

functions of the hybrid receptors, are unknown. The recent structure of IGF1-bound of 

ECD of IR-B/IGF1R hybrid receptor demonstrate that IGF1 binds to the L1/CR domains 

of IGF1R and the FnIII-1 domain of IR(126). The overall structure of the IGF1-bound 

IR-B/IGF1R hybrid receptors resembled the asymmetric conformation shown in IGF1R/
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IGF1(94), IGF1Rzip/IGF2(127) (zipper stabilized IGF1R ECD), IGF1R/insulin(128), and 

IRzip/insulin(81) (zipper stabilized IR ECD). Future studies are required to determine the 

structure of the apo-IR/IGF1R as well as the full-length structures of the IR/IGF1R hybrid 

with different types of ligands bound.

Conclusions and perspectives

The recent advances in structural and functional studies of IR have significantly contributed 

to our understanding of the IR activation. In addition to long-term studies of this important 

receptor using biochemistry and X-ray crystallography, recent developments in single-

particle cryo-EM allow high-resolution structural determinations of dynamic IR/insulin 

complex(129). It is clear, however, that more remains to be learned about the activation 

mechanism of IR and its downstream signaling.

The TM domains in IR are critical for receptor activation and downstream signaling(130, 

131). Visualizing the TMs in their dimerized active form and revealing the dimerization 

interface will be an important step towards fully understanding the activation mechanism 

of IR. Additionally, because the FnIII-3 domain is connected to the TM domain through 

a short linker (4 residues), it is reasonable to speculate that ECD, TM domain and ICD 

are coupled allosterically, and that the differences in the arrangements of the membrane 

proximal regions in the asymmetric and symmetric IR may cause differential dimeric 

assembly of TM domain and ICD. However, as of now, no cryo-EM structures of full-length 

IR/insulin complexes have been able to resolve a complete structure of IR, due to the 

flexible linkages of the TM helix with both the ECD and ICD. It may be necessary to 

stabilize the junction at the two ends of the TM domains using accessory factors such 

as conformationally selective nanobodies and TM-associating peptides(132). The cryo-EM 

density of the TM domains could also be improved by the application of advanced focused 

image classification techniques to distinguish different conformational states of the TM 

of IR(133). In addition, the reconstitution of full-length IR into a lipid bilayer, such 

as nanodisc, saposin or peptics(134, 135), may stabilize the TM domains by lipid-TM 

interaction and further improve its resolution. It has been suggested that certain types of 

lipids, such as phosphatidylinositol, play a key role in stabilizing the ICD of a variety of 

RTKs(136), including IR. Therefore, integrating such lipids into the nanodisc during the 

sample preparation may facilitate determining the entire structure of full-length IR/insulin 

complex.

Furthermore, IR have a large number of protein partners that play critical roles in promoting 

and regulating IR signaling(137). It remains challenging to determine the structure of full-

length IR bound with downstream signaling proteins or other binding partners, due to the 

following reasons: (1) those binding partners are associated with IR transiently; (2) the 

binding of most of signaling proteins to IR requires receptor phosphorylation; and (3) the 

relative orientation between IR and its binding partners may not be fixed. It is important to 

note that all of the previously purified full-length IR for structural studies are kinase-dead, 

and cannot undergo auto-phosphorylation. In addition, a key IRS binding region of IR 

(NPEY960 motif) was mutated to prevent IR endocytosis. Thus, it would be essential to 

purify the over-expressed full-length IR wild-type or directly isolate IR from native source 
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to reconstitute the IR/insulin in complex with their binding partners in vitro. Subsequently, 

the combination of biochemical, mass spectrometry, X-ray crystallography, single-particle 

cryo-EM, cryo-electron tomography (cryo-ET)(138) and computational modelling (Alpha 

fold(139)) will make it possible to visualize the entire structure of the IR signaling complex, 

thus providing a comprehensive understanding of the mechanism of IR signaling. The 

understanding of the structural nature of IR and IR signaling complex will assist in 

the development of novel therapeutics for diseases associated with dysregulation of IR 

signaling.
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Figure 1. 
Structure and signaling of IR. (a) Schematic representation of the structure of the disulfide-

linked IR. Each protomer is shown in green and blue. Disulfide bonds are shown in 

red. NPEY motif, MAD2-teracting motif (MIM), and tyrosine triplets in the activation 

loop are indicated. Leucine-rich-repeat (L1 and L2); cysteine-rich region (CR); fibronectin 

type III (F1, F2, and F3); C-terminal domain of α-subunit (α-CT); transmembrane (TM); 

juxtamembrane (JM); tyrosine kinase (TK); C-terminal region of β-subunit (CT). (b) 

Insulin-activated IR triggers two signaling cascades; PI3K-AKT pathway and MAPK 

pathway. The IR undergoes endocytosis, which redistributes and terminates the IR signaling. 

Protein nomenclatures are defined in the main text. Phosphor-Tyr (pY) and phosphor-

Ser/Thr (pS). Arrows and blunt ends indicate activation and inhibition, respectively.
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Figure 2. 
The X-ray crystal structure of IR ECD in the apo-, unliganded state, showing a ‘Λ’-shaped 

conformation (PDB: 4ZXB).
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Figure 3. 
The cryo-EM structure of full-length IR in the active, fully liganded state, showing a 

‘T’-shaped symmetric conformation (PDB: 6PXV). (a) ‘T’-shaped IR dimer bound with 4 

insulin at site-1, site-1’, site-2, and site-2’. (b) The detailed binding mode of site-1 insulin 

in the ‘T’-shaped IR. The site-1 insulin crosslinks the L1 of one protomer and α-CT’ and 

FnIII-1’ of another. The α-CT’ contacts both L2 and FnIII-1’ domains in the ‘T’-shaped IR. 

(c) The detailed binding mode of site-2 insulin in the ‘T’-shaped IR. Site-2 insulin interacts 

with a side surface of FnIII-1 domain. (d) The homotypic FnIII-2-FnIII-2’ interaction in the 

‘T’-shaped IR.
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Figure 4. 
The cryo-EM structures of full-length IR bound with sub-saturated insulins. (a) The cryo-

EM structure of IR in one insulin-bound state, showing a ‘Γ’-shape. (b) The cryo-EM 

structure of IR in two insulins-bound state, showing two different types of ‘Ƭ’-shape. In the 

middle region of conformation 1, site-1-bound insulin also weakly contacts site-2. In the 

middle region of conformation 2, site-2-bound insulin also weakly contacts site-1. (c) The 

disulfide-linked α-CTs adopt stretched conformation in the ‘Ƭ’-shaped IR with two insulins 

bound.
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Figure 5. 
The functions of sites-1 and −2 insulin binding. (a) Site-1 insulin plays a critical role 

in insulin-induced IR activation by breaking the auto-inhibited conformation of IR and 

by stabilizing the active conformation. (b) Site-2 insulin plays an auxiliary role in insulin-

induced IR activation by assisting site-1 insulin to break the auto-inhibited conformation of 

IR and by preventing the formation of asymmetric IR.
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Figure 6. 
The proposed model of insulin-induced IR activation. At unsaturated insulin concentrations, 

one or two insulins bind to IR site-1(s) and disrupt the auto-inhibited conformation. (a) 

The released L1/α-CT’ domains with a site-1a insulin move upward to the top-loop of 

FnIII-1’ (site-1b), crosslinking two protomers. (b) Two insulins binding at both IR site-1s 

facilitates a scissor-like rotation of two protomers. We speculate that these conformational 

changes lead to an instable, intermediate state of IR. We further propose that hinge motions 

between the L1/α-CT’-CR-L2 domains within one or two protomers reduce the structural 

instability, resulting in ‘Ƭ’-shaped asymmetric or ‘T’-shaped symmetric IR dimers. (c) 

At saturating insulin concentrations, four insulins bind to IR sites-1 and −2, breaking 

the auto-inhibited conformation effectively and promoting a scissor-like rotation of two 

protomers. The collision between two insulins at sites-1 and −2 in combination with the 

tension generated by disulfide-linked α-CTs would promote the formation of the fully 

active, ‘T’-shaped IR.
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Figure 7. 
The protomer conformations of IR with different numbers of insulin bound. Two different 

types of IR protomer conformations exist – compacted and extended. (a) The apo-IR 

consists of two extended protomers. (b) The ‘Ƭ’-shaped IR with two insulins bound consists 

of one extended protomer and one compacted protomer. (c) The ‘T’-shaped IR with four 

insulins bound consists of two compacted protomers.
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