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Introduction
Insulin is a peptide hormone that plays a crucial role in physi-
ology by regulating energy metabolism, cell growth, and dif-
ferentiation.1,2 The mature hormone is composed of two 
peptide chains (chain A with 21 amino acids and chain B with 
30 amino acids) held together by two disulfide bonds (CysA7-
CysB7; CysA20-CysB19) and an additional intrachain-A disulfide 
bond (CysA6-CysA11).3-5 Insulin analogs are derived from 
human insulin by the substitution of certain amino acids, which 
generates molecules with different pharmacokinetic properties 
that are useful in diabetes management.6-8 One of these ana-
logs is glargine, which differs from human insulin in three resi-
dues: glycine at A21 (GlyA21) instead of asparagine, and two 
additional C-terminal arginine residues (ArgB31, ArgB32) in the 

B-chain. These two new arginine residues change the isoelec-
tric point thereby making this molecule less soluble at neutral 
pH; this leads to the formation of a subcutaneous micropre-
cipitate where glargine is present as a hexamer that slowly dis-
sociates and undergoes proteolysis, generating two main 
products referred to as metabolites M1 and M2,8-11 with M1 
being the physiologically more important metabolite.12

The metabolic effects of insulin and its analogs are medi-
ated by IR, but glargine and other analogs also show mitogenic 
effects on cell cultures, which seems to be dependent on 
IGF1R.13-18 IR and IGF1R belong to the receptor tyrosine 
kinases superfamily (RTKs) encoded by 58 genes in humans.19 
Both are part of the same RTK subfamily referred to as dimeric 
RTKs because they are expressed in cell membranes as dimers 
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of two covalently linked monomers either in the absence or 
presence of its ligands. Each monomer is composed of two 
covalently linked protein subunits: an extracellular ligand-
binding α-subunit and a second membrane-bound β-subunit 
with an intracellular tyrosine kinase (TK) domain. Thus, these 
dimeric receptors [(αβ)2] are also considered as heterotetra-
meric proteins (α2β2).20 IR and IGF1R share a common 
domain architecture: each extracellular (α) subunit is composed 
of two leucine-rich regions (L1 and L2) separated by a cysteine-
rich region (CR), followed by two fibronectin type III domains 
(Fn-III1 and Fn-III2), an insert domain (IDα), and a 
C-terminal alpha helical segment (αCT); the β subunit has 
two type III fibronectin domains (Fn-III2 and Fn-III3), fol-
lowed by an insert domain (IDβ), a TM domain, and a tyrosine 
kinase (TK) domain, followed by a carboxyl terminal end.21,22 
Despite their structural similarity, IR and IGF1R show func-
tional divergence; IR is mainly involved in metabolic effects (by 
regulating carbohydrate, protein, and lipid metabolism), while 
IGF1R is mainly related to pathways that regulate growth, cell 
differentiation, and migration, which makes it a focus of inter-
est for cancer-related studies.3,19,23 The activation mechanism 
of these receptors is triggered by ligand binding to the receptor 
ectodomain, followed by conformational changes that activate 
the intracellular TK domain and receptor auto-phosphoryla-
tion, which finally activates downstream signaling pathways 
that lead to their different effects.1,19

The common architecture of IR and IGF1R, and the simi-
larity between its ligands (insulin, IGF1, glargine, and its 
metabolites) seems to be the basis of the receptor promiscuity 
phenomenon observed in this protein receptor subfamily, in 
which different ligands can bind and activate the same recep-
tor.5,24 Despite extensive knowledge of the pharmacokinetic 
properties of glargine and its analogs, little is known about the 
structural basis of the interaction between glargine or its 
metabolites with IR and IGF1R, because the structures of 
these complexes have not been solved so far. Here, bioinfor-
matics tools were applied to propose hypothetical 3D struc-
tures of these ligand/receptor complexes, which revealed certain 
unknown structural aspects, such as the localization of the glar-
gine residues ArgB31 and ArgB32 in these complexes.

Material and Methods
Homology modeling

The models were built using the SWISS-MODEL server.25 
For IR modeling (ectodomain) in complex with glargine (glar-
gine/IR model) or its metabolite M1 (metabolite M1/IR 
model), we considered the proglargine sequence (74 amino 
acids) as our target sequence and the full-length IR sequence 
(1354 amino acids)26 as the hetero target (see Supplementary 
Material S1 for this and all other sequences). The structure of 
the insulin-IR complex (PDB: 6PXV)26 was selected as the 
template. The proglargine sequence consists of glargine 

residues (chains A and B) separated by the first 21 residues of 
the proinsulin C-peptide (PDB: 6K59).27 The inclusion of 
these 21 residues was necessary because any modeling attempt 
using only the glargine residues resulted in models that lacked 
the glargine A chain. In all our final models, the C-peptide 
residues were removed to obtain the glargine/IR (19 residues 
removed) and the metabolite M1/IR (21 residues removed) 
models. The residues were removed using Pymol (The PyMOL 
Molecular Graphics System, Version 2.0 Schrödinger, LLC). 
These models were then refined as described below. For insu-
lin/IR modeling, proinsulin was used as the target sequence (74 
amino acids)26 and full-length IR (1354 amino acids) was used 
as the hetero target sequence. The insulin-IR complex reported 
by Uchikawa et  al26 (PDB: 6PXV) was selected as the 
template.

For IGF1R (ectodomain) modeling in complex with glar-
gine and metabolite M1 as ligands, preproglargine (110 amino 
acids) and full-length IGF1R (1367 amino acids) were used as 
the target and hetero target sequences, respectively 
(Supplementary Material S2).28 As a template, two different 
cryo-electron microscopy (cryo-EM) structures were selected: 
IGF1R in complex with insulin (PDB: 6JK8)28 and IR in com-
plex with insulin (PDB: 6PXV).26 As aforementioned, residues 
not belonging to glargine or metabolite M1 were removed 
from our models; after further refinement was performed as 
described below, our final glargine/IGF1R and metabolite M1/
IGF1R models were obtained.

All the cryo-EM and crystallographic structures were 
obtained from the Protein Data Bank (https://www.rcsb.org/, 
2021).29

Refinement of the models

All the models were refined by removing the random coil 
regions of each receptor. Briefly, a superposition analysis 
between the theoretical model and the template structure was 
carried out using Discovery Studio® Visualizer (BIOVIA, 
Dassault Systèmes Discovery Studio Modeling Environment, 
Release 2017) by comparing the positions of the alpha car-
bons (C-alpha). Receptor regions involved in the ligand/
receptor interactions in our model, but not well resolved in 
the crystal, were identified and removed with Pymol (The 
PyMOL Molecular Graphics System, Version 2.0 
Schrödinger, LLC) to generate the final models presented in 
this work. Finally, all models were evaluated in terms of their 
structural quality using the QMEAN30 tool freely available 
on SWISS- MODEL.25

All structures and models shown in this work were visual-
ized using Pymol (The PyMOL Molecular Graphics System, 
Version 2.0 Schrödinger, LLC) and Discovery Studio® 
Visualizer (BIOVIA, Dassault Systèmes Discovery Studio 
Modeling Environment, Release 2017). In all cases, the files 
were saved in the Protein Data Bank (PDB) format.

https://www.rcsb.org/
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Interaction surfaces analysis

The ligand/receptor interaction surfaces were analyzed using 
Discovery Studio® Visualizer software (BIOVIA, Dassault 
Systèmes Discovery Studio Modeling Environment, Release 
2017), which was fed with each model in the PDB format.

Interaction aff inities

The interaction affinities expressed as dissociation constants 
(Kd) were calculated using PROtein binDIng enerGY predic-
tion (PRODIGY).31,32 Briefly, each model (in the PDB for-
mat) was uploaded to the web server, and chains involved in the 
ligand/receptor interaction were selected. A standard tempera-
ture of 25 °C was used in all the cases.

Results
Ligand/IR models

First, we modeled the structures of the metabolite M1/IR and 
glargine/IR complexes. The metabolite M1/IR model shows 
the receptor in a symmetric T-shaped conformation with four 
ligand molecules occupying the two high-affinity sites (sites 1 
and 1') and the two low-affinity sites (sites 2 and 2') (Figure 1). 
A similar structure was observed in the glargine/IR model, 
with the receptor in a symmetric conformation with four 
IR-bound ligands (Supplementary Material, Figure S3).

The interaction surfaces of these two models were then 
analyzed, and the results are shown in Figure 2. Regarding the 
metabolite M1/IR model (Figure 2A), interactions were 

observed between residues of the L1 (Asp12, Asp14, Leu37, 
Phe39), FnIII-1' (Arg498, Ans541), and αCT (Asn711, 
Phe714, Pro716) domains of IR, and the ligand residues 
(IleA2, CysA7, TyrA19, HisB10, GluB13, LeuB15, TyrB16, PheB25, 
TyrB26). Some of these interactions are IleA2/Asn711, CysA7/
Arg498, LeuB15/Phe714, TyrB16/Phe39, PheB24/Leu37, 
PheB25/Arg14, and TyrB26/Asp12 (Figure 2A). A complete list 
of interacting residues in the metabolite M1/IR model is 
shown in Table 1. Regarding the interaction surface of the 
glargine/IR model, many interactions were found to be iden-
tical to those found in the metabolite M1/IR model; however, 
three unique interactions were found in the glargine/IR 
model (PheB25-Arg717 [hydrophobic], ArgB31-Arg717 
[hydrogen bond], and AsnA18-Arg717 [hydrogen bond]) 
(Figure 2B). Since glargine contains two additional residues 
at the C-terminus of its B-chain (ArgB31 and ArgB32) com-
pared to metabolite M1, we investigated the location of these 
two residues in our glargine/IR model. Figure 2C shows that 
these two arginine residues fall into a hydrophilic region 
formed by the αCT and CR domains of IR, close to residues 
Arg270, Arg271, Gln272 (CR domain), and Arg717 (αCT 
domain) of IR. Table 2 shows a complete list of interacting 
residues in our glargine/IR model.

To validate these results, the same procedure was applied 
to build a model of a known structure; for this purpose, we 
chose to model the insulin/IR complex.26 Figure 3 shows our 
insulin/IR computational model, in which the receptor is in a 
symmetrical T-shaped conformation with its four ligand-
binding sites fully occupied by insulin (Figure 3, left). The 

Figure 1. Metabolite M1/IR model. IR ectodomain bound to four insulin molecules (center). Enlarged images of ligand binding site 1 (left) and ligand 

binding site 2 (right) are shown. Metabolite M1 is in green (A chain in light green; B chain in dark green). The two IR alpha subunits are in different colors: 

gray (α) and golden (α’). The apostrophe (') indicates a site or domain in the IR α’-subunit. In site 1, metabolite M1 is in close contact with L1, CR, and 

FnIII-1’ domains of IR; in site 2, metabolite M1 makes contact with the FnIII-1 domain of IR. The quality parameters for this model are: GMQE of 0.73 (high 

precision between 0 and 1), QMEAN score of -1.57 (good quality score closer to 0, bad quality closer to -4), and RMSD of 0.29 Å (high similarity between 0 

and 2 Å).
GQME indicates Global Model Quality Estimate; IR, insulin receptor; QMEAN, Qualitative Model Energy Analysis; RMSD, root mean square deviation.
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Figure 2. Contact surfaces of metabolite M1 and glargine-bound IR models. (A) Metabolite M1/IR model, with the ligand (metabolite M1) shown in green 

(A chain in light green; B chain in dark green). (B) Glargine/IR model, with the ligand (glargine) in red (A chain in light red; B chain in dark red). The IR 

alpha subunits are in gray (α) and golden (α’). Apostrophe (') indicates a site or domain in the IR α’-subunit. (C) Glargine/IR model contact surface shown 

with hydrophobic regions in brown color and hydrophilic regions in blue color.
IR indicates insulin receptor.

Table 1. Interacting residues of metabolite M1/IR model.

LIGAND RECEPTORA

A chain: αCT:

IleA2, AsnA18, TyrA19 Asn711, Pro716

 FnIII-1:

CysA7 Arg498

B chain: αCT:

LeuB15 Phe714

 FnIII-1:

HisB5, HisB10 Pro495, Asn541

 L1:

GluB13, TyrB16, PheB24, 
PheB25, TyrB26

Asp12, Arg14, Leu37, 
Phe39, Arg65

Abbreviation: IR, insulin receptor.
aResults for ligand binding site 1 (high affinity site). αCT, FnIII-1, and L1 refer to 
IR domains.

Table 2. Interacting residues of glargine/IR model.

LIGAND (GLARGINE) RECEPTORA

A chain: αCT:

IleA2, AsnA18, TyrA19 Asn711, Pro716, Arg717

 FnIII-1:

CysA7 Arg498

B chain: αCT:

LeuB15, PheB25, ArgB31 Phe714, Arg717

 FnIII-1:

HisB5, HisB10 Pro495, Asn541

 L1:

GluB13, TyrB16, PheB24, 
PheB25, TyrB26

Asp12, Arg14, Leu37, 
Phe39, Arg65

Abbreviation: IR, insulin receptor.
aResults for ligand binding site 1 (high affinity site). αCT, FnIII-1, and L1 refer to 
IR domains.
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analysis of this insulin/IR model revealed 12 interactions 
(IleA2/Asn711, ValA3/Asn711, CysA7/Arg498, HisB5/Pro495, 
HisB10/Asn541, GluB13/Arg65, LeuB15/Phe714, TyrB16/Phe39, 
PheB24/Leu37, PheB25/Arg14, TyrB26/Asp12, and ThrB30/
Arg270) [Figure 3, right]. A multipartite interaction surface 
was observed: (a) the disulfide-bonded residues (CysA7-
CysB7) and HisB5 of insulin pack against Pro495, Phe497, and 
Arg498 in the FnIII-1' domain of IR; (b) the IR αCT resi-
dues His710 and Phe714 fit into hydrophobic pockets formed 
by residues GlyA1, IleA2, ValA3, TyrA19, GlyB8, SerB9, LeuB11, 
ValB12, and LeuB15 of insulin; c) the hydrophobic triad PheB24, 
PheB25, and TyrB26 of the ligand fit into pockets formed by the 
amino acids Phe714, Val715, Pro718 (αCT domain), Arg14, 
Asn15, Leu37, and Phe39 (L1 domain) of IR. These data 
validate our results.

Ligand/IGF1R models

Next, we tried to model the IGF1R receptor in complex with 
the same ligands using the cryo-EM structure of the insulin-
bound IGF1R ectodomain as a template (PDB: 6JK8).28 
However, with this template, only the metabolite M1/IGF1R 
model could be obtained (Supplementary Material, Figure S4). 
In this model, the IGF1R receptor shows an asymmetric Γ-
shaped structure with a single ligand molecule (IGF1) bound 
to it. All our attempts to model the glargine/IGF1R complex 
were unsuccessful. Because of this difficulty and based on the 
structural and functional homology between IGF1R and IR, 
we hypothesized that this complex could possibly be modeled 
by assuming the IGF1R in a symmetric T-shaped conforma-
tion similar to that described for IR in our ligand/IR models. 
Therefore, we used another template, the insulin-bound IR 

cryo-EM structure (PDB: 6PXV),26 and obtained a new set of 
models. Figure 4 shows our new metabolite M1/IGF1R model, 
in which the receptor is seen in a maximally occupied symmet-
ric T-shaped conformation with four ligand molecules bound 
to it, as described previously for our IR models. A similar over-
all structure was observed in our glargine/IGF1R model, which 
also showed four ligand-bound molecules (Supplementary 
Material, Figure S5).

Further analysis indicated that these two models share a 
common interaction surface, where residues of the IGF1R L1 
domain (Asp8, Arg10, Tyr28, and Leu33) interact with the 
triad PheB24, PheB25, and TyrB26 in metabolite M1 and glargine, 
and residues Asn698 and Phe701 of αCT interact with IleA2 
and LeuB15 (in both cases). Some of these interactions are 
shown in Figure 5A, which corresponds to the interaction sur-
face of the metabolite M1/IGF1R model. A full list of the 
interacting residues in this model is presented in Table 3. The 
main difference between these two models involves the inter-
action of ArgB31 and ArgB32 with Glu264 and Glu305 in the 
CR domain of IGF1R in our glargine/IGF1R model (Figure 
5B), which is missing in the metabolite M1 model. A list of 
interacting residues in the glargine/IGF1R symmetric model is 
presented in Table 4.

Discussion
In this study, bioinformatics tools were applied to obtain pre-
dictive 3D structural models of the drug/receptor complexes 
between glargine (or its metabolite M1) and the IR and IGF1R 
receptors. None of these structures have been reported in the 
databases. Homology modeling was performed using the 
SWISS-MODEL server.25

Figure 3. Insulin/IR model. Left: IR ectodomain bound to four ligand (insulin) molecules. Right: enlargement of ligand binding site 1. Insulin is shown in 

purple color (A chain in light purple; B chain in dark purple). The IR alpha subunits are in gray (α) and golden (α’). Apostrophe (') indicates a site or domain 

in the IR α’-subunit. The quality parameters for this model are: GMQE of 0.73 (high precision between 0 and 1), QMEAN score of -1.49 (good quality score 

closer to 0, bad quality closer to -4), and RMSD of 0.20 Å (high similarity between 0 and 2 Å).
GQME indicates Global Model Quality Estimate; IR, insulin receptor; QMEAN, Qualitative Model Energy Analysis; RMSD, root mean square deviation.
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Concerning the drug/IR complexes, the cryo-EM structure 
of the fully liganded insulin/IR (ectodomain) was used as a 
template for modeling. The IR ectodomain in this template 
shows a symmetrical T-shaped conformation.26 Consequently, 
a symmetrical IR conformation and full receptor occupation 
(four receptor-bound ligand molecules) were also observed in 
our models. As for the interaction surface, several interactions 

in our drug/IR models (glargine/IR and metabolite M1/IR) 
have also been reported in the insulin/IR structures obtained 
by X-ray crystallography and cryo-EM.26,33,34 Among these 
interactions are the following: (a) IleA2 and LeuB15 (ligand) 
with Asn711 and Phe714, respectively (IR, segment αCT); (b) 
HisB5, CysA7, and HisB10 (ligand) with Pro495, Arg498, and 
Asn541, respectively (IR, domain FnIII-1); and (c) TyrB26, 

Figure 4. Metabolite M1/IGF1R symmetric model. Center: IGF1R bound to four ligand (metabolite M1) molecules. Lower left: expanded view of the ligand 

binding site 1, where glargine M1 is seen in close contact with the IGF1R domains L1, CR, and FnIII-1.’ Lower right: expanded view of the ligand binding 

site 2, where glargine M1 makes contact with the IGF1R domain FnIII-1. Metabolite M1 is shown in green (A chain in light green; B chain in dark green). 

IGF1R alpha subunits are colored blue (α) and lavender (α’). Apostrophe (') indicates a site or domain in the IR α’-subunit. The quality parameters for this 

model are: GMQE of 0.77 (high precision between 0 and 1), QMEAN score of -2.91 (good quality closer to 0, bad quality closer to -4), and RMSD of 0.35 Å 

(high similarity between 0 and 2 Å).
GQME indicates Global Model Quality Estimate; IGF1R, insulin-like growth factor type 1 receptor; QMEAN, Qualitative Model Energy Analysis; RMSD, root mean square 
deviation.

Figure 5. Contact surfaces of metabolite M1 and glargine-bound IGF1R symmetric models. (A) Metabolite M1/IGF1R model, where the metabolite M1 is 

shown in green (A chain in light green; B chain in dark green). (B) Glargine/IGF1R model, with glargine shown in red (A chain in light red; B chain in dark 

red). Receptor residues and structure are colored blue (α) and lavender (α’). Apostrophe (') indicates a site or domain in the IR α’-subunit.
IGF1R indicates insulin-like growth factor type 1 receptor.
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PheB24, and TyrB16 (ligand) with Asp12, Leu37, and Phe39, 
respectively (IR, domain L1). All these interactions are impor-
tant for insulin/IR binding.33-35 A novel finding in our work is 
related to the interactions observed in the glargine/IR model, 
specifically those involving residues ArgB31 and ArgB32 at the 
C-terminus of the glargine B-chain. We found that these two 
arginine residues fall into a hydrophilic region formed by the 
αCT and CR domains of IR, close to residues Arg270, Arg271, 
and Gln272 (CR domain), and Arg717 (αCT domain) of IR. 
Specific interactions observed in this region were PheB25/
Arg717, ArgB31/Arg717, and AsnA18/Arg717, and none of 
these interactions have been previously reported. Our results 
agree with the predictions of other authors, suggesting that 
ArgB31 and ArgB32 participate in glargine/IR interaction.15,36

Although we cannot rule out the possibility that these 
results represent an erroneous finding, it should be kept in 
mind that unlike insulin and metabolite M1, the binding of 
glargine to IR involves accommodating two additional arginine 
residues (ArgB31 and ArgB32) belonging to the glargine B-chain 
C-terminus. These two amino acids should be accommodated 
in a hydrophilic cavity close to the aromatic triad PheB24, 
PheB25, and TyrB26 of insulin that interact with the receptor 
residues Phe39 (L1 domain), Phe714, Val715, and Pro718 
(αCT segment) in the insulin binding site, which has been 
described by other authors.33,34 Our model reveals a possible 
hydrophilic region proximal to the hydrophobic portion of the 
ligand binding site, where Arg717 (αCT) is located and inter-
acts with glargine via hydrogen bonding and hydrophobic 
interactions. Therefore, we believe that our findings are plausi-
ble, and our model provides a hypothetical structural basis for 
the involvement of those arginine residues in glargine/receptor 

interactions. Further experimental work is needed to confirm 
or rule out this possibility, and our glargine/IR model is a start-
ing point toward this goal.

Regarding IGF1R, we tried to obtain the glargine/IGF1R 
model by following the same procedure, but it did not work 
when we used the cryo-EM structure of the insulin-bound 
IGF1R ectodomain as a template.28 However, this difficulty 
was overcome when we considered the possibility that this 
receptor could exhibit a symmetric conformation similar to 
that described for IR in full occupancy by insulin. Therefore, by 
using a different modeling template, we obtained new models 
showing a symmetric T-shaped conformation, full occupation 
with four ligand molecules bound to IGF1R, and a high overall 
similarity among them (glargine vs metabolite M1) and to the 
drug/IR models. Interestingly, our glargine/IGF1R model 
revealed new interactions involving the glargine residues ArgB31 
and ArgB32, and the IGF1R residues Glu294 and Glu335. The 
involvement of glargine residues ArgB31 and ArgB32 in interac-
tion with this receptor has been suggested by other authors,15,36 
although no specific interactions have thus far been described. 
This result with glargine/IGF1R also represents novel find-
ings. Regarding our hypothesis that IGF1R could assume a 
symmetric T-shaped conformation similar to that described 
for IR,26 it is only supported by the fact that both receptors 
share a high functional and structural identity (58% sequence 
identity). We do not have experimental support for this confor-
mation, but different studies indicate that the current model  
of IGF1R function with two conformational states (active  
vs inactive) is too simplistic and does not represent reality.37 

Table 3. Interacting residues of metabolite M1/IGF1R model 
(symmetric conformation).

LIGAND RECEPTOR (IGF1R)A

A chain: αCT:

IleA2, ValA3 His697, Asn698

 FnIII-1:

CysA7 Arg488

B chain: L1:

PheB24, PheB25, TyrB26, LysB29 Pro5, Asp8, Arg10, 
Tyr28, Leu33, Glu53

 αCT:

LeuB11, ValB12, GluB13, LeuB15 His697, Phe701, 
Pro703, Arg704

 FnIII-1:

SerB9 Tyr487

Abbreviation: IGF1R, insulin-like growth factor type 1 receptor.
aResults for ligand binding site 1 (high affinity site). αCT, FnIII-1, and L1 refer to 
IGF1R domains.

Table 4. Interacting residues of glargine/IGF1R model (symmetric 
conformation).

LIGAND RECEPTORA

A Chain: αCT:

IleA2, TyrA19 Asn698, Pro703

 FnIII-1

CysA7 Arg488

B CHAIN: L1

GluB13, TyrB16, PheB24, 
PheB25, TyrB26

Asp8, Arg10, Tyr28, 
Leu33, Ser35, Arg59

 CR

LysB29, ArgB31, ArgB32, Asp262, Glu264, Glu305

 αCT

LeuB15 Phe701

 FnIII-1

HisB5, SerB9 Pro485, Tyr487

Abbreviation: IGF1R, insulin-like growth factor type 1 receptor.
aResults for ligand binding site 1 (high affinity site). αCT, FnIII-1, and L1 refer to 
IGF1R domains.
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Thus, we speculate that IGF1R could fluctuate between alter-
nate conformations with differential degrees of activity depend-
ing on their occupation. In this way, the unoccupied receptor 
would represent an inactive conformation and binding of a sin-
gle ligand molecule would induce a partially active asymmetric 
conformation, whereas binding of four ligand molecules would 
induce the fully occupied symmetric conformation. This is 
similar to the recently suggested IR activation mechanism.26 
Thus far, however, the active receptor is considered as a  
Γ-shaped asymmetric IGF1R dimer with a single molecule of 
ligand bound to it.28

Regarding the insulin/IR complex, it is known that insulin 
changes its conformation after binding to IR, with major 
changes in the C-terminal tail of the insulin B chain, where a 
reorientation of the B20-28 segment occurs, followed by a 60° 
rotation of the B25-28 portion.5,34,35,38 This conformational 
change moves some residues away from the insulin molecule 
core, exposing the non-polar side chains of some residues from 
both the A and B chains (IleA2, ValA3, ValB12, PheB24, and 
PheB25).5,34,35,38 Thus, in the insulin/IR system, there is a clear 
structural difference between the bound and unbound confor-
mations of insulin at the C-end tail of the B chain. Interestingly, 
a similar arrangement of the C-terminal tail of the B chain was 
observed in our models of glargine and metabolite M1 with 
both receptors (results not shown), suggesting that similar con-
formational changes would occur by the binding of glargine 
and metabolite M1 to both receptors (IR and IGF1R).

Although no crystallographic or cryo-EM data have been 
reported so far for these glargine-bound receptors, experimental 
data on binding affinities are available for all the complexes stud-
ied here. In this regard, Sommerfeld et al39 reported that glargine 
and metabolite-M1 bind to IR with affinities of 1.10 and 
1.35 nM, and to IGF1R with affinities of 63 and 649 nM, respec-
tively. With the same ligands, Werner et al40 reported binding 
affinities of 5.2 and 6.4 nM for IR, and 20.3 and 645 nM for 
IGF1R, respectively. Theoretical affinities (Kd) of our models 
with IR were 2.0 nM (glargine/IR) and 6.2 nM (metabolite M1/
IR), while those of our IGF1R models were 1.3 nM (glargine/
IGF1R) and 28.0 nM (metabolite M1/IGF1R) (not shown). 
Therefore, our theoretical results agree well with experimental 
reports by other authors not only in terms of the magnitude of 
binding affinities, but also in the fact that glargine shows a higher 
binding affinity to both receptors. It is also noteworthy that 
when we applied the same predictive procedure to a system 
whose 3D structure was already known (insulin bound to IR), 
the theoretical model correlated well with the experimental one, 
which validates our procedure and our study.

In this study, bioinformatics tools were applied to obtain 
predictive models and to analyze the hypothetical ligand-
receptor interactions in the system formed by IR and IGF1R, 
and their ligands glargine and metabolite M1. To the best of 

our knowledge, our study is the first to provide an insight, at 
least from a theoretical predictive point of view, on the struc-
tural basis of drug-receptor interactions involving glargine and 
the receptors IR and IGF1R, opening new avenues in this field. 
Currently, the issue of protein structure prediction is very rele-
vant because of the gap that exists between the rate of appear-
ance of new sequences and the elucidation of new protein 
structures in databases.41 We followed a template-based 
approach, which compares the amino acid sequence of a pro-
tein whose structure is unknown (target sequence) with one or 
more sequences from homologous proteins of known struc-
tures (templates) to build a 3D model based on this homol-
ogy.42 Among the different classical methods, the homology 
modeling approach is the most reliable and accurate for 
sequences with high homology, as seen in our case.41 This 
approach is very simple to carry out for monomeric proteins; 
but in more complex systems such as the one studied here, 
where the receptor and the ligand each have two peptide chains 
and are also disulfide-bonded, the procedure is more compli-
cated and requires greater understanding. Therefore, we believe 
that this work is relevant not only from a scientific point of 
view but also from an educational perspective, and our proce-
dure could be useful for teaching more complex models in bio-
informatics, molecular pharmacology, and/or biochemistry 
courses.

In conclusion, our work shows the application of bioinfor-
matics tools to obtain predictive models and provides a better 
understanding of the drug/receptor interactions involving glar-
gine, its metabolite M1, and the IR and IGF1R receptors.
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