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Abstract
Insulin-like growth factor 1 (IGF-1) and its IGF-1 receptor (IGF-1R) belong to an important biological system that is involved 
in the regulation of normal growth, but that has also been recognized as playing a role in cancer. IGF-1R antagonists could 
be interesting for the testing of their potential antiproliferative properties as an alternative to IGF-1R tyrosine-kinase inhibi-
tors or anti-IGF-1R monoclonal antibodies. In this study, we were inspired by the successful development of insulin dimers 
capable of antagonizing insulin effects on the insulin receptor (IR) by simultaneous binding to two separated binding sites 
and by blocking structural rearrangement of the IR. We designed and produced in Escherichia coli three different IGF-1 
dimers in which IGF-1 monomers are interlinked through their N- and C-termini, with linkers having 8, 15 or 25 amino 
acids. We found that the recombinant products were susceptible to the formation of misfolded or reduced variants, but that 
some of them were able to bind IGF-1R in low nanomolar affinities and all of them activate IGF-1R proportionally to their 
binding affinities. Overall, our work can be considered as a pilot study that, although it did not lead to the discovery of new 
IGF-1R antagonists, explored the possibility of recombinant production of IGF-1 dimers and led to the preparation of active 
compounds. This work could inspire further studies dealing, for example, with the preparation of IGF-1 conjugates with 
specific proteins for the study of the hormone and its receptor or for therapeutic applications.
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Introduction

Insulin-like growth factor 1 (IGF-1), together with insulin 
and IGF-2, belongs to a family of three related polypeptide 
hormones that play important roles in the human organism 
(Denley et al. 2005). IGF-1 (Clemmons 2009) and IGF-2 
(LeRoith et al. 2021) are involved mainly in the regulation 
of growth processes, both during development and in adults. 
Insulin is responsible mainly for the uptake of glucose from 
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blood to cells and the regulation of overall metabolic homeo-
stasis (Belfiore et al. 2017; Saltiel 2021).

IGF-1 acts through binding to its transmembrane recep-
tor, IGF-1R, which belongs, like both isoforms of the insulin 
receptor (IR-A and IR-B), to a large family of tyrosine-kinase 
receptors (Lemmon and Schlessinger 2010). IGF-1R, as well 
as IR, can be described as (αβ)2 dimer of two αβ monomers. 
Each (αβ)2 dimer consists of α and β chains linked by sev-
eral disulfide bridges. In the apo form of IGF-1R (Xu et al. 
2018) or IR (Croll et al. 2016; McKern et al. 2006), the two 
αβ monomers are thought to adopt a mutual crossover Λ-like 
conformation that is probably highly flexible (Gutmann et al. 
2018). The α chains are only extracellular, while chains β 
are extracellular, transmembrane spanning and intracellular. 
Intracellular parts of β chains have tyrosine kinase activity 
and are spatially separated when the hormone is not bound 
to the receptor. Binding of the hormone induces a struc-
tural rearrangement in the receptor, get both kinases closer 
together and induce their mutual autophosphorylation. Phos-
phorylated tyrosine kinase subunits can transfer phosphates 
on intracellular proteins and trigger specific signaling cas-
cades and biological effects of the hormone (Nagao et al. 
2021).

IGF-1 is a central therapeutic target for enhancing growth 
retardation, muscle function in ageing and disease. Several 
strategies have been employed to boost its level in muscle, 
including transgenic expression, gene transfer or direct 
delivery (Barton 2006; Barton et al. 2002; Forbes et al. 
2020; Lynch et al. 2001). On the other hand, IGF-1/IGF-
1R signaling has been recognized as playing a role in the 
development of cancer (LeRoith and Roberts 2003). Sev-
eral IGF-1R tyrosine-kinase inhibitors or monoclonal anti-
bodies directed towards IGF-1R were evaluated in clinical 
trials (Samani et al. 2007). However, the results of these 

trials were rather disappointing and have not resulted in the 
approval of new anti-cancer drugs (Baserga 2013; Fettig and 
Yee 2020).

Another possible strategy for blocking the signaling of a 
hormone receptor is to develop compounds that bind the hor-
mone binding site on the receptor, but do not trigger receptor 
activation and do inhibit the action of the native hormone. 
Such compounds are called antagonists if they completely 
inhibit receptor activity, or partial antagonists (partial ago-
nists) if they only lower the maximum level of receptor acti-
vation. IGF-1R antagonists could be interesting for testing of 
their potential antiproliferative properties as an alternative to 
IGF-1R tyrosine-kinase inhibitors or monoclonal antibodies 
(Fettig and Yee 2020).

The processes of how IGF-1 or insulin bind and activate 
their cognate receptors are still the subject of an intensive 
debate and are not fully elucidated. The dimeric character of 
IGF-1R and IR leads to the existence of at least two equiva-
lent binding sites for the hormone in each of the receptors.

The insulin:IR interaction is relatively more thoroughly 
studied than the related IGF-1:IGF-1R system and has 
provided a number of key insights. For IR, recent Cryo-
EM studies showed that up to four insulin molecules can 
bind simultaneously to IR, which in this case adopts what 
is called T-shape conformation: two insulin molecules are 
bound in Sites 1 and 1’ and two insulins are in Sites 2 and 
2’ (Gutmann et al. 2020; Li et al. 2022; Nielsen et al. 2022; 
Uchikawa et al. 2019) (Fig. 1A). According to this conven-
tion, Sites 1 and 2 are located on alternate αβ monomers 
and the same applies to Sites 1’ and 2’. It was proposed that, 
in the apo form of IR, Site 1 and Site 2 are located close 
together and two insulins bound in Site 1 and Site 2 would 
be partly overlapping (Uchikawa et al. 2019). It was also 
suggested that Site 2 could be the site of the first contact of 

Fig. 1   A Insulin receptor 
extracellular ectodomain (in 
ribbon representation with one 
IR protomer in magenta and 
the second in coral) with two 
insulin molecules (in surface 
representation) bound in Sites 
1 and 1’, and two insulins 
bound in Sites 2 and 2’. Drawn 
based on the 6SOF.pdb cryo-
EM structure (Gutmann et al. 
2020). B Extracellular domain 
of IGF-1 receptor with one 
IGF-1 molecule bound to Site 
1. Potential alternative Site 1’ 
is also labeled. Drawn based on 
the 6PYH.pdb cryo-EM struc-
ture (Li et al. 2019). The color 
scheme is the same as in A 
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the hormone with the receptor (Nielsen et al. 2022). Bind-
ing of the hormone to lower-affinity Site 2 would induce 
rearrangement of the receptor domains and translocation of 
insulin to the higher-affinity Site 1 (or binding of another 
insulin molecule to Site 1). This event would be followed 
by a separation of Site 2 from Site 1, getting receptor trans-
membrane b-subunits closer and activation of intracellular 
tyrosine kinases (Lawrence 2021; Nielsen et al. 2022). It was 
previously proposed that the binding of just one molecule 
of insulin should be sufficient for full receptor activation 
(Kiselyov et al. 2009) which would be consistent with low 
physiological concentrations of insulin (50–200 pM). Non-
saturated insulin-IR complexes with 1–3 insulins bound 
to IR adopting various crane-like Ƭ structures were also 
observed (Li et al. 2022; Nielsen et al. 2022; Weis et al. 
2018). It is still debated whether these unsaturated insulin:IR 
complexes are true activated forms of IR or whether they 
represent intermediate forms of IR between the apo Λ-form 
and the fully active T-form.

An interesting feature of IR is a phenomenon usu-
ally referred as a “negative cooperativity” (Levitzki and 
Koshland 1969). Kinetic experiments of De Meyts et al. 
(De Meyts et al. 1973) showed accelerated dissociation of 
labeled insulin by adding increasing amounts of added cold 
insulin (detected already for 10−10 M cold insulin, within the 
physiological range of insulin). But intriguingly, this accel-
erated dissociation is reduced at very high concentrations of 
cold insulin (above 10−7 M) and results in a “bell-shaped” 
dose-response curve (De Meyts 1994). Based on recently 
published Cryo-EM complexes (Gutmann et al. 2020; Li 
et al. 2022; Nielsen et al. 2022; Uchikawa et al. 2019; Xiong 
et al. 2022), these data can be interpreted as a negative coop-
erativity between a pair of Sites 1 and 2 and a symmetrically 
positioned pair of Sites 1’ and 2’ in IR; binding to Sites 1/2 
weakens binding to Sites 1’/2’ (or vice versa). However, at 
high insulin concentrations, insulin can be simultaneously 
bound to both Sites 1 and 1’ or even to both Sites 2 and 2’ 
as shown in Fig. 1A.

Christoffersen et al. (1994) discovered that binding of 
IGF-1 to IGF-1R is, similarly to insulin:IR binding, charac-
terized by a curvilinear Scatchard plot assuming two binding 
sites for the hormone and a ligand-accelerated tracer disso-
ciation that is typical for a negative cooperativity. However, 
the negative-cooperativity curve was not “bell-shaped” as 
for insulin:IR interaction (De Meyts 1994), which can indi-
cate that the simultaneous binding of two (or four) IGF-1 
molecules to Sites 1 and 1’ (or 1/2 and 1’/2’) may not be 
possible or certainly not for a longer period. It is still not 
clear if IGF-1 binding to IGF-1R proceeds in a similar way 
as the binding of insulin to IR. Until now, Site 2 in IGF-1R 
has not been clearly identified and IGF-1 mutagenesis results 
suggest that the hormone either lacks Site 2 or that it is dif-
ferent from insulin’s Site 2 (Machackova et al. 2019).

Mostly only complexes with just one molecule of IGF-1 
bound at Site 1 of the IGF-1R adopting asymmetric Γ shape 
conformation were resolved (Li et al. 2019) (Fig. 1B), which 
is in line with kinetic studies by Christoffersen et al. (Christ-
offersen et al. 1994) and receptor’s negative cooperativity 
property. However, two molecules of the hormone were 
found bound to the IGF-1R in crystals soaked with IGF-1, 
but this was considered as an artifact caused by constrains 
of the crystal lattice (Xu et al. 2018). Very recently, Moreau 
et al. (Moreau et al. 2022) solved cryo-EM structure (7U23.
pdb) of IGF-1R construct in a pseudo-two-fold-symmetric 
arrangement of the receptor domains with two molecules of 
IGF-like viral peptide symmetrically bound to L1 domain/a-
CT peptide segments (part of Site 1). Remarkably, the viral 
peptide behaves as natural IGF-1R antagonist and its antago-
nistic properties are associated with its unique C-domain 
sequence and Ser8 residue in the B-domain (Zhang et al. 
2021), which do not allow the viral peptide to engage mem-
brane distant part of FnIII-1’ domain (another part of Site 
1). This interaction is necessary for structural transition 
and activation of IGF-1R. The absence of conformational 
transition enables binding of the second viral peptide to the 
alternate binding element. Interestingly, viral peptide makes 
sparse contacts with His539 of membrane proximal part of 
FnIII-1’ domain of IGF1R which is equivalent to Arg554 in 
IR that forms receptor’s Site 2. This would suggest that some 
transient Site 2 in IGF-1R, which is involved in early IGF-1 
binding events, may indeed exist.

Partly antagonistic properties were also reported only for 
the IGF-1 analog with double Arg36-Arg37 → Glu36-Glu37 
mutation (Fujita et al. 2013; Saegusa et al. 2009) at the hor-
mone’s C-domain. Using phage display libraries, Schaeffer 
et al. (Pillutla et al. 2011) discovered artificial peptides that 
were able to antagonize either IR or IGF-1R. Brandt et al. 
(Brandt et al. 2018) linked some of these artificial antagonis-
tic peptides to the position B29 in insulin, and the constructs 
displayed partly antagonistic properties towards IR.

Several interesting studies that were published a few dec-
ades ago by teams from Aachen in Germany (Schuttler and 
Brandenburg 1982; Tatnell et al. 1983; Weiland et al. 1990) 
inspired us in the design of the IGF-1 derivatives described 
in this study. They reported insulin dimers (two insulins 
crosslinked through B29 positions with a relatively short 
suberic acid) that were high-affinity partial agonists of IR. 
This interesting result evokes questions about the molecular 
mechanism by which insulin dimers can block activation 
of IR. Putatively, two insulins interconnected with a linker 
having an “optimal” length could simultaneously bind the 
receptor’s Sites 1 and 2 (or 1’ and 2’), block structural rear-
rangement of the receptor and prevent mutual contacts of the 
intracellular tyrosine kinase domains that are necessary for 
their activation. This hypothesis was recently confirmed by 
scientists at Merck & Co. (Pissarnitski et al. 2022), who have 
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characterized in detail the biology of insulin dimers with 
partial agonistic effects towards IR. They also solved the 
cryo-EM structure of the IR in complex with an B29–B29-
linked insulin dimer with partially antagonistic properties 
and were able to show that the insulin dimer units bind 
simultaneously to Site 1 and Site 2 in the IR and prevent 
complete structural rearrangement and activation of the 
receptor due to their connection by a short covalent linker 
(Wu et al. 2022). Recently we prepared B1-B1-linked insulin 
dimers that were IR agonists but stimulated IR more strongly 
than would be consistent with their binding affinities (Lin 
et al. 2022). These results suggest that designing peptide 
hormone dimers may be a promising strategy for modulating 
the ability of hormones to activate receptor.

The goal of this study was to probe whether IGF-1 dimers 
in which two IGF-1 molecules are interconnected by link-
ers of specific lengths can effectively bind the extracellu-
lar domain of IGF-1R and stimulate or inhibit its activa-
tion. Biological activities of such dimeric constructs could 
respond to some emerging questions about the mechanism 
of activation of IGF-1R. IGF-1 dimers having antagonistic 
properties towards IGF-1R could be interesting for further 
studies of their impact on the proliferative effects of the 
receptor in cellular or tissue models. Here, using a recombi-
nant expression in E. coli, we prepared three different IGF-1 
dimers interconnected between their C- and N-termini by 
linkers of different lengths. All isolated constructs were 
tested for binding to IGF-1R and activation of the receptor, 
and the results are discussed.

Materials and methods

Plasmid Construction

Briefly, human IGF-1 (UniprotKB entry P05019 amino acids 
49–118) was cloned into a modified pRSFDuet-1 expression 
vector as a fusion with an N-terminally His6-tagged GB1 
protein and TEV protease cleavage site. An additional N-ter-
minal glycine residue (Gly-1) was incorporated into IGF-1 
to enable cleavage (↓) by TEV protease (sequence Glu-Asn-
Leu-Tyr-Phe-Gln↓Gly-1). The (Gly-Ser)4, (Ser-Gly)7-Ser or 
(Ser-Gly)12-Ser sequence in linkers connecting IGF-1 mono-
mers (8, 15 or 25 amino acids in Dimers 1–3, respectively, 
see in Fig. 2) were introduced at the downstream of the first 
IGF-1 monomer by ligating the PCR product of a vector 
with synthesized and annealed inserts. Vector sequence was 
amplified, using PCR with the primer dir (“EcoRI NotI site”) 
and primer rev (“IGF-1 rev wo stop codon”) (supplemen-
tary Table S1) in the presence of the template DNA (pRS-
FDuet-1 IGF-1 plasmid, supplementary Fig. S1) for delet-
ing the stop-codon and for linearization. The linker inserts 
were prepared by annealing oligonucleotides “linker seq dir 

(GS)4”, “linker seq dir (SG)7S”, “linker seq dir (SG)12S”, 
“linker seq rev (GS)4”, “linker seq rev (SG)7S” and “linker 
seq rev (SG)12S” (supplementary Table S1). Subsequently, 
the vector and insert sequences were ligated and picked up 
to be inserted in a forward manner. Next, the latter IGF-1 
sequence was connected to the downstream of the linker 
sequence. The latter IGF-1 sequence was PCR amplified 
with the primer dir (“IGF-1 dir BamHI”), and rev (“IGF-1 
rev stop-codon EcoRI”) in the presence of the DNA template 
(pRSFD IGF-1 plasmid). Subsequently, both the vector and 
the insert were treated by restriction-enzymes BamHI and 
EcoRI, and then ligated. Identities of all constructs were 
verified by sequencing.

Protein Production

The bacterial expression and purification were performed 
according to our previously published protocol (Hexnerova 
et al. 2016; Machackova et al. 2019). Constructs were trans-
formed into Escherichia coli BL21 (λDE3) and grown in 
1 L of LB medium, supplemented with 0.4% of glycerol and 
30 µg/mL of kanamycin at 37 °C. After reaching an optical 
density (600 nm) of 1, the bacterial cultures were induced 
with 1 mM IPTG (isopropyl β-d-1-thiogalactopyranoside) 
and further cultured for 4–5 h. Cells were harvested by cen-
trifugation for 20 min at 6000×g at 4 °C, and cell pellets 
(typically about 6 g) were stored at − 80 °C prior to further 

Fig. 2   Schematic representation of IGF-1 Dimers 1–3 synthesized 
and tested in this study. IGF-1 monomers are interconnected between 
C-terminal Ala70 of the N-terminal monomer and N-terminal Gly1 of 
the C-terminal monomer with Ser-Gly chains of different length. All 
three constructs were prepared with an additional Gly−1 residue (at 
the position − 1) on the N-terminus. IGF-1 peptide chains are shown 
as blue lines, with disulfide bridges in yellow and terminal residues in 
black. Amino acids of the connecting linkers are shown in red
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processing. Cell pellets containing IGF-1 peptides were 
resuspended in lysis buffer (50 mM Tris-HCl, pH 8.7, 50 
mM NaCl, 5 mM EDTA, 0.05 mM PMSF) using 10 mL of 
buffer/1 g of biomass and homogenized by piston homoge-
nizer. The suspended cells were further lysed by three passes 
through an Avestin EmulsiFlex-C3 apparatus at 4 °C. Inclu-
sion bodies from the cell lysate were obtained by centrifuga-
tion at 20,000×g at 4 °C for 20 min and further washed as 
a suspension in a wash buffer (50 mM Tris-HCl, pH 8.7, 50 
mM NaCl, 5 mM EDTA) in the presence 0. % (v/v) Triton 
X-100, sonicated in an ice bath, and centrifuged (20,000×g, 
4 °C, 20 min). The last wash procedure was repeated, using 
the same buffer but without 0. % (v/v) TritonX-100, and wet 
paste (about 1 g) consisting of inclusion bodies was stored 
at − 20 °C.

Inclusion bodies were solubilized, using buffer 50 mM 
Tris-HCl buffer (pH 8.7) containing 300 mM NaCl, 32.5 
mM β-mercaptoethanol and 8 M urea. The suspension was 
sonicated on ice and incubated for 2 h at room temperature 
with slow stirring. After being stirred for 2 h, the solubilized 
protein was centrifuged at 8000×g, 25 °C, 20 min, and the 
clear supernatant containing the denatured fusion protein 
was then loaded onto an equilibrated gravity-flow nickel 
chelating chromatography column (HIS-Select Nickel Affin-
ity Gel, Sigma-Aldrich). After being washed with a buffer 
(50 mM Tris-HCl, pH 8.7, 300 mM NaCl), the retained pro-
tein was eluted from the column with 125 mM imidazole in 
50 mM Tris-HCl (pH 8.7) buffer, supplemented with 300 
mM NaCl. The presence of the fusion protein in collected 
fractions was analyzed by SDS-PAGE and the pooled frac-
tions were dialyzed against 50 mM Tris-HCl (pH 8.7) buffer, 
supplemented with 300 mM NaCl at 4 °C for 24 h with 
2 buffer exchanges. The fusion partner was subsequently 
cleaved by an overnight TEV digestion at room temperature 
in the presence of reduced (1.5 mM) and oxidized (0.15 
mM) glutathione. Cleaved IGF-1 was separated (in a flow-
through) from the fusion protein by gravity-flow nickel 
chelating chromatography (HIS-Select Nickel Affinity Gel, 
Sigma-Aldrich). The representative electrophoretic gel from 
the purification of Dimer 2 is shown in supplementary Fig. 
S2. The product was further desalted on a Chromabond C4 
column (Macherey-Nagel) using 80% CH3CN (v/v) with 
0.1% TFA (v/v) for elution. The collected protein fraction 
was lyophilized, then resuspended in 7% (v/v) acetic acid, 
27% (v/v) CH3CN, 0.03% TFA (v/v); and purified on a 
semipreparative RP-HPLC column (Vydac 214TP510-C4, 
250 × 10 mm) using a a gradient of CH3CN in H2O with 
0.1% TFA (v/v). The purified IGF-1 analogs were lyophi-
lized, and the identity of the products verified by MALDI 
mass spectrometry. Analytical RP-HPLC chromatograms 
of Dimer 2c and Dimer 2d fractions were measured on an 
analytical column (YMC-Triart-Bio C4, 250 × 4.6), using a 
gradient of CH3CN in H2O with 0.1% TFA (v/v).

Binding Affinities for the Receptor

Binding affinities of analogs were determined with receptors 
in the intact cells. Specifically, binding affinities for IGF-
1R were determined with mouse fibroblasts transfected with 
human IGF-1R and with deleted mouse IGF-1R, according 
to Hexnerová et al. (Hexnerova et al. 2016). In an ideal case 
(e.g. for human IGF-1 and Dimers 2c and 2d), the bind-
ing curve of an analog was determined in duplicate points, 
and the final dissociation constant (Kd) was calculated from 
three (n = 3) binding curves (each curve giving a single Kd 
value), determined independently and compared with bind-
ing curves for IGF-1. However, a limited amount of isolated 
material in the case of Dimers 1 and 3 allowed only one 
measurement of a Kd value (n = 1) or even testing of the 
ability to displace the radiotracer at a single concentration.

The Abilities of Analogs to Induce 
Autophosphorylation of the Receptor

The abilities of analogs to induce autophosphorylation of 
IGF-1R in membranes of mouse fibroblast transfected with 
human IGF-1R and with deleted mouse IGF-1R were deter-
mined, as described by Macháčková et al. (Machackova et al. 
2019). Briefly, the cells were stimulated in 24-well plates 
(Schoeller) (4 × 104 cells per well) after 4 h of starving in 
serum-free medium. The cells were stimulated with 10 nM 
concentration of the ligands for 10 min. Stimulation was 
stopped by snap-freezing. Proteins were routinely analyzed, 
using immunoblotting and horseradish peroxidase-labeled 
secondary antibodies (Sigma-Aldrich). The membranes 
were probed with antiphospho-IGF-1Rβ (Tyr-1135/1136)/
IRβ (Tyr-1150/1151) (Cell Signaling Technology). The blots 
were developed, using the SuperSignal West Femto maxi-
mum sensitivity substrate (Pierce), and analyzed using the 
ChemiDoc MP imaging system (Bio-Rad). The autophos-
phorylation signal density generated by each ligand on West-
ern blotting was expressed as the contribution of phospho-
rylation relatively to the IGF-1 (IGF-1R fibroblasts) in the 
same experiment. Means were calculated from two to four 
independent experiments (n = 2–4), depending on the avail-
able amount of material, and were compared with native 
IGF-1.

Circular Dichroism (CD) Analyses

The CD spectra of Dimers 2c, 2d, and native IGF-1 were 
recorded in solution, using the JASCO J-818 spectrometer. 
Proteins were dissolved in 0.1% acetic acid to the final con-
centration of 0.1 mg/mL. Three scans within the range of 
185–270 nm were recorded and averaged to obtain the final 
spectra. All experiments were performed using a 1 mm 
quartz cell (Hellma Analytics) at room temperature, using 



	 International Journal of Peptide Research and Therapeutics (2023) 29:33

1 3

33  Page 6 of 13

the scanning speed of 5 nm/min, and the response time of 
16 s. The signal of the solvent was subtracted from the final 
spectra. The absorption and CD spectra were normalized to 
the concentration, cell length and the number of amino acids 
(70 for IGF-1 and 155 for Dimers 2c and 2d). The secondary 
structure content, based on the analysis of CD spectra, was 
estimated using the BeStSel software (Micsonai et al. 2018). 
Five general secondary structures (helix, antiparallel β-sheet, 
parallel β-sheet, turn, and others) were considered as defined 
in Ref. (Micsonai et al. 2018).

Molecular Dynamics

Two units of IGF-1 (2GF1.pdb) were in silico linked via 
the -(Ser-Gly)7-Ser- linker (extended conformation; see 
supplementary Fig. S3) to form Dimer 2. Obtained struc-
ture was then placed to an orthorhombic periodic box (10 
Å buffer-size) containing ~ 18,000 water molecules. The 
neutral charge of the box was ensured by the addition of 
Cl− ions. After a short equilibration (100 ps, NpT ensem-
ble), a 100 ns molecular dynamics simulation (MD; NpT 
ensemble) in Desmond (Schrödinger Release 2023) was 
performed on the box to observe the structural evolution 
of the dimer over time. Coordinates were recorded every 
10 ps throughout the production cycle. The total energy 
of every tenth sampled Dimer 2 geometry (1000 in total) 
was calculated as implemented in Prime (Jacobson et al. 
2004) ( E

Total
= E

covalent
+ E

Coulomb
+ E

vdW
+ E

Solvation
 ) at the 

OPLS4 level and the VSGB solvation model (water).
More information about molecular dynamics experiments 

with Dimer 2 is provided in supplementary information file.

Results and Discussion

Design of Compounds

IGF-1 is a single-chain protein with 70 amino acids and 
a relatively complicated pattern of three disulfide bridges 
(supplementary Fig. S4). IGF-1 has four primary amino 
groups: on glycine at the position 1 and on lysines at the 
positions 27, 65 and 68. These amines can be modified 
similarly to the approach of Schuttler et al. (Schuttler and 
Brandenburg 1982), with bi-functional linkers bearing e.g. 
two N-hydroxy-succinimide moieties. However, such reac-
tions are not quantitative, site-selective and low yields of 
products can be expected. Hence, having IGF-1 in larger 
quantities (dozens of milligrams) would be necessary for 
direct chemical modifications. However, commercially avail-
able IGF-1 is rather expensive, and the chemical synthesis of 
IGF-1 is very difficult, with only a few attempts at the total 
chemical synthesis of full-length IGF-1 having been carried 
out (Machackova et al. 2017; Sohma et al. 2008).

Therefore, we considered a recombinant production of 
IGF-1 dimers. The biological production of IGF-1 allows 
only C- to N-terminus linkage between two IGF-1 mole-
cules. This means that the linker must be placed between 
Ala70 (C-terminus) and Gly1 (N-terminus) residues. Such 
a linkage would correspond to the AsnB21-to-PheB1 con-
nection in the insulin dimer, and we have not found any 
reference to such an insulin dimer in the literature.

We planned a recombinant production of constructs, con-
sisting of two IGF-1 monomers linked between their C-ter-
minus and N-terminus, with three different linkers consisting 
of 8, 15 or 25 amino acids. We chose Gly-Ser repeats for 
their flexibility and low lipophilicity. The schematic struc-
tures of the planned IGF-1 Dimers 1–3 are shown in Fig. 2. 
The linkers in Dimers 1–3, in their extended conformations, 
should be able to bridge maximum distances of about 25, 45 
and 75 Å respectively. Such linkers could be compatible e.g. 
with the distance (about 38 Å) that is between B1 residue 
of the hormone in Site 1 and A21 residue of the hormone 
in Site 2 of the active insulin:IR complex shown in Fig. 1A. 
The length of a linker could have an impact on the potential 
of IGF-1 dimers to modulate IGF-1R activity. It should be 
also noted that, in the apo form of IR or IGF-1R, Site 1 and 
Site 2 will be very probably closer than as shown in Fig. 1A 
that represents activated and re-arranged form of IR.

Construction of expression plasmids for IGF‑1 
Dimers 1–3

IGF-1 dimers were produced in a bacterial expression sys-
tem that employs the E. coli BL21 (λDE3) strain and the 
pRSFDuet-1 vector adapted for the expression of IGF-1 
monomers (Hexnerova et al. 2016; Machackova et al. 2019). 
In this study, we first prepared three intermediate plasmids 
(supplementary Fig. S1), into which we inserted three differ-
ent linker sequences, consisting of 8, 15 or 25 amino acids 
at the site placed downstream of the first IGF-1 sequence 
(with extra Gly residue at the position − 1 that enables cleav-
age of the construct by TEV protease). Then, the second 
IGF-1 DNA sequence (without Gly-1) was incorporated at 
the BamHI and EcoRI site to prepare the final plasmids. 
Construction of all three plasmids for expression of IGF-1 
dimers were successful and the identities of the plasmids 
were confirmed by DNA sequencing. The experimental 
details are provided in “Materials and Methods” and in sup-
plementary information.

Purification and Identification of IGF‑1 Dimer 
Products and Their Biological Activities

Typical purification of the IGF-1 dimer construct was done, 
using 1 L of LB medium in one purification batch for the 
growing of the transformed bacteria. Harvested cells (about 
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6 g of wet pellet) were processed as described in the “Mate-
rials and Methods” section. The following isolation pro-
cedures typically provided about 1-1.3 g (wet weight) of 
inclusion bodies.

The RP-HPLC purification of Dimer 1 products from 
1.2 g of inclusion bodies resulted in isolation of 12 differ-
ent fractions Dimer 1a–Dimer 1 L in peaks a-l (Fig. 3A). 
The identities of the compounds in isolated fractions were 
analyzed by MALDI TOF mass spectrometry and the 
detected m/z signals are shown in Table 1. The inaccuracy 
of the MALDI TOF technique for molecules of this size is 
at least ± 10 Da. Hence, with a reasonable probability, m/z 
signals 15,915 and 15,916 in peaks b, d–g and i–k could 
be attributed to the expected product (expected MH + mass 
is 15,914). Due to the low quantities of isolated material 
(about 10–20 µg per fraction), we were able to determine Kd 
values for IGF-1R for these fractions only in one measure-
ment (n = 1). The most active fraction (1f) was identified 
in peak f and had about 21% binding affinity of thenative 
IGF-1. Other fractions were less active, with affinities rang-
ing from 0.1% (for 1d) to 4.5% (1e).Fractions 1j and k were 
completely inactive. The abilities of the products to induce 

autophosphorylation of IGF-1R were proportional to their 
binding affinities (Table 2, supplementary Fig. S5).

The RP-HPLC purification of Dimer 2 products from 
1 g of inclusion bodies resulted in isolation of 10 different 
products (2a–2j) from peaks a-j (Fig. 3B). The m/z mass 
spectrometry signals matching to the expected mass of 
the dimeric product were detected in all isolated fractions, 
except fraction 2a. For fractions 2b and 2f–2j, only a few 
micrograms of products were obtained that allowed testing 
only at 10−9 M concentrations, where these fractions were 
mostly inactive.

The relatively higher amount of isolated material in frac-
tions 2c and 2d (30–50 µg) allowed more precise determi-
nation (n = 3) of their Kd values for IGF-1R. We were able 
to measure at least one complete binding curve using the 
available material from fraction 2e. We detected about % 
binding for fraction 2c as compared with native IGF-1, about 
2% binding for fraction 2e, and fraction 2d was equipotent 
to human native IGF-1. Receptor activation properties of 
fractions 2c, 2d and 2e were generally proportional to their 
binding affinities (Fig. S5) without any signs of dispropor-
tional activation.

Fig. 3    A RP-HPLC purification of Dimer 1 products. B RP-HPLC purification of Dimer 2 products. C RP-HPLC purification of Dimer 3 prod-
ucts. The m/z signals of compounds (labeled as e.g., Dimer 1a obtained from peak a in A etc.) are shown in Table 1
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Analytical RP-HPLC chromatograms of Dimers 2c and 
2d purified from fractions c and d are shown in the supple-
mentary Fig. S6 and representative binding curves of these 
compounds for IGF-1R are shown in supplementary Fig. S7.

The RP-HPLC purification of Dimer 3 products (from 
1.3 g of inclusion bodies) resulted in isolation of 15 differ-
ent peaks (Fig. 3C). The m/z mass spectrometry signals that 
could be attributed to the expected dimer were found only in 
products 3d, 3e, 3j and 3k from respective peaks d, e, j and 
k, but these m/z signals were higher (17,154–17,156 MH+) 
than the theoretical m/z value (17,142 MH+). Testing for 
IGF-1R binding revealed binding affinities between 0.7 and 
1.9% of the Kd value of the native IGF-1 for Dimers 3d, 3e 
and 3j and no binding for Dimer 3k at 10−6 M. Biological 
activities of Dimers 3d and 3e were again proportional to 
their binding affinities and low isolated amounts of Dimers 
3j and 3k did not allow their testing for IGF-1R autophos-
phorylation. But, based on the results obtained for 3d and 
3e we do not expect any disproportion between binding and 
ability to activate the receptor for 3j and 3k (Table 2).

Hober et al. (1992) studied different forms of IGF-1 
produced in E. coli. They detected five major forms of 
the produced hormone: native, reduced or variants with 
mismatched pattern of disulfides. The most frequently 
detected misfolded variant results from a “swap” at 

positions Cys47 and Cys48; i.e. disulfide bridges 6–47 and 
48–52 are formed instead of 6–48 and 47–52 pairs (Miller 
et al. 1993). The swapped variants of IGF-1 have dramati-
cally reduced receptor binding (Machackova et al. 2017; 
Sohma et al. 2010). Due to the presence of 6 cysteines in 
the molecule, IGF-1 monomer can theoretically form up to 
15 different variants of disulfide bridges. The presence of 
the second IGF-1 molecule can further complicate folding, 
and 99 different variants of disulfides are theoretically pos-
sible in one molecule of IGF-1 dimer. The number of mis-
folded products would be much higher if different multim-
ers of IGF-1 connected by disulfide bridges are produced. 
However, we have not detected any high molecular species 
(like dimers of dimers) in our chromatograms. We suppose 
that products 3d, 3e, 3k and 3j could be partly reduced 
forms of IGF-1 dimers that still have several cysteines in 
SH forms.

Dimer 1 and Dimer 2 products had relative molecular 
masses detected by MALDI MS, similar to the expected 
fully oxidized products (Table 1), but their relative bind-
ing affinities were mostly lower than the binding affinity 
of native IGF-1, with the exception of Dimer 2d. The dif-
ference between native-like binding affinity of 2d and less 
active 2c and 2e evoked the fact that improper formation 
of disulfides could be behind the low binding of 2c, 2e and 
other low affinity products as well.

Table 1   MALDI-TOF m/z signals of IGF-1 dimers detected in peaks shown in Fig. 3A-C

No means that no m/z signal that could be attributed to the expected product was found in the mass spectrum

Fraction m/z (MH+) Fraction m/z (MH+) Fraction m/z (MH+)
Expected mass (average) Expected mass (average) Expected mass (average)

Dimer 1 15,914 Dimer 2 16,433 Dimer 3 17,142

Found Found Found

Dimer 1a No Dimer 2a No Dimer 3a No
Dimer 1b 15,915 Dimer 2b 16,433 Dimer 3b No
Dimer 1c No Dimer 2c 16,432 Dimer 3c No
Dimer 1d 15,915 Dimer 2d 16,432 Dimer 3d 17,154
Dimer 1e 15,915 Dimer 2e 16,432 Dimer 3e 17,156
Dimer 1f 15,916 Dimer 2f 16,432 Dimer 3f No
Dimer 1g 15,915 Dimer 2g 16,432 Dimer 3g No
Dimer 1h No Dimer 2h 16,432 Dimer 3h No
Dimer 1i 15,916 Dimer 2i 16,434 Dimer 3i No
Dimer 1j 15,915 Dimer 2j 16,435 Dimer 3j 17,156
Dimer 1k 15,915 Dimer 3k 17,158
Dimer 1l No Dimer 3l No

Dimer 3m No
Dimer 3n No
Dimer 3o No
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Circular Dichroism (CD) Analysis of Selected 
Fractions

To investigate the possibility of the misfolding of our IGF-1 
dimers, we measured the CD spectra of fractions 2c and 2d 
that have very different binding affinities for IGF-1R (6% 
and 124% of the native IGF-1, respectively, Table 2) and 
whose amount of isolated material allowed spectroscopic 
measurements. The results are shown in Fig. 4. Panel 4A 
reveals a drop of intensity of CD spectra for both dimers, 
compared to the spectrum of native IGF-1. The CD spectra 
of native IGF-1 and its misfolded (swapped) variant were 
previously reported by Hober et al. (1992) The swapped 
variant exhibited approximately three times reduced ellip-
ticity at ~ 190 nm than native IGF-1. The observed decrease 
of intensity at ~ 207 and ~ 220 nm was not that significant. 
The authors also noticed a tiny blue shift of all bands due to 
misfolding. Gill et al. (Gill et al. 1999) reported the similar 
behavior of the CD spectra for another IGF-1/IGF-1 swap 
pair, yet the absolute changes differed. Our products 2c and 
2d also exhibit lower (~ 2×) ellipticity at ~ 192 nm, as com-
pared to native IGF-1 (Fig. 4A). The CD signals of Dimers 

2c and 2d are practically identical. Accordingly, the esti-
mated helical content of ~ 25% for IGF-1 drops to ~ 22% for 
Dimer 2c and to ~ 20% for Dimer 2d as seen in Fig. 4B and 
D. The estimated helical content ( hc ) for IGF-1 well corre-
sponds to the content obtained from the solution NMR struc-
ture (2GF1.pdb; 27% of IGF-1. The lower estimated helical 
content for dimers can mostly be associated with the protein 
extension by the linker. When we artificially (in silico) con-
nected two NMR structures of IGF-1 in Maestro (Maestro, 
Schrödinger Release 2021-3, Schrödinger, LLC, New York) 
by the -(Ser-Gly)7-Ser- linker, we could see the decrease 
of the helical content from ~ 27%for IGF-1 (2GF1.pdb) to 
~ 25%for the construct. The helical content for the NMR 
structure was calculated as follows: hc = (N

helix
∕N

all
) ⋅ 100 , 

where N
helix

 is the number of residues corresponding to heli-
ces in the protein and N

all
 is the number of all residues in 

the protein. The difference between hc estimated using CD 
(25%) and predicted by a static mode in Maestro (22 and 
20%) may be due to the error of themodel, error of the esti-
mation by BeStSel, or due to a misfolding of dimers.

Taken altogether, the CD spectra of low active Dimer 
2c and fully active Dimer 2d are almost identical but differ 

Table 2   Binding affinities of 
human IGF-1 and IGF-1 dimers 
for IGF-1R and their abilities to 
activate this receptor

Binding affinities were tested in three separate series of measurements indexed 1, 2 or 3
a Relative binding affinity is defined as (Kd of the native hormone/Kd of analog) x 100 (%)
– Means not determined. no means that no significant ability to activate the receptor was detected

Hormone Kd ± S.D. (nM), (n)
for IGF-1R

Relative binding 
affinitya (%)

Relative ability (at 10 nM) to induce 
autophosphorylation of IGF-1R (%). 
Mean ± S.D. (n)

Human IGF-1 0.30 ± 0.06 (5)1

0.37 ± 0.03 (3)2

0.26 ± 0.08 (7)3

100
100
100

100

Dimer 1b 22 (1)1 1.4 1.2 ± 0.1 (2)
Dimer 1d 320 (1)1 0.1 No
Dimer 1e 6.6 (1)1 4.5 5.6 (1)
Dimer 1f 1.4 (1) 1 21 23 ± 2.2 (2)
Dimer 1g 21 (1)1 1.4 2.3 ± 0.3 (2)
Dimer 1i 81 (1)1 0.4 No
Dimer 1j No binding at 10−6 M – No
Dimer 1k No binding at 10−6 M – No
Dimer 2b 8% binding at 10−9 M – –
Dimer 2c 24.2 ± 11.1 (7) (3)3 6.2 10 ± 1.3 (3)
Dimer 2d 0.21 ± 0.02 (7) (3)3 124 100 ± 6.3 (3)
Dimer 2e 1.3 (1)3 20 30 ± 3.4 (3)
Dimer 2f No binding at 10−9 M – No
Dimer 2g No binding at 10−9 M – No
Dimer 2h No binding at 10−9 M – No
Dimer 2i No binding at 10−9 M – No
Dimer 3d 45 (1)2 0.8 0.2 ± 0.1 (2)
Dimer 3e 20 (1)2 1.9 0.5 ± 0.2 (4)
Dimer 3j 42 (1)1 0.7 –
Dimer 3k No binding at 10−6 M – –
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significantly from the CD spectrum of the native IGF-1. 
Also, the secondary structure helical content in both dimers 
is similar and apparently lower than in IGF-1, but this dif-
ference in helicity is likely due to the presence of the linker. 
On the other hand, the difference in binding affinities of both 
dimers that have the same linker indicates that they could 
differ in their tertiary structures (e.g. one or both IGF-1 units 
“swapped” in one of the dimers). However, we cannot detect 
such changes by the far-UV CD spectral analyses, and any 
detailed near-UV CD analysis was impossible due to the lack 
of a sufficient quantity of products.

Concluding Remarks

It seems probable that all the isolated IGF-1 Dimer 1 and 2 
variants, including the equipotent Dimer 2d, can represent 
at least partly (in one dimer unit or in both units) misfolded 
variants of IGF-1. This result indicates that IGF-1 dimers 
linked through C and N termini can be more susceptible 
to the formation of misfolded products than native IGF-1, 

where only one misfolded variant is usually detected besides 
a properly folded product (Miller et al. 1993). In the case of 
Dimer 3 with the longest 25 amino acid linker, we detected 
only partly reduced forms of isolated products. We can only 
speculate whether the length of the linker affects the folding 
and formation of disulfides. It is not excluded that the longer 
linker in Dimer 3 promotes the formation of non-standard 
tertiary structures (aggregates), where at least some SH 
groups are not accessible to the surrounding environment 
and remain in a reduced form. The presence of multiple dif-
ferent products of each type of dimer also led to low yields 
of each fraction, which prevented a more thorough physico-
chemical characterization of the compounds.

The presence of multiple different products for each 
dimer type, regardless of linker type, also led to low yields 
of individual fractions, which prevented a more thorough 
physicochemical characterization of the compounds.

It worth mentioning that, despite their reduced bind-
ing affinities as compared with the native IGF-1, IGF-1 
dimers prepared in this study are still able to bind IGF-1R 
in nanomolar concentrations and that some of the products 

Fig. 4   Comparison of the CD spectra of Dimers 2c and 2d with the native IGF-1 (A) and the corresponding secondary structure content for 
native IGF-1 (B), Dimer 2c (C), and Dimer 2d (D)
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had affinities comparable to native IGF-1 (e.g. 1f and 2e) or 
were equipotent (2d). This result suggests that the idea of 
preparing active IGF-1 dimers may be feasible, however, 
it will require careful optimization of production. The fact 
that IGF-1 is relatively tolerant, at least in some cases, to the 
attachment of long peptide sequences suggests that specific 
labeling of IGF-1 with, for example, a fluorescent tag or 
other chemical group would be possible. Such conjugates 
could be used to study the internalization of the hormone or 
to transport specific substances into the cell by internaliza-
tion of IGF-1R.

We have not detected any marked disproportions between 
binding affinity to the receptor and the ability to activate 
the receptor for any of the tested dimeric products, and all 
our IGF-1 dimers, that markedly differ in the length of a 
connecting linker between IGF-1 units and in their bind-
ing affinities, are IGF-1R agonists. Without knowing the 
structure of the dimer-receptor complex, it is not easy to 
deduce how the dimers bind to the receptor. The distance 
between IGF-1 subunits in our active Dimer 2d (cc 60-25 
Å, supplementary Fig. S3) is probably not sufficient to allow 
efficient binding to both Sites 1 and 1’, similarly to insulins 
in Fig. 1A or IGF-like peptides in 7U23.pdb structure by 
Moreau et al. (Moreau et al. 2022), but should not preclude 
binding to Sites 1 and 2 as was the case for the B29-B29-
linked antagonistic insulin dimers and their binding to IR 
(Wu et al. 2022). The lack of antagonism can be explained 
in different ways: the dimer does not bind to Site 1 and Site 
2 simultaneously because the inherent properties of IGF-
1R do not allow this in principle or the dimer binds to both 
sites simultaneously, but the length of its linker allows full 
structural transition and activation of the receptor. We think 
it is more likely that Dimer 2d binds to the receptor with 
only one IGF-1 molecule. This could be because the N-to-C 
connection does not allow the same orientation of the IGF-1 
molecules as the insulin molecules in the B29-B29-dimer 
that is necessary for an effective simultaneous targeting of 
Sites 1 and 2 or that one of the IGF-1 molecules is misfolded 
and lost its ability of potent binding.

Overall, our work can be considered as a pilot study that, 
although it did not lead to the discovery of new IGF-1R 
antagonists, explored the possibility of recombinant produc-
tion of IGF-1 dimers and led to the preparation of active 
compounds. This work could inspire further studies dealing, 
for example, with the preparation of IGF-1 conjugates with 
specific proteins for the study of the hormone and its recep-
tor or for therapeutic applications.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s10989-​023-​10499-1.

Author Contributions  JL produced, purified and analyzed compounds 
and participated in the testing of their receptor activation capabilities. 
SA designed and prepared plasmids for protein production. IS tested 

compounds for their receptor activation capabilities and evaluated 
results. KM tested the receptor binding affinities of compounds. JK 
analyzed compounds by CD spectroscopy and performed molecular 
dynamics. EY contributed to the production of compounds. JJ con-
ceived and supervised the study and wrote the manuscript. All authors 
read and commented on the manuscript.

Funding  Open access publishing supported by the National Technical 
Library in Prague. This work was supported by the project National 
Institute for Research of Metabolic and Cardiovascular Diseases 
(Program EXCELES, ID Project No. LX22NPO5104, Funded by the 
European Union-Next Generation EU), by the European Regional 
Development Fund, OP RDE, Project: “Chemical Biology for drug-
ging undruggable targets (ChemBioDrug)” (No. CZ.02.1.01/0.0/0.0/16
_019/0000729), by a Medical Research Council Grant MR/R009066/1 
and by the Academy of Sciences of the Czech Republic (Research 
Project RVO:6138963, support to the Institute of Organic Chemistry 
and Biochemistry).

Declarations 

Conflict of interest  The authors declare that they have no known com-
peting financial interests or personal relationships that could have ap-
peared to influence the work reported in this paper.

Ethical Approval  We confirm that the manuscript has been read and 
approved by all named authors and that there are no other persons who 
satisfied the criteria for authorship but are not listed.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Barton ER (2006) Viral expression of insulin-like growth factor-I 
isoforms promotes different responses in skeletal muscle. J Appl 
Physiol 100:1778–1784. https://​doi.​org/​10.​1152/​jappl​physi​ol.​
01405.​2005

Barton ER, Morris L, Musaro A, Rosenthal N, Sweeney HL (2002) 
Muscle-specific expression of insulin-like growth factor I counters 
muscle decline in mdx mice. J Cell Biol 157:137–147. https://​doi.​
org/​10.​1083/​jcb.​20010​8071

Baserga R (2013) The decline and fall of the IGF-I receptor. J Cell 
Physiol 228:675–679. https://​doi.​org/​10.​1002/​jcp.​24217

Belfiore A, Malaguarnera R, Vella V et al (2017) Insulin receptor iso-
forms in physiology and disease: an updated view. Endocr Rev 
38:379–431. https://​doi.​org/​10.​1210/​er.​2017-​00073

Brandt SJ, Mayer JP, Ford J, Gelfanov VM, DiMarchi RD (2018) 
Controlled intramolecular antagonism as a regulator of insulin 
receptor maximal activity. Peptides 100:18–23. https://​doi.​org/​
10.​1016/j.​pepti​des.​2017.​11.​022

Christoffersen CT, Bornfeldt KE, Rotella CM et al (1994) Negative 
cooperativity in the insulin-like growth factor-I receptor and a 

https://doi.org/10.1007/s10989-023-10499-1
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1152/japplphysiol.01405.2005
https://doi.org/10.1152/japplphysiol.01405.2005
https://doi.org/10.1083/jcb.200108071
https://doi.org/10.1083/jcb.200108071
https://doi.org/10.1002/jcp.24217
https://doi.org/10.1210/er.2017-00073
https://doi.org/10.1016/j.peptides.2017.11.022
https://doi.org/10.1016/j.peptides.2017.11.022


	 International Journal of Peptide Research and Therapeutics (2023) 29:33

1 3

33  Page 12 of 13

chimeric IGF-I/insulin receptor. Endocrinology 135:472–475. 
https://​doi.​org/​10.​1210/​endo.​135.1.​80133​87

Clemmons DR (2009) Role of IGF-I in skeletal muscle mass mainte-
nance. Trends Endocrinol Metab: 20:349–356. https://​doi.​org/​10.​
1016/j.​tem.​2009.​04.​002

Croll TI, Smith BJ, Margetts MB et al (2016) Higher-resolution struc-
ture of the human insulin receptor ectodomain: multi-modal inclu-
sion of the insert domain. Structure 24:469–476. https://​doi.​org/​
10.​1016/j.​str.​2015.​12.​014

De Meyts P (1994) The structural basis of insulin and insulin-like 
growth factor-I receptor binding and negative co-operativity, 
and its relevance to mitogenic versus metabolic signalling. 
Diabetologia 37(Suppl 2):S135–S148. https://​doi.​org/​10.​1007/​
BF004​00837

De Meyts P, Roth J, Neville DM Jr, Gavin JR III, Lesniak MA (1973) 
Insulin interactions with its receptors: experimental evidence 
for negative cooperativity. Biochem Biophys Res Commun 
55:154–161. https://​doi.​org/​10.​1016/​s0006-​291x(73)​80072-5

Denley A, Cosgrove LJ, Booker GW, Wallace JC, Forbes BE (2005) 
Molecular interactions of the IGF system. Cytokine Growth Fac-
tor Rev 16:421–439. https://​doi.​org/​10.​1016/j.​cytog​fr.​2005.​04.​004

Fettig LM, Yee D (2020) Advances in insulin-like growth factor biol-
ogy and -directed cancer therapeutics. Adv Cancer Res 147:229–
257. https://​doi.​org/​10.​1016/​bs.​acr.​2020.​04.​005

Forbes BE, Blyth AJ, Wit JM (2020) Disorders of IGFs and IGF-1R 
signaling pathways. Mol Cell Endocrinol 518:111035. https://​doi.​
org/​10.​1016/j.​mce.​2020.​111035

Fujita M, Ieguchi K, Cedano-Prieto DM et al (2013) An integrin 
binding-defective mutant of insulin-like growth factor-1 (R36E/
R37E IGF1) acts as a dominant-negative antagonist of the IGF1 
receptor (IGF1R) and suppresses tumorigenesis but still binds to 
IGF1R. J Biol Chem 288:19593–19603. https://​doi.​org/​10.​1074/​
jbc.​M113.​470872

Gill R, Verma C, Wallach B et al (1999) Modelling of the disulphide-
swapped isomer of human insulin-like growth factor-1: implica-
tions for receptor binding. Protein Eng 12:297–303. https://​doi.​
org/​10.​1093/​prote​in/​12.4.​297

Gutmann T, Kim KH, Grzybek M, Walz T, Coskun U (2018) Visualiza-
tion of ligand-induced transmembrane signaling in the full-length 
human insulin receptor. J Cell Biol 217:1643–1649. https://​doi.​
org/​10.​1083/​jcb.​20171​1047

Gutmann T, Schaeffer IB, C. P, et al (2020) Cryo-EM structure of the 
complete and ligand-saturated insulin receptor ectodomain. J Cell 
Biol 219:1–16. https://​doi.​org/​10.​1101/​679233

Hexnerova R, Krizkova K, Fabry M et al (2016) Probing receptor 
specificity by sampling the conformational Space of the insulin-
like growth factor II C-domain. J Biol Chem 291:21234–21245. 
https://​doi.​org/​10.​1074/​jbc.​M116.​741041

Hober S, Forsberg G, Palm G, Hartmanis M, Nilsson B (1992) 
Disulfide exchange folding of insulin-like growth factor-I. Bio-
chemistry 31:1749–1756. https://​doi.​org/​10.​1021/​bi001​21a024

Jacobson MP, Pincus DL, Rapp CS et al (2004) A hierarchical approach 
to all-atom protein loop prediction. Proteins 55:351–367. https://​
doi.​org/​10.​1002/​prot.​10613

Kiselyov VV, Versteyhe S, Gauguin L, De Meyts P (2009) Harmonic 
oscillator model of the insulin and IGF1 receptors’ allosteric bind-
ing and activation. Mol Syst Biol 5:243. https://​doi.​org/​10.​1038/​
msb.​2008.​78

Lawrence MC (2021) Understanding insulin and its receptor from their 
three-dimensional structures. Mol Metab 52:101255. https://​doi.​
org/​10.​1016/j.​molmet.​2021.​101255

Lemmon MA, Schlessinger J (2010) Cell signaling by receptor tyros-
ine kinases. Cell 141:1117–1134. https://​doi.​org/​10.​1016/j.​cell.​
2010.​06.​011

LeRoith D, Roberts CT (2003) The insulin-like growth factor system 
and cancer. Cancer Lett 195:127–137. https://​doi.​org/​10.​1016/​
s0304-​3835(03)​00159-9

LeRoith D, Holly JMP, Forbes BE (2021) Insulin-like growth factors: 
ligands, binding proteins, and receptors. Mol Metab 52:101245. 
https://​doi.​org/​10.​1016/j.​molmet.​2021.​101245

Levitzki A, Koshland DE Jr (1969) Negative cooperativity in regula-
tory enzymes. Proc Natl Acad Sci USA 62:1121–1128. https://​
doi.​org/​10.​1073/​pnas.​62.4.​1121

Li J, Choi E, Yu H, Bai XC (2019) Structural basis of the activation of 
type 1 insulin-like growth factor receptor. Nat Commun 10:4567. 
https://​doi.​org/​10.​1038/​s41467-​019-​12564-0

Li J, Park J, Mayer JP et al (2022) Synergistic activation of the insulin 
receptor via two distinct sites. Nat Struct Mol Biol 29:357–368. 
https://​doi.​org/​10.​1038/​s41594-​022-​00750-6

Lin J, Selicharova I, Mitrova K et al (2022) Targeting the insulin recep-
tor with hormone and peptide dimers. J Pept Sci. https://​doi.​org/​
10.​1002/​psc.​3461

Lynch GS, Cuffe SA, Plant DR, Gregorevic P (2001) IGF-I treatment 
improves the functional properties of fast- and slow-twitch skel-
etal muscles from dystrophic mice. Neuromuscul Disord 11:260–
268. https://​doi.​org/​10.​1016/​S0960-​8966(00)​00192-9

Machackova K, Collinsova M, Chrudinova M et al (2017) Insulin-like 
growth factor 1 Analogs clicked in the C domain: chemical syn-
thesis and biological activities. J Med Chem 60:10105–10117. 
https://​doi.​org/​10.​1021/​acs.​jmedc​hem.​7b013​31

Machackova K, Mlcochova K, Potalitsyn P et al (2019) Mutations at 
hypothetical binding site 2 in insulin and insulin-like growth fac-
tors 1 and 2 result in receptor- and hormone-specific responses. J 
Biol Chem 294:17371–17382. https://​doi.​org/​10.​1074/​jbc.​RA119.​
010072

McKern NM, Lawrence MC, Streltsov VA et al (2006) Structure of the 
insulin receptor ectodomain reveals a folded-over conformation. 
Nature 443:218–221. https://​doi.​org/​10.​1038/​natur​e05106

Micsonai A, Wien F, Bulyaki E et al (2018) BeStSel: a web server 
for accurate protein secondary structure prediction and fold rec-
ognition from the circular dichroism spectra. Nucleic Acids Res 
46:W315–W322. https://​doi.​org/​10.​1093/​nar/​gky497

Miller JA, Narhi LO, Hua QX et al (1993) Oxidative refolding of 
insulin-like growth factor-I yields 2 products of similar thermo-
dynamic stability—a bifurcating protein-folding pathway. Bio-
chemistry 32:5203–5213. https://​doi.​org/​10.​1021/​bi000​70a032

Moreau F, Kirk NS, Zhang F et  al (2022) Interaction of a viral 
insulin-like peptide with the IGF-1 receptor produces a natu-
ral antagonist. Nat Commun 13:6700. https://​doi.​org/​10.​1038/​
s41467-​022-​34391-6

Nagao H, Cai W, Wewer Albrechtsen NJ et al (2021) Distinct signaling 
by insulin and IGF-1 receptors and their extra- and intracellular 
domains. Proc Natl Acad Sci USA. https://​doi.​org/​10.​1073/​pnas.​
20194​74118

Nielsen J, Brandt J, Boesen T et al (2022) Structural investigations of 
full-length insulin receptor dynamics and signalling. J Mol Biol 
434:167458. https://​doi.​org/​10.​1016/j.​jmb.​2022.​167458

Pillutla R, Brissette R, Blume AJ, Schäffer L, Brandt J, Goldstein NI, 
Spetzler J, Østergaard S, Hansen PH (2011) Insulin and IGF-1 
receptor agonists and antagonists. US Patent 2011/0124556 A1

Pissarnitski DA, Kekec A, Yan L et al (2022) Discovery of insulin 
receptor partial Agonists MK-5160 and MK-1092 as novel basal 
insulins with potential to Improve Therapeutic Index. J Med Chem 
65:5593–5605. https://​doi.​org/​10.​1021/​acs.​jmedc​hem.​1c020​73

Saegusa J, Yamaji S, Ieguchi K et al (2009) The direct binding of 
insulin-like growth factor-1 (IGF-1) to integrin alpha v beta 3 
is involved in IGF-1 signaling. J Biol Chem 284:24106–24114. 
https://​doi.​org/​10.​1074/​jbc.​M109.​013201

Saltiel AR (2021) Insulin signaling in health and disease. J Clin Invest 
131:e142241. https://​doi.​org/​10.​1172/​JCI14​2241

https://doi.org/10.1210/endo.135.1.8013387
https://doi.org/10.1016/j.tem.2009.04.002
https://doi.org/10.1016/j.tem.2009.04.002
https://doi.org/10.1016/j.str.2015.12.014
https://doi.org/10.1016/j.str.2015.12.014
https://doi.org/10.1007/BF00400837
https://doi.org/10.1007/BF00400837
https://doi.org/10.1016/s0006-291x(73)80072-5
https://doi.org/10.1016/j.cytogfr.2005.04.004
https://doi.org/10.1016/bs.acr.2020.04.005
https://doi.org/10.1016/j.mce.2020.111035
https://doi.org/10.1016/j.mce.2020.111035
https://doi.org/10.1074/jbc.M113.470872
https://doi.org/10.1074/jbc.M113.470872
https://doi.org/10.1093/protein/12.4.297
https://doi.org/10.1093/protein/12.4.297
https://doi.org/10.1083/jcb.201711047
https://doi.org/10.1083/jcb.201711047
https://doi.org/10.1101/679233
https://doi.org/10.1074/jbc.M116.741041
https://doi.org/10.1021/bi00121a024
https://doi.org/10.1002/prot.10613
https://doi.org/10.1002/prot.10613
https://doi.org/10.1038/msb.2008.78
https://doi.org/10.1038/msb.2008.78
https://doi.org/10.1016/j.molmet.2021.101255
https://doi.org/10.1016/j.molmet.2021.101255
https://doi.org/10.1016/j.cell.2010.06.011
https://doi.org/10.1016/j.cell.2010.06.011
https://doi.org/10.1016/s0304-3835(03)00159-9
https://doi.org/10.1016/s0304-3835(03)00159-9
https://doi.org/10.1016/j.molmet.2021.101245
https://doi.org/10.1073/pnas.62.4.1121
https://doi.org/10.1073/pnas.62.4.1121
https://doi.org/10.1038/s41467-019-12564-0
https://doi.org/10.1038/s41594-022-00750-6
https://doi.org/10.1002/psc.3461
https://doi.org/10.1002/psc.3461
https://doi.org/10.1016/S0960-8966(00)00192-9
https://doi.org/10.1021/acs.jmedchem.7b01331
https://doi.org/10.1074/jbc.RA119.010072
https://doi.org/10.1074/jbc.RA119.010072
https://doi.org/10.1038/nature05106
https://doi.org/10.1093/nar/gky497
https://doi.org/10.1021/bi00070a032
https://doi.org/10.1038/s41467-022-34391-6
https://doi.org/10.1038/s41467-022-34391-6
https://doi.org/10.1073/pnas.2019474118
https://doi.org/10.1073/pnas.2019474118
https://doi.org/10.1016/j.jmb.2022.167458
https://doi.org/10.1021/acs.jmedchem.1c02073
https://doi.org/10.1074/jbc.M109.013201
https://doi.org/10.1172/JCI142241


International Journal of Peptide Research and Therapeutics (2023) 29:33	

1 3

Page 13 of 13  33

Samani AA, Yakar S, LeRoith D, Brodt P (2007) The role of the IGF 
system in cancer growth and metastasis: overview and recent 
insights. Endocr Rev 28:20–47. https://​doi.​org/​10.​1210/​er.​
2006-​0001

Schrödinger Release (2023)-1: Desmond Molecular Dynamics System, 
D. E. Shaw Research, New York, NY, 2021. Maestro-Desmond 
Interoperability Tools, Schrödinger. https://​www.​schro​dinger.​com

Schuttler A, Brandenburg D (1982) Preparation and properties of 
covalently linked insulin dimers. Hoppe-Seylers Z Physiol Chem 
363:317–330. https://​doi.​org/​10.​1515/​bchm2.​1982.​363.1.3

Sohma Y, Pentelute BL, Whittaker J et al (2008) Comparative prop-
erties of insulin-like growth factor 1 (IGF-1) and [Gly7D-Ala]
IGF-1 prepared by total chemical synthesis. Angew Chem Int Ed 
47:1102–1106. https://​doi.​org/​10.​1002/​anie.​20070​3521

Sohma Y, Hua QX, Liu M et al (2010) Contribution of Residue B5 to 
the folding and function of insulin and IGF-I. Constraints and fine 
tuning in the evolution of a protein family. J Biol Chem 285:5040–
5055. https://​doi.​org/​10.​1074/​jbc.​M109.​062992

Tatnell MA, Jones RH, Willey KP, Schuttler A, Brandenburg D (1983) 
Evidence concerning the mechanism of insulin-receptor interac-
tion and the structure of the insulin-receptor from biological prop-
erties of covalently linked insulin dimers. Biochem J 216:687–
694. https://​doi.​org/​10.​1042/​bj216​0687

Uchikawa E, Choi E, Shang GJ, Yu HT, Bai XC (2019) Activation 
mechanism of the insulin receptor revealed by cryo-EM structure 
of the fully liganded receptor-ligand complex. eLife 8:e48630. 
https://​doi.​org/​10.​7554/​eLife.​48630

Weiland M, Brandenburg C, Brandenburg D, Joost HG (1990) Antag-
onistic effects of a covalently dimerized insulin derivative on 

insulin-receptors in 3T3-L1 adipocytes. Proc Natl Acad Sci USA 
87:1154–1158. https://​doi.​org/​10.​1073/​pnas.​87.3.​1154

Weis F, Menting JG, Margetts MB et al (2018) The signalling confor-
mation of the insulin receptor ectodomain. Nat Commun 9:4420. 
https://​doi.​org/​10.​1038/​s41467-​018-​06826-6

Wu M, Carballo-Jane E, Zhou H et al (2022) Functionally selective 
signaling and broad metabolic benefits by novel insulin receptor 
partial agonists. Nat Commun 13:942. https://​doi.​org/​10.​1038/​
s41467-​022-​28561-9

Xiong X, Blakely A, Kim JH et  al (2022) Symmetric and asym-
metric receptor conformation continuum induced by a new 
insulin. Nat Chem Biol 18:511–519. https://​doi.​org/​10.​1038/​
s41589-​022-​00981-0

Xu Y, Kong GK, Menting JG et al (2018) How ligand binds to the type 
1 insulin-like growth factor receptor. Nat Commun 9:821. https://​
doi.​org/​10.​1038/​s41467-​018-​03219-7

Zhang F, Altindis E, Kahn CR, DiMarchi RD, Gelfanov V (2021) A 
viral insulin-like peptide is a natural competitive antagonist of the 
human IGF-1 receptor. Mol Metab 53:101316. https://​doi.​org/​10.​
1016/j.​molmet.​2021.​101316

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1210/er.2006-0001
https://doi.org/10.1210/er.2006-0001
https://www.schrodinger.com
https://doi.org/10.1515/bchm2.1982.363.1.3
https://doi.org/10.1002/anie.200703521
https://doi.org/10.1074/jbc.M109.062992
https://doi.org/10.1042/bj2160687
https://doi.org/10.7554/eLife.48630
https://doi.org/10.1073/pnas.87.3.1154
https://doi.org/10.1038/s41467-018-06826-6
https://doi.org/10.1038/s41467-022-28561-9
https://doi.org/10.1038/s41467-022-28561-9
https://doi.org/10.1038/s41589-022-00981-0
https://doi.org/10.1038/s41589-022-00981-0
https://doi.org/10.1038/s41467-018-03219-7
https://doi.org/10.1038/s41467-018-03219-7
https://doi.org/10.1016/j.molmet.2021.101316
https://doi.org/10.1016/j.molmet.2021.101316

	Recombinant Insulin-Like Growth Factor 1 Dimers: Receptor Binding Affinities and Activation Abilities
	Abstract
	Graphical Abstract

	Introduction
	Materials and methods
	Plasmid Construction
	Protein Production
	Binding Affinities for the Receptor
	The Abilities of Analogs to Induce Autophosphorylation of the Receptor
	Circular Dichroism (CD) Analyses
	Molecular Dynamics

	Results and Discussion
	Design of Compounds
	Construction of expression plasmids for IGF-1 Dimers 1–3
	Purification and Identification of IGF-1 Dimer Products and Their Biological Activities
	Circular Dichroism (CD) Analysis of Selected Fractions

	Concluding Remarks
	Anchor 18
	References




