Growth Hormone & IGF Research 77 (2024) 101607

)
Growth 1
Hormone &

IGF Research

Contents lists available at ScienceDirect

Growth Hormone & IGF Research

journal homepage: www.elsevier.com/locate/ghir

FI. SEVIER

Check for

Using site-directed mutagenesis to further the understanding of insulin e
receptor-insulin like growth factor-1 receptor heterodimer structure

Samuel Turvey °, Stephen P. Muench b, Tarik Issad ©, Colin W.G. Fishwick ¢, Mark T. Kearney ?,
Katie J. Simmons "

& Leeds Institute for Cardiovascular and Metabolic Medicine, University of Leeds, Leeds, UK

b School of Biomedical Sciences, Faculty of Biological Sciences & Astbury Centre, University of Leeds, UK
¢ Université Paris Cité, CNRS, INSERM, Institut Cochin, F-75014 Paris, France

4 Department of Chemistry University of Leeds, Leeds, UK

ARTICLE INFO ABSTRACT

Keywords:
Insulin receptor
IGF-1 receptor
Mutagenesis
Alphafold

Type 2 diabetes is characterised by the disruption of insulin and insulin-like growth factor (IGF) signalling. The
key hubs of these signalling cascades - the Insulin receptor (IR) and Insulin-like growth factor 1 receptor (IGF1R)
—are known to form functional IR-IGF1R hybrid receptors which are insulin resistant. However, the mechanisms
underpinning IR-IGF1R hybrid formation are not fully understood, hindering the ability to modulate this for
future therapies targeting this receptor. To pinpoint suitable sites for intervention, computational hotspot pre-
diction was utilised to identify promising epitopes for targeting with point mutagenesis. Specific IGF1R point
mutations F450A, R391A and D555A show reduced affinity of the hybrid receptor in a BRET based donor-
saturation assay, confirming hybrid formation could be modulated at this interface. These data provide the
basis for rational design of more effective hybrid receptor modulators, supporting the prospect of identifying a
small molecule that specifically interacts with this target.

1. Introduction

Over the past five decades changes in human lifestyle have
contributed to an explosion of obesity [1] and its frequent sequelae in-
sulin resistant type 2 diabetes mellitus. [2] A poorly understood hall-
mark of obesity and type 2 diabetes mellitus is disruption of insulin
signalling, [3,4] leading to dysregulation of cellular growth and nutrient
handling. [5] The insulin receptor (IR) acts as a conduit for insulin-
encoded information, which is transferred via a complex intracellular
signalling network including the critical signalling nodes phosphatidy-
linositol 3-kinase (PI3-K) and the serine/threonine kinase Akt, to regu-
late cell metabolism. [6] During evolution the IR and insulin-like growth
factor-1 receptor (IGF1R) diverged from a single receptor in in-
vertebrates, [7,8] into a more complex system in mammals. [9] Stimu-
lation of IR or IGF1R initiates phosphorylation of IR substrate (IRS)
proteins at multiple tyrosine residues, [6] phosphorylated IRS1 binds
PI3-K initiating the conversion of the plasma lipid phosphatidylinositol
3,4,-bisphosphate to phosphatidylinositol 3,4,5-trisphosphate (PIP3)
which activates the multifunctional serine—threonine kinase Akt. [10]
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In endothelial cells Akt activates the endothelial isoform of nitric oxide
synthase (eNOS) by phosphorylation of serine 1177. [11,12] In humans
and other mammals despite high structural homology and activation of
similar downstream pathways the biological processes regulated by in-
sulin and IGF-1 are strikingly different. [13] Consistent with this in
endothelial cells Kearney et al. demonstrated that deletion of IR
reduced, [14,15] whereas deletion of IGF1R increased basal serine 1177
phosphorylated eNOS and insulin-mediated phosphorylation of serine
1177 on eNOS. [16] They also showed that increasing IR in endothelial
cells enhances insulin-mediated serine phosphorylation of Akt but
blunts insulin-mediated serine 1177 phosphorylation of eNOS, [17]
whereas increased IGF1R reduces basal serine 1177 phosphorylated
eNOS and insulin-mediated serine 1177 phosphorylation of eNOS. [18]

The Insulin receptor (IR) and Insulin-like growth factor receptor
(IGF1R) are closely related multi-domain receptor tyrosine kinases
(RTKs) that share ca. 70% sequence homology. The IR is activated
through binding to insulin, whilst IGF1R is activated through binding to
the hormones Insulin-like growth factor (IGF) 1 and IGF2. [19] Upon
binding to their respective ligands, IR primarily regulates metabolic
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signalling through the PI3K/AKT pathway, whilst IGF1R elicits mito-
genic effects through the Ras/ERK pathway. However, there is sub-
stantial crossover in the signalling of the receptors through the shared
signalling nodes of the Insulin receptor substrate 1, IRS2 and Shc.
Similarly, the IR and IGF1R can both bind to insulin, IGF1 and IGF2,
albeit with varying affinities. [20-22] Due to the array of signalling
pathways regulated by the IR and IGF1R, aberrant signalling through
these receptors is associated with several diseases. Specifically,
dysfunctional insulin signalling is the primary driver of type 2 diabetes
mellitus, whilst altered IGF1 signalling manifests in several forms of
cancer due to its role modulating cell proliferation. [23]

IR and IGF1R are unique amongst RTK's in that they exist on the cell
surface membrane as preformed dimers, contrasting with other RTK's
that only dimerise upon ligand binding. This means that the receptors
share a unique mode of action amongst RTK's; hormone binding elicits a
large-scale conformational change to activate the receptor. The struc-
tural basis of activation of the insulin family receptors is still not fully
understood, although recent findings have significantly contributed to-
wards providing a plausible activation mechanism of the receptors. [24]
Ligands binding to the extracellular portion (ectodomain) of the re-
ceptors affect trans-autophosphorylation of the intracellular kinase do-
mains, which in turn promotes binding and phosphorylation of adaptor
proteins to affect subsequent downstream signalling.

Due to their high homology, the IR and IGF1R can heterodimerise to
form functional hybrid receptors in tissues in which they are co-
expressed, consisting of an IR monomer and IGF1R monomer. Hybrid
receptors bind IGF1 with ca. fifty times higher affinity than insulin and
ca. ten times higher affinity than IGF2. [20-22] The physiological role,
signalling properties and mechanisms regulating the formation of IR-
IGF1R hybrid receptors are currently poorly understood. However, it
is believed that hybrid receptors confer insulin resistance by seques-
tering IR protein and reducing the available insulin binding sites on the
cell surface. [25,26] Similarly, increased numbers of hybrid receptors
may increase the number of receptors binding IGF1 and IGF2, and
therefore contribute to the signalling of these receptors in certain can-
cers. [27] In skeletal muscle, fat and the heart, hybrid formation has
been shown to exceed that of IGF1R and IR dimers. [28] While the role
of hybrids in human physiology is undefined there is a clear association
with increased hybrids and situations of metabolic stress including: type
2 diabetes mellitus, [29,30] obesity, [31] hyperinsulinemia, [31] insulin
resistance [32] and hyperglycaemia.[33]Whilst there have been signif-
icant recent advances in the structural information available for the IR
and IGF1R, limited structural information exists for hybrid receptors
[34], especially without IGF1 bound. Here we seek to further our un-
derstanding of hybrid formation using homology modelling and site-
directed mutagenesis.

2. Materials and methods
2.1. Transfection of HEK293 cells

HEK293 (ATCC, CRL3022) cells cultured in high-glucose DMEM
supplemented with 10% (v/v) FBS, 2 mM t-glutamine, and 1% peni-
cillin/streptomycin were seeded into a 6 well plate at 2.5 x 10° cells per
well and incubated (24 h) to achieve approximately 70% confluency by
transfection. Transfections were performed with Lipofectamine 2000
(Invitrogen) and cDNAs at a ratio of 5:1 (v/w). The transfected cells were
then incubated for at least 12 h before harvesting or replating for further
assays. Plasmids encoding the constructs IR-Rluc, IGF1R-Rluc, IR-YPET
and IGF1R-YPET were gifts from Dr. Tariq Issad (INSERM institute,
Paris).

2.2. BRET assay

HEK293 cells were seeded into 6-well plates at a density of 2.5 x 10°
cells per well and transfected as above. Cells were co-transfected with
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IR-Rluc cDNA (0.3 pg) and either IGF1R-YPET cDNA (0.3 pg) or empty
pUC19 cloning vector cDNA (0.3 pg) to bring the total DNA to 0.6 pg per
well. Transfected cells were incubated for 24 h. After 24 h the trans-
fected cells would typically be imaged using an Incucyte® Zoom
(Sartorius) live cell imager to check the expression of YPET labelled
protein and ensure transfection efficiency. Subsequently the cells were
washed with DPBS (1 mL) (Sigma Aldrich) and the transfected cells
pooled to reduce the effects of variation in well to well transfection ef-
ficiency. The cells were seeded into 96 well plate at a density of 1.5 x
10* cells per well and incubated for 24 h before changing into serum free
DMEM and incubating for a further 24 h. Prior to plate reading, IGF1
(Antibodies.com) dissolved in deionised water was added to each well at
a final concentration of 100 nM and incubated for 15 mins. Measure-
ments were performed on a Envision® 2105 Multimode Plate Reader
(Perkin Elmer). A solution of coelenterazine-h in ethanol (250 mM, 1
mL) was added to each well to give a final concentration of 5 mM in each
well. Light-emission acquisition at 485 nm and 535 nm was started
immediately. BRET signal was expressed in milliBRET unit (mBU). The
BRET unit has been defined previously as the ratio 535 nm/485 nm
obtained when the two partners are present, corrected by the ratio 535
nm/485 nm obtained under the same experimental conditions, when
only the partner fused to Renilla luciferase is present in the assay. This
can be represented as:

BRET = (E535 + E485) — Cf

Where Es35 corresponds to the luminescence at 535 nm, E4gs5 corre-
sponds to the luminescence at 485 nm, and Cf corresponds to the ratio
Es35/Eags for the Rluc tagged construct transfected alone.

2.3. IGF1 treatment

Cell culture and transfections were performed as above. After 24 h
post transfection, cells were changed into serum free DMEM (Gibco),
containing no FBS supplement, and incubated (24 h). IGF1 (antibodies.
com) dissolved in deionised water was added to each well at a final
concentration of 100 nM and incubated (37 °C, 15 mins). Subsequently,
the BRET ratio was measured as described above.

2.4. Western blotting sample preparation

HEK293 cells were transfected with 0.3 pg of the relevant cDNA per
well. After 24 h, cells were washed with ice-cold DPBS (1 mL) (Sigma
Aldrich) and each well lysed by addition of lysis buffer (80 pL) (Invi-
trogen) on ice. The lysates were pre-cleared by centrifugation (14,000 g
for 10 min at 4 °C).

2.5. Western blotting

The protein concentration of cell lysates was determined using the
Pierce BCA Protein Assay Kit (Thermo Scientific). 50 ug of protein was
mixed with NuPAGE™ LDS sample loading buffer (4x) (Invitrogen),
NuPAGE™ sample reducing buffer (10x) (Invitrogen) and water to give
the appropriate sample volume, before heating to 95 °C for 5 mins to
ensure protein denaturation. Samples were loaded onto NuPAGE™ 4 to
12%, Bis-Tris gels (Invitrogen) alongside molecular weight markers
samples and separated by SDS-PAGE electrophoresis for 90 mins at 110
V. Samples were then transferred to nitrocellulose membranes (Bio-Rad)
using the TransBlot® Turbo Transfer System (Bio-Rad). The membrane
was dried and incubated in 2% BSA TBST for 1 h to block non-specific
binding. Membranes were treated overnight with primary antibodies
at the relevant concentrations. Subsequently, the membranes were
washed 3 x 10 mins in TBST before treatment with horseradish-
peroxidase conjugated secondary antibodies of the relevant species
(1:5000) in 5% BSA TBST for 1 h. The membranes were then washed in
3 x 10 mins in TBST before visualisation. The antibodies used in this
study are detailed in the supplementary information (Supplemental
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Table 4).
2.6. Protein visualisation

The immunoreactive proteins were visualised using the Western
Chemiluminescent HRP substrate reagents (Immobilon) before imaging
on the G:Box (Syngene) system. Blots were then stripped by application
of stripping buffer for 15 mins before 3 x 10 mins of washes with TBST.
Membranes were stored dry at 4 °C. Images were analysed using the
Image J software [35], with each band normalised to the signal of
B-actin from the same sample for analysis.

2.7. Fluorescence microscopy

HEK293 cells were maintained and transfected as above. Cells were
transfected with IR-Rluc and empty pUC19 vector, or IR-Rluc and
IGF1R-YPET mutants and incubated (24 h). The media was then
replaced with OptiMEM (1 mL) (Gibco), and cells imaged on an EVOS
cell imaging system (ThermoFisher) utilising the GFP filter.

2.8. Mutagenesis

Site directed mutagenesis was performed with Platinum™
SuperFi™ DNA polymerase (Invitrogen) using the manufacturers pro-
tocol. Primers were designed with NEBasechanger (https://nebasech
anger.neb.com/) and primer sequences are supplied in the supplemen-
tary information (Supplemental Table 3). Mutations were confirmed by
DNA sequencing (Supplemental fig. 5).

2.9. Donor saturation assay

HEK293 cells were seeded into a 12 well plate with 2 x 10° cells per
well and incubated for 24 h. The cells were co-transfected using 110 ng
of IR-Rluc per well and increasing ratios (0-20 x) of IGF1R-YPET (wild-
type (WT) or mutant), with empty pUC19 to maintain total DNA at 2130
ng per well. Transfections were performed at approximately 60% con-
fluency. Plasmid DNA was diluted in OptiMEM (200 pL) (Gibco) and PEI
(11.5pLofal mg mLfl, 5:1 w/w PEIL: DNA) (Polysciences) added to the
DNA solution. The solution was immediately vortexed (5 s) and incu-
bated (RT, 15 mins). The transfection mixture (200 pL) was added
dropwise to each well and the plate rocked to ensure even distribution
over the well. The cells were incubated with the transfection reagents for
4 h, after which the media was exchanged for fresh media and the cells
incubated for a further 44 h. Cells were then seeded at 5 x 10° per well
into white 96-well plate and incubated for 24 h. Simultaneously, the
cells were seeded into a black 96 well plate. Cells were washed with
DPBS (200 uL per well) (Sigma Aldrich) and resuspended in DPBS (50
pL). BRET measurements were recorded as above. Fluorescence mea-
surements were recorded at 535 nm after excitation at 513 nm on cells in
black plates.

2.10. Radioligand binding assay

HEK?293 cells were seeded into 6-well plates at 2.5 x 10° cells per
well. After 24 h, the cells were transfected with WT IR-Rluc or WT
IGF1R-YPET as above. Several transfections were performed using either
0.15, 0.30 or 0.6 ug cDNA per well. 24 h later, cells were plated into a
96-well plate with 50,000 cells per well and incubated for a further 24 h.
Subsequently, the cells were washed with DPBS (100 pL per well) (Sigma
Aldrich) and then maintained in DPBS (50 uL). For IR-Rluc transfected
cells, coelenterazine-h was added to a final concentration of 5 pM and
the luminescence recorded at 485 nm. For IGF1R-YPET transfected cells,
the fluorescence at 535 nm was recorded for each well after excitation at
513 nm.

For radioligand binding, 1251 insulin or ®°I-IGF1 (PerkinElmer) were
diluted to the working concentration with unlabelled insulin or IGF1
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respectively. This was then further diluted in DPBS to give six separate
ligand concentrations spanning 0.5-10 times the Kd value for the rele-
vant receptor-ligand complex. An aliquot of each radioligand was then
removed and unlabelled insulin or IGF1 added at a final concentration of
500 nM (ca. 100 x Kd) to allow the measurement of non-specific radi-
oligand binding. A further aliquot of radioligand was retained to
determine the specific activity of each radioligand concentration. The
radioligand was then added to the cells in duplicate wells for each
concentration value and the cells incubated (3 h, 37 °C). Post-
incubation, the cells were washed with ice-cold DPBS (100 pL) and
lysed by addition of cell lysis buffer (50 pL) (Invitrogen). Cell lysates
were removed into counting vials, and each well washed further lysis
buffer (50 pL). Vials were counted on an AMG Automated Gamma
Counter (Hidex). The Kq and By, values were determined using
GraphPad Prism using non-linear regression model with single site
fitting.

2.11. TACOS model generation

Sequences for residues 332-619 of the human IR-B and 331-608 of
the human IGF1R downloaded from the UniProt Databse [36-38]. These
were submitted to the TACOS online structure prediction server (htt
ps://zhanglab.ccmb.med.umich.edu/TACOS/) with default settings.

2.12. AlphaFold model generation

Sequences for residues 332-619 of the human IR-B and 331-608 of
the human IGF1R downloaded from the UniProt Databse [37-39]. These
were submitted to the ColabFold [40] using Alphafold2 multimer [41]
using 20 recycles with tolerance = 0.05. pLDDT values and the PAE plot
were downloaded from the results file UCSF ChimeraX [42] used to
visualise the resulting model.

2.13. Homology model quality assessment

Models were submitted to the SWISS-MODEL (https://swissmodel.ex
pasy.org/) structure assessment server [43-45]. QMEANDisCO values
were downloaded and visualised in UCSF ChimeraX [42].

2.14. Hotspot prediction

Hotspot prediction using the resulting IR-IGF1R hybrid models was
performed using KFC2 server (https://mitchell-web.ornl.gov/K
FC_Server/index.php) [46]. Visualisation of the homology model and
hotspot analysis was performed using UCSF ChimeraX [42].

2.15. Statistics

Data were analysed using GraphPad Prism software (version 9)!°°. P
values >0.05 were deemed statistically significant. Results are expressed
as mean + SEM unless otherwise stated.

Comparisons between two groups were performed using an unpaired
Student's t-test. Comparisons between the mean values of multiple
groups were performed using one-way analysis of variance (ANOVA),
followed by Tukey's multiple comparisons test. Non-linear regression
curves were calculated using a single-site fitting model, accounting for
non-specific binding if appropriate.

3. Results and discussion
3.1. Homology modelling of IR IGFI1R hybrid receptors

As several related structures of the unliganded IR and IGF1R had
been determined, [47,48] homology modelling provided a viable route

for building a structural model of the apo-IR-IGF1R hybrid receptor. The
published IR and IGF1R apo-receptor structures were examined to
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determine the major interfaces forming between the two receptor
monomers. In both receptors, three separate interfaces form: between
the L1: FnlIlI-2' domains, the L2: Fnlll-1’' domains and between the aCT:
L1’. With these interfaces present in both the IR and IGF1R structures, it
was reasoned that the same interfaces were likely to form in the IR-
IGF1R hybrid receptor. Of these, the L2: FnllI-1" interface was chosen
as it encompassed the largest contact area, and therefore may be ex-
pected to contribute significantly towards hybrid dimerisation. This
interface does not lie at the ligand binding sites which have been
established for the IR and IGF1R [49-51]. The TACOS [52] (Template-
based Assembly of COmplex Structures) server was initially chosen to
produce the model as it is designed to model the structures of protein-
protein complexes.

Sequence alignments were performed using MUSTER [53] on resi-
dues 332-619 of the IR-B (UniProt ID: P06213-1) and 331-608 of the
IGF1R (UniProt ID: P08069). TACOS identified the IR crystal structure
(PDB:4ZXB) as the best template for the global protein complex, with
68% identity and 86% coverage. The normalised z-score for this align-
ment was 4.4, clearing the benchmark of 2.5 for a good alignment.

The interface between the IR and IGF1R is predicted to form between
the p-sheet of the L2 domain and the second (C-terminal) f-sheet and
loop regions of the Fnlll-1 domains of each monomer respectively
(Fig. 1A, B). However, due to the differences in sequence of the IR and
IGF1R chains in this region, the interactions are not truly conserved at
the contacts between IR L2 and the IGF1R FnllI-1, and vice versa. The
predicted L2:FnllII-1 interface is structurally similar to the analogous L2:
FnllI-1 interfaces of the IR [48] and IGF1R [47] unliganded ectodomain
structures, with RMSD values of 1.149 A and 0.832 A relative to the
relevant regions of the IGFIR (5U8R) and IR (4ZXB), respectively
(Supplemental Fig. 3). Analysis of the TACOS model using PDBePISA

A B

IGF1R L2 IGF1R Fnlll-1 IGF1R L2

IGF1R Fnlll-1

IGF1R Fnlll-1 IGF1R L2
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[54,55] determined that the hybrid L2: FnlII-1 interface covers an area
of 1491.1 A2, with a AG (Gibbs free energy) of —5.4 kcalmol %, Typical
PPIs exhibit interface areas ranging from 1300 to 2500 AZ and free en-
ergies between —6 and — 12 kcal mol™! [56], meaning the hybrid L2:
Fnlll-1 interface is both smaller and lower affinity than a typical PPI.

More recently, the development of AlphaFold-multimer [41,57] for
protein structure prediction provided an opportunity to further improve
the homology model of the IR-IGF1R hybrid receptor. To allow direct
comparison to the TACOS model, the sequences corresponding to resi-
dues 332-619 of the IR-B and 331-608 of the IGF1R sequences were
modelled (Fig. 1 C&D). The model predicted by AlphaFold showed good
agreement to the TACOS model with an RMSD of 0.862 A. Specifically,
the secondary structure elements comprising the Fnlll-1: L2 interface
were highly concurrent, whilst the areas of lower agreement were
typically located on the flexible loop regions of the FnllI-1 f-sheets. As
the loop regions of the Fnlll-1 p-sheets are lower resolution in the
template crystal structures and likely highly flexible, discrepancies in
modelling of these regions are not particularly concerning.

3.2. Homology model validation

One limitation of the TACOS modelling methodology is the absence
of integrated tools for assessing the quality of the generated models.
Therefore, the SWISS-MODEL structure assessment suite [58] was uti-
lised to evaluate the TACOS model. QMEANDIisCO [43] score was used
as the primary metric of assessment generating scores for both global
and local quality evaluating the consistency of pairwise Ca- Ca distances
in the model by comparing them against restraints extracted from ho-
mologous structures allowing comparison of the model to an ensemble
of experimental structures. The score is calibrated between 1 and 0, with

C D

IGF1R L2 IGF1R Fnlll-1

IGF1R Fnlll-1

IGFIR L2

Fig. 1. Homology models of the IR-IGF1R L2: FnllI-1 interface. A) Face-on view of the TACOS homology model coloured by QMEANDIsCO score according to the key
(colour key at bottom). The QMEANDIsCO score is calibrated between 1 and 0, with higher scores indicating higher confidence in the prediction. B) Top-down view
of the TACOS homology model coloured by QMEANDisCO score (colour key at bottom). C) Face on view of the Alpha fold homology model with the ribbon coloured
by pLDDT (colour key at bottom). D) Top-down view of the AlphaFold homology with ribbon coloured by pLDDT (colour key at bottom). E) KFC2 hotspot analysis of
the Hybrid L2: FnllI-1 interface for the TACOS homology model with IR shown as cyan ribbons and IGF1R as wheat-coloured ribbons. Hotspot residues are displayed,
with the IGF1R residues which were subsequently mutated in red. F) KFC2 hotspot analysis of the Hybrid L2: FnlII-1 interface for the Alphafold homology model with
IR shown as cyan ribbons and IGF1R as wheat-coloured ribbons. Hotspot residues are displayed, with the IGF1R residues which were subsequently mutated in red.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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higher scores indicating higher confidence in the prediction.

The TACOS global QMEANDIisCO score was calculated as 0.74 +
0.05. Additionally, QMEANDIisCO per residue analysis was utilised
(Supplemental Fig. 1) to assess the local quality relative to the overall
model quality. Areas of significantly reduced local quality were identi-
fied at IR residues 533-554 and 581-594, as well as in IGF1R residues
544-566 and 599-614. These regions correspond to the $5 strand, f6
strand and connecting loop in the FnlII-1 domains. The lower quality of
these regions is unsurprising, as these regions are relatively low reso-
lution in both the template crystal structures. Additionally, a Ram-
achandran plot (Supplemental Fig. 1) determined that 92.11% residues
exhibited favoured dihedral angles, with 0.72% outliers. Overall,
assessment metrics for the model indicated it was of good quality
[43,58,59], with specific regions in the FnlII-1 domain predicted to be of
lower quality.

AlphaFold provides some additional metrics indicating the quality of
regions of the predicted model. Firstly, AlphaFold calculates the pre-
dicted local distance difference test (pLDDT) which evaluates how well
the environment in a reference structure is reproduced in a protein
model through comparison of Ca local difference distance tests. The
pLDDT score is scaled between 0 and 100, with higher scores indicating
higher confidence in the prediction. The pLDDT for the AlphaFold model
is generally high (Fig. 1 C&D), with scores <70 isolated to the inter-
domain linker regions and flexible loops on the edges of the FnllI-1
domain. AlphaFold also produces a predicted aligned error (PAE)- a
measure of the confidence in the relative positioning and orientation of
domains in the AlphaFold prediction. The PAE for the AlphaFold model
is generally lower than 10 A (Supplemental Fig. 2), indicating the con-
fidence in the relative positions of the domains is high.

To allow direct comparison with the TACOS model, the AlphaFold
model was also evaluated with the SWISS-MODEL structure assessment
suite [58]. The AlphaFold model demonstrated a global QMEANDisCO
score for the model was 0.78 + 0.05, indicating a slight improvement
compared to the TACOS model (Supplemental Fig. 2). Consistent with
the pLDDT score, per residue QMEANDisCO analysis identified lower
quality regions of the FnlIlII-1 domains in both the IR and IGF1R domains.
Importantly, these regions were confined to the same loop regions
identified by the pLDDT score. This implies that the p5 and p6 strands
comprising the core of Fnlll-1 domain are predicted with significantly
higher confidence in the AlphaFold model relative to the corresponding
region of the TACOS model.

Ramachandran analysis of the AlphaFold model determined 96.29%
residues occupied favoured conformations, with 0.53% outliers (Sup-
plemental Fig. 2). In comparison, the corresponding values for the
TACOS model were 92.11% and 0.72% respectively. Overall, assessment
of the AlphaFold and TACOS model indicates that the AlphaFold shows a
modest improvement in structural quality, particularly in the g5 and 6
strands of the Fnlll-1 domains.

3.3. Prediction of key protein-protein interaction sites in hybrids

Whilst PPI interfaces usually comprise a large area compared to a
typical small-molecule binding pocket in a protein, it is accepted that a
relatively small-number of amino acid residues contribute a large per-
centage of the total AG! of a PPI interface [60]. Clusters of such residues
are termed ‘hotspots’. The KFC2 server [46,61,62] was chosen to
computationally predict hotspot residues at the L2: FnlIIl-1 interface of
the TACOS model.

KFC2 hotspot analysis of the Hybrid L2: FnllI-1 interface classified a
total of 27 residues as hotspots (Supplemental Table 1) which clustered
at the top of the L2 domains of both chains (Fig. 1E) with the interface
formation largely governed by hydrophobic interactions, with no
hydrogen bonds occurring between hotspot residues from either chain.
In the mature hybrid receptor, the IR and IGF1R monomers are held
together by intermolecular disulfide bonds, and the dominance of hy-
drophobic interactions at the L2:FnII-1 interface is consistent with that
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of many obligate PPI's [63]. Specifically, residues IR Y457 and IGF1R
F450 insert into hydrophobic cavities on the opposite monomer, forming
critical reciprocal interactions. A further key cluster of contacts occurs
where residues IR K487, T488, D491 and Q492 pack against IGF1R
residues N478, R480, E484 and R485. IGF1R residues D555 and S522
pack against a cluster of positively charged residues including IR R398
and R399. The number and relative proximities of the predicted hotpot
residues was encouraging in terms of disrupting hybrid formation, as
they formed compact, well-defined regions.

KFC2 hotspot prediction server was utilised to predict hotspot resi-
dues of the AlphaFold homology model. The KFC2a analysis predicted
nine IR and nine IGF1R residues as hotspots respectively (Supplemental
Table 2). These residues are clustered towards the top of L2 and FnIII-1
domains (Fig. 1F), forming relatively localised epitopes.

The interactions mediated by the hotspot residues exhibit a degree of
symmetry between the two receptor chains, although specific in-
teractions are not always conserved. For instance, IR Y457 and IGF1R
F450 establish reciprocal interactions by inserting into hydrophobic
regions between the L2 and Fnlll-1 domains. Similarly, both IR R398
and R399, as well as IGF1R R391 and H392 insert into charged grooves
on the opposite Fnlll-1 monomer to form electrostatic interactions. IR
residues R398 and R399 insert into a negatively charged pocket
including IGF1R residues S522 and D555, whilst IGF1R residues R391
and H392 similarly insert into a negatively charged cluster on the IR,
contacting IR F530 and L596. Additionally, both IR L196 and IGF1R
1295 are involved in packing against hydrophobic regions on the
opposite monomer.

Three hotspot residues from each chain were predicted by KFC2 for
both the TACOS and AlphaFold model. These residues include IR Y457,
IR K487, IR Q492, IGF1R F450, IGF1R N478 and IGF1R R485, which are
all contained in the L2 domain. It is notable that there are discrepancies
in the hotspot residues predicted within the FnIll-1 domains. This
disparity can likely be attributed to reduced quality of this region in the
TACOS model, indicating that the Fnlll-1 residues predicted by the
AlphaFold model should be prioritised over those from the TACOS
model. The contrasting predictions of hotspot residues between the
AlphaFold and TACOS models highlights the variations in local struc-
tural details despite the high RMSD indicating good overall agreement
between the two models. This reinforces the importance of considering
multiple modelling approaches and prioritising regions of higher con-
fidence when utilising results obtained from homology models.

To investigate their potential functional significance, hotspot resi-
dues identified by KFC2 were compared with the Human Gene Mutation
Database [64], to determine if these residues had previously been
identified as disease-causing mutations. Notably, the two point muta-
tions IR K487E [65], T488P [66] have been documented as natural
disease-causing variants associated with Donohue Syndrome. This dis-
ease is characterised by severe insulin resistance and significant growth
restriction in humans, implying these residues have significant func-
tional importance.

Evaluation of Predicted Hotspots Using Site-Directed Mutagenesis.

To experimentally validate the hotspot residues identified using the
KFC2 server [46], site directed mutagenesis was employed to generate a
series of chimeric IR-IGF1R receptors containing point mutations at
selected hotspot residues. Alanine mutations were chosen as they
represent the truncation of the amino acid side chain to the p-carbon,
whilst retaining the backbone dihedral angle preferences of most amino
acids. These mutant receptors could then be characterised biochemically
to determine the importance of each mutation to the IR-IGF1R PPIL.

Mutagenesis was performed cDNAs encoding the IR fused to Renilla
Luciferase (IR-Rluc) and IGF1R fused to second generation yellow fluo-
rescent protein (IGF1R-YPET), to allow detection of IR-IGF1R hybrid
protein. Mutants were generated by a PCR-based approach involving the
amplification of the IR-Rluc and IGF1R-YPET plasmids (Supplemental
Fig. 4) utilising Platinum SuperFi II polymerase, which amplified IR-
Rluc and IGF1R-YPET vectors more specifically at a universal
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annealing temperature of 60 °C (Fig. 2A). The IGF1R gene was
sequenced to ensure the desired mutations had been incorporated and
no additional mutations had been erroneously generated during PCR
(Supplemental Fig. 5).

3.4. Functional evaluation of hybrid receptor constructs

Once the mutated plasmid sequences had been verified, functional
analysis of the resulting mutants was carried out. The ability of the
mutant receptors to be transported in the cell membrane was evaluated
by fluorescence microscopy, which detected the YPET labelled IGF1R
hemireceptor (Supplemental Fig. 6). This experiment confirmed that
yellow fluorescence was predominantly located at the cell membrane for
wild-type IGF1R-YPET co-transfected into HEK293 cells with IR-Rluc.
Similarly, each of the mutant receptor construct displayed fluores-
cence localised to the cell membrane when co-transfected with IR-Rluc.
This contrasted to YPET transfected alone, in which high levels of
fluorescence could be detected in the cell cytoplasm. Additionally,
western blotting was utilised to ensure the mutant receptors were
phosphorylated in response to IGF1 stimulation, indicating that they are
functional (Supplemental Fig. 7). Whilst this assay will also detect an
IGF1R homomeric component, the presence of the mutant IGF1R con-
structs did not alter this signalling when compared to the signalling of
the wild-type receptor. With confirmation that the mutated receptors
did not show altered signalling or subcellular localisation, the effect of
the mutations on the receptor binding interface could be evaluated.

To evaluate the effect of the incorporated mutations on hybrid for-
mation, a cell-based bioluminescence resonance energy transfer
screening assay based on the system previously described by Blanqaurt
et. al [67] was utilised. This assay was used to monitor the interaction
between IR-Rluc and IGF1R-YPET in the hybrid receptors. The fluores-
cence of YPET is dependent on a resonance energy transfer interaction
between the Rluc and YPET tags when in proximity and the presence of
the Rluc substrate coloenterazine-h. The BRET assay can differentiate
between homo and heteromeric receptors, as only hybrid receptors
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containing both the Rluc and YPET tags are BRET competent. BRET
signal is expressed as a ratio of the signal corresponding to the lumi-
nescence of Rluc at 485 nm and the luminescence of YPET at 535 nm. To
account for the spectral overlap of Rluc and YPET luminescence, the
background signal is determined by transfecting the Rluc tagged re-
ceptor alone. This is used to determine the background luminescence
ratio between 485 nm and 535 nm and subtracting this from the BRET
ratio calculated for both partners (Supplemental Fig. 8).

The specificity of the BRET interaction between the IR-Rluc and
IGF1R-YPET (WT) constructs was confirmed by a donor-saturation
assay, in which the ratio of the BRET acceptor (IGF1R-YPET) was var-
ied relative to the BRET donor (Fig. 2B). The hyperbolic increase in
BRET signal with increasing acceptor/donor ratio is typical of a specific
BRET interaction, with the final plateau representing the saturation of
all donor molecules.

To obtain receptor/donor ratios that equate to real protein quantities
in the donor saturation assay, luciferase and YPET fluorescence must be
correlated to receptor numbers to allow conversion. Receptor numbers
for the IR-Rluc and IGF1R-YPET constructs were determined by a radi-
oligand saturation binding assay. Cells were transfected with increasing
quantities of cDNA encoding IR-Rluc or IGF1R-YPET. Subsequently, the
luminescence and fluorescence values corresponding to IR-Rluc in the
presence of 5 pM coelenterazine or YPET excited at 513 nm were
determined for each transfection. Cells expressing the chimeric re-
ceptors were then probed with increasing concentrations of 12°I-Insulin
or 12°LIGF1 before bound probes were recorded. Non-specific binding
was also evaluated by incubating cells with '2°I-Insulin or '2°I-IGFI in
the presence of unlabelled insulin or IGFI at 500 nM to block specific
binding (Fig. 2 C&E). From these assays, the Kq for the IR-Rluc and
IGF1R-YPET constructs were determined as 140 + 25.2 pM and 122.8 +
24.2 pM, which are in good accordance with the apparent Ky values of
190 pM and 120 pM reported [68] for the IR and IGF1R respectively. It is
noted in the case of IR-Rluc, the K4 value may be altered by the presence
of the fused Rluc tag.

The Bpnax values for each transfection ratio were found to vary
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Fig. 2. Radioligand binding assays to determine how IR-Rluc and IGF1R-YPET (WT) receptor quantities are correlated with their relative luminescence and fluo-
rescence, respectively. A) PCR product when PCR was performed using SuperFi II Platinum mastermix. B) Donor saturation assay curve for BRET constructs WT IR-
Rluc and WT IGF1R-YPET, where WT IR-Rluc is saturated with increasing WT IGF1R-YPET (+SEM). C) Saturation radioligand bind curves for the WT IR-Rluc
constructs with %I insulin tracer. The key indicates the amount of DNA per transfection used in each experiment. The NS curve depicts the non-specific binding
component determined for untransfected cells (n = 2; + SEM. D) Calibration of WT IR-Rluc luminescence in the presence of 5 pM coelenterazine to receptor numbers
(+ SEM) E) Saturation radioligand bind curves for the WT IGF1R-YPET constructs with 1251 IGF1 tracer. The key indicates the amount of DNA per transfection used in
each experiment. The NS line depicts the non-specific binding component determined for untransfected cells (n = 2; + SEM) F) Calibration of WT IGF1R fluorescence
when excited at 513 nm to total receptor numbers (+ SEM). G) BRET measurements showing the effect of treating cells co-transfected with WT IR-Rluc and WT
IGF1R-YPET with IGF1 (100 nM, 5 min treatment, n = 8,2; p < 0.0001 + SEM). H) Representative fluorescence microscopy images of HEK293 cells transfected with
WT IR-Rluc and WT IGF1R-YPET, indicating the subcellar location of YPET, scale bar = 75 pm.
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linearly with luminescence and fluorescence values for the IR-Rluc and
IGF1R-YPET constructs respectively (Fig. 2 D&F). This in turn allows the
conversion between luminescence, fluorescence values and actual pro-
tein quantities for the IR-Rluc and IGF1R-YPET constructs respectively.
It was reasonable to assume that point mutations in the receptor ecto-
domains would not affect luminescence and fluorescence originating
from the C-terminal Rluc and YPET tags. Therefore, this analysis could
similarly be utilised to convert between luminescence, fluorescence, and
actual protein quantities for the chimeric mutant receptors.

Additionally, in cells transfected with IR-Rluc and IGF1R-YPET, an
enhanced BRET signal could be observed upon stimulation with 100 nM
of IGF1 (Fig. 2G). This BRET increase was comparable in magnitude to
that previously reported in hybrid receptors similarly tagged with Rluc
and YPET [67]. Finally, the subcellar location of the chimeric IR-IGF1R
hybrid receptors was assessed to ensure they were correctly trafficked to
the cell membrane. Using fluorescence microscopy, YPET signal was
observed localised to the cell membrane in HEK293 cells co-transfected
with IR-Rluc and IGF1R-YPET (Fig. 2H). This result confirms that the
attachment of BRET tags has not hindered the robust processing and
trafficking of the chimeric hybrid receptors.

3.5. Donor saturation assays to characterise hybrid receptor mutants

Donor saturation assays were undertaken by co-transfection of WT-
IR-Rluc and mutant IGF1R-YPET, incorporating mutant IGF1R-YPET
as part of a hybrid receptor. A non-linear regression model was used
to fit to the data and calculate BRET5y and BRET,ax values. The donor
saturation assays determined that mutation of IGF1R residues F450A
(Fig. 3A), R391A (Fig. 3B) and D555A (Fig. 3C) did reduce the affinity of
the IR IGF1R complex, as these mutants showed increased BRETs
values in the assay relative to the value for the hybrid WT receptor
(Fig. 3G). This result implies that each of these residues plays a signif-
icant role in stabilising the IR- IGF1R L2 FnllI-1 interface.

IGF1R residue F450 was predicted as a hotspot residue in both the
AlphaFold and TACOS models (Fig. 4A). In both models, the phenylal-
anine side chain inserts into a hydrophobic pocket on the IR monomer,
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stabilising the interface through hydrophobic interactions. Mutation of
phenylalanine to alanine represents removal of the phenyl ring, which
likely results in reduced hydrophobic contact and diminished interac-
tion strength between the hybrid monomers. Noticeably, the mutant
receptor also shows a substantial increase in BRET,,x relative to the
wild-type receptor, indicating that the mutation results in a change in
the receptor conformation. As the BRET5( measurement is proportional
to BRETp,x, the change in BRETs( cannot definitively be attributed to a
change in IR and IGF1R affinity and may be due to the inherent rela-
tionship between the two parameters. Conversely, a change in receptor
affinity could be affected by a large-scale conformational change of the
receptor facilitated by the mutation F450A, which may explain the two-
fold change in BRETsq from the point mutation of a single residue. It is
notable that no change in subcellular location or signalling in response
to IGF1 treatment was observed with this receptor. Therefore, any
conformational change occurring due to the F450A mutation does not
appear to substantially alter the receptors processing or signalling
properties.

The residue R391 was predicted as a hotspot residue by the Alpha-
Fold model and extends into a positively charged pocket on the IR
monomer to form electrostatic interactions with surrounding residues
(Fig. 4B). Mutation to alanine results in the removal of electrostatic
interactions and steric bulk and therefore reduce the affinity with the IR
monomer. Similarly, residue D555 was predicted as a hotspot residue on
by the AlphaFold model (Fig. 4C). This residue extends to form elec-
trostatic interactions with a cluster of residues positively charged resi-
dues located on the IR monomer. Mutation to alanine would result in the
removal of these electrostatic interactions. Both mutations show no
significant change in BRETp, relative to the wild-type receptor,
meaning that the change in BRET5( can be interpreted as a change in the
receptor affinity upon mutation of the receptor.

The residues R480, R485 and N478 were similarly predicted as
hotspot residues. However, there was no significant deviation in BRET5,
observed with these mutants relative to the wild-type (Fig. 3D-G). It is
possible that these were hotspots, but the donor saturation assay was not
sensitive enough to detect changes in affinity caused by these mutations.
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Fig. 3. BRET ,ux and BRETs, parameters determined for each of the IR-IGF1R hybrid mutants in the donor saturation assay. A-F) Representative donor saturation
assay curves performed for IR-IGF1R-hybrid mutants (n = 8; + SEM). G) BRET5¢ and BRET,,,,x parameters determined for each of the IR-IGF1R hybrid mutants in the
donor saturation assay. Error ranges represent the 95% confidence interval determined for the non-linear regression curve calculated from three separate experiments

(n = 8,3). *p < 0.05 when compared to WT.



S. Turvey et al.

Growth Hormone & IGF Research 77 (2024) 101607

IGF1R_HUMAN
INSR_HUMAN

IGF1R_HUMAN
INSR_HUMAN

IGF1R_HUMAN
INSR_HUMAN

IGF1R_HUMAN
INSR_HUMAN

IGF1R_HUMAN
INSR_HUMAN

LQGCTIFKGNLLINIRRGNNIASELENFMGLIEVVTGYVKIRHSHALVSLSFLKNLRLIL
LRGCTVINGSLIINIRGGNNLAAELEANLGLIEEISGYLKIRRSYALVSLSFFRKLRLIR
Kokkkyg ok kakkkk Kkkgkokkk  shkKKk gakkskkkgkgkkkkkkkg i kkkK

GEEQLEGNYSFYVLDNONLQQLWDWDHRNLT IKAGKMY FAFNPKLCVSEIYRMEEVTGTK
GETLEIGNYSFYALDNONLRQLWDWSKHNLTITQGKLEFHYNPKLCLSEIHKMEEVSGTK
** HAKKKH KAKKKK g KK KKK g s KKK | *k gk s hhkKK g Rhk g s hhKK 3 HhK
GRQSKGDINTRNNGERASCESDVLHFTSTTTSKNRIIITWHRYRPPDYRDLISFTVYYKE
GRQERNDIALKTNGDQASCENELLKFSYIRTSFDKILLRWEPYWPPDFRDLLGEMLFYKE
kkk o kk 3 kkgokkkk sakaik: khk sakps Kk, ok kkkgkkks kg ikkk
APFKNVTEYDGQDAC! DVDLPP NKDVEPGILLHGLKPWTQYAVYVKAV
APYONVTEFDGQDACGSNSWTVVDIDPPLRSNDPKSQNHPGWLMRGLKPWTQYAIFVKTL
KKy KKK KKKKKKKKAKK s KKk K SLr KK K ikRkkAkkKkyikkg:
TLTMVENDHIRGAKSEILYIRTNASVPSIPLDVLSASNSSSQLIVKWNPPSLPNGNLSYY
V-TFSDERRTYGAKSDIIYVQTDATNPSVPLDPISVSNSSSQIILKWKPPSDPNGNITHY

Lokr st Kkkkakokgakiks kkokkk sk kkkkkkakikkokkk kkkkygok

409
416

469
476

529
536

584
596

644
655

Fig. 4. Predicted interactions of the IGF1R residues for which mutation to alanine cause an increase in BRETsq. All images are taken from the AlphaFold homology
model. A) Interaction of IGF1R F450 with the IR. The IGF1R is shown in yellow and IR with surface coloured by hydrophobicity; B) The interaction of IGF1R R391
with the IR. The IGF1R is shown in grey and IR with an electrostatic surface; C) The interaction of D555 with the IR. The IGF1R is shown in grey and IR with and
electrostatic surface. D) Sequence alignment of the IR and IGF1R FnIII-1/L2 domains. The IGF1R residues mutated in this study have been highlighted in bold.
Residues predicted as hotspots in the TACOS mode (red), AlphaFold model (blue) and both models (green) are also highlighted. Below the protein sequences is a key
denoting conserved sequence (*), conservative mutations (:), semi-conservative mutations (.), and non-conservative mutations (). (For interpretation of the references

to colour in this figure legend, the reader is referred to the web version of this article.)

The capacity for IGF1R residues R391 and D555A to modulate the
affinity of the hybrid receptor suggests these amino acids, and their
equivalent IR residues, may be important in the formation of IGF1R and
IR homodimers. An alignment of the IR and IGF1R L2/FnllI-1 sequences
reveals that IGFIR R391 and D555A are fully conserved in the IR,
equivalent to R398 and D562 respectively (Fig. 4D). Similarly, IGF1R
F450, which was also identified in this study, is conservatively replaced
by IR Y457. This is likely due to the selective pressure to conserve res-
idues important for receptor dimerisation. Of the residues experimen-
tally examined in this study, only N478 was completely non-conserved
between the IR and IGF1R, and we did not observe a significant
perturbation in heterodimer affinity in the N478A mutant relative to the
wild-type receptor. Therefore, in terms of modulating receptor forma-
tion for therapeutic intervention, it will be important to exploit the
differences in local amino acids surrounding the hotspot residues to
selectively modulate hybrid formation, as the hotspot residues identified
in this study appear to be relatively well conserved.

The ability of residues IGF1R R391 and D555A to alter the apparent
affinity of the hybrid receptor is significant, as it confirms that hybrid
receptor formation can be modulated pre-dimerisation by changes to
residues at the L2: FnllIl-1 interface. Once the receptors are dimerised,
the formation of disulfide bonds effectively locks their dimeric
arrangement [69]. Whilst mutations to residues at the L2:FnIII-1 inter-
face are unlikely to be the major cause of IR-IGF1R upregulation in
response to metabolic disease [33], the fact that receptor dimerisation
can be modulated by this confirms epitopes at the L2:FnlII-1 interface
are a suitable target for therapeutic intervention.

4. Conclusions

Two homology models of the IR-IG1F1R hybrid ectodomain were
generated utilising TACOS and AlphaFold Multimer. These

methodologies have independently predicted the formation of an
interface between the L2 and FnlIll-1 domains in the hybrid receptor.
This interface was evaluated by SiteMap and KFC2, identifying suitable
drug-binding regions and hotspot residues for small molecule inter-
vention. Six IGFIR receptor mutants have been generated and their
ability to disrupt hybrid formation has been assessed. All the generated
mutants were expressed robustly, and the chimeric receptors IGF1R
F450A, R391A and D555A all showed reduced affinity as part of a hybrid
receptor.

There has been great progress in recent years towards the under-
standing of IR, IGF1R and hybrid structure and the conformational
changes from apo to ligand bound receptors [34,48,70,71]. In lieu of any
current structural information regarding hybrid receptor apo structure,
this work goes some way to understand the key hotspots for hybrid re-
ceptor dimerisation. This shows for the first time that hybrid receptor
formation can be manipulated at the protein level and highlights the
importance of the L2: Fnlll-1 interface in controlling hybrid receptor
dimerisation. All the receptor mutants that showed reduced BRETs5,
relative to the wild-type receptor were predicted by the KFC2b method
on the AlphaFold homology model, implying that this model can be used
to predict hotspot features at the L2: Fnlll-1 interface with good
accuracy.

A limitation of this approach is that the large size of the IR-IGF1R
hybrid receptor precluded modelling of the entire receptor. Whilst it is
likely that interactions between individual receptor domains is some-
what independent from the entire receptor, a complete model of the
receptor would be preferable. It was also notable that the AlphaFold and
TACOS models showed limited agreement on the identity of hotspot
residues when evaluated by KFC2.
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