
Tampere  University of Technology     
 
   
  
 
 
 
 
Cryo-EM structure of the complete and ligand-saturated insulin receptor ectodomain

Citation
Gutmann, T., Schäfer, I. B., Poojari, C., Brankatschk, B., Vattulainen, I., Strauss, M., & Coskun, Ü. (2019). Cryo-
EM structure of the complete and ligand-saturated insulin receptor ectodomain. Journal of Cell Biology.
https://doi.org/10.1083/jcb.201907210
Year
2019

Version
Publisher's PDF (version of record)

Link to publication
TUTCRIS Portal (http://www.tut.fi/tutcris)

Published in
Journal of Cell Biology

DOI
10.1083/jcb.201907210

License
CC BY

Take down policy
If you believe that this document breaches copyright, please contact cris.tau@tuni.fi, and we will remove access
to the work immediately and investigate your claim.

Download date:21.10.2020

https://tutcris.tut.fi/portal/en/publications/cryoem-structure-of-the-complete-and-ligandsaturated-insulin-receptor-ectodomain(a1585d62-c375-43b8-b87b-e78ce4ec1a1f).html
https://tutcris.tut.fi/portal/en/publications/cryoem-structure-of-the-complete-and-ligandsaturated-insulin-receptor-ectodomain(a1585d62-c375-43b8-b87b-e78ce4ec1a1f).html
https://doi.org/10.1083/jcb.201907210
https://tutcris.tut.fi/portal/en/publications/cryoem-structure-of-the-complete-and-ligandsaturated-insulin-receptor-ectodomain(a1585d62-c375-43b8-b87b-e78ce4ec1a1f).html
https://doi.org/10.1083/jcb.201907210


ARTICLE

Cryo-EM structure of the complete and
ligand-saturated insulin receptor ectodomain
Theresia Gutmann1,2*�, Ingmar B. Schäfer3*�, Chetan Poojari4*�, Beate Brankatschk1,2, Ilpo Vattulainen4,5�, Mike Strauss6�, and Ünal Coskun1,2�

Glucose homeostasis and growth essentially depend on the hormone insulin engaging its receptor. Despite biochemical and
structural advances, a fundamental contradiction has persisted in the current understanding of insulin ligand–receptor
interactions. While biochemistry predicts two distinct insulin binding sites, 1 and 2, recent structural analyses have resolved
only site 1. Using a combined approach of cryo-EM and atomistic molecular dynamics simulation, we present the structure of
the entire dimeric insulin receptor ectodomain saturated with four insulin molecules. Complementing the previously described
insulin–site 1 interaction, we present the first view of insulin bound to the discrete insulin receptor site 2. Insulin binding
stabilizes the receptor ectodomain in a T-shaped conformation wherein the membrane-proximal domains converge and
contact each other. These findings expand the current models of insulin binding to its receptor and of its regulation. In
summary, we provide the structural basis for a comprehensive description of ligand–receptor interactions that ultimately
will inform new approaches to structure-based drug design.

Introduction
The insulin receptor (IR) signaling system is a key regulator of
metabolism and cellular growth. Its dysfunction is linked to
clinical manifestations such as diabetes mellitus, cancer, and
Alzheimer’s disease (Saltiel and Kahn, 2001; Belfiore and
Malaguarnera, 2011; Kleinridders et al., 2014). The IR is an ex-
tensively glycosylated disulfide-linked (��)2 homodimer with
a modular domain structure. Each protomer consists of an
extracellular ligand-binding � subunit and the membrane-
spanning � subunit, which also harbors the intracellular ki-
nase domain. The modular organization of the ectodomain (ECD)
with high intrinsic flexibility poses a challenge to structural
studies of the IR, as do the branched sugars of the glycosylation
sites, and its complex ligand binding properties. Insulin binding
to the ECD concomitantly elevates the receptor’s intrinsic tyro-
sine kinase activity before cellular signal transduction (Kasuga
et al., 1982). The precise mechanism of how insulin initially
engages its receptor, as well as the associated conformational
changes leading to tyrosine kinase signaling, still remain elusive
(De Meyts, 2015; Tatulian, 2015).

Crystallography of the unliganded (i.e., apo) IR-ECD dimer
has revealed a structure resembling an inverted U or V with
respect to the membrane, placing the membrane insertion sites

�115 Å apart from each other (McKern et al., 2006; Croll et al.,
2016). Single-particle EM of full-length IR in lipid nanodiscs
corroborated that this apo-conformation is retained in the
membrane context (Gutmann et al., 2018). Insulin binding
converts the receptor ECD into a T-like shape that draws the
membrane-proximal fibronectin domains closer together, en-
abling transmembrane signaling (Gutmann et al., 2018). Due to
the low resolution of the negative-stain 2D class averages, no
structural information about the location and number of bound
insulin molecules could be obtained. The T-shaped conformation
was confirmed shortly after by cryo-EM of the IR-ECD in com-
plex with one or two insulins bound to the N-terminal domains
(Scapin et al., 2018). However, major parts of the fibronectin
domains could not be reconstructed, preventing conclusions on
the transmembrane signaling mechanism.

In another cryo-EM approach, the soluble ECD was fused to a
C-terminal leucine zipper (termed IR��-zip) in an attempt to
reduce conformational heterogeneity and to mimic membrane
anchorage, thus restoring insulin-binding properties of the
complete receptor (Hoyne et al., 2000; Weis et al., 2018).
Structural heterogeneity was further decreased by deglycosy-
lation and complexation with Fv variable domain modules of the
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anti-IR antibody 83-7. These modifications enabled the capture
of a singly liganded transition state with insulin bound to the
N-terminal region and with the fibronectin regions in a pincer-
like fashion (Weis et al., 2018).

Previous biochemical and mutagenesis experiments have
mapped two distinct binding sites, termed sites 1 and 2, on
both the IR and on insulin (De Meyts et al., 1978; De Meyts,
2015). While site 1 ligand–receptor interactions were largely
confirmed (Menting et al., 2013, 2014; Scapin et al., 2018; Weis
et al., 2018), the structural basis of site 2 interactions re-
mained controversial.

Here, by applying single-particle EM and atomistic molecular
dynamics (MD) simulations, we report the structure of the com-
plete, pseudosymmetric human IR-ECD in a T-like conformation
saturated by four insulins. We observe that the membrane-
proximal fibronectin domains converge, highlighting the cou-
pling of ligand binding and fibronectin domain interactions as
intrinsic features of the IR-ECD. While two of the observed insulin
binding sites agree with those mapped in the “head” region
(Scapin et al., 2018; Weis et al., 2018), the additional two insulin
molecules are located in the now fully resolved “stalk” regions,
providing unambiguous structural evidence for the existence and
mechanism of site 2 binding.

Results
Purification and biochemical characterization of the complete
human IR-ECD
The complete IR-ECD (IR(��0)2; Fig. 1 A) was produced by se-
cretion from human embryonic kidney cell–derived cells,
ensuring human-like posttranslational processing, such as
glycosylation. Purification of the recombinant protein directly
from the medium resulted in a highly pure IR-ECD that was
amenable to cryo-EM studies. SDS-PAGE confirmed a complete,
glycosylated, dimeric polypeptide composition with an appar-
ent molecular weight of 351 kD (Figs. 1 B and S1). Ligand binding
was assessed by two independent assays in solution without
diffusion constraints (Figs. 1 C and S1 F), and thus comparable
to our cryo-EM experiments. In both of these assays, ligand
labeling was entirely omitted to preserve binding properties.
First, the thermal stability of purified IR-ECD was followed by
low-volume differential intrinsic tryptophan scanning fluo-
rimetry with a temperature gradient from 20°C to 95°C (Fig. S1
F). In the absence of insulin, IR-ECD unfolds in two steps, with
transition temperatures of 58.9°C and 64.0°C. Interestingly,
insulin binding shifted the first transition temperature down to
51.1°C, implying that insulin binding leads to conformational
changes within distinct regions of the IR-ECD. Next, ligand
binding affinity measured by microscale thermophoresis (MST;
Seidel et al., 2013) showed an equilibrium dissociation constant
of Kd = 30.0 ± 4.3 nM (Figs. 1 C and S1 G), corresponding to a
low-affinity binding regimen. This is in good agreement with
the established concept that the soluble IR-ECD lacking mem-
brane anchorage loses high-affinity binding in the picomolar
range (Whittaker et al., 1994, 2008; Bass et al., 1996; Kiselyov
et al., 2009; Subramanian et al., 2013; De Meyts, 2015), similar
to the EGF receptor ECD (Lax et al., 1991; Ferguson et al., 2003).

Single-particle cryo-EM analysis of the IR-ECD
The IR-ECD was analyzed by single-particle cryo-EM in the
absence and presence of recombinant human insulin. Vitrifica-
tion conditions allowed cryo-EM data collection for the un-
liganded as well as for the liganded ECD. In the absence of ligand,
2D class averaging revealed considerable structural heteroge-
neity (Fig. S1 I). Although individual domains could be identified
in a subset of 2D class averages, no high-resolution features,
such as clearly identifiable, individual secondary structural el-
ements, were apparent. Consequently, attempts at reconstruct-
ing these data in 3D did not yield any subnanometer EM maps. In
particular, the fuzzy haphazard appearance of membrane-
proximal fibronectin domains in the 2D class averages points
at considerable flexibility. This behavior of the IR-ECD in iso-
lation most likely reflects the presence of various transition
states and conformations sampled in the absence of insulin.

For cryo-EM samples of the liganded IR-ECD, saturating
amounts of 40 µM insulin were used, corresponding to a dimeric
receptor IR(��0)2:ligand molar ratio of �1:28. The rationale for
such a large ligand excess was to ensure saturation of all avail-
able insulin binding sites on the receptor and the associated
reduction of structural heterogeneity. The insulin concentration
used here is in a similar micromolar range as in previous cryo-
EM studies owing to the required IR-ECD protein concentration
for the cryo-EM analysis. Scapin et al. (2018) incubated IR-ECD
with 28 µM insulin before the EM analysis, while Weis et al.
(2018) eluted IR��-zip from an insulin-affinity column with
50 µM insulin before separating the insulin-bound complex
from free insulin by gel filtration. In summary, insulin con-
centrations used throughout these studies are high compared
with physiological insulin concentrations of up to �5 nM, de-
pending on location and metabolic state (Horwitz et al., 1975).

For the ligand-bound IR-ECD, individual secondary structure
elements became clearly discernable after 2D classification (Figs.
1, S2, and S3). After further classification steps, 3D refinement,
and map sharpening, the 3D reconstruction of the ligand-
saturated IR-ECD reached an apparent overall resolution of 4.3
Å, as estimated by the Fourier shell correlation (FSC) of inde-
pendently refined half-maps (0.143 criterion; Rosenthal and
Henderson, 2003; Figs. S2 and S3). Our 3D reconstruction con-
firmed the T-like conformation as seen in the insulin-bound full-
length IR at low resolution by negative stain EM (Gutmann et al.,
2018). Features of the compact head containing L1, CR, and L2
domains appear better defined than the fibronectin stalks,
which exhibit more flexibility (compare local resolution esti-
mate in Fig. S3 F). Importantly, we have refrained from applying
C2 symmetry during any of the processing steps. This strategy
proved the most appropriate since initial classification in 2D and
3D indicated flexibility and a degree of asymmetry in the orga-
nization of the ligand-saturated IR-ECD (Figs. S2 and S3 B). The
asymmetry between the two IR-ECD protomers is clearly re-
flected in the final reconstruction of the saturated state and
manifests itself in the built model as described in detail below
where appropriate.

All structured domains of the IR-ECD, as well as the locali-
zation of the insulins, were unambiguously identified in our
cryo-EM density map (Figs. 1 D and 2 and Tables S1 and S2). This
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map in combination with previously published structural in-
formation enabled us to construct a single model for IR-ECD in
complex with four insulins (Fig. 2). The single exceptions were
the intrinsically disordered insert domains (IDs) of the IR-ECD
that could only partially be modeled into certain incohesive
density features in the vicinity of the fibronectin domains. The
IDs encompass the cleavage site for furin (residues 720–723,
Arg-Lys-Arg-Arg), which processes the IR(��) polypeptide chain
into the IR� and IR� chains. Thus, the ID is separated into ID�
and ID� in the mature receptor dimer. Our data allowed us to
tentatively model the ID� loop, but we refrained from including
ID� in the cryo-EM structure. To err on the side of caution, we
did not model the furin cleavage sites in the cryo-EM structure,
even though a noncontiguous density feature attributable to this
part of the IR-ECD �9-chain is present in the map (Table S2).
After initial rigid body docking and local flexible fitting of the
IR-ECD domains into the EM map, the resulting structure was
manually rebuilt and refined. The final model (deposited to PDB,

6SOF) conforms to commonly accepted quality indicators (Table
S1). The aforementioned pseudosymmetric organization of the
two IR-ECD protomers is clearly reflected in their substantial
model root mean square deviation (RMSD) in certain areas (e.g.,
regions of the CR domain; Fig. S4 A).

Atomistic MD simulations
To follow the dynamics of the insulin–IR-ECD interactions,
we performed atomistic MD simulations. For the sake of
completeness, we extended our experimentally determined
insulin–IR-ECD model by incorporating the previously absent
ID� loops, as well as the N- and O-linked glycans based on
previous reports (Sparrow et al., 2007, 2008; Fig. 3 A and Ta-
bles S2 and S3). Since furin cleaves C-terminally of this se-
quence and because there is no evidence of its removal in the
secreted ECD, we also included the furin cleavage site to the
�CT helix in our simulation models. In fact, in the case of �CT9,
the furin cleavage site could be fitted into our density map;

Figure 1. IR-ECD purification and cryo-EM. (A) Scheme of IR domain architecture. L1 and L2, leucine-rich repeat domains 1 and 2; CR, cysteine-rich domain;
FnIII-1, -2, -3, fibronectin type-III domains 1, 2, 3; TM, transmembrane; JM, juxtamembrane; TK, tyrosine kinase domain; CT, C-terminal tail. The � C-terminal
regions (�CT and �CT9) are drawn in purple. Black lines indicate intersubunit disulfide bonds. A prime (9) denotes the chain, domain, or residue within the
second protomer. (B) Purified dimeric IR-ECD (IR(��0)2) migrates as a single band with an apparent molecular weight of 351 kD on a nonreducing 3–8% Tris-
acetate SDS-PAGE gel as visualized by silver staining. (C) Equilibrium binding to native human insulin in solution was assessed by MST of IR-ECD after Tris-
NTA-RED labeling. An 8xHis-tagged control peptide served as negative control to rule out unspecific binding or interference with the Tris-NTA-RED dye (Fig. S1
H). The normalized fluorescence difference (�Fnorm) is plotted against ligand concentration. Error bars display standard deviations; n = 3. (D) Front view of the
IR-ECD cryo-EM density map saturated with insulin ligands at 4.3 Å estimated nominal global resolution. Subdomains are colored as in A. (E) Representative 2D
class averages of particles contributing to the reconstruction in D of the IR-ECD exposed to human insulin. Scale bar, 10 nm.
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however, the resolution in this region was too low to finalize
this part of the model (Table S2). This approach allowed us to
calculate contacts and interactions at the atomistic level for the
IR-ECD model, including all loops mentioned above and the
glycans. A contact between two residues was considered to be
established as a stable interaction if the distance between any
pair of atoms in the two residues was �3.5 or �6 Å, and the
occupancy at this distance was �50% of simulation time (Fig. 3
C). In 10 independent 500-ns simulations, the insulin-saturated
ECD displayed increasing flexibility toward the stalks (Fig. S4
B), in line with our cryo-EM data.

The insulin-saturated IR-ECD adopts a T-shape with
converging FnIII-3 domains
In accord with previous data, significant conformational
changes in the insulin-bound IR-ECD are observed with respect
to rigid-body rotations in the apo-IR-ECD (McKern et al., 2006;
Croll et al., 2016; Gutmann et al., 2018; Scapin et al., 2018). The
liganded IR-ECD adopts a T-shaped conformation (Figs. 1 D and
2) similar to the membrane-embedded full-length receptor at
low resolution (Gutmann et al., 2018). The fibronectin domains
come together in a pincer-like fashion (Fig. 2 C) similar to what
has been described for the C-terminally tethered IR��-zipInsFv
complex (Weis et al., 2018). The same FnIII-3 domain loops are
in proximity in our structure and MD simulations as in the
IR��-zipInsFv structure (in particular residues Asp854–His858;
Fig. 3, B and C). This contrasts with the overall completely
different arrangement of the fibronectin domains in the two

structures. Additionally, we observe proximity between the
residues Leu648–Lys652 of ID and Tyr6469–Lys6499 of ID9 do-
mains (Fig. 3, B and C). Thus, the membrane-proximal domains
are capable of interacting in the absence of a C-terminal zipper
element or membrane attachment. The interaction between the
FnIII-3 and FnIII-39 domains further supports the concept that
receptor activation is directly linked to the lateral distance be-
tween transmembrane domains and consequently the relative
orientation of the attached intracellular kinase domains (Kavran
et al., 2014; Gutmann et al., 2018).

Insulin binding sites 1 and 19
Earlier biochemical studies showed that each IR protomer con-
tains two distinct insulin-binding sites, termed site 1 and 2 (site
19 and 29 on the other protomer; De Meyts, 1994, 2015; Schäffer,
1994). The IR-ECD head region of our structural model agrees
well with the IR-ECD cryo-EM structure in complex with two
insulins in site 1/19 (Scapin et al., 2018): the L1-CR-L2 module is
complexed by one insulin and adopts an �90° angle with respect
to the [L2-(FnIII-1):L29-(FnIII-19)] module, and insulin 1 interacts
with the L1-�CT9 tandem element and loops of the FnIII-19 do-
main (L19+�CT and FnIII-1 in case of insulin 19; Fig. 2). The mode
of insulin binding to site 1 is essentially the same as in the
previous cryo-EM structures, with details better resolved than
in Scapin et al. (2018) and resolved approximately the same as in
Weis et al. (2018). In addition, our MD simulations largely
confirmed the previously described residue interactions of in-
sulin 1/19 with IR-ECD (Figs. S6 and S7, upper panels). In the

Figure 2. Cryo-EM structure of the ligand-
saturated IR-ECD. (A and B) Orthogonal views
of the cryo-EM map and structure of the IR-ECD
dimer complex. (C) Close-up of the membrane-
proximal FnIII-3 domains. The color code for the
individual domains in all panels is as in Fig. 1; the
four insulin moieties are depicted in red.
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