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SUMMARY

Insulin receptor (IR) signaling is critical to controlling nutrient uptake and metabolism. However, 

only a low-resolution (3.8 Å) structure currently exists for the IR ectodomain, with some segments 

ill-defined or unmodeled due to disorder. Here, we revise this structure using new diffraction data 

to 3.3 Å resolution that allow improved modeling of the N-linked glycans, the first and third 

fibronectin type III domains, and the insert domain. A novel haptic interactive molecular dynamics 

strategy was used to aid fitting to low-resolution electron density maps. The resulting model 

provides a foundation for investigation of structural transitions in IR upon ligand binding.
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INTRODUCTION

The human insulin receptor (IR) is an (αβ)2 homodimeric receptor tyrosine kinase that plays 

a key role in glucose homeostasis and regulation of lipid, protein, and carbohydrate 

metabolism (Saltiel and Kahn, 2001). IR signaling also modulates brain neurotransmitter 

levels (Adamo et al., 1989). Aberrant IR signaling is implicated in type 2 diabetes (Saltiel 

and Kahn, 2001), cancer (Frasca et al., 2008), and Alzheimer’s disease (Craft, 2012). The 

extracellular part of the IR αβ monomer comprises two leucine-rich repeat domains (L1 and 

L2), a cysteine-rich region (CR), and three fibronectin type III domains (FnIII-1, -2, and -3, 

respectively) (Figure 1A). An insert domain (ID) lies within FnIII-2 and contains the αβ 

proteolytic processing site. A single intra-monomer disulfide bond links the α chain to the β 

chain, with the (αβ)2 homodimer stabilized by disulfide bonds at two locations (Figure 1A). 

IR is related to the type 1 insulin-like growth factor receptor (IGF-1R); their ectodomains 

have 57% sequence identity and each binds insulin and the insulin-like growth factors IGF-I 

and IGF-II, though with varying affinity (Adams et al., 2000). These ligands are understood 

to interact with two distinct sites (sites 1 and 2) on the ectodomain surface (De Meyts, 

2015).

The structural biology of the intact IR and IGF-1R ectodomains is incompletely understood. 

The only structure available is that of the IR ectodomain (αβ)2 homodimer in complex with 

four antigen-binding fragments (2 × Fab 83-7, 2 × Fab 83-14), determined to 3.8 Å 

resolution (PDB: 2DTG, McKern et al., 2006, later refined as PDB: 3LOH, Smith et al., 

2010; hereafter 2DTG and 3LOH, respectively). Each αβ monomer has an inverted V-shaped 

conformation, one leg of which comprises L1, CR, and L2 and the other FnIII-1, -2, and -3. 

The overall (αβ)2 structure is two-fold symmetric (Figure 1B). The ID (residues ~638–757) 

appeared largely disordered C-terminal to the Cys647 intra-monomer α/β disulfide bridge, 

apart from residues 693–710, which formed an α helix (αCT; Figure 1B) on the surface of 

L1 on the opposing monomer (Smith et al., 2010). 2DTG was determined by molecular 
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replacement (using the higher-resolution structures of the IR L1-CR-L2 fragment [Lou et al., 

2006] and homologous Fabs) followed by phase combination to 5.5 Å resolution with 

heavy-atom derivative phases. The FnIII domains were then built directly into solvent- 

flattened electron density maps, guided by the predicted sequence location of their β strands 

and distinguishing features in the maps (McKern et al., 2006). However, modeling was 

complicated by low resolution, absence of structural templates, and the presence of long 

inter-strand loops. Inspection of crystallographic maps associated with 3LOH has since led 

us to question the register assignment of certain strands within FnIII-1 and -3.

We present here a revised structure of the Fab-complexed IR ectodomain refined against 

diffraction data extending to 3.3 Å resolution derived from an alternative crystal. This 

structure corrects errors in the original modeling of FnIII-1 and -3 and the ID as well as in 

the underlying sequences. Our revised structure further includes the N-linked glycans 

(Figure 1A; left unmodeled in 2DTG/3LOH) and tentative modeling of the missing residues 

of the ID, which together place constraints on the receptor’s conformational flexibility and 

thus on possible signal transduction mechanisms. Revision was aided by a novel interactive 

molecular dynamics flexible fitting (iMDFF) strategy that allows haptic, user-directed 

evaluation of diverse conformational and sequence register alternatives.

RESULTS

Sequencing

Five literature discrepancies exist in the IRΔβ construct cDNA sequence that underpins 

2DTG and 3LOH. Re-sequencing revealed that IRΔβ residues 421 and 465 are Ile and Gln 

(Ullrich et al., 1985), not Thr and Lys (Ebina et al., 1985), whereas 861– 862 are Val-Ser 

(Ebina et al., 1985), not Asp-Thr (Ullrich et al., 1985). The substitution Y144H present in 

the IRΔβ construct and in Ebina et al. (1985) is a population variant (The International 

HapMap Consortium, 2010). Re-sequencing the Fab 83-14 light chain variable region 

confirms that residues 56 and 79 are Ser and Glu (Boado et al., 2007), not Pro and Lys 

(McKern et al., 2006) and that residue 104 is Leu (McKern et al., 2006), not Met (Boado et 

al., 2007).

Protein Production, Crystallization, and Data Collection

Protein production, crystallization, and X-ray data collection (see Experimental Procedures) 

followed protocols closely similar to those originally reported by McKern et al. (2006). The 

crystal obtained had similar unit cell packing and a space group identical to that originally 

described. The improved quality of the diffraction data is evident in Table 1 and Figure S1A. 

The diffraction limit for the new data was set at 3.3 Å based on a CC1/2 criterion (rather than 

Rmerge- or <I/σ(I)>-based criteria) to permit maximum exploitation of weak data during 

maximum-likelihood refinement (Karplus and Diederichs, 2012).

Crystallographic Refinement Coupled with iMDFF

Low-resolution crystallographic refinement of protein structures is an underdetermined 

problem that relies heavily on the incorporation of prior knowledge as “restraints,” with the 

propensity for trapping the model in a local energy function minimum distant in coordinate 

Croll et al. Page 3

Structure. Author manuscript; available in PMC 2017 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



space from the putative global minimum. Manual adjustment and/or rebuilding of segments 

of the model then remain necessary. Most current rebuilding protocols employ tools such as 

Coot (Emsley and Cowtan, 2004) and begin with rigid-body adjustment of small protein 

elements (e.g. side chains/short peptide fragments), followed by local minimization to 

remove unnatural geometry. The weak guidance offered by low-resolution maps often leaves 

residual error (steric overlap, poor backbone conformation, and/or side-chain outliers) that 

may not be corrected by reciprocal space refinement. X-Ray molecular dynamics flexible 

fitting (xMDFF) was devised as a real-space refinement approach that subjects the structure 

to a force field designed for realistic long-term molecular dynamics simulation (Brooks et 

al., 2009) within an electron density map co-presented as a three-dimensional (3D) potential 

energy grid (McGreevy et al., 2014). This approach, while having the advantage that it does 

not allow steric clashes and leads to improved geometry and R factors in many cases, is 

unable to overcome the energy barrier of large-scale structural rearrangement.

Here, we proposed that the combination of xMDFF with an interactive molecular dynamics 

implementation (termed iMDFF) would improve both the speed and accuracy of the IR 

ectodomain remodeling. We thus extended the existing interactive molecular dynamics 

plugin autoIMD of the VMD package (Humphrey et al., 1996) to add MDFF functionality 

along with standard stereochemical restraints, then coupled it to a haptic interface (a Novint 

Falcon) to allow 3D interaction with real-time force feedback. While any device compatible 

with the Virtual Reality Peripheral Network (VRPN) libraries (Taylor et al., 2001) may be 

used in place of the Falcon, mouse interaction currently has limited functionality. The user 

can thus “pull” on any atom within a running simulation, while it (and its surroundings) 

responds in a manner akin to a real molecule. In a typical iMDFF calculation, a small 

“problem” region (~10–20 contiguous residues and their immediate spatial neighbors) is 

selected as the mobile component of the interactive simulation. A further 8-Å shell of 

surrounding atoms is included in the simulation to maintain the physical context of the 

mobile atoms, but remains fixed in space. Pregenerated crystallographic maps are masked to 

within user-specified distances from the mobile atoms and then converted to potential energy 

maps to which the simulation is then coupled. Standard stereochemical restraints are 

included, as are symmetry-related atoms as required.

Conventional X-ray refinement with autoBUSTER coupled with iMDFF allowed us to 

rebuild the structure of IRΔβ and associated Fabs into the maps derived from the new 

diffraction data. The details are as follows.

FnIII-1 Remodeling

Prior secondary structure prediction of FnIII-1 (data not shown) suggested that its C′ strand 

comprises residues ~529–534, not 536–541 as in 2DTG/3LOH. We used multiple rounds of 

iMDFF and crystallographic refinement to evaluate alternative registers, leading us to assign 

strand C as residues 502–510 (rather than 499–507) and strand C′ as residues 529–534, 

implying a shorter CC′ loop and longer C′E loop (Figure 1C). This re-assignment improved 

interpretability of the map volumes associated with the adjoining BC, C′E, and EF inter-

strand loops. No electron density on the two-fold axis could be assigned to the Cys524-

Cys524 disulfide, and density corresponding to residues 519–527 remained unclear. 
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Unassigned density near the side chain of L2 residue Tyr374 suggested potential off-axis 

positioning of the disulfide bond. Residues 516–530 were thus modeled in two tentative 

alternative configurations consistent with such positioning. All assigned strand registers 

were then assessed by a post hoc threading procedure that tested, for each strand, the fit of 

all possible registers within a ten-residue window of the selected register to a B factor-

sharpened side-chain omit map (see Experimental Procedures). This procedure ranked both 

the re-assigned C and C′ strand registers higher than any alternative consistent with the 

structure of the domain (Table S1).

As a final measure of improvement, we compared the real-space omit-map correlation 

coefficients (RSCCs) of individual residues within the remodeled residues 496–548 with 

those derived from a domain-based overlay of 3LOH onto the same omit maps (Figure S2). 

We saw an overall improvement in RSCC of 0.17 for the segment 496–548 compared with a 

baseline improvement of 0.09 for the remainder of FnIII-1.

FnIII-3 Remodeling

Inspection of electron density maps and secondary structure predictions (data not shown) 

and iMDFF modeling led to the following changes. (1) Residues 862–871 (the C′-E loop) 

are now built as an α helix within density previously assigned to 866–871 in random coil 

conformation (Figure 1D). (2) Residues 636–646, at the N terminus of the ID and 

immediately upstream of the Cys647-Cys860 disulfide bond, are now fitted into density 

vacated by the FnIII-3 C′-E loop, with an α-helical turn at 639– 643. (3) Strand A is now 

assigned to residues 817–822 rather than 814–819 (Figure 1D), which inter alia we note 

alleviates the implausibly buried side chain of Asp812 and intra-stand location of Pro817 in 

2DTG/3LOH.

The post hoc threading procedure described above was reapplied here and supported the 

register assigned to strands A, B, E, F, and G (Table S1). In the case of the C-C′ segment, the 

register of this segment is well determined by the inter-chain disulfide Cys860-Cys647. The 

segments that were re-assigned had an overall improvement in RSCC of 0.17 compared with 

3LOH overlaid as above, versus an improvement of 0.10 for those segments that were not 

significantly remodeled (Figure S2).

ID Remodeling

In 2DTG/3LOH, ID residues 638–655 were modeled into weak density extending toward the 

membrane, with 656–692 left unmodeled. In our revised structure, residues 638–656 are 

seen to undertake a hairpin-like turn immediately C-terminal to the inter- chain disulfide at 

Cys647 and direct toward the adjacent domain L1 (Figures 1E and 2). Density C-terminal to 

Gly650 was increasingly disordered. The final residue assignable was Arg656, modeled into 

the nexus of domains FnIII-2, FnIII-3, and the opposing domain L1, and potentially 

interacting with Glu637 and Asp638 (located where the α chain exits FnIII-2), Arg804 (in 

the FnIII-3 G strand), and Glu154 (in the opposing L1). RSCC calculations similar to those 

described above indicated that there was an overall RSCC improvement of 0.21 for the 

remodeled ID segment 637–655 with respect to a 3LOH overlay. We also observed 

connected density in a “blurred” difference electron density map (Bblur = 60 Å2) similar in 
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shape to the GlcNAc6Man3Fuc glycan expected at Asn671 (Sparrow et al., 2008) and 

bordered by FnIII-2, the Asn514 glycan and αCT. This volume was adjacent to a second 

stretch of density broadly consistent with a path of IDα beyond residue 656 to residue 673.

The ID includes inter-chain disulfide bond(s) at the 682–685 CCSC motif (Sparrow et al., 

1997), unmodeled in 2DTG/3LOH. Although a large electron density feature lay on the two-

fold axis proximal to the αCT N terminus (Figure 2), no detailed residue-level fitting was 

possible. We thus created dimeric (disulfide- linked) models encompassing 674–693 and 

subjected them to iMDFF against a B factor blurred map (Bblur = 60 Å2) with two-fold 

symmetry restraint and with Leu693 fixed in its previously refined position. Of these, one 

with a thioredoxin-like intra-molecular Cys682-Cys685 disulfide and inter-molecular 

Cys683-Cys683 disulfide was judged the best fit, consistent with receptor monomerization 

requiring reduction of only two disulfide bonds (Chiacchia, 1991). The resultant dimeric 

model was then fused to the remainder of the structure using iMDFF.

N-Linked Glycan Modeling

B factor blurred difference electron density maps revealed features at each N-linked site into 

which glycan could be assembled using iMDFF and guidance on glycosidic bond torsion 

angles from the GlycoMapsDB (Frank et al., 2007). These features (Table S2) could be 

reconciled qualitatively with the most common glycoform found by mass spectroscopy (MS) 

(Sparrow et al., 2008), except in two instances. (1) Although the most common glycoforms 

at Asn16 are fucosylated (80%), no evidence of fucosylation was present in the maps. 

Instead, an unusual GlcNAc2Man5 isoform with a single mannose residue on the α-6 arm is 

suggested, with the glycan antennae located in a highly constrained cleft between two 

crystallographically related copies of Fab 83-14 and the stem constrained by the poorly 

resolved β-chain component of the ID. (2) Asn514 shows evidence of fucosylation of the 

glycan stalk despite no fucosylated species being detected in the MS analysis. These 

differences may reflect the fact that only a single isoelectric fraction of IRΔβ led to crystal 

formation (C.W., personal communication).

The Remaining Domains

Inspection of domains L1, CR, L2, and FnIII-2 and the Fabs led to only minor 

stereochemistry correction. In 3LOH, the constant region of Fab 83-14 was poorly ordered: 

here disorder is less severe, allowing improvement.

Final Models

Two models are presented. The first comprises only the relatively well-ordered protein and 

glycan residues and is deposited as PDB: 4ZXB (hereafter 4ZXB), obsoleting 2DTG and 

3LOH. The second (Model S1) extends the first to include all remaining residues (Table S3), 

which have been energy minimized to physically reasonable configurations within B factor-

blurred electron density maps. Model S1 provides a starting point for molecular dynamics 

investigation of the conformational dynamics of ligand binding. Refinement statistics for 

4ZXB and Model S1 are shown in Table 1: we note the significant improvement in the 

Ramachandran plot compared with 3LOH. Table S4 lists residues substantially repositioned 
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in 4ZXB and root-mean-square deviation of their Cα atoms with respect to their 3LOH 

counterparts.

As a control, we applied the same procedure (iMDFF plus conventional refinement) to 

3LOH with respect to the original data guided by the changes made here to the ectodomain 

structure, again partitioning into two models, one containing the relatively well-ordered 

protein and glycan residues and the other all residues. These processes led to a small 

improvement in Rfree but a significant improvement in stereochemical quality (Table 1).

DISCUSSION

iMDFF and the IR Ectodomain

There is a need to increase the speed and fidelity of crystallographic model building at low 

resolution (Brünger et al., 2009). The non-physical nature of most manual modification 

methods can unwittingly result in substantial error, leading to a de facto standard wherein 

stereochemical statistics for low-resolution structures are poorer than those for high-

resolution structures. While part of the improvement achieved here in current structure can 

be attributed to increased data resolution (3.8 to 3.3 Å), the use of iMDFF enabled rapid, 

highly intuitive testing of hypotheses such as strand register and loop geometry. Critically, 

iMDFF treats the model as an explicitly physical structure throughout the modeling, with 

steric clash absent as the surrounding structure adjusts to the interactive modification (a 

sample of the process is shown in Movie S1). Here, errors in FnIII-1 and -3 have been 

detected and corrected, N-linked glycans have been modeled, and a tentative path identified 

for the poorly ordered region of the ID (Figure 1E). The overall stereochemical quality of 

the ectodomain structure is enhanced, increasing the number of residues in the most favored 

regions of the Ramachandran plot from ~70% to ~90% (Table 1).

Location of Site 2

Site 2 is proposed (Menting et al., 2013) to reside at the junction of FnIII-1 and -2, as 

superposition of the structure of insulin in complex with domains L1 and CR, and αCT onto 

3LOH directs insulin site 2 binding residues toward that interface. This proposition is 

supported by alanine scanning mutagenesis of IR residues near the FnIII-1/FnIII-2 junction 

(Whittaker et al., 2008). Of the overall set scanned, only the FnIII-1 CC′ loop residues 526–

530 have revised disposition here, moving from a position adjacent to site 1 in 2DTG/3LOH 

to one more than 10 Å away. The lack of effect on high-affinity insulin binding upon 

respective mutation of these residues is thus compatible with their revised location, and we 

thus see no reason to revise the predicted location of site 2.

Conformational Change upon Hormone Binding

Our revised IR ectodomain structure offers some insight into IR conformational change 

upon ligand binding. First, the revised structure exhibits enhanced electrostatic 

complementarity (with respect to 2DTG/3LOH) across the sparsely packed intermonomer 

L2/FnIII-1 interface. L2 residues Arg454 and Glu453 and FnIII-1 residues Asp496, Arg498, 

and Asp499 appear capable of forming inter-domain electrostatic interactions upon slight 

relative domain rotation (Figure 3A). In support of this, we note that peptides containing 
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these residues gain protection from hydrogen/deuterium (H/D) exchange upon ligand 

binding to both IR and IGF-1R (Houde and Demarest, 2011; Qiang et al., 2014), suggesting 

that slight reorientation could indeed bring these opposing residues into contact. Second, a 

previously overlooked feature of 2DTG/3LOH (retained here) is L2 residue Asp464’s 

juxtaposition with its symmetry-related counterpart in an apparent carboxyl-carboxylate 

pair. Such pairs are often associated with a pH-dependent conformational switch (Sawyer 

and James, 1982), and such a role for Asp464 (highly conserved in IR across species) 

appears consistent with data suggesting that high-affinity insulin binding involves 

deprotonation of a single IR acid residue (Waelbroeck, 1982). Known mutations of other 

residues close to Asp464, namely K460E (Kadowaki et al., 1990a, 1988) and N462S 

(Kadowaki et al., 1990b), are associated with defects in pH-dependent dissociation. Lys460, 

Asn462, and Asp464 lie in the final turn of L2 and in proximity to the two-fold axis at the 

apex of the ectodomain, well away from the insulin binding sites (McKern et al., 2006). 

Third, the revised location of conserved residues 519–529 (within the CC′ loop of FnIII-1, 

containing the Cys524-Cys524 disulfide) is intriguing. In both IR and IGF-1R, a peptide 

encompassing L2 residues 344–350 (IR numbering), gains protection from H/D exchange 

upon ligand binding (Houde and Demarest, 2011; Qiang et al., 2014): solvent-exposed 

backbone amides of this peptide map to the border of a conserved hydrophobic pocket on 

the surface of L2. The N-terminal region (residues 519–529) of the remodeled FnIII-1 CC′ 

loop now lies in immediate proximity to this pocket within the same monomer, with Phe518 

(Tyr503 in IGF-1R) positioned ~10 Å away (Figure 3B). We speculate that, upon hormone 

binding, conformational change within the receptor head may dock the FnIII-1 CC′ loop into 

this pocket. Taken together, the above three observations suggest only a slight rearrangement 

within the (L2-FnIII-1)2 head module upon ligand binding.

In our revised structure, N-terminal residues of the ID are directed into electron density at 

the nexus of FnIII-2, FnIII-3, and the opposing L1 (Figure 3C), a significant alteration with 

respect to 2DTG/3LOH. We note that IGF-1R residues 641–648 (equivalent to IR 655–662) 

display an asymmetric pattern of H/D exchange upon IGF-I binding to IGF-1R (Houde and 

Demarest, 2011). This is intriguing, given that IR residues 657-662, though poorly ordered 

in the revised model, are anchored by Arg656 in proximity to insulin binding site 1 (Figure 

3C). We speculate that their exposure to solvent may thus be altered by ligand-induced 

change in the relative disposition of domains FnIII-2, FnIII-3, and the opposing L1.

EXPERIMENTAL PROCEDURES

Sequencing

Sequencing of antibody-associated cDNA from 83-7 and 83-14 hybridomas was undertaken 

by Genscript, and DNA sequencing of IRΔβ by the Australian Genome Research 

Foundation.

Protein Production, Purification, and Crystallization

Stable expression of IRΔβ in CHO Lec8 cells and its subsequent purification as well as the 

production and purification of Fabs 83-14 and 83-7 are essentially as described previously 

(McKern et al., 2006). The complex crystallized was formed by sequential combination of 
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IRΔβ, Fab 83-7, an iodinated form of the undecapeptide J101 (a weak binder to IR [Pillutla 

et al., 2002]), and Fab 83-14. Crystals were produced at 20°C by vapor diffusion using 1 µl 

of the complex (2.6 mg/ml) in 10 mM HEPES (pH 7.5), 0.02% sodium azide, and 10% D-

trehalose, and 1 µl of well solution (10% polyethylene glycol 8000, 0.1 M MES buffer [pH 

6.5], and 0.1 M MgAc2).

Diffraction Data Collection and Processing

A single crystal was placed in well solution plus 20% glycerol prior to cryocooling. 

Oscillation data (Table 1) were collected at ~100 K (beamline BL5A at the Photon Factory, 

Japan) and processed with XDS (Kabsch, 2010). The crystal was isomorphic to that of 

2DTG/3LOH, allowing initial phasing by rigid-body refinement.

Crystallographic Refinement and Model Building

Tentative rebuilding of FnIII-1 and FnIII-3 was performed initially against maps derived 

from the 3LOH diffraction data using a combination of manual model building in Coot 

(Emsley and Cowtan, 2004) and iMDFF, iterated with refinement in autoBUSTER 

(Bricogne et al., 2011). During this process, iMDFF was developed as an extension of the 

interactive molecular dynamics (AutoIMD) plugin in VMD (Humphrey et al., 1996) to make 

use of the existing MDFF functionality of NAMD (McGreevy et al., 2014; Phillips et al., 

2005). The source code is available upon request. The partially re-refined structure was then 

used as a starting model for refinement against the new dataset using iMDFF, Coot, and 

autoBUSTER. Glycan residues were modeled directly in the electron density maps. Where 

MS data were available for glycans attached to Lec8-expressed IR ectodomain (Sparrow et 

al., 2008), coordinates describing the most common glycoform were downloaded from the 

GLYCAM server (http://www.glycam.org) to initiate model building. Where glycan data 

were available only for glycans attached to CHO-K1-expressed ectodomain (Sparrow et al., 

2008), we assumed that the glycan here would be identical apart from the terminal galactose, 

given the reasonable agreement of complex glycans across the two cell types (Sparrow et al., 

2008). Where no MS data were available, glycan selection was guided by the electron 

density maps. Glycosidic bond torsion angles were compared against statistical distributions 

(Frank et al., 2007). No electron density could be assigned to iodinated J101 peptide, 

suggesting that it was absent or disordered.

Final stages of crystallographic refinement included TLS parameters, restrained individual B 
factors (except for residues judged to be poorly ordered, which were assigned one B factor 

per residue), and local structure similarity restraints (IR L1-CR-L2 to PDB: 2HR7 chain A 

and 2HR7 chain B, 83-7 light chain variable domain to PDB: 3MBX chain L, light chain 

constant domain to PDB: 1IL1 chain B and PDB: 3MBX chain L and heavy chain to PDB: 

1FNS chain H, 83-14 light chain to PDB: 2VXT chain L and heavy chain to PDB: 1MJJ 

chain B). Refinement statistics are provided in Table 1.

Threading

Sequence register was assessed post hoc by real-space threading. For each FnIII domain in 

turn, all side-chain atoms were simultaneously assigned zero occupancy and the structure 

was then re-refined to convergence using the same autoBUSTER protocols as above for the 
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complete refinement. A series of B factor sharpened (Fobs-Fcalc) electron density maps 

(Bsharp = −150, −160, −170, −180, −190 and −200 Å2) was then calculated—these maps 

contain features corresponding to the omitted side chains (Figure S1B). The sequence of the 

FnIII domain was then partitioned into runs of residues (“segments”) judged to be well 

ordered in the primary electron density maps. The amino acid sequence of the FnIII domain 

was then “threaded” in one-residue register increments through the volume of the side-chain 

omit map associated with the segment. Threading employed the decor_guess tool within O 
(Jones, 2004) and tested a ten-residue window on either side. The sequence register that 

scored the highest was then tested for agreement with that originally assigned.

RSCC Evaluation

For each of domains FnIII-1 and FnIII-3 in turn, a σA-weighted (2Fobs-Fcalc) omit map was 

calculated by first setting the occupancy of their remodeled residues to zero and then 

conducting five large cycles of crystallographic refinement within autoBUSTER to remove 

bias. An RSCC for each remodeled residue with respect to the above omit map (Bsharp = 

−100Å) was then calculated using O. The corresponding FnIII domain structure of 3LOH 

was then overlaid directly onto that of the new model, with the overlay being based solely on 

residues whose register was unchanged, and the same residue-wise RSCCs calculated for the 

register-changed residues. The mean of these RSCC values was then compared with that of 

the same residues in the new structure. As part of the improvement in the RSCC is likely 

attributable to improved data quality rather than to register re-assignment per se, we also 

computed as a baseline the increase in RSCC for those residues within the domain whose 

register was unaltered.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• The structure of the insulin receptor ectodomain is improved to 3.3 Å resolution

• The structure reveals new features within the receptor insert domain

• The structure corrects errors in the first and third fibronectin type III domains

• A new low-resolution crystallographic model-building strategy, iMDFF, is 

presented
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Figure 1. IR Ectodomain Structure
(A) Domain structure of the αβ monomer and of the disulfide-linked (αβ)2 homodimer. 

Black lines denote inter-chain disulfide bonds. N-linked glycosylation sites are indicated for 

the monomer. (B) Inverted V-shaped arrangement of the domains within 3LOH. One 

monomer is in ribbon representation with domains labeled; the other is in molecular surface, 

apart from its ID which is in ribbon. (C and D) Revisions to FnIII-1 (C) and FnIII-3 (D). 

Regions of common residue register across 2DTG/ 3LOH and the revised structure are in 

gray; where the register differs, 2DTG/3LOH residues are in orange and those of the 
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remodeled FnIII-1 in green, remodeled ID in black, and remodeled FnIII-3 in blue. Included 

in (D) is the ID segment 637–655 with the 647–860 intra-monomer α/β disulfide bond in 

purple rod representation.

(E) Revised IR ectodomain homodimer, represented as in (B).
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Figure 2. iMDFF Model of Residues Surrounding the Putative Inter-α-Chain Disulfide Bond at 
Cys683
Inter-chain disulfide bonds and the Asn671 glycan (in rod representation; labeled) are 

assigned to a large volume of a σA-weighted (Fobs-Fcalc)-difference electron density (Bblur = 

60 Å2), calculated prior to the inclusion of glycan and of the ID residues, in pink. The 

hairpin-like turn in the ID near Leu648 marked by a star.
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Figure 3. Polypeptide Segments of IR Showing Altered H/D Exchange Profiles upon Ligand 
Binding and their Possible Burial upon Ligand Binding
(A) Asp496, Arg498, and Asp499 (within FnIII-1) lie adjacent to Glu453 and Arg454 

(within L2 of the opposite monomer).

(B) Residues 519–525 of the FnIII-1 CC′ loop lie adjacent to a conserved hydrophobic 

pocket on L2.
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(C) Residues 655–658 of the ID lie in proximity to the L1 surface. Residues described are in 

stick representation, while the molecular surface of amides of residues demonstrating altered 

H/D exchange profiles is in black and indicated by green arrows.
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