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Abstract

Placental development and imprinting co-evolved with parental conflict over resource distribution 

to mammalian offspring. The imprinted genes, IGF2 and IGF2R, code for the growth promoter 

insulin-like growth factor 2 and its binding inhibitor, mannose 6-phosphate/IGF2 receptor, 

respectively. M6P/IGF2R of birds and fish do not recognize IGF2. In monotremes that lack 

imprinting, IGF2 specifically bound M6P/IGF2R via a hydrophobic CD loop. We show that the 

DNA coding the CD loop in monotremes functions as an exon splice enhancer (ESE) and that 

structural evolution of binding site loops (AB, HI, FG) improved therian IGF2 affinity. We 

propose that evolution of this ESE led to the fortuitous acquisition of M6P/IGF2R IGF2 binding 

that drew IGF2R into parental conflict prior to imprinting, that may have accelerated subsequent 

affinity maturation.
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The sequence of molecular evolutionary events that established placental viviparity, 

genomic imprinting and parental conflict in mammals remain poorly understood (1) . 

Genomic imprinting occurs when expression of one allele of a diploid gene is silenced 

depending on the parent-of-origin, e.g. either from the father or the mother. Parental conflict 

over the distribution of resources to offspring has been supported by the observation of 

reciprocal imprinting of genes coding for the growth promoter Insulin-like growth factor 2 

(IGF2), and the cation-independent mannose 6-phosphate/ IGF2 receptor (M6P/IGF2R or 

IGF2R) (2) . IGF2 and IGF2R are two of the approximately 80 genes imprinted in 

mammals, and two of the five genes (with INS, MEST/PEG1 and PEG10) imprinted in 

marsupials. So far, no evidence supports the existence of imprinting in monotremes despite 

the presence of a chorio-vitelline placenta (3, 4). On the basis of functional data, IGF2R 

transports M6P modified acid hydrolases to the pre-lysosomes (5). Of the 15 extra-cellular 

domains of IGF2R, domain 11 binds IGF2 in therians, and internalizes the ligand for 

degradation, whereas M6P bind to domains 3, 5 and 9 (5). Igf2 rescues placental dependent 

embryonic lethality associated with laboratory created murine parthenogenesis, implicating 

IGF2 supply as a regulator of placental development (6). Disruption of the maternal Igf2r 

allele results in Igf2 dependent overgrowth and fatality, supporting that IGF2R antagonizes 

the function of IGF2 (7, 8). The structure of the unbound human domain 11 shows that the 

IGF2 binding site composed of defined loops (AB, CD, FG and HI, Fig. 1A and Fig. S1) but 

how this domain 11 evolved to bind IGF2, and the relationship to imprinting co-evolution, 

remain unknown (9-12).

We established a high resolution structure of the human IGF2R:IGF2 complex and then 

compared this to other phylogenetically informative vertebrates. We adopted an NMR 

approach as the side chain amino acid interactions across the binding interface were not 

resolved in our 4.1Å resolution co-crystal structures (9). Wild-type human domain 11 and 

IGF2 failed to form a stable association in initial NMR studies. However, we identified an 

AB loop mutant (domain 11E1544K, K1545S, L1547V or clone E4) with an increased affinity for 

IGF2 that formed a tight complex (KD 15nM vs 46-64nM for WT domain 11, Table 1 

and 1H-15N correlation spectra Fig.S2 and S3) (12). We solved the solution structure of this 

24.2 kDa complex (IGF2: domain 11E4) with NMR structural and quality statistics in Table 

S1. When free IGF2 (Fig. 1A) binds to the single domain11E4 (Fig. 1B), ~640-760Å2 of 

solvent accessible surface area is buried on domain 11E4 and ~600-820Å2 on IGF2 (Fig. 

1C), similar to the crystal structure of IGF2 in complex (710Å2-750Å2) (9). Domain 11E4 

retains a relatively fixed conformation of the CD loop upon complex formation (Fig. 1C and 

D). The mutated IGF2R AB loop also moves to accommodate IGF2 helix 1 and the packing 

of IGF2 residues T16 and F19, whilst the IGF2R FG loop is repositioned between helices 2 

and 3 of IGF2 and accommodates burial of IGF2 residue L53 in the domain 11E4 binding 

site. All three of these IGF2 residues are critical for IGF2R binding (13). Both 
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conformational changes allow the formation of complementary hydrophobic surfaces and 

correctly support a range of H-bonding and salt bridging interactions (Fig. 1D, E, F, Fig. S4, 

movie S1) (14). Importantly, three IGF2R domain 11 residues (V1574, L1626, L1636) form 

a foundation for the three pronged interactions of IGF2 with key domain 11 residues; 

namely hydrophobic residues IGF2 F19 with domain 11 F1567, L1629, Y1542 and IGF2 

L53 with domain 11 K1631, with a third interaction where IGF2 specificity is conferred by 

T16 interactions with domain 11 Y1606 and I1572 (Fig.1).

We expressed and performed binding studies of recombinant domain 11-His6 and NusA-

IGF2 fusion proteins from different species in the yeast Pitchia pastoris and bacteria 

Escherichia coli, respectively (Fig. S5, S6, S7). IGF2 from each species bound human 

IGFBP-3 with similar nanomolar affinity (Fig.S7, S8). Initial analysis of species specific 

domain 11 binding to NusA-IGF2 fusion protein revealed an affinity (KD) of human and 

opossum between (100-130nM) and of platypus and echidna, revealed a lower affinity 

interaction, with KD range between 300-900nM (Fig. S6). We confirmed the absence of 

binding of purified IGF2 to IGF2R domain 11 in chicken and zebrafish, and the lower 

affinity binding in opossum (Table 1) (15, 16). Purified echidna IGF2 (7866.8 Da) bound 

human IGF1R, IGFBP-2, IGFBP-3 and purified echidna domain 11 with affinities similar to 

human IGF2 (14) (Fig. S8), and confirmed that purified echidna IGF2 binds echidna domain 

11 with a steady state KD of 385±13 nM (Table 1). These data contradict a previous report 

where non-recombinant platypus IGF2R failed to bind human IGF2 at a fixed 2nM 

concentration, a concentration that our data suggests may be too low for binding detection 

(3).

IGF2 is highly conserved across all vertebrate species including IGF2R interacting residues 

T16, F19 and L53 (Fig. S1). Evolution of the IGF2:IGF2R interaction was likely to be 

dependent on the changes to the binding pocket of domain 11. We solved the solution NMR 

structures of domain 11 from opossum, echidna and chicken (Table S2). These structures all 

adopt the same topology as human domain 11, with a flattened β-barrel (9) (Fig. 2A). 

Differences between the structures were observed in the flexible loops and foundation 

regions, in particular those comprising the IGF2 binding site (Fig. 2B). As domain 11 

evolved from a non-IGF2 binding domain (chicken) to acquire IGF2 binding (echidna) and 

then to higher affinity binding (opossum, human), the surface surrounding the IGF2 binding 

region display a loss of charged residues, increased volume and hydrophobicity and 

assembly of the correct shape complementarity (Fig. 2C, D) (14). The charge distribution, 

primarily located in the AB and CD loops, changed from an overall negative potential to 

positive potential to complement the negative electrostatic surface of IGF2 (Fig. 2D, Fig. 

S10). The maps show the gradual accumulation of optimal residue interactions to IGF2 in all 

the loops, including the foundation residues, suggesting evolutionary maturation of the 

binding site topology and affinity (Fig. 2C and D). We then replaced the longer non-binding 

chicken CD loop (amino acids 1144–1154) with the shorter echidna CD loop, and rescued 

similar binding kinetics to the intact echidna domain, demonstrating the central importance 

of the CD loop in IGF2 binding (Table1, Fig. S11). The echidna CD loop driven binding site 

acquisition in chicken was augmented by the addition of echidna AB and FG loops that 

stabilized the interaction (Table S3). As expected, mutations of hydrophobic residues of the 
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shortened echidna CD loop in chicken abolished binding, as did other amino acids (E1568D, 

G1571K, T1570P), underlining the importance of a rigid structural topology of CD loop for 

IGF2 binding (Table S3).

A domain 11 hydrophobic pocket, although critical for IGF2 binding, is not the only factor 

necessary for a high affinity interaction between these proteins (9). A number of residues in 

the AB loop of echidna domain 11 are more similar to non-mammalian sequences than to 

the therian domain 11, and may result in a lower binding affinity (14). Human IGF2R 

domain 13 acts through a fibronectin type II domain-like insert to stabilize the AB loop of 

domain 11, an effect that enhances affinity that we also detected for echidna IGF2R domains 

11-13 compared to the single domain (9) (Fig. S11).

Evolutionary analysis of exon 33 and 34 that code for domain 11 predicted a dense exon 

splicing enhancer (ESE) cluster within exon 34 in platypus, a region that only codes for the 

CD loop of domain 11 (Fig. 3A, Fig. S12) (14). A shift in the dependency from intron to 

exon based gene splicing occurred during evolution to multi-cellular eukaryotes (17), 

presumably in order to improve efficient generation of mRNA without extended introns. In 

monotremes, ESE’s may have been important because of intronic expansion due to 

insertions of multiple repeat elements (18). We tested whether the ESE in the 5′ region of 

exon 34 was functional using in vivo splicing assays of mini-genes from the chicken and 

platypus CD loop sequences (Fig. 3B, C). Splicing of intron 33 containing mini-genes in 

chicken DF-1 cells identified a cryptic splice (CS) acceptor site that caused a frame shift and 

premature stop codon in chicken exon 34 (Fig. 3B, Fig. S13). In this system, replacing the 

chicken exon 34 ESE sequence with that of the same region of platypus, suppressed the 

appearance of the CS product, suggesting that the platypus CD loop sequence contained a 

functional ESE (Fig. 3B). We next tested the CD loop sequences in vitro with an ESE 

dependent dsx mini-gene splicing system compared to a positive control (AAG)7 (14) (Fig. 

3C, Fig. S14). In agreement with ESE predictions, platypus and human ESE’s promoted 

rapid accumulation of spliced product quantified using RT-PCR and capillary 

electrophoresis.

Comparison of ESE densities of all 6144 possible combinations of codons for the platypus 

CD loop, we found 6124 of the 6144 sequences, i.e. >99.67%, to have a lower ESE density 

than the sequence present in platypus, with only 10 codons containing more ESE’s (Fig. 

S12). Compared to platypus, the human CD loop DNA sequence exhibited relatively 

reduced ESE density, but showed a higher degree of codon adaptation for the coded amino 

acids (14) . While possible that the ESE arose after the CD loop dependent binding site was 

established, these data suggest that a functional ESE in exon 34 changed the amino acid 

sequence of the CD loop and thereby lead to the fortuitous creation of the IGF2 binding site 

in a M6P receptor. The evolution of splicing is underpinned by a complicated multi-factorial 

network of molecular interactions, which cannot be expected to reduce to a single factor 

(19). We speculate that the observed monotreme ESE clustering may have occurred in a 

common mammalian ancestor, perhaps as a response to intron expansion, in agreement with 

genome wide correlations (20). The subsequent reduction of ESE density observed in 

human, may have been due to further selective pressure to improve IGF2 binding.
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Our data suggest that the IGF2 binding site on IGF2R was induced through evolution of an 

ESE specifically coding for the CD loop, and the CD loop alone. As the structure and 

function of the CD loop is conserved in therians, we propose that binding initially occurred 

in a common ancestor of monotremes, marsupials and eutherian mammals. The absence of 

IGF2R imprinting in in monotremes (3, 21) is supported by a therian specific mechanism of 

silencing of transposons (LTR) by methylation (22) and by lack of germ-line restriction of 

BORIS expression (23) . These data suggest that the acquisition of the IGF2 binding site 

occurred prior to IGF2R imprinting. We speculate that once the binding interaction with 

IGF2R was established, the conserved transportation function of IGF2R as a M6P receptor 

mediated a reduction of bio-available IGF2. The subsequent increase in IGF2 affinity was 

selected for with respect to non-CD, AB, FG and HI loop changes, coincident with the onset 

of imprinting, and consistent with parental conflict (24). Affinity maturation through 

purifying selection for improved regulation of IGF2 supply may have been accelerated by 

imprinting induced mono-allelic IGF2R expression (25).
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Figure 1. 
A. Solution structure of free IGF2 (yellow) and the free domain11E4 (light green) and 

characteristic domain 11 β-barrel and four loops involved in IGF2 binding (AB, CD, FG, 

HI). B. The 24.2 kDa complex of domain11E4 (blue) bound to IGF2 (yellow) solved by 

NMR. C. super-imposition of an ensemble of twenty domain 11E4 low energy NMR 

structures showing the IGF2 binding pocket. The AB, CD, FG and HI loops are shown in 

green. D. backbone and surface representation of the IGF2 binding pocket highlighting a 

group of nine hydrophobes on domain11E4, including the three foundation residues (L1626, 

L1636 and V1574) that support the binding pocket (green) and, in light blue, the 

hydrophobes that form the IGF2 binding pocket. The flexible AB and FG loops change 

conformation upon complex formation (purple arrows). E. hydrophobic binding residues on 

IGF2 (centre) and binding partners (dark blue, indicating favorable hydrophobic 

interactions) on domain11E4 over the AB, CD, FG and HI loops (clockwise). F. the non-

hydrophobic groups (charged, polar and hydrogen bond interactions) of IGF2 that interact 

with domain11E4 are shown with matching complementarity in dark blue. Incorrect charge/ 

polar complementarity are shown in red. Yellow represents where either the acquisition of a 

charge or change in steric bulk of a residue cannot be assessed in the absence of a high-

resolution structure.
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Figure 2. 
A. high resolution NMR structures of domain 11 from chicken (red), echidna (orange), 

opossum (green) and human (magenta, PDB:2CNJ) and domain11E4 (blue). (Table S2 

provides a summary of structural statistics). Ensembles of the lowest twenty energy models 

are shown for each species. B. surface representations of the binding pocket of IGF2R-

domain 11 and the acquisition of an increased hydrophobicity surrounding the IGF2 binding 

pocket (Movie S1). C. hydrophobic binding residues on IGF2 (centre) and binding partners 

(dark blue) on domain11E4, human, opossum, echidna and chicken over the AB, CD, FG 

and HI loops. D. evolution of favorable charged, polar and hydrogen bond interactions 

between IGF2 and domain 11 species. (colors as in Fig. 1E, F).
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Figure 3. 
A. Exonic splicing enhancer (ESE) densities at the CD-loop coding region of exon 34. The 

positions of predicted hexamer (Rescue-ESE) and Octamer (Chasin) ESEs are illustrated 

(Fig. S12). B. in vivo splicing of chicken, platypus, or hybrid exons 34 in chicken DF-1 cells 

(sequences of splice products provided in Fig. S13). Two complete splice products A and B 

(cryptic splice site, CS) are shown, with RT-PCR gel products showing expression of A 

product and suppression of B product by ESEs. FP, RP, and RT are forward, reverse and 

reverse transcriptase primers, respectively. C. mini-gene constructs and comparative 

enhancement of dsx mini-gene splicing in HeLa cell nuclear extracts by control (AAG7 

repeat) and ESEs (Fig. S14). D. phylogenetic context implies that IGF2-IGF2R binding site 

acquisition (light shade) occurred prior to the appearance of imprinting (dark shade), but 

was present within prototheria. Relative affinity increased in methatheria compared to 

prototheria, in keeping with a transition in binding site structure (CD loop). IGF2R is bi-

allelically expressed in human, presumably because less selection pressure exists to maintain 

mono-allelic expression, and limits IGF2R imprinting to non-primate eutherians and 

metatheria. In terms of binding, favourable protein interactions are shown in blue, with 

incorrect charge and unpredictable complementarity shown in red and yellow, respectively. 

Silenced (imprinted) IGF2R allele is shown as ‘OFF’ compared to the expressed allele 
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as ’ON’. For IGF2, the reciprocal imprinted alleles are present in both methatheria and 

eutheria, but absent in prototheria.

Williams et al. Page 12

Science. Author manuscript; available in PMC 2015 November 25.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts

Williams et al. Page 13

Table 1

Species specific real time binding kinetic analysis of recombinant IGF2R domain 11 interactions with IGF2

Major binding kinetic variables (two state conformational change model) Steady state binding kinetics

ka
1 (x105 m-1 s-1) 

mean
kd

1 (x10-2 s-1) 
mean

KD (x10-9 M) ± S.D. Χ2 (RU2) mean KD (x10-9 M) ± S.D. Χ2 (RU2) mean

Human domain 11E4 kinetics to IGF2 
†

Human 27.6 4.4 15.3 ± 2.0 0.41 15.5± 3.3 0.77

Human domain 11 kinetics to IGF2 
†

Human IGF2 50 23 46 ± 1.8 0.33 64 ± 0.1 0.24

Echidna IGF2
‡ 20 10.6 53 ± 2.7 0.25 77 ± 0.1 0.1

Chicken IGF2
∥ 40 56 46 ± 0.4 0.15 63 ± 1.7 1.0

Opossum domain 11 kinetics to IGF2 
†§

Human IGF2 6.9 10.8 130 ± 0.9 0.59 164 ± 0.7 0.86

Echidna IGF2
‡ 6.5 10.6 135 ± 0.1 0.56 157 ± 2.5 0.70

Chicken IGF2 17.6 35.0 171 ± 0.2 0.10 219 ± 6.6 0.08

Echidna domain 11 kinetics to IGF2 
†

Human IGF2 3.8 10.6 244 ± 2.0 0.08 329 ± 10 0.23

Echidna IGF2
‡ 4.5 13.8 256 ± 2.0 0.54 385 ± 13 0.14

Chicken IGF2 9.2 25.9 244 ± 2.0 0.08 412 ± 10 0.03

Chicken and Zebrafish domain 11 kinetics to IGF2 
†

Human IGF2 - - - - - -

Echidna IGF2
‡ - - - - - -

Chicken IGF2 - - - - - -

Chicken with Echidna CD loop kinetics to IGF2 
*§

Human IGF2 1.1 4.7 427 0.74 325 ± 20 0.26

Echidna IGF2
‡ 328 ± 28 0.18

*
BIAcore 3000,

†
BIAcore T200 using purified biotinylated IGF2 on a streptavidin biosensor chip,

‡
Echidna (peak 2) purified recombinant IGF2 (see Fig.S8). Recombinant proteins expressed in E. coli and

§
P. pastoris. All experiments repeated 4 times on at least two chips except

∥
repeated twice on two different chips.‘-’ means no binding.
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