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Proteins with intrinsically disordered regions (IDRs) have large hydrodynamic radii, compared with 

globular proteins of equivalent weight. Recent experiments showed that IDRs with large radii can 

create steric pressure to drive membrane curvature during Clathrin-mediated endocytosis (CME). 

Epsin and Eps15 are two CME proteins with IDRs that contain multiple motifs for binding the 

adaptor protein AP2, but the impact of AP2-binding on these IDRs is unknown. Some IDRs acquire 

binding-induced function by forming a folded quaternary structure, but we hypothesize that the IDRs 

of Epsin and/or Eps15 acquire binding-induced function by increasing their steric volume. We 

explore this hypothesis in silico by generating conformational ensembles of the IDRs of Epsin (4 

million structures) or Eps15 (3 million structures), then estimating the impact of AP2-binding on 

Radius of Gyration (RG). Results show that the ensemble of Epsin IDR conformations that 

accommodate AP2 binding has a right-shifted distribution of RG (larger radii) than the unbound Epsin 

ensemble. In contrast, the ensemble of Eps15 IDR conformations has comparable RG distribution 

between AP2-bound and unbound. We speculate that AP2 triggers the Epsin IDR to function through 

binding-induced-expansion, which could increase steric pressure and membrane bending during 

CME. 

Keywords: Intrinsically disordered proteins; Clathrin-mediated endocytosis; coarse-grained 

methods; all-atom ensemble modelling; steric crowding; molecular crowding; membrane biophysics. 

1. Introduction

Protein science in the twentieth century assumed as dogma the direct causality from protein 

sequence to structure, and from structure to function. This structure-to-function link has increasingly 

come into question with the discovery that many proteins have intrinsically disordered regions 

(IDRs),1,2 characterized by the presence of long contiguous amino acid sequences (> 30 residues) 

with no discernible secondary structure. IDRs have been found in more than 40% of the eukaryotic 

proteome and are distributed across multiple pathways3–9.  
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The surprising evolutionary conservation of many IDRs from simple to higher eukaryotes 

suggests that IDRs have biological functions, beyond serving as linkers or filler-regions between 

functional domains10. Experimental techniques to probe IDPs (e.g., NMR and SAXS11) are limited 

due to the lack of stable folding. To complement this limitation, computational methods for studying 

IDRs have been burgeoning, representing IDRs as statistical ensembles rather than as stably-folded 

structures12. Computationally-derived ensembles have been constructed using different methods 

(e.g., Molecular dynamics, Monte Carlo methods13–15) based on experimentally-determined 

constraints or de novo assumptions16,17. Atomic force fields for disordered regions have also 

improved the accuracy of IDP representations in silico18,19. The use of both experimental and 

theoretical approaches has generated important strides for the field. 

Toward the elucidation of IDR function, multiple examples have been catalogued of binding-

induced transitions of disordered regions into ordered structures, where the ordered structure has a 

biological function.  IDRs have also been found to function without folding into an ordered structure, 

by utilizing molecular crowding to induce steric pressure. In essence, disordered regions can 

function through their entropic forces20. In an important 2015 study21, natural and engineered IDRs 

were capable of bending a cell membrane, altering organelle morphology, and regulating the cargo 

capacity of clathrin-mediated endocytosis (CME). 

Clathrin-mediated Endocytosis (CME) involves encapsulation and internalization of 

extracellular cargo in a Clathrin-coated vesicle. CME depends on the principal protein Clathrin and 

on accessory proteins such as Epsin, Eps15, Adaptor proteins (APs), Auxilin, Amphiphysin, 

Dynamin, Intersectin, Synaptojanin, and Synaptotagmin22. Although each protein has been 

characterized individually, much remains unclear about the orchestration of these proteins and the 

mechanistic underpinnings of CME. Most CME proteins contain binding/interaction sites for 

multiple other CME proteins, and many of the proteins are heavily enriched for IDRs9. The interplay 

between binding, IDRs, and steric pressure is unclear. In particular, prior work showed that IDRs 

can exert steric pressure for membrane bending in CME due to molecular crowding of the unfolded 

state, but the impact of binding on the unfolded state is unknown. We hypothesize that binding can 

induce expansion rather than folding of an IDR conformational ensemble, leading to increased steric 

volume. If correct, this could be crucial for regulating steric pressure during morphogenesis of the 

CME vesicle. 

To study how binding affects sterics, we focus on the IDRs of Epsin and Eps15, which are long 

regions harboring multiple instances of sequence motifs for binding the alpha-subunit of the CME 

adaptor protein AP2 (AP2α). Epsin is a ~600 aa protein (with isoforms ranging from 576-640 aa) 

that contributes to membrane bending in CME21,23. Epsin contains an N-terminal region23,24 that 

binds the membrane, followed by an IDR (~400 aa) until the C terminus. This IDR contains a 

Clathrin/AP2 binding (CLAP) region with two binding sites for Clathrin and 8 instances of the motif 

DPW for binding AP2α 9. The sequence downstream of the CLAP region contains binding motifs 

for other CME proteins such as Eps15 and Intersectin. Eps15 is an 896 aa protein that localizes to 

the rim of the Clathrin coat in growing vesicles25 suggesting that it might contribute to membrane 

bending. Eps15 contains an N-terminal region for binding Epsin and other CME proteins, and a C-

terminal IDR (~350 aa) that contains 15 instances of the sequence motif DPF for binding to AP2α 
26,27.  In summary, both Epsin and Eps15 IDRs are candidates for regulating the steric pressure of 
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CME membrane bending in ways that might be regulated by AP2-binding.  Computational modeling 

is needed for prioritizing which protein(s) to test in biophysical experiments. 

In this study, we generate all-atom de novo conformational ensembles for the disordered regions 

of Epsin and Eps15 using the FoldTraj program13,14 of the TraDES package, and we investigate 

whether the IDR conformations that can accommodate binding of multiple copies of the AP2α 

domain have larger conformational volumes. Results show that conformations of the Epsin IDRs 

that allow binding of more copies of AP2α possess longer lengths and larger radii of gyration (RG), 

indicating larger steric volumes for the IDR. This finding is non-trivial and does not hold true for 

Eps15. Binding-induced-expansion of Epsin might serve to exert steric pressure on the plasma 

membrane for regulating CME curvature or cargo.  

2.  Methods 

2.1.  Generation of structural ensembles 

Protein sequences of human Epsin Isoform 2 (Uniprot ID: Q9Y6I3-1) and Human Eps15 Isoform 1 

(Uniprot ID: P42566) were analyzed using the disorder predictor IUpred to identify intrinsically 

disordered regions (IDRs). All known AP2 binding motifs were located within the identified IDRs.  

Residues 232-471 of Epsin and residues 498-830 of Eps15 covered the IDRs plus an adjacent helix 

from the ordered region (N-terminal to the IDR, for alignment purposes). The regions were 

represented using all-atom models and input into FoldTraj13 for generating conformational 

ensembles. During ensemble generation, the multiple repeated binding motifs (DPW for Epsin, and 

DPF for Eps15) were constrained to adopt fixed phi and psi angles taken from the observed phi and 

psi angles of the PDB structures of AP2α bound to either a small Epsin DPW motif (RCSB ID: 

1KY6) or a small Eps15 DPF motif (RCSB ID: 1KYF). No other structural constraints were 

imposed, and the FoldTraj program was run until we obtained 4 million feasible structures for the 

Epsin IDR and 3 million feasible structures for the Eps15 IDR.    

2.2.  Filtering Epsin conformers to mimic the effect of Plasma membrane 

Since the N-terminal domain of Epsin is attached to the membrane, the membrane is a boundary 

that the generated structural ensemble can never be allowed to traverse, to mimic biological 

constraints. This boundary constraint was imposed by first aligning all 4 million generated Epsin 

IDR structures by their N-terminal helices (from the ordered region), and then discarding structures 

that intersected the plane, using a plane 15 Å above the helix of the disordered structures, where 

15 Å is the maximum diameter of the Epsin N-terminal ENTH domain (computed using RCSB ID: 

1H0A). 

2.3.  Docking AP2α to the IDRs by superposition 

The ensemble structures were then subjected to docking-by-superposition to dock AP2α domain to 

each of the binding motifs individually. This was achieved by superimposing the motifs from the 

generated Epsin or Eps15 structures (previously constrained to resemble bound peptides) and the 

corresponding peptide bound to the AP2α domain (from PDB), using the salign module in the 
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TraDES package (http://trades.blueprint.org/). AP2α was rigidly docked to each of the IDR 

conformers, at each of the 8 DPW motifs for Epsin and each of the 15 DPF motifs of Eps15, thus 

generating a total of ~15 million dockings for Epsin and ~45 million dockings for Eps15, where 

each docking contains an IDR with one copy of AP2α bound at one site. For each IDR conformer, 

we then used the set of singly-docked structures to perform docking at other sites and catalogue the 

number of simultaneous binding sites at which AP2α docking would be feasible (i.e., when binding 

multiple copies of the AP2α domain). Because flexible docking is prohibitive to compute for tens 

of millions of structures, binding feasibility was estimated by assuming that flexibility could 

compensate for a limited numbers of collisions (a limited number of intermolecular clashes during 

rigid superposition). For each “bound” structure, we computed the number of inter-chain Van 

derWaals clashes using the Crashchk module of TraDES. After viewing the distributions of 

collisions over the entire ensemble, a threshold value of 200 intermolecular collisions was chosen 

as the unacceptable level for a docking to be discarded as infeasible. IDR conformers that could 

“dock” with AP2α having fewer collisions than this threshold were considered feasible.   

2.4.  Computation of Protein energies 

To approximate the energies of the structures in the generated ensembles for Epsin and Eps15 IDRs, 

we used the program FoldX28, which calculates the contributions of 22 energy terms to the stability 

of a protein. Some of these parameters were developed for globular proteins, but since disordered 

regions do not behave like folded proteins, and since the structures generated by FoldTraj were not 

subjected to energy minimization, we used only the following subset of energy terms from FoldX: 

hydrogen bonds, electrostatic interactions, polar and non-polar solvation energies, torsional clashes, 

and weak penalization for VdW clashes. 

3.  Results 

3.1.  Epsin and Eps15 C terminal regions are predicted to have large disordered C-terminal 

domains 

Prior characterizations of Epsin29
 and Eps1530 have suggested the presence of intrinsically 

disordered regions near the C-termini. Consistent with this literature, sequence analysis of human 

Epsin (Uniprot: Q9Y6I3-1) and Eps15 (Uniprot: P42566) using IUPred also predicts C-terminal 

regions with high propensities for disorder (Fig. 1A-B). Compositional analysis of the amino acids 

in these disordered regions revealed high levels of Proline and charged residues, as expected in IDRs 

(data not shown). In Epsin, the IDR predicted by IUPred extends from residue 253 to the C-terminus 

(residue 662), and is predicted to be completely disordered. It contains 8 instances of the putative 

AP2α binding motif DPW. Since the last DPW motif occurs at position 463, we define the region 

from residues 232-471 as the disordered AP2-binding region of Epsin (hereafter Epsin-IDR). In 

contrast, Eps15 is an 896 aa protein that was predicted to have a mostly disordered region (with 

small pockets of ordered residues) starting from position 350. This disordered region contains 15 

instances of the motif DPF believed to bind AP2α. Since the last motif occurs at site 825, we define 

the region 498-830 to represent Eps15-IDR for subsequent analyses. For both Epsin and Eps15, the 
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chosen regions also include a predicted helix, N-terminal to the IDR, to provide a reference frame 

for subsequent alignment of the generated conformers. Fig. 1A-B also show secondary-structure 

predictions for Epsin and Eps15 given by JPred431. Note the absence of secondary structure in the 

Epsin-IDR and Eps15-IDR, except for the N-terminal helices. 

Fig. 1. Generation of conformational ensembles of the IDRs of Epsin and Eps15. (A-B) IUPred disorder prediction 

scores for each residue of Epsin (A, Uniprot ID: Q9Y6I3-1) and Eps15 (B, Uniprot ID: P42566). Residues with disorder 

scores above 0.5 (horizontal red line) are considered disordered. Shown above the plots are secondary structure 

predictions using JPred4 (Red = helix; green = sheet; black line = no SS). Shaded window within the plot region 

represents the portion of the sequence considered for conformational ensemble generation for Epsin (232-471) and 

Eps15 (498-830). Black markers within the plot show start of the sequence motifs that bind to AP2α. (C) Example 

structures of the Epsin-IDR generated using the FoldTraj program, which generates sterically-feasible structures. Note 

that the set of feasible structures has a wide range of hydrodynamic radii. (D) Example structures of different Epsin-

IDR conformers docked to 0, 1, 2 or 3 AP2α domains 

3.2.  Generating the conformational ensemble for Epsin-IDR and Eps15-IDR 

To generate a conformational ensemble for both Epsin-IDR and Eps15-IDR, we used the FoldTraj 

program of the TraDES suite13. FoldTraj generates individual conformers by performing a random 

walk through allowed Ramachandran-space for each amino acid in the sequence (random draw of 

allowed torsion angles with replacement), while satisfying user-provided constraints of secondary 

structure (if any). Since FoldTraj uses backtracking to avoid potential steric clashes, the generated 

conformers are sterically-feasible all-atom structures of the disordered regions. Although FoldTraj 

is a less rigorous tool than MD to generate conformational ensembles, the characteristics of its 

output ensembles have shown agreement with SAXS data32. Using this program we generated an 

ensemble of 3 million conformers for Eps15-IDR. Since Epsin is bound to the membrane (unlike 

Eps15), the presence of the bilayer imposes additional constraints on the available space for Epsin-

IDR. Hence, we generated more conformers for Epsin than Eps15 (~4 million) and followed this 

with a filtering process in which a plane mimicking the membrane bilayer served to remove 
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conformers that traversed it. We will hereafter refer to the 3 million Eps15 structures and the plane-

filtered Epsin-IDR structures as the initial ensembles for the respective proteins. Fig 1C shows 

examples of Epsin-IDR conformers generated using FoldTraj. 

3.3.  Subsets of the Epsin-IDR ensemble that allow binding to more copies of AP2α show 

increased size metrics 

To each of the structures in the Epsin-IDR initial ensemble, we docked AP2α by superposition (see 

Methods) to each DPW binding motif in the IDR, and estimated the feasibility of each docking 

based on the number of interchain atom-collisions. This results in subsets of the initial ensembles, 

categorized by the number of occupied binding sites (example in Fig 1D), and the exact sites 

occupied. We then compared the bound subsets against the initial ensemble using two metrics of 

size: the end-to-end distance (EED), and the radius of gyration (RG). End-to-end distance refers to 

the distance between the first and last Cα of the IDR. Radius of gyration (RG) is defined as the sum 

of root-mean-squared distances from each of the atoms to the protein center of mass. The RG 

describes the relative compactness of a protein structure. For a given sequence length, folded 

proteins have low RG, while extended proteins have high RG. The RG distribution of the original 

unfiltered ensemble of 4 million Epsin structures was normally distributed around 43.17 ± 9.72 

Å. For comparison, globular proteins of size 200-300 aa typically assume conformations with RG 

around 20 Å. The unconstrained nature of FoldTraj conformations result in a predominantly 

extended ensemble, but it also includes compact structures. Table 1 show that subsets of the Epsin-

IDRs that allowed binding to more copies of AP2α showed increased size, as measured by both 

EED and RG, compared with subsets that did not permit binding. Each successive AP2α binding 

resulted in an increase of ~7-8 Å in EED and ~3 Å in RG.  

 

Table 1. Statistics of end-to-end distance (EED) and radius of gyration (RG) for the Epsin-IDR ensembles that 

allow binding to increasing numbers of AP2α domains. 

Screening 

criteria 

Num. 

Stuctures 

End-to-end distance (EED) Radius of Gyration (RG) 

Mean Median Std. Dev Mean Median Std. Dev 

ORIGINAL ENSEMBLE 3932805 101.85 99.19 39.81 43.17 41.97 9.72 

INITIAL (PLANE 

FILTERED) 
1867311 110.06 107.94 40.37 43.12 41.88 9.86 

SINGLE AP2α 463709 114.53 112.60 41.05 44.53 43.39 10.07 

DOUBLE AP2α 62682 122.97 121.45 41.91 47.20 46.21 10.27 

TRIPLE AP2α 8083 130.68 129.50 42.59 49.64 48.73 10.39 

QUADRUPLE AP2α 824 138.71 138.09 43.22 52.16 51.32 10.48 
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Fig 2A and 2B show examples of the distribution of EED and RG (respectively) in the initial 

ensembles of Epsin-IDR compared with a representative subset of Epsin-IDRs that allowed AP2α 

binding at 4 sites (sites 1, 2, 3, and 7) simultaneously. 

Fig. 2. AP2α binding to the Epsin-IDR causes expansion of EED and disproportionate depopulation of compact 

low-energy structures. (A) Example distribution of end-to-end distances or (B) radius of gyration in the ensemble of 

Epsin-IDR structures, with either 0 (left) or a representative ensemble of Epsin-IDR with 4 (right) AP2α domains bound 

(AP2 bound at sites 1,2,3 and 7). AP2α binding can be seen to cause an increase in both metrics. Complete statistics can 

be found in Table 1 (C) Distribution of energies of the ensemble of Epsin-IDRs computed using FoldX plotted against 

end-to-end distance. With more AP2α domains bound, there is preferential depopulation of the small-length low energy 

structures (red box) leading the ensemble to shift towards even longer lengths than expected with panels A and B. 

3.4.  Epsin ensembles that allow binding of more copies of AP2α exhibit preferential 

depopulation of compact low-energy structures 

The impact of AP2-binding on the size and energy of the Epsin-IDR feasible ensemble is shown in 

Fig 2C, which plots the FoldX-computed energy versus the end-to-end distance for each of the 

Epsin-IDR structures (see Methods). The subsets that allow binding to more copies of AP2α clearly 

contain fewer conformers than the unbound ensemble, which is a trivial consequence of having 

more constraints. The non-trivial question is whether the bound subsets are uniformly depopulated 

across different energy levels and different conformational sizes.  In particular, we must test whether 

compact structures become infeasible or energetically unfavorable upon binding, in greater 

proportion than other structures. We define compact structures as those with less than a quarter of 

the maximum EED (defined as 25% of the 99th percentile for EED in the original ensemble).  

Similarly, we define low-energy structures as those having less than 25% of the 99th percentile of 

FoldX-computed energy. In Figure 2C, the threshold for low-energy is marked by blue lines, and 
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the combined threshold for compact and low energy is marked by a red box at the bottom-left corner 

of each frame. Comparing across the frames from unbound to bound and multiple-bound, the red 

box of compact low-energy structures becomes disproportionately depopulated. In other words, AP2 

binding causes the overall ensemble to shift toward the upper-right. We quantified this trend by 

counting the number of conformations above and below the EED threshold, and above and below 

the energy threshold (four regions of the state space); Table 2 lists the totals according to the number 

of AP2α domains bound. Results show that with more AP2α binding, there is an increase in the 

fraction of high-EED, high-energy structures at the expense of the other three quadrants, especially 

the compact structures. Binding each copy of AP2α causes a slight decrease (5-12%) in the high-

EED low-energy populations, a 25-26% depopulation of the compact high-energy populations, and 

a 26-55% decrease in the compact low-energy populations (going almost to 0% with 4 copies of 

AP2α bound).  Low energy structures remain feasible with high-EED, but compact structures of all 

types become increasingly infeasible. This indicates that AP2α binding causes conformational 

expansion and preferential depopulation of the compact low energy structures. 
 

 

Table 2. Relative proportions of Epsin-IDR conformers in different regions of the Energy – EED 

(end-to-end distance) state space. Thresholds for EED: 75 Å; Energy: 20 Kcal/mol  

SCREENING 

CRITERIA 

Low EED 

Low Energy 

Low EED 

High Energy 

High EED 

High Energy 

High EED 

Low Energy 

SINGLE AP2α 0.23 17.22 81.37 1.18 

DOUBLE AP2α 0.15 12.62 86.11 1.12 

TRIPLE AP2α 0.11 9.34 89.5 1.05 

QUADRUPLE AP2α 0.05 6.88 92.15 0.92 

3.5.  Subsets of the Eps15-IDR ensemble that allow binding of more copies of AP2α show no 

change in size metrics or preferential depopulation by energy or size 

Similar to the Epsin analysis, we docked AP2α individually to each of the 15 DPF binding sites in 

every structure to obtain subset ensembles of Eps15 IDR structures that allowed different 

stoichiometries and positions of AP2α binding. In general, the dimensions of the Eps15 ensembles 

were greater than that of the Epsin-IDR ensembles, but this could be attributed to the difference in 

sequence lengths of the two IDRs (Epsin-IDR: 240aa; Eps15-IDR: 333aa). More importantly, unlike 

Epsin, ensembles of Eps15-IDR that allow binding of more copies of AP2α did not show a 

significant increase in either EED or RG (Table 3). Energy-EED thresholding also do not show 

preferential enrichment or depopulation of any one quadrant (Table 4). These results also serve to 

illustrate that Epsin’s size-increase and preferential depopulation of compact structures are not a 

trivial property of all IDRs, nor an artefact of the docking analysis.  
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Table 3. Statistics of end-to-end distance (EED) and radius of gyration (RG) for the Eps15-IDR ensembles that 

allow binding to increasing numbers of AP2α domains. 

Screening 

criteria 

Num. 

Stuctures 

End-to-end distance (EED) Radius of Gyration (RG) 

Mean Median Std. Dev Mean Median Std. Dev 

INITIAL ENSEMBLE 3000000 124.84 121.11 50.80 53.80 52.30 12.20 

SINGLE AP2α 1238955 128.05 124.53 51.55 54.97 53.52 12.42 

DOUBLE AP2α 509819 130.60 127.21 52.18 55.89 54.47 12.63 

TRIPLE AP2α 220656 131.57 128.16 52.54 56.21 54.79 12.80 

QUADRUPLE AP2α 106947 130.66 127.07 52.51 55.85 54.36 12.84 

 

Table 4. Relative proportions of Eps15-IDR conformers in different regions of the Energy – EED 

(end-to-end distance) state space. Thresholds for EED: 75Å; Energy: 80 Kcal/mol  

SCREENING 

CRITERIA 

Low EED 

Low Energy 

Low EED 

High Energy 

High EED 

High Energy 

High EED 

Low Energy 

SINGLE AP2α 0.17 15.53 82.98 1.32 

DOUBLE AP2α 0.17 14.59 83.85 1.39 

TRIPLE AP2α 0.17 14.31 84.1 1.42 

QUADRUPLE AP2α 0.18 14.74 83.67 1.41 

4.  Discussion 

In this work we used in silico conformational search to analyze intrinsically disordered regions 

(IDRs) of two proteins participating in Clathrin-mediated endocytosis (CME) – Epsin, and Eps15. 

We generated de novo ensembles of 3-4 million feasible conformations for IDRs of Epsin and 

Eps15. Since the IDRs of both proteins contain multiple binding sites for the adaptor protein AP2, 

we wanted to investigate if such binding would alter characteristics of either of the two IDRs by 

restricting the available conformational space. To answer this question, we docked AP2 to the 8 

binding sites in each Epsin structure, and to the 15 sites in each Eps15 structure, to obtain filtered 

ensembles of each IDR that would allow binding at single binding site or combinations of binding 

sites. We found that with an increase in the number of bound AP2 molecules, the ensemble of Epsin 

IDRs showed an increase in both end-to-end distance (length) and radius of gyration, (volume), 

which was not seen with the Eps15 ensemble.  

At first glance, such contrasting results are surprising given that the IDRs of both proteins are 

long regions (>300 aa), have multiple binding sites for the same protein (AP2), and are 
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evolutionarily conserved. However, it is possible that this outcome could result from the distribution 

of the binding motifs along the IDR sequence. The 8 DPW motifs in the Epsin IDR sequence are 

moderately spaced out, with a minimum separation of 7aa and a median separation of 10 intervening 

residues, suggesting that AP2 binding to adjacent sites might only be possible with relatively 

extended conformers. In contrast, the 15 sites in Eps15 are clustered closely with a minimum of 2aa 

and a median of 7.5 intervening residues (with ≤ 5 intervening residues in 7 out of 14 cases). This 

suggests that Eps15 conformers, unlike Epsin, simply do not bind AP2 simultaneously at adjacent 

sites due to crowding. In other words, Eps15 conformers that bind multiple copies of AP2 would 

utilize non-adjacent binding sites, resulting in fewer conformational constraints imposed by AP2-

binding. Having a total of 15 binding sites for AP2 might provide sufficient flexibility for 

accommodating AP2-binding without disallowing compact low-energy states in the Eps15 IDR. In 

addition, Table 1 and Table 3 show that the binding of each AP2 domain causes a ~4-10x fold 

decrease in the ensemble size of Epsin IDR, whereas it causes only a 1.8-2.5x fold change in the 

ensemble size of Eps15 IDR. These statistics corroborate the interpretation that although both IDRs 

bind AP2, the binding has a different impact on the IDR ensembles and on the ability of the IDRs 

to exert steric pressure. Our interpretation of the results is that Epsin IDR undergoes binding-

induced-expansion. Such a phenomenon could allow AP2 binding to boost Epsin-derived steric 

pressure toward membrane bending in CME. This would build upon previous studies that found the 

disordered region of Epsin creates steric pressure at Clathrin-coated pits21. Other studies using 

conformational sampling of disordered regions33,34 have also suggested a link between IDR 

flexibility and physical pressure, force generation, or mechanical sensing. Future experiments using 

techniques like SAXS on the Epsin-IDR and Eps15-IDR regions might serve to validate the 

hypothesis of binding-induced expansion. In addition, experiments such as Surface Plasmon 

Resonance or Isothermal calorimetry can shed light on the thermodynamics of AP2 binding to the 

IDRs. 

In our study, we used large ensembles of de novo structures generated through random sampling 

of torsional angles to generate sterically-feasible structures. However, it is important to note that 

large ensemble sizes and conformational diversity come at the expense of structure refinement using 

minimization or advanced MD techniques. MD with appropriate force fields could be used to 

simulate structural constraints imposed by inter-residue contacts, generating a non-redundant set of 

biologically-selected structures35. However such advanced techniques are computationally 

prohibitive for large IDRs with high conformational entropy (both Epsin and Eps15 IDRs are at the 

C-terminus of their sequences, lending greater flexibility). Hence, when we explore the impact of 

binding on the IDR ensembles, our study uses metrics of size and energy that are appropriate for 

unrefined and unminimized protein structures. Such in silico studies may be considered crude 

estimates of reality, but they can guide subsequent experiments by prioritizing which proteins to 

study. When ensemble modeling is guided by experimental measurements such as residual dipolar 

couplings from NMR, or diffraction data from SAXS, then the in silico generated ensembles can 

realistically utilize a smaller number of structures with energy-minimization, and the analysis of the 

ensemble might infer subtle biochemical insights. Without experimental input, de novo ensembles 

generated from mere sequence information can still provide a first order approximation of the most 

prominent features of the accessible conformation space. In the case of Epsin and Eps15, even a 
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crude estimate of the bound and unbound ensembles showed an important distinction in how binding 

affects the steric volume. Binding multiple copies of AP2 appears to cause expansion of Epsin. The 

AP2-binding function of Eps15 is not understood, but our Eps15 results are consistent with a 

previous hypothesis that the IDRs of CME could serve to recruit other CME proteins from the 

cytoplasm9. 

In conclusion, we have used de novo ensembles of disordered regions to explore the novel 

hypothesis of binding-induced-expansion. Our theoretical results with AP2-binding to Epsin and 

Eps15 indicate that Epsin is a good candidate (and Eps15 is not) for future experimental testing of 

binding-induced-expansion. Future experiments should also test whether the spacing between 

binding sites modulates the impact of binding on steric volume, and steric pressure in regulating 

CME. The fundamental biophysics of binding-induced-expansion and ensemble-elongation may be 

applicable to multiple proteins, pathways, and morphogenic processes. Our interpretation of the 

computational findings is that binding-induced-expansion is an additional biological function 

performed by disordered polypeptides, and a viable mechanism for entropic forces to be leveraged 

and regulated. 
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