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Structure preparation 
Starting structures for the simulations of human IL-2 and its complexes were taken from 

the Protein Data Bank1 (PDB codes: 1m47, 1m4c, 1m48, 1m49, 1pw6, 1py2, 1qvn, and 1z92). 

These structures were modified to achieve consistency with respect to the sequence and 

number of amino acids. Solvent and buffer molecules were removed except for crystal waters 

bound to protein chains, which were considered in the MD simulations. Histidine protonation 

and rotation states were assigned manually such that all IL-2 chains have the same 

constitution and that histidines can form optimal local interactions. In the case of multiple 

identical chains, the one with the lowest number of unresolved residues was chosen. Missing 

residues (Figure S9) were modeled with MODELLER 7v72 using other IL-2 structures as 

templates, as was done for the Ala69Val mutation in the structure with PDB code 1QVN. The 

flexible loop between Ser64 and Leu100 (all IL-2Rα residues are highlighted in italics, 

whereas all IL-2 residues are depicted in “normal” font) of IL-2Rα was not resolved in the 

crystal structure (PDB code: 1z92).3 As the loop does not contact the binding interface,3 it 

was not considered any further. This should not influence the structural integrity of IL-2Rα 

during MD simulations because either end of the loop is bound to the residual IL-2Rα 

structure by a disulfide bond. Ligand structures were extracted from the complexes. For 

docking, the ligands were converted to MOL2 files using the PRODRG24 server. Atom types 

were corrected manually if necessary. Flexible torsions were determined by AutoTors from 

the AutoDock suite of programs.5 

 

Molecular dynamics simulations 
MD simulations were performed with the AMBER 9 package of molecular simulation 

programs6 using the Cornell et al. force field7 with modifications introduced by Hornak et al. 

(ff99SB)8 and the general amber force field (GAFF)9 for proteins and small molecules, 

respectively. Partial charges of small molecules were generated according to the RESP 

procedure.9-10 The structures were solvated in a truncated octahedron of TIP3P water11 such 

that the distance between the edges of the box and the closest solute atom was at least 11 Å. 

Periodic boundary conditions were applied using the particle mesh Ewald (PME) method12 to 

treat long-range electrostatic interactions. Bond lengths involving bonds to hydrogen atoms 

were constrained by SHAKE.13-14 The time step for all MD simulations was 2 fs, and a direct-

space non-bonded cutoff of 8 Å was applied. After minimization the system was heated from 

100 K to 300 K using canonical ensemble (NVT) MD. Then, the solvent density was adjusted 
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using isothermal-isobaric ensemble (NPT) MD. Positional restraints applied during 

equilibration were reduced in a stepwise manner over 50 ps followed by 50 ps of unrestrained 

canonical ensemble (NVT) MD at 300 K with a time constant of 2 ps for heat bath coupling. 

Snapshots were extracted every 10 ps from production runs for further analysis (Table 1). 

 

Docking 
All docking runs were performed with AutoDock 3.055 using DrugScore pair potentials15 

as a scoring function.16-17 The docking protocol for flexible ligand docking comprised 100 

independent runs per ligand using an initial population size of 100 individuals, 5.0 × 103 

generations, a maximum number of 10.0 × 106 energy evaluations, a mutation rate of 0.02, a 

crossover rate of 0.8, and an elitism value of 1. For the enrichment evaluation the maximum 

number of energy evaluations and the population size were reduced to 3.0 × 106 and 50, 

respectively. Before calculating the DrugScore potential grids, all structures were aligned to 

the x/y-plane of the Cartesian coordinate system such that the rms distance between the 

interface amino acids and the plane is minimal. By doing so, the potential grids are optimally 

positioned for the mainly flat interface region of IL-2. The dimensions of the grids were 

chosen such that the grids extend beyond all hot spots as well as amino acids lining the 

identified interface pockets by at least 2.5 Å. In the case of apo-docking where no transient 

pocket is available, the same potential grid definition was chosen as for the re-docking 

approach. We note that this way no information about the known binding modes of the PPIM 

was considered for setting up the docking. The grid spacing was set to 0.375 Å. Similar 

docking poses (RMSD < 1 Å) were clustered, and the intermolecular docking energy was 

calculated. As the final docking result, the ligand pose with the lowest intermolecular docking 

energy from the largest cluster was chosen. A docking experiment was considered successful 

when this ligand pose had an RMSD < 2.0 Å to the native pose. 
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Statistical significance of MM-PB/SA results 
To investigate the energetics of IL-2/IL-2Rα and IL-2/small-molecule complex formation, 

the MM-PB/SA method was applied to compute effective energies as the sum of gas-phase 

energies and solvation free energies. Entropic terms resulting from translational, rotational, 

and vibrational contributions of the solutes were omitted. The gas-phase and solvation free 

energy values were averaged over 617 – 1379 snapshots (Table 1) taken at 10 ps intervals 

from the trajectories of the MD simulations. The correlation time for relaxation of effective 

energy fluctuations was computed to < 10 ps (data not shown), in agreement with related 

studies.18 Hence, the extracted snapshots should be uncorrelated, and mean values of binding 

effective energies computed by the single trajectory MM-PB/SA method can be estimated to 

within a standard error of the mean (SEM) between 0.13 – 0.37 kcal mol-1 (Table 1). 

Time-series of effective energies computed using the MM-PB/SA method are displayed in 

Figure S8 for snapshots of the unbound solutes and the IL-2/IL-2Rα and IL-2/small-molecule 

complexes. In all cases, significant drifts and fluctuations in the absolute effective energies 

were found, which demonstrates the sensitivity of these values to conformational details and 

reflects structural variations throughout the MD trajectories. The observed energy drift 

(Table S5) depends on the size and conformational complexity of the solutes (Table 1) with 

IL-2/IL-2Rα showing the largest drift (-11.02 kcal mol-1 ns-1), unbound IL-2 and the IL-

2/small-molecule complexes showing drifts of -0.56 – -6.03 kcal mol-1 ns-1, and the small 

molecules showing negligible drifts of -0.30 – 0.20 kcal mol-1 ns-1. 

These analyses indicate as to why MM-PB/SA binding effective energies computed by the 

multiple trajectory method for IL-2/small-molecule complexes do not correlate with 

experimental results (R2 < 0.1, data not shown). In contrast, in the case of the single trajectory 

method, binding effective energies show a much smaller drift (-0.63 – 0.74 kcal mol-1 ns-1, 

Table S5) due to a cancellation of internal energies.18 These results also provide an 

explanation as to why differentiating between conformational states of IL-2 based on absolute 

effective energies is not successful (Figure S8), in addition to the error introduced by 

neglecting changes in the solute’s configurational entropy. As the energy drifts are mainly 

caused by conformational transitions of the solute that occur, in particular, in modeled 

regions, loops, and termini, much longer simulation times would be required to obtain mean 

absolute effective energies that are stable over time. However, even when simulating for up to 

10 ns in related studies,18-23 this problem could not be alleviated, and comparable drifts were 

observed. 
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Tables 

Table S1: Heavy atom RMSD during MD simulation 

 RMSDa 

PDB code Complex IL-2b IL-2 interfacec Bound ligandd Unbound ligandd 

1m47 ─ 3.17 (3.63) 2.88 (3.70) ─ ─ 

1m4c ─ 3.16 (3.83) 2.44 (3.13) ─ ─ 

1m48 2.57 (3.08) 2.55 (3.03) 2.42 (3.00) 1.46 (2.02) 2.66 (4.21) 

1m49 2.66 (3.06) 2.68 (3.09) 2.13 (2.60) 1.06 (1.89) 2.64 (4.29) 

1pw6 2.70 (3.25) 2.72 (3.27) 2.20 (2.86) 0.89 (1.46) 2.01 (4.76) 

1py2 2.59 (3.09) 2.61 (3.12) 1.94 (2.36) 1.55 (2.03) 2.92 (4.94) 

1qvn 2.88 (3.21) 2.81 (3.17) 2.27 (3.03) 2.20 (3.94) 2.81 (5.52) 

1z92 3.50 (4.52) 3.46 (4.32) 2.49 (3.18) 2.98 (4.07) 3.77 (5.73) 
a Mean heavy atom RMSD with respect to the equilibrated structure; in Å. Five N-terminal 

amino acids of IL-2 were omitted. Maximum RMSD in parentheses. 
b Unbound IL-2 or IL-2 extracted from the MD trajectory of the complex. 
c IL-2 residues Tyr31, Asn33-Lys35, Thr37-Met39, Thr41-Tyr45, Glu60-Glu62, Lys64-

Val69, Asn71, Leu72, and Met104-Thr111. 
d Aligned with respect to the ligand. 
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Table S2: RMSD of the IL-2 interface region of experimentally determined bound IL-2 
conformationsa 

IL-2 structure IL-2/FRG IL-2/CMM IL-2/FRB IL-2/FRH IL-2/FRI 

Unbound structureb 1.77 1.69 3.08 1.50 1.69 

MDc 1.83 1.74 2.99 1.74 1.78 

FRODAc 1.66 1.58 2.98 1.42 1.51 
a All heavy atoms of the interface region (IL-2 residues Tyr31, Asn33-Lys35, Thr37-Met39, 

Thr41-Tyr45, Glu60-Glu62, Lys64-Val69, Asn71, Leu72, Met104-Thr111) are considered; in 

Å. 
b RMSD from the unbound IL-2 conformation (PDB code: 1m47). 
c Minimal RMSD obtained from snapshots generated by either MD or FRODA simulation 

starting from the unbound IL-2 conformation (PDB code: 1m47). 
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Table S3: Ten largest pocket volumes of selected FRODA and MD snapshots 

FRODA snapshota Volumeb MD snapshotc Volumeb 

6 159 123 175 

117 157 199 182 

169 148 215 180 

301 145 234 240 

418 148 269 181 

514 185 498 184 

534 188 782 163 

657 215 794 180 

698 176 843 173 

729 156 940 167 
a Consecutive number of the snapshot from a total of 1,000 snapshots uniformly extracted 

from the 10,000,000 FRODA-generated snapshots starting from the unbound IL-2 structure 

(PDB code: 1m47). 
b In Å3. 
c Consecutive number of the snapshot from a total of 1,021 snapshots 10 ps apart that were 

generated by MD starting from the unbound IL-2 structure (PDB code: 1m47). 
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Table S4: Pocket residues of IL-2 selected for the definition of the potential energy grids 

Protein 

structure 
Residues 

Crystal 

structuresa 

Ile28, Tyr31-Tyr45, Cys58, Glu61-Pro65, Glu68-Lys76, 

Tyr107, Ile114 

MD 
Tyr31, Pro34-Lys35, Arg38-Met39, Thr41-Tyr45, Glu60-Glu62, 

Lys64-Val69, Asn71-Leu72, Cys105, Tyr107, Thr111 

FRODA 
Tyr31, Pro34-Lys35, Thr37-Met39, Thr41-Tyr45, Glu61-Glu62, 

Lys64-Val69, Asn71-Leu72 
a Pocket residues identified in PDB codes 1m48 (chain A,B), 1m49 (chain A,B), 

1pw6 (chain A), 1py2 (chain A,B,C,D), and 1qvn (chain B,C,D). 
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Table S5: Drift of the effective energy 

PDB code Drift of effective energya 

 
Multiple 

trajectory methodb 
 

Single 

trajectory methodc 
 

Binding effective energy  

from single 

trajectory methodc 

 IL-2 ligand complex  IL-2 ligand  ─ 

1m47 -1.45 ─ ─  ─ ─  ─ 

1m4c -0.56 ─ ─  ─ ─  ─ 

1m48 ─ 0.03 -2.38  -2.33 0.13  0.20 

1m49 ─ -0.09 -3.08  -3.22 -0.05  0.19 

1pw6 ─ 0.20 -4.55  -4.05 -0.23  -0.27 

1py2 ─ -0.30 -5.33  -4.96 0.16  -0.63 

1qvn ─ -0.04 -6.03  -6.78 0.00  0.74 

1z92 ─ 0.16 -11.02  -8.24 -3.27  0.49 
a In kcal mol-1 ns-1. 
b Structures of IL-2, ligand, and complex were generated by separate MD simulations. 

c Structures of IL-2 and ligand were extracted from the MD trajectory of the respective 

complexes. 
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Table S6: Selection of poses from docking into FRODA snapshots 

Ligand PDB codea RMSDb Scorec Clustered posesd Cluster sizee 

FRG 1m48 2.08 -13.20 213 204 

CMM 1m48 2.59 -14.81 335 327 

FRB 1pw6 2.48 -12.78 105 94 

FRH 1py2 4.30 -15.77 272 78 

FRI 1qvn 3.22 -14.92 133 46 
a PDB code of the corresponding IL-2 complex structure. 
b RMSD of the ligand pose with the lowest intermolecular docking energy in the largest 

cluster with respect to the native pose; in Å. 
c In kcal mol-1. 
d The number of poses out of 1,000 docked poses (10 FRODA simulated structures with 

largest pocket volume times 100 docking runs) where the ligand’s guanidinium group is 

within 5 Å of the side chain heavy atoms of Glu62 that were subjected to hierarchical 

complete linkage clustering with R24 with a cluster distance of 5 Å. 
 e Number of ligand poses in the largest cluster. 
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Figures 

 
 

Figure S1: Workflow of the PPIAnalyzer method. The method contains three main steps: I. 

Analysis of geometrical properties in terms of root mean-square deviations (RMSD) and 

rotamer analysis. II. Reduction of the dataset by assessing the steric quality of the generated 

conformations and clustering with respect to the RMSD of heavy atoms of interface residues. 

III. Identification of transient pockets in the remaining conformations. Representative 

structures that show the largest interface pocket volume are then selected for the subsequent 

docking experiments. 
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Figure S2: RMSF values of IL-2 residues obtained by MD simulations of the unbound and 

bound states. The RMSF value of each residue is calculated as the average over all atoms. 

RMSF values are color-coded onto the respective starting structure of the MD simulations: 

a) 1m47 and b) 1m4c for unbound IL-2; c) 1m48, d) 1m49, e) 1pw6, f) 1py2, and (g) 1qvn for 

IL-2 bound to PPIM; h) 1z92 for IL-2 bound to IL-2Rα. The RMSF values were calculated 

for snapshots 10 ps apart. Prior to the RMSF calculations, all snapshots were structurally 

aligned to the starting structure of the MD simulation considering all heavy protein atoms. 

The highly mobile five N-terminal residues of IL-2 were neglected in the structural alignment. 

The protein is depicted in cartoon representation. Phe42 is depicted in stick representation to 

indicate the location of the small molecule binding pocket. Figures were generated by 

PyMOL.25 
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Figure S3: Rigid cluster decomposition obtained by FIRST. (a) The rigid clusters 

(transparent surfaces) are denominated RC1-6 in the order of decreasing size. RC1 (blue) 

covers helices A and D, RC2 (green) covers helix C, RC3 (magenta) covers parts of helix B’, 

RC4 (turquoise) covers helix A’, RC5 (gold) covers parts of helix B, and RC6 (light blue) is 

located at the N-terminus of IL-2. (b) 25.5% of all interface atoms are part of the rigid clusters 

RC3, RC4, and RC5. All flexible atoms (red) can move freely in FRODA simulations. 

Figures were generated by PyMOL.25 
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Figure S4: Overlay of the protein-protein interface region of IL-2 in unbound (red) and 

bound (green) conformation. Exemplarily, one snapshot from a FRODA simulation started 

from the unbound state is shown (blue), demonstrating that the movement of Phe42 can even 

be observed in the absence of the ligand, leading to a transient pocket opening. Regions for 

which no movements were observed by experiment (around Glu60 and Asp109) also remain 

immobile during the simulation. Figure was generated by PyMOL.25 
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Figure S5: Mean absolute effective energies Geff of IL-2 in its unbound and bound 

conformations. Conformational stress and changes in solvation and configurational entropy 

are expected to increase the free energy of a bound conformation over an unbound one (lane 

A). In contrast, computed Geff of IL-2 extracted from MD trajectories of IL-2/small molecule 

complexes (lane C) or from the IL-2/IL-2Rα complex (lane D) are lower than Geff of unbound 

IL-2 (lane B). We attribute this observation to neglecting changes in configurational entropy 

upon the conformational transitions and the occurrence of significant drifts of Geff over time 

(see Table S5 and Figure S8). Figure was generated by gnuplot.26 
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Figure S6: Docking enrichment of known IL-2 ligands. The number of the FRODA snapshot 

with a transient pocket used for docking is indicated in the left row. Enrichment plots for all 

57 IL-2 ligands (1st vertical lane) and the five IL-2 ligands with available complex crystal 

structure (2nd lane) as well as ROC curves for all 57 IL-2 ligands (3rd lane) and the five IL-2 

ligands with available complex crystal structure (4th lane) are given. 
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Figure S7: Property distribution of the known IL-2 ligands and decoys. The red line 

represents all 57 IL-2 ligands. The black line represents the decoy set generated with the aim 

of similar physicochemical properties to the five IL-2 ligands with available complex crystal 

structures following the DUD procedure. Figures were generated by gnuplot.26 
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Figure S8: Time series of effective energies. The effective energies were calculated by 

applying the MM-PB/SA method to snapshots extracted every 10 ps from MD trajectories for: 

(1) unbound IL-2 [PDB-code: 1m47]; (2) unbound IL-2 [1m4c]; IL-2 in complex with (3) 

FRG [1m48], (4) CMM [1m49], (5) FRB [1pw6], (6) FRH [1py2], (7) FRI [1qvn], and (8) 

IL-2Rα [1z92]; IL-2 extracted from the trajectories of the complexes of IL-2 with (9) FRG 

[1m48], (10) CMM [1m49], (11) FRB [1pw6], (12) FRH [1py2], (13) FRI [1qvn], and (14) 

IL-2Rα [1z92]; IL-2 ligands extracted from the trajectories of the complexes of IL-2 with (15) 

FRG [1m48], (16) CMM [1m49], (17) FRB [1pw6], (18) FRH [1py2], (19) FRI [1qvn], and 

(20) IL-2Rα [1z92]; unbound ligands of IL-2 (21) FRG [1m48], (22) CMM [1m49], (23) FRB 

[1pw6], (24) FRH [1py2], (25) FRI [1qvn], and (26) IL-2Rα [1z92]. In addition, MM-PB/SA 

single trajectory binding effective energies are depicted for the complexes of IL-2 with (27) 

FRG [1m48], (28) CMM [1m49], (29) FRB [1pw6], (30) FRH [1py2], (31) FRI [1qvn], and 

(32) IL-2Rα [1z92]. The range of the ordinate values is identical in all plots (1) – (32). For 

reasons of clarity, MM-PB/SA single trajectory binding effective energies are depicted again 

with a magnified ordinate scale for the complexes of IL-2 with (33) FRG [1m48], (34) CMM 

[1m49], (35) FRB [1pw6], (36) FRH [1py2], (37) FRI [1qvn], and (38) IL-2Rα [1z92]. 

Figures were generated by gnuplot.26 
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Figure S9: Multiple sequence alignment of sequences of IL-2 crystal structures (PDB codes: 

1m47, 1m4c, 1m48, 1m49, 1pw6, 1py2, 1qvn, and 1z92). Residues that have not been 

resolved are indicated by a dash (-) and were modeled using MODELLER 7v72 to match the 

full length wild-type sequence (wt). Ala69 of one of the crystal structures (PDB code: 1qvn) 

was mutated to alanine using MODELLER 7v7 to match the wt sequence. The multiple 

sequence alignment was created using CLUSTAL-W.27 
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