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Molecular docking analysis (Detailed procedure) 

For initial in silico protein docking analysis, current X-ray crystal structures were downloaded from 

the Protein Data Bank (PDB) (codes: 5LUQ for DNA-PKcs, and 1E31 for Survivin). First, structures 

were pre-processed using the Protein Preparation Wizard (1) in the Schrödinger Release 2018-1: In 

brief, missing/truncated hydrogen atoms, side chains, loops, cap-termini and disulfide bonds were re-

created, non-complexed ions and solvents were deleted and selenomethionine residues were 

converted to methionine. The hydrogen bonding network was optimized and the protonation states 

assigned at pH 7.0. Finally, a restrained minimization was performed using the OPLS3 force field 

(2). Final structures were docked by using PIPER (3)and PatchDOCK (4) and top-ranked poses were 

post-processed by FireDOCK software (5). Next, interactions between residues were determined 

according to their binding energies by using PRIME MM-GBSA (6) in the Schrödinger Release 2018-

1 and distances by Find Clashes/Contacts tool of Chimera 1.13.1 (7). Interaction pairs that have lower 

binding energy values and distances between backbone/side-chain atoms lower than 5Å were 

qualified as potential interactors. 

For large-scale molecular docking analyses, the DNA-PKcs head domain (residues 2802 - 4128) 

model was extracted and missing residues were inserted using the MODELLER software (8). A 

molecular dynamic (9) simulation using Gromacs 2018 (10) with the AMBER14 force field (11) was 

applied to retrieve a low-energy conformation. Large-scale MD analysis was performed using the 

head domain of DNA-PKcs and Survivin by the global docking protocol of Rosetta (12). The 98884 

poses generated were next used as an input for the local docking protocol, using Rosetta all-atom 

energy function (13). The subsequent analysis regarding the proximity of BIR domain residues and 

the PI3K domains was done using custom python scripts and the bioinformatics library Biotite (14). 

To analyse the interaction between the BIR domain and PI3K domain in the large-scale docking, we 

calculated the minimum distance between the docked Survivin and the whole PI3K region ( ) by 

the following formula. 

{  



 and  indicate atom coordinates. The docking quality is described by increasingly negative 

Rosetta interface scores. This score is defined as the difference in Rosetta score for the structure with 

two docking posses together and separated by 100 Å, eventually mimicking no interaction (15). 

 

Molecular dynamics simulation and calculation of the molecular in silico attraction  

To analyze the stability and dynamics of the heterotetramer structure, 200 ns molecular dynamics 

simulations were performed by employing Gromacs 2019.4 (10) with the CHARMM36 force field 

(16). Structural changes were measured by RMSD and Rg. 

 

 

Finally, a unique and simple quantitative measurement strategy was generated and implemented for 

the opening and closing dynamics of the active site. Briefly, the base of a cylindrical reference volume 

was fitted to the outer surface of PI3K active site (Supplementary Fig. S3B). The measurement of the 

active site cavity dynamics was performed by counting the atoms which were inside the cylindrical 

reference volume during the molecular dynamics simulations (detailed description in Supplementary 

Material and Methods).  

 

Preparation and Refinement of the DNA-PKcs head domain. 

Preparation of the head domain (residues 2802 - 4128) of DNA-PKcs was based on the recently 

resolved crystal structure of DNA-PKcs (PDB code: 5LUQ (17)). The missing residues of the head 

domain region were modelled using the MODELLER software (8,18-20). An MD simulation was 

employed using Gromacs 2018 with the AMBER 14 force field (8) in order to get a low energy 

conformation of the structure. The head domain was simulated in a dodecahedron box with 150 mM 



NaCl, and TIP3P was used as water model. The minimum distance between the box edges and the 

protein was set to 0.6 nm. The energy minimization was performed using the steepest descent 

algorithm in 10,000 steps with a step size of 1 fs. The system was equilibrated over 2.5 ns (2 fs step 

size) to 300 K temperature and 1 bar pressure using V-rescale and Berendsen thermostat for 

temperature and pressure coupling. The production MD simulation was conucted over 50 ns (2 fs step 

size) with a Nose-Hoover thermostat and a Parinello-Rahman barostat. The RMSD and radius of 

gyration largely remained stable after approximately 30 ns (Supplementary Fig. S3A). 

 

Measurement of the opening and closing dynamics of active site using a cylindrical reference 

volume. 

To measure the opening of the kinase active site a cylindrical volume is fitted to the atoms defining 

the active site (Supplementary Fig. S3B). Where the base is defined by the center of mass of the active 

site atoms G3919 – V3930 and the atoms K3586, D3661, L3668, P3832, K3840 and G4024 located 

above the entry to the active site. The center of mass of these atoms is used as the coordinate systems 

origin. Measuring whether an atom lies within the probe cylinder can easily be achieved by 

considering the cylindrical coordinate system defined by the probe cylinder. In this coordinate system 

we have 

, 

with  being the radius measured from the cylinder’s main axis and  the angle around it. Using this, 

one simply has to check the following inequalities 

 

 

where  and  , are the radius and length of the cylindrical probe. Counting the number of atoms 

fulfilling these conditions and normalizing by the probes volume gives the particle number density 



�

 

measured in , so number of particles per volume. This is the density of particles blocking the 

active site accessibility. 

 

Liquid chromatography-Mass spectroscopy (LC-MS) 

Wild type, EGFP or Surv-EGFP stably transfected SW480 cells were subjected to siRNA-mediated 

knockdown by control siRNA or Survivin siRNA or treated with DNA-PK inhibitor (1µM). At one 

hour after irradiation cells were harvested with ice-cold PBS, centrifuged (100 x g, 5 min, 4 °C) and 

pellets were lysed as previously described (21). Lysates were incubated with 10 mM TCEP and 40 

mM chloroacetamide for 30 min at 37 °C and proteins were precipitated by using three volumes of 

ice-cold methanol, one volume of chloroform, and 2.5 volumes of ddH2O. After centrifugation (3000 

x g, 30 min, 4 °C), the aqueous phase was aspirated and three volumes of ice-cold methanol added. 

Samples were mixed and proteins pelleted by centrifugation (3000 x g, 5 min, 4 °C). Protein pellets 

were resuspended in 8 M Urea, 10 mM EPPS pH 8.2 and protein concentration was determined using 

a BCA assay (ThermoFisher Scientific, #23252). Next, samples were diluted to 2 M urea using 

digestion buffer (10 mM EPPS pH8.2) and incubated with LysC (Wako Chemicals, #125-05061, 

Osaka, Japan) at a 1:50 (w/w) ratio for 3 h at 37 °C and were further diluted to 1 M Urea and incubated 

at 1:125 (w/w) ratio with trypsin (Promega, V5113) overnight at 37 °C. Digests were acidified using 

trifluoroacetic acid (TFA) to pH 2.0 and peptides were purified using SepPak C18 columns (Waters, 

WAT054960, Milford, Massachusetts, USA) according to the manufacturer’s instructions. The 

elution was split into the proteome and phosphoproteome sample and dried separately. Proteome 

peptides were resuspended in TMT-labelling buffer (0.2 M EPPS pH 8.2, 20% acetonitrile) and 

peptide concentration was determined by using µBCA assay (ThermoFisher Scientific, #23235) while 

phosphopeptides were enriched by using a High-Select™ Fe-NTA Phosphopeptide Enrichment Kit 

(ThermoFisher Scientific, #A32992) and purified using Empore™ C18 (Octadecyl) resin material 



(3M Empore, #2215, St. Paul, USA). The material was activated by incubation with methanol for 10 

min, followed by washing with 70% acetonitrile/0.1% TFA and 3% acetonitrile/0.1% TFA. Samples 

were resuspended in 3% acetonitrile/0.1% TFA, acidified to pH2.0 and loaded on the resin material. 

Peptides were washed once with 3% acetonitrile/0.1% TFA, eluted with 70% acetonitrile, dried and 

resuspended in TMT labelling buffer. Equal amounts of peptides and phosphopeptides were mixed 

with TMT reagents (ThermoFisher Scientific, #90111) at a 2:1 (w/w) ratio, were incubated for one 

hour at room temperature and subsequently quenched by the addition of hydroxylamine to a final 

concentration of 0.5%. Samples were pooled in equimolar ratio and analysed by test shot to verify 

equal mixing and labelling efficiency. Adjusted peptide amounts were used for Pierce™ High pH 

Reversed-Phase Peptide Fractionation Kit (ThermoFisher Scientific, #84868) according to the 

manufacturer’s protocol. Samples were dried and resuspended in 0.1% formic acid (FA) for LC-

MS2/3 analysis. 

All mass spectrometry data were acquired in centroid mode on an Orbitrap Fusion Lumos mass 

spectrometer hyphenated to an easy-nLC 1200 nano HPLC system using a nanoFlex ion source 

(ThermoFisher Scientific) applying a spray voltage of 2.6 kV with the transfer tube heated to 300°C 

and a funnel RF of 30%. Peptides were separated on a self-made 32 cm long, 75 µm ID fused-silica 

column, packed in house with 1.9 µm C18 particles (ReproSil-Pur, Dr. Maisch, #r119.b9, 

Ammerbach, Germany) and heated to 50 °C using an integrated column oven (Sonation, Biberach, 

Germany). HPLC solvents consisted of 0.1% formic acid in water (Buffer A) and 0.1% formic 

acid/80% acetonitrile in water (Buffer B). For total proteome analysis, a synchronous precursor 

selection (SPS) multi-notch MS3 method was used in order to minimize ratio compression as 

previously described (22). Individual peptide fractions were eluted by a non-linear gradient optimized 

for each fraction, spanning from 3 to 50 % B over 210 min. The effective gradient was followed by 

a step-wise increase to 95 % B in 6 min which was held for another 9 min. Full scan MS spectra (350-

1400 m/z) were acquired with a resolution of 120,000 at m/z 200, maximum injection time of 100 

ms, and AGC target value of 4 x 105. The 20 most intense precursors with a charge state between 2 



and 6 per full scan were selected for fragmentation (“Top 20”) and isolated with a quadrupole 

isolation window of 0.7 Th. MS2 scans were performed in the Ion trap (Turbo) using a maximum 

injection time of 50 ms, AGC target value of 1.5 x 104, and fragmented using collision-induced 

dissociation with normalized collision energy (NCE) of 35 %. SPS-MS3 scans for quantification were 

performed on the 10 most intense MS2 fragment ions with an isolation window of 0.7 Th (MS1) and 

2 m/z (MS2). Ions were fragmented using higher-energy collisional dissociation (HCD) with an NCE 

of 65 % and analysed in the Orbitrap with a resolution of 50,000 at m/z 200, scan range of 110-500 

m/z, AGC target value of 1.5 x105 and maximum injection time of 120 ms. Repeated sequencing of 

already acquired precursors was limited by setting a dynamic exclusion of 45 sec and 7 ppm and 

advanced peak determination was deactivated. 

For phosphopeptide analysis, peptide fraction was eluted by a linear gradient optimized for each 

fraction, spanning from 4 to 40 % B over 120 min followed by a step-wise increase to 95 % B in 8 

min which was held for another 7 min. Full scan MS spectra (350-1400 m/z) were acquired with a 

resolution of 120,000 at m/z 200, maximum injection time of 100 ms, and AGC target value of 4 x 

105. The 20 most intense precursors per full scan with a charge state between 2 and 5 were selected 

for fragmentation (“Top 20”), isolated with a quadrupole isolation window of 0.7 Th and fragmented 

via HCD applying an NCE of 38 %. MS2 scans were performed in the Orbitrap using a resolution of 

50,000 at m/z 200, maximum injection time of 86 ms, and AGC target value of 1 x 105. Repeated 

sequencing of already acquired precursors was limited by setting a dynamic exclusion of 60 sec and 

7 ppm and advanced peak determination was deactivated.  

Raw files were analyzed using Proteome Discoverer (PD) 2.4 software (ThermoFisher Scientific). 

Files were recalibrated using the Homo sapiens SwissProt database (TaxID:9606, version 2017-09-

11). Fixed modification for proteome analyses were carbamidomethyl (C, +57.021) and TMT6 (N-

terminal, +229.1629) and dynamic modification was methionine oxidation (M, +15.995). For 

phosphoproteomics, fixed modifications were phosphorylation (S, T, Y, +79.966), carbamidomethyl 

(C, +57.021) and TMT6 (N-terminal, +229.1629). Spectra were selected using default settings and 



database searches performed using SequestHT node in PD. Database searches were performed against 

trypsin digested Homo sapiens SwissProt database and FASTA files of common contaminants 

(‘contaminants.fasta‘ provided with MaxQuant) for quality control. Fixed modifications were set as 

TMT6 (N-terminal, +229.1629 and K, +229.1629) and carbamidomethyl (C,+57.021). Dynamic 

modifications for proteome analysis were oxidation (M, +15.995) and acetylation (N-terminal, 

+42.011) and for phosphoproteomics dynamic modifications were oxidation (M, +15.995), 

acetylation (N-terminal, +42.011) and phosphorylation (S, T, Y, +79.966).  After the search, posterior 

error probabilities were calculated and PSMs filtered using Percolator using default settings. The 

consensus workflow for reporter ion quantification was performed with default settings. Results were 

then exported to Excel files for further processing. The mass spectrometry proteomics data have been 

deposited to the ProteomeXchange Consortium (23) via the PRIDE partner repository (24) with the 

submission reference PXD020489. 
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Supplementary Figure S1.  

Survivin BIR deletion mutant fails to rescue three-dimensional (3D) radiation survival and radiation-

induced DNA damage repair in DLD-1 cells. A, Clonogenic radiation survival of indicated DLD-1 

3D cell cultures was analysed after irradiation with 0, 2, 4 or 6 Gy (single dose). Results represent 

means ± SD (n ≥ 3; * P < 0.05; ** P < 0.01; *** P < 0.001; t-test). B, DLD-1 cells, stably expressing 

indicated Survivin mutants were subjected to siRNA transfection (siCtrl, non-specific control siRNA; 

siSurv, Survivin siRNA) and subsequently irradiated with a dose of 2 Gy. At 24 h after irradiation, 

cells were fixed and stained for γH2AX/53PB1 while nuclei were counterstained with DAPI. Nuclear 

foci were microscopically counted (50 nuclei per experiment). Results represent mean foci per cell + 

SD (n ≥ 3; *** P < 0.001; t-test). C, The gating strategy to measure FACS-FRET. ECFP and EYFP 

double positive cells were gated (Panel 1 - Q2 region). False-positive FRET signals resulted from 

EYFP excitation by the 405 nm laser were excluded by a trapezoid gating approach (Panel 2 – The 

region outside of the P2 gate). The remaining cells were evaluated for FRET by adjusting a triangular 

gate that eliminates FRET-negative (ECFP only, EYFP only or ECFP and EYFP cotransfected) cells 

(Panel 3). (CFP, excitation 405 nm laser, emission CFP-channel (450/45 nm); EYFP, excitation 488 

nm laser, emission YFP-channel (525/40 nm); FRET, excitation 405 nm laser, emission YFP-channel 

(525/40 nm).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 



Supplementary Figure S2. 

A, Recombinant protein expression of Survivin wt/mutant fusion proteins in SW480 and DLD-1 

colorectal cancer cells. SW480 and DLD-1 cells, stably transfected with EGFP, Surv. wt, ΔBIR, 

S20D, W67A and S20D-W67A expression constructs in both control siRNA (siCtrl) and Survivin 

siRNA (siSurv) conditions were immunoblotted. Detection was performed by anti-GFP antibody 

(first blots for both cell lines) and anti-Survivin antibody (second and third blots for both cell lines). 

β-actin served as a loading control. B, Representative pictures of Survivin siRNA treated (siSurv) 3D 

SW480 cell colonies under indicated conditions (Zeiss Axio Observer Z1; 10x objective). Scale bar: 

100 µm. C, Representative pictures of foci detection 24 h after 2 Gy irradiation of siSurv treated 3D 

SW480 cells under indicated conditions (Zeiss Axio Imager A1; 63x objective). Scale bar: 5 µm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure S3.  

A, Initial molecular dynamics simulation of the head domain of DNA-PKcs over the course of 50 ns 

verified the stability for the RMSD and the radius of gyration. This enabled its usage for further 

analysis. B, An exemplary depiction of the cylindrical reference volume (red) at the active site cavity. 

 

 

 

 



 

Supplementary Figure S4. 

Time-dependent FACS-FRET analysis. The interaction potential between Survivin and PI3K domain 

of DNA-PKcs was tested for acute and late irradiation response 30 min, 1 h, 2 h, 4 h, 8 h, 24 h after 

4 Gy-irradiation by FACS-FRET methodology. The interaction reaches the highest level at 1 h after 

4 Gy irradiation and gradually decreases by time. Results represent means +SD (n≥2 (each triplicate); 

* P < 0.05; ** P < 0.01; *** P < 0.001; Norm. vs. 0 Gy; t-test vs. 0 Gy). 

 

 

 

 



 



Supplementary Figure S5. 

Principle component analysis (PCA). A, Simplified representation of PCA of the phosphoproteomics 

findings display the correlation and similarity between the according replicates. B, Simplified 

representation of PCA of the proteomics findings display the correlation and similarity between the 

according replicates. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure S6. 

Cell cycle distribution of conditions used for (phospho)proteomic and proteomic analysis. Cell cycle 

analysis was performed by flow cytometry from wild type (wt), EGFP or Surv-EGFP stably 

transfected SW480 cells, subjected to siRNA-mediated knockdown by control siRNA (siCtrl) or 

Survivin siRNA (siSurv) or treated with DNA-PK inhibitor (inh.) at 1 hour after irradiation. Results 

represent means - SD (n=2). 

 

 

 

 

 



 



Supplementary Table S1. 

Characteristics of oligonucleotides and siRNAs used for cloning, site-directed mutagenesis and 

knockdown experiments. ∆BIR construct was generated by ligation of two products amplified by 

∆BIR-Fw1, ∆BIR-Rev1 and ∆BIR-Fw2, ∆BIR-Rev2 oligos, respectively. Abbreviations: Fw, 

Forward primer; Rev, Reverse primer; Tm, Melting temperature; Surv, Survivin wild type; PI3K, 

DNA-PKcs phosphatidylinositol-3-kinase (PI3K) domain; HEAT1, DNA-PKcs Huntingtin-

Elongation Factor 3-PP2A-TOR1 (HEAT1) domain; FATC, FRAP-ATM-TRRAP C-terminal 

(FATC) domain; PI3K-ATM, ATM phosphatidylinositol-3-kinase (PI3K) domain; ∆BIR, Survivin 

baculovirus inhibitor of apoptosis protein repeat (BIR)  domain deletion mutant, ∆MicTub, Survivin 

microtubules binding site deletion mutant; siSurv, siRNA specifically targeting the endogenous 

Survivin expression; siCtrl, non-specific control siRNA. 

 

 

Supplementary File S1. 

Protein and phosphosite abundances and descriptions of findings displayed in Figure 5E and Figure 

6; and the output of pathway analysis findings displayed in Figure 5F. 


