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1.1 SUPPLEMENTARY METHODS 

1.1.1 Design of the AlphaLISA screening assay 

To test whether the compounds bind to hSSB1 and to design an effective screening assay, 

we used AlphaLISA technology from Perkin Elmer. This technology involves binding a biotin-

labelled control DNA oligonucleotide (btn-In3-PD) to a streptavidin-coated donor (SA-donor) 

bead. hSSB1 is bound to an anti-hSSB1 sheep antibody as described previously [1–3], which 

binds to Protein G-coated acceptor beads. When hSSB1 and btn-In3-PD bind, they bring the 

two beads close together, and with excitation at 680 nm by laser irradiation, the phthalocyanine 

in the donor bead excites ambient oxygen to a reactive form of O2. When this is within 200 nm 

of a europium-containing acceptor bead (during a binding event), the reactive oxygen is 

transferred to the thioxene derivative, producing light at 615 nm. Without the acceptor bead, 

oxygen returns to its ground state. This lends the assay to a competition-based format for high-

throughput screens. 

A titration matrix is required to optimise assay conditions to develop an AlphaLISA assay 

that accurately acquires results and subsequently follows the Cheng-Prusoff equation to report 

IC50’s as a molecule Kd. The main requirement of this is a high signal-to-background (S/B) 

ratio for the condition with the lowest concentration of analyte. This is determined by finding 

the hook point of signal, which indicates the highest signal before the bead is saturated, after 

which a decrease in signal is observed. 

A series of titration matrix binding studies were performed to establish the optimal 

conditions for the assay. The initial experiment tested btn-In3-PD and hSSB1 from 500 to 0.05 

nM with a 10-fold dilution factor, and each series was tested with Ab concentrations of 1, 3, 

and 10 nM. Under these conditions, the hook point was found at 5 nM hSSB1 and 50 nM of 

oligonucleotide. The matrix test was repeated with hSSB1 concentrations ranging from 5 to 

0.3125 nM, and the btn-In3-PD concentrations ranging from 10 to 0.625 nM both with a 

dilution factor of 2-fold. These conditions were tested with antibody concentrations of 0.3 nM, 

1 nM and 3 nM. From this we ascertained that with 1 nM of Ab, the optimal S/B ratio was with 

0.5 nM hSSB1 and 5 nM of biotinylated oligonucleotide. The assay development tests had a 

Z’ value of 0.77 and a signal-to-noise ratio of 101. 

The order in which reagents are combined can significantly affect the signal. A range of 

mixing orders were tested with an in-house phosphorothiolated oligomer sequence (In3-PS) 

with the same sequence as the competitor In3-PD. In3-PS was added in a series of five-fold 
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serial dilution of concentrations from 1000 to 0.06 nM. The addition order and conditions with 

the optimal signal readout are described in the main text. 

An immunoprecipitation assay was conducted to check that the compounds of interest 

did not interfere with the interaction between hSSB1 and the hSSB1 antibody used. In 150 µL 

of IGEPAL buffer, 1 µg of antibody was mixed with 10 µM of compound and 1 µg of hSSB1 

protein. After incubation for 1 hour, 10 uL of Protein G beads (ThermoFisher) were added to 

each sample before being incubated for an additional 1 hour. The beads were washed with 

IGEPAL buffer. The beads were boiled with 2x loading buffer (2% β-mercaptoethanol) and 

run on an SDS-PAGE gel before staining with Coomassie Blue.  

1.1.2 Simulation setup and visualization 

Cosolvent molecular dynamics (MD) simulations were performed to predict the binding 

of hit compounds to hSSB1 and account for any conformational changes or the presence of 

allosteric sites in the protein. The benefit of cosolvent MD is that compared with classical MD, 

is the ligand is not placed in the binding pocket [4]. The hSSB1 monomer was isolated from 

PDB 4OWX and a single copy of the ligand was randomly placed at least 40 Å from the edge 

of the protein. The disordered C-terminal carboxyl tail of hSSB1 was not considered in the 

simulations [5]. Using LEaP from AmberTools version 21.3[6], the PBRadii was set to 

mbondi2, the small molecules were prepared using the GAFF2 forcefield [7], while ff19SB [8] 

forcefield was applied to the protein. The system was solvated in a truncated octahedral box 

with TIP3P [9] water extending 12 Å from the edge of the protein-ligand system. The system 

was neutralized with 0.15 M NaCl, with 56 Cl- and 55 Na+ ions placed using the tleap module 

of AMBER. The particle-mesh Ewald (PME) method [10] was used to treat long-range 

Figure S1: Immunoprecipitation of the antibody, hSSB1 and compound revealed that the 
compounds did not prevent the binding of hSSB1 to the antibody. 
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electrostatics, and periodic boundary conditions (PBC) were applied during the simulations. 

The non-bonded cut-off was 12 Å. Five simulations for each compound were prepared in this 

manner, each with the compound in a different starting position. The MD simulation was 

performed multiple times, starting from different initial configurations of ligands, to assess the 

convergence of the results. Using AMBER2020 [6,11], each system first had the water 

minimized; then, the water was allowed to move, minimizing the system (1000 cycles), before 

the system was heated (300 K), and then relaxed (100ps). The system was equilibrated for 500 

ps. The final production was performed using pmemd.cuda [12] and an NPT ensemble [6]. It 

was run for 300 ns, remaining at 300 K, with a snapshot recorded every 5000 steps.  

1.1.3 Analysis of the trajectories 

The trajectories were processed using the AMBER module CPPTRAJ [13] for centring, 

fixing hSSB1 within the periodic boundaries, and stripping the solvent. CPPTRAJ was again 

used to cluster the frames using the k-means algorithm into 10 clusters with a maximum of 500 

iterations. The initial set of points was randomized and a random sieve of 10 was used to read 

the five trajectories. Clustering was used to determine the positions that the compound 

occupied the most during the simulation, and trajectories were output for each cluster, along 

with the top average and representative poses. Trajectories and clusters were visualized with 

ChimeraX version 1.4 [14,15], and interactions between the protein and bound compounds 

were visualized using Discovery Studio Visualizer version 21.1.0 [16].  

1.1.4 Relative free binding energy calculations 

The molecular mechanics Generalized Born surface area (MM/GBSA) [17] method was 

used on the trajectory outputs obtained from the clustering procedure to predict the relative free 

energy of binding and calculate the per-residue decomposition of the ligands to hSSB1 site. 

Only trajectories with the ligands bound to hSSB1 were considered. This prediction of the free 

energy of a ligand binding to a receptor to form a complex in a system is defined by the 

equation: 

Δ�������� = Δ�������� − Δ��������� − Δ������� 

These energy components are broken down into contributions from the following 

components: bond, angle, dihedral, van der Waals, internal electrostatic component, polar 

component of solvation energy (according to the Generalized Born model), and non-polar 

component [18]. The AMBER19 implementation MMPBSA.py was used on the trajectory 

output from the top cluster of each ligand. The calculations were conducted starting from the 
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first production frame. GB methods were used to calculate the free energy at an ionic strength 

of 0.15 M, using igb=5, and the atomic radii (mbondi2) were calculated according to the 

topology files. The per-residue decomposition was conducted using the second scheme 

available in MMPBSA.py. The results were analysed and illustrated using GraphPad Prism 

version 9.4.1. Entropy of the interactions were not calculated as the purpose of the simulations 

was to locate the binding sites of the compounds. 

1.2 SUPPLEMENTARY DATA 

1.2.1 Comparison between hSSB1 and RPA 

RPA is the only protein with published structures of inhibitors comparable to hSSB1. 

RPA and hSSB1 are not only structurally conserved, but there are aromatic residues in the 

ssDNA binding site of the RPA DBD-B that are conserved in the hSSB1 ssDNA-binding 

domain (Figure S22). The aromatic residues Trp-55 and Phe-78 (hSSB1) are conserved at 

residues 361 and 386, respectively, in the RPA DBD-B [19]. Aromatic residues in RPA DBD-

A subunit are Trp-212, Phe-369 and Phe-238 and are not conserved in the same positions in 

hSSB1. There are other non-aromatic residues conserved between the ssDNA binding site: Thr-

30 and Lys-31 (hSSB1) are conserved at positions 330/331 (RPA), Ser-76 (hSSB1) at 384 

(RPA), Gly-80 (hSSB1) at 388, and Leu-84 (hSSB1) at 391 (RPA). The aromatic residues Tyr-

74 and Tyr-85 in hSSB1 are not conserved in RPA. From the crystal structures of SOSS1 

complexes, which contain hSSB1 bound to poly-T (PDB:4OWX [20]), the four aromatic 

residues in the ssDNA binding site (Trp-55, Phe-78, Tyr-74, and 85) are essential for 

facilitating the binding of ssDNA nucleotides through π–π stacking interactions. Similar roles 

of aromatic residues were observed in the RPA ssDNA binding site between DBD-A and DBD-

B (PDB:1JMC [21]). Binding sites that share similar structures and conserved residues led to 

the hypothesis that the small molecules developed to inhibit RPA would similarly bind to 

hSSB1 and serve as a starting point for the development of small molecule inhibitors of hSSB1. 



6 
 

 

Figure S2: Conserved aromatic residues in the ssDNA binding site of hSSB1 (PDB: 4OWX) 
(B) and the DBD-B of RPA (PDB: 1JMC) which covers residues 301-422 (A). The standard 
structure of the OB-fold can be observed in both examples, with the five β-strands forming 
the barrel, and the α-helix between strands three and four. The proteins are coloured from 
their N-terminal (blue) to C-terminal (red) and residues are shown in sticks. These figures 
were rendered using ChimeraX version 1.4. 
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1.3 COMBINATORIAL LIBRARY DOCKING 

Table S1: The compounds from the combinatorial library with the highest score when docked to hSSB1 with Cresset Flare™ [22,23], and the 
calculated LF Rank Score reported. The LF Rank Score is a prediction of the 3D protein-ligand complex. The H-bond details are calculated from 
SwissADME [24]. 

Rank Structure 
Molecular 

Weight 

H-bond 

Acceptors 

H-bond 

Donors 

LF Rank 

Score 

1 

 

615.1 6 1 -11.31 
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2 

 

591.5 7 2 -11.29 

3 

 

630.0 11 5 -11.16 
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4 

 

636.6 11 5 -10.73 

5 

 

595.7 6 1 -10.68 
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6 

 

637.7 8 2 -10.68 

7 

 

614.1 9 3 -10.55 
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8 

 

570.6 7 2 -10.55 

9 

 

616.1 6 3 -10.54 
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10 

 

626.1 7 1 -10.46 
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1.4 COMPOUND SPECTRA 

Nuclear magnetic resonance (NMR) was performed using a Bruker AVANCE III 600 MHz 
NMR Spectrometer at 25°C and chemical shifts are reported as  (ppm) relative to the solvent 
used. High-resolution mass spectrometry (HRMS) was performed on a Thermo Scientific LTQ 
Orbitrap XL ETD Hybrid Ion Trap-Orbitrap Mass Spectrometer equipped with a heated 
electrospray ionization (ESI) source operating in positive ion mode at a mass resolution of 
120,000 (at m/z 400). High-performance liquid chromatography (HPLC) was performed on a 
Thermo Scientific Dionex UltiMate 3000 RSLC using an Agilent Prep-C18 Scalar column (10 
μ, 150 × 4.6 mm). The general method was a gradient elution of 0-30% ACN in H2O over 15 
mins at 40 °C with a flow rate of 0.8 mL/min monitoring UV absorbance at 254 nm. 

 

Figure S3: 1H NMR (d6-DMSO, 600 MHz) of 3. 
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Figure S4: 13C NMR (d6-DMSO, 150 MHz) of 3. 
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Figure S5: 1H NMR (d6-DMSO, 600 MHz) of 4. 
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Figure S6: 1H NMR (d6-DMSO, 600 MHz) of 5. 
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Figure S7: 13C NMR (d6-DMSO, 150 MHz) of 5. 

 

Figure S8: 1H NMR (CDCl3, 600 MHz) of 6. 
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Figure S9: 13C DEPTQ135 (CDCl3, 150 MHz) of 6. 
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Figure S10: LC-MS analysis of 6. 
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1.5 REPRESENTATIVE EMSA GELS 

 

Figure S11: Representative EMSA gels of the compounds binding hSSB1. All 
concentrations are labelled in micromolar [μM]. The gels are in the order DAZLN-55 (A), 
DAZLN-56 (B), TDRL-551 (C), MS-ML24 (D), MS-ML25 (E), and MS-ML26 (F) and 
DAZLN-551 (G). The negative wells contained hSSB1 and Cy5-labelled oligonucleotide, 
while the positive control wells contained only Cy5-labelled oligonucleotide. Note that one of 
the positive control wells in (D) is erroneous, containing protein. 
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1.6 CLUSTERING OF COMPOUND OCCUPANCY 

 

Figure S12: Fraction that each compound occupied a binding site of hSSB1 across all five 
trajectories, clustered using a k-means algorithm. 

 

Table S2 The ΔGbind (kcal/mol) for the top clusters of each compound, across the five 
trajectories. BS denotes the binding site, which is the site occupied by the compound in each 
of the highest clusters, where the compound was bound to the protein. Note that for BS2 of 
DAZLN-56, the compound was not bound to the protein, and was instead at a distance from 
the protein. The standard deviation (SD) is the reported value from the free energy calculations. 
This, and the other representative poses are presented in Figures S12-S13. 

DAZLN-55 DAZLN-56 MS-ML24 MS-ML25 MS-ML26 

  Avg SD   Avg SD   Avg SD   Avg SD   Avg SD 

BS1 -23.32 ±8.51 BS1 -25.1 ±8.66 BS1 -30.79 ±12.65 BS1 -26.91 ±8.78 BS1 -27.88 ±6.16 

BS2 -16.39 ±4.30 BS2 -8.15 ±8.35 BS2 -23 ±6.10 BS2 -23.03 ±7.32 BS2 -17.76 ±6.51 

BS3 -10.18 ±6.65 BS3 -16.84 ±.60       BS3 -17.8 ±5.68       

                  BS4 -15.1 ±7.02       
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Figure S13: Representative poses of DAZLN-55 (A, B), DAZLN-56 (C,D,F) and MS-ML24 
(F) bound to hSSB1 from the top clusters of the cosolvent MD simulations, rendered with 
ChimeraX version 1.4. A and B are BS2 and BS3 of DAZLN-55, while F is BS2 of MS-ML24. 
The ribbon structures are hSSB1; in all cases, the α-helix between the β-strands 3 and 4 is 
located at the top.  
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Figure S14: The representative poses for the clusters from the cosolvent MD simulations in 
where the compounds bound to hSSB1, rendered with ChimeraX version 1.4. A-C represent 
BS2-BS4 of MS-ML25; D and E are BS1 and BS2 of MS-ML26; and F and G are the 
representation of TDRL-551. The coloured ribbon structure represents hSSB1, and in each pose 
the α-helix between β-strands 3 and 4 are on the top of the representations. 
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1.7 INTERACTIONS OF TOP CLUSTERS 
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1.8 DECOMPOSITION 

  

Figure S15: Interaction profile of the top positional cluster of each compound rendered with 
Discovery Studio v21.1.0.20298. Note that DAZLN-56 (B), TDRL-551 (C) and MS-ML26 (F) do 
not have any aromatic π-π stacking interactions, while the DAZLN-55 (A), MS-ML24 (D), and MS-
ML25 (E) do. These are also the three compounds that bind to the ssDNA binding site of hSSB1. 3D 
conformational representations of these clusters can be found in Section 1.6 of the supporting 
information. 

Figure S16: A decomposition of the total pairwise energy (ΔGbind) into van der Waals (vdW), 
total electrostatic energy (Ele + Pol), and non-polar energy contributions for those lower than −0.5 
kcal/mol. (A) DAZLN-55; (B) DAZLN-56; (C) MS-ML24; (D) MS-ML25; (E) MS-ML26. 
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