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Supplementary Fig. 1. A) Plot of the two first principal components (PC1 and PC2) of the 
combined ChEBI and Drugbank datasets. Compounds from the ChEBI and Drugbank datasets 
shown as grey and orange symbols, respectively. Green circles highlight compounds studied 
experimentally in this work B) In vitro assays of small-molecule ligands showing weak or no 
effects on human POR proteoliposome activity. Bar charts display activity normalized to DMSO 
controls in the Cytc, MTT and RS assay, respectively. Mitomycin C acts as a specific 
inhibitor/antagonist towards RS reduction (54±6 % of control), but is directly reduced by POR 1. 
The remaining compounds have no statistically significant effect on POR function at the tested 
concentrations. Therefore, further studies at higher concentrations, or single molecule level or on 
cells were not performed. Error bars represent mean ± SD of independent replicates normalized to 



controls with error propagation (n=2-6; see Supplementary Table 3 for exact value of n for each 
experimental condition). Overlapping data points appear shaded. The level of significance 
determined by one-way ANOVA and Tukey’s HSD test correcting for multiple comparisons is 
marked by asterisk symbols (* p<0.05; ** p<0.01; *** p<0.005; see Supplementary methods for 
details).  



 
Supplementary Fig. 2. Sequence alignment between human, rat and sorghum bicolor POR. The 
POR protein sequences were obtained from NCBI protein database and aligned using ClustalW 
(www.ebi.ac.uk/clustalw) and prepared for visualization with CLC Protein Workbench (CLC Bio, 
Aarhus, Denmark). We used the amino acid sequences of Homo sapiens (NCBI: NP_000932.3), 
Rattus norvegicus (NCBI: NP_113764.1), and Sorghum bicolor (NCBI: XP_002444097.1). The 
human and rat POR are almost identical (>94% sequence identity), while human and sorghum 
POR shares 38% sequence identity. Core structural elements of flavin and NADPH binding are 
conserved across species as we have shown previously 2,3. A large number of disease-causing 
mutations in POR have been identified, and several of the residues involved in docking of 
compounds tested in this manuscript are located at or around these places 4. 
 
  



 



Supplementary Fig. 3. Potential ligand binding sites and docking of small-molecule ligands on 
rat POR. A) SiteMap analysis on human POR in a compact conformation (PDB 3QE2; left) and 
rat POR in an extended conformation (PDB 3ES9; right) identifying five possible ligand binding 
sites (Sites I-V) on both isoforms. Sites I-III display SiteScore and Dscore values indicating that 
ligands may bind to these sites with sub-micromolar affinity (see Supplementary Table 1). Note, 
Sites I-V on human POR do not completely align with Sites I-V on rat POR. B) Binding of small-
molecule ligands on rat POR in an extended conformation (PDB 3ES9). Ligands are displayed in 
green, while cofactors are displayed in yellow. C) Predicted binding of cyclophosphamide, dhurrin 
and rifampicin in Site I. All amino acid residues (blue) and cofactors (yellow) within 5 Å from the 
respective ligands are displayed. Cyclophosphamide is predicted to form H-bonds to A475 (2.8 Å) 
and E477 (3.1 Å). Dhurrin is predicted to form H-bonds to E477 (3.5 Å), R567 (2.8 Å), W677 (3.3 
Å), S678 (2.7 Å and 2.8 Å), NADPH (2.6 Å) and FAD (2.9 Å, 3.0 Å, 3.1 Å). Rifampicin is 
predicted to form H-bonds to R567 (3.0 Å), NADPH (2.9 Å and 3.0 Å) and FAD (3.3 Å), and pi-
pi interactions with NADPH (3.7-4.3 Å). See Supplementary Table 2 for predicted binding 
energies.  



 



Supplementary Fig. 4. Predicted docking conformations of small-molecule ligands on human 
POR (PDB 3QE2) in Site Ia (A) and Site Ib (B). All amino acid residues (blue) and cofactors 
(yellow) within 5 Å from the respective ligands (green) are displayed. In Site Ia, 
Cyclophosphamide appears to bind in a cavity with the chlorines tightly fitting into a groove partly 
formed by NADPH. It is predicted to form H-bonds to W679 (3.3 Å) and NADPH (2.6 Å). Dhurrin 
also binds in a cavity between NADPH and FAD with predicted H-bonds to T538 (2.9 Å), R570 
(3.2 Å), R636 (2.9 Å) and pi-pi interactions with W679 (3.6-4.2 Å). Rifampicin is predicted to 
form pi-pi interactions with FAD (3.6-4.3 Å), a H-bond to S680 (2.8 Å) and two H-bonds to 
NADPH (2.4 Å and 3.2 Å). Notably, amino acid residues G539 and R600 which are within 5 Å 
from the three ligands in Site Ia are both associated with POR deficiency. Pathogenic mutations 
G539R and R600W both cause disorder of sexual development due to low production of sex 
steroids 2,5. In Site Ib, cyclophosphamide is predicted to form H-bonds to A475 (2.8 Å) and E477 
(3.1 Å). Dhurrin is predicted to form H-bonds to E477 (3.5 Å), R567 (2.8 Å), W677 (3.3 Å), S678 
(2.7 Å and 2.8 Å), NADPH (2.6 Å) and FAD (2.9 Å, 3.0 Å, 3.1 Å), and rifampicin is predicted to 
form H-bonds to R567 (3.0 Å), NADPH (2.9 Å and 3.0 Å) and FAD (3.3 Å), and pi-pi interactions 
with NADPH (3.7-4.3 Å). 



 



Supplementary Fig. 5. Key parameters for MD simulations of the top scoring conformations 
obtained by docking on human POR (PDB 3QE2) and displayed in Supplementary Fig 3. A) 3D 
representation of one of the systems subjected to MD simulations primarily illustrating the water 
molecules populating the orthorhombic box (left), the same system with the water molecules 
undisplayed (right, same coloring as on Supplementary Fig 3, purple spheres are sodium ions, and 
numerical details on the system (middle). B) Cα root-mean-squares-deviations (RMSD) for the 
five protein-ligand complexes shown in Supplementary Fig 3 showing that the complexes remain 
stable during the MD simulations after an initial equilibration phase. C) Primary protein-ligand 
contacts encountered during the MD simulations for the five complexes (H-bonds are green, water 
bridges are purple, ionic contacts are pink and water bridges are blue).  



 
Supplementary Fig. 6. A) Structure of human POR (PDB 3QE2) highlighting tryptophan 
positions (red spheres). Flavin cofactors are displayed in grey. B+C) Intrinsic fluorescence 
quenching of human POR in microsomes (B) and SbPOR2b in detergent (C) by ligands (dhurrin, 
cyclophosphamide, and rifampicin). Glucose was used as a negative control. Fluorescence of POR 
showed decreased intensity after addition of 100uM of each of the ligands confirming their binding 
on POR. All spectra are corrected for background (i.e. buffer and ligand contribution). 



 
Supplementary Fig. 7. Control spectra and calibration of small-molecule ligands on Cytc, 
resorufin and MTT spectral properties. A) Control spectra showing that neither cyclophosphamide 
nor dhurrin induce any photophysical effects on Cytc absorbance, resorufin emission nor MTT 
absorbance. B) Control spectra of rifampicin on Cytc absorbance, resorufin emission (540 nm 
excitation) and MTT absorbance. Rifampicin does not significantly affect the absorbance readout 
of Cytc nor MTT at the relevant wavelengths (550 nm and 610 nm, respectively), however 
resorufin emission is quenched by rifampicin in a concentration dependent manner (10-100 μM 
rifampicin). C) Calibration curve showing a linear correlation between rifampicin concentration 
and fluorescence intensity of resorufin extracted at the 585 nm emission peak (blue curve). To 
account for fluorescence quenching in the presence of rifampicin, a calibration was performed (red 
curve). Error bars represent mean ± SEM of three independent measurements. All rifampicin 
measurements presented in this study have been calibrated accordingly (RS assay only). A-B) Each 
spectrum represents the mean ± SEM of three independent measurements (shaded area). 



 
Supplementary Fig 8. Dose-response curves of dhurrin addition on the capacity of hPOR in 
microsomes to reduce CytC (A), MTT (B), Resazurin (C). Error bars represent the mean ± SD of 
three independent measurements.  



 
Supplementary Fig. 9. Raw activity traces of an experiment on SbPOR2b proteoliposomes in A) 
Cytc assay and B) RS assay. The linear region of each trace was used to quantify activity. 
Rifampicin traces are calibrated according to Supplementary Fig 7 and the activity is extracted 
after the lag phase (discussed in panel C). Each trace represents the mean ± SD of three 
independent measurements (shaded area). C) Rifampicin induced a lag phase in SbPOR2b 
proteoliposome activity towards RS. Time trajectories of emission intensity are shown in the 
presence of varying rifampicin concentrations (0-200 μM). Reaction rates were extracted after the 
lag phase for all screening and dose-response experiments. Each trace represents the mean ± SD 
of triplicate measurements (shaded area). We note that the lag phase is only observed for the 
SbPOR2b isoform towards RS. It is not apparent using human POR in neither detergent micelles 
nor proteoliposomes. Deciphering the mechanism underlying the lag phase extends beyond the 
scope of this work, however, is worth investigation in future studies. 



 
Supplementary Fig. 10. In vitro assays of small-molecule ligands on SbPOR2b in detergent 
micelles. A) Bar chart displaying POR activity normalized to controls in the Cytc and RS assay, 
respectively. Error bars represent the mean ± SD of independent measurements normalized to 
controls with error propagation (n=3-12; see Supplementary Table 5 for exact value of n for each 
experimental condition). Overlapping data points appear shaded. The level of significance 
determined by one-way ANOVA and Tukey’s HSD test correcting for multiple comparisons is 
marked by asterisk symbols (* p<0.05; ** p<0.01; *** p<0.005; see Supplementary methods for 
details). B) Dose-response curves of rifampicin (left) and dhurrin (right). IC50 values are depicted 
in the figure legend (low micromolar range). Error bars represent mean ± SD of three independent 
measurements normalized to controls with error propagation C) Raw activity traces of SbPOR2b 
underlying the dose-response curves. The linear region of each trace was used to quantify activity. 
For rifampicin traces, the activity was extracted after the lag phase according to Supplementary 
Fig 7. Each trace represents the mean±SD of three independent measurements (shaded area). 



 
Supplementary Fig. 11. A) In vitro Michaelis-Menten kinetics displaying the effect of small 
molecule ligands on SbPOR2b activity of reducing Cytc in liposomes. Error bars represent the 
mean ± SD of independent measurements (n=3 for cyclophosphamide, dhurrin and rifampicin; n=6 
for POR w/o ligand except for 25 μM cytc where n=3). Note, overlapping data points appear 
shaded. B) Overlay of Michaelis-Menten fits from panel A (left) and table of extracted KM and 
Vmax parameters (right) showing the effect of each ligand. All three ligands increase Vmax as 
compared to control suggesting non-competitive binding, while dhurrin and rifampicin also affect 
KM suggesting uncompetitive binding. Uncertainties of Vmax and KM are extracted from the 
standard error of the fit. 

 



 
Supplementary Fig. 12. Representative raw TIRF microscope images and smFRET traces. A) 
Representative TIRF microscope images displaying one field-of-view (82x82 μm) of a surface 
with diffraction-limited, immobilized, dual-labelled SbPOR2b in nanodiscs excited at 532 nm and 
640 nm, respectively. The images were acquired using emission filters optimized for Cy3 and Cy5 
fluorophores (see Supplementary methods) and show one frame from movies recorded at 200 ms 



temporal resolution. The number of recorded movies were 69, 26, 36 and 31 for native POR, 
rifampicin, cyclophosphamide and dhurrin, respectively. Data were collected from at least three 
different microscope coverslips for each experimental condition. B) Representative smFRET 
traces at each experimental condition. Every trace has four panels: The top panel displays donor 
(green) and acceptor (red) intensities at 532 nm excitation. The second panel displays acceptor 
intensity (red) at 640 nm excitation using ALEX. The third panel displays the FRET value (orange) 
calculated with calibration factors, and idealized FRET value determined from HMM fitting 
(blue). The fourth panel displays the donor-acceptor stoichiometry, which should ideally be 0.5 at 
a 1:1 donor-acceptor ratio. Some of the depicted traces display a static FRET value while others 
display transitions between long-lived equilibrium states. The x-axis represents frames (frame rate: 
5 s-1).  



 
 
Supplementary Fig. 13. Correction factors, fluorescence cross correlation and BIC analysis of 
smFRET data. A) Determination of β and γ correction factors from global fitting of ALEX 
smFRET data following published methodology 6 (top), and 2D histograms displaying smFRET 
data after applying correction factors (bottom). B) Pearson correlation histograms of SbPOR2b 
smFRET data in the native form and in the presence of rifampicin, cyclophosphamide and dhurrin, 
respectively, displaying no autocorrelation in agreement with recent published data 7,8. C) 
Simulation of smFRET traces displaying the mean cross correlation of simulated donor and 
acceptor intensities for varying temporal resolution in agreement with earlier studies of fast 
conformational transitions on GPCRs 9. A two-state kinetic model with a 95% transition 
probability between each conformational state was used to simulate donor and acceptor trajectories 
without bleaching. 8% gaussian noise was added to each trace to mimic experimental uncertainty. 
The traces were subsequently binned using bin sizes varying from 1 to 100 to mimic various 
temporal resolutions. Increasing the bin size (i.e. average number of transitions per frame) results 
in loss of anticorrelation. Data display mean ± SD of 1024 simulated traces. D) Bayesian 
Information Criterion (BIC) scores of pooled SbPOR2b smFRET data (n=418 single molecules) 



from fitting gaussian mixture models ranging from 2 to 7 gaussians. The lowest BIC score is 
obtained with a 5-state gaussian mixture model. Error bars represent mean ± SEM from 
bootstrapping (n=20 bootstrap iterations). E) Fraction of smFRET traces showing dynamic 
transitions as a function of temporal resolution. The fraction of traces showing transitions increases 
slightly when decreasing temporal resolution from 200 ms to 1 s, indicating that traces do not 
display an ensemble average but rather transitions between long-lived equilibrium states. The 
increase in observed transitions at 1 s as compared to 200 ms temporal resolution is caused by 
longer observation times allowing for more transitions to occur before photobleaching. A-B) N 
represents the number of single molecules at each experimental condition.  



 
 
Supplementary Fig. 14. Raw TLC images of CYP17A1 activity assay (A) and CYP21A2 activity 
assay (B) in H295R cells at 100 μM and 10 μM ligand concentrations. Cells were incubated with 
ligand for 24 h before adding radiolabeled substrate and probing activity. Radiolabeled substrates 
and products were visualized on a PhosphorImager and quantified using Multi Gauge software. C) 
CYP17A1 and CYP21A2 assay at 100 μM rifampicin upon 4 h of incubation. A-C) Note, images 
are vertically sliced to juxtapose lanes that were non-adjacent in the original gels. Ligand effects 
are normalized to their respective blanks and DMSO controls before quantitative comparison 
between gels.  



 
Supplementary Table 1. Potential ligand binding sites on human POR in a compact conformation 
(PDB 3QE2) and rat POR in an extended conformation (PDB 3ES9) identified from SiteMap 
analysis. Sites I-III display SiteScore and Dscore values indicating that ligands may bind to these 
sites with submicromolar affinity, while exposure and enclosure scores of sites I-II are close to the 
average scores of tight-binding sites (0.49 exposure and 0.78 enclosure according to SiteMap 
manual). Note, Sites I-V on human POR do not completely align with Sites I-V on rat POR. 
 
 

 
Supplementary Table 2. Binding energies (Gscore; kcal/mol) and Emodel scores of small-
molecule ligands on human POR in a compact conformation (PDB 3QE2) and rat POR in an 
extended conformation (PDB 3ES9) predicted from computational docking simulations. Only the 
lowest energy score of each ligand in each site is considered. Amino acid residues within 5 Å from 
the docked ligands in Sites Ia and Ib of human POR and Site I of rat POR are shown. Human POR 
residues associated with POR deficiency are marked as bold. G539R and R600W are both found 
in patients with POR deficiency and cause disorder of sexual development due to low production 
of sex steroids 2,5. 



 
Supplementary Table 3. Experimental details of in vitro activity assays on hPOR and SbPOR2b 
reconstituted in proteoliposomes including number of replicates (nobs) for both ligand and DMSO 
controls. Associated p-values were calculated based on one-way ANOVA and Tukey’s HSD test 
correcting for multiple comparisons. The levels of significance are marked by asterisk symbols on 
the corresponding bar charts (see Fig 1-3, Supplementary Fig 1 and Supplementary methods 
“Statistical analysis of in vitro activity data” for details).  



 
Supplementary Table 4. Experimental details of CYP17A1, CYP21A2 and MTT cell viability 
assays on NCI-H295R cell line and CYP19A1 assay on microsomes from JEG3 cells including 
number of replicates (nobs) for both ligand and DMSO controls. Associated p-values were 
calculated based on one-way ANOVA and Tukey’s HSD test correcting for multiple comparisons. 
The levels of significance are marked by asterisk symbols on the corresponding bar charts (see Fig 
5 and Supplementary methods “CYP17A1 and CYP21A2 activity assay in H295R cells”, “MTT 
cell viability assay”, “CYP19A1 activity assay in JEG3 microsomes” and “Statistical analysis of 
in vitro activity data” for details). 
 
 



 
Supplementary Table 5. Experimental details of in vitro activity assays on SbPOR2b 
reconstituted in detergent including number of replicates (nobs) for both ligand and DMSO 
controls. Associated p-values were calculated based on one-way ANOVA and Tukey’s HSD test 
correcting for multiple comparisons. The levels of significance are marked by asterisk symbols on 
the corresponding bar charts (see Supplementary Fig 10 and Supplementary methods “Statistical 
analysis of in vitro activity data” for details).  
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