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Abstract 32 

Metabolic control is mediated by the dynamic assemblies and function of multiple redox 33 

enzymes. A key element in these assemblies, the P450 oxidoreductase (POR), donates electrons 34 

and selectively activates numerous (>50 in humans and >300 in plants) cytochromes P450 (CYPs) 35 

controlling metabolism of drugs, steroids and xenobiotics in humans and natural product 36 

biosynthesis in plants. The mechanisms underlying POR-mediated CYP metabolism remain poorly 37 

understood and to date no ligand binding has been described to regulate the specificity of POR. 38 

Here, using a combination of computational modeling and functional assays, we identified 39 

ligands that dock on POR and bias its specificity towards CYP redox partners. Single molecule 40 

FRET studies revealed ligand docking to alter POR conformational sampling, which resulted in 41 

biased activation of metabolic cascades in whole cell assays. We propose the model of biased 42 

metabolism, a mechanism akin to biased signaling of GPCRs, where ligand docking on POR 43 

stabilizes different conformational states that are linked to distinct metabolic outcomes. Biased 44 



metabolism may allow designing pathway-specific therapeutics or personalized food suppressing 45 

undesired, disease related, metabolic pathways. 46 
 47 
MAIN TEXT 48 
Across the kingdoms, metabolic control is mediated by the dynamic assemblies and function of 49 
multiple redox protein partners with cytochromes P450 (CYPs) and NADPH-dependent 50 
cytochrome P450 oxidoreductase (POR) as key elements 1–3. POR transfers electrons to the heme 51 
iron of CYPs and other redox partners selectively activating them 4–10. In plants, the coordinated 52 
assembly of POR-CYP complexes in dynamic metabolons enables on demand in vivo production 53 
of natural products to fend off, counteract or adapt to biotic or abiotic environmental stress, as 54 
recently demonstrated in the crop plant sorghum 1,11. Metabolon formation also regulates parts of 55 
primary metabolism. In humans, POR-CYP assemblies serve to properly balance the metabolism 56 
of drugs, steroids, fatty acids, xenobiotics, and bio-active plant natural products in foods 2,4. 57 
Mutations in human POR alter POR specificity towards activation of CYPs leading to severe 58 
disorders with multiple clinical manifestations varying from skeletal malformations with 59 
craniosynostosis (similar to Antley-Bixler Syndrome) to ambiguous genitalia and disorder of 60 
sexual development, amongst others 3,4,12–14. Exploiting this regulatory layer is central for the 61 
treatment of metabolic disorder and tailored biosynthesis of natural products, however the 62 
mechanisms regulating, or biasing, POR specificity towards CYPs are not well understood. 63 

Biased specificity has historically been observed to underlie function of signaling hubs like the G 64 
protein-coupled receptors (GPCRs). Docking of structurally diverse ligands biases GPCR 65 
conformational sampling, stabilizing distinct conformational states and thus the corresponding 66 
signaling pathways, a phenomenon called biased agonism 15–17. POR acts as a metabolic hub: Its 67 
conformational sampling and specificity towards CYPs is dependent on  regulatory cues 5,6,18 and 68 
mutations 4,19 indicating that POR specificity of activating metabolic cascades may operate via 69 
mechanisms akin to biased agonism. However, to date no small molecules are known to target 70 
metabolic hubs like POR and allosterically control downstream metabolic pathways. 71 

Here, we show that the specificity of POR towards diverse electron acceptors can be tuned by 72 
small molecules. We demonstrate using computational modeling that the small molecules serve as 73 
ligands docking on POR. Comparative in vitro activity assays on a set of diverse electron acceptors 74 
display that the ligands bias the specificity of both human and plant POR rather than inhibiting 75 
their function. Single molecule Förster Resonance Energy Transfer (smFRET) provides 76 
mechanistic insights showing that ligand docking biases conformational sampling of plant POR, 77 
providing a link from biased conformational sampling to biased redox partner specificity. Lastly, 78 
we show that ligands alter CYP-mediated steroid hormone metabolism in human cells and 79 
microsomes emphasizing the biological relevance and applicability of controlling metabolic 80 
outcomes by targeting POR. Our data support a model of biased metabolism, a mechanism akin to 81 
biased signaling of GPCRs: POR conformational states are optimized to interact with certain CYPs 82 
and are linked to distinct downstream metabolic outcomes. Ligand-mediated control of POR 83 
conformational sampling thus appears to inhibit the activation of a subset of CYPs and/or enhance 84 
activation of others offering a new paradigm of metabolic control. 85 

 86 
Docking of POR ligands induce biased specificity towards electron acceptors 87 
Using computational docking simulations on POR crystal structures, we assessed the possible 88 
docking of small-molecule ligands that are known to affect the activity of specific CYPs (Fig 1A). 89 
Based on docking simulations and functional activity assays, three structurally diverse ligands with 90 
promising effects on POR function were selected for detailed studies (Fig 1B). Tested molecules 91 



showing weaker or no effects on POR function are displayed in Supplementary Fig 1. The three 92 
promising candidates were; a) rifampicin, an antibiotic that induces expression and function of 93 
several CYPs 20, b) cyclophosphamide, a chemotherapeutic prodrug which induces expression of 94 
several CYPs 21, and c) dhurrin, a plant defense compound which biosynthesis requires the 95 
coordinated assembly and function of POR and CYPs in dynamic metabolons 1,11. 96 

 97 
Potential docking sites on POR were identified based on a SiteMap analysis 22 on human POR in 98 
a compact conformation (PDB 3QE2 13) and rat POR in an extended conformation (PDB 3ES9 7). 99 
The analysis on the two isoforms sharing 94% sequence identity yielded five potential docking 100 
sites on each structure (see Supplementary Fig 2 and Supplementary Table 1). The ligands were 101 
docked into these docking sites, and all displayed a clear preference towards Site I on both 102 
structures with estimated binding energies ranging from -5 to -7 kcal/mol (see Supplementary 103 
Table 1). On human POR, Site I extends throughout the interface between the FMN-, FAD- and 104 
NADPH-binding domains comprising a relatively large volume. Both cyclophosphamide and 105 
dhurrin docked into two subsites of human POR Site I, called Ia and Ib, with almost equal binding 106 
energies, while rifampicin only docked into Site Ia (see Fig 1B). Site Ia forms a cavity partly 107 
comprised by the FAD and NADPH cofactors with the docked ligands extensively exposed to the 108 
surrounding solvent, while Site Ib lies at the interface between the FMN- and FAD-binding 109 
domains distant from the cofactors and further embedded into the protein structure. On rat POR, 110 
ligands only docked into Site I which aligns with Site Ia of human POR. All three ligands were 111 
predicted to interact via H-bonds and pi-pi stacking to several amino acid residues on both POR 112 
isoforms (see Supplementary Figs 2-3 and Supplementary Table 1 for detailed interactions). 113 
Notably, amino acid residues G539 and R600 of human POR, both within a 5 Å distance from the 114 
docked ligands in Site Ia, are associated with POR deficiency. Patients with pathogenic mutations 115 
G539R and R600W suffer from disorder of sexual development due to low production of sex 116 
steroids indicating that this site is important for POR specificity towards CYPs 4,12. 117 

 118 
We evaluated whether ligand docking predicted by the simulations affects POR function by 119 
performing in vitro functional assays on human POR proteoliposomes using cytochrome c (Cytc) 120 
as an electron acceptor (Fig 1C-D, see Supplementary methods and Supplementary Fig 4 for 121 
spectral controls). All three ligands displayed a strong effect on the capacity of POR to reduce 122 
Cytc. Rifampicin caused an activity decrease to 14±3% of control, defined as POR activity without 123 
drug in otherwise identical conditions. Dhurrin caused a decrease to 48±5% of control, while 124 
cyclophosphamide appeared to cause an increase to 149±31% of control. All compounds were 125 
tested at 100 μM using 40 μM Cytc and 100 μM NADPH as substrates. The fact that the docked 126 
ligands modulate activity, supports that POR can be a target for metabolic regulation and a 127 
modulator of therapeutic activities. Furthermore, it shows that direct docking on POR should be 128 
taken into consideration when screening for drug-CYP interactions. 129 



 130 
Fig. 1. Small molecules dock on human POR and regulate electron transfer in vitro. A) POR is 131 
the omnipotent electron donor to all CYPs in the ER membrane, activating metabolic cascades in 132 
both human and plants by transferring electrons to redox partners. Targeting POR with small-133 
molecule ligands may bias metabolic outcomes and regulate basic metabolism in humans or tune 134 
the formation of natural products in plants. B) Molecular structures of small-molecule ligands and 135 
their respective docking. Ligands (green) were docked on human POR with cofactors (yellow) in 136 
a compact conformation (PDB 3QE2) in Sites Ia and Ib determined from SiteMap analysis (see 137 
Supplementary Fig 2 and Supplementary Table 1). Insets display the predicted binding 138 
conformations of cyclophosphamide (a+d), dhurrin (b+e), and rifampicin (c). See Supplementary 139 
Fig 3 and Supplementary Table 1 for detailed interactions and binding energies. C) In vitro 140 
activity of human POR proteoliposomes measured by the commonly used Cytc assay 23. D) Ligands 141 
bias human POR capacity to reduce Cytc in proteoliposomes at 100 μM, acting either as agonist 142 
(cyclophosphamide) or inverse agonists (dhurrin and rifampicin). The bar plot represents the 143 
mean of at least three measurements normalized to DMSO controls (see supplementary methods 144 
for experimental details). Error bars represent ±SEM (* p<0.05; ** p<0.01; *** p<0.005). 145 

 146 
Given that point-mutations in human POR can lead to altered specificity towards CYP isoforms 147 
4,19, we tested whether small-molecule ligands can bias the specificity of human POR to reduce 148 
diverse electron acceptors. Comparative in vitro activity assays were carried out using commonly 149 
employed artificial electron acceptors of POR; Cytc 23,24, resazurin (RS) 25 or 3-(4,5-150 



dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 26 (Fig 2A). Each of the assays 151 
relies on spectral changes of the electron acceptor upon reduction by POR and thus directly reports 152 
on POR activity towards reducing the specific redox partner (see Supplementary methods for 153 
details). Cyclophosphamide appeared to cause an increase in POR capacity to reduce Cytc 154 
(149±31% of control) but had no significant effect in neither the MTT nor RS assay when tested 155 
at 10 or 100 μM (Fig 2B). This supports that binding close to FAD and NADPH cofactors does 156 
not apriori reduce or eliminate activity. Dhurrin, which caused an activity decrease in the Cytc 157 
assay (48±5% of control), only showed minor effects in the MTT and RS assays (96±2% and 158 
82±7% of control, respectively). The presence of rifampicin caused a dramatic increase in POR 159 
capacity to reduce RS (312±21% of control) and a smaller but significant increase in reduction of 160 
MTT (122±2% of control; see Fig 2B). This is striking as rifampicin decreased POR capacity to 161 
reduce Cytc (14±3% of control at 100 μM) and highlights that small-molecule ligands can bias the 162 
specificity of POR towards reducing diverse electron acceptors in a way similar to biased agonism 163 
of GPCRs. 164 

 165 

 166 



Fig. 2. Small-molecule ligands bias specificity of human POR to reduce diverse electron 167 
acceptors. A) Human POR proteoliposome activity to reduce diverse electron acceptors was 168 
assessed using 100 μM NADPH and 10 μM RS (left), 500 μM MTT (middle) or 40 μM Cytc (right) 169 
by monitoring changes in absorbance (550 nm for Cytc, 610 nm for MTT) or fluorescence (582 170 
nm for RS). Note the increased noise due to less sensitive UV-VIS readout for Cytc. All activity 171 
traces depict the average ± SD of at least three independent measurements. POR activity was 172 
extracted by fitting the linear region of the traces. B) Ligands affect the electron donating capacity 173 
of human POR differentially dependent on the electron acceptor indicating biased specificity. 174 
Rifampicin reduces POR activity towards Cytc, has a small effect on MTT reduction and enhances 175 
POR activity to reduce the electron acceptor resazurin by 3-fold. Cyclophosphamide results in 176 
minute increased activity towards Cytc, while dhurrin reduces activity towards Cytc. The bar plot 177 
represents the mean of at least three measurements normalized to DMSO controls with propagated 178 
error (see supplementary methods for details). Bar chart error bars represent ±SEM (* p<0.05; 179 
** p<0.01; *** p<0.005).  180 

 181 
POR ligand binding and biased specificity pertain across kingdoms 182 
POR plays an omnipotent role as an electron donor to microsomal CYPs in all eukaryotes and 183 
serves as a key metabolic hub in plants as well as humans 1. To test whether the effect of small-184 
molecule ligand binding to POR is an omnipotent phenomenon underlying the regulation of POR 185 
in organisms from different kingdoms, we performed dose-response experiments on POR2b from 186 
the crop plant Sorghum bicolor (SbPOR2b) in proteoliposomes (Fig 3A+B). Rifampicin increased 187 
SbPOR2b capacity to reduce Cytc while reducing the capacity in the RS assay (179±19% and 188 
85±6% of control at 100 μM, respectively) with IC50 values of 9±8 μM and 18±9 μM, respectively 189 
(see Fig 3B and Supplementary Fig 5 discussing an observed lag phase). Cyclophosphamide 190 
caused the opposite effect resulting in an activity decrease in Cytc reduction and increase in RS 191 
reduction (80±5% and 127±8% of control at 500 μM, respectively) with IC50 values of 228±208 192 
μM and 159±136 μM, respectively. Note the large standard deviations due to low affinities. Careful 193 
inspection of the rifampicin and cyclophosphamide IC50 curves is reminiscent of biased agonism 194 
(Fig 3B). Rifampicin appears to operate as an inverse agonist inhibiting RS reduction and agonist 195 
increasing Cytc reduction. Cyclophosphamide, on the other hand, displays the opposite behavior 196 
and operates as an agonist towards RS reduction and inverse agonist towards Cytc reduction. The 197 
fact that the specificity of both human and plant POR isoforms can be biased by the tested ligands, 198 
albeit to a different extend, probably due to a low sequence identity of 38%, indicate that biased 199 
agonism may not be an exclusive property of receptor-mediated signaling 15 but also a method to 200 
regulate the function of metabolic cascades across kingdoms. 201 

 202 
The natural product dhurrin caused increased SbPOR2b activity towards both Cytc and RS 203 
(156±8% and 236±32% of control at 100 μM, respectively) with IC50 values of 21±12 μM and 204 
35±13 μM, respectively. The observed effect is inverted at concentrations above 100-500 μM 205 
dependent on the assay, indicating a negative feedback loop type of mechanism downregulating 206 
dhurrin production in plants at high dhurrin concentrations (see Supplementary methods and 207 
Supplementary Fig 4 for control on dye photophysics). This may originate from lower docking 208 
affinity of dhurrin to alternative docking sites (see Supplementary Fig 2 and Supplementary Table 209 
1) and can be studied in the future. Ligands also have an effect on POR reconstituted in detergent 210 
micelles (Supplementary Fig 6). Although the amplitude and effects are different in detergent 211 
compared to liposomes, it highlights that the observed effects are not induced by altered properties 212 
of the lipid bilayer. The fact that each ligand introduces diverse effects on POR capacity to reduce 213 



electron acceptors indicates that POR operates as a central metabolic hub integrating multiple 214 
layers of regulatory inputs (ligand conditions, subcellular localization, membrane environment and 215 
mutations) to tune the transferred electrons to CYPs consequently controlling metabolic cascades. 216 
This opens up the possibility to use POR as a target for regulating natural product biosynthesis in 217 
plants, basic metabolism in humans, and optimize synthetic biology approaches for production of 218 
bioactive metabolites 1,11. 219 
 220 

 221 
Fig. 3. Small-molecule ligands bias specificity of plant POR (SbPOR2b) to reduce diverse 222 
electron acceptors. A) Effects of small-molecule ligands on SbPOR2b activity in proteoliposomes 223 
using Cytc and RS as electron acceptors. B) Dose-response curves of rifampicin, 224 
cyclophosphamide and dhurrin in the Cytc and RS assays, respectively. Rifampicin acts as an 225 
agonist towards Cytc enhancing its reduction rate and inverse agonist towards RS reducing the 226 
reduction rate. Cyclophosphamide displays the reverse effect acting as an inverse agonist towards 227 
Cytc reduction and agonist towards RS reduction. Dhurrin acts as an agonist towards both Cytc 228 
and RS reduction at low micromolar concentrations. The fact that ligands display differential 229 
effects on SbPOR2b activity to reduce the two electron acceptors indicates biased specificity of 230 
POR. IC50 values are extracted from the Hill equation. The bar plots and dose-response curves 231 
represent the mean of at least three independent measurements normalized to controls with 232 
propagated error (See Supplementary Fig 5 for raw data). Error bars represent ±SEM (* p<0.05; 233 
** p<0.01; *** p<0.005). 234 

 235 
Direct observation of POR conformational sampling and its remodeling by ligands 236 



Biased specificity is well established for receptors, and documented to operate via biased 237 
conformational sampling 15–17. POR is a highly dynamic protein oscillating between compact and 238 
extended conformations to execute electron transfer to CYPs. This has been verified by ensemble 239 
techniques including electron paramagnetic resonance (EPR) 10, nuclear magnetic resonance 240 
(NMR) 6,9, small-angle X-ray scattering (SAXS) 6, small-angle neutron scattering (SANS) 5, 241 
fluorescence 24, and stopped-flow ultraviolet-visible (UV-VIS) spectroscopy 27, providing insights 242 
into POR conformational sampling recently confirmed by smFRET burst analysis 18,28. Mutations 243 
known to control POR specificity and to cause metabolic disorders are often found in the hinge 244 
region of POR that controls conformational dynamics 4,12,13. We therefore hypothesized that POR 245 
biased specificity might originate from biased conformational sampling. 246 

 247 
We used Total Internal Reflection Fluorescence (TIRF) microscopy 29–31 to record smFRET traces 248 
and directly observe conformational sampling of SbPOR2b and its remodeling by ligands. Data 249 
were recorded using the Alternating-Laser Excitation (ALEX) methodology 32 that we and others 250 
have been using extensively 28,29,33. POR was site-specifically labelled with Cy3 and Cy5 251 
fluorophores using a minimal cysteine full-length SbPOR2b variant with two solvent accessible 252 
cysteines (N181C/C536S/A552C) that we have recently used for smFRET without impairing 253 
activity 18. Dual-labeled SbPOR2b was reconstituted in nanodiscs, which maintain the native 254 
structure and minimize non-specific interactions with the microscope surface 18,25 (Fig 4A and 255 
Supplementary Fig 7 for raw images). By monitoring FRET of hundreds of single POR enzymes 256 
in parallel, we were able to quantify the conformational sampling of POR and its remodeling by 257 
the ligands (Fig 4A). A wide range of conformations with average FRET distances varying from 258 
~40 to ~90 Å were observed (see Supplementary methods, Supplementary Fig 7 for representative 259 
traces and Supplementary Fig 8 for calibration using ALEX). Inspection of individual traces 260 
revealed relatively stable fluorescence and only rare transitions between FRET states (Fig 4A and 261 
Supplementary 7). This is expected as POR dynamics related to function takes place at the low 262 
millisecond time scale 6,25,27. Imaging with a temporal resolution of 200 ms thus results in FRET 263 
states representing the equilibrium between one or more protein conformations.  Indeed, 264 
decreasing the temporal resolution from 200 ms to 1 s still results in multiple distinct FRET states, 265 
however with a slightly higher fraction of traces showing dynamic transitions (from 4-8% to 10-266 
14%; see Supplementary Fig 8) due to longer observation times. Increasing temporal resolution to 267 
timescales faster than 200 ms was not possible without compromising signal-to-noise. 268 
Fluorescence cross correlation studies yield Pearson coefficients centered around zero for all 269 
conditions, indicating that transitions between conformational states are masked due to dynamics 270 
faster than the temporal resolution (200 ms), in agreement with our simulations and similar 271 
readouts for GPCRs 16 (Supplementary Fig 8). Thus, the observation of multiple discrete FRET 272 
states, as well as a low fraction of transitions between them, originates from long-lived protein 273 
states as previously observed 34–37. 274 

 275 
The FRET distribution of the native enzyme (n=243) as well as all data combined (n=418) were 276 
best fit with a mixture of five gaussians implying at least five underlying FRET states (see BIC 277 
analysis in Supplementary methods and Supplementary Fig 8) in agreement with earlier studies 18. 278 
A five-state model was used to quantify the abundance of FRET states (Fig 4B-C). In the native 279 
form, the inter-dye distances of the five FRET states were 76 Å, 64 Å, 57 Å, 48 Å and 44 Å. We 280 
modeled the structure based on human POR in a compact conformation (PDB 3QE2 13), rat POR 281 
in an intermediate conformation (PDB 3ES9 7) and a human-yeast chimera in a fully extended 282 
conformation (PDB 3FJO 38) as no crystal structure exists of SbPOR2b (see Fig 4D and 283 
Supplementary methods). The expected inter-dye distances calculated from dye-linker Monte 284 



Carlo simulations 39 on the three homology models were 31 Å, 59 Å and 97 Å, respectively, in 285 
agreement with our earlier burst analysis studies 18, further supporting each FRET state reflects an 286 
equilibrium between multiple conformations. We call these equilibrium states S1-S5, respectively. 287 
The occupancies of the five states were 17%, 25%, 16%, 27% and 14%, respectively, implying 288 
that states S2 and S4 are the most dominant. 289 

 290 
To evaluate the effect of ligands on POR conformational sampling, we measured smFRET on POR 291 
exposed to ligand concentrations well above IC50. Ligand docking did not significantly affect the 292 
center of the FRET states (gaussian means), but rather their occupancies, indicating a changed 293 
equilibrium between long-lived protein equilibrium states (Fig 4B-C). Rifampicin shifted the 294 
equilibrium towards S1 at the expense of S4 and S5. S1 practically doubles its occupancy from 295 
17% to 33%, while S4 decreases from 27% to 19%, but also slightly shifts its center indicating S5 296 
slightly decreases from 14% to 11%. Cyclophosphamide shifted the equilibrium towards S3 (22% 297 
from 16%) and S4 (34% from 27%) at the expense of S5 and S1 (4% from 14% and 15% from 298 
17%, respectively). Dhurrin at 1 mM resulted in a small shift in the equilibrium between S3 and 299 
S4 (S3 increases from 16% to 22% while S4 decreases from 27% to 19%). Rifampicin and 300 
cyclophosphamide seem to have opposed effects on conformational sampling. Rifampicin shifts 301 
the equilibrium towards extended states whereas cyclophosphamide shifts the equilibrium towards 302 
intermediate and compact states (albeit not fully compact S5). Interestingly, rifampicin and 303 
cyclophosphamide also have opposing effects on SbPOR2b specificity when monitored in vitro. 304 
Rifampicin operates as an agonist on Cytc reduction and inverse agonist on RS reduction, while 305 
the effect of cyclophosphamide is reversed. These data thus support a correlation between 306 
conformational sampling and substrate specificity. Ligand docking on POR appears to bias 307 
conformational sampling stabilizing certain equilibrium states at the expense of others, 308 
consequently promoting the inhibition or activation of a subset of electron acceptors. 309 

 310 



 311 
Fig. 4. Direct observation of POR biased conformational sampling by small-molecule ligands 312 
using smFRET. A) Illustration of smFRET assay using TIRF microscopy. Top; SbPOR2b is site-313 
specifically labeled with Cy3/Cy5 fluorophores, reconstituted in lipid nanodiscs and tethered on a 314 
passivated microscope surface. Bottom; representative smFRET traces displaying FRET states 315 
and dynamic transitions between them (see Supplementary Fig 7 for more examples). B) 316 
Distribution of FRET efficiencies in the absence and presence of ligands. Distributions are 317 
optimally fit with 5 states for all conditions as determined from BIC (see Supplementary methods 318 
and Supplementary Fig 8) with average distances ranging from ~40 to ~80 Å. Rifampicin, 319 
cyclophosphamide and dhurrin alter the occupancies of each of the five FRET states indicating 320 
biased conformational sampling. Colored bars on top of histograms represent occupancies of each 321 
state. C) FRET efficiencies and converted inter-dye distances obtained from five-state gaussian 322 
mixture models. D) Homology modeling of SbPOR2b from crystal structures of POR isoforms 323 
(3QE2, 3ES9 and 3FJO) with simulated inter-dye distances (bold) and Cα-Cα distances 324 
(brackets). 325 

 326 
POR ligands bias steroid hormone metabolism in human cells and microsomes 327 
We tested the efficiency of the three ligands to elicit a physiological response on steroidogenic 328 
CYP activities in cells (Fig 5A, see Supplementary methods). Using a human adrenocortical cell 329 



line (NCI-H295R) we tested the effect of ligands on CYP17A1 and CYP21A2 40,41 activities at 10 330 
and 100 μM concentrations  (Fig 5A). Using radiolabeled substrates, we were able to quantify the 331 
steroid hormone production of CYP17A1 and CYP21A2 and its remodeling by POR ligands (see 332 
Supplementary methods for details). Control experiments with abiraterone at 10 and 100 μM show 333 
specific inhibition of the two CYPs (Fig 5B and Supplementary Fig 9). Rifampicin caused no 334 
significant effect on CYP17A1 activity, but reduced CYP21A2 activity at 100 μM (73±2% of 335 
control; see Fig 5A and Supplementary Fig 9). The cells capacity to reduce MTT increased 336 
significantly (116±1% of control at 100 μM). The fact that CYP21A2 activity was reduced 337 
indicates that the observed increase in MTT reduction is not attributed to increased overall 338 
reductase expression 20, but rather remodeling of activity. Cyclophosphamide enhanced both 339 
CYP17A1 hydroxylase and lyase activity at 100 μM (111±1% and 132±5% of control, 340 
respectively), while having a small yet statistically insignificant effect on CYP21A2 activity 341 
(113±5% of control). Dhurrin caused a decrease in CYP21A2 hydroxylase and CYP17A1 lyase 342 
activities (44±5% and 80±4% of control at 100 μM, respectively). Interestingly, CYP17A1 343 
hydroxylase activity was not significantly affected by dhurrin (91±7% of control). Specific 344 
inhibition of CYP17A1 lyase activity and not hydroxylase activity, that is relevant in the treatment 345 
of prostate cancer and polycystic ovary syndrome 40, may be achieved by targeting POR as an 346 
alternative to targeting CYP17A1 directly. One may argue that the tested ligands may dock on 347 
additional proteins, CYPs or receptors, and induce convoluted physiological responses additional 348 
to what is reported here 20,21. Our combined docking simulations, functional data, and smFRET 349 
structural data, illustrate that the ligands also dock on POR and affect its specificity towards 350 
reducing diverse electron acceptors. 351 

 352 
To test the effect of ligands on CYP19A1 aromatase activity, we used microsomes extracted from 353 
a human choriocarcinoma cell line (JEG3) 41. Radiolabeled substrate was used to quantify 354 
CYP19A1 activity and its remodeling by POR ligands (see Supplementary methods for details). 355 
Cyclophosphamide and dhurrin did not show any significant effects at 10 nor 100 μM, while 356 
rifampicin appears to reduce CYP19A1 activity at 100 μM (32±6% of control) (Fig 5C). The 357 
microsome results further confirm that the observed effects are caused by biased activities and not 358 
via altered protein expression levels. The fact that the small-molecule ligands affect activities of 359 
steroidogenic CYPs in cells and microsomes is a key finding confirming the biological relevance 360 
of POR controlling metabolic cascades. The data confirm our docking simulations, in vitro assays 361 
and structural dynamics studies by smFRET, and support that biased conformational sampling of 362 
POR induced by ligands results in altered specificity towards CYPs. Ligand docking on POR thus 363 
appears to inhibit the activation of a subset of CYPs and/or enhance activation of others. We assign 364 
the term biased metabolism to this phenomenon since the mechanism is akin to biased signaling 365 
of receptors. We propose that biased metabolism represents an extra layer of regulatory control 366 
guiding metabolic pathways in complex cellular environments. 367 



   368 

 369 
Fig. 5. Biased Metabolism: Small-molecule ligands bias steroidogenic CYP-activities in human 370 
cells and microsomes. A) A human adrenocortical cell line (NCI-H295R) was used to assess the 371 
effect of small-molecule ligands on steroidogenic CYP17A1 and CYP21A2 hydroxylase activity, 372 
and CYP17A1 lyase activity, using radiolabeled substrates. Cell viability was assessed based on 373 
MTT reduction. Rifampicin shows a small inhibiting effect towards CYP21A2. The cells display 374 
increased MTT reduction indicating increased reductase activity. No significant effects on 375 
CYP17A1 activities are observed. Cyclophosphamide causes a small increase in both CYP17A1 376 
and 21A2 activities, while MTT reduction decreases slightly. Dhurrin causes inhibition of both 377 
CYP17A1 and CYP21A2 activities. Interestingly, 17,20-lyase activity is affected more significantly 378 
than 17-OHase activity. B) Abiraterone was used as a control inhibitor of CYP17A1 and CYP21A2 379 
in H295R cells. C) The effect of ligands on CYP19A1 activity was assessed on microsomes from a 380 
human choriocarcinoma cell line (JEG3). Rifampicin appears to show a concentration dependent 381 
inhibitory effect on CYP19A1 activity (32±6 % of control). Cyclophosphamide and dhurrin display 382 
no significant effect. A-C) Error bars represent ±SEM of at least three biological replicates 383 
normalized to DMSO controls with propagated error (* p<0.05; ** p<0.01; *** p<0.005; see 384 
Supplementary Fig 9 for raw data). 385 



 386 
Discussion and Conclusions 387 
Protein conformational sampling, the dynamic exploration of conformational space, governs all 388 
major aspects of protein behavior from folding to function. Protein conformational states are often 389 
found to elicit distinct functional outcomes 34,42,43. GPCRs are the prime example of this 390 
phenomenon, acting as key signaling hubs with several conformational states linked to distinct 391 
downstream cellular processes 15–17. The combined studies presented here substantiates earlier 392 
studies on POR 18 and point to POR as being at the center of key metabolic hubs regulating the 393 
activation of CYPs and therefore metabolic pathways 1,3,4. While our data do not distinguish 394 
between the swinging and rotating motion models of POR 8 they provide a correlation between the 395 
existence of POR equilibrium conformational states with distinct phenotypic metabolic outcomes. 396 

 397 
Key advancement in our understanding of protein-ligand interactions has opened the possibility 398 
for the development of drugs that act on the same protein and selectively stabilize protein states, 399 
consequently controlling different cellular outcomes, a phenomenon described as biased agonism 400 
15. Biased agonism is well studied, brought into practice and explicitly exploited to underpin the 401 
function of signaling hubs like GPCRs. The combined data on the three chosen ligands serve as 402 
proof of concept of the mechanism of biased metabolism, a mechanism similar to biased agonism 403 
of GPCRs, but for metabolic hubs like POR. While the working concentrations (10-100 μM) are 404 
rather high, they support the electron transfer of POR to respond to different ligands in a 405 
pluripotent way; each ligand docking on POR stabilizes a distinct equilibrium state that is linked 406 
to distinct downstream metabolic outcomes. Interestingly, even small variations in the 407 
conformational sampling equilibrium induced by ligand docking suffices for large variations in 408 
metabolic outcomes. Although these ligands may also dock on additional proteins 20,21 our 409 
combined in vitro, single molecule and in vivo data clearly support that their docking on POR can 410 
facilitate biased metabolism. They also highlight the significance of testing small-molecule drugs 411 
and metabolites for docking on POR during early drug discovery and high-throughput CYP 412 
screening assays 2. We propose that biased metabolism represents an extra, hitherto unrecognized, 413 
layer of regulation capable of controlling metabolic pathways in complex cellular environments. 414 
Targeting POR may serve as a way of controlling POR-CYP interactions and regulate CYP-415 
mediated metabolic pathways. Our findings pave the way for the in silico design of biased ligands 416 
specifically designed to tightly dock in Site I, or additional sites, and antagonize detrimental 417 
metabolic pathways while stimulating beneficial downstream processes to the relative exclusion 418 
of others, with the possibility to control basic metabolism and alleviate metabolic disorder. 419 

 420 
The fact that plant and human isoforms, with a sequence identity of 38%, both present responses 421 
to ligand docking may indicate the presence of evolutionary conserved hotspots serving to tune 422 
the specificity of POR. This is further supported by our findings that the plant defense compound 423 
dhurrin, which is ingested as part of foods, docks on POR and affects its dynamics, function and 424 
metabolic response in human cell lines. Since dhurrin is a product of a pathway composed of two 425 
sequential CYPs and a glucosyltransferase, these findings open up the exciting possibility of 426 
controlling biosynthetic metabolism via feedback loop mechanisms in the production of high-value 427 
natural products. The effects of dhurrin on human POR-mediated metabolism further provide a 428 
mechanistic clue explaining why many substances in food, beverages and dietary supplements may 429 
affect basic metabolism and induce food-drug interactions 44,45. Such insights may pave the way 430 
for the design of personalized, plant-based food targeting POR to alleviate metabolic disorder or 431 
dietary supplements composed of natural products to suppress specific undesired metabolic 432 
pathways associated with disease. We anticipate that harnessing the structural basis of 433 



conformational sampling in biased metabolism may offer the design of metabolic pathway-specific 434 
ligands. This could have direct implications in biomedicine for enhancing therapeutically relevant 435 
metabolic pathways.  Quantitative single molecule structural and functional studies will be crucial 436 
in this endeavor of deciphering and controlling POR-mediated metabolism via biased ligands. 437 
 438 
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