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Conformational changes in binding of substrates with human cytochrome P450 
enzymes 
 
F. Peter Guengerich, Clayton J. Wilkey, Michael J. Reddish, Sarah M. Glass, and Thanh T. N. Phan 
Department of Biochemistry, Vanderbilt University School of Medicine, Nashville, TN, USA 
 
Introduction. Extensive evidence now exists that P450 enzymes can exist in multiple conformations, at least 
in the substrate-bound forms (e.g., crystallography). This multiplicity can be the result of either an induced 
fit mechanism or conformational selection (selective substrate binding to one of two or more equilibrating 
P450 conformations). 
 
Aims. Kinetic approaches can be used to distinguish between induced fit and conformational selection 
models. The same energy is involved in reaching the final state, regardless of the kinetic path. 
 
Methods. Stopped-flow absorbance and fluorescence measurements were made with recombinant human 
P450 enzymes. Analysis utilized kinetic modeling software (KinTek Explorer®). 
 

Results. P450 17A1 binding to its steroid ligands (pregnenolone and progesterone and the 17a-hydroxy 
derivatives) is dominated by a conformational selection process, as judged by (a) decreasing rates of 
substrate binding as a function of substrate concentration, (b) opposite patterns of the dependence of 
binding rates as a function of varying concentrations of (i) substrate and (ii) enzyme, and (c) modeling of the 
data in KinTek Explorer. The inhibitory drugs orteronel and abiraterone bind P450 17A1 in multi-step 
processes, apparently in different ways. The dye Nile Red is also a substrate for P450 17A1 and its sequential 
binding to the enzyme can be resolved in fluorescence and absorbance changes. 
 
P450s 2C8, 2D6, 2E1, and 4A11 have also been analyzed with regard to substrate binding and utilize primarily 
conformational selection models, as revealed by analysis of binding rates vs. substrate concentration and 
kinetic modeling. However, our results continue to support an induced fit model for the binding of P450 3A4 
with its substrates midazolam and testosterone. 
 
Discussion. Using kinetic methods developed by others, we have analyzed several human P450s and found a 
dominance of a conformational selection process to explain the multi-step binding process. This does not 
rule out the contributions of both conformational selection and further induced fit changes, however. 
 
Conclusions. Conformational selection has an important role in ligand binding with several P450s, indicating 
the equilibration of multiple forms of these enzymes and preferential binding. It also follows that any 
measured Kd values are apparent ones. (Supported in part by NIH grant R01 GM118122)
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P450 driven production of plant natural products  
 

Birger Lindberg Møller 
Plant Biochemistry Laboratory, Department of Plant Biology and Environmental Sciences, University of 
Copenhagen, Frederiksberg C, Copenhagen, Denmark   

 
Recent work in our lab has been focused on elucidation of the biosynthetic pathways of structurally complex 
diterpenoids, cyanogenic glucosides and vanillin. P450s catalyze key steps in these pathways. The pathway 
discovery process has been guided by transcriptomics and proteomics and by functional characterization of 
gene candidates using transient expression in tobacco and stable expression in yeast followed by LC-MS-NMR 
based structural identification of products obtained. Mass spectrometry-based bio-imaging technologies 
have been optimized for plant tissues reaching a 5 micrometer resolution level to enable visualization of the 
localization of the natural products at the cellular level, the importance of endogenous recycling of auto-toxic 
natural products, and the storage of natural products like dhurrin and vanillin glucoside in dense bio-
condensates ς άōƭŀŎƪ ƘƻƭŜǎέ ς at molar concentrations based on natural deep eutectic solvents. Using the 
styrene-maleic acid polymer-ōŀǎŜŘ άŎƻƻƪƛŜ ŎǳǘǘŜǊέ ǘŜŎƘƴƻƭƻƎȅΣ ǘƘŜ Ǉƻǎǎƛōƛƭƛǘȅ ǘƻ ƛǎƻƭŀǘŜ ƳŜƳōǊŀƴŜ ōƻǳƴŘ 
enzyme complexes (metabolons) catalyzing entire pathways has been demonstrated and the dynamic 
organization of the complexes demonstrated using fluorescence lifetime imaging microscopy. Using the 
approaches of synthetic biology for combinatorial biosynthesis, the functional modules identified have been 
assembled in new combinations to expand the natural product landscape. Successful transfer of entire 
pathways into chloroplasts, the power house of the photosynthetic cell, demonstrate the potential of this 
organelle as a direct production and storage site for different classes of phytochemicals pointing towards 
development of a light driven synthetic biology platform for high value natural products based on carbon 
dioxide from the atmosphere as the sole carbon source.  
 
1. Laursen, T, Borch, J., Knudsen, C., Bavishi, K., Torta, F. et al. (2016). Characterization of a dynamic 

metabolon producing the defense compound dhurrin in sorghum. Science 354: 890-893. 
2. Knudsen, C., Gallage, N.J., Hansen, C.C., Møller, B.L. & Laursen, T. (2018). Dynamic metabolic solutions to 

the sessile life style of plants. Natural Product Reports 35: 1140-1155. 
3. Thodberg, S., Del Cueto, J., Mazzeo, R., Pavan, S., Lotti, C. et al. (2018). Elucidation of the amygdalin 

pathway reveals the metabolic basis of bitter and sweet almonds (Prunus dulcis). Plant Physiology 178: 
1096-1111. 

4. Hansen, C.C., Sørensen, M., Veiga, T.A.M., Zibrandtsen, J.F.S., Heskes, A.M. et al. (2018). Reconfigured 
cyanogenic glucoside biosynthesis in Eucalyptus cladocalyx involves a cytochrome P450, CYP706C55. Plant 
Physiology 178: 1081-1095. 

5. Pateraki, I., Andersen-Ranberg, J., Jensen, N.B., Wubshet, S.G., Heskes, A.M. et al. (2017). Total 
biosynthesis of the cyclic AMP booster forskolin from Coleus forskohlii. eLIFE 6: e23001. 

6. Bassard, J.-E., Møller, B.L., Laursen, T. (2017). Assembly of dynamic P450-mediated metabolons ς order 
versus chaos. Current Molecular Biology Reports 3: 37-51. 

7. Bjarnholt, N., Neilson, E., Crocoll, C., Jørgensen, K., Motawie, M., et al. (2018). Glutathione transferases 
catalyze recycling of auto-toxic cyanogenic glucosides in sorghum. The Plant Journal 94: 1109-1125. 
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Role of redox partner interactions in the CYP17A1 catalytic mechanism and kinetics  
 

Ilia G Denisov, Yelena V Grinkova, Stephen G Sligar  
1Department of Biochemistry, 2Center for Biophysics and Computational Biology, University of Illinois, 
Urbana, IL, 61801, USA 

 
Introduction. The P450 catalytic cycle involves two distinct one-electron transfer steps from a redox partner 
to the heme protein. The first electron transfer reduces Fe(III) to Fe(II), which is necessary for dioxygen 
binding, while the second electron transfer generates a transient peroxo-iron intermediate, which typically 
undergoes two sequential protonation steps followed by O-O bond scission and formation of the main 
catalytic intermediate Compound I. Usually both electron transfer steps are performed by a flavoprotein, 
cytochrome P450 reductase (CPR), although interactions with cytochrome b5 can accelerate substrate 
metabolism and improve coupling. 
 
Results. Using CYP3A4 and CYP17A1 incorporated in Nanodiscs, we monitored formation of a functional 1:1 
CPR-P450 complex in solution and measured the dissociation constants at various lipid compositions in the 
presence and absence of cytochrome b5. Rates of second electron transfer measured in these complexes 
using stopped-flow spectroscopy, together with other known rates of elementary steps in the P450 cycle, 
were used as an input for computer modeling of the steady-state kinetics of substrate metabolism by 
CYP17A1. Variation of input parameters and systematic comparison of calculated rates for protiated and 
deuterated solvents provide estimated kinetic solvent isotope effects (KSIE) for hydroxylation and lyase 
reactions catalyzed by CYP17A1. 
 
Conclusion. Combination of experimentally measured rates of individual steps, overall NADPH consumption 
rates, KSIE for various reactions and computational modeling of steady-state kinetics enables distinguishing 
between alternative reaction mechanisms based on involvement of key proton transfer events. The role of 
cytochrome b5 as a redox partner in the second electron transfer is essential in improvement of coupling in 
CYP17A1 catalyzed lyase reaction. 
 
Supported by NIH R35 grant GM118145 to Stephen G. Sligar
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Kistamicin biosynthesis reveals the biosynthetic requirements for production of 
highly active crosslinked glycopeptide antibiotics 
 

Anja Greule1,2, Dumitrita Iftime3, Julien Tailhades1,2, Thierry Izoré1,2, Melanie Schoppet1,2, Joe A Kaczmarski4, 
Iftekhar Ahmed5, Colin J Jackson4, James J. De Voss5, Evi Stegmann3 and Max J Cryle1,2  
1The Monash Biomedicine Discovery Institute, Department of Biochemistry and Molecular Biology, Monash 
University, Clayton, Victoria 3800, Australia; 2EMBL Australia, Monash University, Clayton, Victoria 3800, 
Australia. 3Interfaculty Institute of Microbiology and Infection Medicine Tübingen, 
Microbiology/Biotechnology, University of Tübingen, Auf der Morgenstelle 28, 72076 Tübingen, Germany. 
4Research School of Chemistry, The Australian National University, Acton, ACT 2601, Australia. 5Department 
of Chemistry, The University of Queensland, St Lucia, Queensland 4072, Australia. 

  
Natural products from bacteria are an important source for medical drugs, however, to fully benefit from 
them we need to understand their biosynthesis. The bacterial strain Actinomadura parvosata produces 
kistamicin, a cyclic peptide natural product with antiviral and weak antibacterial activity1. It belongs to the 
glycopeptide antibiotics (GPAs) such as the most famous member vancomycin, which blocks bacterial cell 
wall maturation, although kistamicin does not function by interfering with the cell wall biosynthesis. The 
activity of GPAs is based on the characteristic 3D conformation of the heptapeptide, which is due to the 
intramolecular crosslinks catalysed by a set of P450 enzymes. Nevertheless, kistamicin shows some clear 
differences to most GPAs, particularly, the nature of the crosslinks is changed and there are only two P450 
enzymes in contrast to three crosslinks. 

 
In this work, we have characterised the kistamicin crosslinking cascade by in vivo and in vitro turnover 
experiments. OxyC is a promiscuous biocatalyst for the insertion of multiple crosslinks into peptides 
containing phenolic amino acids. Furthermore, structural analysis and different interaction assays show that 
both Oxys function through interactions with the unique GPA X-domain2. This work shows that, despite the 
differences in structure and activity of kistamicin when compared to the more common GPAs, the mechanism 
of peptide crosslinking remains conserved.  
 
1. Naruse N, et al.  (1993) New antiviral antibiotics, kistamicin A and B, I. Taxonomy, production, isolation, 

physico-chemical properties and biological activities. J Antibiotics 46:1804-1811. 
1. Haslinger K, et al. (2015) X-domain of peptide synthetases recruits oxygenases crucial for glycopeptide 

biosynthesis. Nature 521(7550):105-109. 
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Influence of sequence variation on the membrane and protein interactions of 
cytochrome P450 enzymes 
 

Rebecca C. Wade1,2,3*, Ghulam Mustafa1,2, Prajwal P. Nandekar1,2, Goutam Mukherjee1,3.  
1Molecular and Cellular Modeling Group, Heidelberg Institute of Theoretical Studies (HITS), Heidelberg, 
Germany; 2Center for Molecular Biology (ZMBH), DKFZ-ZMBH Alliance, Heidelberg University, Heidelberg, 
Germany; 3Interdisciplinary Center for Scientific Computing (IWR), Heidelberg University, Heidelberg, 
Germany. 

*Email: rebecca.wade@h-its.org 
 
Human cytochrome P450 (CYP) enzymes play an important role in the metabolism of drugs, steroids, fatty 
acids and xenobiotics. Microsomal CYPs are anchored in the endoplasmic reticulum membrane by an N-
terminal transmembrane (TM) helix that is connected to the globular catalytic domain by a flexible linker 
sequence. Electrons required for the CYP catalytic cycle are transferred by NADPH-cytochrome P450 
oxidoreductase (CPR), which is also anchored in the membrane by a transmembrane helix.  CYP-membrane 
and CYP-CPR interactions are not well understood in terms of molecular structure and dynamics.  Previously, 
we have developed a multiresolution protocol to build and simulate membrane-anchored CYPs in a 
membrane bilayer 1,2. Here, we have developed and applied this approach to several different CYPs to 
investigate the sequence dependence of CYP-membrane interactions. The simulated CYP-membrane 
arrangements are consistent with experimental data, such as the heme tilt angle measured for a CYP in a 
Nanodisc by linear dichroism3. Interestingly, we find that mutations in the N-terminal TM helix of CYP17A1, 
originally introduced to increase the expression of the proteins in E. coli, result in a gradual drifting of the TM 
helix out of the hydrophobic core of the membrane during simulations3. This instability of the TM helix could 
affect interactions with the allosteric redox partner, cytochrome b5, as well as access of substrates from the 
membrane to the CYP active site. Simulation of two CYP isoforms with very similar sequences but differing 
substrate specificity also reveals differences in the orientation of the CYP globular domain in the membrane 
that affect the access tunnels to the CYP active site. To build and simulate CYP-CPR-membrane complexes, 
we have extended the modeling approach for CYPs using Brownian dynamics, coarse-grained, and all-atom 
MD simulations. Our simulations yield an ensemble of arrangements of CYP-CPR-membrane complexes that 
are electron transfer competent.  The simulations provide insights into the factors that influence the 
structures of CYP-CPR-membrane complexes. 
 
1. V. Cojocaru, et al. (2011) Structure and dynamics of the membrane-bound cytochrome P450 2C9. PLoS 

Comput. Biol., 7, e1002152. 
2. G. Mustafa, et al. (2015) On the Application of the MARTINI Coarse-Grained Model to Immersion of a 

Protein in a Phospholipid Bilayer. J Chem. Phys., 143, 243139. 
3. G. Mustafa, et al. (2019) Influence of transmembrane helix mutations on cytochrome P450-membrane 

interactions and function Biophys. J., 116, 419-432.  

mailto:rebecca.wade@h-its.org
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Cytochrome P450 19A1 dynamics and ligand recognition in membranes  
 

John C Hackett1, Francisco Zarate-Perez1, Lorela Paço2, Emil S. Iqbal1, and William M. Atkins2  
1Department of Physiology and Biophysics and the Massey Cancer Center, Virginia Commonwealth University 
School of Medicine, Richmond, Virginia 23298-0035, United States; 2Department of Medicinal Chemistry, 
University of Washington, Box 357610, Seattle, Washington 98195-7610, United States. 

 
Aromatase (CYP19A1) catalyzes the synthesis of estrogens from androgens and is therefore a key target for 
estrogen-dependent cancers. (1,2) This talk will describe parallel computational and experimental studies of 
CYP19A1 dynamics and ligand binding mechanisms. Enhanced-sampling molecular dynamics simulations 
were used to delineate the orientation of CYP19A1 in an explicit membrane; while subsequent random 
acceleration molecular dynamics (RAMD) (3) discovered that androstenedione traverses a membrane-
embedded channel to access the active site. Thermodynamic analysis of this pathway revealed a multi-step 
binding mechanism. Since they are possibly the best experimental representation of the simulation system, 
we have adopted CYP19A1 embedded in nano-discs (NDs) as models to test theoretical predictions. 
/¸tмф!мΩǎ ƳŜƳōǊŀƴŜ ƻǊƛŜƴǘŀǘƛƻƴ ƛƴ b5ǎ ŘŜǊƛǾŜŘ ŦǊƻƳ ǎƳŀƭƭ-angle X-ray scattering is consistent with that 
predicted from the simulations. Hydrogen-deuterium exchange mass spectrometry of CYP19A1-NDs supports 
that androstenedione induces global changes in protein dynamics and the relative changes, for the most part, 
reflect those predicted by simulations. Intriguingly, those regions with inconsistent dynamics contact 
androstenedione in the channel identified by RAMD. Finally, stopped-flow UV-Vis absorption studies likewise 
support kinetically distinguishable binding intermediates. Together, these studies illustrate the power of 
combining solution structural and kinetics methods with atomistic molecular dynamics simulations to glean 
novel insight into the functional dynamics of CYPs in native-like environments.   
  
1. Brueggemeier, R. W., Hackett, J. C., and Diaz-Cruz, E. S. (2005) Endocrine Rev. 26, 331-345.  
4. Gao, C., Wang, Y., Tian, W., Zhu, Y., and Xue, F. (2014) Gynecol. Oncol. 134, 190-195.  
5. Ludemann, S. K., Lounnas, V., and Wade, R. C. (2000) J. Mol. Biol. 303, 797-811. 
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The mechanism of the cooperative binding of CYP2C9 ligands: Insights from 
molecular dynamics simulations 
 

Pramod C. Nair1,2, Ross A. McKinnon2 and John O. Miners1,2. Department of Clinical Pharmacology1 and 
2Flinders Centre for Innovation in Cancer, College of Medicine and Public Health, Flinders University, 
Adelaide, SA, Australia. 

  
Introduction. Cytochrome P450 2C9 (CYP2C9) is an enzyme of major importance in human drug metabolism. 
Substrates of CYP2C9 include NSAIDs, phenytoin, S-warfarin and sulfonylurea hypoglycaemic agents [1]. 
Experimental techniques such as X-ray crystallography have allowed the identification of substrate and 
inhibitor binding domains of CYP proteins. However, the structures elucidated by X-ray crystallography are 
static and data are limited in terms of the thermodynamics of binding and movements of individual amino 
acids. Furthermore, the structural basis of the heterotropic cooperativity observed due to the simultaneous 
binding of ligands to CYP2C9 and other P450 enzymes is incompletely understood.   
Aims. This project sought to characterise the domains and individual amino acids associated with the binding 
of NSAIDs (e.g. diclofenac, flurbiprofen, naproxen) in the presence of dapsone, a known heteroactivator of 
CYP2C9.  
Methods. Molecular Dynamics Simulations (MDS) [2] was used to model the thermodynamics and flexibility 
of CYP2C9 in order to elucidate the importance of protein plasticity in substrate binding. Simulations were 
performed between 250-500ns with the bound substrate (diclofenac, flurbiprofen, naproxen) in presence 
and absence of dapsone. MDS was performed using GROMACS simulation package in conjunction with 
GROMOS53A6 force field. The role of key residues in heterotropic cooperativity was verified using site-
directed mutagenesis (SDM). 
Results. MDS modelling demonstrated that dapsone stabilises the binding of flurbiprofen (via pi-pi 
ƛƴǘŜǊŀŎǘƛƻƴǎύ ōȅ ŀ ŎƻƻǇŜǊŀǘƛǾŜ ōƛƴŘƛƴƎ ƳŜŎƘŀƴƛǎƳΦ ¢ƘŜ ΨǇŀŎƪƛƴƎΩ ƻŦ ŘŀǇǎƻƴŜ ōŜǘǿŜŜƴ tƘŜ птс ŀƴŘ 
ŦƭǳǊōƛǇǊƻŦŜƴ ǊŜǎǳƭǘǎ ƛƴ ΨǘƛƎƘǘŜƴƛƴƎΩ ƻŦ ǘƘŜ ŀŎǘƛǾŜ ǎƛǘŜ ǇǊƻǾƛŘƛƴƎ ŀ ƳƻǊŜ ŦŀǾƻǳǊŀōƭŜ ƻǊƛŜƴǘŀǘƛƻƴ ƻf flurbiprofen 
for catalysis, rather than involvement of a distal allosteric site. The role of key residues involved in 
cooperative binding of flurbiprofen and dapsone identified by MD simulations were verified by SDM and 
enzyme kinetic studies. A similar mechanism was responsible for the heterotropic activation of naproxen by 
dapsone. By contrast, MDS modeling predicted that dapsone should inhibit diclofenac hydroxylation by 
blocking its access to the heme iron. Again, this was corroborated by enzyme kinetic experiments.  
Discussion. The study demonstrated that the CYP2C9 binding site is plastic and can accommodate the binding 
of two or more ligands simultaneously, which may lead to cooperativity or inhibition. The cooperativity 
observed in the presence of dapsone was more prominent for NSAIDs that have a near planar geometry of 
aromatic rings (e.g. flurbiprofen, naproxen), that result in pi-pi interactions with the aromatic rings of 
dapsone. In contrast the angular geometry of the aromatic rings of diclofenac disfavours intermolecular 
interactions between the two ligands.  
Conclusion. MDS predicted the mechanism of the cooperative binding of certain NSAIDs and dapsone that 
could not be anticipated from static X-ray crystal structures or molecular docking methods, highlighting the 
importance of accounting for the dynamic behaviour of both ligand and protein.  

References 
1. Miners JO, Birkett DJ. (1998). Cytochrome P4502C9: an enzyme of major importance in human drug 
metabolism. Br J Clin Pharmacol., 45, 525-38. 
2. Nair PC, McKinnon RA, Miners JO. (2016). Cytochrome P450 structure-function: insights from molecular 
dynamics simulations. Drug Metab Rev., 48, 434-52. 
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The Role of Dynamics in P450cam Catalysis 
 

Alec H. Follmer1, Sarvind Tripathi2, Mavish Mahomed3, David B. Goodin3, Thomas L. Poulos1 
1Department of Chemistry, Molecular Biology and Biochemistry, Pharmaceutical Sciences, University of 
California, Irvine, USA; 2Department of Chemistry and Biochemistry, University of California, Santa Cruz, USA; 
3Department of Chemistry, University of California, Davis, USA 
 
Many P450s have now been shown to adopt at least two distinct conformational states: open and closed. In 
the open state, a low-spin heme is coordinated by water as the active site is solvent exposed. Upon substrate 
binding, the axial water is displaced and the P450 shifts to the high-spin closed state and sequesters the 
active site from bulk solvent. Since its discovery, cytochrome P450cam has served as a paradigm for P450 
mechanistic and structure-function studies. Over the many years that P450cam has been investigated, a 
wealth of data has suggested that P450cam may possess two camphor binding sites, the active site pocket 
and an additional site that shifts P450cam toward the open state. However, location of this secondary site 
was never determined. RelateŘ ǘƻ ǘƘŜǎŜ ƻōǎŜǊǾŀǘƛƻƴǎ ƛǎ ǘƘŜ ǊŜŎŜƴǘ ŦƛƴŘƛƴƎ ǘƘŀǘ ǘƘŜ ōƛƴŘƛƴƎ ƻŦ tпрлŎŀƳΩǎ 
redox partner, Pdx, favors the open state. This shift towards the open state has led to the hypothesis that in 
order to provide the proton relay network required for O2 activation and the formation of Compound I, 
P450cam must undergo a structural rearrangement from the closed form. If this is true, this would mean that 
tпрлŎŀƳΩǎ ǘƛƎƘǘƭȅ ŎƭƻǎŜŘ ǎǳōǎǘǊŀǘŜ-bound form does not represent the active conformation. To better 
understand the flexibility of P450cam, we performed molecular dynamics simulations (MD) simulations that 
revealed the location of a secondary site located on the surface of P450cam.1 Binding to this allosteric site 
assists in the opening of both the primary and a new secondary active site access channel. We also have also 
utilized cyanide to mimic oxy-P450cam in the presence of Pdx and found that the structure of the P450cam-
Pdx complex exhibits large changes in the B-C loop and I-helix as well as formation of second channel 
formation observed in our simulations. This leads to a dynamic picture of P450cam catalysis wherein rapid 
open/closing motions not only enables the proton relay network to function but ensures rapid substrate 
entry and product egress. 
 
1. Follmer, A. H., et al. (2018). Substrate-Dependent Allosteric Regulation in Cytochrome P450cam 
(CYP101A1). J. Am. Chem. Soc. 140, 16222ς16228.  
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Roles of Human Cytochrome P450 Enzymes in Drug Oxidation: Comparison of In 
Vitro and In Vivo System Results 
 

Hiroshi Yamazaki and Norie Murayama 
Showa Pharmaceutical University, Machida, Tokyo 194-8543, Japan. 

  
Introduction. Evaluation of roles of the major cytochrome P450 (P450) isoforms in drug metabolism and 
pharmacokinetics is important. The fraction of substrate metabolized by different P450 isoforms is a 
significant parameter that can be determined by comparing the drug oxidation activities in uninhibited liver 
microsomes with those with a single P450 isoform selectively inhibited using such as mechanism-based 
inhibitors. Oxidation activities of human P450 2C enzymes are affected by many factors including albumin.  

Aims. This study was aimed to determine contributions of P450 2C9 for typical probe substrates to evaluate 
the different roles of human P450 isoforms in drug oxidations in vitro and in vivo. 

aŜǘƘƻŘǎΦ  5ƛŎƭƻŦŜƴŀŎ пΩ- and 5-hydroxyation under the pre-treatment of tienilic acid in liver microsomes and 
humanized-liver mice were compared with those in marmosets genotyped for polymorphic P450 2C19, 
because of lacking the ortholog of human P450 2C9. 

wŜǎǳƭǘǎΦ пΩ-Hydroxyation rates of diclofenac by human liver microsomes were high to 5-hydroxyation rates 
and significantly enhanced in the presence of 0.10% (w/v) bovine serum albumin. P450 2C9-dependent main 
ŘƛŎƭƻŦŜƴŀŎ пΩ-hydroxylation activities in commercially available hepatocytes derived from human induced 
pluripotent stem (iPS) cells after 3 weeks of culture had significantly increased above the activities at 1 week. 
In contrast, levels of п-hydroxydiclofenac and 5-hydroxydiclofenac formed by marmoset liver microsomes 
were roughly similar in the marmoset plasma samples. Diclofenac was eliminated from marmoset or 
humanized-liver mouse plasma via 5-hydroxylation mediated by P450 3A enzymes anŘ пΩ-hydroxyation by 
P450 2C-dependent hepatic intrinsic clearances. 

Discussion. Diclofenac was subjected to human P450-dependeƴǘ пΩ- and 5-hydroxyation in vivo but its 
metabolic pathway appeared differently in in vitro and in vivo under the present conditions. 

Conclusion. Determination of the precise roles of major P450 forms in typical probe oxidations such as 
diclofenac hydroylations mediated by liver microsomal P450 2C and 3A enzymes in vitro might facilitate 
estimations of in vivo drug clearances and interactions.  
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Cytochrome P450 driven drug design 

 
Ulrik Jurva1 
1DMPK, Cardiovascular, Renal and Metabolism, IMED Biotech Unit, AstraZeneca Gothenburg, Sweden  
 
In the last decades the drug design process at AstraZeneca has evolved from target potency drug design, 
often led by medicinal chemists, into multi-parameter design by dedicated design teams consisting of 
competence from several disciplines, including medicinal/synthetic chemistry, computational chemistry, 
DMPK and other competencies. Central to this way of working is the ability to build and test hypotheses, 
conduct experiments and analyse its associated data, a process that in drug discovery is known as the design-
make-test-analyse (DMTA) cycle[1,2]. The diverse membership of the design teams ensures that all 
parameters and issues are understood, that suitable tests are conducted and that all knowledge and data are 
exploited effectively. The challenging task of the design teams is to combine target potency with other 
properties of crucial importance for the success of a human candidate drug such as solubility, permeability, 
safety and pharmacokinetics. In a clear majority of our small molecule projects, cytochrome P450s play a 
crucial role in the elimination of the parent drug. Consequently, a common task for the design teams is to 
design molecules that combine good target potency with low turnover by P450s. Metabolically relatively 
stable compounds may also have P450 related liabilities that need to be addressed before selecting a 
compound to progress into clinical studies. Such liabilities include unwanted metabolic pathways resulting in 
toxic and/or reactive metabolites, drug-drug interaction issues originating from e.g. inhibition or induction 
of P450s. Over the years, we have gathered a substantial body of knowledge on how to design out of different 
P450 related liabilities. This presentation will be focused on P450 related issues that we have encountered in 
drug discover projects and how we have modified molecules to design out of e.g. low metabolic stability, 
reactive metabolite issues and drug-drug interactions. 
 
1. Andersson, S., Armstrong, A., Björe, A., Bowker, S., Chapman, S., Davies, R., Donald, C., Egner, B., 

Elebring T., Holmqvist, S., Inghardt, T., Johannesson, P., Johansson, M., Johnstone, C., Kemmitt, P., 
Kihlberg, J., Korsgren, P., Lemurell, M., Moore, J., Pettersson, J.A., Pointon, H., Pontén, F., Schofield, P., 
Nidhal Selmi, N. & Whittamore, P., (2009) Making medicinal chemistry more effectiveτapplication of 
Lean Sigma to improve processes, speed and quality. Drug Discovery Today, 14, 598-604 

2. Plowright, A.T., Johnstone, C., Kihlberg, J., Pettersson, J., Robb, G., & Thompson, R.A., (2012). 
Hypothesis driven drug design: improving quality and effectiveness of the design-make-test-analyse 
cycle. A new cytochrome in liver microsomes. Drug Discovery today, 17, 56-62.
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In vitro studies of drug clearance and drug interactions: My top-ten list of honest 
mistakes in experimental design and interpretation 
 
Andrew Parkinson1 
1XPD Consulting, Kansas, USA 
 
LǘΩǎ ƴƻǘ Ŝŀǎȅ ƛŘŜƴǘƛŦȅƛƴƎ ōŜǎǘ ǇǊŀŎǘƛŎŜǎ ŦƻǊ ǘƘŜ ŎƻƴŘǳŎǘ ƻŦ in vitro studies of drug metabolism and drug 
interactions.  In some cases, there is no best practice.  For example, if you want to identify irreversible CYP 
inhibition by a test drug that is converted to its inactivating metabolite in a single metabolic step, then the 
lower the concentration of human liver microsomes (HLM) the better.  But if the inactivating metabolite is 
a secondary or tertiary metabolite, then a high concentration of HLM is often advantageous.  In my 
presentation I will give examples of study designs that have negatively impacted the results of certain in 
vitro ǎǘǳŘƛŜǎΦ  IŜǊŜΩǎ ƻƴŜ ŜȄŀƳǇƭŜΦ  {ŜŜ ƛŦ ȅƻǳ Ŏŀƴ ŦƛƴŘ Ŧŀǳƭǘ ǿƛǘƘ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ŜȄǇŜǊƛmental design. 
 
To evaluate your test drug as a CYP inducer in cultured human hepatocytes, you plate the cells first thing on 
Monday morning.  On Tuesday, Wednesday, and Thursday, you treat the cells with an appropriate range of 
concentrations of your test drug plus an appropriate selection of positive and negative controls.  During the 
final 24 h you collect aliquots of medium to measure the concentration of test drug.  On Friday, you isolate 
mRNA to examine induction (or suppression) of multiple CYP enzymes, and, just as you did on the two 
ǇǊŜǾƛƻǳǎ ŘŀȅǎΣ ȅƻǳ Ǌǳƴ ŀƴ ŀǇǇǊƻǇǊƛŀǘŜ ǘŜǎǘ ŦƻǊ ŎŜƭƭ ǘƻȄƛŎƛǘȅΦ  ²ƘŀǘΩǎ ǿǊƻƴƎ ǿƛǘƘ ǘƘŀǘΚ  Lƴ Ƴƻǎǘ ŎŀǎŜǎ ƴƻǘƘƛƴƎΦ  
But these hepatocytes are constipated. With only a 24-h adaptation period, they have not fully reformed 
bile canaliculi and have not re-expressed functional efflux transporters, which are lost during hepatocyte 
isolation.  This particular test system will be highly sensitive to the toxic effects of those test drugs that are 
actively transported into hepatocytes and are normally transported out of the hepatocytes into bile. For 
these test drugs, someone has to work over the weekend to extend the adaptation period.  My 
presentation will contain a selection of other potential pitfalls in experimental design.
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What is it that down-regulates CYP expression in hepatocellular carcinomas? 
 
Jana Nekvindova1, Pavel Anzenbacher2, Alena Mrkvicova1, Lenka Radova3, Pavel Soucek4, Alena Hyrslova 
Vaculova5, Igor Kiss6, Ondrej Slaby3,6, Zdenek Kala7, Vladimir Palicka1 
1Institute for Clinical Biochemistry and Diagnostics, University Hospital Hradec Kralove, Czech Republic, 
2Institute for Molecular and Translational Medicine, Faculty of Medicine and Dentistry, Palacky University, 
Olomouc, CZ, 3Central European Institute of Technology, Masaryk University, Brno, CZ, 4Center for Toxicology 
and Health Safety, National Institute of Public Health, Prague, CZ, 5Dept. of Cytokinetics, Institute of 
Biophysics, Academy of Sciences of the Czech Republic, v.v.i., Brno, CZ, 6Dept. of Comprehensive Cancer Care, 
Masaryk Memorial Cancer Institute, Brno, CZ, 7Dept. of Surgery, Faculty Hospital Brno, CZ.  
 
Introduction. Expression of cytochromes P450 (CYPs) is known to be altered in hepatocellular carcinoma 
(HCC), the tumour that originates in the hepatocyte. Pair-wise comparison of HCC tumours and their 
respective peri-tumour (non-cancerous) tissue shows a prominent downregulation of CYP coding mRNAs and 
proteins within a frame of broad genetic and epigenetic alterations. We have previously shown such a down-
regulation which has correlated clinically with histological grade of the tumours (namely for CYP1A2, CYP2B6, 
CYP2C8, CYP2C9, CYP2C19, CYP2E1, CYP3A4, CYP3A5). This could put patients with larger high-grade tumours 
at a higher risk of drug toxicity and/or ineffective pharmacotherapy but the questions remain: how to identify 
such patients and what are the regulatory mechanisms behind? 
 
Aims. Comparative transcriptome analysis (mRNA, miRNA and lncRNA levels) of HCC tumours with a strong 
vs. no or weak down-regulation of CYP gene expression for identification of underlying regulatory 
mechanisms (genetic and/or epigenetic). 
 
Methods. Custom design TaqMan Low Density Arrays (TLDA) based qPCR analysis of genes coding selected 
xenobiotics- metabolizing CYP forms and nuclear receptors (35 paired HCC tumour/surrouding tissue 
samples). Agilent SurePrint G3 8x60k microarrays for transcriptome analysis (mRNA and lncRNA) ς 20 paired 
samples (12x HCC with strongly down-regulated CYPs vs. 8 balanced), TaqMan Array Human MicroRNA v3.0 
TLDA for expression profiling of 754 human microRNAs (17 paired samples, 9 CYP- vs. 7 CYP+). 
 
Results. Microarrays: unsupervised clustering has clearly designated a large subgroup of patients (tumours) 
with very pronounced down-regulation of the clinically most relevant drug-metabolizing CYPs. Transciptome 
analysis has revealed a full list of differentially expressed mRNA when comparing groups of tumours to peri-
tumour tissue. However, comparison of CYP- to CYP+ groups of HCCs has limited protein-coding genes and 
shifted the output towards lncRNAs. TLDA qPCR data have confirmed microarray results and revealed 5 
miRNAs (miR-653, miR-675, miR-29c, miR-505, miR-125b-1#) to be differentially expressed in CYP- vs. CYP+ 
group. 
 
Discussion. In this study, down-regulation of CYPs in HCC tumours was pronounced in more than a half of the 
patients and correlated with histological grade of the tumours. Interestingly, expression of classic CYP 
regulators has not been associated with this CYP- HCC subtype, while approx. 15 lncRNAs and 5 miRNAs have 
been identified as putative candidates for further experiments. 
 
Conclusion. Regulatory mechanism of CYP expression in hepatocellular carcinomas are complex and may 
involve substantial non-coding RNA influences. Interpretation of such results has to be cautious and needs 
further experimental support.  
 
Supported by Ministry of Health of the Czech Republic, grant nr. 17-28231A. 
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Analysis of the conformational changes of the human NADPH cytochrome P450 
reductase by insertion of unnatural amino acids and smFRET 
 

Gilles Truan1, Robert B. Quast1, Fataneh Fatemi2, Michel Kranendonk3, Emmanuel Margeat4.  
1LISBP, Université de Toulouse, CNRS, INRA, INSA, Toulouse, France; 2Protein Research Center, Shahid 
Beheshti University, Tehran, Iran; 3Center for Toxicogenomics and Human Health (ToxOmics), Universidade 
Nova de Lisboa, Lisboa, Portugal; 4CBS, CNRS, INSERM, Université de Montpellier, Montpellier, France. 
 
Introduction. NADPH-cytochrome P450 reductase (CPR) 
alternates between a locked, compact state, competent for 
internal electron transfer and an unlocked, open state, allowing 
electron transfer to various acceptors. In the unlocked state, CPR 
has been described to experience a large relative conformational 
freedom of the two flavin binding domains around its flexible 
hinge segment. Here, we present a strategy for the accurate 
assessment of conformational dynamics of CPR by smFRET.  
 
Aims. smFRET requires the attachment of dyes onto the protein of 
interest, usually trough cysteine derivatization. We designed a labeling strategy to incorporate non-canonical 
amino acids (ncAAs) into CPR using stop codon suppression followed by dye attachment via two 
bioorthogonal chemistries.  
 
Methods. Incorporation of p-propargyloxy-L-phenylalanine and cyclopropene-L-lysine at various positions 
(see figure), were achieved through parallel suppression of Amber and Ochre stop codons. CY3 and Cy5 dyes 
were then reacted (SPAAC and SPIEDAC chemistries) onto purified CPR. Data of freely diffusing single 
molecules were acquired using alternating pulsed laser excitation (ALEX/PIE) and was applied to decrypt 
single molecule dynamics at different salt concentration and in the 
presence of NADP+.  
 
Results. Our labeling strategy enables accurate determination of FRET 
efficiencies by taking in account the influence of the dye position. By 
modulating the ionic strength dependent conformational dynamics of 
CPR we confirmed the existence of equilibrium between locked and 
unlocked states and described the role of the oxidized substrate NADP+ 
in stabilizing the locked state.  
Discussion. The overall distribution of FRET efficiencies remained 
strikingly similar when comparing CPR with and without NADP+, 
indicating that the oxidized substrate has no measurable effect on the 
distribution of potential conformational subpopulations. Even at the 
relatively high concentration used, NADP+ showed only a moderate 
effect on the locked/unlocked equilibrium.  
 
Conclusion. The developed labelling strategy is of high value for 
attachment of dyes to CPR for which cysteine and other labelling 
strategies are inapplicable. The shift in the equilibrium induced by the 
oxidized cofactor on oxidized CPR is probably minor under physiological 
conditions.
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Using resonance Raman spectroscopy to reveal active site structure and dynamics 
in the P450 catalytic cycle 
 
James Kincaid.  
Chemistry Department, Marquette University, Milwaukee, USA 

  
Introduction. In order to better understand the P450 catalytic cycle, it is necessary to interrogate the 
structure and dynamics of intermediates encountered throughout the reaction pathways.  
 
Aims. To trap and characterize these catalytic intermediates.  
 
Methods. While many spectroscopic techniques have been effectively applied to study cytochromes P450 
and other heme proteins, the impressive potential of resonance Raman spectroscopy for interrogating so 
many aspects of heme structure make it a remarkably powerful technique to address many unresolved but 
pressing issues related to the P450 catalytic cycle. Most importantly, it can be coupled with the powerful 
cryoradiolytic methods introduced by Symons and elegantly refined by Hoffman and coworkers. While these 
powerful techniques hold promise for the application to mammalian P450s, their study is sometimes 
compromised by the tendency of these membrane-bound enzymes to aggregate in solution in undefined and 
uncontrolled ways. However, such complications can be effectively eliminated by the application of the 
άƴŀƴƻŘƛǎŎέ ǎŀƳǇƭƛƴƎ ǘŜŎƘƴƻƭƻƎȅ ǇƛƻƴŜŜǊŜŘ ōȅ {ǘŜǇƘŜƴ {ƭƛƎŀǊ ŀƴŘ Ƙis group, providing an environment which 
closely mimics the native biological membrane. 
 
Results. The combination of these techniques provides distinctive spectral signatures upon substrate binding 
to P450s, including changes in spin-state and changes in heme macrocycle deformations. Most importantly, 
cryoradiolysis coupled with resonance Raman detection permits determination of the structure and 
dynamics of the oxy-, peroxo- and hydroperoxo- intermediate states that arise during the course of the P450 
enzymatic pathway.  
 
Discussion. In summary, application of this combination of methods of several steroidogenic cytochromes 
P450 have identified subtle interactions of active site molecular groups with the Fe-O-O fragment of various 
intermediates, revealing functionally significant structural changes induced by interactions of the enzyme 
with different substrates, effectors or redox partners.  
 
Conclusion. This presentation will focus on our most recent efforts, employing these powerful techniques, to 
help define the catalytic cycles of several physiologically important cytochromes P450. 
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Selective P450 activation by biasing P450 oxidoreductase conformational 
sampling: A single molecule insight   
 
Simon B Jensen1,2, Sara Thodberg3, Matias E Moses1,2, Cecillie T Hansen3, Amit V Pandey4, Birger L Moller3, 
Tomas Laursen3, Nikos S Hatzakis1,2 

1Department of Chemistry & Nanoscience center, University of Copenhagen, Denmark; 2Novo Nordisk 
Foundation Centre for Protein Research, Faculty of Health and Medical Sciences, University of Copenhagen 
Denmark; 3Plant Biochemistry Laboratory, Department of Plant and Environmental Science, University of 
Copenhagen, Denmark; 4Department of Metabolic disorder, University Childrens Hospital Bern 
*Presenting author: Hatzakis@nano.ku.dk 

Eukaryotic cytochrome P450 (CYP) activation relies on electron donations from NADPH-dependent 
cytochrome P450 reductase (POR). POR, through a complex network of structural dynamics orchestrates, the 
electron donation selectively activating downstream P450s. We recently recorded the efficient electron relay 
to downstream CYPs to be facilitated by the transient formation of a dynamic CYP-POR complex, 
άƳŜǘŀōƻƭƻƴέ(1). This metabolon facilitates production of dhurrin minimizing metabolic cross talk.  

Here we employed single molecule studies to investigate the mechanism underlying the plasticity of POR to 
selectively donate electrons and activate with a few out of a spectrum of >300 CYPs. We employed arrays of 
native membrane like systems(2-4), nanodiscs, to spatially confine POR enzymes and interrogate their 
behaviour at the single protein level. Using our recently developed single FRET assays(5, 6) as well as readout 
at he fundamental limit of individual catalytic turnovers allowed us to directly observe the existence, quantify 
the abundance and dependence on regulatory cues, of POR conformational sampling, the transitions 
between multiple POR states. This conformational sampling originates from the existence of multiple energy 
minima in the energy landscape, and may mediate alternative function and infidelity on biomolecular 
recognition(7). Indeed ccomparing the readouts on wild type PORs with their pathogenic mutants with 
minimized plasticity, revealed the intricate direct correlation between functional plasticity and the extend of 
conformational sampling. These results allowed us to design and test a series of small molecules that bias 
POR conformational sampling and consequently were found to tune its selectivity of activating downstream 
P450s.  

1. T. Laursen et al., (2016) Characterization of a dynamic metabolon producing the defense compound 
dhurrin in sorghum. Science 354, 890-893. 

2. M. E. Moses, P. Hedegard, N. S. Hatzakis, (2016) Quantification of Functional Dynamics of Membrane 
Proteins Reconstituted in Nanodiscs Membranes by Single Turnover Functional Readout. Methods 
Enzymol. 581, 227-256. 

3. J. B. Larsen et al., (2015) Membrane curvature enables N-Ras lipid anchor sorting to liquid-ordered 
membrane phases. Nat. Chem. Biol. 11, 192-U176 . 

4. T. Laursen et al., (2014) Single Molecule Activity Measurements of Cytochrome P450 Oxidoreductase 
Reveal the Existence of Two Discrete Functional States. ACS Chem. Biol. 9, 630-634 . 

5. K. Bavishi et al., (2018) Direct observation of multiple conformational states in Cytochrome P450 
oxidoreductase and their modulation by membrane environment and ionic strength. Sci Rep-Uk 8,. 

6. S. Stella et al., (2018) Conformational Activation Promotes CRISPR-Cas12a Catalysis and Resetting of the 
Endonuclease Activity. Cell 175, 1856-1871.e1821. 

7. N. S. Hatzakis, (2014) Single molecule insights on conformational selection and induced fit mechanism. 
Biophys. Chem. 186, 46-54.
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Putative motif in the FMN-domain of human cytochrome P450 oxidoreductase 
involved in its interaction with structurally diverse redox partners 
 
1Michel Kranendonk, 1Francisco Esteves, 1Diana Campelo, 1Bruno Gomes, 2Philippe Urban, 2Sophie Bozonnet, 
2Thomas Lautier, 1José Rueff, 2Gilles Truan  
1Center for Toxicogenomics and Human Health, NOVA Medical School/Faculty of Medical Sciences, 
Universidade NOVA de Lisboa, Lisbon, Portugal; 2LISBP, Université de Toulouse, CNRS, INRA, INSA, Toulouse, 
France; 
 
Introduction. NADPH cytochrome P450 oxidoreductase (CPR) is the obligatory electron supplier in sustaining 
activity of microsomal P450s, as well as of several structurally more divergent enzymes such as heme 
oxygenase and squalene monooxygenase. Microsomal P450s do not display signature sequences to guide 
their interaction with the FMN-domain of CPR, a feature displayed by mitochondrial P450s in their interaction 
with the ironςsulfur protein adrenodoxin. This suggests that CPR interacts with microsomal P450s in an 
isoform-specific manner, which we demonstrated very recently [1]. The degenerated nature of the proximal 
interface of microsomal P450s implies that CPR can be modified to become specialized for electron transfer 
to specific P450 isoforms. 
!ƛƳǎΦ hǳǊ ƻōƧŜŎǘƛǾŜ ǿŀǎ ǘƻ ǳƴŎƻǾŜǊ ǎǘǊǳŎǘǳǊŀƭ ŦŜŀǘǳǊŜǎ ƛƴǾƻƭǾŜŘ ƛƴ /twΩǎ ŜŦŦŜŎǘƛǾe degenerated interaction 
with P450s, through the isolation and study of CPR mutants with increased activity when combined with 
specific P450-isoforms. This may assist in clarifying the underlying molecular mechanism which enables CPR 
to interact with its structurally diverse redox partners. 
Methods. Five random mutation libraries were created of the FMN domain in full length human CPR with 
increasing mutation frequencies. Each of these libraries was combined with human CYP1A2, 2A6 or 3A4. 
Mutant CPRs were coexpressed with each of these three P450s in a specialized 
bacterial cell-model and screened for increased P450 activity, using our 
recently developed whole cell high-throughput activity assay [2]. 
Results. A total of 2376 clones were verified and seven FMN domain mutants 
were identified, showing increased activity of CYP1A2 (P117H, G144C, A229T), 
2A6 (P117L/L125V, G175D, H183Y) or 3A4 (N151D). When using the structure 
of the FMN domain of human CPR (PDB 3QFR), the mutated residues align on 
two axes which intersect near the FMN moiety, close to pyrimidine moiety of 
the isoalloxazine ring.  
Discussion. The location of the mutated residues on the two axes imply 
functional importance of residues along these two axes. They are likely part of the structural determinant for 
/twΩǎ ŘŜƎenerated interaction with structural diverse redox partners. This seems to be confirmed by the 
location of mutations found in naturally occurring CPR variants and previously shown to cause P450-isoform 
dependent effects (A115V, T142A, Q153R, P228L) [3], which align along these two axes.  
Conclusion. We have seemingly uncovered a structural motif in the FMN-ŘƻƳŀƛƴΣ ƛƴǾƻƭǾŜŘ ƛƴ /twΩǎ ŎŀǇŀŎƛǘȅ 
to interact with structurally diverse redox-partners. Natural occurring variations of this motif may be an 
additional explanation for specific genetic susceptibilities in drug metabolism and potentially in other 
pathologies.  
 
1. Campelo et al. (2018). Probing the Role of the Hinge Segment of Cytochrome P450 Oxidoreductase in the 

Interaction with Cytochrome P450. Int. J. Mol. Sci., 19, pii: E3914. 
2. Esteves et al. (2018) Human cytochrome P450 expression in bacteria: Whole-cell high-throughput activity 

assay for CYP1A2, 2A6 and 3A4. Biochem. Pharmacol., 158:134-140 
3. Pandey & Flück (2013) NADPH P450 oxidoreductase: structure, function, and pathology of diseases. 

Pharmacol. Ther., 38:229-54 
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Production of propene from n-butanol: A three-step cascade utilizing the 
cytochrome P450 Fatty Acid Decarboxylase OleTJE 
 

Volker Sieber 
The Technical University of Munich, Germany 
  
Propene is one of the most important starting materials in the chemical industry. Herein, we report an 
enzymatic cascade reaction for the biocatalytic production of propene starting from n-butanol. In order to 
create an efficient system, we faced the issue of an optimal cofactor supply for the fatty acid decarboxylase 
OleTJE, which can be driven by either NADH or H2O2. In the first system we used an alcohol and aldehyde 
dehydrogenase coupled to OleTJE via the electron transfer complex putidaredoxin reductase/putidaredoxin 
allowing regeneration of the NAD+ cofactor. With the second system we intended full oxidation of n-butanol 
to butyric acid, generating one equivalent of H2O2 that can be used for the oxidative decarboxylation. As the 
optimal substrate are long-chain fatty acids, we further tried to create an improved variant for the 
decarboxylation of butyric acid using rational protein design. Within a mutational study with 57 designed 
mutants we generated a variant of OleT, which shows 2.4-fold improved propene production in the H2O2 
driven cascade system and reached substantially increased TTNs. 
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Human drug metabolite synthesis catalysed by recombinant P450 enzymes 

 

Anton Glieder1, Christian Schmid1, Astrid Weninger1, Claudia Rinnofner2, Margit Winkler2, Monika Mueller3, 
Martin Schuermann3, Jan Brummond3, Iwona Kaluzna3, John Woodley4, Francisco Valero5, Xavier Garcia-
Ortega5 Maximilian J. L. J. Fürst6, and Marco W. Fraaije6   
1IMBT, NAWI, TU Graz, Austria; 2acib GmbH, Graz, Austria; 3InnoSyn BV, Geleen, The Netherlands 4DTU, 
Lyngby, Denmark, 5Dept. of Chemical, Biological and Environmental Engineering, UAB, Barcelona, Spain, 
6Molecular Enzymology Group, University of Groningen, The Netherlands 

  
Introduction. To avoid adverse drug reactions (ADRs) not only the drug as such, but also the impact of its 
metabolites on the organism are of great importance.[1] Next to CYP3A4 and CYP2D6, CYP2C9 is one of the 
most important drug oxidizing enzymes[2]. However, microbial P450 variants provide robust and efficient 
alternatives to human P450 enzymes for drug metabolite synthesis. 
 
Aims. The aim of this innovation project was to engineer cytochrome P450 activity, expression and 
performance in scalable biotransformations for drug metabolite synthesis. 
 
Results. P450 enzymes and P450 whole cell catalysts were generated by strain engineering and optimized 
cultivation in bioreactors to obtain a P450 BM3 variant, CYP505X, CYP505A30 and human liver P450 catalysts 
for scalable biotransformations. Biotransformation reactions for the hydroxylation of Diclofenac and 
Ibuprofen were performed from small scale to larger scale. The conversion of Diclofenac, employing a P450 
BM3 variant was scaled to a 100 L pilot scale at InnoSyn [3] and showed to be most productive for the 
hydroxylation of this drug. However, for the first time human CYP2C9 was produced as a robust P450 catalyst 
expressed by P. pastoris on bioreactor scale and applied for the conversion drugs at larger scale. Preparative 
scale reactions with this whole cell catalyst showed a robust performance and complementary properties 
when compared to the microbial enzymes CYP505A30 and CYP505X. 
 
Conclusion. Biotransformations for the production of drug metabolites were shown to be scalable and 
commercially and technically feasible for the efficient and selective production of human drug metabolites 
on pilot scale. 
 
Acknowledgement. This work received funding from the EU project ROBOX (grant agreement n° 635734) 
ǳƴŘŜǊ 9¦Ωǎ Iнлнл tǊƻƎǊŀƳƳŜ wŜǎŜŀǊŎƘ ŀƴŘ LƴƴƻǾŀǘƛƻƴ ŀŎǘƛƻƴǎ Iнлнл-LEIT BIO-2014-1 Disclaimer: This 
publication reflects the author's view and the Agency is not responsible for any use that may be made of the 
information it contains. In part this work has also been supported by bisy e.U. and the Austrian BMWD, 
BMVIT, SFG, Standortagentur Tirol, Government of Lower Austria and Business Agency Vienna through the 
Austrian FFG-COMET- Funding Program. 
 
1. C. Rinnofner, B. Kerschbaumer, H. Weber, A. Glieder, M. Winkler, Biocatal. Agric. Biotechnol. 2019, 17, 525ς528. 
2. A. Daly, A. Rettie, D. Fowler, J. Miners, J. Pers. Med. 2017, 8, 1 
3. I. Kaluzna, J. Brummond, M. Schuermann, Chimica Oggi, 2017, 35,6, 55-58 
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Oxyfunctionalization of pharmaceuticals by fungal peroxygenases 
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Throughout drug discovery and development, metabolic studies are driven by an increased interest to 
understand the potential for side effects and drug-drug interactions. A rapid and accurate identification and 
quantification of human drug metabolites is important for the separated pharmacodynamics and 
pharmacokinetic evaluation as well as the assessment of potential safety risk and toxicity. For these 
evaluations, structural confirmation and LC-MS recovery as well as reference standards of drug metabolites 
are needed as authentic samples; however, their synthesis is still an unsolved problem. The most ubiquitous 
mechanism for metabolic clearance of drugs is through oxidative metabolism predominantly catalyzed by 
cytochrome P450 monooxygenases (P450s, EC 1.14.). The development of chemical synthesis to mimic these 
enzymes in terms of direct single step transformation of parent drugs would be a challenging but highly 
efficient alternative to the preparation of difficult-to-access metabolite structures [1]. 
 
For more than ten years, fungal unspecific peroxygenases (UPOs, EC 1.11.2.1) have gained attention in the 
field of oxyfunctionalization reactions and metabolite preparation. They constitute a distinct superfamily of 
fungal heme-thiolate proteins that catalyze efficient and selective oxygen-transfers from peroxides (R-OOH) 
to diverse organic substrates including non-activated hydrocarbons. In contrast to membrane-bound, poorly 
stable and cofactor-dependent P450s, secreted UPOs do not require complex cofactors such as NAD(P)H or 
electron-transport systems (flavin-reductases, ferrodoxines) but merely hydrogen peroxide. Due to their 
extracellular nature, UPOs are rather stable in a broad pH range and in presence of organic solvents. Up to 
now, four wild-type UPOs have been thoroughly characterized and more than 5.000 putative UPO sequences 
have been found in fungal genomes [2]. Based on the versatile molecular architecture, different catalytic 
activities and selectivities were observed for the UPOs known so far. It was shown that UPO-catalyzed 
reactions generally resemble those of P450s and several studies have suggested a broad scope of UPOs as 
synthesis tool for metabolite preparation and other synthetic applications [3, 4]. Thus, a handful of UPOs may 
cover the catalytic diversity of as much as 57 human P450s in terms of oxyfunctionalizing pharmaceuticals to 
form the corresponding human drug metabolites.  
 
[1] Genovino J., Sames D., Hamann L. G., Touré B. B., Ang. Chem. Int. Ed., (2016) 
[2] Hofrichter M., Kellner H., Pecyna M. J., Ullrich R., Adv. Exp. Med. Biol., 851 (2015), 341-368  
[3] Kiebist J., Schmidtke K.-U., Zimmermann J., Kellner H., Jehmlich N., Ullrich R., Zänder D., Hofrichter M., 
Scheibner K., ChemBioChem, 18 (2017), 563-569 
[4] Kiebist J., Holla W., Heidrich J., Poraj-Kobielska M., Sandvoss M., Gröbe G., Atzrodt J., Hofrichter M., 
Scheibner K., Bioorg. Med. Chem., 23 (2015), 4324-4332 
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Regioselective Preference of CYP52A23 from Candida albicans 
 
Hyoung-Goo Park1, Vitchan Kim1, Harim Kim1, Sung-Woo Park2, Young-Jin Chun3, and Donghak Kim1, 

1Department of Biological Sciences, Konkuk University, Seoul 05025 Korea, 2 Division of Respiratory and 
Allergy, Department of Internal Medicine, Soonchunhyang University Bucheon Hospital, Bucheon 14584, 
Korea, 3College of Pharmacy, Chung-Ang University, Seoul 06974 Korea, 
 
Pathogenic fungi Candida albicans contains five CYP52 fatty acid hydroxylases in its genome. Our previous 
study reported CYP52A21 displayed a typical omega hydroxylation activity of lauric acid (Kim D, Cryle MJ, De 
Voss JJ, Ortiz de Montellano PR (2007) Arch. Biochem. Biophys. 464, 213-220). Functional characterization of 
CYP52 fatty acid hydroxylases were studied and their selectivity of fatty acid hydroxylation was analyzed. 
Four other CYP52 genes (CYP52A22, CYP52A23, CYP52A24, and CYP52C3) from C. albicans were cloned and 
their recombinant enzymes were expressed in Escherichia coli. CO-binding spectral analysis showed that the 
functional P450 holoenzyme was observed only in CYP52A23 while no holoenzyme peak was observed in the 
other three CYP52 enzymes. Purified CYP52A23 exhibited the reverse type I binding spectral change to 
titrations of fatty acids but no spectral change was observed to alkanes. In gas chromatography-mass 
spectrometry (GC-MS) analysis, CYP52A23 showed predominantly omega-hydroxylation activity in the 
oxidation reaction of fatty acids. Interestingly, the catalytic activity of CYP52A23 exhibited preference to 
longer-chain fatty acids (stearic acid and arachidic acid) while that of CYP52A21 exhibited preference to mid-
chain fatty acids (lauric acid and mystic acid). To analyze the selectivity of fatty acids, chimeric mutagenesis 
of CYP52A21 and CYP52A23 were analyzed using overlap extension polymerase chain reaction. Two hybrid 
mutants containing N-terminal fragments of CYP52A21 and C-terminal fragments of CYP52A23 were 
constructed and their catalytic preferences for fatty acids were analyzed. Both mutants displayed higher 
catalytic activity in palmitic acid and arachidic acid. These results suggested that the C-terminal part of 
CYP52A23 may be responsible for its preference for longer-chain fatty acids. Sequence alignment and 
structural homology analysis suggested that CYP52A23 have additional EDAR residues between 356 and 359 
may accommodate the architecture for binding of longer-chain fatty acid. 
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Cytochrome P450 nitrene transferase: an enzyme responsible for the formation of 
6- and 5-membered rings in benzastatin biosynthesis 
 

Yasuo Ohnishi1, 2 
1Department of Biotechnology, Graduate School of Agricultural and Life Sciences and 2Collaborative Research 
Institute for Innovative Microbiology, The University of Tokyo, Tokyo, Japan. 

  
Introduction. Cyclization is one of the most important reactions in the biosynthesis of natural products, 
because it produces characteristic molecular scaffolds, which are often responsible for bioactivity. Cyclic 
structure biosynthesis has been studied extensively and various cyclization reactions, such as the DielsïAlder 
reaction, oxidative cyclization, and nucleophilic addition, have been reported. However, the biosynthetic 
pathways of some cyclic structures have not been elucidated and still unknown cyclization reactions seem to 
be used for their biosynthesis. Benzastatin derivatives are natural products isolated from Streptomyces 
species. They have diverse structures, such as indoline and tetrahydroquinoline scaffolds, that are probably 
derived from geranylated p-aminobenzoic acid derivatives. The unique bicyclic structures (i.e., indoline and 
tetrahydroquinoline structures) were expected to be synthesized by an unknown cyclization reaction. 
 
Results. My research group studied the benzastatin biosynthetic gene cluster (bez cluster) of Streptomyces 
sp. RI18 (1). Functions of the six enzymes encoded by bez cluster were analyzed by gene disruption in a 
heterologous host and in vitro enzyme assays. As a result, the whole biosynthetic pathway for benzastatins 
was proposed. In this pathway, geranylated p-acetoxyaminobenzoic acids are the key biosynthetic 
intermediates and a cytochrome P450 (BezE) promotes and controls the cyclization of them to form indoline 
and tetrahydroquinoline scaffolds. BezE catalyzes elimination of acetic acid to form an iron nitrenoid, nitrene 
addition to a double bond to form an aziridine ring (nitrene transfer), and nucleophilic addition of hydroxide 
ion to C-10 and chloride ion to C-9 to yield the indoline and tetrahydroquinoline scaffolds, respectively (Fig. 
1). 

 
Fig. 1.  Possible cyclization reactions catalyzed by BezE. 

 
Discussion. BezE does not catalyze any oxidative reaction. The BezE-catalyzing reaction is similar to the 
nitrene transfer reactions catalyzed by some engineered cytochrome P450s (2). In this reaction, the mutant 
enzymes eliminate N2 from an azide substrate and form a putative iron nitrenoid reactive intermediate. Then, 
iron nitrenoid is applied to the nitrene transfer reaction to yield an aziridine derivative. BezE is the first native 
cytochrome P450 that was reported to catalyze nitrene transfer and should be termed cytochrome P450 
nitrene transferase. 
 
1. Tsutsumi, H., Katsuyama, Y., Izumikawa, M., Takagi, M., Fujie, M., Satoh, N., Shin-ya, K., & Ohnishi, Y. 

(2018) Unprecedented cyclization catalyzed by a cytochrome P450 in benzastatin biosynthesis. J. Am. 
Chem. Soc., 140, 6631-6639. 

6. Farwell, C.C., Zhang, R.K., McIntosh, J.A., Hyster, T.K., & Arnold, F.H. (2015) Enantioselective enzyme-
catalyzed aziridination enabled by active-site evolution of a cytochrome P450. ACS Cent. Sci. 1, 89-93.
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The new P450 chemistry involved in rifamycin biosynthesis 
 

Shengying Li* 1,2, Feifei Qi2, Chao Lei3, Youli Xiao3, Guoping Zhao3 
1State Key Laboratory of Microbial Technology, Shandong University, Qingdao, China; 2Shandong Provincial 
Key Laboratory of Synthetic Biology, Qingdao Institute of Bioenergy and Bioprocess Technology, Chinese 
Academy of Sciences, Qingdao, China; 3CAS Key Laboratory of Synthetic Biology, Institute of Plant Physiology 
and Ecology, Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences, Shanghai, China 

 
Tuberculosis has caused a huge number of human deaths in history and remains a serious global threat to 
public health. Rifamycins and rifamycin-derived drugs, such as rifampin, rifabutin, rifapentine, and rifaximin, 
have long been used as first-line therapies for the treatment of tuberculosis and other deadly infections. 
Despite understanding of a large portion of rifamycin biosynthesis, the late steps leading to biosynthesis of 
the industrially important rifamycin SV and B remain unclear. Recently, we characterized a number of 
reactions underlying the biosynthesis of rifamycin SV, S, L, O, and B by reconstituting the in vitro activities of 
the two key enzymes including transketolase Rif15 and P450 enzyme Rif16 (CYP105G1). Rif15 and Rif16 were 
found to mediate, respectively, a unique CςO bond formation in rifamycin L and an atypical P450 ester-to-
ether transformation from rifamycin L to B. Resolution of the Rif16 crystal structure, together with the 13C 
chasing NMR experiments, revealed a unique mechanism behind the Rif16 new chemistry. The late rifamycin 
biosynthetic reactions showcase interesting chemistries for the two widespread and well-studied enzyme 
families. This work revises a previous biosynthetic hypothesis that was proposed 36 years ago.  
 

 
 

 
1. Qi, F., Lei, C., Li, F., Zhang, X., Wang, J., Zhang, W., Fan, Z., Li, W., Tang, G.-L., Xiao, Y., Zhao, G.-P. & Li, S. 
(2018). Deciphering the late steps of rifamycin biosynthesis. Nat. Commun., 9, 2342. 
2. Yuan, H., Zhao, W., Zhong, Y., Wang, J., Qing, Z., Ding, X. & Zhao, G.-P. (2011). Two genes, rif15 and rif16, 
of the rifamycin biosynthetic gene cluster in Amycolatopsis mediterranei likely encode a transketolase and a 
P450 monooxygenase, respectively, both essential for the conversion of rifamycin SV into B. Acta Biochim. 
Biophys. Sin., 43, 948-956. 
3. Zhang, X. & Li, S. (2017). Expansion of chemical space for natural products by uncommon P450 reactions. 
Nat. Prod. Rep., 34, 1061ς1089. 
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Noble Metal Substitution in P450 enzymes for Catalytic Amination  
 
Sean N. Natoli, Brandon J. Bloomer, & John F. Hartwig1 
1Department of Chemistry, University of California, Berkeley, California 94720, United States. 
  
Introduction. The formal replacement of noble metal porphyrins for heme has emerged as an effective 
strategy for developing artificial metalloenyzmes(ArMs) capable of performing abiological reactions with 
excellent reactivity and selectivity.1 Initial reports using an iridium-methyl mesoporphyrin IX (Ir(Me)) cofactor 
in a thermophilic P450 from Sulfolobus solfataricus (CYP119)  proved capable of catalyzing CςC bond 
formation in the intra- and inter-molecular insertion of carbenes into activated and unactivated CςH bonds.2 
Through directed evolution, rates of carbene insertion reactions into CςH bonds were improved to be 1,000 
times faster than any previous ArMs and comparable to rates of native enzymes for their natural substrates. 
The presented work expands upon this noble metal substitution strategy toward CςH amination using P450 
hosts.  
 

Aims. To develop P450 constructs capable of catalyzing enantioselective CςH amination reactions.  
 

Methods. Noble metal P450 constructs were generated by reconstituting apo-P450s with abiological 
cofactors. High-throughput screening methods were used to assess the catalytic activity of Ir(Me)P450 
mutants toward CςH amination. Through iterative rounds of directed evolution, the Ir(Me)P450 constructs 
fitness toward intramolecular nitrene insertion was improved.  
 

Results. The replacement of iron with noble metals in P450 cofactors generates ArMs that are capable of 
catalyzing CςH amination with high turnover numbers and 
enantioselectivity. These noble metal constructs have high 
chemoselectivity for the insertion of nitrenes into CςH bonds 
over their formal reduction to the amine, which contrasts with 
what is observed for iron scaffolds. Four rounds of site-directed 
mutagenesis were performed to generate P450 mutants 
capable of catalyzing reactions in greater than 90:10 enantiomeric excess. ArMs based on this motif are 
promising candidates for exploring additional CςH amination reactions.  
 

Discussion. Engineered ArMs containing an Ir(Me)-MPIX cofactor in P450 hosts are capable of catalyzing the 
intramolecular insertion of nitrenes into CςH bonds to form valuable chiral 1,2-aminoalcohols and 1,3-
aminoalcohols. These reactions have improved chemoselectivity for the insertion of nitrenes into CςH bonds, 
higher activities, and enhanced enantioselectivity over their native iron counterparts. Furthermore, the 
Ir(Me)MPIX constructs were found to catalyze the first enzymatic production of imidazolidinones through 
the insertion of nitrenes into CςH bonds.  
 

Conclusion. A series of Ir(Me)-P450 enzymes that are capable of catalyzing the intramolecular insertion of 
nitrenes into CςH bonds to yield enantioenriched oxazolidinones and imidazolidinones was discovered. 
Minimal rounds of directed evolution were employed to improve the fitness of the enzymes toward CςH 
amination. The vast number of possible combinations of non-native porphyrin cofactors with evolvable P450 
hosts makes this process a valuable strategy for addressing challenging bond transformations.  
 

1. bŀǘƻƭƛΣ {ΦbΦ ϧ IŀǊǘǿƛƎΣ WΦCΦ όнлмфύΦ bƻōƭŜҍaŜǘŀƭ {ǳōǎǘƛǘǳǘƛƻƴ ƛƴ IŜƳƻǇǊƻǘŜƛƴǎΥ !ƴ 9ƳŜǊƎƛƴƎ {ǘǊŀǘŜƎȅ ŦƻǊ 
Abiological Catalysis. Acc. Chem. Res., In Press. DOI: 10.1021/acs.accounts.8b00586 

2.  Dydio, P. et al (2016). An Artificial Metalloenzyme with the Kinetics of Native Enzymes. Science, 354, 
102-106.



 
Book of oral abstracts 

123 

CYP337B3: The chimera that conquered the world 
 

David G. Heckel1, Nicole Joussen1, Choon Wei Wee1,2, Vladimir D. Grubor2, Thomas K. Walsh3.  
1Department of Entomology, Max Planck Institute for Chemical Ecology, Jena, Germany; 2Department of 
Genetics, University of Melbourne, Parkville, VIC, Australia; 3Black Mountain Laboratories, CSIRO, Acton, ACT, 
Australia. 

  
Introduction. Fenvalerate resistance in the cotton bollworm Helicoverpa armigera on Australian cotton was 
reported in 1983.  Over the next 15 years, resistance levels steadily increased. The main mechanism appeared 
to be detoxification by one or more cytochromes P450 [1]. 
 
Aims.  We attempted to identify the enzymes responsible for pyrethroid detoxification and to assess their 
significance in light of other potential resistance mechanisms. 
 
Methods.  We used linkage mapping with AFLPs to identify a molecular marker closely linked to the resistance 
locus.  The cDNA-AFLP differential display technique revealed genes that were over-expressed in the resistant 
strain.  Analysis of cDNA libraries and BAC clones of genomic DNA aided in candidate identification. 
Heterologous expression of CYP337B enzymes in cultured Helicoverpa cells demonstrated detoxicative 
activities. 
 
Results. The linked marker ruled out point mutations and expression levels of CYP6B enzymes, the leading 
resistance candidates at the time [2].  The cDNA-AFLP technique revealed four potential detoxicative genes; 
one of these (CYP337B1) mapped to the resistance locus [3].  Heterologous expression showed that neither 
CYP337B1 nor its tandemly duplicated paralog CYP337B2 could metabolize fenvalerate; however the 
chimeric enzyme CYP337B3 produced by unequal crossing-over between B1 and B2 detoxified fenvalerate 
by 4'-hydroxylation [4].  Presence of CYP337B3 accounts for most of the resistance observed.  Site-directed 
mutagenesis showed that no single amino acid substitution could confer full detoxicative activity [5]. 
Population screening revealed the presence of CYP337B3 in all H. armigera populations worldwide [6]. 
 
Discussion and Conclusion. The unusual circumstance of unequal crossing-over between two P450 
paralogues has resulted in a chimeric enzyme with a novel detoxicative ability, enabling a jump in resistance 
levels much more quickly than could have occurred by stepwise accumulation of point mutations.  This may 
account for the widespread nature of the chimera, which is even present in populations that have recently 
invaded the New World [7].   
 
1. Forrester NW, Cahill M, Bird LJ, Layland JK. (1993) Bull Entomol Res 1993, R1-132. 
2. Grubor VD, Heckel DG. (2007) Insect Mol Biol 16, 15-23. 
3. Wee CW, Lee SF, Robin C, Heckel DG. (2008) Insect Mol Biol 17, 351-360. 
4. Joussen N, Agnolet S, Lorenz S, Schoene SE, Ellinger R, Schneider B, Heckel DG. (2012) PNAS USA, 38, 15206-
15211. 
5. Joussen N, Heckel DG (2019) in preparation. 
6. Walsh TK, Joussen, N, Tian K, McGaughran A, Anderson CJ, Qi, XH, Ahn SJ, Bird L, Pavlidi N, Vontas J, Ryu J, 
Rasool A, Macedo IB, Tay WT, Zhang YJ, Whitehouse MEA, Silvie PJ, Downes S, Nemec L & Heckel DG (2008) 
PLoS ONE, 13(11), e0197760. 
7. Durigan MR, Correa AS, Pereira AM, Leite NA, Amado D, de Sousa DR, Omoto C. (2017) Pestic Biochem 
Physiol 143, 73-80. 



 
Book of oral abstracts 

124 

A novel cytochrome P450 CYP81A10v7 endows herbicide metabolic resistance in 
Lolium rigidum 
 
Heping Han1, Qin Yu1, Susana Gonzalez2, Roland Beffa2 and Stephen B. Powles1 
1 Australian Herbicide Resistance Initiative, The University of Western Australia, Perth, Australia; 2 Bayer 
CropScience, Frankfurt/Main, Germany 
 
Introduction. Evolution of non-target-site herbicide resistance in 
weeds has been a global issue. In Western Australia majority of Lolium 
rigidum populations have been shown to have evolved non-target-site 
metabolic resistance. Cytochrome P450 and other genes have long 
been implicated in metabolic resistance, but specific genes involved 
remain largely unknown. 
 
Aims. We aim to identify the herbicide-metabolizing and resistance-
endowing genes in L. rigidium. 
  
Methods. The subset population with sole metabolic resistance mechanism to both diclofop and 
chlorsulfuron was purified from a field-evolved resistant population SLR31. Plants of the subpopulation were 
further confirmed by HPLC with increased diclofop metabolism relative to the susceptible population (VLR1), 
but without ALS and ACCase target-site mutations. The F2 resistance segregating populations derived from 
pair-crossing the purified resistant (SLR31) and susceptible (VLR1) individuals were also used for minimizing 
genetic background. RNA-seq was performed using the most susceptible and resistant individuals from both 
the parent and their F2 subsets. The full-length cDNA of CYP81A10v7 was overexpressed in rice for herbicide 
resistance test. 
 
Results. Metabolic resistance to diclofop and chlorsulfuron in SLR31 subset is polygene controlled and likely 
linked. Five differentially expressed candidate genes relevant to metabolic resistance were identified in the 
resistant vs. susceptible populations using RNA-Seq. The 1554 bp full cDNA sequences of CYP81A10v7 were 
cloned from the R and S plants, and no amino acid changes found. Compared to the GFP-overexpressing rice 
calli, CYP81A2-overexpressing calli showed resistance to diclofop-methy and tralkoxydim, but not to other 
ACCase herbicides (e.g. fenoxaprop, haloxyfop, clodinafop, sethoxydim and pinoxaden). Most importantly, 
the CYP81A10v7-overexpressing rice calli also showed multiple resistance to the ALS-inhibiting herbicide 
chlorslulfuron, but not to mesosulfuron. Regenerated transgenic rice seedlings also showed similar resistance 
pattern. In addition, six additional metabolism-based resistant L. rigidum populations were tested for the 
expression level of CYP81A10v7. However, only two out of six populations had relatively higher CYP81A10v7 
expression.  
 
Discussion. CYP81A10v7 is not the only responsible gene, and other (P450) genes are potentially involved in 
metabolic resistance in L. rigidum populations. 
 
Conclusion. This is the first time that the cytochrome P450 gene responsible for metabolic resistance in 
multiple-resistant L. rigidum is discovered, cloned and characterized.   
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Lessons on the evolution of insecticide resistance from the CYP6G1 paradigm 
 

Philip Batterham1, Roberto Fusetto1,2, Alex Giang1, wƛŎƘŀǊŘ hΩIŀƛǊ2 and Shane Denecke1,3 
1School of BioSciences, University of Melbourne, Parkville, Australia; 2School of Chemistry, University of 
Melbourne, Parkville, Australia; 3Current address: Foundation for Research and Technology, Irákleion, 
Crete, Greece  
 
Introduction. The model insect Drosophila melanogaster is a cosmopolitan fly species, that feeds on 
decomposing fruit and vegetable matter.  While not generally considered a pest, the species is exposed to 
insecticides used in horticulture and agriculture.  It is therefore not surprising that resistance to a very wide 
ǊŀƴƎŜ ƻŦ ƛƴǎŜŎǘƛŎƛŘŜǎ Ŏŀƴ ōŜ ŦƻǳƴŘ ƛƴ ǘƘƛǎ ǎǇŜŎƛŜǎΦ  {ǘŀǊǘƛƴƎ ƛƴ ǘƘŜ ŜŀǊƭȅ мфслΩǎ ǊŜǎƛǎǘŀƴŎŜ ǘƻ ŀ ƴǳƳōŜǊ ƻŦ 
different classes of insecticides was genetically mapped to a locus on the second chromosome of D. 
melanogaster.   Ultimately the gene responsible was shown to encode the P450, CYP6G11.  Resistance is 
conferred by the overexpression of this gene in the key metabolic tissues2 ς the midgut, malpighian tubules 
and fat body, which have overlapping functions with the mammalian kidneys and liver, respectively.   
 
Aims. Our research has aimed to:- 

1.  identify the metabolites produced in vivo when CYP6G1 use nicotine and the neonicotinoid 
insecticide imidacloprid as substrates. 

2. understand how the metabolism of these insecticides confers resistance. 
3. define the structural features of CYPG1 that give it the capacity to metabolize imidacloprid. 
4. Understand why P450 metabolism is the most common mechanism of neonicotinoid resistance in 

insects. 
 

Methods. A wide range of methods have been used ς Aims 1 & 2: controlled tissue specific gene 
overexpression, CRISPR gene knockouts, twin ion mass spectrometry and a novel toxicological assay (the 
Wiggle Index) that uses larval movement to assess insecticide impact.  Aim 3: controlled tissue specific 
overexpression of different P450s, toxicology and homology modelling. Aim 4: fitness testing of resistant 
mutants. 
 
Results & Discussion. The metabolites of imidacloprid produced by CYP6G1 are toxic but rapidly excreted, 
explaining the resistance observed with overexpression of the gene.  CYP6G1 does not metabolize nicotine, 
but does metabolize a non-toxic metabolite of it ς cotinine.  The resistance associated with Cyp6g1 
overexpression is consistent with an hypothesis that levels of cotinine regulate levels of nicotine metabolism 
by an enzyme other than CYP6G1.  Homology modelling indicates that a number of amino acid replacement 
differences between CYP6G1 and closely related CYPs explains differences in the capacity to metabolise 
imidacloprid.  P450-based resistance is likely to be the most common mechanism of neonicotinoid 
insecticides because the fitness costs are lower than for target site resistance. 
 
7. Daborn et al. (2002).  A single allele of a P450 gene is associated with insecticide resistance 

in Drosophila.  Science 297: 2353-7  
8. Chung et al. (2007). Cis-regulatory elements in the Accord retrotransposon result in tissue-specific 

expression in Drosophila melanogaster insecticide resistance gene Cyp6g1. Genetics: 175: 1071-7.  
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Structural flexibility of family 1 cytochrome P450 enzymes to accommodate diverse 
ligands 
 

Emily E. Scott1,2,3, Aaron G. Bart3, Kurt L. Harris4, and Elizabeth M. J. Gillam4 
1Departments of Medicinal Chemistry1, Pharmacology2 and Biophysics3, University of Michigan, Ann Arbor, 
MI, U.S.A. and 4School of Chemistry & Molecular Biosciences, The University of Queensland, St. Lucia, 4072, 
Brisbane, Queensland, Australia 

 
Introduction.  Human cytochrome P450 enzymes from family 1 include CYP1A1, CYP1A2, and CYP1B1, 
perhaps best typified by their ability to metabolize polycyclic aromatic hydrocarbons such as benzo[a]pyrene 
and activate procarcinogens.  Until recently, the only structures of these three enzymes were with the planar 
polycyclic ligand alpha-naphthoflavone and demonstrated a fairly conserved, moderately sized (440-520 Å3), 
planar active site. 
 
Aims. While many CYP1 substrates are planar and consistent with the active site volume observed with alpha-
naphthoflavone bound, it has not been apparent how larger, structurally diverse ligands would be 
accommodated within the enclosed active sites. 
 
Methods. To probe how these active sites might accommodate such ligands, human CYP1A1 was evaluated 
functionally and crystallized with a range of structurally diverse substrates. 
 
Results. CYP1A1 cocrystallized with diverse substrates revealed binding orientations consistent with the 
respective toxic or innocuous metabolites formed.  These complexes revealed significant structural 
rearrangements of the F helix and other elements of the active site roof which served to enlarge the active 
site and, in some cases, to form a channel all the way to the protein exterior, exiting near the putative 
membrane-bound face.  The structure of an engineered, ancestral CYP1B enzyme revealed an even more 
open cleft to the surface which could accommodate even larger ligands. 
 
Discussion.  While the CYP1A1 active site has specific adaptations to the physical and chemical characteristics 
of each ligand, knowing which components of the active site are malleable provides powerful information 
for predicting compound binding or engineering these enzymes. 
 
Conclusion.  The expansion of the active site roof which occurs to enable human CYP1A1 to accommodate 
structurally diverse ligands might also apply to human CYP1B1 and CYP1A2 when accommodating larger 
ligands and may also provide important avenues for protein engineering. 
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Structural biology of human drug metabolizing enzymes: diversity, plasticity and 
applications 
 

Eric F. Johnson 
Department of Molecular Medicine, Scripps Research, La Jolla, California, USA 

  
Human P450s in families 1-4 are structurally diverse and provide pathways for metabolic clearance of 
xenobiotics and excess endobiotics. Each enzyme metabolizes structurally diverse substrates. 
Conformational dynamics are important for the binding of small molecules in P450 active sites as the catalytic 
center is buried in the protein and must open for substrate access.  Several P450 enzymes such as 2B6, 2C9, 
2D6, 3A4 and 3A5 have been crystallized in open and closed forms. Conformational differences observed for 
individual enzymes provide a relatively comprehensive pattern of adaptive responses for substrate and 
inhibitor binding to the enzyme. The prototypic structure of a family 4 P450, 4B1, is highly adapted for 
ǎŜƭŜŎǘƛǾŜ ˖-hydroxylation of aliphatic hydrocarbons, which is considered one of the most difficult reactions 
catalyzed by a P450.  A covalently bound heme contributes to this selectivity along with heme ruffling and an 
atypical orientation of the 7-propionate.  In contrast, subfamily 3A active sites are much larger near the heme 
iron and extend further from helix I.  These attributes of 3A4 and 3A5 are likely to account for drug 
metabolites that are not readily formed by family 1 and 2 P450s. Helix F, which is positioned above the heme 
in family 1 and 2 P450s, is shorter, and the upper surface of the active site is more flexible in 3A4 and 3A5.  
Despite the high sequence identity, the active site architecture of 3A5 differs significantly from 3A4. 
Applications of P450 structures include identification of key interactions with substrates or inhibitors that 
underlie drug-drug interactions for application in drug redesign, computational predictions of substrate and 
inhibitor binding, molecular dynamics simulations as well as X-ray crystal structures of P450-drug complexes. 
Supported by NIH grant GM031001.
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Structures and drug targeting of M. tuberculosis P450 enzymes: screening for 
function and inhibition 
 

Kirsty J McLean1, Madeline E Kavanagh2, Richard B Tunnicliffe1, Anthony G Coyne2, Matthew Snee1, Irwin R 
Selvam1, Colin W Levy1, Chris Abell2, Andrew W Munro1. 
1Manchester Institute of Biotechnology, University of Manchester, Manchester, UK; 2Department of 
Chemistry, University of Cambridge, Cambridge, UK. 

 
Introduction. The human pathogen Mycobacterium tuberculosis (Mtb) contains a large cohort of P450s 
reflecting the importance of some of these enzymes to bacterial viability/infectivity. Their abundance is also 
understandable in light of the known specificity of many other P450s for lipid substrates, and in view of the 
complex lipid biochemistry in Mtb. Recent studies have revealed biochemical functions for a number of Mtb 
P450s and have demonstrated their roles in infectivity, virulence and metabolism of host sterols. However, 
like many facets of Mtb biochemistry, roles of several other Mtb P450s are largely unknown.  
 
Aims. We have undertaken screening studies, utilizing both compound library and fragment based 
approaches, to discover new Mtb P450 ligands for both functionally characterized P450s and others of 
unknown specificity. The aim is to find potent and selective inhibitors of pivotal Mtb P450s, as well as identify 
ǎǳōǎǘǊŀǘŜǎ ŦƻǊ ΨƻǊǇƘŀƴǎΩΣ ŀƴŘ ǳƭǘƛƳŀǘŜƭȅ ŘŜŦƛƴŜ ǘƘŜƛǊ ŎŜƭƭǳƭŀǊ ǊƻƭŜǎ ƛƴ aǘōΦ 
 
Methods. The fragment-based (FB) approach to drug discovery complements high throughput screening 
(HTS). FB methodology involves building larger, more potent lead drug candidates from weaker binding low 
molecular weight fragments. FB screening adventitiously explores vast amounts of chemical space using a 
relatively small library that gives desirable high ligand efficiency (binding energy vs. molecular complexity). 
Structural and biophysical studies of HTS and FB approaches are undertaken with ligand hits derived from 
both the screening processes. 
 
Results. Our FB and HTS studies have identified ligands for a number Mtb CYPs including the attractive anti-
TB targets CYP121 & 125 as well as the orphan enzymes CYP126, 141, 143 & 144. Crystal structures, general 
characterization and inhibition studies have identified isoform selectivity and enabled fragment merging and 
elaboration, building on the structures of screening hits for a new Mtb P450-specific inhibitor.  
 
Discussion. HTS and FB approaches provide solid foundations for the rational design and synthesis of more 
potent and selective Mtb CYP inhibitors to produce novel anti-TB drug candidates. These molecules will also 
be employed as tools for chemical biology to aid characterization of orphan CYPs and to understand the roles 
of these enzymes in Mtb and how important CYPs relate to Mtb infection, growth and persistence. 
 
Conclusion. These studies present screening and associated structural data of key Mtb P450s and provide 
important information data for the selection and design of inhibitors. Here we report the development of 
new drug leads using FB and HT screening techniques. 
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Substrate recognition and orientation in cytochrome P450 involves the entire 
enzyme 
 

Thomas C. Pochapsky1, Eliana K. Asciutto2. 
1Departments of Chemistry, Biochemistry and Rosenstiel Basic Medical Sciences Institute, Brandeis 
University, Waltham, Massachusetts USA; 2School of Science and Technology, UNSAM/CONICET, Buenos 
Aires, Argentina. 

  
The P450 superfamily is remarkable for the range of substrate/product combinations it exhibits while 
maintaining a highly conserved global fold.  We have used experimentally restrained molecular dynamics 
(MD) simulations to probe the response of the enzyme structure to the presence/absence of substrate, as 
well as to the orientation of substrate in the active site (1).    
 
In order to ascertain the roles of structural features of CYP101A1 (P450cam) remote from the active site in 
binding and orientation of substrate (d-camphor), residual dipolar couplings (RDCs) were measured by NMR 
for specifically assigned 1H,15N correlations in CYP101A1 with and without substrate bound.  The RDCs were 
used as restraints in fully solvated MD simulations to obtain ensembles of solution conformations of 
CYP101A1 in both states (2,3). Further simulations combined with perturbation response scanning (PRS) 
analysis allowed identification of normal modes active in the two forms.        
 
The binding of substrate in the CYP101A1 active site activates long range normal modes that connect across 
the longest diagonals of the enzyme structure, while modes active without substrate present are shorter 
range and less well-defined.  Furthermore, reorientation of substrate away from preferred orientation in the 
active site resulted in loss of long-range modes, indicating that the entire enzyme structure is involved in 
determining preferred binding orientation and hence the site of oxidation of substrate by the enzyme. Results 
suggest that modified substrate binding orientations and/or novel substrates for purposes of enzyme 
engineering might be discovered by computational mutation.  We are currently attempting to use this 
approach to change the site of selective oxidation of camphor by CYP101A1.  This work is supported by US 
NIH grant GM-130997.  
 
1. Asciutto, E.K. & Pochapsky, T.C. (2018) Some surprising implications of NMR-directed simulations of 

substrate recognition and binding by cytochrome P450cam (CYP101A1). J. Mol. Biol., 430, 1295-1310. 
2. Asciutto, E.K., Dang, M., Pochapsky, S.S., Madura, J. & Pochapsky, T.C. (2011) Experimentally restrained 

molecular dynamics simulations for characterizing the open states of cytochrome P450cam.  
Biochemistry 50, 1644-1671.   

3. Asciutto, E.K., Young, M.J., Madura, J., Pochapsky, S.S. & Pochapsky, T.C. (2012) Solution structural 
ensembles of substrate-free cytochrome P450cam.  Biochemistry 51, 3383-3393. 



 
Book of oral abstracts 

204 

Reassessing Cytochrome P450 Mechanism through the Dynamical Perspective 
 
Kshatresh Dutta Dubey  
Department of Chemistry, Shiv Nadar University, Gautam Buddha Nagar, U.P-201314, India 

  
Understanding biological machines, and the rules that govern their autonomous features, is important. 
Cytochrome P450 (CYP450) is a Nano-reactor/machine, which uses oxygen, two reducing- and two proton-
equivalents to oxidize a plethora of molecules (so-called substrates) as means of supplying bio-organisms 
with essential molecules [like brain neurotransmitters, etc.], and protecting the biosystems against 
poisoning. A most enticing property of CYP450s, is that once an oxidizable substrate enters the active site, 
ǘƘƛǎ ƛƴƛǘƛŀǘŜǎ ŀ ŎŀǘŀƭȅǘƛŎ ŎȅŎƭŜ ǘƘŀǘ ŦǳƴŎǘƛƻƴǎ άŀǳǘƻƳŀǘƛŎŀƭƭȅέ ƛƴ ŀ ǎŜǉǳŜƴŎŜ ƻŦ ŜǾŜƴǘǎΣ ǇǊƻǇŀƎŀǘŜŘ ōȅ ǘƘŜ 
protein choreography, as though the enzyme had its own mind.  
 
All this timed-choreography within the protein cannot be understood without molecular dynamic (MD) 
simulations, which explore how the movements and constraints of the protein residues as well as the 
entrance of the substrates control the timing of the steps and their chemical outcomes. Our recognition of 
this fact, led us to explore in the past years a few CYP450s [CYP450-3A4, CYP450-BM3, CYP-{tʰΣ /¸tпрлcam] 
by MD simulations combined with quantum mechanical / molecular mechanical (QM/MM) calculations. 
These studies established key elements for understanding the autonomous appearance of this enzyme.1,2 
This presentation provides understanding of these features based on our molecular dynamics (MD) and 
QM/MM studies in the past years or so.  
 
1. Dubey, K.D.; Shaik, S. Choreography of the reductase and P450BM3 domains toward electron transfer is 

instigated by the substrate. J. Am. Chem. Soc, 2018, 140, 683-690. 
2. Dubey, K.D.; Wang, B.; Shaik, S. Molecular Dynamics and QM/MM Calculations Predict the Substrate 

Induced Gating of Cytochrome P450 BM3 and the Regio- and Stereoselectivity of Fatty Acid 
Hydroxylation.  J. Am. Chem. Soc. 2016, 138, 837-845. 
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Caught in the act: Monitoring O-O bond cleavage to form cytochrome P450 
Compound I in real time 
 
John H. Dawson,1 Anuja Modi,1 Indika Bandara,1 Mary Glascock,1 Heather Voegtle Clontz,1 Shengxi Jin,1 
Thomas A. Bryson,1 Masanori Sono,1 Daniel P. Collins,1 Emily Johnson,1 Eric D. Coulter,1 Zanna Beharry,1 and 
David P. Ballou1 

1Department of Chemistry and Biochemistry, University of South Carolina, Columbia, SC 29208 USA 
(jdawson@mailbox.sc.edu); and 2Department of Biological Chemistry, University of Michigan, Ann Arbor, MI 
48109 USA  
  
Cytochrome P450 is a remarkable heme-containing oxygenase that activates O2 for O-atom insertion into 
unactivated hydrocarbons. The active catalyst is a ferryl [oxo-iron(IV)] porphyrin radical (Compound I) that 
can also be made from the ferric enzyme by reaction with peracids and other O-atom donors.  Using rapid-
scan stopped-flow techniques, we have observed an acylperoxo-ferric heme intermediate that undergoes O-
O bond cleavage to generate Compound I. Thus we can directly follow Compound I formation in real time 
and investigate factors that influence its formation rate, providing useful information regarding the 
mechanism of dioxygen activation by P450. 
 
Although Compound I is the most powerful P450 intermediate, preceding peroxo and hydroperoxo 
ƛƴǘŜǊƳŜŘƛŀǘŜǎ ƘŀǾŜ ōŜŜƴ ǇǊƻǇƻǎŜŘ ŀǎ ǎŜŎƻƴŘŀǊȅ ƻȄƛŘŀƴǘǎΦ ¦ǎƛƴƎ ŀ tпрл ǾŀǊƛŀƴǘ ǘƘŀǘ ŘƻŜǎƴΩǘ ŦƻǊƳ /ƻƳǇƻǳƴd 
I, we have investigated the role of these two species as second active P450 oxidants.    
 
Funding: NIH GM 26730; NSF MCB 0820456 
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A Structural Model of a P450-Ferredoxin Complex from Orientation-Selective 
Double Electron-Electron Resonance Spectroscopy 
 
Alice Bowen1, Eachan O.D. Johnson2, Francesco Mercuri3, Nicola J. Hoskins2, Ruihong Qiao4, James S. O. 

McCullagh5, Janet Lovett1,^, Stephen G. Bell2,ʒ , Weihong Zhou4, Christiane Timmel1, Luet Lok Wong2, Jeffrey 
R. Harmer1,§ 
1Centre for Applied Electron Spin Resonance, Department of Chemistry, University of Oxford, Inorganic 
Chemistry Laboratory, Oxford OX1 3QR, UK; 2Inorganic Chemistry Laboratory, Department of Chemistry, 
University of Oxford, South Parks Road, Oxford OX1 3QR, UK; 3Consiglio Nazionale delle Ricerche (CNR), 
Istituto per lo Studio dei Materiali Nanostrutturati (ISMN) Via P. Gobetti 101, 40129 Bologna, Italy; 4College 
of Life Sciences, Nankai University, Tianjin 300071, China; 5Chemistry Research Laboratory, Department of 
Chemistry, University of Oxford, Mansfield Road, Oxford OX1 3TA, U.K. 
 
^ Current address: Department of Chemistry, The University of Edinburgh, UK. 

 ʒCurrent address: Department of Chemistry, University of Adelaide, SA 5005, Australia. 
§ Current address: Centre for Advanced Imaging, University of Queensland, St Lucia, Australia. 
 

 
Cytochrome P450 (CYP) monooxygenases 
catalyze the oxidation of chemically inert 
carbon-hydrogen bonds in diverse 
endogenous and exogenous organic 
compounds by atmospheric oxygen. This CςH 
bond oxy-functionalization activity has huge 
potential in biotechnological applications. 
Class I CYPs receive the two electrons required 
for oxygen activation from NAD(P)H via a 
ferredoxin reductase and ferredoxin. The 
interaction of Class I CYPs with their cognate 
ferredoxin is specific. In order to reconstitute 
the activity of diverse CYPs, structural characterization of CYP-ferredoxin complexes is necessary, but little 
structural information is available. Here we report a structural model of such a complex (CYP199A2-HaPux) 
in frozen solution derived from distance and orientation restraints gathered by the EPR technique of 
orientation-selective double electron-electron resonance (os-DEER). [1] The long-lived oscillations in the os-
DEER spectra were well modeled by a single orientation of the CYP199A2-HaPux complex. The structure is 
different from the two known Class I CYP-Fdx structures: CYP11A1-Adx and CYP101A1-Pdx. At the protein 
interface HaPux residues in the [Fe2S2] cluster-ōƛƴŘƛƴƎ ƭƻƻǇ ŀƴŘ ǘƘŜ ʰо ƘŜƭƛȄΣ ŀƴŘ ǘƘŜ /-terminus residue 
interact with CYP199A2 residues in the proximal loop and the C helix. These residue contacts are consistent 
with biochemical data on CYP199A2-ferredoxin binding and electron transfer. Electron tunneling calculations 
indicate an efficient electron transfer pathway from the [Fe2S2] cluster to the heme. This new structural 
model of a CYP-Fdx complex provides the basis for tailoring CYP enzymes for which the cognate ferredoxin is 
not known, to accept electrons from HaPux and display monooxygenase activity. 
 
1. Bowen et al J. Am. Chem. Soc., 2018, 140, 2514-2527. 
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CYP2J2 and EETs in diabetes and cardiovascular disease 
 
Rheem Totah 
University of Washington, USA 
 
Cytochrome P450 2J2 (CYP2J2) is the only member of the human CYP2J subfamily and it is mainly expressed 
in the heart, pancreas, kidney and brain.  CYP2J2 is a drug metabolizing P450 capable of oxidizing several 
drug classes but it is mainly known for its endogenous function of oxidizing arachidonic acid (AA) to four 
regioisomer epoxides (cis-epoxyeicosatrienoic acids, EETs). EETs have many known properties and protect 
against cardiovascular disease and diabetes induced cardiomyopathy.  In a transgenic mouse model 
overexpressing human CYP2J2 in the cardiomyocytes, mice suffer less negative consequences due to 
myocardial infarction and resulting fibrosis and cardiomyocytes produce less reactive oxygen species 
compared to control wild type mice. In adult derived human cardiomyocytes, ablating CYP2J2 activity, either 
with chemical inhibitors or gene silencing, renders the cells significantly more susceptible to doxorubicin and 
reactive oxygen species toxicity. In human ventricular heart tissue, CYP2J2 expression and EET levels are 
lower in tissue derived from diseased hearts compared to healthy control hearts. In addition, RNA-seq 
analyses demonstrate that the CYP2J2 gene modulates diverse transcriptional programs crucial to 
cardiomyocyte function beyond EET production. The mouse and human data presented, all support a central 
role for CYP2J2 in maintaining cardiomyocyte homeostasis and protecting against cardiomyopathy.  



 
Book of oral abstracts 

208 

Extracellular vesicles as novel markers of in vivo Cytochrome P450 phenotype 
 

Michael J Sorich1, Andrew Rowland1, A David Rodrigues2  
1College of Medicine and Public Health, Flinders University, Adelaide, Australia. 2ADME Sciences Medicine 
Design Group, Pfizer Inc, Groton, CT, USA. 

  
Introduction. Cytochrome P450 (CYP) 3A4 plays a major role in the metabolism and elimination of many 
clinically used small molecule drugs. Variability in CYP3A4 activity is primarily driven by differences in 
expression that are poorly described by pharmacogenetics. Extracellular nanovesicles (exosomes) are of 
great interest as a source of biomarkers as they contain cargo, including proteins, derived from their cells of 
origin and hence may reflect the functional state of that organ. 
 
Aims. This study sought to evaluate the expression and ex vivo activity of CYP3A4 protein isolated from 
circulating exosomes, and correlations with in vivo midazolam clearance. 
 
Methods. Plasma-derived exosomes of were characterised by transmission electron microscopy, 
nanoparticle tracking analysis and identification of verified protein markers. CYP3A4 protein expression in 
plasma-derived exosomes from 6 healthy males pre- and post- rifampicin dosing was quantified by ELISA. 
The ex vivo activity of exosome-derived CYP3A4 protein was examined by assessment of NADPH-dependent 
oxidation of midazolam to 1-hydroxy midazolam. 
 
Results. Kinetic data for the 1-hydroxy midazolam formation by exosomes was well described by the 
Michaelis-Menten equation, with mean kinetic parameters (Km, Vmax) of 6.5 µM and 31.1 pmol/min/mg. 
Mean (95% CI) plasma exosome derived CYP3A4 protein expression in the pre- and post- rifampicin phase 
was 2.4 (2.0 - 2.8) and 4.2 (2.1 - 6.5) ng/mL, respectively. Good correlations were obtained for exosome-
derived CYP3A4 protein expression (R2 = 0.91) and ex vivo CYP3A4 activity (R2 = 0.83) with midazolam CL/F.  
 
Discussion. Plasma exosome-derived CYP3A4 protein was functionally active and there was strong 
concordance with midazolam CL/F for both exosome-derived CYP3A4 protein expression and ex vivo activity. 
The significance being that in vivo CYP3A4 activity is poorly described by existing pharmacogenetic strategies. 
 
Conclusion. Plasma derived exosomes provide insight into between- and with-subject differences in in vivo 
CYP3A4 activity.  
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Extrahepatic human CYPs - CYP4Z1 and more 
 

Matthias Bureik1 
1Health Science Platform, School of Pharmaceutical Science and Technology (SPST), Tianjin University, Tianjin, 
China 
 
Plasma membrane localization of CYP4Z1 and CYP19A1 and the detection of anti-CYP19A1 autoantibodies in 
humans [1]. Aberrant protein targeting to the plasma surface of cells is thought to be one of the factors that 
can stimulate the immune system to generate autoantibodies (aAbs) against these proteins. It is well known 
that a number of microsomal CYPs can be detected on the plasma membrane surface of rodent or human 
hepatocytes, and all of these CYPs are also known antigens. Previously we demonstrated the presence of 
human CYP4Z1 on the plasma membrane of MCF-7 breast cancer cells and the detection of high titers of anti-
CYP4Z1 aAbs in breast cancer patients, but not in healthy controls. Very recently we showed that cells of the 
normal breast cell line MCF-10A do not display CYP4Z1 on their surface. By contrast, we detected CYP19A1 
(aromatase) on the plasma membrane of both cell lines. Interestingly, the presence of CYPs on the cell surface 
did not correlate with their relative expression levels in these cell lines. Indirect ELISA experiments 
demonstrated the presence of anti-CYP19A1 aAbs in female breast cancer patient sera as well as in male and 
female controls, respectively; aAb titers in all three groups varied considerably and overall, the results 
obtained for each group were not significantly different from those of either of the other two groups. Based 
on these data we propose the hypothesis that CYP translocation to the plasma membrane, but not the 
intracellular expression level, is the crucial precondition for the generation of anti-CYP aAbs. 

 
Functional expression of all human cytochrome P450 enzymes including the last three orphans [2]. A 
complete set of recombinant fission yeast strains that coexpress each of the 57 human cytochrome P450 
enzymes together with its natural human electron transfer partner(s) was cloned. This strain collection was 
tested with two luminogenic probe substrates and 31 human CYPs (including CYP2A7, CYP4A22 and CYP20A1) 
were found to metabolize at least one of these. Since other substrates are known for the remaining enzymes, 
all human CYPs are now shown to be active. Interestingly, CYP5A1 (thromboxane synthase, TXAS) was found 
for the first time to act on a substrate other than prostaglandin H2 (PGH2), and, moreover, to catalyze an 
aliphatic hydroxylation reaction that consumes molecular oxygen. Also, the ability of adrenal CYP11A1 
(P450scc) to catalyze an aryl hydroxylation is an unexpected finding. Finally, CYP20A1 is an interesting case 
because this gene is highly conserved from sea anemone and sponge to humans, but no activity of any CYP20 
enzyme from any organism was reported so far. We demonstrate that human CYP20A1 can catalyze both the 
aliphatic hydroxylation of Luciferin-ME and the aryl hydroxylation of Luciferin-H. 
 
1. Khayeka-Wandabwa, C., Ma, X., Cao, X., Nunna, V., Pathak, J. L., Bernhardt, R., Cai, P. & Bureik, M. 

(2019). Plasma membrane localization of CYP4Z1 and CYP19A1 and the detection of anti-CYP19A1 
autoantibodies in humans. Int Immunopharmacol., 73, 64-71. 

2. Durairaj, P., Fan, L., Du, W., Ahmad, S., Mebrahtu, D., Sharma, S., Ashraf, R. A., Liu, J., Liu, Q. & Bureik, 
M. (in press). Functional expression and activity screening of all human cytochrome P450 enzymes in 
fission yeast. FEBS Lett.
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Design and characterization of selective mechanism-based inhibitors of CYP4Z1 
 

John P. Kowalski1, Matthew G. McDonald1, Helmut Hanenberg2, Connie Wiek2, Allan E. Rettie1 

1Department of Medicinal Chemistry, University of Washington, Seattle, USA; 2Department of 
Otorhinolaryngology, Heinrich Heine University, DǸsseldorf, Germany. 

 
Introduction: The cytochrome P450 4 (CYP4) family constitutes thirteen enzymes in humans that are typically 
involved in fatty acid and eicosanoid oxidation. CYP4Z1 is selectively expressed in human mammary tissue 
and is the most highly upregulated CYP4 gene in breast cancer. Our recent studies demonstrated that 
CYP4Z1-dependent metabolism of arachidonic acid generates 14,15-epoxyeicosatrienoic acid (14,15-EET), a 
metabolite shown to enhance tumor growth and metastasis1. Therefore, chemical Inhibitors of CYP4Z1 would 
be expected to be of utility in deciphering the role of the enzyme in breast cancer. 
 
Aims: Our primary goal is the development of new 
CYP4Z1-specific inhibitors that will be useful for 
studying the (patho)physiological role(s) of this 
relatively unknown P450.  
 
Methods: We have synthesized a series of N-1-
aminobenzotriazole (ABT) analogs, which 
behave as mechanism-based inhibitors of 
CYP4Z1 (Figure 1). Inhibitors were screened for 
time-dependent inhibition using luciferin benzyl 
ether2 to monitor CYP4Z1 activity and against 
other commercially available CYP4 enzymes to evaluate isoform selectivity utilizing pro-luciferins. Inhibition 
of hepatic CYPs was investigated via a cocktail approach in human liver microsomes. 
 
Results: An aliphatic chain length of six to eight carbons is ideal for potency, while the addition of a carboxylic 
acid moiety to inhibitors confers substantial selectivity towards CYP4Z1. Our top hits have shifted IC50 values 
for CYP4Z1 of 200 nM and show dramatic time-dependent effects. The most potent, and selective, analog 

displays a KI = 2.2 mM, Kinact = 0.15 min-1, and partition ratio of ~25 for CYP4Z1.  
 
Discussion: The currently known inhibitors of CYP4Z1 are promiscuous towards many CYP isozymes1,2. The 
ABT-analog design we have employed places the location of bioactivation at an internal molecular site to 
direct oxidative attack by CYP4Z1. To mimic the identified CYP4Z1 substrates, a carboxylic acid moiety at the 
alkyl terminus was added. This enables selective recognition of these inhibitors by non-covalently heme 
bound CYP4 enzymes, particularly CYP4Z1. Ongoing studies are assessing inhibitory activity in recombinantly 
expressed CYP4Z1 purified to homogeneity and probing the specific mechanism of CYP4Z1 inactivation by 
these compounds from investigation of heme adduct formation/destruction. 
 
Conclusion: We have designed, synthesized, and characterized multiple time-dependent inhibitors that are 
highly selective for CYP4Z1. These will be useful tools to enable biochemical characterization of CYP4Z1 and 
help unravel the role that bioactive lipid metabolites play in breast cancer progression.  
 
1. McDonald, M. G., et al. (2017). Expression and Functional Characterization of Breast Cancer-Associated Cytochrome 
P450 4Z1 in Saccharomyces cerevisiae. Drug Metab Dispos 45(12) 1364-1371. 
2. Yan, Q., et al. (2017). Efficient substrate screening and inhibitor testing of human CYP4Z1 using permeabilized 
recombinant fission yeast. Biochem Pharmacol 146 174-187.

Figure 1. The dominant CYP4Z1-dependent arachidonic acid metabolite is 
14,15-EET. Modification of ABT positions the site of CYP-mediated 
bioactivation internally, generating potent CYP4Z1 mechanism-based 
inhibitors. *Primary oxidation sites. 
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CYP46A1 as a Potential Target for Alzheimer's Disease Treatment 
 

Irina Pikuleva 
Department of Ophthalmology and Visual Sciences, Case Western Reserve University, Cleveland, OH, USA 

  
LƴǘǊƻŘǳŎǘƛƻƴΦ /ǳǊǊŜƴǘƭȅΣ ǘƘŜǊŜ ƛǎ ƴƻǘ ŎǳǊŜ ŦƻǊ !ƭȊƘŜƛƳŜǊΩǎ ŘƛǎŜŀǎŜ ό!5ύΤ ŀƭƭ ǘǊŜŀǘƳŜƴǘǎ ŀǊŜ ǎȅƳǇǘƻƳŀǘƛŎΦ 
 
Aims. To evaluate whether CYP46A1 could be a pharmacologic target for AD and small doses of efavirenz 
(EFV) an anti-AD medication. CYP46A1 is the cholesterol 24-hydroxylase that controls cholesterol elimination 
from the brain. EFV is the FDA-approved reverse transcriptase inhibitor, which is given to HIV carriers at the 
600 mg/day dose. 
 
Methods. Crystallization of CYP46A1. Screening of the FDA-approved drugs for modulation of CYP46A1 
activity in vitro and in vivo. Treatments of 5XFAD mice (an AD model) with EFV for CYP46A1 activation. Omics 
and other studies to gain mechanistic insights into the EFV effects. Structure activity relationship of EFV for 
CYP46A1. Clinical trial to evaluate EFV effects on people with mild cognitive impairment due to AD.  
 
Results. The CYP46A1 active site is plastic and can accommodate the FDA-approved drugs of different sizes, 
shapes, and polarity, which either inhibit or activate CYP46A1 in vitro and in vivo. Small doses of EFV activate 

CYP46A1 and improve behavioral performance of 5XFAD mice; the effect on the amyloid b burden is the 
treatment paradigm-specific. The omics and other data suggest that the CYP46A1 activity modulation affects 
multiple signaling pathways and processes via its membrane effects. EFV analogs were found, which in vitro 
are even better CYP46A1 activators than EFV. 
 
Discussion. Studies are on-going to better understand how the CYP46A1 activity modulation affects multiple 
cellular events and whether the next generation of CYP46A1 activators could be developed. 
 
Conclusion. All available data suggest that CYP46A1 is a viable therapeutic target for AD, and we will 
ultimately develop a drug candidate which is better than EFV for its effect on CYP46A1 activation.  
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Molecular mechanism of vitamin D action in the rats genetically deficient in 
CYP27B1 or vitamin D receptor 
 
Toshiyuki Sakaki 
Toyama Prefectural University, Japan 
 

1a,25-Dihydroxyvitamin D3 (1,25(OH)2D3) is known to exert various physiological actions by binding to 
vitamin D receptor (VDR). However, recent studies have suggested at least five types of effects of vitamin D 
and/or VDR, namely, (1) VDR-dependent effects of 1,25(OH)2D3, (2) VDR-independent effects of 1,25(OH)2D3, 
(3) VDR-dependent effects of 25(OH)D3, (4) VDR-independent effects of 25(OH)D3, (5) Ligand-independent 
effects of VDR. Recently, we have successfully generated rats deficient in the Cyp27b1 or Vdr gene using the 
CRISPR/Cas9 system for genome editing. In addition, human type II rickets model rats with a mutant Vdr 
(R270L), which recognizes 1,25(OH)2D3 with an affinity equivalent to that of 25(OH)D3, was also generated. 
Cyp27b1-KO, Vdr-KO, and Vdr (R270L) rats showed rickets symptoms, including growth retardation and 
abnormal bone formation. Cyp27b1-KO rats had notably low plasma Ca levels and severe growth retardation, 
while Vdr-KO rats showed abnormal skin formation and alopecia. Thus, these three genetically modified rat 
strains exhibited different phenotypic characteristics from each other. The discrepancy between wild type 
(WT) and Vdr (R270L) rats could be a result of (1) VDR-dependent effects of 1,25(OH)2D3. The discrepancy 
between Vdr (R270L) and Cyp27b1-KO rats could be derived from (2) VDR-independent effects of 
1,25(OH)2D3. Comparison of the Vdr (R270L) and Vdr-KO rats might reveal (3) VDR-dependent effects of 
25(OH)D3 or (5) ligand-independent effects of VDR. Administration of 25(OH)D3 at around млл ˃ƎκƪƎ ōǿκŘŀȅ 

restored rickets symptoms in Cyp27b1-KO and Vdr (R270L) rats, respectively. The effect of 25(OH)D3 on Vdr 
(R270L) rats suggested a direct action of 25(OH)D3 via VDR-genomic pathways. Our results suggest that the 
VDR-dependent effects of a high affinity ligand of VDR are complemented by high levels of a low-affinity VDR 
ligand. However, this could not be confirmed by 25(OH)D3 administration to Cyp27b1-KO rats, because of 
alternative synthesis of 1,25(OH)2D3, probably by Cyp27a1, in the liver.   
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CYP11A1 and CYP27A1 activate the pre-vitamin D3 photoproduct, lumisterol, by 
hydroxylating its side chain. 
 

Robert C. Tuckey1 
1School of Molecular Sciences, The University of Western Australia, Perth, Australia. 

  
Introduction.  Vitamin D3 is produced from the action of UVB radiation on 7-dehydrocholesterol (7DHC) in 
the skin which causes breakage of the B ring of the sterol. The initial photoproduct is pre-vitamin D3 which 
undergoes a thermal isomerization to vitamin D3.  With further exposure to UVB radiation the B ring of pre-
vitamin D3 can reform producing lumisterol3 (L3) which has a different stereochemical conformation at C10 
compared to 7DHC. L3 was believed to be a dead-end product of UVB-driven 7DHC metabolism, with its 
formation preventing excessive vitamin D production during prolonged exposure of the skin to UVB radiation.  
Both CYP11A1 and CYP27A1 efficiently hydroxylate the side chain of 7DHC producing biologically active 
hydroxy-metabolites. Since 7DHC and L3 are diasteromers, it is possible that these P450s also hydroxylate 
L3.  
 
Aims.  To test the abilities of human CYP11A1 and human CYP27A1 to metabolize L3 and test the biological 
activity of any resulting hydroxy-derivatives. 
 
Methods.  CYP11A1 and CYP27A1 were expressed in E. coli, purified, reconstituted with adrenodoxin 
reductase and adrenodoxin and activity assayed with substrates dissolved in 2-hydroxypropyl- -̡cyclodextrin 
or phospholipid vesicles.  Products were measured by reverse-phase HPLC and identified by mass 
spectrometry and NMR.  LCMS was used to measure the concentrations of L3 and its hydroxy-derivatives in 
human serum.  Cultured human skin cells were used to test the activities of the L3 derivatives on cell 
proliferation, differentiation and response to oxidative stress. 
 
Results.  Purified CYP11A1 metabolized L3 to a number of products, with the three major ones being 
identified by mass spectrometry and NMR as 22-hydroxyL3, 24-hydroxyL3 and 20,22-dihydroxyL3.  Minor 
products identified by comparison to authentic standards included 20-hydroxyL3 and pregnalumisterol (L3 
with 6 carbons removed from its side chain as in pregnenolone).  Purified CYP27A1 efficiently metabolized 
L3 to three major products, 27R-hydroxyL3, 27S-hydroxyL3 and 25-hydroxyL3, identified by mass 
spectrometry and NMR.  Liver mitochondria which express CYP27A1 produced the same products.  CYP27A1 
was also able to further metabolize the CYP11A1 products, 22-hydroxyL3 and 24-hydroxyL3 but the products 
remain to be identified.  Analysis of human serum confirmed the presence of L3, 20-hydroxyL3 and 22-
hydroxyL3, and at higher concentrations than vitamin D3, indicating that the P450-dependent metabolism of 
lumisterol occurs in vivo.  Both the CYP27A1- and CYP11A1-derived hydroxylumisterols were able to inhibit 
the proliferation of human keratinocytes in cell culture with high potency with 20-hydroxyL3 being shown to 
regulate many genes including ones involved in skin cell differentiation and their response to oxidative stress. 
 
Discussion.  Both CYP11A1 and CYP27A1 can hydroxylate the side chain of L3 with CYP27A1 displaying high 
catalytic efficiency. Positions of hydroxylation were consistent with known sites of hydroxylation of other 
substrates including 7DHC, ergosterol and vitamins D3 and D2. The major metabolites displayed biological 
activity on skin cells, with many effects being similar to those of 1,25-dihydroxyvitamin D3. 
 
Conclusion. L3 is not a dead-end product of excessive UVB radiation but is activated by CYP11A1 and CYP27A1 
to products that have at least some actions similar to those of 1,25-dihydroxyvitamin D3.
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Late stage lead diversification utilizing cytochrome P450 enzymes 
 
R. Scott Obach 
Pfizer Inc., Groton, CT, USA 
 
Late stage lead diversification is a novel technique in drug design whereby a single molecule that possesses 
some activity toward a molecular target can be converted simultaneously into multiple analogues in the hope 
that a new analogue will possess superior qualities (e.g. greater intrinsic potency, lower intrinsic clearance, 
etc).  Since the structures of the lead molecules are relatively complex as compared to typical synthesis 
building block molecules and they bear multiple substituents that could be sensitive to harsh reaction 
conditions, it is desired to be able to conduct lead diversification under mild reaction conditions.  Enzymes 
that possess broad substrate selectivity are well suited to this, and therefore the cytochromes P450 have 
been leveraged for lead diversification.  They have the advantages that there are hundreds of P450 enzymes 
and that each one has the potential to catalyze reactions at multiple sites on a molecule.  In this presentation, 
the use of cytochrome P450 enzymes (natural and engineered) and liver microsomes in lead diversification 
will be described.  Coupling this reaction format to specialized isolation techniques, high resolution mass 
spectrometry, and quantitative cryomicroprobe NMR spectroscopy is a highly effective process whereby 
hundreds of new molecules can be made for pharmacological testing.  In addition, since P450 enzymes mostly 
only catalyze various oxidation reactions, other lead diversification reactions that leverage relatively non-
specific radical mechanisms, such as the Minisci reaction and others, can complement P450 catalyzed lead 
diversification to offer a wider array of new substituents that can be introduced into a single lead molecule.  
Finally, in addition to the advantages described above, miniaturization of these reactions to the sub-milligram 
scale also offers a green chemistry approach.      
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P450s in drug discovery pipeline: Perspectives on methods to optimize and 
characterize the interaction of new medicines with P450s 
 
Griff Humphreys1 
1Aranmore Pharma Consulting, Lawrenceville, USA  
 
The discovery and development of new drugs requires a full understanding of the metabolism properties of that drug 
in the context of intended use. In the discovery phase, new compound classes should be evaluated for their potential 
to serve as substrates or modulate the activity of P450 enzymes. These properties must be translated to determine 
whether they may lead to unacceptable pharmacokinetics or pose potential safety risks. New candidates must be 
thoroughly characterized to determine all aspects of their interactions with P450 enzymes. This presentation will cover 
methodologies to characterize the P450 product profiles found during clinical study of new drug candidates.   
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High-Throughput In Vitro Tools to Assess Potential Drug-Drug Interactions 
 

Michael R. Wester, Dora Santos, Jessica Larsen, Yongmin Li, Weichao Chen.  
Drug Metabolism & Pharmacokinetics, Vertex Pharmaceuticals Inc., San Diego, USA 

  
As patient populations age and polypharmacy approaches are becoming more common, P450 mediated 
drug-drug interactions are a significant hurdle in the drug discovery and development process.  Prediction of 
test article perpetrated CYP induction or CYP inhibition is one key to minimizing risk of failure when potential 
new medicines are brought to the clinic.  In vitro assays to help de-risk DDI have been identified, however 
throughputs are often modest.  Because of the increased scrutiny for potential drug candidates to cause 
drug-drug interactions, drug discovery project teams are placing in vitro assays intended to detect DDI earlier 
in the project testing cascade, often requiring throughput equivalent to target potency and metabolic 
stability assays.  This means that traditional approaches to de-risk compounds for DDI cannot keep up with 
the demand for data to make design decisions inherent with the design cycles of modern medicinal chemistry 
teams. Strategies for increasing throughput while retaining or improving decision making quality of in vitro 
assays include adoption of alternative reagents, miniaturization, automation and data handling methods.   
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P450 Mediated Clearance: From Screening to Mechanistic Studies for PK Predictions  
 

Natalie A. Hosea 
Takeda Pharmaceuticals, Global Drug Metabolism & Pharmacokinetics Department, San Diego, California, 
USA. 

  
Prediction of human pharmacokinetics (PK) is a fundamental practice for optimizing compound attributes 
and assessing human suitability for drug development. Advances toward understanding the key mechanistic 
determinants of human PK have enabled incorporation of screening approaches, particularly for P450-
mediated clearance, to influence design of improved human therapeutics. Throughout the drug discovery 
process, understanding and characterizing P450-mediated metabolism is imperative to anticipating and 
translating preclinical studies to human given these enzymes play a predominant role in the clearance of 
numerous therapies1. Studies typically range from simple screening of compound intrinsic hepatic clearance 
in vitro to in vitro or in vivo extensive metabolite profiling along with reaction phenotyping to determine 
predominant enzymes involved. As a 1st tier screening and triaging approach, compounds synthesized are 
routinely screened in human liver microsomes for P450-mediated clearance. In cases where clearance in vitro 
is not ideal, the data is leveraged to define structure-activity-relationships for metabolism and clearance of 
the chemical equity to inform optimization strategies, where as molecules that demonstrate suitable 
clearance properties are typically evaluated in more thorough in vitro and in vivo studies to define major 
mechanisms of clearance and metabolism. Since retrospective analyses of PK predictions indicate successful 
predictions are high when P450-mediated metabolism is a primary route of clearance2, data from clearance 
screens and mechanistic studies, when coupled with in silico predicted or scaled volume of distribution and 
absorption, enable prediction of a human PK profile when P450 is a primary clearance pathway. Herein, case 
studies will be presented to exemplify how results on P450s govern PK prediction approaches. 
 
1. Cerny (2016) Prevalence of Non-Cytochrome P450-Mediated Metabolism in Food and Drug 

Administration-Approved Oral and Intravenous Drugs: 2006-2015. DMD 44:1246-1252. 
2. Hosea et. al. (2009) Prediction of human pharmacokientics from preclinical information: comparative 

accuracy of quantitiative prediction approaches. J. Clin. Pharmacol. 49(5):513-533 
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Bacterial and mammalian steroid hydroxylases: What can they learn from each 
other? 
 

Rita Bernhardt  
Institute of Biochemistry, Saarland University, Campus B2.2, D-66123 Saarbrücken, Germany  

  
Introduction. Steroids play a pivotal role in the metabolism of mammals. Their synthesis is realized via 6 
steroid hydroxylases as well as 2 hydroxysteroid dehydrogenases and a reductase. Interestingly, also several 
bacteria are able to convert steroids although the physiological meaning of this process is not known.  
 
Aims. We are interested to identify similarities and differences between mammalian and bacterial steroid 
hydroxylases to get deeper insight into their function and to use this knowledge for biotechnological 
purposes. 
 
Methods. We analysed adrenal steroid hydroxylases concerning their function and regulation and identified, 
cloned, expressed and characterized several bacterial steroid hydroxylases 
 
Results. Several bacterial steroid hydroxylases were identified and characterized concerning their substrates 
and products and some were displaying novel selectivities of hydroxylation. The knowledge obtained during 
experiments to change the selectivity of mammalian steroid hydroxylases and structural data of the bacterial 
enzymes helped to the design bacterial steroid hydroxylase concerning their hydroxylation selectivity (1,2). 
Moreover, the effect of redox partner interaction on hydroxylation selectivity has been analysed and 
characterized in detail (3). 
 
Discussion. Although we know several parameters important for the selectivity of steroid hydroxylation, we 
need more data on the structure and the mode of substrate binding. 
 
Conclusion. Evolutionary and structural data pave the way for understanding the structural basis for the 
selectivity of steroid hydroxylation and for the possibility to use this knowledge for biotechnological 
purposes.  
 
1. Nguyen, K.T., Virus, C., Günnewich, N., Hannemann, F. and Bernhardt, R. (2012) Changing the 

Regioselectivity of a P450 from C15 to C11 Hydroxylation of Progesterone. Chembiochem 13, 1161-1166, 

2012 

2. YƘŀǘǊƛΣ ¸ΦΣ WƽȋǿƛƪΣ LΦ YΦΣ wƛƴƎƭŜΣ aΦΣ LƻƴŜǎŎǳΣ LΦ !ΦΣ [ƛǘzenburger, M., Hutter, M. C., Thunnissen, M. A. W. H. 

& Bernhardt, R. (2018). Structure-based engineering of steroidogenic CYP260A1 for stereo-and 

regioselective hydroxylation of progesterone. ACS chemical biology. 13 (4), 1021-1028 

3. Sagadin T, Riehm JL, Milhim M, Hutter MC, Bernhardt R. (2018) Binding modes of CYP106A2 redox 

partners determine differences in progesterone hydroxylation product patterns. Commun Biol. 1, in 

press

https://www.ncbi.nlm.nih.gov/pubmed/30271979
https://www.ncbi.nlm.nih.gov/pubmed/30271979


 
Book of oral abstracts 

308 

Clinical Applications of Steroidogenic Cytochrome P450 Inhibitors 
 
Richard J. Auchus1,2.  
1Department of Pharmacology and 2Department of Internal Medicine, Division of Metabolism, 
Endocrinology, and Diabetes, University of Michigan, Ann Arbor, MI, USA. 
  
Introduction. Proper steroid hormone production is essential for a multitude of physiologic functions, 
including blood pressure regulation, carbohydrate metabolism, and reproduction. Disorders of 
inappropriately high or low steroid production cause a variety of human diseases, and several benign and 
malignant neoplasias are steroid-hormone dependent. To treat these disorders, specific inhibitors of 
steroidogenic enzymes have been developed.   
 
Aims. The purpose of this presentation is to review the pathways of steroid biosynthesis and to discuss the 
drugs that are either currently in clinical use or in development to block specific steroidogenic cytochrome 
P450 enzymes. 
 
Methods. Synthesis of literature data and data from our laboratory demonstrating the potency and selectivity 
of steroidogenic cytochrome P450 inhibitors. 
 
Results. In human steroidogenesis, 3 mitochondrial enzymes (P450s 11A1, 11B1, and 11B2) and 3 microsomal 
enzymes (P450 17A1, 21A2, and 19A1) Relatively weak and not very specific steroidogenic P450 inhibitors 
were developed decades ago, including aminoglutethimide and metyrapone. Ketoconazole was among the 
first azole-based orally active antifungal drugs designed to inhibit P450 51A1; however, ketoconazole inhibits 
many mammalian P450s, including several steroidogenic enzymes. Specific P450 19A1 (aromatase) inhibitors 
were first developed in the 1970s, but potent azole-based drugs (letrozole, fadrozole) revolutionized the 
treatment of breast cancer and surpassed tamoxifen as first-line endocrine therapy for postmenopausal 
estrogen receptor-positive tumors. In 2011, abiraterone acetate, a potent and selective P450 17A1 inhibitor, 
was approved for treatment of castration-resistant prostate cancer. In late 2018, the results of a phase III 
trial of osilodrostat, a potent P450 11B1 (and 11B2) inhibitor, for the treatment of Cushing disease were 
presented, and a second phase III registration trial is in progress. Several companies have presented 
preclinical data of selective P450 11B2 and P450 11A1 inhibitors for various indications. 
 
Discussion. Drugs that target P450 19A1 and 17A1 are in clinical use today as first-line therapies for estrogen- 
or androgen-dependent malignancies, respectively. Osilodrostat, which targets P450 11B1, is in late-stage 
clinical trials, and inhibitors of P450 11A1 and 11B2 are in development. Among the human steroidogenic 
cytochrome P450 enzymes, only P450 21A2 has not surfaced as a pharmacologic target. 
 
Conclusion. Despite concerns for off-target effects and competition from steroid receptor antagonists, drugs 
that inhibit the human steroidogenic cytochrome P450 enzymes have been developed and gained 
widespread clinical use, with additional agents forthcoming.  
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The promiscuous role of CYP17A1 in the metabolism of C11-oxy C21 steroids 
 

Amanda C. Swart 
Department of Biochemistry, Stellenbosch University, Stellenbosch 7600, South Africa  

 
/ȅǘƻŎƘǊƻƳŜ tпрл мтʰ-hydroxylase/17,20-lyase (CYP17A1) plays a pivotal role in the metabolism of C11-
oxy C21 steroids yielding C11-oxy C19 steroids. The C11-oxy C21 ǎǘŜǊƻƛŘǎΣ ммʲ-hydroxyprogesterone 
όммʲhItпύ ŀƴŘ нм-ŘŜƻȄȅŎƻǊǘƛǎƻƭ όнмŘCύ ŀǊŜ ōƛƻǎȅƴǘƘŜǎƛȊŜŘ ƛƴ ǘƘŜ ŀŘǊŜƴŀƭ ƎƭŀƴŘ ōȅ ŎȅǘƻŎƘǊƻƳŜ tпрл ммʲ-
ƘȅŘǊƻȄȅƭŀǎŜ ό/¸tмм.ύ ǿƘƛŎƘ ŎŀǘŀƭȅȊŜǎ ǘƘŜ ммʲ-hydroxylation of prƻƎŜǎǘŜǊƻƴŜ ŀƴŘ мтʰ-
hydroxyprogesterone (17OHP4). CYP17A1 ŀƭǎƻ ŎŀǘŀƭȅȊŜǎ ǘƘŜ мтʰ-ƘȅŘǊƻȄȅƭŀǘƛƻƴ ƻŦ ммʲhItп ŀǘ /мт yielding 
21dF, albeit not as efficiently as the CYP11B1 catalyzed reaction.  
 
.ƻǘƘ ммʲhItп ŀƴŘ нмŘC ŀǊŜ ǎǳōǎŜǉǳŜƴǘƭȅ ƳŜǘŀōƻƭƛȊŜŘ ōȅ ммʲ-hydroxysǘŜǊƻƛŘ ŘŜƘȅŘǊƻƎŜƴŀǎŜ όммʲI{5ύ 
type 2 yielding 11-keto intermediates, 11-ketoprogesterone (11KP4) and 21-deoxycortisone (21dE) with 
ммʲI{5 ǘȅǇŜ м ŎŀǘŀƭȅȊƛƴƎ ǘƘŜ ǊŜǾŜǊǎŜ ǊŜŀŎǘƛƻƴΦ hǘƘŜǊ /мм-oxy C21 ǎǘŜǊƻƛŘǎΣ ммʰ-hydroxyprogesterone 
όммʰhItпύ ŀƴŘ мм-ketodihydroprogesterone (11KDHP4) have also been detected in circulation together 
with the aforementioned steroids. While the production of the C11-oxy C21 steroids and metabolites can be 
ŀǘǘǊƛōǳǘŜŘ ǘƻ /¸tмм.Σ ммʲI{5 ŀƴŘ рʰ-ǊŜŘǳŎǘŀǎŜ ό{w5р!ύΣ ǘƘŜ ƻǊƛƎƛƴ ƻŦ ммʰhItп remains unknown. 
 
The role of CYP17A1 in the backdoor pathway in which 17OHP4 is converted to dihydrotestosterone is well 
established. In this pathway, CYP17A1 catalyzes the 17,20-lyase reaction converting the C21 steroid to a C19 
steroid. We have shown that the C11-oxy C21 steroids, once reduced by SRD5A at C4/C5, follow the same 
metabolic pathway as 17OHP4 catalyzed by the same steroidogenic enzymes. However, in the C11-oxy 
ōŀŎƪŘƻƻǊ ǇŀǘƘǿŀȅΣ /¸tмт!м ŎŀǘŀƭȅȊŜǎ ōƻǘƘ ǘƘŜ мтʰ-hydroxylase and the 17,20-lyase reaction in the 
conversion of C21 to C19 steroids.  
 
The biosynthesis of C11-oxy C19 steroids via C11-oxy C21 steroids potentially adds to the androgen pool in 
adrenal disorders and diseases. Clinical conditions characterized by C19 steroid excess include, amongst 
ƻǘƘŜǊǎΣ ŎȅǘƻŎƘǊƻƳŜ tпрл нмʰ-hydroxylase (CYP21A2) deficiency, polycystic ovarian syndrome, prostate 
cancer and benign prostatic hyperplasia in which these C11-oxy steroids have all been identified. The C11-
oxy C21 steroids and C11-oxy C19 steroids, however, remain to be fully explored ςnot only in pathophysiology 
but also in sexual differentiation and development. 
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One enzyme, two reactions: A story about cytochrome P450c17  
 
Lisandra (Lisa) L. Martin  
School of Chemistry, Monash University, Clayton, Australia 
 

 
 
 
The biosynthetic pathways for steroid hormones begins with cholesterol and uses spatial and temporal 
control to direct steroid precursors towards three classes of hormones; (i) mineralocorticoids that control 
salt balance, (ii) glucocorticoids for metabolism and (iii) androgens; male sex hormones. Cytochrome P450c17 
is a multi-functional P450, and synthesises precursors for both cortisols and androgens via two sequential 
ǊŜŀŎǘƛƻƴǎΣ ƛΦŜΦ мтʰ-hydroxylase and 17,20-lyase. Functionally, it is known that both these reactions require 
electrons transferred by NADPH via the electron donor cytochrome P450 oxidoreductase (CPR). The first 
reaction occurs in all cells where P450c17 is expressed, however, the second reaction, namely the 17,20-
lyase activity, only occurs where the small haem-protein cytochrome b5 is co-expressed. Surprisingly, 
cytochrome b5 and cytochrome P450 oxidoreductase have overlapping binding sites on the surface of the 
P450c17 enzyme. This poses several questions: How does cytochrome b5 and cytochrome P450 
oxidoreductase interact with P450c17 - structurally, functionally and physiologically? Mechanistically, how 
does the allosteric interaction with cytochrome b5 specifically regulate the P450c17 activity? Finally, how 
does the one enzyme achieve regulate two essential classes of steroid hormones, in vivo and how can we 
exploit this, to develop an inhibitor specific for androgens?  
 
We have used FRET in live cells, bioanalytical measurements (direct electrochemistry and a quartz crystal 
microbalance) in vitro and molecular modelling that predicts that the P450c17 forms a stable homodimer 
structure,1,2 ŀƭƭƻǿƛƴƎ ǘƘŜ /tw ŀƴŘ ŎȅǘƻŎƘǊƻƳŜ ōр ǇǊƻǘŜƛƴǎ ǘƻ ŦƻǊƳ ŀ ΨŦǳƴŎǘƛƻƴŀƭ ǘŜǘǊŀƳŜǊƛŎ ŎƻƳǇƭŜȄΩ3. This 
model is fully consistent with extensive experimental data published over the last two decades and could 
resolve the conundrum as to how P450c17 interacts with two proteins using the same interaction site.  
 
1. Praporski, S., Ng, S., Nguyen, A., Corbin, C.J., Mechler, A., Zheng, J., Conley, A.J., Martin, L.L., Organization 

of Enzymes Involved in Sex Steroid Synthesis: Protein-protein interactions in lipid layers, J. Biol. Chem., 

(2009), 284(48) 33224-33232. 

2. Simonov, A.N., Holien, J.K., Yeung, J.C.I., Nguyen, A.D., Corbin, C.J., Zheng, J., Kuznetsov, V.L., Auchus, 

R.J., Conley, A.J., Bond, A.M., Parker, M.W., Rodgers, R.J., Martin, L.L., Mechanistic scrutiny identifies a 

kinetic role for cytochrome b5 regulation of human cytochrome P450c17, PLoS One, (2015) 10(11), 

e0141252. 

3. Holien, J.K., M.W. Parker, A.J. Conley, C.J. Corbin, R.J. Rodgers, L.L. Martin, A homodimer model can 

resolve the conundrum as to how cytochrome P450 oxidoreductase and cytochrome b5 compete for the 

same binding site on cytochrome P450c17, Current Proteins & Peptide Science, (2017) 18, 515-517.
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Light-triggered P450 biocatalysis using Ru(II)-diimine complexes 
 

Lionel Cheruzel1.  
1Department of Chemistry, San Jose State University, San Jose, CA, U.S.A. 

  
Introduction. Alternative approaches to activate P450 enzymes have received recent attention in an attempt 
to circumvent the use of redox partners and NADPH cofactor. In particular, the use of light-harvesting units 
has proven useful in triggering P450 activity upon visible light-excitation.1  
 
Aims. Our laboratory aimed at using Ru(II)-diimine complexes and 
their unique excited properties to harness P450 synthetic 
potential.2  
 
Methods. Their covalent attachment to non-native single cysteine 
residues has enabled rapid electron injections into the heme 
domain of several bacterial P450 enzymes, i.e. P450 BM3 and 
CYP119.3 Additional approaches have been explored to expand the 
scope of the light-driven P450 activity utilizing these inorganic 
complexes.  
 
Results/Discussion. Recent efforts focused on uncoupling pathways and coupling efficiency in the light-driven 
hybrid enzymes investigated to date. Valuable insights have been gained by quantifying with HPLC the 
amounts of side-products obtained over the course of the reaction.3 In addition, we have taken advantage 
of the visible light activation and the Ru(II) complexes to develop chemoenzymatic approaches.4 

 

Conclusion. The use of Ru(II)-diimine complexes has enabled the light-activation of various bacterial P450 
enzymes and recent insights have been obtained regarding the coupling efficiency in those systems. In 
addition, chemoenzymatic approaches are being explored to marry the advantages of chemical catalysis with 
the selectivity of biocatalysts. 
 
1. Shalan, H.; Kato, M. & Cheruzel, L. (2018). Keeping the Spotlight on Cytochrome P450, Biochim. Biophys. 

Acta, Prot. 1866, 80-87. 
2. Lam, Q.; Kato, M. & Cheruzel, L. (2016) Ru(II)-diimine functionalized metalloproteins: From electron 

transfer studies to light-driven biocatalysis Biochim. Biophys. Acta. Bioenerg. 1857, 237-242. 
3. Kato, M.; Melkie, M.; Leti, L.; Li, J.; Foley, B. & Cheruzel L. (2019) Coupling efficiency in light-driven hybrid 

P450BM3 and CYP119 enzymes, Submitted. 
4. Sosa, V.; Melkie, M.; Sulca, C.; Li, J.; Tang, T.; Li, J.; Faris, J.; Foley, B.; Banh, T.; Kato, M. & Cheruzel, L. 

(2018). Selective light-driven chemoenzymatic trifluoromethylation/hydroxylation of substituted arenes, 
ACS Catal., 8, 2225-2229. 
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Light-driven biosynthesis: Optimizing electron transfer to monooxygenases 

 
Poul Erik Jensen 
Copenhagen Plant Science Center, Department of Plant and Environmental Sciences, University of 
Copenhagen, Thorvaldsensvej 40, DK-1871 Frederiksberg C. 

  
Oxygenic photosynthetic organisms can very efficiently convert solar energy into chemical energy using 
water as an electron donor. The aim of light-driven catalysis is to harness solar energy, in the form of reducing 
power, to drive enzymatic reactions requiring electrons for their catalytic cycle. Light-driven enzymes have 
been shown to have a large number of biotechnological applications that range from the production of high-
value secondary metabolites to the development of green chemistry processes. Here, I will highlight recent 
key developments in the field of light-driven catalysis using biological components. 
 
Important natural products are often synthesized in low quantities by their host organism and can be difficult 
to produce by chemical synthesis. The cytochromes P450 (P450s) situated in the ER play key roles in natural 
product biosynthesis, and are powered by electron transfers from NADPH. We have shown that plant P450s 
can be expressed in chloroplasts and cyanobacteria where they are directed to the thylakoid membrane (1,2). 
Here, the photosynthetic electron transport will support P450 catalytic activity independent of NADPH. To 
route reducing power more efficiently to P450s, we have fused them with ferredoxin or flavodoxin-like FMN 
domains (3,4). These fusions allow the P450s to obtain electrons for catalysis directly from the photosynthetic 
electron transport chain by interacting with photosystem I and make them competitive with the natural 
occurring ferredoxin requiring enzymes. Further improvements can be obtained by scaffolding the enzymes 
of a pathway. In a novel strategy, we have fused P450s with transmembrane domains of TatB from the 
chloroplast twin arginine translocation system (5). This reduced the accumulation of unwanted intermediates 
and side products and increased the accumulation of the end product fivefold. This work shows that 
chloroplasts and cyanobacteria are attractive for metabolic engineering, and suggests unexplored potential 
for engineering of photosynthetic electron transfer chains to accommodate heterologous enzymes. 
 
1. Gnanasekaran et al. (2016) J. Exp. Bot. 67(8):2495-506. 
2. Wlodarczyka et al. (2016) Met. Engineering 33: 1-11.  
3. Mellor et al. (2016) ACS Chem. Biol. 11(7):1862-9.  
4. Mellor et al. (2019). Submitted 
5. Henriques de Jesus et al. (2017). Met. Engineering 44: 108-116. 
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NADPH-independent cytochrome P450 catalysis through flavin-mediated transfer 
of photo-induced electrons 
 

Chul-Ho Yun, Thien-Kim Le  
Department of Biological Sciences and Biotechnology, School of Biological Sciences and Technology, 
Chonnam National University, Gwangju 61186, Republic of Korea.  

 
Introduction. Cytochrome P450s catalyze a wide 
range of regioselective and stereospecific 
oxygenation reactions on diverse substrates such as 
non-functionalized hydrocarbons for the 
biosynthesis of steroids, lipids, vitamins, and natural 
products. Despite the immense potential of P450s, 
the dependence on expensive nicotinamide cofactor 
(NADPH) and NADPH-P450 reductase limits their 
extensive employment for drug development and 
industrial applications. 

Aims. Here, we present a novel light-driven platform for P450 catalysis using natural flavins (e.g., FAD, FMN, 
riboflavin) as photosensitizers, which can eliminate the need for NADPH and NADPH-P450 reductase. 

Methods. We have devised and experimentally implemented a catalytic scheme for flavin-sensitized P450 
catalytic reactions free of NADPH and a reductase domain. Using visible light as a source of energy, human 
CYP2E1 and heme domains of bacterial CYP102A1 variants were employed for photobiocatalytic C-
hydroxylation reactions of substrates (e.g. 4-nitrophenol, 3-nitrophenol, and chlorzoxazone) in the absence 
of NADPH.  

Results. Using visible light as a source of energy, a P450 heme was reduced through the direct transfer of 
photo-induced electrons from photosensitized flavin molecules to the heme iron of P450. Human CYP2E1 
and heme domains of bacterial CYP102A1 variants were successfully employed for photobiocatalytic C-
hydroxylation reactions of substrates in the absence of NADPH. 

Discussion. We suggest a proof of concept that the photoactivation of flavins is productively coupled with 
the direct transfer of photo-induced electrons to P450 heme iron to boost P450 monooxygenase-achieving 
photobiocatalytic C-hydroxylation reactions. The light-driven, flavin-sensitized P450 catalysis could be 
performed in cost-effective and eco-friendly ways to create a promising discipline of green and sustainable 
chemistry with high potential for P450 applications. 

Conclusion. The current study demonstrates that the need for reductase (i.e., CPR) and cofactor NADPH (or 
its complicated regeneration system) can be avoided using visible light as a source of energy and EDTA as an 
electron donor. The photoactivation of natural flavins was productively coupled with the direct transfer of 
photo-induced electrons to P450 heme iron to boost P450 monooxygenase, achieving photobiocatalytic C-
hydroxylation reactions.  

1. Le, T. K., Park, J. H., Choi, D. S., Lee, G. Y., Choi, W. S., Jeong, K. J., Park, C. B., Yun, C. H. (2019). Solar-
driven biocatalytic C-hydroxylation through direct transfer of photoinduced electrons. Green Chem. 21, 
515-525.  

2. Park, J. H., Lee, S. H., Cha G. S., Choi, D. S.,  Nam, D. H., Lee, J. H.,  Lee, J. K., Yun, C. H., Jeong, K. J., Park, 
C. B. (2015) Cofactor-free light-driven whole-cell cytochrome P450 catalysis. Angew. Chem. Int. Ed. 54, 
969-973.
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Pharmacogenomics of drug-induced hypersensitivity 
 

Ana Alfirevic1.  
1Department of Molecular and Clinical Pharmacology, University of Liverpool, Liverpool, UK.  

  
Introduction. Genetic testing can help to predict, prevent, diagnose and/or 
understand the mechanisms of adverse drug reactions (ADRs) (Alfirevic and 
Pirmohamed, 2017). The human leukocyte antigen (HLA) genes located on 
chromosome 6 encode glycoproteins, which bind and present self and foreign 
peptide antigens recognised by T lymphocytes, leading to an immune 
response. There is a wide variety of HLA allele combinations and several HLA 
alleles have been strongly associated with ADRs.  

 
  Figure1. ADRs and genetics [1] 

 
Aims. Our research over the last decade focused on discovery of genetic markers for drug-induced 
hypersensitivity reactions and their clinical implementation. 
 
Methods. Genome-wide association studies, high throughput whole genome and whole exome sequencing 
(Illumina), sequence based HLA typing (Histogenetics and Omixon), HLA allele panel typing (MC Diagnostics), 
clinical decision support system development.  
 
Results. An overview of our research and current advances in pharmacogenomics of drug hypersensitivity 
will be presented. We will discuss recent rare variant analyses from whole genome screens in Caucasians on 
antiepileptic medications. We will discuss a recently developed HLA panel that includes 23 HLA risk alleles 
associated with ADRs. These alleles can be analysed in general clinical laboratories and the system is suitable 
for pre-emptive testing in diverse health care systems. To assist with clinical interpretation of the results, a 
decision support system has been developed.            
 
Discussion. Several prospective clinical trials have demonstrated that pre-treatment HLA testing can reduce 
the incidence of severe hypersensitivity (Table 1.) Our research enabled clinical implementation of genetic 

testing for prevention of ADRs. 
 
                     Table 1. Pre-treatment HLA testing can prevent serious hypersensitivity 
 
Conclusion. Strong evidence of ADR associations with HLA complex and more recently, with multiple other 
genes such as those encoding metabolizing enzymes, supports development of multiple marker panels to 
identify individuals at risk of developing ADRs in order to minimize harm of medicines.    
 
1. Alfirevic, A & Pirmohamed, M. (2017). Genomics of adverse drug reactions. Trends. Pharmacol. Sci., 
38(1),100-109.

Drug ADR prevention Ethnicity HLA allele Reference 

abacavir Hypersensitivity European B*57:01 Mallal, 2008 

carbamazepine SJS/TEN Taiwan B*15:02 Chen, 2011 

carbamazepine All cutaneous ADRs Japanese A*31:01 Mushiroda, 2018 

allopurinol Severe cutaneous ADRs Korean B*58:01 Park, 2019 

dapsone Hypersensitivity Chinese B*13:01 Liu, 2019 
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Convergence of CYP2A/2F and CYP19A1 in the mechanism of chemical-induced lung 
toxicity 
 

Xinxin Ding1, Laura Van Winkle2, Weiguo Han1, Nataliia Kovalchuk1, Liang Ding1, Pengfei Liu1, Weizhu Yang1, 
and Qing-Yu Zhang1 
1University of Arizona, Tucson, AZ, USA; 2University of California Davis, Davis, CA, USA 

 
Introduction. P450-dependent metabolism of endogenous compounds may control the homeostasis of 
important regulatory molecules; whereas P450-mediated metabolism of foreign chemicals may determine 
the tissue-burden of ultimate toxicants. Both types of reactions may be involved in determining the sensitivity 
of an individual to the toxicity of environmental chemicals, such as naphthalene, a lung toxicant and 
carcinogen.  
 
Aims. To test the hypothesis that, while airway epithelial P450 enzymes play important roles in initiating 
naphthalene-induced lung injury, lung macrophage CYP19A1 can increase estrogen production at sites of 
naphthalene-induced tissue injury, thereby promoting postexposure tissue repair. 
 
Methods. The impact of lung and liver P450 enzymes on toxicokinetics and acute toxicity of naphthalene was 
examined using a combination of Cyp2abfgs-null, CYP2A13/2F1-humanized, liver-Cpr-null, and lung-Cpr-null 
mouse models. A novel myeloid cell-specific Cyp19a1-null mouse model was generated. Cyp19a1 deletion 
was characterized through various assays. Adult Cyp19a1-null and control mice were treated with 
naphthalene to induce acute lung injury. Mice were analyzed at various times after the treatment for 
examination of extent of lung injury and repair. 
 
Results. While both hepatic and extrahepatic P450s contribute to naphthalene-induced lung toxicity via 
bioactivation, target tissue bioactivation in the lung is quantitatively more important to toxicity. Loss of 
macrophage CYP19A1 did not impact the degree of naphthalene-induced acute lung injury; but it appeared 
to cause a slower post-injury cellular proliferation in the airways, compared to WT mice.  
 
Discussion. The role of myeloid cell CYP19A1 in chemical-induced chronic lung diseases, including 
carcinogenesis, should be examined.  
 
Conclusion. Various P450 enzymes may contribute to interindividual differences in chemical toxicity through 
differing mechanisms, including toxicokinetics and tissue repair. This may be important for predicting the 
overall impact of interindividual differences in the activity of P450 reductase, which controls the activities of 
all microsomal P450 enzymes. (Supported in part by NIH grants CA092596 and ES020867)
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HLA, CYP, and DDI: The SCAR determinant and contributing factors  
 
Chonlaphat Sukasem1,2 
1Division of Pharmacogenomics and Personalized Medicine, Department of Pathology, Faculty of Medicine 
Ramathibodi Hospital, Mahidol University, Bangkok, Thailand; 2Laboratory for Pharmacogenomics, Somdech 
Phra Debaratana Medical Center (SDMC), Ramathibodi Hospital, Bangkok, Thailand 
 
Introduction. Severe cutaneous adverse reaction (SCAR) include SJS, TEN, DRESS and AGEP, which are most 
frequently caused by drugs. SCAR previously believed to be idiosyncratic or unpredictable. Recently, the HLA 
predisposition plays a critical role in drug-induced SCAR, other factors like individual differences in drug 
metabolism and elimination may also contribute in this life-threatening event. 
 
Aims. In this presentation, I primarily review the current cutting-edge in exploring the genetic predisposing 
factors of drug-induced SCAR, including HLA, CYP, and drug-drug interaction (DDI). 
 
Methods. The relationship between HLA alleles, genetic polymorphisms of drug-metabolizing enzyme genes 
and DDI as the risk factors of SCAR has been discussed for their clinical benefits in the better for prediction 
and prevention. 
 
Results. Commonly, human leukocyte antigen (HLA) molecules have a crucial role in the development of SCAR 
because they are the key elements in T-cell mediated immune responses. Therefore, genotyping of HLA 
alleles has been beneficial in screening for populations at risk of drug-induced SCAR and avoiding them from 
prescribing certain drug. In addition, drug metabolism, drug-drug interaction and patient underlying 
condition have been found to play a role in the pathogenesis of SCAR, such as the variation of CYP2C9 (*3) in 
phenytoin-induced SCAR and the impairment of renal function in allopurinol-induced SCAR, respectively. 
Moreover, drug-drug interaction (DDI) has been shown to be a risk factor for SCAR such as 
phenytoin/omeprazole and lamotrigine/depakine.  
 
Discussion. Pharmacogenomics studies in immune (HLA) and non-immune (CYP) related genes with the 
development of SCAR have been revealed recently. Taken together, further studies on risk factors are needed 
to develop more options on SCAR prevention and management.  
 
Conclusion. Now a day, pharmacogenomic studies of drug-induced SCAR have made important steps for 
prevention of SCAR with the identification of HLAs and genetic variants for genes encoding drug-metabolizing 
enzymes. These findings have successfully implicated for clinical practice in many countries to prevent a high-
risk patient from drug-induced SCAR. 
 
References 
1. Sukasem C, et al. (2018) Drug-Induced Stevens-Johnson Syndrome and Toxic Epidermal Necrolysis Call 

for Optimum Patient Stratification and Theranostics via Pharmacogenomics. Annu Rev Genomics Hum 
Genet. 19:329-353. 

2. Yampayon K and Sukasem C, et al. (2017) Influence of genetic and non-genetic factors on phenytoin-
induced severe cutaneous adverse drug reactions. Eur J Clin Pharmacol. 73:855-865. 

3. Sukasem C and Tempark. (2018) Pharmacogenomics: A New Approach for Preventing Severe Cutaneous 
Adverse Drug Reactions.  Genomics-Driven Healthcare: Trends in Disease Prevention and Treatment. 
373-409.
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A Dobzhanskian view of P450 form and function: Charting the evolutionary 
trajectories of xenobiotic-metabolising P450s using ancestral sequence 
reconstruction 
 
Elizabeth M.J. Gillam1, Raine E.S. Thomson1, Kurt L. Harris1, Jong-Min Baek1Σ {ǘŜǇƘƭƛƴŀ !Φ 5Ω/ǳƴƘŀ1, Connie 
M. Ross, Gabriel Foley1, Mikael Boden1, Yosephine Gumulya1, Ulrik Jurva2, and Shalini Andersson3  
1School of Chemistry and Molecular Biosciences, The University of Queensland, Brisbane, Australia; 2DMPK, 
Early Cardiovascular, Renal and Metabolism, R&D BioPharmaceuticals, Astrazeneca, Gothenburg, Sweden; 
3Discovery Sciences, R&D BioPharmaceuticals, Astrazeneca, Gothenburg, Sweden  
 
The xenobiotic-metabolising cytochrome P450 enzymes from the vertebrate CYP1, CYP2 and CYP3 families 
are distinguished by their generally broad and overlapping substrate specificity. These characteristics suit 
them well to a role in chemical defence, and it has been hypothesised that animal-plant chemical warfare 
may have been a major driver behind the evolution and proliferation of these P450 families. We have recently 
resurrected ancestors of the CYP3 and CYP2D (sub)families and shown that they are markedly more 
thermostable than the respective extant forms. This result raises a number of questions about the origin of 
these P450s. Was thermostability a common trait in ancestors of these P450 families? What was the 
physiological function of ancestral P450s? Did xenobiotic-metabolizing P450s evolve from antecedents that 
were equally promiscuous, or ancestors that metabolised a defined endogenous substrate?  
 
The aim of this study was to explore the evolutionary trajectories of xenobiotic-metabolising P450s. Multiple 
ancestors of the CYP1, CYP2 and CYP3 families were resurrected from different nodes in the evolutionary 
tree. Each ancestor was characterized for activity towards typical endo-and xenobiotic substrates of the 
respective extant descendants.  
 
Overall, thermostability correlated with evolutionary age, suggesting that this trait was carried over from 
P450s that existed in primordial, thermophilic organisms. However certain lineages showed increases in 
thermostability at specific points in their evolution. Notably, the most evolutionary diverse families were 
amongst the most thermostable. Qualitative differences were seen in the relative promiscuity of ancestral 
and extant forms in different families. Whereas the CYP3 ancestor showed similar catalytic activity to human 
CYP3A4, ancestors of the CYP2D and CYP1 families were less active towards typical substrates than the 
respective extant forms. By contrast the older ancestors of the CYP2A, CYP2B, CYP2C and CYP2E families were 
generally more promiscuous than their extant descendants, suggesting a specialisation towards particular 
classes of substrates during evolution of these subfamilies. Certain evolutionary intermediates of the CYP3 
and CYP1 families showed markedly enhanced turnover and altered regioselectivity towards particular 
substrates, including the production of novel metabolites. 
 
Ancestral resurrection allows an exploration of the evolution of structure and function in P450s. Our results 
suggest that the inherent thermostability of the ancestors of xenobiotic-metabolising P450s may have 
facilitated the evolutionary diversification of these enzymes. While the ancestral substrates of xenobiotic 
metabolising P450s are yet to be identified, the major families appear to have followed distinct evolutionary 
trajectories.
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Lineage-specific features in CYP51 catalysis and inhibition 
 

Galina I. Lepesheva1, Laura Friggeri1, Tatiana Y. Hargrove1, Michael R. Waterman1. 
1Department of Biochemistry, Vanderbilt University School of Medicine, Nashville, TN, USA. 

 
LƴǘǊƻŘǳŎǘƛƻƴΦ {ǘŜǊƻƭ мпʰ-demethylases (CYP51) are catalytically the most conserved cytochromes P450. From 
bacteria to mammals they catalyse the same three-step reaction that is absolutely required for biosynthesis 
of sterols. Structure-functional characterization of CYP51s from different phyla suggests that the rates of 
catalysis of the orthologs from evolutionarily younger species are higher while their susceptibility to 
inhibition is lower. 
 
Aims. To probe if the fast catalytic rate and resistance to inhibition of human CYP51 are connected with the 
higher flexibility of the I-helix. 
 
Methods. X-Ǌŀȅ ŎǊȅǎǘŀƭƭƻƎǊŀǇƘȅ ǊŜǾŜŀƭŜŘ ǘƘŀǘ ƘǳƳŀƴ /¸tрм Ƙŀǎ ŀ άōǊƻƪŜƴ L-ƘŜƭƛȄέ1, CYP51 sequence analysis 
suggested that the disruption of the main chain helical H-bonds in mammalian CYP51 might be due to the 
long sequence of polar residues (T/S)2. Site-directed mutagenesis of one of these residues was performed 
(T318I), and the mutant was characterized spectrally and enzymatically. 
 
Results. The T318I mutant of human CYP51 had unchanged substrate binding efficiency, lower catalytic 
turnover (Vmax=25 min-1 vs. 45 min-1), and >10-fold higher spectral binding affinity to the inhibitor VNI (Kd=0.4 
µM vs. 4.7 µM). Testing our in-house library of VNI derivatives confirmed higher susceptibility of the mutant 
to inhibition and outlined a direction to design potent inhibitors of human CYP51. Two compounds that act 
as functionally irreversible inhibitors (cannot be replaced by the substrate on the timescale of the assay) were 
synthetised. 
 
Discussion. Enzymatic assays suggest that two molecules of the 
inhibitor must be bound in the human CYP51 active site. Molecular 
modelling envisage that their high potency is due to the 
intermolecular H-bond formation. 
 
Conclusion. Long sequence of polar residues in the middle of the I-
helix accomplishes to human CYP51 resistance to inhibition. 
Although larger structures are required to inhibit the enzyme, it is 
druggable and can potentially serve as a target for cholesterol-
related human diseases. 
 
1. LŜǇŜǎƘŜǾŀΣ DΦLΣ ²ŀǘŜǊƳŀƴΣ aΦwΦ όнлммύΦ {ǘŜǊƻƭ мпʰ-demethylase as a therapeutic target for human 
trypanosomiasis and leishmaniasis. Curr. Top. Med. Chem., 11, 2060-2071. 
2. Hargrove, T.Y., Friggeri, L., Wawrzak, Z., Sivakumaran, S., Yazlovitskaya, E.M., Hiebert, S.W., Guengerich, 
F.P., Waterman, M.R., Lepesheva, G.I. (2016). IǳƳŀƴ ǎǘŜǊƻƭ мпʰ-demethylase as a target for anticancer 
chemotherapy: towards structure-aided drug design. J. Lipid Res., 57, 1552-1563.
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A diversity of diversifying selection on koala cytochrome P450 gene sequences 
 
Catherine E. Grueber1 
1 School of Life and Environmental Science, Faculty of Science, The University of Sydney, Australia 
  
Koala (Phascolarctos cinereus), an endemic Australian marsupial, feeds almost entirely on leaves from the 
Eucalyptus genus, a diet that would be toxic to most mammals. Sequencing the koala genome enables us to 
ōŜǘǘŜǊ ǳƴŘŜǊǎǘŀƴŘ ǘƘŜ ǎǇŜŎƛŜǎΩ ǳƴƛǉǳŜ ŀŘŀǇǘŀǘƛƻƴǎ ǘƻ ǘƘƛǎ ŘƛŜǘΦ ¢ƘŜ ǇǊŜǎŜƴǘŜŘ ǿƻǊƪ ŦƻǊƳǎ ǇŀǊǘ ƻŦ ǘƘƛǎ ƭŀǊƎŜǊ 
investigation (by researchers from the Koala Genome Consortium)1, by examining evidence of selection on 
cytochrome P450 monooxygenase (CYP) gene sequences across a multispecies alignment (N = 154 
sequences, 33 from koala, as well as sequences from nine other species). I tested for diversifying selection 
utilising a mixed-effects model of episodic diversifying selection to reveal codons under positive selection in 
only a part of the tree, while under purifying selection elsewhere. The results were used to examine whether 
koala-specific sequences showed greater evidence of selection, at particular codons, relative to sequences 
from other species. Conserved regions of the alignment showed a strong tendency towards negative 
(purifying) selection, as would be expected for a functional protein. Many codons with high coverage showed 
evidence of episodic selection, and significantly greater evidence for selection in koala-specific lineages than 
in other species. Furthermore, evidence of episodic selection in koala CYPs varied widely across genes. 
Collectively these results suggest that, despite a background of strong purifying selection generally, koala 
CYPs show evidence of diversifying selection: multiple genes are under different types of selection, and 
different codons appear to be under selection across genes. Together these findings have implications for 
our understanding of the evolution of toxin metabolism in mammals. 
 
1. WƻƘƴǎƻƴ wbΣ hΩaŜŀƭƭȅ 5Σ /ƘŜƴ ½Σ 9ǘƘŜǊƛƴƎǘƻƴ DWΣ Iƻ {¸²Σ bŀǎƘ ²WΣ DǊǳŜōŜǊ /9Σ /ƘŜƴƎ ¸Σ ²ƘƛǘǘƛƴƎǘƻƴ 

CM, Dennison S, Peel E, Haerty ²Σ hΩbŜƛƭƭ wWΣ /ƻƭƎŀƴ 5Σ wǳǎǎŜƭƭ ¢[Σ !ƭǉǳŜȊŀǊ-Planas DE, Attenbrow V, Bragg 
JG, Brandies PA, Chong AY-Y, Deakin JE, Di Palma F, Duda Z, Eldridge MDB, Ewart KM, Hogg CJ, Frankham 
GJ, Georges A, Gillett AK, Govendir M, Greenwood AD, Hayakawa T, Helgen KM, Hobbs M, Holleley CE, 
Heider TN, Jones EA, King A, Madden D, Graves JAM, Morris KM, Neaves LE, Patel HR, Polkinghorne A, 
Renfree MB, Robin C, Salinas R, Tsangaras K, Waters PD, Waters SA, Wright B, Wilkins MR, Timms P, Belov 
K (2018) Adaptation and conservation insights from the koala genome. Nature Genetics, 50, 1102ς1111. 
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P450 conservation as a window on the evolution of ecdysteroid synthesis 
 

Caitlyn Perry1, Charles Robin1.  
1School of BioSciences, The University of Melbourne, Melbourne, Australia.  

  
Introduction. The only P450s 
conserved across all arthropod 
subphyla are those which catalyse 
synthesis or metabolism of 
ecdysteroids. These steroid hormones 
play various roles, but have primarily 
been studied as regulators of 
moulting (periodic cuticle shedding) and metamorphosis. Although moulting invertebrates are 
monophyletic1, some, e.g. nematodes, do not appear to produce ecdysteroids. A major outstanding question 
about ecdysteroid evolution is ǿƘŜǘƘŜǊ ǘƘŜǎŜ ƳƻƭŜŎǳƭŜǎ ŀǊŜ ǇǊŜǎŜƴǘ ƛƴ ŀǊǘƘǊƻǇƻŘǎΩ Ŏƭƻǎest relatives, velvet 
worms and tardigrades. 
 
Aims. We sought to identify orthologs of the arthropod ecdysteroid synthesis P450 genes in the recently 
released genome of the tardigrade Hypsibius dujardini. Cloning our candidates into Drosophila melanogaster 
allowed subsequent testing of their capacity to rescue endogenous ecdysteroidogenic deficiencies. We have 
similarly cloned members of the relatively labile CYP307 family to establish whether duplications within this 
family are associated with functional changes. 
 
Methods. We manually annotated all H. dujardini P450 genes and assessed their relationships to insect 
ecdysteroidogenic P450s by constructing a Bayesian phylogeny containing sequences from diverse 
arthropods. Possible H. dujardini ecdysteroidogenic P450 orthologs, as well as four arthropod CYP307 genes, 
were cloned into Drosophila melanogaster and the transgenic flies crossed to lines carrying classical 
ecdysteroid deficiency mutations. 
 
Results. We have identified five candidate tardigrade ecdysteroidogenic P450 genes, one of which has 
already been described as an ortholog of arthropod CYP3152, and one of which is sister to the combined 
CYP302/CYP314 mitochondrial group. Determining the proportion of flies which survive to adulthood when 
these transgenes are expressed in various ecdysteroid-deficient backgrounds will provide data on how closely 
their activity mirrors that of their putative arthropod equivalents. 
 
Discussion. Previous reports of a CYP315 ortholog in H. dujardini suggest ecdysteroid synthesis, but 
phylogeny is an imperfect guide to activity. Functional analysis of multiple candidate enzymes is needed to 
test for ecdysteroid synthesis outside arthropods, especially as the ability of tardigrades (unlike arthropods) 
to produce sterols de novo may alter parts of the synthetic pathway. 
 
Conclusion. Although the transgenic approach outlined here has limitations ς for example, it will not identify 
tardigrade ecdysteroid synthesis genes which are not closely related to their functional equivalents in 
arthropods ς it provides a starting point for more detailed investigation of moulting in tardigrades and velvet 
worms as these organisms become more experimentally tractable. 
 
1. Aguinaldo, A.M.A., Turbeville, J.M., Linford, L.S et al. (1997). Evidence for a clade of nematodes, 
arthropods and other moulting animals. Nature, 387 (6632), 489-492. 
2. Nelson, D. R. (2018). Cytochrome P450 diversity in the tree of life. Biochim. Biophys. Acta, Proteins 

Proteomics, 1866 (1), 141-154.
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No rule without exceptions: Reconfiguration of cyanogenic glucoside 
biosynthesis across plant evolution 
 
Mette Sørensen1,2, Sara Thodberg1,2,3, Cecilie Cetti Hansen1,2,3, Raquel Sánchez-Pérez1,2,3,4, Birger Lindberg 
Møller1,2,3, Elizabeth H. J. Neilson1,2 
1Plant Biochemistry Laboratory, Department of Plant and Environmental Sciences, University of Copenhagen, 
Denmark; 2VILLUM Center for Plant Plasticity, University of Copenhagen, Denmark; 3Center for Synthetic 
Biology, University of Copenhagen, Denmark; 4Plant Breeding Department, CEBAS-CSIC, Murcia, Spain 
 
Plants produce a plethora of specialized metabolites and their formation is often orchestrated by the action 
of cytochromes P450 (CYPs). Cyanogenic glucosides are a widespread class of specialized metabolite that are 
biosynthesized by CYPs. In response to cell disruption, such as herbivore, cyanogenic glucosides detonate a 
ǘƻȄƛŎ άŎȅŀƴƛŘŜ ōƻƳōέΣ ǇǊƻǾƛŘƛƴƎ ŀ ƳŜŀǎǳǊŜ ƻŦ ŎƘŜƳƛŎŀƭ ŘŜŦense. In several plant species including sorghum, 
barley and cassava, biosynthesis is catalyzed by the sequential action of two multifunctional CYPs and a UDP-
glucosyltransferase (UGT). A CYP79 catalyzes conversion of the parent amino acid to the corresponding 
oxime. Thereafter, a CYP from the 71 or 736 family converts the oxime into a cyanohydrin, which is 
subsequently glucosylated by a UGT85 yielding the cyanogenic glucoside. 
 
We recently elucidated the pathway for cyanogenic glucoside biosynthesis in almond and eucalypt trees, and 
ƛƴ ŦŜǊƴǎΣ ŀƴŘ ƛŘŜƴǘƛŦƛŜŘ ōƛƻǎȅƴǘƘŜǘƛŎ άŜȄŎŜǇǘƛƻƴǎ ǘƻ ǘƘŜ ǊǳƭŜέΦ ²Ƙƛƭst cyanogenic glucoside biosynthesis in 
almond (Prunus dulcis)1 is catalyzed by the typical action of a CYP79, CYP71 and UGT85, cyanogenic glucoside 
synthesis in Eucalyptus cladocalyx2 involves an additional CYP from the CYP706 family. Specifically, the 
conversion of the oxime to the cyanohydrin is separated into two distinct steps: the CYP706 dehydrates the 
oxime to form a nitrile, which is then hydroxylated by a CYP71 to form a cyanohydrin. Notably, a four-step 
biosynthetic pathway was also identified in ferns; the evolutionary oldest group to synthesize cyanogenic 
glucosides. Here, the nitrile to cyanohydrin conversion is catalyzed by a fern-specific CYP, a CYP981. Ferns do 
not possess genes encoding CYP79s. Instead, the first step in cyanogenic glucoside synthesis is catalyzed by 
a flavin monooxygenase (FMO). Together, these results show that the cyanogenic glucoside biosynthesis 
across the plant kingdom provides unique examples of convergent evolution in specialized metabolism.  
 
1. Thodberg S, Del Cueto J, Mazzeo R, Pavan S, Lotti C, Dicenta F, Neilson EHJ, Moller BL, Sanchez-Perez R. 
2018. Elucidation of the Amygdalin Pathway Reveals the Metabolic Basis of Bitter and Sweet Almonds (Prunus 
dulcis). Plant Physiol 178(3): 1096-1111. 
2. Hansen CIC, Sørensen M, Veiga TAM, Zibrandtsen JFS, Heskes AM, Olsen CE, Boughton BA, Moller BL, 
Neilson EHJ. 2018. Reconfigured cyanogenic glucoside biosynthesis in Eucalyptus cladocalyx involves a 
cytochrome P450 CYP706C55. Plant Physiol 178(3): 1081-1095.
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Steroidal Saponin Biosynthetic Cytochromes P450 in Dioscorea transversa  
 

Lauren Salisbury, Jeanette Stok, James Beckett, Joanne Blanchfield and James De Voss  

School of Chemistry and Molecular Biosciences, The University of Queensland.  

 
Steroidal saponins are phytochemicals believed to be responsible for a wide variety of the observed 
bioactivities of herbal medicines, including anti-inflammatory, haemolytic, cytotoxic, anti-fungal and 
antibacterial properties. They are generally composed of a cholesterol nucleus with a number of introduced 
hydroxyl moieties, some of which are glycosylated.1 The pathway by which this family of natural products is 
biosynthesised is largely unknown. We proposed that a modified steroid biosynthesis pathway exists in plants 
that produce these saponins, allowing them to form cholesterol. This can then be hydroxylated by 
cytochromes P450 and subsequently glycosylated to yield saponins. Dioscorea transversa is an Australian 
species where only two steroidal saponins have beeƴ ƛŘŜƴǘƛŦƛŜŘΥ мʲ-hydroxyprotoneogracillin 1 (major); and 
protoneogracillin 2 (minor).2 This simple saponin profile makes D. transversa an ideal model system in which 
to elucidate the biosynthetic pathway of steroidal saponins. In order to investigate this pathway, we 
constructed and analysed the transcriptome of D. transversa rhizome and leaves. This analysis revealed 186 
putative cytochrome P450 unigenes, with a number of these genes having high homology to plant P450s 
known to be involved in the biosynthesis of steroidal phytochemicals. The gene of one of these D. transversa 
P450s (CYP90B57) was codon optimised and the N-terminus modified in order to heterologously express the 
protein in E. coli. CYP90B57 was then characterised with respect to its substrate specificity and activity and 
found to catalyse the hydroxylation at C22 of cholesterol to produce (22R)-22-hydroxycholesterol. This is 
believed to be the first committed step in the biosynthesis of saponins from cholesterol. The results of these 
investigations have help define the biosynthetic pathways of saponins and the enzymes responsible for the 
key steps in D. transversa.  
 

 
 
 
1. Challinor, V. L, De Voss, J. J. (2013). Open-chain steroidal glycosides, a diverse class of plant saponins. 

Nat. Prod. Rep., 30, 429-454. 
2. Challinor, V. L, Smith, D. M., De Voss, J. J. (2011). Steroidal Saponins Isolated from an Australian Yam 

(Dioscorea sp.). Aust. J. Chem. 64, 545-549. 
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Crystal structures of CYP90B1, a key enzyme in brassinosteroid biosynthesis 
 

Keisuke Fujiyama1, Tomoya Hino1,2, Hyoung Jae Lee3, Masaharu Mizutani3, Shingo Nagano1,2 
1Department of Chemistry and Biotechnology, Graduate School of Engineering, Tottori University, Tottori, 
Japan; 2Centre for Research on Green Sustainable Chemistry, Tottori University, Tottori, Japan; 4 Functional 
Phytochemistry, Graduate School of Agricultural Science, Kobe University, Kobe, Japan 

 
Brassinosteroids (BRs) are essential plant steroid hormones involved in the regulation of plant growth and 
development. Brassinolide, the most potent BR, is produced through the addition of multiple oxygen atoms 
to campesterol in a series of reactions that are mainly catalyzed by several cytochrome P450 
monooxygenases. Mutational inactivation of these enzymes results in severe dwarfism in plants, indicating 
their essential roles in the functionalization of phytosterols into bioactive steroid hormones. Among these 
enzymes, CYP90B1 (DWF4) catalyzes the 22(S)-hydroxylation of campesterol, which is the first and rate-
limiting step at the branch point of the biosynthetic pathway involved in the conversion of sterols into steroid 
hormones. Thus, CYP90B1 is a target for plant growth-retarding agrochemicals. No crystal structures of BR 
biosynthetic enzymes are yet available, which has hampered the understanding of BR biosynthesis and the 
mechanisms underlying their inhibition. Herein, we demonstrate the crystal structure of Arabidopsis thaliana 
CYP90B1 complexed with cholesterol, which is also 22(S)-hydroxylated, as observed with campesterol. The 
substrate-binding conformation observed in this crystal structure helps explain the stereoselective 
introduction of a hydroxy group at the 22S position. The resultant 22S-OH moiety, instead of a 22R-OH 
moiety, on brassinolide allows hydrogen-bonding interactions with the BR receptors. Thus, the substrate-
bound CYP90B1 structure unveiled the mechanism underlying the key step in the functionalization of 
phytosterol into BR. We also determined the crystal structures of CYP90B1 complexed with uniconazole or 
brassinazole, which are inhibitors of CYP90B1 and BR biosynthesis. The structures of the two inhibitors are 
similar; however, unexpectedly, their binding conformations are quite different. The shape and volume of 
the active site pocket also varies depending upon the inhibitor and substrate. To the best of our knowledge, 
the current work is the first crystallographic study on plant CYPs that function as membrane-anchored 
enzymes, and these structures of flexible enzymes can pave the foundation for the designing and 
development of novel inhibitors that target plant membrane-bound CYPs, including those involved in BR 
biosynthesis, which could then be used as plant growth regulators and agrochemicals. 
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A 2-step transformation of P450 BM3 from a fatty acid hydroxylase 
to a promiscuous biocatalyst 
 
Laura N. Jeffreys1, Harshwardhan Poddar1, Hazel M. Girvan1, Kirsty J. McLean1, David Leys1, Jon P. Waltho1, 
Matthew J. Cliff1, Michael W. Voice2 & Andrew W. Munro1. 
1Manchester Institute of Biotechnology, School of Chemistry, 131 Princess Street, Manchester M1 7DN, UK. 
2Cypex Ltd, 6 Tom McDonald Avenue, Dundee DD2 1NH, UK. 
 
The flavocytochrome enzyme now known as P450 BM3 from Bacillus megaterium was discovered by the late 
!ǊƳŀƴŘ CǳƭŎƻΩǎ ƎǊƻǳǇ ƛƴ мфтпΦ CǳƭŎƻΩǎ ǘŜŀƳ ŘŜƳƻƴǎǘǊŀǘŜŘ tпрл .aоΩǎ ŀōƛƭƛǘȅ ǘƻ ŎŀǘŀƭȅȊŜ ǘƘŜ ƘȅŘǊƻȄȅƭŀǘƛƻƴ 

of fatty acids at the w-1, w-2 and w-3 positions for a range of different fatty acid chain lengths. However, the 
ƛƳǇƻǊǘŀƴŎŜ ƻŦ ǘƘŜ .aо ŜƴȊȅƳŜ ƻƴƭȅ ōŜŎŀƳŜ ŎƭŜŀǊ ƛƴ ǘƘŜ ƭŀǘŜ мфулǎ ǿƘŜƴ CǳƭŎƻΩǎ ƎǊƻǳǇ Řiscovered that P450 
BM3 was a natural fusion enzyme formed by a fatty acid-binding P450 domain (N-terminal) joined to a 
cytochrome P450 reductase (CPR) domain through an inter-domain polypeptide linker region. BM3 has one 
of the highest catalytic rates of any P450 enzyme (~245 s-1 using arachidonic acid) and has been engineered 
by several groups to produce variants with diverse substrate specificity and catalytic properties. These 
include BM3 mutants able to produce molecules such as alkanes, drug metabolites, and hydroxylated 
flavonoids, polycyclic aromatic hydrocarbons and steroids. 
 
In our work, the P450 BM3 double mutant (DM) A82F/F87A was shown to bind a wide range of compounds 
that are not substrates for the wild-type enzyme. This outcome arises from the separate influences of the 
two mutations, which cause a conformational rearrangement in the protein (A82F) and create larger active 
site space (F87V). The combination of these mutations results in a much more promiscuous P450 BM3 
enzyme that we have shown to bind to large numbers of pharmaceutical drug compounds and, in many cases, 
to oxidize these compounds to metabolites that are known to be produced by human P450 enzymes.  
The presentation will focus on the applications of the DM BM3 in the binding and oxidation of diverse 

molecules, and their analysis using protein crystallography, spectroscopic and analytical approaches. 
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Unusual cytochrome P450-catalysed transformations in the biosynthesis of the 
thaxtomin phytotoxins 
 

Gregory L Challis1,2.  
1Department of Chemistry, University of Warwick, Coventry, United Kingdom; 2Department of Biochemistry 
and Molecular Biology, Monash University, Clayton, Australia. 

  
Cytochromes P450 (CYPs) catalyse numerous important reactions in the biosynthesis of bioactive natural 
products. The thaxtomins are phytotoxic natural products produced by Streptomyces scabies and related 
phytopathogenic Actinobacteria. They are assembled from L-4-nitrotryptohan and L-phenylalanine by a 
nonribomosomal peptide synthetase. The resulting N, N-dimethyl-diketopiperazine is converted to the 
mature thaxtomins by tandem hydroxylation of the phenylalaine residue. 
Two CYPs, TxtE and TxtC, play key roles in thaxtomin biosynthesis (Figure 1). TxtE catalyses nitration of L-
tryptophan at C-4 of the indole using dioxygen and NO (supplied by the nitric oxide synthase TxtD), expanding 
the diversity of CYP catalytic chemistry.1 TxtC converts the N, N-dimethyl-diketopiperazine intermediate in 
thaxtomin biosynthesis to thaxtomin A and other minor congeners, via sequential hydroxylation of the 

spatially remote a-C and phenyl group of the phenyalanine residue.2 

 

 
Figure 1: Reactions catalyzed by TxtE and TxtC in thaxtomin biosynthesis 

 

Here I summarise efforts to understand and exploit TxtE and TxtC using stopped flow kinetics, substrate 
analogues, saturation mutagenesis of active site residues, X-ray crystallography, and docking / molecular 
dynamics simulations. 
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