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Conformational changes in binding of substrates with human cytochrome P450
enzymes

F. Peter GuengerigiClayton J. Wilkey, Michael J. Reddish, Sarah M. Glass, and Thanh T. N. Phan
Department of Biochemistry, Vanderbilt University Schodetlicine, Nishville, TN, USA

Introduction. Extensive evidence now exists that P450 enzymes can exist in multiple conformations, at least
in the substratebound forms (e.g., crystallography). This multiplicity can be the result of either an induced
fit mechanism or onformational 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 invahin reacing the final state, regardless of the kinetic path.

Methods. Stoppedlow absorbance and fluorescence measurements were made with recombinant human
P450 enzymes. Analysis utilized kinetic modeling software (KinTek Explorer®).

Results. P450 1 bindingto its steroid ligands (pregnenolone and progesterone and tha-lydroxy
derivatives) is dominated by a conformational selection process, as judged by (a) decreasing rates of
substrate binding as a function of substrate concentration, (b) op@gsatterns 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 hstepulti
processesapparenty 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 tebostingand 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 substratesmidazolam 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 ratdp binding process. This does not
rule out the contibutions 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 pegéntial binding. It also follows that any
measured<y values are apparent ones. (Supported in part by NIH grant RO1 GM118122)
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P450 driven production of plant natural products

Birger Lindberg Mgller
Plant Biochemistry Labatory, Department of PlanBiology 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, cyangenic glucosides and vaimill P450s catalyze key steps in these pathwaiis. pathway
discovery process has been guided by transcriptomics and proteomics danddbynal characterization of

gene candidates using transient expression in tobacco andestaxpkession in yeast folleed by LAMSNMR

based structural identification of products obtained. Mass spectrombayed bieimaging technologies

have been optimized for plant tissues reaching a 5 micrometer resolution level to enable visualization of the
localization of the naturigoroducts at the cellular level, the importance of endogenigycling of auteoxic

natural products, and the storage of natural products like dhurrin and vanillin glucoside in dense bio
condensatex; & 0 f I O { ¢ aKn@ofarS8anceentrations based on natal deep eutectic solventdJsing the
styrenemaleic acid polymed 8 SR ¢ 0221 AS OdziiSNE (SOKy2ft23esx GKS
enzyme complexes (metabolons) catalyzing entire pathways has been demonstrated adgintmaic
organization of te complexes demonstrated using fluorescence lifetime imaging microscopy. Using the
approaches of synthetic biology for combinatorial biosynthehis finctional modules identified have been
assembled in new combinations to exghthe natural product landsape. 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 phytocHsmaating 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], Borch,J., Knudsen, C., BavisH,, Torta,F. et al.(2016). Characterization of a dynam
metabolon producing the defense compound dhurrin in sorgh8gience354: 890893.

2. Knudsen, C., Gallage, N.J., Hansen, C.C., Mgller, B.L. & Laursen, TDyBai@y. metabolic solutions to
the sessile life style oflants. Natural Product Repor86: 1140-1155.

3. Thodberg, S., Del Cueto, J., Mazzeo, R., Pavan, S., Lotti, G2@1&). Elucidation of the amygdalin
pathway reveals the metabolic basis of bitter and sweet almoRdsr(us dulc)s Plant Physiology 178:
1096-1111.

4. Hansen, C.C., Sgrensen, Meiga, T.A.M., Zibrandtsen, J.F.S., Heskes, A.M. et al. (Ret8hfigured
cyanogenic glucoside biosynthesig&uncalyptus cladocalymvolves a cytochrome P450, CYP706EEmnt
Physiology 178: 1081095.

5. Pateraki, I., AnderseRanberg, J., Jensen.BN Wubshet, S.G., Heskes, A.M. et (aD17). Total
biosynthesis of the cyclic AMP booster forskolin fréoieus forskohlieLIFE: e23001.

6. Bassard, E., Mgller, B.L., Laursen, T. (2017). Assembly of dgrledd0mediated metabolong order
versus chos.Current Molecular Biology Repo@s37-51.

7. Bjarnholt, N., Neilson, E., Crocoll, C., Jgrgensen, K., Motawie, M.(281d). Glutathione transferases
catalyzerecycling of auteoxic cyanogenic glucosides in sorghdrhe Plant Journ&4: 11091125
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Role of redox partner interactions in the CYP17A1 catalytic mechanism and kinetics

llia G DenisoyYelena V Grinkoy&tephen G Sligar
Department of Biochemistry?Center for Biophysics and Computational Biology, University of lllinois,
Urbam, IL, 61801, USA

Introduction. The P450 catalytic cycle involves two distincteleetron transfer steps from a redox partner

to the heme protein. The first electron transfer reduces Fe(lll) to Fe(ll), which is necessary for dioxygen
binding, while thesecond electron transfer generates a transient perinom intermediate, which typically
undergoes two sequential protonation egis followed by @ bond scission and formation of the main
catalytic intermediate Compound |. Usually both electron transfepstare performed by a flavoprotein,
cytochrome P450 reductase (CPR), although interactions with cytochrome b5 can accelbésitatsu
metabolism and improve coupling.

Results. Using CYP3A4 and CYP17A1 incorporated in Nanodiscs, we monitored forradtimctainal 1:1
CPRP450 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 stoppedlow spectroscopytogether with other known rates of elementary steps in the P450 cycle,
were used as an input for computer modeling of the shgatate kinetics of substrate metabolism by
CYP17A1l. Variation of input parameters and systematic comparison of calculatedalaf@otiated and
deuterated solvents provide estimated kinetic solvent isotope effects (KSIE) for hydroxylation and lyase
reactions catalyzed by CYP17AL1.

Conclusion. Combination of experimentally measured rates of individual steps, overall NADPHptimmsum
rates, KSIE for various reactions and computational modeling of statlykinetics enables distinguishing
between altenative reaction mechanisms based on involvement of key proton transfer events. The role of
cytochrome b5 as a redox partner imet second electron transfer is essential in improvement of coupling in
CYP17A1 catalyzed lyase reaction.

Supported by NIH R3%ant GM118145 to Stephen G. Sligar
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Kistamicin biosynthesis reveals the biosynthetic requirements for production of
highly adive crosslinked glycopeptide antibiotics

Anja Greulé? Dumitrita Iftimé, Julien Tailhadés, Thierry 1zoé*2, Melanie Schoppét, Joe A Kaczmaréki
Iftekhar Ahmed, Colin J Jacksrlames J. De V8sEvi Stegmariand Max J Cryté

The MonastBiomedicine Discovery Institute, Department of Biochemistry and Molecular Biology, Monash
University, ClaytonVYictoria 3800, AustraliZEMBL Australia, Monash University, Clayton, Victoria 3800,
Australia. ‘CInterfaculty Institute of Microbiology and Ieftion Medicine  Tubingen,
Microbiology/Biotechnology, University of Tubingen, Auf der Morgenstelle 28, 7203i6dEin, Germany.
“Research School of Chemistry, The Australian National University, Acton, ACT 2601, ADsfpalitment

of Chemistry, The Uwersity of Queensland, St Lucia, Queensland 4072, Australia.

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

Iz

o 3 residue
OxyC (D)-configured

Expanded ring closure Kistamicin

(D)-Ala-(D)-Ala
(terminus of bacterial cell wall)

In this work, we have characterised the kistamicin crosslinking cascade yo and in vitro turnover
experiments. OxyC is a promiscuous biocatalyst for the insertion of pleultirosslinks into peptides
containing phenolic amino acids. Furthermore, structural analysis and different interaction assays show that
both Oxys funtion through interactions with the unique GPAd¥mair?. This work shows that, despite the
differences structure and activity of kistamicin when compared to the more common GPAs, the mechanism
of peptide crosslinking remains conserved.

1. Naruse Net al. (1993) New antiviral antibiotics, kistamicin A and B, |. Taxonomy, production, isolation,
physicechemical properties and biological activities. J Antibiotics 46:1B811.

1. Haslinger Ket al. (2015) Xdomain of peptide synthetases recruits oxygenasegial for glycopeptide
biosynthesis. Nature 521(7550):1089.
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Influence of sequence variation on the membrane and protein interactions of
cytochrome P450 enzymes

Rebecca C. Wadé?*, Ghulam Mustafe?, Prajwal P. Nandeksf; Gauitam Mukherjeé=.

Molecular and Cellular Modeling Group, Heidelberg Institute of Theoretical Studies (HITS), Heidelberg,
Germany;?Center for Molecular Biology (ZMBH), DEINBH Alliance, Heidelberg University, Heidelberg,
Germany; 3Interdisciplinary Cater for Scientit Computing (IWR), Heidelberg University, Heidelberg,
Germany.

*Email:rebecca.wade @its.org

Human cytochrome P450 (CYP) enzymes play an important role in the metabolism of drugs, $édtpids,
acids and xeobiotics. 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 wétalcycle are trasferred by NADPgytochrome P450
oxidoreductase (CPR), which is also anchored in the membrane by a transmembrane hetixen®ydhe

and CYECPR interactions are not well understood in terms of molecular structure and dynamics. Blggviou
we have devaped a multiresolution protocol to build and simulate membraarechored CYPs in a
membrane bilayer?. Here, we have developed and applied this approach to several different CYPs to
investigate the sequence dependence of @YdMmbrane ineractions. The siomlated CY#nembrane
arrangements are consistent with experimental data, such as the heme tilt angle measured for a CYP in a
Nanodisc by linear dichroisiminterestingly, we find that mutations in the-tdrminal TM helix of CYP17A1,
originally introduced tdncrease the expression of the proteinsincoliresult in a gradual drifting of the TM
helix out of the hydrophobic core of the membrane during simulafiomhkis instability of the TM helix could
affect interactions with the allostic redox partnercytochrome 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 gldbular domaiim the membrane

that affect the access tunnels to the CYP active site. To build and simulateRR¥i@mbrane complexes,

we have extended the modeling approach for CYPs using Brownian dynamics;graaved, and alatom

MD simulationsQur simulations igld an ensemble of arrangements of @3PRmembrane complexes that

are electron transfer competent. The simulations provide insights into the factors that influence the
structures of CYZPRmembrane complexes.

1. V. Cojocarpet al (2011) Structure and yhamics of the membrarbound cytochrome P450 2C9. PLoS
Comput. Biol., 7, €1002152.

2. G. Mustafagt al. (2015) On the Application of the MARTINI Co&ssined Model to Immersion of a
Protein in a Phospholipid Bilayer. J Chem. Phy8.,,243139.

3. G. Mustafaet al.(2019) Influence of transmembrane helix mutations on cytochrome fPdé&tbrane
interactions and function Biophys. J., 116, 4132.


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

John C Hackett Francisco ZaratBerez, Lorela Pach Emil S. Igbgland William M. Atkirfs

Department of Physiology and Biophysics and the Massey Cancer Center, Virginia Commonwealth University
School of Medicine, Richmond, Virginia 232885, Unitel States;?Department of Medicinal Chemist
University of Washington, Box 357610, Seattle, Washington 98628, United States.

Aromatase (CYP19A1) catalyzes the synthesis of estrogens from androgens and is therefore a key target for
estrogendependentcancers. (1,2) This talk will describeadkel computational and experimental studies of
CYP19A1 dynamics and ligand binding mechanisms. Enhsacgding molecular dynamics simulations

were used to delineate the orientation of CYP19A1 in an explicit lon@ne; while subsequent random
acceleratim molecular dynamics (RAMD) (3) discovered that androstenedione traverses a membrane
embedded channel to access the active site. Thermodynamic analysis of this pathway revealeestemulti
binding mechanism. Singbey are possibly the best experimentalpresentation of the simulation system,

we have adopted CYP19A1 embedded in ndisos (NDs) as models to test theoretical predictions.

[ ,tmdp! MQad YSYONIyYyS 2NASyiianglk X3y scatiérighisscansidiest MEh@atR T NE
predicted from he simulations. Hydrogedeuterium exchange mass spectrometry of CYP19B$ supports

that androstenedione induces global changes in protein dynamics and the relative changes, for the most part,
reflect those predited by simulations. Intriguingly, thosegions with inconsistent dynamics contact
androstenedione in the channel identified by RAMD. Finally, stoffipedU\+Vis absorption studies likewise
support kinetically distinguishable binding intermediates. Tbhgetthese 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 nditteeenvironments.

1. Brueggemeier, R. W., Ekett, J. C., and Didzruz, E. S. (200Ehdocrine ReR6, 331-345.
4. Gao, C., Wang, Y., Tian, W., Zhu, Y., and Xue, F. @bietpol. Oncol34, 190195.
5. Ludemann, S. K., Lounnas, V., and Wade, R. C. R2086). Biol303, 797-811.
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The mechanism of the cooperative binding of CYP2@@ands: Insights from
molecular dynamics simulations

Pramod C. Nal?, Ross A. McKinnérand John O. Minet$. Department of Clinical Pharmacoldgnd
2Flinders Centre for Innovation i@ancer, 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, phenyterarf&in and sulfonylurea hypoglycaemic agents [1].
Experimental techniquesuch as Xay crystallography have allowed the identification of substrate and
inhibitor binding domains of CYP proteins. However, the structures elucidateddy cystallography are

static and data are limited in terms of the thermodynamics of binding 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 P45@ransg is incompletely understood.

Aims. This project sought to afacterise the domains and individual amino acids associated with the binding

of NSAIDs (e.qg. diclofenac, flurbiprofen, naproxen) in the presence of dapsone, a known heteroactivator of
CYP2g

Methods. Molecular Dynamics Simulations (MDS) [2] was usetbttel the thermodynamics and flexibility

of CYP2C9 in order to elucidate the importance of protein plasticity in substrate binding. Simulations were
performed between 254b00ns with the boud substrate (diclofenac, flurbiprofen, naproxen) in presence

and a&sence 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 tasing si
directed mutagenesis (SDM).

Results. MDS modelling demonstrateédat dapsone stabilises the binding of flurbiprofen (viappi
AYUSNI OGA2yan o6& | O22LISNFYGAGS O06AYRAY3I YSOKFYAAa
FEAdzZNDALINRFSYYy NBR@zA 1R AKS WHAEBKES aAGS LINBubdiprefdny 3 |
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 satiorhs were verified by SDM and
enzyme kinetic studies. A similaechanism was responsible for the heterotropic activation of naproxen by
dapsone. By contrast, MDS modeling predicted that dapsone should inhibit diclofenac hydroxylation by
blocking its acess to the heme iron. Again, this was corroborated by enzymeikiagperiments.

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 coopétgtor inhibition. The cooperativity
observed in the presence diapsone was more prominent for NSAIDs that have a near planar geometry of
aromatic rings (e.g. flurbiprofen, naproxen), that result ifppinteractions with the aromatic rings of
dapsone.In contrast the angular geometry of the aromatic rings of diclatedisfavours intermolecular
interactions between the two ligands.

Conclusion. MDS predicted the mechanism of the cooperative binding of certain NSAIDs and dapsone that
could not beanticipated from static Xay crystal structures or molecular docking imedls, highlighting the
importance of accounting for the dynamic behaviour of both ligand and protein.

References

1. Miners JO, Birkett DJ. (1998). Cytochrome P4502C9: an enzymgoofimmaortance in human drug
metabolism. Br J Clin Pharmacol., 45,885

2. Nair PC, McKinnon RA, Miners JO. (2016). Cytochrome P450 stfuatttien: insights from molecular
dynamics simulations. Drug Metab Rev., 48,-834
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The R®le of Dynamics in P450cam Catalysis

Alec H. Follméf, Sarvind Tripathj Mavish Mahomet] David B. GoodinThomas L. Poulbs

Department of Chemistry, Molecular Biology and Biochemistry, Pharmaceutical Sciences, University of
California, Irvine, USADepartment of Chemistry and Biochemistry, University of California, Santa Cruz, USA,;
*Depatment 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 lovspin heme is coordinated by water as the active site is solvent edpblmn substrate

binding, the axial water is displaced atiee P450 shifts to the highpin closed state and sequesters the
active site from bulk solvent. Since its discovery, cytochrome P450cam has served as a paradigm for P450
mechanistic and structurunction studies. Over the many years that P450cam has lmesstigated, 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. Howeaation of this secondary site

was never determined. Reldee (2 GKSaS 20aSNBIFiA2ya Aa GKS NBOSy
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.@ctivationand the formation of Compound I,
P450cam must undergo a structural rearrangement from the closed form. If this is true, this would mean that
tnpnOlF YQ& A 3K {(doénd forin 2de$ mot epratmnt thieNdctiieSconformation. To better
understand theflexibility of P450cam, we performed molecular dynamics simulations (MD) simulations that
revealed the location of a secondary site located on the surface of P450Barding to this allosteric tsi

assists in the opening of both the primary and a newosdary active site access channel. We also have also
utilized cyanide to mimic oxip450cam in the presence of Pdx and found that the structure of the P450cam
Pdx complex exhibits large changes lie B8C loop and-helix as well as formation of second chah
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 enstamgisl substrate

entry and product egress.

1. Follmer, A. Het al. (2018). Substrat®ependent Allosteric Regulation in Cytochrome P450cam
(CYP101A1). J. Am. Chem. Soc. 140, t68228.
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Roles of Human Cytochrome P450 Enzymes in Drug Oxidation:p&ason of In
Vitro andIn VivoSystem Redts

Hiroshi Yamazalkand Norie Murayama
Showa Pharmaceutical University, Machida, Tokyc83#3, Japan.

Introduction. Evaluation of roles of the major cytochrome P450 (P450) isoforms in drug metabolism and
pharmacokinetics is important. The fraction sfibstrate 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 isofaalectively inhibited using such as mechkambased
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 substetatitie
the different roles of human P450 isoformsdrug oxidationsn vitroandin viva

aSUiK2Ra® -ankl Briydokyétivrt uBdemth@ préreatment of tienilic acid in liver microsomes and
humanizediiver mice were compared with those in maosets genotyped for polymorphic P450 2C19
because of lacking the ortholog of human P450 2C9.

w S & dzt-HydioRyatiortrates of diclofenac by human liver mgmmes were high to-Bydroxyation rates

and significantly enhanced in the presence of 0.10% (ladv)ne serum albumin. P450 2@8pendent main

RA Of 2 Fh@dyokyl@tiom ativities in commercially available hepatocytes derived from human induced
pluripotent stem (iPS) cells after 3 weeks of culture had significantly increased above the actiitreseht

In contrast, levels ofi -hydroxydiclofenac and-Bydroxydiclofenac formed by marmoset liver microsomes
were roughly similar in the marmoset plasmamgaes. Diclofenac was eliminated from marmoset or
humanizedliver mouse plasma via-Bydroxylation mediated by P450 3A enzyme®&anhmydloxyation by
P450 2@ependent hepatic intrinsic clearances

Discussion. Diclofenac was subjected to human RiE@nde/ (i - amdQShydroxyationin vivo but its
metabolic pathway appeared differently im vitroandin vivounder the present condibns.

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 enzymig® might facilitate
estimations ofin vivodrug clearances andteradions.
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Cytochrome P450 driven drug design

Ulrik Jurva
IDMPK, Cardiovascular, Renal and Metabolism, IMED Biotech Unit, AstraZeneca Gothenburg, Sweden

In the last decades the drug design process at AstraZeneca has evolved frothrptaeyey drug design,

often led by medicinal chemists, into muftarameter design by dedicated design teams consisting of
competence from several disciplines, including medicinal/synthetic chemistry, computational chemistry,
DMPK and other competencieGentral tothis 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
maketest-analyse (DMTA) cycle[1,2]. The diverse membership of thegmasiams asures 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 cru@l 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. Consewaflye a canmon 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
compaund to pragress into clinical studies. Such liabilities include unwanted metabolic pathways resulting in
toxic and/or reactive metabolites, drudyug interaction issues originating from e.g. inhibition or induction

of P450s. Over the years, we have gatlieaesubstatial 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 oug.ofosx meabolic stability,
reactive metabolite issues and draigug interactions.

1. Andersson, S., Armstrong, A., Bjore, A., Bowker, S., Chapman, S., Davies, R., Donald, C., Egner, B.,
Elebring T., Holmgvist, S., Inghardt, T., Johannesson, P., Johansstohridtoe, 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 effeetpmication of
Lean Sigma tariprove praesses, speed and quality. Drug Discovery Today, 144®&D8

2. Plowright, A.T., Johnstone, C., Kihlberg, J., Pettersson, J., Robb, G., & Thompson, R.A., (2012).
Hypothesis driven drug design: improving quality and effectivenedseadésignmaketest-analys
cycle. A new cytochrome in liver microsomes. Drug Discovery today, 62, 56
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In vitro studies of drug clearance and drug interactions: My ttgn list of honest
mistakes in experimental design and interpretation

Andrew Pakinson*
IXPD Consultingaksas, USA

LiQa y2i Slae ARSyYy(ATeaA ifditrost&idiof diayinadahdlisthh®uad diig NJ (G K S
interactions. In some cases, there is no best practice. For example, if you want to identify irreversible CYP
inhibition by a test drughat 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, ¢m a high concentration dfiLM is often advantageous. In my

presentation | will give examples of study designs that have negatively impacted the results ofipertain

vitroa G dzZRA Sa o | SNBQa 2yS SEI YL So { #&éntahdEsig 2 dz Oy T

To evaluag 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 anmppriate 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 yjoistchd o1 the two
LINB@A2dza RIFI&@azX &2dz NMHzy Iy [ LIIINRBLNAFGS GSad F2N OS
But these hepatocytes are constipated. With only eh2@daptation period, they have not fully reformed

bile canaliculi anthave not e-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 normalgnsported 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.



F1CCP450
Book of oral abstracts

111

What is it thatdown-regulates CYP expression in hepatocellular carcinomas?

Jana Nekvindova Pavel AnzenbacherAlena Mrkvicova Lenka RadovaPavel SoucékAlena Hyrslova
Vaculov4, Igor Kiss Ondrej Slabyf, Zdenek KalaVladimir Palicka

Ynstitute for Clinich Biochemisty and Diagnostics, University Hospital Hradec Kralove, Czech Republic,
2Institute for Molecular and Translational Medicine, Faculty of Medicine and Dentistry, Palacky University,
Olomouc, CZCentral European Institute of Technology, Masasylkversity, Bno, CZ/Center for Toxicology

and Health Safety, National Institute of Public Health, Praguemépt. of Cytokinetics, Institute of
Biophysics, Academy of Sciences of the Czech Republic, v.v.i., Btbepthf Comprehensive Cancer€a
Masaryk Memorial Cancer Institute, Brno, CBgpt. 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.rfddggse compaison of HCC tumours and their
respective pertumour (honcancerous) 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
reguation whichhas correlated clinically with histological grade of the tumours (namely for CYP1A2, CYP2B6,
CYP2C8, CYP2C9, CYP2C19, CYP2E1, CYP3A4, CYP3AD). This could put patients wiffalzedantoghs

at a higher risk of drug toxicity and/or iriettive pharnacotherapy but the questions remain: how to identify

such patients and what are the regulatory mechanisms behind?

Aims. Comparative transcriptome analysis (MRNA, miRNA and IncRNA levels) of HCC tumours with a strong
vs. no or weak downegulaion of CYP @ne expression for identification of underlying regulatory
mechanisms (genetic and/or epigenetic).

Methods. Custom design TagMan Low Density Arrays (TLDA) based gPCR analysis of genes coding selectec
xenobiotics metabolizing CYP forms and abear receptos (35 paired HCC tumour/surrouding tissue
samples)Agilent SurePrint G3 8x60k microarrays for transcriptome analysis (MRNA and Igc®Najred

samples (12x HCC with strongly deregulated CYPs vs. 8 balanced), TagMan Array Human MigrelR0l

TLDAGr expression profiling of 754 human microRNAs (17 paired samples; 9CYRCYP+).

Results. Microarrays: unsupervised clustering has clearly designated a large subgroup of patients (tumours)
with very pronounced dowanegulation of the clinically moselevant drugmetabolizing CYPs. Transciptome
analysis has revealed a full list of diéfatially expressed mRNA when comparing groups of tumours te peri
tumour tissue. However, comparison of C¥iPCYP+ groups of HCCs has limited pretetting genes and
shifted the output towards IncRNAs. TLDA gPCR data have confirmed microarray reduévealed 5
MiRNAs (mif853, miR675, miR29c, miR505, miR125b-1#) to be differentially expressed in GYB. CYP+

group.

Discussionin this study, dowsregulationof CYPs in HCC tumours was pronounced in more than a half of the
patients and correlaté with histological grade of the tumours. Interestingly, expression of classic CYP
regulators has not been associated with this GYPC subtype, while approx. 15 Iné®Nind 5 miRNAs have
been identified as putative candidates for further experiments.

Canclusion. Regulatory mechanism of CYP expression in hepatocellular carcinomas are complex and may
involve substantial noicoding RNA influences. Interpretation of suelsults has to be cautious and needs
further experimental support.

Supported by Minisy of Health of the Czech Republic, grant nr28231A.
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Analysis of the conformational changes of the human NADPH cytochrome P450
reductase by insertion of unnatral amino acids and smFRET

Gilles Truah Robert B. QuastFataneh Remi?, Michel Kranendork Emmanuel Margeét

1LISBP, Université de Toulouse, CNRS, INRA, INSA, Toulouse,?Pratein; Research Center, Shahid
Beheshti University, Tehran, IraiGenter for Toxicogenomics and Human Health (ToxOmics), Universidade
Novade Lisboa, Lisboa, PortugdlBS, CNRS, INSERM, Université de Montpellier, Montpellier, France.
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Introduction. NADPHytochrome P450 reductase (CPI )

D
alternates between a locked, cqract state, competent for ' ........... L'(‘\ j ':’{:
internal electron transfer and an unlocked, open state, allowi 7o Sfmmt pg ~ L ‘vig ________
electron transfer to various acceptors. In the unlocked state, C ;",'\f\ 2NN

has been desded to experience a large relative conformation
freedom of the two flavin bindinglomains around its flexible
hinge segment. Here, we present a strategy for the accur
assessment of conformational dynamics of CPR by smFRET.

Aims. smFRE€quires the attachment of dyes onto the protein or

interest, usually trough cysteine derivatiicm. We designed a labeling strategy to incorporate 1canonical

amino acids (ncAAs) into CPR using stop codon suppression followed by dye attachment via two
bioorthogonal chemistries.

Methods. Incorporation op-propargyloxyL-phenylalanine and cygwopenel-lysine at various positions

(see figure), were achieved through parallel suppression of Amber and Ochre stop codons. CY3 and Cy5 dyes
were then reactd (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 i@ t~
presence of NADP

o 8 B 8

Results. Our labeling strategy enables accurate determination of F
efficiencies by taking in account the influence of the dye position.
modulating the ionic strength dependent conformational dynamics
CPR we confirmed the iskence of equilibrium between locked ani -
unlocked states and described the role of the oxidigalistrate NADP

in stabilizing the locked state.
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Discussion. The overall distribution of FRET efficiencies rema ? oo
strikingly similar when comparing CPR witind without NADP ‘

indicating that the oxidized substrate has no measurable effect on . o $
distribution of potential conformational subpopulations. Even at tt « '
relatively high concentration used, NADshowed only a moderate °
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Conclusion. The developed labelling strategy is of high value
attachment of dys to CPR for which cysteine and other labelli
strategies are inapplicable. The shift in the equilibrium induced by o imine

oxidized cofactor onxidized CPR is probably minor under physiologi
conditions.
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Using resonance Raman spectroscopy to revedivacsite 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 ard 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 hemeproteins, the impressive potential of resonance Raman spectroscopy for interrogating so
many aspects of heme structure make it a remarkably grbw technique to address many unresolved but
pressing issues related to the P450 catalytic cycle. Most impitytaih can be coupled with the powerful
cryoradiolytic methods introduced by Symons and elegantly refined by Hoffman and coworkers. Wiaile thes
powerful techniques hold promise for the application to mammalian P450s, their study is sometimes
compromised lg the tendency of these membrad®mound enzymes to aggregate in solution in undefined and
uncontrolled ways. However, such complications carefiectively eliminated by the application of the

Gyl y2RAa20¢ al YLX Ay3 (§SOKy 2t Bgréup, plaviliyighs eBréhmendwhighii S LIK
closely mimics the native biological membrane.

Results. The combination of these techniques proviisinctive spectral signatures upon substrate binding

to P450s, including changes in spiate and changes ineme macrocycle deformations. Most importantly,
cryoradiolysis coupled with resonance Raman detection permits determination of the structure and
dynamics of the oxy peroxc and hydroperoxeintermediate 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 identifiedubtle interactions of active site molecular groups with the@© fragment of various
intermediates, revealinguhctionally significant structural changes induced by interactions of the enzyme
with different substrates, effectors or redox partners.

Condusion. This presentation will focus on our most recent efforts, employing these powerful techniques, to
help defne 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 Jenséf Sara ThodbefgMatias E Mosés, Ceclie T Hanseh Amit V Pandey Birger L Molle;
Tomas LaursénNikos SHatzakis?

Department of Chemistry & Nanoscience center, University of Copenhagen, Derfidavo Nordisk
Foundation Centre for Protein Research, Faculty of Health and Medicat&gigémiversity of Copenhagen
Denmark 3Plant Biochemistry.aboratory, Department of Plant and Environmental Science, University of
Copenhagen, Denmark*Department of Metabolic disorder, University Childrens Hospital Bern
"Presenting author: Hatzakis@nariai.dk

Eukaryotic cytochrome P450 (CYP) activation relieselectron donations from NADRd#¢pendent
cytochrome P450 reductase (POR). POR, through a complex network of structural dynamics orchestrates, the
electron donation selectively activating downstre#@450s. We recently recorded the efficient electron relay

to downstream CYPs to be facilitated by the transient formation of a dynamiePORPcomplex,

4 YS (I @2 Thisyhétabolon facilitates productiaf 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 activatehva few out of a spectrum of >300 CYPs. We employed awfays
native membrane like systerf%s4), nanodiscs, to spatially confine POR enzymes and interrogate their
behaviour at the single protein level. Using ouraeity developed single FRET as&ay 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 regulatanyes, of POR conformational sampling, the transitions
between multiple POR state$his conformational sampling originates from the existence of multiple energy
minima in the energy landscape, and may mediate alternative function and infidelity on biaraslec
recognition(7). Indeed comparing the readouts on wild type PORs with their pathogenic mutants with
minimized plasticity, revealed the intricate direct correlation between functional plastad the extend of
conformational sampling. These results allowed us to design andtssties of small molecules that bias
POR conformational sampling and consequently were found to tune its selectivity of activating downstream
P450s.

1. T. Laurseret al, (2016) Characterization of a dynamic metabolon producing thendef compound
dhurrin in sorghumScience&54, 890-893.

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

3. J. B. Larsert al, (2015) Membrane curvature enablesR¥s lipid anchor sorting to liquatdered
membrane phasedNat. Chem. Bioll1, 192U176 .

4. T. Laurseret al, (2014) Single Molecule Activity Measurements of Cytochrome P&&fbreductase
Reveal the Existence of Two Discrete Functional Sta@S.Chem. Bi6l. 630634 .

5. K. Bavishiet al, (2018) Direct observation of multiple comfeational states in Cytochrome P450
oxidoreductase and their modulation by membrane enviramt and ionic strengthSci RefJk8,.

6. S. Stellaet al,, (2018) Conformational Activation Promotes CRISBS2a Catalysis and Resetting of the
Endonuclease Adfity. Cell175, 18561871.e1821.

7. N. S. Hatzakis, (2014) Single molecule insights on conformational selection and induced fit mechanism.
Biophys. Chend86, 4654.
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Putative motif in the FMNdomain of human cytochrome P450 oxidoreductase
involved inits interaction with structurallydiverse redox partners

Michel Kranendok, Francisco Esteve')iana CampeldBruno GomesPhilippe Urbar?Sophie Bozonnet,
°Thomas LautietJosé RueffGilles Truan

1Center for Toxicogenomicand Human Health, N@V Medical School/Faculty of Medical Sciences,
Universidade NOVA de Lisboa, Lisbon, Portégi8BP, Université de Toulouse, CNRS, INRA, INSA, Toulouse,
France;

Introduction. NADPH cytochrome P450 oxidoreductase (CPR) is the alyligksictron suppliem 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 wih the FMNdomain of CR, a feature displayed by mitochondrial P450s in their interaction

with the iron¢sulfur protein adrenodoxin. This suggests that CPR interacts with microsomal P450s in an
isoform-specific manner, which we demonstrated very recently THe degenerated nata of the proximal

interface of microsomal P450s implies that CPR can be modified to become specialized for electron transfer
to specific P450 isoforms.

lAYad hdzN) 202SOGAQBS gt a G2 dzy O2 @ SédegedenddzOrniedabbh T S|
with P450s, through the isolation and study of CPR mutants with increased activity when combined with
specific P45@soforms. This may assist in clarifying the underlying molecular mechanism which enables CPR
to interact with itsstructurally diverseedox 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 wereoexpressed with eaabf these three P450s in a specializ
bacterial celimodel and screened for increased P450 activity, using
recently developed whole cell highroughput activity assay [2].

Results. A total of 2376 clones were verified and séWdiN domain mutants FMN\
were identified, showing increased activity of CYP1A2 (P117H, G144C, A:
2A6 (P117L/L125V, G175D, H183Y) or 3A4 (N151D). When using the str
of the FMN domain of human CPR (PDB 3QFR), the mutated residues algfz
two axes whichintersect near the FIM moiety, close to pyrimidine moiety o _ ,
the isoalloxazine ring. e PO ...
Discussion. The location of the mutated residues on the two axes ir . _ @@ & ans ENE
functional |mportance of residues along these two axes. They are likely part of the structwmahaetnt for

/ t wQ a@ner&esl Iteraction 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 caussdfars0
dependent effects (A115V, T1423153R, P228L) [3], wah align along these two axes.

Conclusion. We have seemingly uncovered a structural motif in theRMNV | Ay X Ay @2f OSR AY
to interact with structurally diverse redepartners. Natural occurring variations of this matiay be an
additional explanation for specific genetic susceptibilities in drug metabolism and potentially in other
pathologies.

Pro228 E T.fuv-‘

1. Campelo et al. (2018). Probing the Role of the Hinge Segment of Cytochrome P450 Oxidoreductase in the
Interaction with Cytoclome P450. Int. J. Mo8ci., 19, pii: E3914.

2. Esteves et al. (2018) Human cytochrome P450 expression in bacteria:-g¢h dlgyhthroughput activity
assay for CYP1A2, 2A6 and 3A4. Biochem. Pharmacol., 138134

3. Pandey & Fluck (2013) NADPH P450 oxidartede: structure, furtton, and pathology of diseases.
Pharmacol. Ther., 38:2Z%
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Production of propene frorm-butanol: A threestep cascade utilizing the
cytochrome P450 Fatty Acid Decarboxylase GieT

Volker Sieber
The Technical University of Munich, Germany

Propeneis 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 rirbotanol. In order to
create an efficient system, we faced the issdi@n gtimal cofactor supply for the fatty acid decarboxylase
OleTis which can be driven by either NADH ok In the first system we used an alcohol and aldehyde
dehydrogenase coupled to OlgVia the electron transfer complex putidaredoxin reduegmitidaredoxin
allowing regeneration of the NARofactor. With the second system we intended full oxidation-butanol

to butyric acid, generating one equivalent ofddthat can be used for the oxidative decarboxylation. As the
optimal substrate areong-chan 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 showsf@d improved popene poduction in the HO,
driven cascade system and reached substantially increased TTNs.
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Human drug metabolite synthesis catalysed by recombinant P450 enzymes

Anton Gliedet, Christian SchmidAstrid Weningé ClaudigRinnofnef, Margit Winklef, Monika Muellef,

Martin Schuerman®; Jan Brummontl Iwona Kaluzria John Woodleyy Francisco Valefp Xavier Garcia
Ortega& Maximilian J. L. J. Fiftsand Marco W. Fraafje

YMBT, NAWI, TU Graz, Austriagib GmbH, Graz, Auia; 3iInnoSyn BV, Geleen, Thetherlands*DTU,
Lyngby, DenmarkDept. of Chemical, Biological and Environmental Engineering, UAB, Barcelona, Spain
SMolecular Enzymology Group, University of Groningen, The Netherlands

Introduction. To avoidadverse drug reactions (ADRs) not only tlneg as such, but also the impact of its
metabolites on the organism are of great importarjégNext to CYP3A4 and CYP2D6, CYR2g® iof 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 innovah project was to engineer cytochrome P4%@tivity, 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 aaut, 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 sc@lee conversion of Diclofenac, employing4b0

BM3 variant was scaled to a 100 L pilot scale at Inné%wnd showed to be most productive for the
hydroxylation of this drug. However, for the first time human CYP2C9 was produced as a robust P4&0 cataly
expressed by. pastorion bioreactor sale 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 enzym€¥P505A30 and CYP505X.

Conclusion. Biotrasformations 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.

Acknowlaelgement. This work received funding from ¢hEU project ROBOX (grant agreement n° 635734)
dzy RSNJ 9! Qa |1 Hauwn tNBIANFYYS wSaSIm BR&41 Ds&aimery Bhizd @1 G A
publication reflects the author's view and the Agency is not resipban$or 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 FGCOMETFunding Program.

1. C. Rinnofner, BKerschbaumer, H. Weber, A. Glieder, M. WiniB&vcatal. Agric. Biotechn®019 17, 525528.
2. A.Daly, A. Rettie, D. Fowler, J. MinérRers. Me®017, 8, 1
3. 1. Kaluzna, J. Brummond, M. Schuermann, Chi®igi, 2017, 35,6, 558
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Oxyfunctionalzation of pharmaceuticals by fungal peroxygenases

Jan Kiebist, Rosalie Konig KaiUwe Schmidtk& Markus ThiessénDaniel Zandér Martin Hofrichtef,
Katrin Scheibnér

'Fraunhofer Institute for Cell Therapy and Immunology, Branch Bioanalytics apdodisses, Am
Mihlenberg 13, 14476 Potsda@olm, Germany¥Faculty of Environmental & Natural Sciences, Brandenburg
University of Technology Cottb®&enftenberg, Universitatéatz 1, 01968 Senftenberg, GermahjenaBios
GmbH, Lébstedter Str. 80, 07749 deGermany;Department of Bie and Environmental Sciences, TU
Dresden International Institute Zittau, Markt 23, 02763 Zittau, Germany

“jan.kiebist@izbb.fraunhofer.de

Throughout drug discovery and development, metabolic studies are driven by an secréaterest to
understand the potential for side effects and drdgug interactions. A rapid and accurate identification and
guantification of human drug metabolites is impant for the separated pharmacodynamics and
pharmacokinetic evaluation as well #ise assessment of potential safety risk and toxicity. For these
evaluations, structural confirmation and IMS recovery as well as reference standards of drug metabolites
areneeded as authentic samples; however, their synthesis is still an unsolveéprolthe most ubiquitous
mechanism for metabolic clearance of drugs is through oxidative metabolism predominantly catalyzed by
cytochrome P450 monooxygenases (P450s, EC IThé.levelopment of chemical synthesis to mimic these
enzymes in terms of diredingle step transformation of parent drugs would be a challenging but highly
efficient alternative to the preparation of difficutb-access metabolite structures [1].

For mae than ten years, fungal unspecific peroxygenases (UPOs, EC 1.11.2.1) havatanmien in the

field of oxyfunctionalization reactions and metabolite preparation. They constitute a distinct superfamily of
fungal hemethiolate proteins that catalyze &€ient and selective oxygemansfers from peroxides (ROH)

to diverse organisubstrates including neactivated hydrocarbons. In contrast to membrabeund, poorly

stable and cofactedependent P450s, secreted UPOs do not require complex cofactorasudAD(P)H or
electrontransport systems (flavineductases, ferrodoxines) buterely 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 wildtype UPOs havieeen thoroughly characterized and more than 5.000 putative UPO sequences
have ben found in fungal genomes [2]. Based on the versatile molecular architecture, different catalytic
activities and selectivities were observed for the UPOs known so far. Iskeasn that UP&atalyzed
reactions generally resemble those of P450s and segtudies 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 cataltic diversity of as much as 57 human P450s in terms of oxyfunctionalizing plearicals 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 HRecyna M. J., Ullrich R., Adv. Exp. Med. Biol., 851 (201536841

[3] KiebistJ., Schmidtke KJ., Zimmermann J., Kellner H., Jehmlich N., Ullrich R., Zander D., Hofrichter M.,
Scheibner K., ChemBioChem, 18 (2017);5&8

[4] Kiebist J., Holla W., Heich J., PoraKobielska M., Sandvoss M., Grébe G., Atzrodt J., Hofrichter M.,
Sdteibner K., Bioorg. Med. Chem., 23 (2015), 43232
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Regioselective Preference of CYP52A23 fildamndida albicans

HyoungGoo Park Vitchan Kiry Harim Kim, SungwWoo Park, Younglin Chufy andDonghak Kink

Department of Biological Sciences, Konkirkiversity, Seoul 05025 KoreaDivision of Respiratory and
Allergy, Department of Internal Medicine, Soonchunhyang University Bucheon Hospital, Bucheon 14584,
Korea,*College of Pharmacy, ChuAgg University, Seoul 06974 Korea,

Pathogenic fungi Candidalbicans 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 (200€h ABiochem. Biophys64, 213220). 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) fimsneraltimaed and

their recombinant enzymes were expressed in Escherichia cebir@ing spectral analysis showed that the
functional P450 holoenzyme was observed only in CYP52A23 while no holoenzyme peak was observed in the
other three CYP52 enzymesurfied CYP52A23 exhibd the reverse type | binding spectral change to
titrations of fatty acids but no spectral change was observed to alkanes. In gas chromategraghy
spectrometry (G@AS) analysis, CYP52A23 showed predominantly ofhgdeoxylation a&tivity in the

oxidation reaction of fatty acids. Interestingly, the catalytic activity of CYP52A23 exhibited preference to
longerchain fatty acids (stearic acid and arachidic acid) while that of CYP52A21 exhibited preference to mid
chain fatty acids (laic acid and mystic ad). 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 Nerminal fragments of CYP52A21 ande@ninal fragments of CYP5232wvere
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 thattéhmial part of
CYP52A23 male responsible for itgpreference for longechain 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 longéain fattyacid.
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CytochromeP450 nitrene transferase: an enzyme responsible for the formation of
6- and 5membered rings in benzastatin biosynthesis

Yasuo OhnisHi?
!Department of Biotechnology, Graduate School of Agricultural and Life 8siandCollaborative 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 producesharacteristic molecular scaffolds, which are often resole for bioactivity. Cyclic
structure biosynthesis has been studied extensively and various cyclization reactions, such asitAddBiels
reaction, oxidative cyclization, and nucleophilic additilave been reported. However, the biosynthetic
pathwaysof some cyclic structures have not been elucidated and still unknown cyclization reactions seem to
be used for their biosynthesis. Benzastatin derivatives are natural products isolatedStreptonyces
species. They have diverse structures, such as melahd tetrahydroquinoline scaffolds, that are probably
derived from geranylate@-aminobenzoic acid derivatives. The unique bicyclic structiresifdoline and
tetrahydroquinoline structures) are expected to be synthesized by an unknown cyclizagantion.

Results My research group studied the benzastatin biosynthetic gene clusezrc{uster) ofStreptomyces

sp. RI18 (1). Functions of the simzymes encoded blyez cluster were analyzedybgene disruption in a
heterologous host anth vitro enzyme assays. As a result, the whole biosynthetic pathway for benzastatins
was proposed. In this pathway, geranylat@dacetoxyaminobenzoic acids are the key biosynthetic
intermediates and a cytochronf450 (BezE) promotes and controls the cyclization of tleeform 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 tramgfand nucleophilic addition of hydroxide

ion to G10 andchloride ion to @ to yield the indoline and tetrahydroquinoline scaffolds, respectively (Fig.
1).
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Fig. 1.Possible cyclization reactions catalyzed by BezE.

DiscussionBezE does not catalyzmy oxidative reaction. The Bee&talyzing reactions smilar to the

nitrene transfer reactions catalyzed by some engineered cytochrome P450s (2). In this reaction, the mutant
enzymes eliminate Nrom an azide substrate and form a putative iron nitreh@active intermediate. Then,

iron nitrenoid is appliedd 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., lzumikawa, dkagi, M., Fujie, M., Satoh, N., Syen K., & Ohnishi, Y.
(2018) Unprecedented cyclization catalyzed by a cytochrome P450 in benzastatin biosynthesis. J. Am.
Chem. Soc., 140, 66&b639.

6. Farwell, C.C., Zhang, R.K., McIntosh, J.A., Hyster, T.K., & Athbld2015Enantioselective enzyre
catalyzed aziridination enabled by actisiée evolution of a cytochrome P45QCS Cent. Sci. 1,-89.
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The new P45@hemistry involved in rifamycin biosynthesis

Shengying Fit? Feifei G, Chao Lé;j Youli Xia§ Guoping Zhab

IState Key Laboratory of Microbial Technology, Shandong University, Qingdao,?Sharajong Provincial
Key Laboratory of Synthetic Biologyingdao Institute of Bioenergy and Bioprocess Technology, Chinese
Academy of Sciences, Qingdabin@;3CAS Key Laboratory of Synthetic Biology, Institute of Plant Physiology
and Ecology, Shanghai Institutes for Biological Sciences, Chinese AcadenmcetS8ieanghai, China

Tuberculosis has caused a huge number of human deaths in history andisemnsérious global threat to
public health. Rifamycins and rifamyaarived drugs, such as rifampin, rifabutin, rifapentine, and rifaximin,
have long been wt as firstline therapies for the treatment of tuberculosis and other deadly infections.
Despiteunderstanding of a large portion of rifamycin biosynthesis, the late steps leading to biosynthesis of
the industrially important rifamycin SV and B remain leac. Recently, we characterized a number of
reactions underlying the biosynthesis of rifamycih S, L, O, and B by reconstituting the in vitro activities of
the two key enzymes including transketolase Rif15 and P450 enzyme Rif16 (CYP105G1). Ritvesie Ri
found to mediate, respectively, a unigug@ bond formation in rifamycin L and an atygdi®450 esteto-
ether transformation from rifamycin L to B. Resolution of the Rifl6 crystal structure, together witfGhe
chasing NMR experiments, reveakednique mechanism behind the Rif16 new chemistry. The late rifamycin
biosynthetic reactions shwcase interesting chemistries for the two widespread and ‘stltied enzyme
families. This work revises a previous biosynthetic hypothesis that was prop6seshs ago.

Transketolase

S OHOH”" ] OH OH 1~
bisC O‘ NH R@ HaC HC NH
Non OO — O‘ AT
0 o} P450 o o \)L

CH40 2- ketose Ha0 7@0 &N %)/-4 NADPH  NADP*O"¢ OH
Rifamycin S Rifamycin L Rifamycin O Rifamycin B

1. Qi, F., Lei, C., Li, F., Zhang, X., Wang, J., Zhang, W., Fan, Zang, ®.,.TXiao, Y., Zhao,-B. & Li, S.
(2018). Deciphering the late steps of rifamycin biosynthesis. Nat. Comm@B43®,

2. Yuan, H., Zhao, W., Zhong,Wang, J., Qing, Z., Ding, X. & Zha®,.@011). Two genesfl15 andrifl6,

of the rifamycn biosynthetic gene cluster kimycolatopsis mediterranékely encode a transketolase and a
P450 monooxygenase, respectively, both essential for the cowveddirifamycin SV into B. Acta Biochim.
Biophys. Sin., 43, 94856.

3. Zhang, X. & Li, S. (201EXxpansion of chemical space for natural products by uncommon P450 reactions.
Nat. Prod. Rep., 34, 1061089.
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Noble Metal Substitution inrP450 enzymes for Catalytic Amination

Sean N. NatoliBrandon J. Bloomer, & John F. Hartwig
Department 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 performirglogical reactions with
excellent reactivity and selectivityinitial repats using an iridiurmethyl mesoporphyrin IX (Ir(Me)) cofactor

in a thermophilic P450 fronsulfolobus solfataricuCYP119) proved capable of catalyzigg@ ®ond
formation in te intra- and intermolecular insertion of carbenes into activated and unadtdaC;H bonds?
Through directed evolution, rates of carbene insertion reactions iiqtd Bonds were improved to be 1,000
times faster than any previous ArMs and comparableates of native enzymes for their natural substrates.
The presented work expandgpon this noble metal substitution strategy towardKCamination using P450
hosts.

Aims. To develop P450 constructs capable of catalyzing enantioselectiv@n@nation reagons.

Methods. Noble metal P450 constructs were generated by reconstitutingPdia®s with abiological
cofactors. Higkihroughput screening methods were used to assess the catalytic activity of Ir(Me)P450
mutants toward GH amination. Through iterativeounds ofdirected evolution, the Ir(Me)P450 constructs
fithess toward intramolecular nitrene insertion was improved.

Results The replacement of iron with noble metals in P450 cofactors generates ArMs that are capable of

catalyzing €H amination with hgh turnover numbers and )

enantioselectivity. These noble metal constructs have h “. ;,’,_ H o

chemoselectivity for the insertion of nitrenes inta € bonds R_FQEN;:O o ‘3 39" :>\/f

over their formal reduction to the amine, which contrasts wit \‘ 78 < (&‘, T

what is observed for iron scaffolds. Four roundsite-directed & .\'{f,'\\ (= oot
"

mutagenesis were performed to generate P450 mutaris
capable of catalyzing reactions in greater than 90:10 enantiomeric excess. ArMs based on this motif are
promising candidates for exploring additiongHCamination reactions.

Discussin. Engieered ArMs containing an Ir(M@&JPIX cofactor in P450 hosts are capable of catalyzing the
intramolecular insertion of nitrenes into¢E bonds to form valuable chiral ta@ninoalcohols and 1;3
aminoalcohols. These reactions have improved chemosgeiyctor the insertion of nitrenes into€H 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 imidazolidinoresytthr

the insertion of nitrenes into €H bonds.

Conclusion. A series of Ir(MBY50 enzymes that are capable of catalyzing the intramolecular insertion of
nitrenes into GH bonds to yield enantioenriched oxazolidinones and imidazolidinones was discovered.
Minimal rounds of directed evolution were employed to improve the fitness of the enzymes towgtd C
amination. The vast number of possible combinations of-native porphyrin cofactors with evolvable P450
hosts makes this process a valuable strategwéliresang challenging bond transformations.

1. bl i2tAZ {dbd g | I NIgAITZT WPCP 6HAMPOD b2of StbaSidl
Abiological Catalysis. Acc. Chem. Res., In Press. DOI: 10.1021/acs.accounts.8b00586

2. Dydio, P. etal (205). An Artificial Metalloenzyme with the Kinetics of Native Enzymes. Science, 354,
102-106.
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CYP337B3: The chimera that conquered the world

David G. Heckél Nicole JoussénChoon Wei Wée, Vladimir D. Grubdr Thomas K. Waldh

Departmentof Entanology, Max Planck Institute for Chemical Ecology, Jena, Gerrfiaepartment of
Genetics, University of Melbourne, Parkville, VIC, Austf@iack Mountain Laboratories, CSIRO, Acton, ACT,
Australia.

Introduction. Fenvalerateesistance in the cottobollworm Helicoverpa armigeran 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 he 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. Tie cDNAAFLP differential display technique revealed genes that wereexmessed in the resistant

strain. Analysis of cDNA librarieadaBAC clones of genomic DNA aided in candidate identification.
Heterologous expression of CYP337B enzymes in cultdetidoverpacells demonstrated detoxicative
activities.

Results. The linked marker ruled out point mutations and expression level926BGzymes, the leading
resistance candidates at the time [2]. The cEANAP technique revealed four potential detative genes;

one of these (CYP337B1) mapped to the resistance locus [3]. Heterologous expression showed that neither
CYP337B1 nor itsaandemly duplicated paralog CYP337B2 could metabolize fenvalerate; however the
chimeric enzyme CYP337B3 produced byguak crossingver between B1 and B2 detoxified fenvalerate

by 4-hydroxylation [4]. Presence of CYP337B3 accounts for most of thearesisbbserved. Shdirected
mutagenesis showed that no single amino acid substitution could confer full detoxicattixaty [5].
Population screening revealed the presence of CYP337B3Hnalnigergoopulations worldwide [6].

Discussion and Conelon. The unusual circumstance of unequal crossirer between two P450
paralogues has resulted in a chimeric enzymith a novel detoxicative ability, enabling a jump in resistance
levels much more quickly than could have occurred by stepwise accummutdtimoint mutations. This may
account for the widespread nature of the chimera, which is even present in populdhiahkave recently
invaded the New World [7].

1. Forrester NW, Cahill M, Bird LJ, Layland JK. (1993) Bull Entomol Res 1323, R1

2.Grubor VD, Heckel DG. (2007) Insect Mol Biol 12315

3. Wee CW, Lee SF, Robin C, Heckel DG. (2008) Insect Ma@| B&#360.

4. Joussen N, Agnolet S, Lorenz S, Schoene SE, Ellinger R, Schneider B, Heckel DG. (2012BPNR2B&JISA
15211.

5. Jousen N, Heckel DG (2019) in preparation.

6. Walsh TK, Joussen, N, Tian K, McGaughran A, Anderson CJ, Qi, XH,rdhn BdylRgli N, Vontas J, Ryu J,
Rasool A, Macedo 1B, Tay WT, Zhang YJ, Whitehouse MEA, Silvie PJ, Downes S, Nemec L & Heckel DG (20C(
PLoS ONE, 13(11), e0197760.

7. Durigan MR, Correa AS, Pereira AM, Leite NA, Amado D, de Sousa DR, Omoto C. (20RiOcResti
Physiol 143, 7-80.



Q;.: ICCP450 23.27 JUNE 2019

Book of oral abstracts

124

A novel cytochrome P450 CYP81A10v7 endows herbicide metabolic resistance in
Lolium rigdum

Heping Hah Qin Y&, Susana GonzafeRoland Beffaand Stephen B. Powlfes
! Australian Herbicide Resistance Initiative, Thévehsity of Western Australia, Perth, Austrafi®ayer
CropScience, Frankfurt/Main, Germany

Introduction. Evolution of norargetsite herbicide resistance i
weeds has been a global issue. In Westsustralia majority ofolium
rigidum populations hae been shown to have evolved ntarget-site
metabolic resistance. Cytochrome P450 and other genes have
been implicated in metabolic resistance, but specific genes invol
remain largely unknown.

Diclofop-methyl 3000 g/ha

Aims. We aim to identify the herbicidaetabolizingand resistance GFP line CYP81AIine
endowing genes ih. rigidium.

Methods. The subset population with sole metabolic resistance mechanism to both diclofop and
chlorsulfuron was purified from a fielelolved resistant popation 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 targée mutations. The Fesistance segregating populations deriveaoinir
pair-crossing the purified resistant (SLR31) andceptible (VLR1) individuals were also used for minimizing
genetic background. RNgeq was performed using the most susceptible and resistant individuals from both
the parent and their Fsubsets. Theufl-length cDNA of CYP81A10v7 was overexpresseéckifior herbicide
resistance test.

ResultsMetabolic resistance to diclofoand 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 Rd4. The 1554 bp full cDNAgsences of CYP81A10v7 were
cloned from the R and S plants, and no amino acid changes found. Compared to #hee@&pressing rice
calli, CYP81A&Qverexpressing calli showed rs&ince to diclofopmethy and tralkoxydim, but not to other
ACCase herbicidgs.g. fenoxaprop, haloxyfop, clodinafop, sethoxydim and pinoxaden). Most importantly,
the CYP81A10vGverexpressing rice calli also showed multiple resistance to theinhitsting herbicide
chlorslulfuron, but not to mesosulfuron. Regenerated transgene&seedlings also showed similar resistance
pattern. In addition, six additional metabolisbased resistant. rigidumpopulations were tested for the
expression level of CYP8DAY. However, only two out of six populations had relatively higher CYP81A10v
expression.

Discussion. CYP81A10v7 is not the only responsible gene, and other (P450) genes are potentially involved in
metabolic resistance ih. rigidumpopulations.

Conclsion. This is the first time that the cytochrome P450 gene responsible ftalbwléc resistance in
multiple-resistantL. rigidumis discovered, cloned and characterized.
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Lessons on the evolution of insecticide resistarfoem the CYP6G1 paradigm

Phlip Batterhamt, Roberto Fusettt?, Alex Giangw A O K | NFandiSheind Demetke

1School of BioSciences, University of Melbourne, Parkville, Austdiagol of Chemistry, University of
Melbourne, Parkville, AustralidCurrent address: Foundatidar Research and Technologgsgkleion,
Crete, Grece

Introduction. The model insecDrosophila melanogasteis a cosmopolitan fly species, that feeds on
decomposing fruit and vegetable matter. While not generally considered a pest, the species exdexpos
insecticides used in horticulture and agiicue. It is therefore not surprising that resistance to a very wide

NI yaS 2F AyaSOGAOARSA OFy 06S ¥F2dzyR Ay GKA& aLISOA
different classes of insecides was genetically mapped to a locus on theosdcchromosome oD.
melanogaster Ultimately the gene responsible was shown to encode the P450, CYYPBEdistance is
conferred by the overexpression of this gene in the key metabolic tidgues midgut, malpighian tubules

and fat body, which haveverlapping functions with the mammalian kidneys and liver, respectively.

Aims. Our research has aimed-to:
1. identify the metabolites producedn vivo when CYP6G1 use nicotine and the neonicotinoid
insedicide imidacloprid as substrates.
2. understand howthe metabolism of these insecticides confers resistance.
3. define the structural features of CYPGL1 that give it the capacity to metabolize imidacloprid.
4. Understand why P450 metabolism is the most common maeisma of neonicotinoid resistance in
insects.

Methods. A wide range of methods have been useddims 1 & 2: controlled tissue specific gene
overexpression, CRISPR gene knockouts, twin ion mass spectrometry and a novel toxicological assay (the
Wiggle Index}hat uses larval movement to assess insedécimpact. Aim 3: controlled tissue specific
overexpression of different P450s, toxicology and homology modelling. Aim 4: fitness testing of resistant
mutants.

Results & Discussioiihe metabolites of imidasprid 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 netoxic metabolite of it cotinine. The esistance associated witlyp6gl
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 CYP6GL1 and cliyseclated CYPs explains differences in the capacity to metabolise
imidacloprid. P45®ased resistance is likely to be the most common mechanism of neonicotinoid
insecticides because the fithess costs are lower than for targetesistance.

7. Dabornet al. (2002).A single allele of a P450 gene is associated with insecticide resistance
in Drosophila.Science&97:23537

8. Chung et al. (2007Lisregulatory elements in théccordretrotransposorresult intissuespecific
expression ibrosophila melanagsterinsecticide resistance gene Cyp6gl. Genetics: 175:-1071
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Structural flexibility of family 1 cytochrome P450 enzymes to accommodate diverse
ligands

Emily E. Scot® Aaron G. Baft Kurt LHarri¢, and Elizabeth M. J. Gilldm

Departmernts of Medicinal Chemistty Pharmacologyand Biophysics University of Michigan, Ann Arbor,

MI, U.S.A. an@School of Chemistry & Molecular Biosciences, The University of Queensland, St. Lucia, 4072,
Brisbane, Queensland, Australia

Introduction. Humancytochrome P450 enzymes from family 1 include CYP1Al, CYP1A2, and CYP1B1,
perhaps best typified by their ability to metabolize polycyclic aromatic hydrocarbons such asdheyrarie

and activate procaiinogens. Until recently, the only structures of theékree enzymes were with the planar
polycyclic ligand alphaaphthoflavone and demonstrated a fairly conserved, moderately sized52aaR),

planar active site.

Aims. While many CYP1 substrates@amar and consistent with the active site volume alvsel 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 sitegght accommodate such ligands, human CYP1Al wasaésdlu
functionally and crystallized with a range of structurally diverse substrates.

Results. CYP1Al cocrystallized with diverse substrates revealed binding orientations consistent with the
respective oxic or innocuous metabolites formed. These compleregealed 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 toptio¢ein exterior, exiting near the putative
membranebound 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 CYP1AL1 activelsiis specific adaptations to the physical and chehaltaracteristics
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 tdeshaman 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 @iroengineering.
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Structural biology of human drug metabolizing eyrnes: diversity, plasticity and
applications

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

Human P450s in families4l are structurally diverse and provide pathways for metabolic clearance of
xenobiotics ad excess endobiotics. Each enzyme metabolizes structurally diverse substrates.
Conformational dynamics are important for the binding of smimallecules in P450 active sites as the catalytic
center is buried in the protein and must open for substrate asce3everal P450 enzymes such as 2B6, 2C9,
2D6, 3A4 and 3A5 have been crystallized in open and closed forms. Conformational differencesidbserv
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
a St S Cliydradiyation of aliphatic hydcarbons, which is considered one of the most difficult reactions
catalyzed by a P450. A covalently bound heorgributes to this selectivity along with heme ruffling and an
atypical orientation of the “propionate. In contrast, subfamily 3A activeesiire much larger near the heme

iron and extend further from helix I. These attributes of 3A4 and 3A5 are likefccount for drug
metabolites that are not readily formed by family 1 and 2 P450s. Helix F, which is positioned above the heme
in family 1and 2 P450s, is shorter, and the upper surface of the active site is more flexible in 3A4 and 3A5.
Despite the hgh sequence identity, the active site architecture of 3A5 differs significantly from 3A4.
Applications of P450 structures include identificatiof key interactions with substrates or inhibitors that
underlie drugdrug interactions for application in drugdesign, computational predictions of substrate and
inhibitor binding, molecular dynamics simulations as well-eey>crystal structures d#450drug complexes.
Supported by NIH grant GM031001.



“#1CCP450
Book of oral abstracts

202

Structures and drug targeting oM. tuberculosisP450 erymes: screening for
function and inhibition

Kirsty J McLeah Madeline E KavanagiRichard B TunnicliffeAnthony G CoyrieMatthew Sneé, Irwin R
Selvam, Colin W LeVly Chris Abel] Andrew W Munré,

Manchester Institute of Biotechnology, Universibf Manchester, Manchester, UKDepartment of
Chemistry, University of Cambridge, Cambridge, UK.

Introduction. The human pathogemMycobacteium tuberculosigMtb) contains a large cohort of P450s
reflecting the importance of some of these enzymes to beat viability/infectivity. Their abundance is also
understandable in light of the known specificity of many other P450s for lipid substeatdsn view of the
complex lipid biochemistry in Mtb. Recent studies have revealed biochemical functionsuioreenof Mtb

P450s and have demonstrated their roles in infectivity, virulence and metabolism of host sterols. However,
like many facets of Mt biochemistry, roles of several other Mtb P450s are largely unknown.

Aims. We have undertaken screening studiesilizing both compound library and fragment based
approaches, to discover new Mtb P450 ligands for both functionally characterized P4bQghans of

unknown specificity. The aim is to find potent and selective inhibitors of pivotal Mtb P450s, as wielhtify

adzo a0NF 0Sa FT2NJ W2NLXKIyaQs FyR dZ GAYFGSte RSTAYS i

Methods. The fragmenbased (FB) approach to drugsdbvery complements high throughput screening
(HTS). FB methodology involves building larger, more potent leagdadmdidates 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).
Stuctural and biophysical studies of HTS and FB approaches are undertaken with ligand hits derived from
both the screening processes.

ResultsOur FB and HTS studies have identified ligands for a number Mtb CYPs including the attractive anti
TB targets CYR1 & 125 as well as the orphan enzymes CYP126, 141, 143 & 144. Crystal structures, general
characterization and inhibition studies have idéietil isoform selectivity and enabled fragment merging and
elaboration, building on the structures of screeningsHir a new Mtb P458pecific inhibitor.

DiscussionHTS and FB approaches provide solid foundations for the rational design and synthesis of more
potent and selective Mtb CYP inhibitors to produce novelaBtidrug candidates. These molecules will also

be employed as tools for chemical biology to aid chtmazation of orphan CYPs and to understand the roles

of these enzymes in Mtb and how important CYPs relate to Mtb infection, growth and persistence.

ConclusionThese studies present screening ars$@ciated 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 orientationn cytochrome P450 involves thentire
enzyme

Thomas C. PochapskyEliana K. Asciutto

Departments of Chemistry, Biochemistry and Rosenstiel Basic Medical Sciences Institute, Brandeis
University, Waltham, Massachusetts U38¢hool of Science and Teckogy, 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 respse 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 CYP101A1l {R#B6Emote fran the active site in

binding andorientation of substrated-camphor), residual dipolar couplings (RDCs) were measured by NMR
for specifically assigneth >N correlations in CYP101A1 with and without substrate bound. The RDCs were
used as restraints inufly solvated MD simulations tobtain 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 ime 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 wetlefined. Furthermag, reorientation of substrate aay from preferred orientation in the
active site resulted in loss of lomgnge modes, indicating that the entire enzyme structure is involved in
determining preferred binding orientation and hence the site of oxidatiorubgate 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 thets of selective oxidation of eaphor by CYP101A1. This work is supported by US
NIH grant GML30997.

1. Asciutto, E.K. & Pochapsky, T.C. (2018) Some surprising implications -ofird&iéd simulations of
substrate recognition and binding by cytochrome P36 (CYP101A1). J. Mol. Bidd0412951310.

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 B, 16441671.

3. Asciutto, E.KYoung, M.J., Madura, J., Pochapsky, S.S. & Pochapsky, T.C. (2012) Solution structural
ensembles of substratéee cytochrome P450cam. Biochemistry 51, 33893.
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Reassessing Cytochrome P450 Mechanism through the Dycefderspective

Kshatresh Dutta Dubey
Department of Chemistry, Shiv Nadar University, Gautam Buddha Nag&0Q1BP4, India

Understanding biological machines, and the rules that govern their autonomous features, is important.
Cytochrome P450 (CYP45®nNanoreactor/machine, which uses oxygen, two redueiagd two proton
equivalents to oxidize a plethora of molecules-¢atled substrates) as means of supplying-dnganisms

with essential molecules [like brain neurotransmitters, etc.], and protectihe biosystems against
poisoning. A most enticing property of CYP450s, is that once an oxidizable substrate enters the active site,
GKA&a AYAGALFGSa | OFiGlrtedAad O0edfsS (KFEG FdzyOGAz2ya
protein chorearaphy, as though the enzyme had its own mind.

All this timedchoreographywithin 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
entranceof the substrates control the timing of the steps and their chemical ougn®ur recognition of

this fact, led us to explore in the past years a few CYP450s [C3R45CYP45BM3, CYR t " X LiJ t np N
by MD simulations combined with quantum mechanical / molecular mechanical (QM/MM) calculations.
These studies established kelements for understanding the autonomous appearance of this enzyme.

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¢dectase and P4%fzdomains toward electron transfer is
instigated by the substrate. J. Am. Chem. Soc, 2018, 146%83

2. Dubey, K.D.; Wang, B.; Shaik, S. Molecular Dynamics and QM/MM Calculations Predict the Substrate
Induced Gating of Cytochrome P450B and the Regioand Stereoselectivity of Fatty Acid
Hydroxylation. J. Am. Chem. Soc. 2016, 138,835/
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Caught in the act: Monitoring € bond cleavage to form cytochrome P450
Compound | in real time

John H. Dawsoh Anuja Modi,! Indika Bandara,Mary Glascock,Heather Voegtle ClontzShengxi Jif,
Thomas A. BrysohiMlasanori Sond,Daniel P. CollinsEmily JohnsohEric D. Coultet Zanna Beharryand
David P. Balldu

Department of Chemistry and Biochemistry, Uniitgroof South Carolina, dumbia, SC 29208 USA
(jdawson@mailbox.sc.edu); adidepartment of Biological Chemistry, University of Michigan, Ann Arbor, Ml
48109 USA

Cytochrome P450 is a remarkable hepmntaining oxygenase that activates for O-atom insetion into
unactivated hylrocarbons. The active catalyst is a ferryl [geam(IV)] porphyrin radical (Compound 1) that

can also be made from the ferric enzyme by reaction with peracids and otagsr® donors. Using rapid

scan stoppedlow techniques, wéave observed an acylpero-ferric heme intermediate that undergoes O

O bond cleavage to generate Compound |. Thus we can directly follow Compound | formation in real time
and investigate factors that influence its formation rate, providing useful infoienaregarding the
mechansm of dioxygen activation by P450.

Although Compound | is the most powerful P450 intermediate, preceding peroxo and hydroperoxo“
AYGSNYSRAFGSAE KIFI@PS 0SSy LINRBLRZASR Fa aSO2yRINE 2EAX
I, we have investigatkthe 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 P456erredoxin Complex from Orientatiofselective
DoubleElectronElectron Resonance Spectroscopy

Alice Boweh EachanO.D. Johnsoin Francesco Merctii Nicola J. HoskifsRuihong Qiap James S. O.
McCullagh, Janet Lovett', Stephen G. Béfl, Weihong Zhot) Christiane Timmégl Luet Lok Wortg Jeffrey
R.Harmer$

ICentre for Applied Electron Spin Resonance, Department of Chemistry, University of Oxford, Inorganic
Chemistry Laboratory, Oxford OX1 3QR; ihorganic Chemistry Laboratory, Defmaent of Chemistry,
University of Oxford, South Parks Road, @kfoX1 3QR, YRConsiglio Nazionale delle Ricerche (CNR),
Istituto per lo Studio dei Materiali Nanostrutturati (ISMN) Via P. Gobetti 101, 40129 BologndQtdlgge

of Life Sciences, N&ai University, Tianjin 300071, Chifl@hemistry Research Labtoey, Department of
Chemistry, University of Oxford, Mansfield Road, Oxford OX1 3TA, U.K.

" Current address: Department of Chemistry, The University of Edinburgh, UK.
3 Current address: Department of Chemistry, University of Adelaide, SA 5005, Australia.
8 Current address: Centre for Advanced Imaging, University of Queensland, St Lucia, Australia.

Cytochrome P450 (CYP) monooxygenases
catalyze the oxidation of chemidly inert
carbonrthydrogen bonds in diverse
endogenous and exogenous  organ

compounds by atmospheric oxygen. ThiHC 2 [Fe.S]"-NO'DEER
bond oxyfunctionalization activity has huge § “\\\

potential in biotechnological applications k= T
Class | CYPs receive thve electrons required § 8

for oxygen activation from NAD(P)H via R e
ferredoxin reductase and ferredoxin. Th = —
interaction of Class | CYPs with their cogné <h Oﬁme (;Jso) "

ferredoxin is specific. In order to reconstitut
the activity of diverse CYPs, structural characteioradbf CYRerredoxin conplexes is necessary, but little
structural information is available. Here we report a structural model of such a complex (CYR£R4d)

in frozen solution derived from distance and orientation restraints gathered by the EPRicieehof
orientation-seledive double electrorelectron resonance (eBEER). [1] The lotiged oscillations in the es

DEER spectra were well modeled by a single orientation of the CYRH3®AR complex. The structure is
different from the two known ClasisCYH-dx structures: CYRALAdx and CYP101A%dx. At the protein

interface HaPux residues in the [Fe2S2] clustdr y RA Yy 3 f 22 LJ F Y R -terihiBus besidueK St A E
interact with CYP199A2 residues in the proximal loop and the C helix. These sitarts are consistent

with biochemical data on CYP199#&2redoxin 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 CYFPdx complex provides the I3& 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,-2524.
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CYP2J2 ahEETs in diabetes and cardiovascularedise

Rheem Totah
University of Washington, USA

Cytochrome P450 2J2 (CYP2J2) is the only member of the human CYP2J subfamily and it is mainly expressec
in the heart, pancreas, kidney and brain. 2)Pis a drug metabolizing P450 capable of oxidizingaeve

drug classes but it is mainly known for its endogenous function of oxidizing arachidonic acid (AA) to four
regioisomer epoxides (cepoxyeicosatrienoic acids, EETs). EETs have many known @®perd protect

against cardiovascular disease and diaiseinduced cardiomyopathy. In a transgenic mouse model
overexpressing human CYP2J2 in the cardiomyocytes, mice suffer less negative consequences due to
myocardial infarction and resulting fibrosisidh 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 suscéptioorubicin and

reactive oxygen species toxicity. larhan ventricular heart tissue, CYP2J2 expression and EET levels are
lower in tissue derived from diseased hearts compared to healthy control hearts. In additiorsegNA
analyses demonstrate that th&€€YP2J2 gene modulates diverse transcriptional programsiat 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 againsinganatthy.
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Extracellular vesicles as novel markakin vivo Cytochrome P450 phenotype

Michael J Sorich Andrew Rowlant] A David Rodrigués
ICollege of Medicine and Public Health, Flinders University, Adelaide, Aus&alME 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 pharmacogenetiggaéellular nanovesicles (exosomes) are of
great interest as a source of biomarkers asytltontain cargo, including proteins, derived from their cells of
origin and hence may reflect the functional state of that organ.

Aims. This study sought to evaleathe expression and ex vivo activity of CYP3A4 protein isolated from
circulating exosomesand correlations with in vivo midazolam clearance.

Methods. Plasmalerived exosomes of were characterised by transmission electron microscopy,
nanoparticle trackig analysis and identification of verified protein markers. CYP3A4 protein expression in
plasmaderived exosomes from 6 healthy males pamd post rifampicin dosing was quantified by ELISA.
The ex vivo activity of exosontkerived CYP3A4 protein was exaadrby assessment of NAD#Ependent
oxidation of midazolam to-hydroxy midazolam.

Resuls. Kinetic data for the -hydroxy midazolam formation by exosomes was well described by the
MichaelisMenten equation, with mean kinetic parameters (Km, Vmax) ofud/band 31.1 pmol/min/mg.
Mean (95% CI) plasma exosome derived CYP3A4 protein expreskierpie 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 proteixgression (R=0.91) and ex vivo CYP3A4 activify5(B.83) with midazolam CL/F.

Discission. Plasma exosonterived CYP3A4 protein was functionally active and there was strong
concordance with midazolam CL/F for both exosadrdved CYP3A4 protein exgssion and ex vivo activity.
The significance being that in vivo CYP3A4 activity is pdesbyribed by existing pharmacogenetic strategies.

Conclusion. Plasma derived exosomes provide insight into betvwaeghwith-subject differences in in vivo
CYP3A4ddivity.
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Extrahepatic human CYRPE£YP4Z1 and more

Matthias Bureik
!Health Science Platform, School of Pharmaceutical Science and Technology (SPST), Tianjin University, Tianjin,
China

Plasma membrane localization of CYP4Z1 and CYP19A1 and tti@deai€antiCYP19A1 autoantibodies in
humans [1]. Aberrant protein targieag 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 wall know
that a number of microsomal CYPs can be detected on the plasma mendugnee 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 ofVIGfeastcancer cells and the detection of high titers of anti
CYP4Z1 aAbs in bréaancer patients, but not in healthy controls. Very recently we showed that cells of the
normal breast cell line MGEOA do not display CYP4Z1 on their surface. By contrast, wetddt€ YP19A1
(aromatase) on the plasma membrane of both cell lines. IistEmgly, 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 anti-CYP19A1 aAbs in female breast cancer patient sera as well as imnuiale
female controls, respectively; aAb titers in all three groups varied considerably and overall, the results
obtained for each group were not significantly different from thoseittier of the other two groups. Based

on these data we propose the hypatbis that CYP translocation to the plasma membrane, but not the
intracellular expression level, is the crucial precondition for the generation ofCAff aAbs.

Functional expressio of all human cytochrome P450 enzymes including the last three orphdng\[2
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) wased. This strain collection was
tested with two luminogenic probe substes 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 CF's are now shown to be active. Interestingly, CYP5AL1 (thromboxane synfixasg) was found

for the first time to act on a substrate other than prostaglandin(PiGH), and, moreover, to catalyze an
aliphatic hydroxylation reaction that consumes molecutarygen. Also, the ability of adrenal CYP11A1l
(P450scc) to catalyze an aldroxylation 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 activityy &2ény C
enzyme from any organism was reported so far. We demonstrate thaahu@YP20A1 can catalyze both the
aliphatic hydroxylation of LucifedME and the aryl hydroxylation of Lucifesth

1. KhayekaWandabwa, C., Ma, X., Cao, X., Nunna, V., PathakBdrrihardt, R., Cai, P. & Burdik.
(2019). Plasma membrane localization of CYP4Z1 and CYP19A1 and the detectie@YoPA8A1
autoantibodies in humans. Int Immunopharmacol., 73,784

2. Durairaj, P., Fan, L., Du, W., Ahmad, S., Mebrahtu, D., Sharfshi@f, R. ALiu, 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 mechanibased inhibitors of CYP4Z1

JohnP.Kowalskt, Matthew G. McDonalg Helmut Hanenberg Connie Wiek Allan E. Rettfe
Department of Medicinal Chemistry, University of Washington, Seattle, UBApartment of
Otorhinolaryngology, Heinrich Heine Universitj\sBeldorf, Germany.

Introduction: The cytochrome P450 4 (CYP4) family constitutes thirteen enzymes in humans that are typically
involved in fatty acid and eicosanoid oxidation. CYP4Z1 istisely expressed in human mammary tissue

and is the most highly upregulated CYP4 gene in breaster. Our recent studies demonstrated that
CYP4Ztependent metabolism of arachidonic acid generates 14¢déxyeicosatrienoic acid (14,EET), a
metaboliteshown to enhance tumor growth and metastasiBherefore, 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 ng Arachidonic acid o

CYP4Z$peC|f|c inhibitos that v_wII be useful for| .~ ~_- L Ly Metastasic?
studying the (patho)physiological role(s) of th|L__-

relatively unknown B50. * . -|_ 5

Methods: We have synthesized a series oflN N: ABT-analog >

aminobenzotriazole .(ABT) apalpgs, whil Figure 1. The dominant CYP4¥#bendent arachidonic acid metabolite is
behave as, mechan|s+_tmsed inhibitors  of 14,15EET. Modification of ABT positions the site of-@\éRiated
CYP4Z1 (Figure 1). Inhibgovere screened for pioactivation internally, generating potent CYP4Z1 mechaiiased
time-dependent inhibition using luciferin benzy inhibitors.*Primary oxidation sites.

ether? to monitor CYP4Z1 activity arabainst
other commercially available CYP4 enzymes to evaluate isoform selectivity utilizihgifedns. Inhibition
of hepatic CYPs was investiggvia a cocktail approach in human liver microsomes.

ResultsAn aliphatic chain length of six to eiglarbons is ideal for potency, while the addition of a carboxylic
acid moiety to inhibitors confers substantial selectivity towards CYP4Z1. Outddyate shifted I§3 values

for CYP4Z1 of 200 nM and show dramatic tilependent effects. The most poterdnd selective, analog
displays a K 2.2mM, Knact= 0.15 mirt, and partition ratio of ~25 for CYP4Z1.

DiscussionThe currently known inhibitors of CYP4i£é& promiscuous towards many CYP isozyrhdhe
ABTanalogdesign we have employed places the location of bioactivation at an intemnbdcular 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 selectiwogaition of these inhibitors by necovalently heme

bound CYP4 enzymes, gadlarly CYP4Z1. Ongoing studies are assessing inhibitory activity in recombinantly
expressed CYP4Z1 purified to homogeneity and probing the specific mechanism of CYP4Zliondwtivat
these compounds from investigation of heme adduct formation/destructio

Conclusion: We have designed, synthesized, and characterized multiplel¢jpemdent inhibitors that are
highly selective for CYP4Z1. These will be useful to@sable biochemical characterization of CYP4Z1 and
help unravel the role that bioactivépid metabolites play in breast cancer progression.

1. McDonald, M. G., et al. (2017). Expression and Functional Characterization of BreasiASsocted Cytochrome
P450 471 in Saccharomyces cerevisiae. Drug Metab Dispos 45(12)37364

2. Yan, Qet al. (2017). Efficient substrate screening and inhibitor testing of human CYP4Z1 using permeabilized
recombinant fission yeast. Biochem Pharmacol 14614
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CYP46A4asa Potential Target forAlzheimer'sDisease Treatment

Irina Pikule\a
Departmentof Ophthalmology and Visual Sciences, Case Western Reserve University, Cleveland, OH, USA

LYGNRRdAzOGA2Y ® / dZNNByGfes GKSNB Aa y20G Odz2NB F2NJ ! f

Aims. To evaluate whether CYP46A1 could phamacologi target for AD and small doses of efavirenz
(EFV) an anthD medication. CYP46AL1 is the cholesterdhpdroxylase that controls cholesterol elimination
from the brain. EFV is the F2fproved reverse transcriptase inhibitor, which is givemtV carries at the
600 mg/day dose.

Methods. Crystallization of CYP46A1. Screening of theappraved drugs for modulation of CYP46A1
activityin vitroandin viva Treatments o6XFAD mice (an AD model) with EFV for CYP46A1 activation. Omics
and othe studies togain mechanistic insights into the EFV effects. Structure activity relationship of EFV for
CYP46AL. Clinical trial to evaluate EFV effects on people with mild cognitive impairment due to AD.

Results. The CYP46AL1 active site is plastic andaammodatehe FDAapproved drugs of different sizes,
shapes, and polarity, which either inhibit or activate CYP46Aitroandin viva Small doses of EFV activate
CYP46A1 and improve behavioral performance of 5XFAD mice; the effect on the amyloden is the
treatment paradigmspecific. The omics and other data suggest that the CYP46A1 activity modulation affects
multiple signaling pathways and processésits membrane effects. EFV analogs were found, winiglitro

are even better CYP46Altiaators than EFV.

Discussion. Studies are-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 suggésat CYP46Al 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 defidian
CYP27Btr vitamin D receptor

Toshiyuki Sakaki
Toyama Prefectural Universityapan

1a,25-Dihydroxyvitamin B (1,25(0OHDs) is known to exert various physiological actions by binding to
vitamin D receptor (VDR). However, recent studies tsaggested at leastie types of effects of vitamin D
and/or VDR, namely, (1) VRRpendent effects of 1,25(0H;, (2) VDRndependent effects of 1,25(O0H);,

(3) VDRlependent effects of 25(0OH3)(4) VDRndependent effects of 25(0OH)X5) Ligandndependent
effects of VDRRecently, we have successfully generated rats deficient i€yp7blor Vdrgene using the
CRISPR/Cas9 system for genome editing. In addition, human type Il rickets model rats with avidutant
(R270L), which recognizes 1,25(&kith an affinity eqivalent to that of 25(OH){) was also generated.
Cyp27b3K0O,VdrKO, andvdr (R270L) rats showed rickets symptoms, including growth retardation and
abnormal bone formationCyp27b3KO0 rats had notably low plasma Ca levels and sevevglgretardation,

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) andvdr (R270L) ratsould be a result ofl) VDRlependent effects of 1,25(O):. The discrepancy
between Vdr (R270L) andCyp27biKO rats could be derived from (2) \DRependent effects of
1,25(0OHyDs. Comparison of th&/dr (R270L) and/dr-KO rats might reveal (3)DRdependent effects of
25(CH)D3 or (5) liganthdependent effects of VDR. Administration of 25(0&aroundv nn >3k 1 3 0 G K
restored rickets symptoms i@yp27biKO andvdr (R270L) rats, respectively. The effect of 25(QHND/dr
(R270L) rats suggest a direct action of 25(OHyDia VDRyenomic pathways. Our results suggest that the
VDRdependent effects of aigh affinity ligand of VDR are complemented by high levels of -atimity VDR
ligand. However, this could not be confirmed by 25(QH)dministration to Cyp27biKO rats, because of
alternative synthesis of 1,25(0#} probably by Cyp27al, in the liver
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CYP11Al and CYP27A1 activate the-yagtamin D3 photoproduct, lumisterol, by
hydroxylating its side chain.

Robert CTuckey
!School of Molecular Sciences, The University of Western Australia, Perth, Australia.

Introduction. Vitamin D3 is pragted from the action of UVB radiation ordéhydrocholesterol (7DHC) in

the skin which causes breakage of the B ring of the sterol. The initial photoproductvigmmen D3 which
undergoes a thermal isomerization to vitamD3. With further exposure t0VB 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 emadl product of UVRIriven 7DHC metabisim, with its
formation preventirg excessive vitamin D production during prolonged exposure of the skin to UVB radiation.
Both CYP11Al1l and CYP27A1 efficiently hydroxylate the side chain of 7DHC producing biologically active
hydroxymetabolites. Since 7DHihd L3 are diasteromers, it i®gsible 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 hydroxgerivatives.

Methods. CYP11A1l an@YP27A1 were expressed En coli purified, reconstituted with adrenodoxin
reductase and adrenodoxin and activity assayed with substrates dissolved/dr@ypropyd -cyclodextrin

or phospholipid vesicles. Products were measured by rewyagnase HPLCnd identified by mass
spectromety and NMR. LCMS was used to measure the concentrations of L3 and its lyehigagives in
human serum. Cultured human skin cells were used to test the activities of the L3 derivatives on cell
proliferation, differentiaton and response to oxidative s8s.

Results. PurifiecCYP11A1l metabolized L3 to a number of products, with the three major ones being
identified by mass spectrometry and NMR ash®@roxyL3, 24ydroxyL3 and 20,28ihydroxyL3. Minor
products identifi@l by comparison to authentic stdards included 2ydroxyL3 and pregnalumisterol (L3

with 6 carbons removed from its side chain as in pregnenolone). Purified CYP27AL1 efficiently metabolized
L3 to three major products, RhydroxyL3, 2%hydroxyL3 and 2BydroxyL3, identified by mass
spectrometry and NMR. Liver mitochondria which express CYP27A1 produced the same products. CYP27A1
was also able to further metabolize the CYP11A1 producthy@foxylL 3 and 24ydroxyL3 but the products
remain to be identied. Analysis of human serum domed the presence of L3, Z8/droxyL3 and 22
hydroxyL3, and at higher concentrations than vitamin D3, indicating that the-&i¥hdent metabolism of
lumisterol occursn viva Both the CYP27Aand CYP11Aderived hydoxylumisterols were able to inhitb

the proliferation of human keratinocytes in cell culture with high potency witing@roxyL3 being shown to
regulate many genes including ones involved in skin cell differentiation and their response to oxidative stress.

Discussion.Both CYP11A1 andr€27A1 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 atdmins D3 and D2. The major rabblites displayed biological
activity on skin cells, with many effects being similar to those of-didroxyvitamin D3.

ConclusionL3 is not a deaénd product of excessive UVB radiation but is actigdty CYP11A1 and CYP27A1
to products that have tdeast some actions similar to those of 1,@®Hydroxyvitamin D3.
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Late stage lead diversification utilizing cytochronf®d50 enzymes

R. Scott Obach
Pfizer Inc., Groton, CT, USA

Late stage lead diversification is a novel technique in drug design tharsingle 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 supemjualities (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 Insitéee to harsh reaction
conditions, it is desired to be able to condlead diversification under mild reaction conditions. Enzymes
that possess broad substrate selectivity are well suited to this, and therefore the cytochromes P450 have
been leveragedor lead diversification. They have the advantages that there are lgisdof 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 angdireered) 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 prebessby
hundreds of new molecules can be made for pharmacological gestmaddition, since P450 enzymes mostly
only catalyze various oxidation reactions, other lead diversification reactions that leverage relatively non
specific radical mechanisms,céuas 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, miniaturizatithese reactions to the sumilligram

scale also offers a green chestny 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 Humphrey$
tAranmore Pharma Consulting, Lawrenceville, USA

The discovery and development oéw 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 tzezl/&du their potential

to serve as substrates or modulate the activity of P4B@ymes. 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 ersyhinés 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 Driidrug Interactions

Michael R. WesterDora Santos, §sica Larsen, Yongmin Li, Weichao Chen.
Drug Metabolism & Pharmacokinetics, Vertex Pharmaceuticals Inc., San Diego, USA

As patient populations age and pohgrmacy approaches are becoming more common, P450 mediated
drug-drug interactions are a signifioehurdle in the drug discovery and development process. Prediction of
test article perpetrated CYP induction or CYP inhibition is one key to minimizin§fagkre when potential

new medicines are brought to the clini¢n vitro assays to help désk DDI have been identified, however
throughputs are often modest. Because of the increased scrutiny for potential drug candidates to cause
drug-drug interactons, 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 approachefetisk compounds for DDI cannot keep up with

the demand for data to make design decisions ime¢mwith the design cycles of modern medicinal chemistry
teams. Strategies for increasing throughput while retaining or improving decision making quatityitod
assays include adoption of alternative reagents, miniaturization, automation and datéirfgantethods.



“#1CCP450
Book of oral abstracts

306

P450 Mediated Clearance: From Screening to Mechanistic Studies for PK Predictions

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

Prediction of human pharacokinetics (PK) is a fundamental practice for optimizing compound attributes
and assessing human suitability for ddeyelopment. Advances toward understanding the key mechanistic
determinants of human PK have enabled incorporation of screening appreapaticularly for P450
mediated clearance, to influence design of improved human therapeutics. Throughout the domyetiy
process, understanding and characterizing PrAfsftliated metabolism is imperative to anticipating and
translating preclinical studs to human given these enzymes play a predominant role in the clearance of
numerous therapie’s Studies typically rage from simple screening of compound intrinsic hepatic clearance
in vitro to in vitro or in vivoextensive metabolite profiling along witreaction phenotyping to determine
predominant enzymes involved. As &tler screening and triaging approach, compads synthesized are
routinely screened in human liver microsomes for RA%€tliated clearance. In cases where clearanastro

is not ickal, the data is leveraged to define structtaetivity-relationships for metabolism and clearance of
the chemical equy to inform optimization strategies, where as molecules that demonstrate suitable
clearance properties are typically evaluated in mdnerbughin vitro and in vivostudies to define major
mechanisms of clearance and metabolism. Since retrospective asaly®K predictions indicate successful
predictions are high when P450ediated metabolism is a primary route of clearafaata from tearance
screens and mechanistic studies, when coupled witsilicopredicted 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 erlify how results on P450s govern PK prediction approaches.

1. Cerny (2016) Prevalence of NGytochrome P450/ediated Metabolism in Food and Drug
AdministratiorApproved Oral and Intravenous Drugs: 2€08.5. DMD 44:1246252.

2. Hosea et. al. (2009) Predimti of human pharmacokientics from preclinical information: comparative
accuracy of quantitiative prediction approachd@sClin. Pharmacol. 49(5):5%33
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Bacterial and mammalian steroid hydroxylase&that can they learn from each
other?

Rita Bernhadt
Institute of Biochemistry, Saarland University, Campus B265123 Saarbrticken, Germany

Introduction. Steroids play a pivotal role in the metabolism of mammals. Their synthesis is realized via 6
steroid hydroxylases as well as 2 hydroxysteroidydebgenases and a reductase. Interestingly, also several
bacteria are able to convert steroids althoutte physiological meaning of this process is not known.

Aims. We are interested to identify similarities and differences between mammalian and bhsteroid
hydroxylases to get deeper insight into their function and to use this knowledge for biaikxiical
purposes.

Methods. We analysed adrenal steroid hydroxylases concerning their function and regulation and identified,
cloned, expressed and ctaterized several bacterial steroid hydroxylases

Results. Several bacterial steroid hydroxylases wimetified and characterized concerning their substrates
and products and some were displaying novel selectivities of hydroxylation. The knowledge=dlataring
experiments to change the selectivity of mammalian steroid hydroxylases and structuralf dagebacterial
enzymes helped to the design bacterial steroid hydroxylase concerning their hydroxylation selectivity (1,2).
Moreover, the effect of redx 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 modksubstrate 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., Gunnewich, N., Hannemann, F. and Bernhardt, R. (2012) Changing the
Regioselectivity of a P450 from C15 to C11 Hydroxylation of Progesterone. Chembiochem-13,66161
2012

2. YKFOGNRYE | &S WsiT A1 32 lzebbuger M, Hutiey, M.fCS Thunaisten, M. 8. WSHi O dzz
& Bernhardt, R. (2018)Structurebased engineering of steroidogenic CYP260A1 for staneo
regioselective hydroxylation of progesterone. ACS chemical biology. 13 (4)10221

3. SagadinT, Riehm JL, Milhim M, Hett MC, Bernhardt R. (2018inding modes of CYP106A2 redox
partners determine differences in progesterone hydroxylation product patte@uwnmun Biol 1, in
press


https://www.ncbi.nlm.nih.gov/pubmed/30271979
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Clinical Applications of Steidogenic Cytochrome P450 Inhibitors

Richard J. Auchudg.
Department of Pharmacology andDepartment of Internal Medicine, Division of Metabolism,
Endocrinology, and Diabetes, University of Michigan, Ann Arbor, MI, USA.

Introduction. Proper steroichormone 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 vigrief human diseases, and s#al benign and
malignant neoplasias are stereibrmone dependent. To treat these disorders, specific inhibitors of
steroidogenic enzymes have been developed.

Aims. The purpose of this presentation is to review the pathvedysteroid biosynthesis ani 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 thenpgtand selectivity
of sterddogenic 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 staioi@dd® inhibitors

were devdoped decades ago, including aminoglutethimide and metyrapone. Ketoconazole was among the
first azolebased orally active antifungal drugs designed to inhibit P450 51A1; however, ketoconazole inhibits
many mammalian P450s, inding several steroidogenicizymes. Specific P450 19A1 (aromatase) inhibitors
were first developed in the 1970s, but potent aztigsed drugs (letrozole, fadrozole) revolutionized the
treatment of breast cancer and surpassed tamoxifen as-liinst endocme therapy for postmenopausa
estrogen receptoipositive tumors. In 2011, abiraterone acetate, a potent and selective P450 17A1 inhibitor,
was approved for treatment of castratienesistant prostate cancer. In late 2018, the results of a phase Il
trial of osilodrostat, a potent P4501B1 (and 11B2) inhibitor, for the treatment of Cushing disease were
presented, and a second phase Il registration trial is in progress. Several companies have presented
preclinical data of selective P450 11B2 and P450 Iitffitors for various indicadns.

Discussion. Drugs that target P450 19A1 and 17A1 are in clinical use todaylia® fingtrapies for estrogen

or androgendependent malignancies, respectively. Osilodrostat, which targets P450 11B1, issStatme
clinical trials, and inhibitar 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-tdfget effects and competitiofrom steroid receptor antagasts, drugs
that inhibit the human steroidogenic cytochrome P450 enzymes have been developed and gained
widespread clinical use, with additional agents forthcoming.



“#1CCP450
Book of oral abstracts

309

The promiscuous role of CYP17A1 in thetabolism of C1ioxy G; steroids

Amanda CSwart
Department of Biochemistry, Stellenbosch University, Stellenbosch 7600, South Africa

/ & 42 OKNER Y Sydtoxylase/17i28yase (CYP17A1) plays a pivotal role in the metabolism of C11

oxy G: steroids vyielding Cléxy Go steroids. The Claxy G; & G S NP A-Réraxypregesterone

OmMmMi hl t rRS2F&ROMNMIA&E2f 6HMRCUOU | NB oA2aeyikKSaAl SR A
KeERNRE&EFAS o6/ . twmm. 0  shigdiodsation Odf (e B8 E S NRHISS | WW
hydroxyprogesterone (170HP4). CYP1I7A14 2 O (| K@ RSB E@kK $ Gm2Y yeelingumi hl t
21dF, albeit not as efficiently as the CYP11B1 catalyzed reaction.

. 20K mmi hltn YR HMRC I NB -BAydmxysiSSjNEBSAYRI f RS KYSSRINBORE yAH &
type 2 yielding 1keto intermediates, 1iketoprogesterone (11KP4) and-8goxycotisone (21dE) with

Mmi | {5 Gl wm OFGFtelAy3 -olykGsa INENRSANBERXy Bdsterdng 2 y & h
Ommh hl t n-ketodihyd®pragesterone (11KDHP4) have also been detected inlation together

with the aforementioned steroids. While the production of the &y G; steroids and metabolites can be
FGONROGdzG SR (2 / -NBRudzGGO IvavS | o {5w 5 p/1RO Jemaifc Gnkibwdh A Y 2 F

The role of CYP17ALl in the backdoathpaay in which 170HP4 is converted to dihydrotestosterone is well
established. In this pathway, CYP17Al catalyzes the-lyg26 reaction converting the{steroid to a &

steroid. We have shown #t the Clioxy G; steroids, once reduced by SRD5A atG54 follow the same

metabolic pathway as 170HP4 catalyzed by the same steroidogenic enzymes. However, indikg C11
oFO1R22NJ LI GKgl &3 / .t maydmaxylddé¢ antl the 173gase @actioik in h&« S wmT1 b
conversion of & to Go steroids.

Thebiosynthesis of Cttixy Gy steroids via Clbxy G; steroids potentially adds to the androgen pool in
adrenal disorders and diseases. Clinical conditions characterizegh biei@id excess includeamongst
20KSNAR X O l2 OkdkRylaS (QYR24)Eeficiemdy, polycystic ovarian syndrome, prostate
cancer and benign prostatic hyperplasia in which thesed@i/Isteroids have all been identified. The €11
oxy G steroids and Clbxy Gy steroidshowever, remain to be fully exploraghot only in pathghysiology
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 ofChemistry, Monash University, Clayton, Australia

Pregnenolone Dehydro-

- : 0
£ epiandrosterone
(DHEA)
p
17,20-lyase
HO'

The biosynthetic pathways for stétbhormones beginsvith cholesterol and uses spatial and temporal
control to direct steroid precursors towards three classes of hormones; (i) mineralocorticoids that control
salt balance, (i) glucocorticoids for metabolism and (iii) androgens; male sexihes. CytochromB450c17

is a multifunctional P450, and synthesises precursors for both cortisols and androgens via two sequential
NE I Ol A 2 yhydioxylase Sudel 1/2ase. Functionally, it is known that both these reactions require
electrons transferred by NADPMia 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 hapratein cytochtome b5 is ceexpressed. Surprisingly,
cytochrome b5 and cytochrome P450 oxidoreductase have overlapping binding sites on the surface of the
P450c17 enzymeThis poses several questions: How does cytochrome b5 and cytochrome P450
oxidoreductase interact wh P450c17 strucurally, functionally and physiologically? Mechanistically, how
does the allosteric interaction with cytochrome b5 specifically regulate the P450c17 activity? Finally, how
does theone enzyme achieve regulate two essential classes ob&tdrormones,n vivo and how can we
exploit this, to develop an inhibitor specific for androgens?

17a-Hydroxy-
pregnenolone

17-hydroxylase
HO HO

We have used FRET in live cells, bioanalytical measurements (direct electrochemistry and a quartz crystal
microbalance)n vitro and molecular modelling #t predicts that he P450c17 forms a stable homodimer
structure? £ t 26 Ay3 GKS /tw YR O8i20KNBYS op LANBSSAyYya
model is fully consistent with extensive experimental data published over the last two deaadesould
resolvethe 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., Organizatio
of Enzymes Involved in Sexei®id Synthesis: ®Btein-protein interactions in lipid layers, J. Biol. Chem.,
(2009), 284(48) 332233232.

2. Simonov, A.N., Holien, J.K., Yeung, J.C.I.,, Nguyen, A.D., Corbin, C.J., Zheng, J., Kuznetsov, V.L., Aucht
R.J., Conley, AJ., Bond, A.M., Patidesy., 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. Rodgdaih,LA 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)311&,.515
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Lighttriggered P450 biocatysis uang Ru(lBdiimine complexes

Lionel Cheruzél
Department 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 circumventthe use ofredox partners and NADPH cofactor. In particular, the use offightesting units
has proven useful in triggering P450 activity upon visible-kglttation?

Aims. Our laboratory aimed at using Rudilinine complexes and
their unique exited propaties to harness P450 synthetic
potential ? .

(
Methods. Their covalent attachment to nerative single cysteine \}gﬁ
residues has enabled rapid electron injections into the heme \
domain of several bacterial P450 enzymes, i.e. P450 BM3 a%'&f
CYP119 Additional apppaches have been explored to expand the
scope of the lighdriven P450 activity utilizing these inorganic
complexes.

J

Results/Discussion. Recent efforts focused on uncoupling pathways and coupling efficiency in-threséght
hybrid enzymes investigatetb date. Valuable insights have been gained by quantifying with HPLC the
amounts of sidgroducts obtained over the course of the reactibm addition, we have taken advantage

of the visible light activation and the Ru(ll) completaedevelop chemoenayatic approaches.

Conclusion. The use of Rufllimine complexes has enabled the ligddtivation of various bacterial P450
enzymes and recent insights have been obtained regarding the coupling efficiency in those systems. In
addition, chemoenzymatic goaches are being explored to marry the advantages of chemical catalysis with
the selectivity of biocatalysts.

1. ShalanH.; Kato, M. & Cheruzel, L. (2018). Keeping the Spotlight on Cytochrome P450, Biochim. Biophys.
Acta, Prot. 1866, 887.

2. Lam, Q.; KatoM. & Cheruzel, L. (2016) Ruflimine functionalized metalloproteins: From electron
transfer studies to lightirivenbiocatalysis Biochim. Biophys. Acta. Bioenerg. 18572227

3. Kato, M.; Melkie, M.; Leti, L.; Li, J.; Foley, B. & Cheruzel L. 20ingedficiency in lightriven hybrid
P450BM3 and CYP119 enzymes, Submitted.

4. Sosa, V.; Melkie, M.; Sulca, C.; LiTdng, T.; Li, J.; Faris, J.; Foley, B.; Banh, T.; Kato, M. & Cheruzel, L.
(2018). Selective lightriven chemoenzymatic trifluoromethyian/hydroxylation of substituted arenes,
ACS Catal., 8, 222229.
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Lightdriven biosynthesis: Opmizing electron transfer to monooxygenases

Poul Erik Jensen
Copenhagen Plant Science Center, Department of Plant and Environmental Sciences, YWroversit
Copenhagen, Thorvaldsensvej 40;I8¢1 Frederiksberg C.

Oxygenic photosynthetic organisms cagry efficiently convert solar energy into chemical energy using
water as an electron donor. The aim of lightven catalysis is to harness solar eneigyhe form of reducing
power, to drive enzymatic reactions requiring electrons for their catalytidecy.ightdriven enzymes have
been shown to have a large number of biotechnological applications that range from the production-of high
value secondarynetabolites to the development of green chemistry processes. Here, | will highlight recent
key developrants in the field of lightlriven catalysis using biological components.

Important natural products are often synthesized in low quantities by theit tignism and can be difficult

to produce by chemical synthesis. The cytochromes P450 (P450s) siitu#tedER play key roles in natural
product biosynthesis, and are powered by electron transfers from NADPH. We have shown that plant P450s
can be expresed 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 h&wsed them with ferredoxin or flavodoxdike FMN
domains (3,4). These fusions allow the P450s toinlgtiectrons for catalysis directly from the photosynthetic
electron transport chain by interacting with photosystem | and make them competitive witmaiheral
occurring ferredoxin requiring enzymes. Further improvements can be obtained by scaffoleiagzymes

of a pathway. In a novel strategy, we have fused P450s with transmembrane domains of TatB from the
chloroplast twin arginine translocation sgsh (5). This reduced the accumulation of unwanted intermediates
and side products and increased the acwlation of the end product fivefold. This work shows that
chloroplasts and cyanobacteria are attractive for metabolic engineeaing,suggests unexpied potential

for engineering of photosynthetic electron transfer chains to accommodate heterologaysres.

1. Gnanasekaran et al. (2016) J. Exp. Bot. 67(8):2485

2. Wlodarczyka et al. (2016) Met. Engineering 3811

3. Mellor et al. (2016) AC®&n. Biol. 11(7):1862.

4. Mellor et al. (2019). Submitted

5. Henriques de Jesus et @017). Met. Engineering 44: 1046.
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NADPHndependent cytochrome P450 catalysis through flaxnmediated transfer
of photo-induced electrons

ChulHo Yun ThienKim Le
Department of Biological Sciences aBibtechnology, School of Biological Sciences and Technology,
Chonnam National University, Gwangju 61186, Republic of Korea.

Cytochrome P450s

CYP102A1 (BM3)
BM3 variants
Human P450 (CYP2E1)

Introduction. Cytochrome P450s catalyze a wic vA¢
range of regioselective and stergmific  “nirophenol OOH
oxygenation reactions on diverse sulzd@s such as °:"
nonfunctionalized  hydrocarbons  for  the ° Y
biosynthesis of steroids, lipids, vitamins, and natur ¢, ..cwasone
products. Despite the immense potential of P450

the dependence on expensive nicotinamide cofact oN b,
(NADPH) and NADMR450 reductase limits their 3-nitrophenol @O“ "
extensive employment for drug development ani EDTA  gpra,, O o

industrial applications.

Aims. Here, we present a novel ligiriven platform for P450 catalysis using natural flavins (e.g., FAD, FMN,
riboflavin) as photosensit&zs, which can eliminate the need for NADPH BIADPHP450 reductase.

Methods. We have devised and experimentally implemented a catalytic scheme fordémsitized P450
catalytic reactions free of NADPH and a reductase domain. Using visible liglawasexaf energy, human
CYP2E1 and heme domain$ bacterial CYP102A1 variants were employed for photobiocatalytic C
hydroxylation reactions of substrates (e.gndrophenol, 3nitrophenol, and chlorzoxazone) in the absence
of NADPH.

Results. Using visilight as a source of energy, a P450 heme mdsiced 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 successfullgyethfior photobiocatalytic C
hydroxylation reations 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 photenduced electrons to P450eime iron to boost P450 monooxygenaaehieving
photobiocatalytic €hydroxylation reactions. The lighiriven, flavinsensitized P450 catalysis could be
performed in coseffective and ecdriendly ways to create a promising discipline of green and sudilna
chemistry with high potential for P450 ajpgtions.

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 ofegrtkEyTA as an
electron donor. The photoactivian 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, TK, Park, J. H., Choi, D. S., Lee, G. Y, \Wh8., Jeong, K. J., Park, C. B., Yun, C. H. (2019). Solar
driven biocatalytic @ydroxylation through direct transfer of photoinduced electrons. Green Chem. 21,
515525.

2. Park, J.H., Lee, S. H., Cha &l&i, D. S., Nam, D. H., Le&eH., Lee, J. K., Yun, C. H., Jeong, K. J., Park,
C. B. (2015) Cofactéree lightdriven wholecell cytochrome P450 catalysis. Angew. Chem. Int. Ed. 54,
969-973.
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Pharmacogenomics of druignduced hypersensitivity

AnaAlfirevic.
Department of Molecular and Clinical Pharmacology, University of Liverpool, Liverpool, UK.

Introduction. Genetic testing can help to predict, prevent, diagnose and| S ,

understand the mechanisms of adverse drug reactions (ADRS) (Alﬁmi/i( PLELTIERS
Pirmohamed, 2017). The human leukocyte antigen (HLA) genes locate™ = '
chromosome 6 encode glycoproteins, which bind and present self and forf
peptide antigens recognised by T lymphocytes, leading to an imm
response. There is a wide variety of Hillale combinations and several HL|
alleles have been strongly associated with ADRs.

I Z
Figure1. ADRs and genetics [1 A Understand

Aims. Our research over the last decade focused on discovery of genetic markers fondirced
hypersensitivity reactions and thegfinical implementation.

Methods. Genomavide association studies, high throughput whole genome and whole exome sequencing
(Nlumina), sequence based HLA typing (Histogenetics and Omixon), HLA allele panel typing (MC Diagnostics),
clinical decision suppbsystem 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 medicatns.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 systemsasgsst with clinical interpretation of the results, a
decision support system has been developed.

Discussion. Several prospective clinical trials have demonstrated thétgatenent HLA testing can reduce
the incidence of severe hypersensityw(Table 1.0ur research enabled clinical implementation of genetic

Drug ADR prevention Ethnicity HLA allele Reference
abacavi 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 Chirese B*13:01  Liu, 2019

testing for prevention of ADRs.

Table 1. Préreatment 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 rils 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),1001009.
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Convergence of CYP2A/2F a@¥P19A1 in the mechanism of chemigaduced lung
toxicity

Xinxin Ding, Laura Van WinkfeWeiguo Hah Nataliia KovalchdkLiang Dinf Pengfei Liy Weizhu Yarig
and QingYu Zhany
tUniversity of Arizona, Tucson, AZ, UBjversity of California Davis, Davis, CA, USA

Introduction. P45alependent metabolism of endogenous compounds may control the homeostasis of
important regulatory molecules; whereas P4&@diated metabolism of folign chemicals may determine

the tissueburden of ultimate toxicants. Both types of reactions may be involwegiermining 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
naphthaleneinduced lung injury, lung macrophage CYP19A1 can increase estrogen production at sites of
naphthaleneinduced tissue injury, thereby prasting postexposure tissue repair.

Methods. The impact of lung and liver P450 enzymes on toxicokinetics atedtaxgicity of naphthalene was
examined using a combination Gyp2abfgsull, CYP2A13/2FHiumanized, livexCpenull, and lungCpenull
mouse moels. A novel myeloid cedpecificCypl9ainull mouse model was generate@ypl9aldeletion
was characterizedhrough various assays. Adu@ypl9ainull and control mice were treated with
naphthalene to induce acute lung injury. Mice were analyzed at uartimes after the treatment for
examination of extent of lung injury and repair.

Results. While both hepatiand extrahepatic P450s contribute to naphthalénduced lung toxicity via
bioactivation, target tissue bioactivation in the lung is quantitativenore important to toxicity. Loss of
macrophage CYP19A1 did not impact the degree of naphthafeh&ed acte lung injury; but it appeared
to cause a slower poshjury cellular proliferation in the airways, compared to WT mice.

Discussion. The rolefamyeloid cell CYP19A1 in chemiitaluced chronic lung diseases, including
carcinogenesis, should be examined

Conclusion. Various P450 enzymes may contribute to interindividual differences in chemical toxicity through
differing mechanisis, including toxicokinetics and tissue repair. This may be important for predicting the
overall impact of interindividual dérences in the activity of P450 reductase, which controls the activities of
all microsomal P450 enzymes. (Supported in part iy ddbnts CA092596 and ES020867)
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HLA, CYP, and DDI: The SCAR determinant and contributing factors

Chonlaphat Sukaseht

Division of Pharmacogenomics and Personalized Medicine, Department of Pathology, Faculty of Medicine
Ramathibodi Hospital, Mahidol University, Bangkok, Thajiraboratory for Pharmacogenomics, Somdech
Phra Debaratana Medical Center (SDMC), Ramathitmxpitdl, Bangkok, Thailand

Introduction. Severe cutaneous adverse reaction (SCAR) include SJS, TEN, DRESS and AGEP, which are mo
frequently caused by drugs. SCAR previously believed to be idiosyncratic or unpredictable. Recéfitly, the
predispositionplays a critical role in drdigduced SCAR, other factors like individual differences in drug
metabolism and elimination may also contribute in this-tlieeatening event.

Aims. In this presentation, | primarily review the current cutiedge in explorig the genetic predisposing
factors of druginduced SCAR, includirti A, CY,Rnd drugdrug interaction (DDI).

Methods. The relationship between HLA alleles, genetic polymorphisms ohutabolizing enzyme genes
and DDI as the risk factors of SG%R keen 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 ircdll mediated immuoe responses. Therefore, genotyping of HLA
alleles has been beneficial in screening for populations at risk ofidduged SCAR and avoiding them from
prescribing certain drug. In addition, drug metabolism, ddngg 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
phenytoininduced SCAR and the impairment of renal function in allopuithiced SCAR, respectively.
Moreover, drugdrug interaction (DDI) has beeshown to be a risk factor for SCAR such as
phenytoin/omeprazole and lamotrigine/depakine.

Discussion. Pharmacogenomics studies in immuiied(and nonimmune CYP related genes with the
development of SCAR have been revealed recently. Taken togetttaerfstudies on risk factors are needed
to develop more options on SCAR prevention and management.

Conclusion. Now a day, pharmacogenomic studies of-thdigced SCAR have made important steps for
prevention of SCAR with the identification of HLAs@atkic variants for genes encoding draggtabolizing
enzymes. These findings have successfully implicated for clinical practice in many countries to prevent a high
risk patient from drugnduced SCAR.

References

1. Sukasem C, et al. (201BjugInduced Stevendhnson Syndrome and Toxic Epidermal Necrolysis Call
for Optimum Patient Stratification and Theranostics via Pharmacogenomics. Annu Rev Genomics Hum
Genet. 19:32853.

2. Yampayon K and Sukasem C, et al. (2017) Influence of genetic mugemetic factors on lpenytoin
induced severe cutaneous adverse drug reacti&us.J Clin Pharmacol. 73:8565.

3. Sukasem C and Tempark. (20BBarmacogenomics: A New Approach for Preventing Severe Cutaneous
Adverse Drug Reactions. GenosDriven Healthcare: Trends in Dised@revention and Treatment.
373-409.
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A Dobzhanskian view of P450 form and function: Charting the evolutionary
trajectories of xenobiotiemetabolising P450s using ancestral sequence
reconstruction

Elizabeth M.J. @am’, Raine E.S. Thomdoiurt L. Hais!, JongMin Baek> { ( SLIKf A ¥, Eontied 5 Q/
M. Ross, Gabriel Fofeyikael Bodeh Yosephine GumulyaUlrik Jurvg and Shalini Anderssén

1School of Chemistry and Molecular Biosciences, The Universityegih@and, Brisbane, Australf@MPK,

Early Cardiovascular, Renal and Metabolism, R&D BioPharmaceuticals, Astrazeneca, Gothenburg, Sweden;
3Discovery Sciences, R&D BioPharmaceuticals, Astrazeneca, Gothenburg, Sweden

The xenobiotiemetabolising cytochrom P450 enzymes from the vertebrate QYBYP2 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 apiamlchemical warfare

may have been 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 respeite extant forms. This result raise;iamber 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 xenobiattabolizing P450s elve from antecedents that

were equaly promiscuous, or ancestors that metabolised a defined endogenous substrate?

The aim of this study was to explore the evolutionary trajectories of xenohimtiabolising P450s. Multiple
ancestors of the CYP1, CYRA &€YP3 families were resurrected fraiifferent nodes in the evolutionary
tree. Each ancestor was characterized for activity towards typical -andoxenobiotic substrates of the
respective extant descendants.

Overall, thermostability correlated with elutionary age, suggesting that thisit 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 evolutionavgrde families were
amongst the mosthermostable. 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 tife CYP2D and CYP1 families were detive towards typical substrates than the
respective extant forms. By contrast the older ancestors of the CYP2A, CYP2B, CYP2C and CYP2E families wel
generally more promiscuous than their extant descendants, suggeatispecialisation 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 rtabolites.

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 xenobiotetabolising P450s may have
facilitated the evolutionary divsificationof 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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Lineagespecific features in CYP51 catalysis and liion

Galina I. Lepesheva Laura Frigg€etiTatiana Y. HargrobeMichael R. Waterman
Department of Biochemistry, Vanderbilt University School of Medicine, Nashville, TN, USA.

Ly i N2 R dzO (i A-geyhahylasésIONP51) axemcatalytically the rnosserved cypchromes P450. From
bacteria to mammals they catalyse the same thetep reaction that is absolutely required for biosynthesis
of sterols. Structurdunctional charactdreation of CYP51s from different phyla suggests that the rates of
catalysis of the dhologs from evolutionarily younger species are higher while their susceptibility to
inhibition is lower.

Aims. To probe if the fast catalytic rate and resistance tditibn of human CYP51 are connected with the
higher flexibility of the-helix.

Methods. XNJ @ ONEB &G f f 23INI LIK& NB IS -SSR GHb1seqiedr andlysis , t p
suggested that the disruption of the main chain helicdddthds in maaxmalian CYP51 might be due to the

long sequence of polar residues (F/Sitedirected mutagenesis of one of these residues was performed
(T318lI), and the mutant was characterized spectrally and enzymatically.

Results. The T318l mutant of human CYP51 urathanged substrate binding efficiency, lower catalytic
turnover (\ha=25 mint vs 45 mint), and >16fold higher spectral binding affinity to the inhibitor VNi<8.4

UM vs 4.7 uM). Testing our thouse library of VNI derivatives confirmed higher spsibility of the mutant

to inhibition and outlined a direction to design potent iblors 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 o \
inhibitor must be lound in the human CYP51 active site. Molecu
modelling envisage that their high potency is due to tl
intermolecular Hbond formation.

S
F
<4

»

Conclusion. Long sequence of palasidues in the middle of the |
helix accomplishes to human CYP51 resistance tabitian.
Although larger structures are required to inhibit the enzyme, it
druggable and can potentially serve as a target for choleste
related human diseases.

)
)

1.1ISLISaKS@I s DL 2 (SN kdghethymse asba tberapemtion targédr hunBmNE ™
trypanosomiasis and leishmaniasis. Curr. Top. Med. Chem., 11-20060

2. Hargrove, T.Y., Friggeri, L., Wawrzak, Z., Sivakumaran, S., Yazlovitskaya, Eri.SMiepbGuengerich,

F.P., Waterman, M.R., Lepesheva, G.I. (201&)zY |l y & (-d&mNeéhflasevas ™ target for anticancer
chemotherapy: towards structuraided drug design. J. Lipid Res., 57, 155@3.
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A diversity of diversifying selection on koalzytochrome P450 gene sequences

Catherine EGruebet
1 School of Life and Environmental Science, Faculty of Science, The University of Sydney, Australia

Koala Phascolarctos cinereysan endemic Australian marsupial, feeds almost entirely on leaves the
Eucalyptugienus, a diet that would be toxic toast mammals. Sequencing the koala genome enables us to
0SGGSNI dzy RSNEGFYR (GKS &ALISOASEAQ dzyAljdzS IRIFILIFGA2ya
investigation (by researchers frorhe Koala Genome Consortiumpy examining evidence oélection 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). | tested for digeysifgtion

utilising a mixeeeffects model of episodidiversifying 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
koalaspecific sequeres showed greater evidence of selection, at particutaans, 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. Madpns with high coverage showed
evidence of episodicedection, and significantly greater evidence for selection in kepkxific lineages than

in other species. Furthermore, evidence of episodic selection in koala CYPs varied widely across genes.
Collectively these results suggest that, despite a backgrooistrong 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 selectiocrass genes. Together these findings have implications f

our understanding of the evolution of toxin metabolism in mammals.

1. W2Kyazy wbX hQaSltffeée 53 /KSYy %y 90GKSNAy3lz2y DWI
CM, Dennison S, Peel E,Haérty h Qb SAf t wwX [/ 2 f-Plangs DERAfenbroded, Biadgf ¢ [ 3
JG, Brandies PA, Chong¥YDeakin JE, Di Palma F, Duda Z, Eldridge MDB, Ewart KM, Hogg CJ, Frankham
GJ, Georges A, Gillett AK, Govendir M, Greenwood AD, Hayakawa T, Helgemi&wW Hdolleley CE,

Heider TN, Jones EA, King A, MadDeiGraves 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, Belc
K (2018) Adaptation and conseriat insights from the koala genome. Nature Genetics13021111.
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P450 conservation as a window on the evolution of ecdysteroid synthesis

Caitlyn Perry, Charles Robin

1School of BioScienceBhe University of Melbourne, Melbourne, Australia.

Introduction. The only P450s Neverland™ 7-dehvdro-cypaozsy, 212225 2,22-
ChO|eSti;O_|>_everan enyaro trideoxy- CYP306 dideoxy-

' >cholestero| Shroud > Y } Y
conserved across aII_ arthropod ecdysone ecdysone
subphyla are those which catalyse ‘“ o OF
synthesis  or  metabolism  of [ &% S cYp302

. . HO'
ecdysteroids. These steroid hormones HO -
play various roles, but have primarily Ho™ 1 20-hydroxy-£ CYP314 £ oone < CYP315 2-deoxy-
been studied as regulators of ° ecdyson€ ecdysone

moulting (periodic cuticle shedding) and metamorphosis. Although moulting invertebrates are
monophyletid, some, e.g. nematodes, do not appear to produce ecdysteroids. A major outstanding question
about ecdysteroid evolutioni 8 KSGKSNJ G KSAS Y2t SOdzZ Sa est rb&iveselhet Sy
worms and tardigrades.

Aims. We sought to identify orthologs of the arthropod ecdysteroid synthesis P450 genes in the recently
released genome of the tardigradiéypsibius dujardi. Cloning our candidates inforosophila 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 dopboatthin this

family are associated with functionat@nges.

Methods. We manually annotated dfl. dujardiniP450 genes and assessed their relationships to insect
ecdysteroidogenic P450s by constructing a Bayesian phylogeny containing sequences f&ose div
arthropods. Possiblel. dujardiniecdysteroidogeri P450 orthologs, as well as four arthropod CYP307 genes,
were cloned intoDrosophila melanogasteand the transgenic flies crossed to lines carrying classical
ecdysteroid deficiency mutations.

Resuls. We have identified five candidate tardigrade ecdyatiogenic P450 genes, one of which has
already been described as an ortholog of arthropod CYP2itsl one of which is sister to the combined
CYP302/CYP314 mitochondrial group. Determining the prigrodf flies which survive to adulthood when

these trarsgenes are expressed in various ecdystedgficient backgrounds will provide data on how closely
their activity mirrors that of their putative arthropod equivalents.

Discussion. Previous reports af CYP315 ortholog iRl. dujardinisuggest ecdysteroidyathesis, 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 abilizydifrades (unlike arthropods)

to produce sterolgle novomay alter parts of the synthetic pathway.

Conclusion. Although the transgenic approach outlined here has limitagitorsexample, it will not identify
tardigrade ecdysteroid synthesis genes ethiare not closely related to their functional equivaie in
arthropodsc 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., Linfordet & (1997). Evidece for a clade of nematodes,
arthropods and other moulting animals. Nature, 387 (6632) -482.

2. Nelson, D. R. (2018). Cytochrome P450 diversity in the tree.ddd¢him. Biophys. Acta, Proteins
Proteomics 1866 (1), 1441154.
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No rule without exeptions: Reconfiguration of cyanogenic glucoside
biosynthesisacross plant evolution

Mette Sgrensefh? Sara Thodberg? Cecilie Cetti Hanséh® RaquelSanchePérez234 Birger Lindberg
Mgller23 Elizabeth H. J. Neilsoh

!Plant Biochemisyr Laboratory, Department of Plant and Environmental Sciences, University of Copenhagen,
Denmark;2VILLUM Center for Plant Plasticity, University of Copenhdgenmark;®Center for Synthetic
Biology, University of Copenhagen, Denmépkant Breeding Depament, CEBAESIC, Murcia, Spain

Plants produce a plethora of specialized metabolites and their formation is often orchestrated by the action

of cytochromes P30 (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
G2EAO aOel yARS 02Y0£53 LINEnge: IRdeyerml plant Sp&kiesintiiBg serghu K S Y
barley and cassava, biosynthesis is catalymeithe sequential action of two multifunctional CYPs and a-UDP
glucosyltransferase (UGT). A CYP79 catalyzes conversion of the parent amino acid to the abngspon
oxime. Thereafter, a CYP from the 71 or 736 family converts the oxime into a cyanohyudh, isv
subsequently glucosylated by a UGT85 yielding the cyanogenic glucoside.

We recently elucidated the pathway for cyanogenic glucoside biosynthesisenélamd eucalypt trees, and

AY FSNYy&as FYR ARSYGATASR 0 A atoyayogekiSdiutodide doiSsEnthésislinA 2 y &
almond Prunus dulcigis catalyzed by the typical action of a CYP79, CYP71 and UGT85, cyanogenic glucoside
synthesis inEucalyptus cladocal§snvolves an additional CYP from the CYP706 family. Specifically, the
conversion of the oxime to the cyanohydrin is separated into tisiinct steps: the CYP706 dehydrates the
oxime to form a nitrile, which is then hydroxylated by a CYP71 to form a cyanohydrin. Notably-stefour
biosynthetic pathway was also identified fierns; the evolutionary oldest group to synthesize cyanogenic
glucosides. Here, the nitrile to cyanohydrin conversion is catalyzed by-aperific CYP, a CYP981. Ferns do

not possess genes encoding CYP79s. Instead, the first step in cyanogenic ghyetbielgs is catalyzed by

a flavin monooxygenase (FMO). Togaththese results show that the cyanogenic glucoside biosynthesis
across the plant kingdom provides unique examples of convergent evolution in specialized metabolism.

1. Thodberg S, Del CuelpMazzeo R, Pavan S, Lotti C, Dicenta F, Neilson EHJBUpamcheRerez R.
2018. Elucidation of the Amygdalin Pathway Reveals the Metabolic Basis of Bitter and Sweet Ahmomngs (
dulcig. Plant Physiol 178(3): 1094.11.

2. Hansen CliGgrenserM, Veiga TAM, Zibrandtsen JFS, Heskes AMn @E&e Boughton BA, Moller BL,
Neilson EHJ. 2018. Reconfigured cyanogenic glucoside biosynthédigalyptus cladocalyxvolves a
cytochrome P450 CYP706C55. Plant Physiol 178(3):1D%%1
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Steroidal Saponin Biosynthetic Cytochr@s P450 irDioscorea transversa

Lauren Salisbury, Jeanette Stok, James Beckett, Joanne BlanchfidaheewDe Voss
School of Chemistry and Molecular Biosciences, The University of Queensland.

Steroidal saponins are phytochemicals believed to be wmwible for a wide variety of the observed
bioactivities of herbal medicines, including amflammatory, haemolytic, cytotoxic, adfiingal and
antibacterial propertiesThey are generally composed of a astérol nucleus with a number of introduced
hydroxyl moieties, some of which are glycosylatethe pathway by which this family of natural products is
biosynthesised is largely unknown. We proposed that a modified steroid biosynthesis pathway exésttsin pl
that produce these saponins, allowing theta form cholesterol. This can then be hydroxylated by
cytochromes P450 and subsequently glycosylated to yield sapddioscorea transversg an Australian
species where only two steroidal saponins haveybeeA R Sy dhjdfokyréroreogracillil (major); and
protoneogracillin2 (minor)? This simple saponin profile makBs transversan ideal model system in which
to elucidate the biosynthetic pathway of steroidal saponifrs.order to investigate thipathway, we
constructed and analysed the tracriptome ofD. transversahizome 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 biosyntkis of steroidal phytochemicals. The geneiwd of theseD. transversa
P450s (CYP90B57) was codon optimised and {ieerMnus modified in order to heterologously express the
protein inE. coliCYP90B57 was theharacterised with respect to its substeaspecificity and activitgnd
found to catdyse the hydroxylation at C22 of cholesterol to produceRjZZ2-hydroxycholesterol. This is
believed to be the first committed step in the biosynthesis of saponins from cholestém®lesults of these
investigations have help define the biosynthetic patays of saponins and the enzymes responsible for the
key steps irD. transversa

[o] (o]
U U
Nop e
HO
1 R4,R; = Glucosyl; R3 = H
Cholesterol oxidation sites 2 R¢,R; = Glucosyl; R3 = OH

1. Challinor, V. L, De Voss, J. J. (2013). ©paim steroidal glycosides, a diverse class of plant saponins.
Nat. Prod. Rep30, 429454,

2. Challinor, V. L, Smith, DL, De Voss, J. J. (2011). Steroidal Saponins Isolated from an Australian Yam
(Dioscorea sp.). Aust. J. Chem. 64,-549.
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Crystal structures of CYP90B1, a key enzyme in brassinosteroid biosynthesis

Keisuke Hiyama, Tomoya Hin®?, Hyoung Jae LéeMasaharu Mizutarj Shingo Nagant?

Department of Chemistry and Biotechnology, Graduate School of Engineering, Tottori University, Tottori,
Japan 2Centre for Research on Green Sustainable Chemistry, Tottoendityy Tottori, Japarf; Functional
Phytochemistry, Graduate School of Agricultural Science, Kobe University, Kobe, Japan

Brassinosteroids (BRs) are essential plant steroid hormones inviolvbd regulation of plant growth and
development. Brassinolidehe 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. Mational inactivation of these enzymes results in severe dwariiisplants, indicating

their essential roles in the functionalization of phytosterols into bioactive steroid hormones. Among these
enzymes, CYP90B1 (DWF4) catalyzes th§-B¢droxylation ofcampesterol, which is the first and rate
limiting step at the banch point of the biosynthetic pathway involved in the conversion of sterols into steroid
hormones. Thus, CYP90BL1 is a target for plant groetdrding agrochemicals. No crystal structure B&f
biosynthetic enzymes are yet available, which has hampdredihderstanding of BR biosynthesis and the
mechanisms underlying their inhibition. Herein, we demonstrate the crystal structueabidopsis thaliana
CYP90B1 complexed with cholesterol, atthis also 2&)-hydroxylated, as observed with campesterol. The
substratebinding conformation observed in this crystal structure helps explain the stereoselective
introduction of a hydroxy group at the 32osition. The resultant 220H moiety, instead foa 2R OH
moiety, on brassinolide allows hydrogéoending inteactions with the BR receptors. Thus, the substrate
bound CYP90BL1 structure unveiled the mechanism underlying the key step in the functionalization of
phytosterol into BR. We also determinedetierystal 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. iapesand volume of

the active site pocket also varies dependuppn the inhibitor and substrate. To the best of our knowledge,
the current work is the first crystallographic study on plant CYPs that function as merrdmahered
enzymes, and these struaies of flexible enzymes can pave the foundation for the desiprand
development of novel inhibitors that target plant membraheund 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 hyakylase
to a promiscuous biocatalyst

Laura N. JeffreysHarshwardhan PoddarHazel M. GirvanKirsty J. McLednDavid Leys Jon P. Walthio
Matthew J. Cliff Michael WVoic€ & Andrew W. Munrd.

Manchester Institute of Biotechnology, School of @istry, 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 Banillus megateriunwas discovered by the late

I NYIF YR Cdzf 02 Q& 3N dzLJ yAayh Nt itSrR t GidztnO 2 o QRS 1Y AR SiYG2

of fatty acids at thev-1, w-2 andw-3 positions ér a range of different fatty acid chain lengths. However, the
AYLERZNIFYyOS 2F (GKS . ao SyilevyS 2yteée oS BdovesdtiEP8I0NI Ay
BM3 was a natural fusion enzyme formed by a fatty ddidling P450 domain @é¢rminal) joined to a
cytochrome P450 reductase (CPR) domain through an-duerain polypeptide linker region. BM3 has one

of the highest catalytic rates afny P450 enzyme (~245 ssing arachidonic acid) and has been engineered

by several groups to produce vamia with diverse substrate specificity and catalytic properties. These
include BM3 mutants able to produce molecules such as alkanes, drug metapalitd hydroxylated
flavonoids, polycyclic aromatic hydrocarbons and steroids.

In our work, the P450 BM3odible mutant (DM) A82F/F87A was shown to bind a wide range of compounds
that are not substrates for the wittype enzyme. This outcome arises frohetseparate influences of the

two mutations, which cause a conformational rearrangement in the protein (A82é create larger active

site space (F87V). The combination of these mutations results in a much more promiscuous P450 BM3
enzyme that we have sk to bind to large numbers of pharmaceutical drug compounds and, in many cases,
to oxidize these compoundse metabolites that are known to be produced by human P450 enzymes.

The presentation will focus on the applications of the DM BM3 in the bindingoxidation of diverse
molecules, and their analysis using proteigstallography, spectroscopic and analytical approaches
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Unusual cytochrome P456atalysed transformations in the biosynthesis of the
thaxtomin phytotoxins

Gregory L Chaliig.
Department of Chemistry, University of Warwick, Coventry, United ding ?Department of Biochemistry
and Molecular Biology, Monash University, Clayton, Australia.

Cytochromes P450 (CYPs) catalyse numerous important reactions in the biosynthesis ofebitaatial
products. The thaxtomins are phytotoxic natural products produce&togptomyces scabiemd related
phytopathogenic Actinobacteria. They are assembienn L-4-nitrotryptohan and kphenylalanine by a
nonribomosomal peptide synthetase. The rkimg N, Ndimethyldiketopiperazine is converted to the
mature thaxtomins by tandem hydroxylation of the phenylalaine residue.

Two CYPs, TxtE and TxtC, play kisrm thaxtomin biosynthesis (Figure 1). TxtE catalyses nitration of L
tryptophan at &4 ofthe indole using dioxygen and NO (supplied by the nitric oxide synthase TxtD), expanding
the diversity of CYP catalytic chemistfxtC converts the N,-timethykdiketopiperazine intermediate in
thaxtomin biosynthesis to thaxtomin A and other minor cengrs, via sequential hydroxylation of the
spatially remotea-C and phenyl group of the phenyalanine residue.

HQ o “OH HO \OH
O \ <
HoNiee MeN T TxtC MeN 1 TxIC MeN
o —_— o e —_— o NMe
= 0O, 0O,
HN 74 Fd, Fr, Z>NnH  Fd, Fr, Z NH
NADPH NADPH
O,N O,N OoN
thaxtomin A

Figure 1: Reactions catalyzed by TxtE and Txt@xtomin biosynthesis

Here | summarise efforts to understand and exploit TxtE and Txt@ agipped flow kinetics, substrate
analogues, saturation mutagenesis of active site residueay Xrystallography, and docking / molecular
dynamics simulations.

1. Barry, S.M,, Kers, J.A. Johnson, E.G., Song, L., Aston, P.R., Patel, B. Krasnafig, BB, Gsibson,
D.M,, Loria R. & Challis G.L. (2012). Cytochromeded&lyzed Hryptophan nitration in thaxtomin
phytotoxin biosynthesis. Nat. Chem. Biol. 84816.

2. Alkhalaf, L.M., Barry, S.M., Rea, D., Gallo, A. Griffths, D., Lewandoswki,qpR/, &Challis, G.L.
(2109) Binding of distinct substrate conformations enables hydroxylation of remote sites in thaxtomin
D by cytochrome P450 TxtC. J. Am. Cloe. 141, 21-222.






