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Abstract

Taxadiene-5a-Hydroxylase (CYP725A4) is a membrane-bound plant cytochrome P450 that
catalyzes the oxidation of taxadiene to taxadiene-5a-ol. This oxidation is a key step in the
production of the valuable cancer therapeutic and natural plant product, taxol. In this work, we
report the bacterial expression and purification of six different constructs of CYP725A4. All six of
these constructs are N-terminally modified and three of them are fused to cytochrome P450
reductase to form a chimera construct. The construct with the highest yield of CYP725A4 protein
was then selected for substrate binding and kinetic analysis. Taxadiene binding followed type-1
substrate patterns with an observed Kp of 2.1 pM + 0.4 pM. CYP725A4 was further incorporated
into nanoscale lipid bilayers (nanodiscs) and taxadiene metabolism was measured. Taxadiene
metabolism followed Michaelis-Menten kinetics with an observed Vax 0f 30 £ 8 pmol/min/
nmolcyp72sa4 and a Ky, of 123 £ 52 yM. Additionally, molecular operating environment (MOE)
modeling was performed in order to gain insight into the interactions of taxadiene with
CYP725A4 active site. Taken together, we demonstrate the successful expression and purification
of the functional membrane-bound plant CYP, CYP725A4, in E. coli.
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Introduction

Taxadiene-5a-hydroxylase (CYP725A4) is a membrane-bound cytochrome P450 (CYP)
found in the Japanese yew tree, 7axus cuspidata, which catalyzes the oxidation of taxadiene
to taxadiene-5a.-ol. This is the first functionalization step in the biological synthesis of the
valuable phytochemical cancer therapeutic, taxol [1-3]. Natural sources are incapable of
fully satisfying the demand for taxol and current total chemical synthesis approaches are
economically cost-prohibitive [4-6]. As a result, emphasis has been placed on developing
alternative synthetic routes. One such method is to use easily cultivated organisms such as
Escherichia coli or Saccharomyeces cerevisiae to perform heterologous biological production,
also known as metabolic engineering [7, 8]. To date, this strategy was used for producing
approximately g/L titers of taxadiene using £. coli culture [9]. The next step in native taxol
synthesis is the CYP725A4-mediated hydroxylation of taxadiene to taxadiene-5a-ol. Initial
studies have shown that the incorporation of CYP725A4 into a bacterial expression system
leads to the generation of many other byproducts [9, 10]. Therefore, it is apparent that
further optimizations of the metabolic engineering of taxol will require a more complete
understanding of the CYP725A4 enzyme mechanism. This necessitates the ability to express
this protein in milligram quantities for biochemical studies.

CYP725A4 was initially identified in microsomes made from 7axus brevifolia saplings as
well as suspended 7axus cuspidata cell cultures [1]. In 2004, Croteau and coworkers were
able to isolate the CYP725A4 cDNA, successfully express CYP725A4 in the fall armyworm
Spodoptera fugiperda, create microsomes, and characterize CYP725A4-mediated taxadiene
hydroxylation to taxadiene-5a.-ol using kinetic and binding assays [11]. In 2008, Tissier and
coworkers expressed CYP725A4 in the tobacco plant . sy/vestris along with taxadiene
synthase and observed the product 5(12)-Oxa-3(11)-cyclotaxane (OCT) in the leaf exudate
instead of the expected taxadiene-5a.-ol [12]. As part of the same study, CYP725A4 was
expressed in yeast, and microsomes were prepared that also converted taxadiene to OCT
rather than taxadiene-5a.-ol [12]. In 2014, Yadav studied a CYP725A4 construct and found
that CYP725A4 acts on 4 substrates to form 12 products, and that taxadiene-5a.-ol was only
a very minor product [13]. Additionally, other groups have suggested the presence of an
epoxide intermediate in the conversion of taxadiene to taxadiene-5a.-ol [14, 15]. In order to
help resolve the ambiguity surrounding CYP725A4-mediated taxadiene hydroxylation, we
conducted a study comparing the product distribution of different CYP725A4 constructs that
are purified via £. coli fermentation [16]. The use of purified protein is important because it
reduces the chances for non-specific protein-protein interactions and other contaminants in
the microsomes that might influence the metabolism of taxadiene by CYP725A4.

In general, membrane proteins such as CYP725A4 are difficult to express recombinantly in
bacterial systems and thereby lead to poor expression of functional protein [17]. One method
of increasing expression of functional membrane proteins in £. coliis to modify the
protein’s hydrophobic N-terminal domain, which increases the protein solubility during
expression [17-20]. In this work, we prepare several different constructs of CYP725A4 with
N-terminus modifications in order to increase the expression of these constructs in bacterial
systems.
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The redox partner of CYP725A4 is cytochrome P450 reductase (CPR). CPR is the obligate
redox partner of most CYPs [21]. We have shown that different constructs, i.e. CYP725A4
fused to 7axus cuspidata CPR, CYP725A4 paired with mammalian CPR, and CYP725A4
paired with plant CPR, catalyzed the conversion of taxadiene to both taxadiene-5a.-ol and
OCT [16].

Further functional characterization was pursued with the CYP725A4 construct that yielded
the highest amount of functional protein when expressed in £. coli. In order to provide a
native-like lipid environment to the protein, purified CYP725A4 was reconstituted into
nanodiscs to analyze the kinetics of CYP725A4 taxadiene metabolism. Nanodiscs are
uniform-sized nanoscale lipid bilayers encompassed by membrane scaffold proteins (MSPs)
and which mimic a native-like membrane environment for membrane protein stability
(Figure 1) [22-28]. In addition, it has been shown that membrane proteins in nanodiscs
maintain their native-like functionality [23, 25, 29-33]. In 2004, Schuler and coworkers
successfully inserted purified plant CYP73A5 into nanodiscs demonstrating the potential of
this technology in studying plant CYPs [33]. Therefore, the nanodisc is an ideal system to
stabilize purified membrane-bound CYP725A4 in order to evaluate the reaction kinetics of
taxadiene metabolism.

We studied the taxadiene binding to CYP725A4 through UV-Vis spectral shifts of the heme
Soret band at 417 nm to lower wavelengths upon substrate binding. Concentration-
dependent shifts in the heme absorption from 417 nm to 393 nm were observed, indicative
of a type-1 substrate binding pattern.

Molecular Operating Environment (MOE) software was used to dock taxadiene into the
CYP725A4 active site in order to understand the origin of the substrate binding. Several
residues close to the active site were identified that are highly likely to influence substrate
docking. Altogether, the best-docked conformation demonstrated favorable binding of
taxadiene to CYP725A4.

Taken together, herein we present a method of expression and purification of four new
constructs and two previously reported constructs of CYP725A4. Binding of taxadiene to
CYP725A4 is analyzed using UV-vis spectroscopy. CYP725A4 is incorporated into
nanodiscs in order to evaluate taxadiene metabolism reaction kinetics. Additionally, we
perform MOE modeling studies to gain insight to the protein’s active site.

Materials and Methods

Materials

The reactants used were purchased from Fisher Scientific or Sigma-Aldrich unless stated
otherwise. The yeast extract used in media was provided by Difco. Plasmid preparations
were performed using Qiagen kits. Alfa Aesar provided the Ethylenediaminetetraacetic acid
(EDTA) and Thiamine HCI. Gold Biotechnology was the source of the antibiotics
(Spectinomycin and Ampicillin), arabinose, isopropyl B-D-1-thiogalactopyranoside (IPTG),
PINKstain™ Protein Ladder, and Ni-NTA resin. Lipids were acquired from Avanti Polar
Lipids and cholate was obtained from Affymetrix. Delta-ALA was bought from Frontier
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Scientific. EMD Millipore provided the Pall Nanosep MF (0.2 uM) and Amicon Ultra
(50,000 and 10,000 MWCO) centrifugal filters. P212121.com was the source of NADPH
and NADP. SimplyBlue™ SafeStain was purchased from Invitrogen. 7.5% Miniprotean®
TGX™ PAGE was obtained from Bio-Rad. The taxadiene used in this project was
synthesized and purified as described previously and dissolved in DMSO to 15 mM
concentration [9].

Construction of his-tagged gene constructs for protein expression

Constructs were created as described before [9]. The histidine tags to construct 17-a-L-CPR
and 17-a-CYP725A4 were added as published [16]. The remaining histidine tags were
added using standard molecular cloning protocols. The plasmids p5Trc-(MA)CYP-I-
CPR-6His (Construct CYP725A4-MA-L-CPR)and p5Trc-(2b1)CYP-I-CPR-6His (Construct
CYP725A4-2b1-L_CPR) were created by amplification of the C-terminal part of CPR using
primers Fw-CPRint-Ncol (5’-aagagcgcgagccatggttg) and Rv-CPR6His-Sall (5°-
cggccgtecgac ffagtgatggtgatgatgatgccaaatatcccgtaagtage). A 6-His tag was added and
subsequently cloned with the use of restriction enzyme sites Alcol and Sall. The plasmids
p5Trc-(MA)CYP6His-0-(MA)CPR (Construct CYP725A4 MA) and p5Trc-(2b1)CYP6His-
0-(2b1)CPR (Construct CYP725A4 2b1) were constructed by replacing the CYP fragment
with an amplified CYP6His fragment with primers Fw-p5Trc (5’- atcatgccataccgcgaaag) and
Rv-CYP6His-BamH| (5’- cgtcggatcc ffagtgatggtgatgatgatgcggacgagggaacag) using
restriction enzyme sites NVdel and BamHl. An alignment of modifications made to the CYP
is contained as Figure 2.

Fully Optimized CYP725A4 Expression

Colonies containing the CYP725A4 gene plasmid were cultured in 30 mL Luria Bertani
broth supplemented with 60 pg/mL Spectinomycin or 0.1 mg/mL ampicillin antibiotics at
30° C, 250 rpm overnight (100 pug/mL ampicillin for unlinked constructs and 60 pg/mL
spectinomycin for linked constructs). 5 mL of the overnight culture were used to inoculate
500 mL of Terrific Broth supplemented with 125 L trace minerals and 60 pg/mL
spectinomycin or 0.1 mg/mL ampicillin and grown at for 2 hours at 30° C and 250 rpm for
2.5 hours. Trace mineral composition is 166 mM FeClz, 15 mM ZnCl,, 8.3 mM NaMoOy,
8.4 mM CoCly, 9mM CaCly, 7.3mM CuCly, and 8.1 mM H3BO3 in 1.6 M HCI. After 2.5
hours, 250 L of 0.1 mM delta-ALA was added to facilitate formation of the heme
prosthetic group. When the ODgqq approached 0.9, the addition of 500 pg IPTG and 2 g
arabinose per 0.5 liter of media induced protein expression. The cells were grown for 44
hours at 250 rpm and 22° C. The bacteria cells were harvested by centrifugation for 30
minutes at 8000 rpm (10,000g) in a Sorvall GSA rotor (Thermo Scientific, Waltham, MA) at
4° C.

Purification of CYP725A4

In order to create spheroplasts and to isolate the CPR from the bacterial proteases that are
known to remove the N-terminus, the cell pellet was resuspended in 500 mL of Lysozyme
buffer containing 75 mM Tris-HCI pH 8, 0.25 M Sucrose, 0.25 mM EDTA, and 0.02 mg/mL
Lysozyme at 4° C for 30 minutes. Spheroplasts were pelleted using the same Sorvall rotor at
8000 rpm (10,000g) and 4° C for 30 minutes and resuspended in lysis buffer. Lysis buffer
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contains 0.1 M pH 7.4 potassium phosphate buffer, 20% glycerol, 6 mM MgCl,, 0.1 mM
DTT, 0.2 MM PMSF, and 5 mg of DNase. Spheroplasts were lysed by sonication at 40
seconds on, 40 seconds off intervals for 6 cycles. The lysate was centrifuged at 4° C for 45
minutes at 35,000 rpm (140,0009) using a Beckman Ti-45 rotor (Beckman, Coulter, Brea,
CA). The pelleted £. colimembrane fraction was then suspended in extraction buffer for 5-6
hours at 4° C. Extraction buffer is 0.1 M pH 7.4 potassium phosphate buffer, 20% glycerol,
200 mM NaCl, 0.1mM DTT, and 1% Cholate. After 5 hours the mixture was centrifuged at
140,000g for 45 minutes at 4° C. The supernatant containing CYP725A4 was loaded onto a
Ni-NTA column pre-incubated with column buffer. CYP725A4 column buffer is 0.1 M pH
7.4 potassium phosphate buffer, 20% glycerol, 0.1% cholate, 1 mM EDTA, and 1 mM DTT.
The loaded column was washed with 50 mL of column buffer and 50 mL of column buffer
containing 20 mM imidazole to remove weakly bound nonspecific proteins. CYP725A4 was
eluted with 50-100 mL of column buffer spiked with 200 mM imidazole and 200 mM NacCl.
A schematic of this protocol is shown as Supplemental Figure S1. Unlinked CYP725A4 (N-
terminally modified CYP725A4 construct not fused to CPR) was concentrated by
centrifugation in Amicon Ultra 10,000 MWCO concentrators and chimera CYP725A4 was
concentrated by centrifugation in Amicon Ultra 50,000 MWCO concentrators. Imidazole
was removed by buffer exchanging the protein to 0.1 M pH 7.4 potassium phosphate buffer,
20% glycerol, 0.1% cholate, 1 mM DTT, and 200 mM NaCl. Concentration and quality were
assessed by UV-VIS Spectroscopy using a 1-cm path length quartz cuvette. Concentration
was calculated using e417 = 116,000 M cm™1.

SDS-PAGE and native PAGE Gel

10 L (corresponding to 0.1-0.2 nmol) of CYP725A4 were mixed with 3 pL of 5X Laemmli
Buffer (60 mM Tris-HCI pH 6.8, 10% glycerol, 5% p-mercaptoethanol, 0.01% bromophenol
blue) with and without 2% SDS. Denaturing samples were boiled with 100° C water for 10
min prior to being loaded into the gel. The samples were loaded into a 7.5% Miniprotean®
TGX™ PAGE gel and ran at 85 mV for approximately 1-2 hours. Running buffer used was
standard 1x PAGE Buffer consisting of 25 mM Tris, 192 mM glycine, with and without
0.1% SDS. PINKstain™ Protein Ladder was used to determine the protein molecular mass
estimates. After being washed thrice with water, the gel was stained with SimplyBlue™
SafeStain for one hour. The gel was then washed with water to remove background dye.

Substrate Titration

CYP725A4-17a-L-CPR was pre-incubated at 32° C in a quartz cuvette. Taxadiene was then
titrated into the solution using concentrations ranging from 0.06 uM to 91.7 uM and the
Soret band shift at 417 nm was recorded by UV-Vis spectrometry. After addition of each
aliquot of taxadiene, the titration mixture was incubated for 5 min to equilibrate before the
spectra was taken. The difference in the Soret band shift from 417 to 393 nm was measured
and fitted to the one-site binding model.

Nanodisc Assembly

The gene for MSP1E3D1 expression was generously provided by Dr. Stephen G. Sligar.
Membrane scaffold protein (MSP) was expressed, purified, and subsequently optimized for
the nanodisc assembly as previously described [22-28]. A nanodisc mixture was used to
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stabilize CYP725A4-17a.-L-CPR for kinetic metabolism studies. Briefly, POPC lipids were
dried under nitrogen overnight and subsequently solubilized in 200 mM cholate. MSP was
added to this mixture in a 1:130 MSP:lipid ratio and incubated for 60 minutes at 4° C on a
rocker. CYP725A4-17a-L-CPR was then added in a 10:1 MSP:CYP ratio and the mixture
was allowed to incubate as before for 1 hour. Detergent was removed with an equivolume
amount of Amberlite Bio-Beads for four hours at 4° C. Finally the Bio-Beads were removed
from the nanodisc mixture using a spin column.

High Performance Liquid Chromatography (HPLC) Analysis of Nanodiscs

Nanodisc HPLC was performed as described previously [34].

Taxadiene Metabolism Kinetics Assays

0.2 uM of CYP725A4-17a-L-CPR mixed nanodiscs was incubated with 50 pM POPC
Lipids, 400 uM NADPH, and a range of taxadiene concentrations dissolved in DMSO
(20uM, 40 pM, 60 uM, 90 uM, 120 uM, 160 uM or 200 uM) in 0.1 M potassium phosphate
buffer pH 7.4. The total reaction volume was 2 mL and the volume of DMSO remained
constant throughout. The reaction mixtures incubated at 32° C for 1 hour and were quenched
with 1x reaction volume of 4 M NaCl. The product was then extracted twice with 2x
reaction volume of 4:1 hexane:ether and the organic extracts were combined and dried under
nitrogen gas. The dried organic extract was shipped on dry ice for GC-MS analysis that was
performed as previously described [16]. Products were identified by matching retention time
to the retention times of previously verified structures [16]. Data were fit to the Michaelis-
Menten equation.

Molecular Operating Environment Modeling

Molecular Operating Environment (MOE) modeling was used to observe the docking of
taxadiene into a PDB structure of wild type CYP725A4 developed using PHYRE2
homology modeling [35]. The initial model created by PHYRE2 does not contain a heme;
therefore, a heme was added using MOE and an open conformation of the protein model
(not energy minimized) was used as a starting point. Docking utilized the MOE docking
module. Before docking, cavities around the heme oxygen were chosen for the substrates to
dock in. Each cavity found in the homology model was given a propensity of ligand binding
number (PLB) and MOE listed these cavities with their PLB score in order from greatest
propensity for a ligand to bind to the least. The two cavities that were chosen were closest to
the heme oxygen and were the first cavities listed. The taxadiene molecule was inserted into
chosen cavities, and MOE generated a multitude of ligand conformations in these binding
sites. Several residues were found within 4.5 A of the substrate and were influential of
positioning. The conformation selected for future modeling was the conformation with the
shortest distance between the heme and the atom it hydroxylated, which is the fifth carbon
on taxadiene. Once the conformation was chosen, MOE was used to conduct an energy
minimization step causing the protein to clamp down on the substrate more tightly,
illustrating induced fitting of a substrate to its enzyme.

After the substrate was docked and the energy minimization was performed the final
distance between the heme oxygen and site of attack on the substrate was measured. The
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interaction energy number was also found using MOE, which shows if the binding state of
the substrate in the protein is feasible and energetically favorable by indicating the change of
free energy when the substrate is bound. The interaction energy number for the substrate
bound was a negative number, indicating a negative free energy, which corresponds to
favorable binding of the substrate with 5-a hydroxylase. All renderings were created using
Virtual Molecular Dynamics (VMD) [36].

Results and Discussion

Construction of CYP725A4 N-terminal Mutants

The Kyte-Dolittle plot of wild-type CYP725A4 reveals that the N-terminus of the protein is
highly hydrophobic (Supplemental Figure S2). Truncating and modifying the hydrophobic
N-terminal regions of CYPs has been shown to increase expression without affecting protein
activity [37-40]. Previously, several modified versions of CYP725A4 were created [9].
Herein we express only three of those CYP725A4 constructs. These three N-terminal
modifications are denoted as MA, 2b1, and 17a. MA features a 59-residue truncation and an
insertion of a Met-Ala sequence at the start of the N-terminus, which has previously shown
to increase CYP expression levels. [41-43]. 2b1 is the N-terminal addition of a 16-residue
peptide MAKKTSSKGKLPPGPS, adopted from the N-terminus of rabbit CYP 2b1, to a 59-
residue N-terminally truncated CYP725A4. Addition of the MAKKTSSKGKLPPGPS
peptide has been shown to increase solubility of an insect CYP [44].17a. is the addition of
the N-terminal 8-residue peptide MALLLAVF, adopted from the N- terminus of bovine
steroid hydroxylase, to a 24-residue N-terminal truncation of CYP725A4. The 17a
modification was used in our previous study and has been shown to increase recombinant
protein expression in E. coli[41, 45]. An alignment of these N-terminal modifications was
created using Clustal 2.1 Multiple Element Sequence Alignment on standard settings [46].
This alignment is shown in Figure 2. Complete sequences and definitions of the constructs
are shown in the Supplemental Material (S3-S6). Additionally, a six-residue histidine tag
was added to each construct to make them amenable to purification using a Ni-NTA column.
The modified gene constructs were inserted into plasmid p5Trc for expression.

Construction of CYP725A4-taxus CPR-linked constructs

For each N-terminal modification to CYP725A4, a chimera construct linking the modified
CYP to a similarly modified 7axus cuspidata CPR was also created. The CPR modifications
are as follows. The CPR linked to the MA CYP has the MA peptide added to a 74-residue
N-terminally truncated CPR. The CPR linked to the 2b1 CYP has the
MAKKTSSKGKLPPGPS peptide added to an 89-residue N-terminally truncated CPR. The
CPR linked to the 17a. CYP has the MALLLAVF peptide added to a 74-residue N-
terminally truncated CPR. In all chimera constructs the linker peptide is GSTGS. These
constructs feature the same six-residue histidine tag to enable Ni-NTA column purification.
Complete sequences of linked chimera constructs are shown in Supplemental Figures S7-S9.

Expression and Purification

Each gene was transformed into BL21 (DE3) £. coli cells. Initial growth was performed
with the unlinked MA strain in order to optimize growth volume and temperature.
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Purification yields of these initial expressions are shown in Figure 2. Both 2b1 and 17a
increased yields when compared to the MA construct. As the yield of the CYP725A4-17a-
L-CPR was the highest, further studies were performed with this construct. In addition,
separate membrane extractions were performed with 1% cholate for 5-6 hours, 1% cholate
overnight, 1% Lubrol overnight, and 1% CHAPS overnight to determine the optimal
detergent for further purifications. Purifications using all detergents but lubrol generated
comparable amounts of CYP725A4 while the lubrol purification generated slightly less
CYP725A4. Therefore, for further studies 1% cholate was used to extract the proteins from
the membranes with an incubation time of 5-6 hours.

UV-Vis Spectroscopy Characterization

UV-Vis Spectroscopy was used to assess protein concentration and quality. The
representative spectrum of purified CYP725A4-17a.-L-CPR is shown in Figure 3A. The
protein had an absorbance peak at 417 nm. This peak indicates successful incorporation of
the heme to the protein and suggests a properly folded CYP. Furthermore, the absorbance
spectrum of CYP linked to CPR features a prominent shoulder at 456 nm. This shoulder
corresponds to the flavin co-factors of CPR and indicates that holo-CPR has been properly
expressed and purified in this linked construct.

PAGE analysis of protein

SDS-PAGE and native-PAGE were performed to assess CYP725A4-17a-L-CPR purity.
Under native conditions (Supplemental Figure S-10A), a major band at ~175 kDa was
obtained. Since estimations of molecular mass are inexact using native gels, it is likely that
this chimeric construct, with two large proteins connected by a linker peptide, was hindered
by the gel matrix and migrated much more slowly than the ladder. This makes it appear to
have an artificially high molecular mass. Using SDS-PAGE we obtain a better estimate of
the molecular mass of the protein (Supplemental Figure S-10B). A clear band corresponding
to a closer estimate of the molecular mass was obtained (~132 kDa observed and ~128 kDa
calculated for the construct).

Assembly of Nanodisc Mixture

The nanodiscs mixture was assembled and the quality of the nanodiscs was assessed using
size exclusion chromatography (Figure 3B). As seen by Figure 3B, there is an absorbance
peak found at approximately 16.5 mL. Based on previously run standards of cytochrome
P450-CPR-nanodiscs, a peak at 16.5 mL signifies reconstituted CYP-CPR nanodiscs. The
lipid bilayers of nanodisc provides a homogenous, stable environment for measuring the
activity of CYP725A4, free of other interacting proteins as compared to microsomes
[22-28].

Taxadiene Titration

Typically for drug-metabolizing and steroid-synthesizing CYPs, binding of substrate near
the active site heme produces a spin-state shift. This subsequently produces a Soret (heme
absorbance) band shift from 417 to ~390 nm, which can be utilized to measure substrate
binding. This is also termed as a type-1 shift [47]. CYP725A4-17a-L-CPR was titrated with
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taxadiene to determine the spin state shift of the heme iron upon substrate binding. Upon
substrate binding, the CYP725A4 Soret band absorbance shifted from 417 nm to 393 nm.
The binding fit to a one-site binding model with a calculated spin-state equilibrium constant,
Kg, of 2.1 £ 0.4 uM (Figure 4A). Kg is taken to be approximately equal to Kp during these
experiments. Our Kg (Kp) of 2.1 £ 0.4 uM compares favorably to the previously reported
one-binding site behavior observed by both Croteau and coworkers (Kg varying between 5
and 8 pM) and Tissier and coworkers (Kp of 6.9 + 0.4 pM) [11, 12]. The work done by
Croteau analyzed unmodified CYP725A4 in insect microsomes while Tissier analyzed
CYP725A4 with a slight C-terminal modification in yeast microsomes. This suggests that
the N-terminal modification and fusion to CPR has not affected the ability of CYP725A4 to
bind taxadiene. However, these modifications have shown to slightly increase binding
affinity.

Taxadiene Metabolism Kinetics

To determine taxadiene metabolism Kinetics, we measured the taxadiene hydroxylation
activity of CYP725A4-17a-L-CPR in nanodiscs. In these experiments, CYP725A4-17a-L-
CPR nanodiscs were incubated with 20-200 UM taxadiene concentrations and 400 pM
NADPH for 1 hour. NADPH acts as an electron source by donating electrons to the linked
CPR that then transfers them to CYP725A4. CYP725A4 subsequently uses these electrons
to oxidize taxadiene into taxadiene-5a-ol or OCT [11, 12]. After extraction, the products of
these incubations were identified and quantified by GC-MS [16]. Data from one of the trials
is shown as Figure 4B. The metabolism of taxadiene by CYP725A4 followed Michaelis-
Menten kinetics showing a Vpmax of 30 £ 8 pmol/min/nmol and a Ky, of 123 £ 52 uM. Our
Kwm is greater than the Ky, determined by Croteau’s microsomal assays (16 + 3.2 uM) [11],
but nevertheless our kinetics display reliable conversion of taxadiene to taxadiene-5a.-ol
indicating the expression of a functional protein. Additionally, taxadiene-5a.-ol formation
was not observed until CYP725A4-17a-L-CPR was incubated with 90 uM taxadiene. This
suggests that metabolism was below the detecting limit or that OCT is made first. GC-MS
chromatogram traces are displayed as Supplemental Figures S-11 to S-17.

CYP725A4 homology modeling with taxadiene

Molecular Operating Environment (MOE, Chemical Computing Group, Montreal, QC,
Canada) software was used to identify substrate binding characteristics within the active site
of the protein. A hybrid structure model was constructed from the crystal Protein Data Bank
coordinates of similar CYP isozymes (class-dependent sequence alignment strategy), as
described in Materials and Methods. This approach takes advantage of the conserved
sequences that maintain the secondary and tertiary CYP folds to generate the core structures
surrounding the buried catalytic sites. An MOE modeling system was used to dock taxadiene
in the most preferred conformation (Figure 5A). This conformation placed the heme 2.36 A
away from Carbon 5 of the substrate taxadiene (Figure 5B). This distance is close enough
for the hydroxylation to occur and closer than the 3.50 A difference between the heme and
carbon of attack of the best conformations of the furanocoumarins (plant toxins) xanthoxin
and bergapten docked into the robustly investigated insect enzyme CYP6BL1 [48].
Furthermore, the interaction potential energy number, a value calculated by MOE used to
predict binding, was negative. Negative values for interaction potential energy correspond to
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favorable binding of the substrate to the protein active site. Several residues were influential
in the docking of taxadiene to the active site. The hydrophobic residues Trp 125, Ala 129,
Met 133, Ala 306, Pro 373, Val 374, Phe 375, Gly 376, Pro 482, and Leu 483 helped to
stabilize and mediate the position of the highly hydrophobic taxadiene in the active site.
These residues are displayed as Figure 5C. The polar residues Ser 302, His 305, Asp 309,
Thr 310, and Thr 377 also influenced positioning and could function to stabilize reaction
intermediates (Figure 5D). These residues would be part of future mutation studies or
protein engineering of CYP725A4. The raw MOE data containing this information is shown
in Supplemental Figure S18.

Conclusion

In this work we report the expression and purification of CYP725A4 from E. coliexpression
system. We then performed binding and Kkinetic studies of the highest yielding CYP725A4
construct (CYP725A4-17a-L-CPR) in nanodisc. To this end we titrated CYP725A4 with
taxadiene and determined a binding affinity that agrees with previously published data.
Furthermore, a kinetics analysis determined that the linked construct catalyzed the
conversion of taxadiene to taxadiene-5a.-ol and OCT following Michaelis-Menten kinetics.
We therefore demonstrate that our expression and purification protocol produces functional
CYP725A4. This expression and purification protocol will be useful for purifying other
plant CYPs expressed in £E. coli.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. E. coliexpression of six taxadiene-5a-hydroxylase (CYP725A4) constructs
was achieved.
. CYP725A4 constructs maintain enzymatic activity in Nanodiscs.

. CYP725A4 was shown to interact favorably with taxadiene using MOE
modeling
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Taxadiene

NADPH
2e-

NADP*

H
Taxadiene-5a-ol

Figure 1.
Schematic of CYP725A4 (grey) and CPR (cyan) inserted into the nanodisc (lipids are

purple, phosphate atoms are yellow, and membrane scaffold protein is shown in blue). When
NADPH is given to the system, the electrons are used in conjunction with molecular oxygen
to convert taxadiene to taxadiene-5a.-ol or OCT.
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CYP725A4 MA

1.54 nmol/liter

CYP725A4 2bl

----------------------------------------- MAKKTSSKG 9

1.76 nmol/liter

CYP725A4 17 a

---------------- MALLLAVFFSIALSATAGILLLLLLFRSKRHSSL 34

CYP725A4

MDALYKSTVAKFNEVTQLDCSTESFSIALSAIAGILLLLLLFRSKRHSSL 50 Yield of Chimera

CYP725A4 MA
CYP725A4 2bl

----- MA--PFIGESFIFLRALRSNSLEQFFDERVKKFGLVFKTSLIGHP 43
KLPPGPS~--PFIGESFIFLRALRSNSLEQFFDERVKKFGLVFKTSLIGHP 57

4.83 nmol/liter

0.362 nmol/liter
1.61 nmol/liter

CYP725A4 17 a

KLPPCKLGIPFIGESFIFLRALRSNSLEQFFDERVKKFGLVFKTSLIGHP 84

CYP725A4

7.21 nmol/liter

KLPPGKLGIPFIGESFIFLRALRSNSLEQFFDERVKKFGLVFKTSLIGHP 10 0_

Figure 2. Sequence Alignment of CYP725A4 modifications in comparison to wild type
CYPT725A4

Yellow residues are amino acids that are added during the modification procedure. Green
residues are amino acids that are part of wild type CYP725A4 but are deleted in one or more
truncations. The yields of the purified protein from each CYP725A4 construct is shown to
the right.
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Figure 3. Characterization of CYP725A4
(A) UV-Vis spectra of CYP725A4-17-a.-L-CPR. The peak at 417 nm is characteristic of

Soret band of heme proteins. The shoulder at 456nm is due to the flavin cofactors of CPR
that is linked to the CYP. (B) Size exclusion chromatogram of CYP725A4-17a-L-CPR
Nanodisc mixture. The peak at 16.5 mL is indicative of CYP725A4-17a-L-CPR-nanodisc.
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Figure 4. CYP725A4-17a-L- CPR taxadiene titration
(A) Soret band at 417 nm wavelength shifts to lower wavelengths CYP725A4-17a-L-CPR

upon taxadiene binding. The data was fit to the single binding isotherm and the average Kg
was determined to be 2.1 £ 0.4. uM. Data shown is one trial. (B) Metabolism of taxadiene by
CYP725A4-17-a-L-CPR follows Michaelis-Menten kinetics. The Vmax was 30 + 8
pmol/min/nmol CYP725A4 and the Km was determined to be 123 + 52 uM taxadiene. Data
shown is one trial.
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Gly 376 Phe 129 His 305
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Met 133
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Ala 306 Thr 377

Figure 5. MOE docking of taxadiene to CYP725A4
The images in this figure feature a molecule of taxadiene docked into the active site of

CYP725A4 by the MOE Docking program. In all images the red structure is CYP725A4
Heme and the green structure is taxadiene. (A) CYP725A4 (champagne colored molecule)
with taxadiene docked into the active site. (B) View of the CYP725A4 active site. From this
view it is possible to see that the heme is 2.36 angstroms away from the carbon atom it
hydroxylates. The catalytic cysteine is included as well with the following color scheme:
Carbon-Black, Nitrogen-Blue, Oxygen-Red, Sulfur-Yellow, Hydrogen-Grey (C) The
nonpolar residues used to position taxadiene in the active site. The residue color scheme is
Carbon-Cyan, Nitrogen-Blue, Oxygen-Red, Sulfur-Yellow, Hydrogen-Grey. (D) Polar
residues identified by MOE that could stabilize reaction intermediates. The residue color
scheme is Carbon-Yellow, Nitrogen-Blue, Oxygen-Red, Hydrogen-Grey.
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