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ABSTRACT 

It is believed that the specificity of cytochrome P450 is determined by a specific 

set of protein fragments that form the Substrate Recognition Site (SRS-1) and are 

responsible for a particular orientation of the bound substrate relative to the activated 

oxygen atom. Cytochrome P450 BM3 (CYP102A1) from Bacillus megaterium, is known 

for its high catalytic activity. Wild type BM3 catalyzes the oxidation of medium and long 

chain fatty acids (C12-18), and of farnesol, but the two form different metabolites, forms 

9-hydroxyfarnesol and 10,11- and 2,3-epoxyfarnesol in a ratio of 3:3:2 and 12-

hydroxyfarnesol, respectively. CYP102A1 and CYP4C7 share a common substrate, 

farnesol. Therefore, CYP4C7 has become the target for homologous replacements in 

CYP102A1. CYP4C7 from Diploptera Punctata (Pacific Beetle Cockroach) only 

catalyzes farnesol to produce 12-hydroxyfarnesol as its primary metabolite, with no 

activity towards fatty acids.  

By using the technique of scanning chimeragenesis, in this work three generations 

of chimeras have created twenty chimeric proteins. By starting with CYP102A1 as the 

experimental model and employing sequential rounds of selective mutagenesis, the third 

generation mutant C(78-82,F87L,328-330) was produced, which catalyzed the 12- and 

15-hydroxylation of farnesol as its major products in a 3:1 ratio with a hundred-fold 

increase in catalytic activity compared to the wild type CYP4C7, and a two-fold increase 

over CYP102A1.  

Based on the activity assay results for the chimeric proteins with substrates 

geranyl-geraniol, 10,11-epoxymethylfarnesoate (JH III), methylfarnesoate, farnesol, 
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geraniol, 3,7-dimethyl-1-octanol, and lauric and palmitic acids, most chimeric proteins 

showed a change in substrate selectivity and/or regiospecificity. Scanning chimeragenesis 

can be used as a tool to not only study the relationship between the protein fragments that 

form the substrate binding site, but also to help elucidate the roles of substrate selectivity 

and regiospecificity among any two cytochromes P450. Furthermore, this investigation 

has resulted in the production of highly efficient chimeric enzymes that have previously 

evaded other methods of sequence modification by mutagenesis or directed evolution and 

chemical synthesis.   
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CHAPTER ONE: INTRODUCTION 

Cytochromes P450: Background 

Cytochromes P450 are heme-containing proteins in which iron is bound to a 

thiolate ligand provided by a cysteine residue (1). The name cytochrome P450 is derived 

from the fact that these proteins have a heme group with an unusual optical spectrum in 

the reduced-CO-bound sate. The first cytochrome P450 to be studied was membrane-

bound in rat liver endoplasmic reticulum (2). The endoplasmic reticulum fragments were 

treated with dithionite (reduced endoplasmic reticulum) and carbon monoxide gas was 

added to give a very strong absorption band at 450 nm; thus, P stands for pigment in 

P450 due to its absorption spectrum. This is called a reduced CO difference spectrum, 

which was first observed in 1958 (2). Aside from chloroperoxidase (3), and nitric oxide 

synthases (4), other heme-containing proteins bound to CO do not have their Soret band 

at 450 nm. The reason that cytochromes P450, chloroperoxidase and NOSs absorb in this 

range is the unusual ligand fifth to the heme iron. Four ligands are provided by nitrogens 

on the heme ring.  Above and below the plane of the heme, there is room for two more 

ligands, the 5th and 6th.  In cytochromes P450, the 5th ligand is a thiolate anion, a sulfur 

with a negative charge, S(-).  The sulfur comes from a conserved cysteine at the heme 

binding site of the active site. The cytochromes P450 are sometimes called 

“diversozymes” because they catalyze at least 40 different chemical reactions (5). The 

cytochromes P450 are best known for their monooxygenase roles, in which they catalyze 

the transfer of one atom from molecular oxygen to a substrate and reduce the other 

oxygen atom to water. In some cases the transfer of one atom of oxygen is to a double 
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bond to form an epoxide (6-8). Insect cytochromes P450 span a large number of enzyme 

families, and many provide useful sources of enzymes that have very similar mammalian 

counterparts. The cytochrome P450 super-family is one of the largest families of genes, 

with representatives in virtually all living organisms, from archaea and bacteria to fungi, 

plants and animals (9-10).  

Each cytochrome P450 protein (typically 45- 60 kDa) is the product of a distinct 

P450 gene. Cytochrome P450 diversity is the result of successive gene (or genome) 

duplications followed by sequence divergence. Cytochromes P450 show activity as 

monooxygenase, reductases, desaturases, dehalogenases, prostacyclin and thromboxane 

synthases, NO reductases, and etc (3, 4, 9-15). For cytochromes P450 to function, they 

also need a source of electrons. The sequential addition of two electrons (reduction) to 

the heme iron makes the difficult chemistry of breaking the oxygen-oxygen bond of 

molecular oxygen possible. The electrons are donated by another protein that binds 

briefly to cytochrome P450 and passes an electron from a prosthetic group.  This handoff 

of electrons between proteins is called electron transfer. In eukaryotes, there are two 

different kinds of electron transfer partners for cytochromes P450. These depend on the 

location of the enzyme in the cell. Some cytochromes P450 are found in the 

mitochondrial inner membrane and others are found in the endoplasmic reticulum and 

still others in specialized organs such as the adrenal gland. All types of eukaryotic 

cytochromes P450 are membrane-bound proteins. The protein that donates electrons to 

cytochromes P450 in the endoplasmic reticulum is called nicotinamide adenine 

dinucleotide phosphate (NADPH)-cytochrome P450 reductase. It is also typically 
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membrane-bound by an N-terminal tail that is imbedded in the endoplasmic reticulum. 

The bulk of this protein is on the cytosolic side of the endoplasmic reticulum. This 

protein has two one-flavin-containing domains. Two electrons are acquired from reduced 

nicotinamide adenine dinucleotide phosphate and migrate from flavin adenine 

dinucleotide to flavin mono-nucleotide, then to the cytochrome P450 heme domain, one 

electron at a time.  

In the mitochondria, the P450 electron transfer chain is a little longer. Ferredoxin 

is the immediate donor of electrons to the cytochrome P450 heme domain in 

mitochondria (9, 10, 12, 13, 16). The ferredoxin has an iron-sulfur cluster instead of a 

flavin to shuttle the electrons; however, ferredoxin is reduced by ferredoxin reductase (or 

adrenodoxin reductase in the adrenal gland) which contains one flavin. The nicotinamide 

adenine dinucleotide phosphate (NADPH) dehydrogenase is the source of electrons that 

flow from ferredoxin reductase to ferredoxin and then to the cytochrome P450 heme 

domain. There are a few cytochromes P450 that can also accept electrons from 

cytochrome b5 (17-20). This is a small membrane-tethered heme-containing protein that 

gets its reducing equivalents of electrons from nicotinamide adenine dinucleotide 

(NADH).  

The monooxygenation reaction in the hydroxylations and epoxidations by cytochrome 

P450 is as follows:  

R-H   +   O2   +   NAD(P)H  +   H+   
�   R-OH   +   H2O   +   NAD(P)+ 

The first crystallized cytochrome P450 was cytochrome P450cam, a water-soluble 

P450 from Pseudomonas putida, a bacterium that can use camphor as its sole carbon 
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source (13, 14, 21). This bacterium is found growing in soil under camphor trees. The 

protein is triangular in shape, with the heme buried deep inside. In this structure, there is 

no access channel for substrates or products, even water, to enter or leave the active site. 

Therefore, the assumption was that the structure “breathes” when it functions, so that a 

channel opens at some point in the catalytic cycle.  

Oxygen activation mechanism: 

The cytochrome P 450 reaction cycle shown below is taken from Sono et al (12), with 

alterations.  

 



20 
 

The first stage of the oxygen cycle is the six-coordinate low-spin ferric state form 

of the heme domain, 1, with water as the exchangeable distal ligand trans to the proximal 

cysteine residue. Substrate addition produces the five-coordinate high-spin ferric state, 2, 

which provides a vacant coordination site that will be available for oxygen molecule 

binding following reduction to Fe(II). When the first electron transfers from the reductase 

to the heme, the ferric iron converts from a high spin Fe(III) state to a high spin Fe(II) 

state, which results in a change in the redox potential for the enzyme heme (-330 to -173 

mV vs NHE) (12). Thus, the ferric P450 heme generates the five-coordinate high-spin 

ferrous state, 3. If the CO is not added, the addition of CO at stage 3 yields the 

irreversible ferrous-CO state, which has its characteristic Soret band peak near 450 nm, 5. 

Oxygen molecule then binds to the ferrous heme iron to form the oxy-ferrous complex, 

4a which is low-spin (diamagnetic). However, it has a resonance structure (valence 

tautomer) that has the electron configuration 4b, Fe(III)-O2
-., where the single unpaired 

electrons on Fe(III) and O2
-. are antiferromagnetically coupled (12, 13). The addition of 

the second electron to 4a or 4b yields the ferric-peroxide, Fe(III)-O2
2-., with the iron as 6a. 

By accepting the first proton, the peroxide is protonated to give a hydroperoxide complex, 

6b. A second protonation of that same oxygen then leads to heterolytic O-O bond 

cleavage to release water and generate the oxo-ferryl Fe(IV) porphyrin radical 

intermediate, 7, also called compound I. 

This stage is equivalent to that of the high-valent iron-oxo intermediate of 

peroxidase enzymes (13). Intermediate 7, represented as (FeO)3+, is the most likely 

candidate for the “reactive oxygen” form of P450 that hydroxylates the hydrocarbon 
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substrates and epoxidizes substrates containing double bonds. The P450 reaction cycle is 

completed when 7 transfers an oxygen atom to the substrate, presumably by an oxygen 

rebound mechanism (12), to give an alcohol or epoxide product and to regenerate state 1. 

There are two pathways that interfere with the catalytic oxygen cycle. The first is 

a peroxide shunt, where the coordinated hydroperoxide anion, 6b, dissociates from the 

iron forming hydrogen peroxide, and the second, an oxidase shunt, where the ferryl-oxo 

intermediate, 7, is reduced to water instead of participating in the oxidation of the 

substrate.  

The mammalian cytochromes P450 are similar in fold to the bacterial, but they 

contain an N-terminal membrane anchor (9, 16, 22-28). Humans have 57 sequenced CYP 

genes and 58 pseudogenes (9, 10). A P450 name followed by P stands for a pseudogene.  

A pseudogene is a defective gene that does not produce a functional protein.  There are 

several reasons why this happens, but in the end, the protein product is not made or is not 

functional. Pseudogenes are relics of gene duplications where one of the copies has 

degenerated and lost its function (29-31). There are at least five human P450s that have 

crystal structures (24, 26-28, 32-35), and more are likely to be reported. Cytochrome 

P450 proteins in humans are used to make cholesterol, steroids and important lipids such 

as triglycerols.  

They are the principal catalysts involved in the disposition of drugs and other 

xenobiotics, and because of this, the pharmaceutical industry has focused considerable 

attention on the roles of human CYP enzymes in drug development and breakdown (9, 14, 

15, 32-36). Understanding the roles of CYPs has been important in approaching issues 
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such as achieving bioavailability, preventing drug–drug interactions and avoiding toxicity 

(14, 15, 32, 35, 36). Foreign chemicals or drugs are also called xenobiotics. Cytochromes 

P450 play an important role in xenobiotic metabolism, especially for lipophilic drugs (14, 

15, 32, 35). The metabolism of these compounds occurs in two phases. Phase I involves 

chemical modification by adding a functional group that can be used to attach a conjugate.  

The conjugate makes the modified compound more water soluble so it can be excreted in 

the urine (14, 15, 32, 35). Many cytochromes P450 add a hydroxyl group in Phase I of 

drug metabolism. The hydroxyl then serves as the site for further modifications in Phase 

II of drug metabolism.  

 

Scanning chimeragenesis: the first generation chimeras  

Cytochrome P450 BM3 (CYP102A1) from Bacillus megaterium is a bacterial 

type I P450 in which a fatty acid monooxygenase containing a heme domain is fused to a 

FAD/FMN diflavin NADPH–P450 reductase domain to create a single polypeptide. 

Unlike other P450s, its fusion of the heme and reductase domains affords catalysis of 

saturated or unsaturated fatty acids with the highest catalytic turnovers among any of the 

P450 mono-oxygenases (11, 29, 35, 37-39). CYP102A1 has substrate specificity and 

hydroxylates the ω-1, ω-2 and ω-3 positions for long-chain (C16-C18) fatty acids. The 

microsomal insect enzyme CYP4C7 is a terpenoid ω-hydroxylase. It converts the 

Diploptera punctata (Pacific beetle cockroach) juvenile hormone III ((2E, 6E)-3, 7, 11-

trimethyl-2, 6-dodecatrienoate or methyl farnesoate), abbreviated JH III, to 12-hydroxy 

JH III via the oxidation of JH III, and also oxidizes other sesquiterpenoid derivatives. 
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One of these, trans-trans-farnesol, is hydroxylated on the 12-terminal methyl to produce 

(2E, 6E)-12-hydroxyfarnesol. CYP102A1 also metabolizes farnesol, but produces 

different products: 9-hydroxyfarnesol and the 10, 11- and 2, 3-epoxides (30, 40-44).  

Based on the increased activity of CYP102A1 as compared to other cytochromes 

P450, researchers have turned their attention to engineering new enzymes based on this 

“self-sufficient” cytochrome P450 having different regio- and stereospecificity and/or 

substrate selectivity, for use in biotechnology and biomedical studies (14, 19, 31, 45-48). 

The Walker research group has created a new approach, called scanning chimeragenesis, 

to investigate its possible role in catalytic activity, substrate selectivity and stereo- and 

regiospecificity. The residues inferred as substrate recognition sites (SRS) which form the 

substrate binding pocket, have been identified by x-ray crystallography of substrate-

bound forms of cytochrome P450 BM3 and were targeted for chimeragenesis, as shown 

in Figure 1. Alignment of CYP4C7, for which no structure is available, using the GAP 

program of the GCG package (49) allowed the identification of the homologous 

fragments from CYP4C7, that could be considered for replacement to create new 

CYP102A1 enzymes. The SRS-1–6 are located along the primary structure and constitute 

approximately 16% of all the total residues (50). These also occur in highly homologous 

regions of the amino acid sequence, although there is little or no conservation of amino 

acid identity between any two cytochromes P450.   

The sequence alignment of the heme domain of CYP4C7 and CYP102A1 is 

shown in Figure 1. The X-ray structure of the heme domain of CYP102A1 was visualized 

by RASMOL and is shown in Figure 2. Amino acid residues 73-87, 259-263 and 327-332 
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of CYP102A1 that participate in substrate binding were subjected to scanning 

chimeragenesis. The catalytic site was targeted to produce enzymes with altered catalytic 

activity, substrate specificity and/or regiospecificity. Four chimeric proteins: C(73-84), 

C(73-78), C(75-80), C(78-82) were produced, and the results of their investigation have 

been published (35). We call these the first generation chimeras. In the work described 

herein, the previous study was augmented by preparation of an additional two single 

mutants and eighteen chimeric proteins: F87A, F87L, C(73-78,F87A), C(73-78,F87L), 

C(75-80,F87A), C(75-80,F87L), C(78-82,F87A), C(78-82,F87L), C(255-263), C(259-

274), C(I259D,I263F), C(259-263), C(327-332), C(328-330), C(78-82,F87A,327-332), 

C(78-82,F87L,327-332), C(78-82,F87A,328-330), and C(78-82,F87L,328-330). These 

proteins were expressed, purified and characterized.  

Most of the chimeric proteins contained all cofactors and catalyzed 

monooxygenation of either laurate, palmitate, farnesol, geranyl-geraniol, geraniol, 3,7 

dimethyl-1-octanol, methylfarnesoate and/or the 10,11-epoxymethylfarnesoate (JH III). 

Two chimeric proteins with large replacements within the I-helix, C(255-263) and C(259-

274), failed to produce full sized proteins. gas chromatography (GC), 1H NMR 

spectroscopy, gas chromatography-mass spectrometry (GS-MS) and gas 

chromatography-time of flight-mass spectrometry (GC-TOF-MS) were used to identify 

the enzymatic metabolites of the substrates. 
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Figure 1. Residues 73-87, 259-263, 327-332, substrate palmitoleic acid and heme of 

P450 BM3 substrate binding site, with these residues 73-78, 259-263, 327-332, substrate 

and heme are highlighted in green, cyan, yellow, blue and red, respectively(1).  This 

figure was generated by SWISS-PdbViewer (51, 52) and RASMOL. 
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4C7       1 AVLLLTSLAIVVVYLCRRLNFWVKLRSVPGPPALPFLGNSLILRGTQEEF 50 

                                    . :: .| |     | | | |  | .   

BM3       0 ......................MTIKEMPQPKTFGELKN.LPLLNTDKP. 25 

 

4C7      51 FRLLSKCATKYGNIFRLWVGQRPFVFLYSAEAIQPILNSTVYIDK..SYE 98 

             . | | | . | ||:     |   :| |   |.   . . : ||  |   

BM3      26 VQALMKIADELGEIFKFEAPGRVTRYLSSQRLIKEACDESRF.DKNLSQA 74 

                 A       β1-1     β1-2      B         β1-5 
    SRS-1 

4C7      99 YSFLFPWLGTGLLTS.TGNK.WHTRRKLLTQSFHSKVLEDFLEPIYQHSL 146 

              |.  . | || || |  | |     :|  ||  . :. :   .   .. 

BM3      75 LKFVRDFAGDGLFTSWTHEKNWKKAHNILLPSFSQQAMKGYHAMMVDIAV 124 

                B’                 C                    D  

 

4C7     147 FLCNRLE.LELDKPHFKVTPYAKLCALDIICDTAMGSTINAQENSQSE.Y 194 

             |  : | |  |. | .|        || |         |.    |   : 

BM3     125 QLVQKWERLNADE.HIEVPEDMTRLTLDTIGLCGFNYRFNSFYRDQPHPF 173 

                          β3-1       E 
        SRS-2    SRS-3 

4C7     195 VTA.VDSLSEIVQRRFITPWLKPDFLFKMTKLGKKQEQCLKIVHNFTRKV 243 

            :|. | .| | . :  :      |  :   |  :. :: :|:...   |: 

BM3     174 ITSMVRALDEAMNK..LQRANPDDPAYDENK..RQFQEDIKVMNDLVDKI 219 

                   F                                  G 

 

4C7     244 INERKEDKLRQNNLEVEISQQNGIKKKHRLALLDLLLELSENGKVLTDED 293 

            | :||              :|.     | |   |      | |. | ||. 

BM3     220 IADRKAS...........GEQSDDLLTHMLNGKD.....PETGEPLDDEN 253 

                                       H 

         SRS-4 

4C7     294 ICEEVDTFMFAGHDTIASGVSWILYVLGHHLDSQEKIVEEFKNVMEEDNT 343 

            |  :: ||: |||:| .  .|. || |  .    :|  ||   |: :    

BM3     254 IRYQIITFLIAGHETTSGLLSFALYFLVKNPHVLQKAAEEAARVLVD... 300 

                      I                          J 

       SRS-5 

4C7     344 EWPTMKHLNKLCYLERCIKEAMRLYPVVPLIARNLTQPIKI.MDYMLPEG 392 

              |. | . .| |.   : ||:||:|  |  .    :   :  :| | .| 

BM3     301 PVPSYKQVKQLKYVGMVLNEALRLWPTAPAFSLYAKEDTVLGGEYPLEKG 350 

                 J’         K           β1-4    β2-1    β2-2 

 

4C7     393 VTILINSILLHRDSRFF.PNPDIFAPDRFLTSNCEARNPFAYVPFSAGPR 441 

              :::    ||||   .  . : | |:||   |  |    |: ||  | | 

BM3     351 DELMVLIPQLHRDKTIWGDDVEEFRPERF..ENPSAIPQHAFKPFGNGQR 398 

            β1-3    K’          Meander  
           SRS-6 

4C7     442 NCIGQKFRMMELKIILSTVLQRFIVK.....SVDKEERLKLVGELVLLNR 486 

             ||||.| : |  ::|  .|. |  .      .| .| | |  |  ..   

BM3     399 ACIGQQFALHEATLVLGMMLKHFDFEDHTNYELDIKETLTLKPEGFVVKA 448 

                       L         β3-3         β4-1  β4-2  β3-2 
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4C7     487 DGIRLT...ITART..                     ............. 498 

               ::    | . .                                 

BM3     449 KSKKIPLGGIPSPSTEQSAKKVRKKAENAHNTPLLVLYGSNMGTAEGTAR 498 

 

Figure 2.  Sequences of CYP4C7 and the heme domain of CYP102A1 showing 

alignment generated with the GAP program of the GCG package (49).  Residues mapping 

within 7 Å of the bound palmitoleic acid in PDB file 1FAG are shown in bold (1), while 

those mapping within 7 Å of the bound N-palmitoylglycine in PDB file 1JPZ are shown 

in red (53). The α-helices are underlined, and β-sheets are double underlined.  The 

substrate recognition sites (SRS-1-6) (50) are shaded green and labeled. 
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CHAPTER TWO: EXPERIMENTAL PROCEDURES 

 Materials and methods: 

 All primers were ordered from Operon (Huntsville, AL). All PCR reactions were 

incubated in a programmable thermal controller-100 MJ Research (Ramsey, MN). All 

polymerase and restriction enzymes were ordered from Bio-Labs (Ipswich, MA). All GC 

measurements were done using a Hewlett-Packard 5890 Series II with a 30 m DB-1 gas 

chromatography capillary column (J&W) with a flame ionization detector. All of the 

solvents used during experiments were HPLC grade.  

All GC-MS spectra were obtained with an electron impact Varian Saturn 2000 gas 

chromatograph-mass spectrometer (Walnut Creek, CA). The gas chromatography column 

was a Hewlett-Packard (Palo Alto, CA) HP-5ms with a length of 30 m, an internal 

diameter of 0.25 mm, and a film thickness of 0.33 µm. The mass spectra were collected 

using electron ionization at a potential of 70 eV.  

All GC-TOF-MS measurements were collected with an electron impact Agilent 

Technologies 6890N Network gas chromatograph (Santa Clara, CA) with a Micromass 

GCT mass spectrometer system (Manchester, UK). The gas chromatography column was 

a 30 m DB-5 capillary column (J&W). The mass spectra were obtained using electron 

ionization at a potential of 70 eV. Absorption spectra were recorded using a Perkin-Elmer 

Lamda 19 UV/Vis spectrophotometer.  

Protein concentration and iron and sulfur content of CYP102A1 and its mutants 

were measued by using inductively coupled plasma (ICP) atomic emission spectrometry 

(54) Thermo Jarrell Ash Corp. IRIS Avdantage ICP 2000. All experiments have been 
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repeated 12 times for accuracy and consistency. All solutions were used in DDI water at 

25°C, dilution and background errors have been corrected. Standardized solutions of 0.1-

10 ppm iron and 0.1-20 ppm sulfur were prepared to generate calibration curves. Then all 

protein concentrations were determined. 

All of the NMR spectra were collected at 25 °C with the proton chemical shifts 

referenced to deuterated methanol (CD3OD) solvent, COSY spectra were obtained on a 

Brucker-DRX600 spectrometer operating at 600.03 MHz Larmor frequency for 1H. All 

2D spectra were collected with 2048 data points in t2 and with 256-512 blocks in t1, with 

32-64 scans/block.  

 

Molecular biology techniques, chimeric protein expression and purification:  

Chimeragenesis and cloning.  

Polymerase chain reaction (PCR) (35, 55): In amplification, a forward mutagenic primer 

was used in conjunction with a complementary primer specific for the 3'-terminal end of 

the target sequence (mm124).  In a second amplification, a reverse mutagenic primer, 

complimentary to the first one, was used in conjunction with a complementary primer 

specific for the 5'-terminal end (mm123).  These two reactions were carried out using Pfu 

DNA polymerase.  The DNA amplification reaction was carried out as follows: 1 min at 

95 °C, annealing for 1 min at 55 °C, and extension for 1 min at 72 °C, for 30 cycles, 

followed by extension for 5 min at 72 °C.  The two PCR products were used with both 5' 

and 3' primers (mm123 and mm124) for synthesis of the double-stranded DNA carrying 

the replacement in a third amplification catalyzed by Taq DNA polymerase.  DNA 
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amplification reactions were carried out as follows:  1 min at 95 °C, annealing for 1 min 

at 60 °C, and extension for 2 min at 72 °C, for 35 cycles, followed by extension for 5 min 

at 72 °C.  The purified 700 bps PCR product was ligated into the TA-Topo cloning vector 

(Invitrogen).  The clones with the desired insert size were sequenced to confirm the 

presence of the inset CYP4C7 sequence fragment. 

Transformation: The vector was cloned with XL-1 blue competent cells of E. coli 

(Stratagene reaction kit). 100 µL of cells were thawed on ice and placed in a 14 mL BD 

Falcon polypropylene round-bottom tube. 1.7 µL of β-mercaptoethanol was added to the 

cells. The tube was incubated on ice for 10 min. 5 ng of DNA was added to the mixture 

and incubated on ice for 30 min. The tube was then heat-pulsed in a 42 °C water bath for 

45 seconds, followed by another two minutes of ice incubation. Next, 300 µL of 

preheated (42 °C) LB (Luria-Bertani: 1.0 % tryptone, 0.5% yeast extract and 1.0 % NaCl 

in aqua solution) medium was added to the tube, which was then incubated at 37 °C for 1 

hour with shaking at 225 rpm. 100 µL of this mixture was plated on an ampicillin (10 µL/ 

mL) LB agar plate. The plate was incubated at 37 °C overnight. The grown clones were 

inoculated overnight with LB medium. Then DNA was extracted using a QIAprep-

Miniprep-kit (QIAGEN).  

DNA extraction: The overnight culture was centrifuged in a Sorvall RC-5B refrigerated 

super-speed centrifuge (Du Pont Instruments) at 3,000g for 10 minutes. Next, 250 µL 

buffer P1 from the QIAprep-Miniprep-kit was added to the re-suspended pelleted cells 

and transferred to a micro-centrifuge tube. Then, 250 µL buffer P2 from the kit was 

added and the tube was inverted for 6 times to allow proper mixing. Following this, 350 
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µL buffer N3 from the kit was added to the tube and the tube was inverted gently 6 times 

in order to mix the solution. Then the tube was centrifuged at 14,000 g for 10 minutes. 

The supernatants were removed and loaded onto a QIAprep column from the kit. The 

column was centrifuged at 14,000 g for 60 seconds. The flow-through was discarded. The 

DNA was eluted with of 50 µL DI H2O. The DNA was treated with restriction enzymes 

MfeI and PmeI. The DNA mixture was applied to an electrophoresis agar gel, which 

contained ethidium bromide (5 µL/ mL). The gel was compared against the 1000bp DNA 

gel ladder (Bio-labs). The target-sized gel was removed and the DNA was extracted using 

a QIAquick gel purification kit (QIAGEN).   

 DNA gel purification: Approximately 100 mL of the DNA-containing gel was weighed 

and placed in a micro-centrifuge tube. Three volumes of buffer QG from the QIAquick 

gel purification kit were added to the tube. The tube was incubated at 50 °C for 10 min to 

dissolve the gel and to release the DNA into the solution. The mixture was loaded onto a 

QIAquick-spin column from the kit and centrifuged at 14,000 g for 1 min. Exactly 750 

µL buffer PE from the kit was pipetted onto the column to wash off excess DNA off of 

the column. Next, 50 µL H2O was used to elute the DNA off of the column. The H2O 

contained the mutated DNA fragment. The fragment of DNA was inserted into the wild-

type pbsBM3 expression vector using MfeI and PmeI cloning sites. The Escherichia coli 

strain pbsBM3 with a plasmid carrying the P450BM3 gene was a gift from Prof. Armand 

J. Fulco, Department of Biological Chemistry, UCLA. The clones with the desired insert 

size were sequenced by the University of Arizona DNA sequencing facility to confirm 

the presence of the insect CYP4C7 sequence at the desired point. The vector was cloned 
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with XL-1 blue competent cells of E. coli (Stratagene reaction kit) for transformation and 

the same procedures were followed as described above. The clone-containing cells were 

grown on the plate and were inoculated overnight with LB medium. The cloning 

schematic diagram for the homologous fragment replacement from CYP4C7 to 

P450BM3 is shown in Figure 3. The image of a gel containing ladder and DNA 

fragments is shown in Figure 4. 
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Figure 3.  The cloning schematic diagram for the homologous fragment replacement 

from CYP4C7 to P450BM3.  
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Figure 4. The agarose gel (Bio-Rad) image contains ladders and DNA fragments. The 

order from the left to the right are EZ 1000 bp ladder (Bio-Rad), 600 bp, EZ 1000 bp 

ladder (Bio-Rad) and 400 bp; EZ 1000 bp ladder has the initial marker of 1000 bp 

(bottom) with 1000 bp increments to the end of 10,000 bp (top); EZ 100 bps ladder has 

the initial marker of 100 bp (bottom) with 100 bp increments to the end of 1000 bps (top). 
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Chimeric protein expression and purification:  

Expression of the chimeric proteins in E. coli under control of the natural 

CYP102A1 promoter, and isolation and purification of the enzymes by ion exchange and 

affinity chromatography were carried out according to published protocols (17). All 

proteins have been expressed, purified and characterized in two separate batches in order 

to confirm reproducibility.  

An 8 mL overnight culture was used to inoculate 1000 mL of LB medium, which 

contained 100 mg/mL of ampicillin (VWR-PDI). The cultures were incubated for 2 h at 

37 °C with shaking at 250 rpm. Then the temperature was lowered to 30 °C and the 

cultures were further incubated with shaking at 200 rpm for an additional 18 h. Cells 

were harvested by centrifugation using a Sorvall RC-5B refrigerated super-speed 

centrifuge (Du Pont Instruments) at 10,000 g for 30 minutes. The cells were washed with 

100 mM sodium phosphate pH 7.6 buffer. The cells were re-suspended in a 50 mM Tris-

HCl pH 7.6 buffer. The lysate was prepared using lysozyme (100 mg/100 mL) (Sigma-

Aldrich), and then disrupted by ultrasonic treatment, which was used to break the cell 

membranes. The membrane fraction was removed by centrifugation using a Beckman L8-

80 ultracentrifuge at 100,000 g for 30 min. The cytoplasmic fraction was loaded onto a 

2.5 cm in diameter and 75 cm in length DEAE (Bio-Rad)-agarose column (Fox), and the 

protein fraction was eluted with a 500 mL linear gradient of 0-500 mM NaCl in a 50 mM 

Tris-HCl pH 7.6 buffer. The colored fractions were collected and loaded onto a 2′-5′-

ADP-agarose affinity column (Bio-Rad). A 50 mL quantity of 50 mM Tris-HCl pH 7.6 

buffer was used to wash excess protein off of the column. The colored protein fraction 
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was eluted with 50 mM Tris-HCl pH 7.6 buffer containing adenosine 5′-monophosphoric 

acid monohydrate (35 mg/30 mL) (Fluka) and then with adenosine 2′, 3′-monophosphate 

(300 mg/35 mL) (Sigma-Aldrich). The final protein preparation was extensively dialyzed 

against a 50 mM potassium phosphate pH 7.6 buffer to remove 2′-AMP and was then 

concentrated using a pore size 100 kDa MWCO centrifugal device with an omega 

membrane (VWR-Pall). A final concentration of the enzyme in 50% glycerol was 

prepared and stored at -20 °C. The enzyme was homogeneous as judged by SDS-PAGE 

(Bio-Rad). All proteins were expressed, purified and characterized in two separate 

batches in order to confirm protein reproducibility.  

 

Other procedures:  

Absorption spectra were recorded on a Perkin-Elmer Lamda 19 UV/Vis 

spectrophotometer. All of the chimeric proteins contain heme with the corresponding 

Soret peak maximum at 418 nm. The proteins were reduced with sodium dithionite, the 

spectrum recorded and then bubbled with CO and the spectrum re-recorded to show a 

Soret band difference spectrum displacement to 450 nm (12-13, 21). This indicated the 

formation of the CO-ferrous adduct CYP102A1, which indicated that the heme was 

bound to the chimeric protein complexes and that, therefore, these enzymes were typical 

P450 proteins. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

analysis of full sized proteins were used after purification. Protein concentration was 

determined by ICP (54) and the Lowry protein procedure using bovine serum albumin as 

a standard (56).  
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Lowry protein procedure: The Lowry procedure was used due to the long-time use of this 

method for quantitative measuring of the concentration of any soluble protein (56). The 

principle behind the Lowry method lies in the reactivity of the nitrogens of the 

CYP102A1 heme with copper II ions under alkaline conditions followed by the 

subsequent reduction of the Folin-Ciocalteu phosphomolybdic-phosphotungstic acid 

(Folin reagent) to heteropolymolybdenum blue by the copper-catalyzed oxidation of 

aromatic acids. The experimental procedure is described as follows: A 49 mL solution of 

2% Na2CO3 in 0.1 N NaOH was added to a 1 mL of sodium citrate and 0.5% CuSO4 to 

make solution A. A 1.0 mL quantity of solution A was mixed with 0.2 mL of distilled 

H2O and 1 µL of the protein solution to make a solution B. Next, 0.2 mL of  light-

sensitive Folin reagent was added to solution B and incubated at room temperature for 30 

min. Various concentrations of bovine serum albumin (BSA) were also used in the same 

procedure in order to create a calibration curve. All BSA and protein sample absorption 

spectra were recorded on a Perkin-Elmer Lamda 19 UV/Vis spectrophotometer with peak 

maxima at 745 nm. 

 

Activity assays: 

 Fatty acids: 100 mM Tris-HCl pH 7.6 buffer was used for all protein activity assays. A 3 

mM concentration of glucose-6-phosohate (G6P), 100 µM concentration of nicotine-

adenine-dehydrogenase (NADP) and 3 units/mL of glucose-6-phosphate-dehydrogenase 

(G6PDH) were used for the NADPH regenerating system. Chimeric proteins (1 µM) 

were incubated separately with lauric and palmitic acids for 30 seconds to 30 minutes 
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depending on activity. The reactions were stopped by adding 200 µL 3N HCl per reaction 

volume. The substrates and reaction products were extracted with double reaction 

volumes of diethyl ether, dried with N2 gas and methylated with diazomethane in order to 

replace the active proton at the carboxy terminus with the methyl ester of the product. 

The rate of reaction  was measured by gas chromatography with a flame ionization 

detector. The integrated areas of the substrate and actual formed products were used to 

calculate the reaction rate.  

Farnesol, methylfarnesoate and JH III: All oxidation reaction procedures were similar to 

those for the fatty acids until the final stages of reaction incubation. A 3.0 mL of reaction 

mixture was applied onto a 200 µg C18 solid-phase extraction column (VWR). 

Acetonitrile was used as the elution solvent. The eluate was injected into a gas 

chromatograph with a flame ionization detector. All of the farnesol metabolites were 

dried with N2 gas and dissolved in acetonitrile. The procedure was repeated 4 times, after 

which the metabolites were dissolved in 100 mM Tris-HCl pH 7.6 buffer. The solution 

was loaded onto a 200 µg C18 solid-phase extraction column for metabolite separation 

using a 2.6 mL solvent mixture (methanol:water) in a 21:29 ratio for epoxy-product and 

using a 3.0 mL solvent mixture (acetonitrile:water) in a 43:57 ratio for any hydroxyl-

product elution. The solvent mixture (acetonitrile:methanol) in a 2:3 ratio was used for 

separation of 9-/12-hydroxyfarnesol. The eluate was injected into a gas chromatograph 

with a flame ionization detector for identification. All of the farnesol metabolites have 

been identified by NMR spectroscopy. 
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Geraniol, 3,7-methyl-1-octanol and geranyl geraniol: All oxidation reaction procedures 

were similar to those for the fatty acids. All substrate metabolite separation procedures 

were similar to those for the farnesol. The substrates and reaction products were extracted 

with double the reaction volume of diethyl ether. The solution mixture was dried with N2 

gas and dissolved in CD3OD. Then it was injected into a gas chromatograph with a flame 

ionization detector for the measurement of enzyme activity with geraniol, 3,7-methyl-1-

octanol and geranyl geraniol reactions. All metabolites have been identified by using 1H 

NMR, GC-MS, and/or GC-TOF-MS.  

cytochrome c reduction, NADPH oxidation.  For cytochrome c activity, the absorbance at 

550 nm (εox = 8.9 mM-1cm-1, εred = 29.9 mM-1cm-1 (57) was followed for 1 mL samples 

containing 10 nM enzyme and 50 µM oxidized cytochrome c to which 50 µM NADPH-

regenerating system (1.0 mM glucose-6-phosphate and 3.0 units/mL glucose-6-phosphate 

dehydrogenase) were used; the experiment was repeated for a solution containing no 

enzyme, and the difference in rate is reported (39, 57-60).  NADPH oxidation was 

measured in the presence of 10 nM enzyme, 100 µM nucleotide, 50 µM oxidized 

cytochrome c and 200 µM laurate by the decrease in absorbance at 340 nm using an 

extinction coefficient of 6.22 mM-1cm-1 (17). 

 

Product identification:  

A common gas chromatography diagnostic derivatization reagent N, N-bis 

(trimethylsilyl (TMS))-2,2,2-trifluoroacetamide (BSTFA) (Sigma-Aldrich) (5mg/mL in 

dimethylformamide (DMF)), was used to increase the volatility of reaction products in 
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order to improve the separation ability of the GC (35, 61). This agent was incubated 

overnight with the methyl esters of the reaction mixture of fatty acid hydroxyl groups, 

and the sample was then injected into a gas chromatograph with a flame ionization 

detector for separation. The gas chromatography substrate and products peaks were 

compared to results that had been previously published, and that were based on the same 

GC retention time (RT) for reaction products identification (29, 35, 38). GC-TOF-MS 

and/or GC-MS experiments were performed by the University of Arizona MS facility. 

NMR experiments were performed in the University of Arizona NMR Facility by Dr. 

Tatiana Kh. Shokhireva. All of the substrate metabolites have been identified by 1H NMR, 

GC-MS and/or GC-TOF-MS. The example of GC chromatogram of farnesol and geraniol 

oxidation with chimeric protein is shown in Figure 5. 
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Figure 5. A: the example of GC chromatogram of farnesol oxidation with C(78-

82,F87L,328-330); B: the example of GC chromatogram of geraniol oxidation with 

C(328-330). 
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Gas Chromatography-Mass Spectrometry and Gas Chromatography-Time of 

Flight- Mass Spectrometry Analysis of Substrate Metabolites:  

Fatty acids (lauric and palmitic acids): In the initial study, the major products of 

oxidation of palmitate were identified (35).  Identification of the products of lauric acid 

oxidation has been carried out in this section using an approach similar to that described 

for palmitic acid (35). The instrument temperature was programmed as follows: initial 

temperature of 100 °C, hold for 2 minutes, increase at a rate of 10 °C/ min to 280 °C, and 

hold for 5 minutes. Trimethylsilyl (TMS) derivatives of hydroxylauric acid methyl esters 

were analyzed by GC-MS. The results are summarized in Table 1. Two groups of ions 

were used to identify reaction products. The first group was common to all of the 

hydroxylated lauric acid methyl ester derivatives:  (M: [TMSO-CH-(CH2)n-C]) m/z 287 

[M-COOCH3]
+, m/z 271 [CH3-M-CHO]+, m/z 255 [CH3-M-C]+and 73 [(CH3)3Si]+ (listed 

as A, B, C and D, respectively, Table 1). The second group was fragmentation peaks 

differing by 14 mass units (CH2) which showed the position of hydroxylation:  The series 

m/z 117, 131, 145, 159, 173 and 187 (ion E, [CH3(CH2)nCHOTMS]+), the series m/z 287, 

273, 259, 245, 231 and 217 (ion F, [TMSOCH(CH2)nCOOCH3]
+), and the series m/z 258, 

244, 230, 216, 202 and 188 (ion G, [TMSO(CH2)nCOH]+). The products of laurate 

hydroxylation by wild type P450BM3 were identified as 11-, 10-, 9-, 8-, 7- and 6-OH, 

corresponding to ω-1to ω-6 hydroxylation. TMS derivatives of hydroxypalmitic acid 

methyl esters were analyzed by GC-MS.  The results are summarized in Table 2. The first 

group was common to all of the hydroxylated palmitic acid methyl esters derivatives: (M: 
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[TMSO-CH-(CH2)n-C]) m/z 343 [M-COOCH3]
+, m/z 327 [CH3-M-CHO]+, m/z 311 [CH3-

M-C]+and 73 [(CH3)3Si]+ (listed as A, B, C and D, respectively, Table 2).  The second 

group was fragmentation peaks differing by 14 mass units (CH2) which showed the 

position of hydroxylation:  The series m/z 117, 131, 145, 159, 173 and 187 (ion E, 

[CH3(CH2)nCHOTMS]+), the series m/z 343, 329, 315, 301, 287, and 273 (ion F, 

[TMSOCH(CH2)nCOOCH3]
+), and the series m/z 314, 300, 286, 272, 258 and 244 (ion G, 

G, TMSO(CH2)nCOH]+).  The products of laurate hydroxylation by wild type P450BM3 

were identified as 15-, 14-, 13-, 12-, 11- and 10-OH, corresponding to ω-1 to ω-6 

hydroxylation. 

 Farnesol: Single TMS derivative of methylfarnesoate and double TMS derivatives 

hydroxyfarnesol were analyzed by GC-MS. The temperature of the column oven was 

programmed as follows: initial temperature of 100 °C, hold for 2 minutes, increase at a 

rate of 10 °C/min to 280 °C, and hold for 5 minutes. Farnesol has series of unique ions as 

fellows, m/z 55 [(CH3)2C(CH)n]
+, m/z 83 [(CH3)2C(CH2)n]

+ and m/z 221 [M]+ as total 

M.W.; Hydroxyfarnesol has series of unique ions as fellows, m/z 71 [(CH3)2CO(CH)n]
+, 

m/z 99 [(CH3)2CO(CH2)n]
+ and m/z 238 [M-OH2]

+ as total M.W. After treated with 

BSTFA, the result has the series of m/z 73 [(CH3)3Si]+, m/z 143 

[(TMSOCH2)C(CH3)CH]+, m/z 157 [(TMSOCH2)C(CH3)CHCH2]
+ and m/z 382 [M-

(TMSO)2]
+ as total M.W. The results provide the evidence of hydroxyl group addition on 

farnesol. All unique ions for farnesol, hydroxyfarnesol and TMS derivatives 

hydroxyfarnesol are shown in Table 3. The position of hydroxyl addition was determined 

by 1H NMR.  
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Methyl (2E,6E) farnesoate: The temperature of the column oven was programmed as 

follows: initial temperature of 100 °C, hold for 2 minutes, increase at a rate of 10 °C/min 

to 280 °C, and hold for 5 minutes. The GC-MS result of 10,11-epoxymethyl (2E,6E) 

farnesoate has a series of unique ions as fellows, m/z 71 [(CH3)2COCH]+, m/z 81 

[(CH2)n(CH3)CCH(CH2)n]
+, m/z 85 [(CH3)2COCH(CH2)n]

+, m/z 114 [M-COO(CH3)]
+, 

m/z 234 [M-CO(CH3)]
+ and m/z 266 [M-COO(CH3)]

+. This provides the typical 

fragmentation for 10,11-epoxymethyl (2E,6E) farnesoate (juvenile hormone III: JH III) 

compared to the authentic JH III (Sigma-Aldrich).  The authentic JH III has been tested 

by gas chromatography with a flame ionization detector and with GC-MS combination as 

compared to C(78-82,F87L) and C(328-330) methyl (2E, 6E) farnesoate metabolites. 

They have the same GC retention time (RT) and GC-MS fragmentation pattern. These 

results agree with those of Feyereisen et al (62, 63). The GC-MS results for 9-

hydroxymethyl (2E,6E) farnesoate had a series of unique ions as follows,  m/z 53 

[(CH3)C(CH)2]
+, m/z 69 [(CH3)CCHCHO]+, m/z 82 [(CH3)2C(CH)2CH2]

+, m/z 248 [total-

CH3OH]+ and m/z 266 [M-COO(CH3)]
+ as total M.W.; 12-hydroxymethylfarnesoate, m/z 

54 [(CH3)(CH2)CCH]+, m/z 70 [(CH3)(OCH2)CCH]+, m/z 84 [(CH3)(OCH2)CCHCH2]
+, 

m/z 98 [(CH3)(OCH2)CCH(CH2)2]
+, m/z 248 [total-CH3OH]+ and m/z 266 [M-

COO(CH3)]
+ as total M.W.; TMS derivatives of 9-hydroxymethylfarnesoate, m/z 142 

[(CH3)CCHCH(OTMS)]+, m/z 156 [(CH3)CCHCH(OTMS)CH2]
+, m/z 157 

[(CH3)2CCHCH(OTMS)]+, m/z 171 [(CH3)2CCHCH(OTMS)CH2]
+, and m/z 338 

[(TMSO)-M-COO(CH3)]
+ as total M.W.; TMS derivatives of 12-

hydroxymethylfarnesoate, m/z 143 [(CH3)(TMSO-CH2)CCH]+, m/z 157 [(CH3)(TMSO-
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CH2)CCHCH2]
+, m/z 171 [(CH3)(TMSO-CH2)CCH(CH2)2]

+and m/z 338 [(TMSO)-M-

COO(CH3)]
+  as total M.W. All unique ions for methyl-farnesoate metabolites are shown 

in Table 4.  

10,11-epoxymethyl (2E,6E) farnesoate (JH III): The temperature of the column oven 

was programmed the same as for methyl-farnesoate. The primary metabolite of JH III 

(Sigma-Aldrich) with C(78-82,F87L,328-330) has been tested by GC and GC-MS. 

The GC-MS result of the single TMS derivative of 12-hydroxyJH III has a series of 

TMS derivative unique ions as follows, m/z 159 [(TMSO)(CH2)(CH3)COCH]+, m/z 

173 [(TMSO)(CH2)(CH3)COCH(CH2)]
+, m/z 322 [(TMSO)M-CO]+, and m/z 354 

[(TMSO)M-COO(CH3)]
+ as total M.W. All unique ions of the TMS derivatives of 12-

hydroxyJH III are shown in Table 4. 12-and 15-hydroxyJH III have the same GC-MS 

fragmentation pattern, but different GC-RT. Based on the 12-hydroxyfarnesol over 

farnesol GC-RT ratio, the major product of C(78-82,F87L,328-330) during JH III 

oxidation was determined to be 12-hydroxyJH III. These results agree with those of 

Feyereisen et al (62). 

3,7-dimethyl-1-octanol: The single TMS derivative of the single 3,7-dimethyl-1-

octanol (Sigma-Aldrich) metabolite was analyzed by GC-TOF-MS. The temperature 

of the column oven was programmed as follows: initial temperature of 150 °C, hold 

for 1 minutes, increase at a rate of 10 °C/min to 280 °C, and hold for 5 minutes. The 

GC-TOF-MS result of TMS derivatives of 6-hydroxy-3,7 dimethyl-1-octanol: has a 

series of  unique ions as fellows, m/z 73 [(CH3)3Si]+ (TMS+), m/z 103 [TMSO-CH2]
+, 

m/z 145 [(CH3)2CHCH-(TMSO)]+, and m/z 185 [(CH3)CH(TMSO)CH(CH2)2CHCH2]
+, 
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m/z 186 [(CH3)CH(TMSO)CH(CH2)2CH(CH3)]
+and  m/z 275 

[(TMSO)CH(CH2)2CH(CH3) (CH2)2(TMSO)]+. All unique ions of the TMS derivative 

of the 3,7-dimethyl-1-octanol metabolites are shown in Table 5. The only catalytic 

metabolite was determined to be 6-hydroxy-3,7-dimethyl-1-octanol. 

Geraniol: The geraniol (Sigma-Aldrich) metabolites and the TMS derivatives of 

geraniol metabolites were analyzed by GC-TOF-MS. The temperature of the column 

oven was programmed the same for 3,7-dimethyl-1-octanol. The GC-TOF-MS result 

for 6,7-epoxygeraniol has a series of  unique ions as follows, m/z 41 [CH(CH2)2]
+, m/z 

71 [(CH3)2(CH)CO]+, m/z 85 [(CH3)2(CH)COCH2]
+, and m/z 137 

[(CH3)2CCH(CH2)2(CH3)CCHCH2]
+. 10-hydroxygeraniol has a series of TMS 

derivative unique ions as fellows, m/z 73 [(CH3)3Si]+ (TMS+), m/z 143 [(TMSO-

CH2)(CH3)CCH]+, m/z 156 [(TMSO-CH2)CCH(CH2)2]
+, and m/z 157 [(CH3) (TMSO-

CH2)CCHCH2]
+, m/z 181 [(TMSO-CH2)CCH(CH2)2CCH] +and  m/z 195 [(TMSO-

CH2)CCH(CH2)2CCHCH2]
+. All unique ions of TMS derivatives of geraniol 

metabolites are shown in Table 6. The results agree with publications describing 10-

hydroxygeraniol and 6,7-epoxygeraniol (63-65). There were two hydroxygeraniol 

metabolites. Both of them had the same GC-TOF-MS fragmentation spectra of 

hydroxygeraniol metabolites and the TMS derivatives of hydroxygeraniol products, 

but with different GC retention times. Since 12-hydroxyfarnesol had longer GC-RT 

compared to 15-hydroxyfarnesol under the same GC running conditions, the primary 

hydroxygeraniol was identified as 8-hydroxygeraniol. The position of hydroxyl 

addition was also confirmed by 1H NMR spectroscopy. 
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Table 1.  Mass ions used for identification of lauric acid metabolites.   

 Common Ions Unique Ions 

 Ion A Ion B Ion C Ion D Ion E Ion F Ion G 

ω 73 255 271 287 103 302 273 

ω –1 73 255 271 287 117 287 258 

ω –2 73 255 271 287 131 273 244 

ω –3 73 255 271 287 145 259 230 

ω –4 73 255 271 287 159 245 216 

ω –5 73 255 271 287 173 231 202 

ω –6 73 255 271 287 187 217 188 

 

Ions: (M: [TMSO-CH-(CH2)n-C]) A, [(CH3)3Si]+ (TMS+); B, [CH3-M-C]+; C, [CH3-

M-CHO]+; D, [M-COOCH3]
+; E, [CH3(CH2)nCHOTMS]+;  F, 

[TMSOCH(CH2)nCOOCH3]
+;  G, [TMSOCH(CH2)nCO]+.  ω Ions: F, 

[TMSO(CH2)nCOOCH3]
+; G, [TMSO(CH2)nCO]+ 
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Table 2.  Mass ions used for identification of palmitic acid metabolites.   

 Common Ions Unique Ions 

 Ion A Ion B Ion C Ion D Ion E Ion F Ion G 

ω –1 73 311 327 343 117 343 314 

ω –2 73 311 327 343 131 329 300 

ω –3 73 311 327 343 145 315 286 

ω –4 73 311 327 343 159 301 272 

ω –5 73 311 327 343 173 287 258 

ω –6 73 311 327 343 187 273 244 

 

Ions (M: [TMSO-CH-(CH2)n-C]):  A, [(CH3)3Si]+ (TMS+); B, [CH3-M-C]+; C, [CH3-

M-CHO]+; D, [M-COOCH3]
+; E, [CH3(CH2)nCHOTMS]+;  F, 

[TMSOCH(CH2)nCOOCH3]
+; G, [TMSO(CH2)nCOH]+. 
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Table 3.  Mass ions used for identification of farnesol, hydroxyfarnesol and TMS 

derivatives of hydroxylfarnesol. 

 

 Unique Ions 

 Ion A Ion B Ion C 

Farnesol 55 83 221 

Hydroxyfarnesol 71 99 238 

TMS derivatives 143 157 382 

 

Farnesol: Ions:  A, [(CH3)2C(CH)n]
+;  B, [(CH3)2CCH(CH2)n]

+;  C, [M-OH]+ as total 

M.W. 

Hydroxyfarnesol: Ions:  A, [(CH3)2CO(CH)n]
+;  B, [(CH3)2C(CH2)n]

+;  C, [M-OH2]
+ as 

total M.W. 

TMS derivatives of hydroxylfarnesol: Ions:  A [(TMSOCH2)C(CH3)CH]+;  B, 

[(TMSOCH2)C(CH3)CHCH2]
+;  C, [M-(TMSO)2]

+ as total M.W. 
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Table 4.  Mass ions used for identification of methylfarnesoate and JH III metabolites.   

Unique ions Ion A Ion B Ion C Ion D Ion E Ion F 

10,11-epoxymethylfarnesoate    71    81    85    234    266  

9-hydroxymethylfarnesoate    53    69    82    248    266  

12-hydroxymethylfarnesoate    54    70    84    98    248    266 

TMS derivatives of 9-

hydroxymethylfarnesoate    142    156    157    171    338  

TMS derivatives of 12-

hydroxymethylfarnesoate    143    157    171    338   

TMS derivatives of 12-hydroxyJH III159 173 322 354   

 

10, 11-epoxymethylfarnesoate: Ions:  A, [(CH3)2COCH]+;  B, 

[(CH2)n(CH3)CCH(CH2)n]
+;  C, [(CH3)2COCH(CH2)n]

+;  

D, [CH2C(CH3)CHCOO(CH3)]
+;  E, [total-CH3OH]+;  F, 266 [M-COO(CH3)]

+ as total 

M.W. 

9-hydroxymethylfarnesoate: Ions:  A, [(CH3)C(CH)2]
+;  B, [(CH3)CCHCHO]+;  C, 

[(CH3)2C(CH)2CH2]
+;  D, [total-CH3OH]+;   

E, 266 [M-COO(CH3)]
+ as total M.W. 
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12-hydroxymethylfarnesoate: Ions:  A, [(CH3)(CH2)CCH]+;  B, [(CH3)(OCH2)CCH]+;  

C, [(CH3) (OCH2)CCHCH2]
+;  D, [(CH3) (OCH2)CCH(CH2)2]

+;  E, [total-CH3OH]+;  F, 

[M-COO(CH3)]
+ as total M.W. 

TMS derivatives of 9-hydroxymethylfarnesoate: Ions:  A, [(CH3)CCHCH(OTMS)]+;  

B, [(CH3)CCHCH(OTMS)CH2]
+;  C, [(CH3)2CCHCH(OTMS)]+;  D, 

[(CH3)2CCHCH(OTMS)CH2]
+; E, [(TMSO)-M-COO(CH3)]

+ as total M.W. 

TMS derivatives of 12-hydroxymethylfarnesoate: Ions:  A, [(CH3)(TMSO-CH2)CCH]+;  

B, [(CH3)(TMSO-CH2)CCHCH2]
+;  C, [(CH3)(TMSO-CH2)CCH(CH2)2]

+;   D, 

[(TMSO)-M-COO(CH3)]
+  as total M.W. 

TMS derivatives of 12-hydroxyJH III: Ions:  A, [(TMSO-CH2)(CH3)COCH]+;  B, 

[(TMSO-CH2)(CH3)COCH(CH2)]
+;  

C, [total-CH3OH]+;  D, [(TMSO)M-COO(CH3)]
+ as total M.W. 
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Table 5.  Mass Ions used for identification of primary 3,7 dimethyl-1-octanol metabolite.   

Unique ions Ion A Ion B Ion C Ion D Ion E Ion F 

TMS derivatives of  

6-hydroxy-3,7 dimethyl-1-octanol 

   73    103    145    185    186    275 

 

TMS derivatives of 6-hydroxy-3,7 dimethyl-1-octanol: Ions:  A, [(CH3)3Si]+ (TMS+);  B, 

[TMSO-CH2]
+;  C, [(CH3)2CHCH-(TMSO)]+;  

D, [(CH3)CH(TMSO)CH(CH2)2CHCH2]
+;  E, [(CH3)CH(TMSO)CH(CH2)2CH(CH3)]

+;   

F, [(TMSO)CH(CH2)2CH(CH3) (CH2)2(TMSO)]+. 
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Table 6. Mass Ions used for identification of primary geraniol metabolites.   

Unique ions Ion A Ion B Ion C Ion D Ion E Ion F 

6,7-epoxygeraniol      41      71      85     137                   

8-hydroxygeraniol 55 67 68 84    121   137 

10-hydroxygeraniol 55 67 68 84    121   137 

TMS derivatives of 8-

hydroxygeraniol 

73 143 156 157    181   195 

TMS derivatives of 10-

hydroxygeraniol 

73 143 156 157    181   195 

 

6,7-epoxygeraniol: Ions:  A, [CH(CH2)2]
+;  B, [(CH3)2(CH)CO]+;  C, 

[(CH3)2(CH)COCH2]
+;   

D, (CH3)2CCH(CH2)2(CH3)CCHCH2]
+.  

8-hydroxygeraniol: Ions:  A, [(CH2)2CCH3]
+;  B, [(CH2)CCH(CH2)2]

+;  C, 

[(CH3)C(CH)2CH2 C]+;  D, [(CH3)2CCHCHO]+;   

E, [(CH3)C(CH)2CH2(CH3)CCHCH2]
+;  F, [(CH3)C(CH)2CH2(CH3)CCHCH2O]+. 

10-hydroxygeraniol: Ions:  A, [(CH2)2CCH3]
+;  B, [(CH2)CCH(CH2)2]

+;  C, 

[(CH3)C(CH)2CH2 C]+;  D, [(CH3)2CCHCHO]+;   

E, [(CH3)C(CH)2CH2(CH3)CCHCH2]
+;  F, [(CH3)C(CH)2CH2(CH3)CCHCH2O]+. 
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TMS derivatives of 8-hydroxygeraniol: Ions (M: [TMSO-CH-(CH2)n-C]):   A, 

[(CH3)3Si]+ (TMS+);  B, [(TMSO-CH2)(CH3)CCH]+;  C, [(TMSO-CH2)CCH(CH2)2]
+;  

D, [(CH3) (TMSO-CH2)CCHCH2]
+;  E, [(TMSO-CH2)CCH(CH2)2CCH] +;  F, 

[(TMSO-CH2)CCH(CH2)2CCHCH2]
+. 

TMS derivatives of 10-hydroxygeraniol: Ions (M: [TMSO-CH-(CH2)n-C]):   A, 

[(CH3)3Si]+ (TMS+);  B, [(TMSO-CH2)(CH3)CCH]+;  C, [(TMSO-CH2)CCH(CH2)2]
+;  

D, [(CH3) (TMSO-CH2)CCHCH2]
+;  E, [(TMSO-CH2)CCH(CH2)2CCH] +;  F, 

[(TMSO-CH2)CCH(CH2)2CCHCH2]
+. 
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CHAPTER THREE: THE I-HELIX GENERATION CHIMERAS 

Background:  

The I-helix is a major structural element found in all cytochromes P450 (66-69). It 

is the long α-helical fragment that crosses the substrate-binding pocket parallel to the 

plane of the heme.  The role of this major structural element in substrate binding and 

catalysis remains obscure.  It has been shown that the activities of the T268A mutant are 

often inhibited and uncoupled (70, 71). On the other hand, E267Q mutants had inhibited 

catalytic activities without significant effect on the coupling stoichiometries (72). 

Substrate binding by P450BM3 has been shown to induce conformational changes of the 

I-helix (73). These results suggest possible direct or indirect involvement of the I-helix in 

both substrate binding and catalysis.   

Three residues of the I-helix: I259, T260, and I263 are oriented toward the C15 of 

the substrate. The I-helix is shown in cyan in Figure 1. The shortest distances between 

C15 of the fatty acid and some of the amino acids determined from the published 

structure are:  I263 – 4.3 Å, T260 – 5.3 Å, and I259 – 6.1 Å (1, 74).  To study the 

function of the I-helix in detail, four chimeric proteins with amino acid replacements: 

C(255-263), C(259-274), C(I259D;I263F) and C(259-263) were designed, expressed, 

purified and characterized.  The chimeric proteins C(255-263) and C(259-274) failed to 

express the full sized enzyme.  Replacing fewer amino acids in C(I259D;I263F) and 

C(259-263) resulted in the expression of full sized enzymes containing the heme cofactor, 

but catalytic activities were severely inhibited.  The results show that even minor 

structural changes in the I-helix cause significant loss of enzymatic function, and 
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consequently, this suggests that the I-helix plays a major structural role, rather than one 

involving substrate-binding and/or catalysis.   

Results:  

The target fragment for scanning chimeragenesis in this part of the project is the I-

helix.  Figure 6A shows the I-helix fragment colored in green of P450BM3 relative to the 

heme and palmitoleic acid.  Five residues (259-263) are close to the bound palmitoleic 

acid. Since CYP102A1 only hydroxylates at the ω-1 to ω-3 positions during palmitic acid 

oxidation, the shortest distances between C15 of the substrate are measured. The set of 

the amino acids are: I263 – 4.3 Å, T260 – 5.3 Å, and I259 – 6.1 Å. The residues 255-274 

of the I-helix in the CYP102A1 catalytic site are shown in Figure 6A. The residues 259-

262 of the I-helix in the CYP102A1 catalytic site are shown in Figure 6B. 

The primers used to generate the chimeric proteins are shown in Table 7. The 

amino acids substituted in the I-helix are shown in Table 8. Four I-helix chimeric proteins 

were constructed.  The first attempts included rather large homologous replacements of 9 

(255-263) and 16 amino acids (259-274) of the I-helix. The resulting chimeric proteins, 

C(255-263) and C(259-274) failed to express a full sized enzyme, and no heme-

containing protein was obtained.  These experiments revealed that the replaced parts of 

the I-helix were essential for proper folding and/or heme binding. Unfortunately, there is 

no crystal structure of CYP4C7 with farnesol to provide more information. 

The second approach was to replace only the parts of the I-helix that are close to 

the bound palmitoleic acid in the crystal structure (1).  These were amino acids 259 

through 263 of P450BM3. Two out of five of these amino acids are conserved in 
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P450BM3 and CYP4C7, while three amino acids are different.  Two chimeric proteins 

were designed to determine the role of these amino acids.  The first one had all three 

different amino acids replaced with those from CYP4C7 C(259-263).  Only two amino 

acids, which face toward the bound substrate, were replaced in the second mutant, 

C(I259D;I263F), while L262 was kept unchanged.  Even though the L262 side chain is 

facing away from palmitoleic acid (Figure 6B), it is still potentially critical for protein 

folding/function.  Replacing fewer amino acids in C(I259D;I263F) and C(259-263) 

resulted in expression of full sized enzymes.  Visible absorption spectra of P450BM3, 

C(I259D;I263F) and C(259-263) were the same, with the heme Soret maximum at 418 

nm shown in Figure 7. Both proteins clearly had a Soret band indicative of the bound 

heme, and elevated absorbances at  

 350 and  

 470 nm indicative of the bound 

flavin cofactors. The spectra suggested that the chimeric enzymes contain the heme and 

flavin cofactors.  Table 9 shows catalytic activities of the C(I259D;I263F) and C(259-263) 

chimeric protein with three substrates: palmitate, laurate and farnesol.  The ratios of 

products formed during palmitic and lauric acids and farnesol oxidation by P450BM3 and 

the chimeric proteins are shown in Table 10. C(259-263) and C(I259D;I263F) chimeric 

proteins exhibit dramatic changes in catalytic activity with all substrates when compared 

to the wild type P450BM3 (Table 9).  Catalytic activities with palmitate and laurate were 

inhibited by at least three orders of magnitude, and no activity was detected with farnesol 

as the substrate.  When L262 was not mutated, in C(I259D;I263F), catalytic activities 

were inhibited 200-600-fold, but remained measurable.   
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A       

 

 
 
 

B 
 
 

 

Figure 6. A:  Residues 255-274 of the I helix in the P450BM3 catalytic site.  Heme is 

shown in red, palmitoleic acid in blue, the I-helix in green (X-ray structure of the heme 

domain of P450BM3 from (1)). B:  Residues 259-262 of the I-helix in the catalytic site.  

I259 - green, T260 – red, F261 – gray, L262 – yellow, I263 – cyan.  Palmitoleic acid is 

blue.  This figure was generated by SWISS-PdbViewer (51, 52) and RASMOL. 
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Figure 7. Absorption spectra of proteins in the resting state: 1: CYP102A1 at 0.98 µM, 2: 

C(I259D;I263F)  at 0.92 µM, 3: C(259-263)at 0.76 µM.  

  

 

 

 

 

 

 

 

    1 

  2 

   3 
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Table 7. Four I-helix primers used to generate chimeric proteins. 

And, each of the chimeric proteins needs two mutagenic primers and two 5’ and 3’ end 

primers (mm123 and mm124).  The two 5’ and 3’ end primers are common for all of the 

chimeras.  This is why 10 primers are required for 4 chimeras. See Figure 3 in Chapter 2 

for how these forward (f) and reverse  (r) primers are used. 

Primers  Primer Sequences  

C(255-263)f  gatgacgagaacatttgcgaagaagtggatacattcatgtttgcgggacacgaaaca 

C(255-263)r tgtttcgtgtcccgcaaacatgaatgtatccacttcttcgcaaatgttctcgtcatc 

C(259-274)f  cgctatcaagtggatacattcatgtttgcgggacacgatacaatagctatgggtgtatcattgcg

c 

C(259-274)r  gcgcaatgatacacccatagctattgtatcgtgtcccgcaaacatgaatgtatccacttgatagc

g 

C(I259D;I263F)f  Cgctatcaaattgatacattcttatttgcgggacac 

C(I259D;I263F)r Gtgtcccgcaaataagaatgtatcaatttgatagcg 

C(259-263)f Cgctatcaaattgatacattcatgtttgcgggacac 

C(259-263)r Gtgtcccgcaaacatgaatgtatcaatttgatagcg 

mm123  Gaccgtttccaaacggtttaaacgcatgc 

mm124  Cgctttgataaaaacttaagtc 
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Table 8. Amino acid substitutions of I-helix chimeric proteins.   

 

P450BM3 (253-276) N I R Y Q I I T F L I A G H E T T S G L L S F A 

C(255-263)  N I C E E V D T F M F A G H E T T S G L L S F A 

C(259-274)  N I R Y Q I D T F M F A G H D T I A S G V S F A 

C(I259D;I263F) N I R Y Q I D T F L F A G H E T T S G L L S F A 

C(259-263)  N I R Y Q I D T F M F A G H E T T S G L L S F A 

CYP4C7 D I C E E V D T F M F A G H D T I A S G V S W I 
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Table 9.  I-helix chimeric protein activities with palmitate, laurate and farnesol (min-1).  
 
Proteins Palmitic acid Lauric acid Farnesol 

P450BM3 3240 ± 420 623 ± 4 344 ± 56 

C(259-263) 1.1 ± 0.1 <0.1 ND b 

C(I259D;I263F) 6.2 ± 0.4 1.3 ± 0.1 0.43 ± 0.11 

 
NDb, not detected 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



63 
 

Table 10. Ratios of products formed during palmitic and lauric acids and farnesol 

oxidation by P450BM3 and the chimeric proteins.  ω-2 fatty acids and 9-hydroxyfarnesol 

are taken as the standard. The numbers are the average of 3 measurements each for two 

different expressions of each enzyme, with standard deviations shown 

Palmitic acid ω-1 ω-2 ω-3 

P450BM3 1.4 1 1.3 

C(259-263) 1.6 1 1.2 

C(I259D;I263F) 1.3 1 1.2 

Lauric acid ω-1 ω-2 ω-3 

P450BM3 0.75 1 0.50 

C(259-263) 0.81 1 0.42 

C(I259D;I263F) 0.72 1 0.45 

    
Farnesol epoxides 9-hydroxy  

P450BM3 1.05 1  

C(259-263) 1.02 1  

C(I259D;I263F) ND b ND b  

 

NDb, not detected 
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Discussion: 

The C(I259D;I263F) and C(259-263) chimeric proteins, which have isoleucine 

(259) replaced with aspartic acid, yielded reduced catalytic activity or inactive enzymes.  

Isoleucine (259) is a part of the hydrophobic bowl where the ω-site of the palmitoleic 

acid binds (1).  Replacement of I259 with a negatively charged amino acid probably 

distorts the structure of this bowl shape and destroys hydrophobic interactions with the 

substrate, causing inhibition of catalysis.  Another isoleucine, I263, is located 4.3Å from 

C15 of the bound palmitoleic acid.  In Table 9, when this isoleucine is replaced by 

phenylalanine, inhibition of the catalytic activity is also observed.  Because of the close 

positioning of I263 and palmitoleic acid, the presence of the bulky residue phenylalanine 

in the C(I259D;I263F) and C(259-263) chimeric proteins must prevent binding of the 

substrate in the orientation favorable for hydroxylation, thus causing the low catalytic 

activity. In Figure 8, CYP102A1 and chimeric protein metabolites with fatty acids and 

farnesol during oxidation show some regiospecificity changed between enzymes. 

Although C(I259D;I263F) and C(259-263) produce full sized chimeric proteins 

and the difference between them is one amino acid (L262M), the catalytic activity of the 

C(I259D;I263F) chimera is significantly higher than those of C(259-263) (Table 9).  The 

closest distance between L262 and palmitoleic acid is 8.2Å, making direct effect of 

L262M replacement unlikely.  The inhibitory effect of this substitution must result from 

general distortion of the catalytic site.  In a previous publication, major products of 

oxidation of palmitate and farnesol were identified (35).  Identification of the products of 
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lauric acid oxidation has been carried out in this study using an approach similar to that 

described for palmitic acid (35).  TMS-derivatives of hydroxylauric acid methyl esters  

were analyzed by GC-MS.  The results are summarized in Table 1.  Two groups of ions 

were used to identify reaction products.  The first group was common to all of the 

hydroxylated lauric acid derivatives:  m/z 287 [M - CH3]
+, 271 [M - CH3O]+, 255 [M - 

CH3 - CH3OH]+, and 73 [(CH3)3Si]+ (A, B, C, and D, respectively, Table 1).  The second 

group showed fragmentation peaks that differed by 14 mass units (CH2), which showed 

the position of hydroxylation:  the series m/z 117, 131, 145 (ion E, 

[CH3(CH2)nCHOTMS]+), the series m/z 287, 273, 259 (ion F, 

[TMSOCH(CH2)nCOOCH3]
+), and the series m/z 258, 244, 230 (ion G, 

[TMS(CH2)nCOOCH3]
+).   

The products of laurate hydroxylation by wild type P450BM3 were identified as 

11-, 10-, and 9-OH, corresponding to ω-1, ω-2, and ω-3 hydroxylation.   

For a better understanding of the role that the I-helix plays in substrate binding and 

catalysis a comparison of the regiospecificity of oxidation of the three substrates was 

performed (Figure 8). The results show that the regiospecificity of fatty acid 

hydroxylation was not significantly affected by chimeragenesis of the I-helix. Indeed, 

about the same ratios of ω-1, ω-2, and ω-3 hydroxylated products were observed with 

both lauric and palmitic acids, although the activities were severely affected. Similar 

results were obtained with farnesol by comparison of CYP102A1 and the chimeric 

proteins (Figure 8). The C(I259D;I263F) chimeric protein has the same products, a 

mixture of 2,3- and 10,11- epoxyfarnesols and 9-hydroxyfarnesol. During farnesol 
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oxidation, C(I259D,I263F) produces slightly more 9-hydroxyfarnesol over the wild-type 

in a ratio of 1.1:1. This suggests that the I-helix plays a major structural role but does not 

determine catalytic specificity.   

The fact that retaining L262 in the C(I259D;I263F) chimeric protein compared to 

the C(259-263) resulted in a catalytically more active enzyme suggests that this residue 

L262M plays an important role in forming the catalytic site.  However, its remote 

positioning relative to the bound substrate (8.2Å), and the fact that it is facing away from 

the terminal methyl (Figure 1B), indicates that the effect of L262 on catalysis is indirect 

and results from some structural rearrangement of the catalytic site of the enzyme. But 

this does not explain why making mutations would inhibit enzymatic function since both 

CYP102A1 and CYP4C7 have I-helices. Further investigation would be necessary to help 

understand this matter. 
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Figure 8.  Logarithm of the concentration of hydroxy- and epoxyfarnesol products 

formed per minute during substrate oxidation by CYP102A1 and I-helix chimeric 

proteins, C(I259D, I263F) and C(259-263). A. Palmitic acid: ω-1, ω-2, and ω-3 

hydroxylation are shown in white, grey and black, respectively. B. A. Lauric acid: ω-1, 

ω-2, and ω-3 hydroxylation are shown in white, grey and black, respectively. C. Farnesol:  

epoxyfarnesols and 9-hydroxyfarnesol are shown in white and grey, respectively.  C259-

263 has no detectable activity with farnesol.  

 

A 

 B 

C 
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CHAPTER FOUR: THE SECOND GENERATION CHIMERAS 

Background: 

The residue phenylalanine 87 has long been of interest to researchers who have 

studied cytochrome P450 BM3, because of its proximity to the heme iron and the 

orientation of its phenyl ring, nearly perpendicular to the heme plane in the substrate-free 

structure (53) but within 45o of the heme plane in the substrate-bound structures, to 

seemingly block the access of the substrate to the heme active site (1, 73).  Three point 

mutants have previously been reported, F87V, Y (45, 75) and A (33), and the A mutant in 

particular has been discussed in view of the structure of the heme domain bound to 

palmitoleic acid (14, 32, 45, 76).  It was found that while wild-type BM3 produced the 

18(R) hydroxy and 14(S),15(R)-epoxy metabolites of arachidonic acid (31), BM3-F87Y 

produced an inactive protein (75) and BM3-F87V produced a highly regio- and 

stereoselective arachidonic acid epoxygenase by producing 99% (14S,15R)-

epoxyeicosatrienoic acid (75).  P450 BM3-F87A was found to be an ω-hydroxylase of 

shorter chain fatty acids, and was reported to produce >90% 12-hydroxylauric acid and 

14-hydroxymyristic acid (33), but there has been no report of its activity with palmitic 

acid or with farnesol.  

In the first generation chimeras, the residues 73-84 of the B’-helix of CYP102A1 

that participate in palmitoleic acid binding were selected to apply scanning 

chimeragenesis (35). This helix is one of the substrate recognition sites which is involved 

in forming the substrate binding pocket (Figure 2). Amino acids 73-78, 75-80, 78-82 and 

73-84 were replaced with the homologous fragments of the insect terpenoid hydroxylase 
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CYP4C7. The four chimeric proteins, C(73-78), C(75-80), C(78-82) and C(73-84) were 

expressed, purified, and characterized. All the chimeric proteins contained all the 

cofactors and functioned as hydroxylases of palmitic acid and farnesol and epoxidase of 

farnesol. The catalytic activities of the enzymes are summarized in Table 11. C(78-82) 

had monooxygenase activities close to the wild-type protein, while the rest of the 

chimeric proteins had monooxygenase activities that were inhibited relative to that of 

CYP102A1. The extent of inhibition of the chimeric proteins varied depending on the 

substrate, and in the case of C(73-84), farnesol and palmitate oxidation was inhibited by 1 

and 4 orders of magnitude, respectively. 1H NMR spectroscopy and GC-MS were used to 

identify the products of farnesol and palmitate oxidation. Wild-type P450BM3 and all 

chimeric proteins catalyzed oxidation of farnesol with formation of 9-hydroxyfarnesol 

and farnesol 10,11- and 2,3-epoxides. Three of the four chimeric proteins also formed a 

new compound, 5-hydroxyfarnesol, which was the major product in the case of C(73-78) 

(35). In addition to hydroxylation of the C13-C15 atoms of palmitic acid, the chimeric 

enzymes catalyze significant hydroxylation of the C10-C12 atoms. The ratios of products 

formed during fatty acid and farnesol oxidation with chimeric proteins are shown in 

Table 12 and 13, respectively. The C(73-84) shifted the regiospecificity of substrate 

oxidation toward the center of the farnesol and palmitate molecules (35). The first 

chimeras showed the ability to change regiospecificity, but inhibited the superior catalytic 

activity of wild-type P450BM3 at the same time. 

 

 



70 
 

Table 11.  The first generation chimera catalytic activities with palmitic acid and farnesol.  

The numbers are the average of 3 measurements each for two different expressions of 

each enzyme, with standard deviations shown (35).   

Protein/Substrate Palmitic acid 

min
-1

 

Farnesol 

P450BM3 3240 ± 420 344 ± 56 

C(73-78) 1.7 ± 0.3 29 ± 3 

C(75-80)               190 ± 20 5.3 ± 0.5 

C(78-82) 2640 ± 340 360 ± 10 

C(73-84) 0.24 ± 0.06 26 ± 2 

 

 

 

 

 

 

 

 

 

 

 

 



71 
 

Table 12.  Ratios of products formed during palmitic acid oxidation by P450BM3 and the chimeric proteins.  15-Hydroxypalmitic 

acid is taken as the standard. The numbers are the average of 3 measurements each for two different expressions of each enzyme, with 

standard deviations shown (35). 

Protein / Product 10-OH 11-OH 12-OH 13-OH 14-OH 15-OH 

P450BM3 ND 0.017 ± 0.005 0.04 ± 0.0005 0.89 ± 0.10 1.56 ± 0.05 1 

C(73-78) 1.76 ± 0.09 0.63 ± 0.02 0.43 ± 0.04 1.41 ± 0.02 1.35 ± 0.04 1 

C(75-80) 0.81 ± 0.07 1.53 ± 0.09 0.77 ± 0.15 2.43 ± 0.15 1.96 ± 0.05 1 

C(78-82) 0.21 ± 0.05 0.21 ± 0.03 0.37 ± 0.02 1.63 ± 0.06 1.52 ± 0.08 1 

C(73-84) 1.30 ± 0.56 0.57 ± 0.03 0.67 ± 0.15 2.15 ± 0.33 1.31 ± 0.15 1 

 

ND*: None detectable 
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Table 13.  Ratios of products formed during farnesol oxidation by P450BM3 and the 

chimeric proteins. The mixture of epoxides is taken as the standard. The numbers are 

the average of 3 measurements each for two different expressions of each enzyme, 

with standard deviations shown (35). 

Protein / 

Product 

epoxides 5-

hydroxyfarnesol 

9-

hydroxyfarnesol 

P450BM3 1 ND 0.89 ± 0.01 

C(73-78) 1 1.75 ± 0.04 0.34 ± 0.02 

C(75-80) 1 1.61 ± 0.04 1.03 ± 0.04 

C(78-82) 1 ND 1.01 ± 0.11 

C(73-84) 1 0.67 ± 0.03 1.03 ± 0.06 

 

ND*: None detectable 
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We have extended this chimeragenesis approach to produce seven new functional 

point mutant proteins, BM3-F87L, C(73-78,F87L), C(73-78,F87A), C(75-80,F87L), 

C(75-80,F87A), C(78-82,F87L) and C(78-82,F87A), where the numbers indicate the  

residues of P450 BM3 that have been replaced with the homologous residues of CYP4C7 

(35).  In addition, we again prepared the previously-reported BM3-F87A mutant (33) in 

order to characterize its activity and products by the same techniques as used for the 

seven new point mutants.  Based on the activity assay results for the chimeric proteins 

with the substrates lauric and palmitic acid, and farnesol, we have produced a catalytically 

more active chimeric protein than wild-type P450BM3, with new regiospecificity and 

altered substrate selectivity.  F87 faces toward the substrates palmitoleic acid and N-

palmitoylglycine, and the shortest distances between the latter substrate’s ω-1 carbon and 

F87 is 3.99 Å (4).  For palmitoleic acid the shortest distance is between the ω-carbon of 

the substrate and F87 (3.57 Å) (1).  Thus N-palmitoylglycine appears to penetrate slightly 

deeper into the pocket than palmitoleic acid in the substrate-bound ferric state.   

In this work, site-directed mutagenesis has been performed to replace F87 with 

alanine or leucine in the wild-type and the three most active first-generation в׳-helix 

chimeras (35).  We find that the binding pocket of one of the chimeras, (C78-82) 

combined with F87A or F87L, no longer prefers fatty acids, but now favors farnesol as 

substrate.  The products obtained, and the catalytic activity of the most active mutant is 

much higher than would have been predicted from the activities of the chimeric proteins 

prepared previously (35).  In Figure 9 the active site of the chimeric protein produced  
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Figure 9.  Residues 73-88 in the P450 BM3 chimeric protein C(78-82) substrate binding 

site, with these residues and residue 87 highlighted in green and space-filled, and farnesol 

docked into the energy-minimized pocket of the mutant instead of palmitoleic acid in the 

wild-type protein.  Heme is shown in red, farnesol in blue, 73-77 and 83-86 in yellow, 

and the side chain of  phenylalanine 87 in green. This figure was generated by SWISS-

PdbViewer (51, 52) and RASMOL. 
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Figure 10.  Residues 73-88 in the P450 BM3 chimeric protein C(78-82) substrate binding 

site, with these residues and residue 87 highlighted in green and space-filled, and farnesol 

docked into the energy-minimized pocket of the mutant instead of palmitoleic acid in the 

wild-type protein.  Heme is shown in red, farnesol in blue, 73-77 and 83-86 in yellow, 

and the side chain of alanine 87 in green. This figure was generated by SWISS-

PdbViewer (51, 52) and RASMOL. 
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Figure 11.  Residues 73-88 in the P450 BM3 chimeric protein C(78-82) substrate binding 

site, with these residues and residue 87 highlighted in green and space-filled, and farnesol 

docked into the energy-minimized pocket of the mutant instead of palmitoleic acid in the 

wild-type protein.  Heme is shown in red, farnesol in blue, 73-77 and 83-86 in yellow, 

and the side chain of leucine 87 in green. This figure was generated by SWISS-

PdbViewer (51, 52) and RASMOL. 
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previously with highest catalytic activity (35), C(78-82), is modeled, bound to the most 

likely conformation of farnesol, both generated by SWISS-PdbViewer (51, 52), together 

with the F87A and F87L mutants (Figure 10 and 11, respectively).  Since farnesol has 

methyl groups attached to C3, C7 and C11, these new chimeric proteins might provide a 

better orientation for farnesol’s backbone, closer to the heme, which could allow activated 

oxygen atom attack at C-12.  The genes for the two point mutants and the six chimeric 

proteins, with amino acid replacements F87A, F87L, C(73-78,F87A), C(73-78,F87L), 

C(75-80,F87A), C(75-80,F87L), C(78-82,F87A) and C(78-82,F87L) were designed, the 

proteins were expressed, purified and characterized.  All chimeric proteins produced fully 

functional enzymes that catalyze hydroxylation of lauric and palmitic acids and farnesol, 

except for C(73-78,F87L) with lauric acid.  Of these, C(78-82,F87L) was the most active 

with farnesol, while C(73-78,F87L) was least active with the fatty acid substrates and 

C(75-80,F87L) with farnesol. 

 

Results: 

Activity assays: 

The primers used to generate the chimeric proteins are shown in Table 14. The 

amino acids substituted in the B’-helix are shown in Table 15. Characterization of the 

wild-type and mutant proteins:  In Figure 12-15 are shown the UV/visible spectra of the 

resting enzymes F87A, F87L, C(73-78,F87A),C(73-78,F87L),C(75-80,F87A), C(75-

80,F87L), C(78-82,F87A) and C(78-82,F87L) as compared to CYP102A1.  In all cases 

the absorption spectra of the mutant proteins are essentially identical to those of wild-type  
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Table 14.  Amino acid replacements used to create the first, second and third generation 

chimeras of this study (shown in red). 

P450BM3 (71-89) LSQALKFVRDFAGDGLFTS    

F87A LSQALKFVRDFAGDGLATS 

F87L LSQALKFVRDFAGDGLLTS 

C(73-78) LSYEYSFLRDFAGDGLFTS 

C(73-78,F87A) LSYEYSFLRDFAGDGLATS 

C(73-78,F87L) LSYEYSFLRDFAGDGLLTS 

C(75-80) LSQAYSFLFPFAGDGLFTS 

C(75-80,F87A) LSQAYSFLFPFAGDGLATS 

C(75-80,F87L) LSQAYSFLFPFAGDGLLTS 

C(78-82) LSQALKFLFPWLGDGLFTS 

C(78-82,F87A) LSQALKFLFPWLGDGLATS 

C(78-82,F87L) LSQALKFLFPWLGDGLLTS 

P450BM3 (323-340) RLWPTAPAFSLYAKEDTV    

C(327-332) RLWPVVPLIALYAKEDTV 

C(328-330) RLWPTVPLFSLYAKEDTV 
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Table 15.  The mutant gene primers used to create the second and third generation chimeras of this study. 
  

Chimeric Protein                                                       Primer Sequence 

P450BM3(71-91) Cttaagtcaagcgcttaaattgtgacgtgattttgcgggagacgggttttcaacaagctggac 

C(73-78,F87A) cttaagttacgagtacagctttctacgtgattttgcgggagacgggttgcgaacaagctggac 

 
C(75-80,F87A) cttaagtcaagcgtacagctttctatttccctttgcgggagacgggttgcgaacaagctggac 

 

C(78-82,F87A) 

 

cttaagtcaagcgcttaaatttctatttccctggctgggtgacgggttgcgaacaagctggac 

 

C(73-78,F87L) cttaagttacgagtacagctttctacgtgattttgcgggagacgggttttaaacaagctggac 

 
C(75-80,F87L) cttaagtcaagcgtacagctttctatttccctttgcgggagacgggttttaaacaagctggac 

 

C(78-82,F87L) 

 

cttaagtcaagcgcttaaatttctatttccctggctgggtgacgggttttaaacaagctggac 

 

F87A cttaagtcaagcgcttaaattgtgacgtgattttgcgggagacgggttgcgaacaagctggac 

F87L cttaagtcaagcgcttaaattgtgacgtgattttgcgggagacgggttttaaacaagctggac 

C(327-332) 

 

cgcttatggccagtggtgccgttaattgcgctatatgcaaaagaagatacggtg 

 

C(328-330) 

 

cgcttatggccaactgtgccgttattttccctatatgcaaaagaagatacggtg 

mm123  gaccgtttccaaacggtttaaacgcatgc 

mm124  cgctttgataaaaacttaagtc 
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Figure 12.  Absorption spectra of proteins in the resting state: 1: C(78-82,F87A) at 

0.78 µM, 2: CYP102A1 at 0.74 µM, 3: C(78-82,F87L) at 0.70 µM, using ε418 = 121.0 

± 3.4 mM-1cm-1 at 418 nm. 

 

     1 

    2 

          3 
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Figure 13.  Absorption spectra of proteins in the resting state: 1: F87A at 0.74 µM, 2: 

CYP102A1 at 0.73 µM, 3:F87L at 0.72 µM.  
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Figure 14.  Absorption spectra of proteins in the resting state:  1: CYP102A1 at 0.77 

µM, 2: C(73-78,F87A) at 0.71 µM, 3: C(73-78,F87L) at 0.61 µM.  
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Figure 15.  Absorption spectra of the resting proteins: 1: C(75-80,F87A) at 0.75 µM, 

2: C(75-80,F87L) at 0.72 µM, 3: CYP102A1 at 0.70 µM.    
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Figure 16. Electronic difference spectra of wild-type BM3 and the point mutants 

F87A and F87L with palmitic acid, reduced with (minus without) CO bound: 1: F87A 

at 0.75 µM, 2: F87L at 0.70 µM, 3: CYP102A1 at 0.68 µM, calculated from ε450 - ε490 

= 80.2 ± 1.8 mM-1cm-1.  
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P450BM3, suggesting that the mutant proteins fold properly and contain all of the 

cofactors required for catalysis.  An example of the reduced-CO difference spectra is 

shown in Figure 16 for CYP102A1, F87A and F87L.  The other mutant proteins, 

C(73-78,F87A), C(73-78,F87L), C(75-80,F87A), C(75-80,F87L), C(78-82,F87A) and 

C(78-82,F87L), have similar reduced CO.  

Iron and sulfur content of CYP102A1 and its F87A and F87L mutants were 

measured by using inductively coupled plasma (ICP) atomic emission spectrometry 

(54).  Detailed results are presented in Table 16, where it can be seen that the molar 

S/Fe ratio in the three proteins is extremely similar (36.91 ± 0.96, 37.25 ± 1.26, 37.26 

± 1.26, respectively) which indicates that the mutants have the same Fe loading as the 

wild-type protein. This justifies calculation of an overall average of 37.14 ± 0.39. 

CYP102A1 contains 36 sulfur atoms (9 cysteines and 27 methionines, not including 

the M0 that results from the start codon of the recombinant gene, which we believe is 

not present in our enzymes), indicating that, based on the ICP results for S/Fe ratio, 

the BM3 enzymes studied contain about 3.1 % apoprotein.  These values permit 

calculation of the extinction coefficients of the heme in the resting protein at 418 nm 

(ε418 = 121.0 ± 3.4 mM-1cm-1), and of the reduced CO difference spectrum (ε450 – ε490 

= 80.2 ± 1.8 mM-1cm-1).  The CO difference extinction coefficient of reduced 

CYP102A1 has been reported to be 91 mM-1cm-1 (58-60), but that value was 

measured using substrate-bound enzyme reduced by NADPH, whereas our 

measurement has been carried out in the absence of substrate using dithionite as 

reductant.  Thus our difference extinction coefficient contains no contribution from 
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the flavins present because they are fully reduced and because difference spectra 

(absence and presence of CO) are reported.  In contrast, the ε418 value of 121.0 mM-1 

cm-1 for the resting enzyme does include the contribution from the flavins present.  

This value provides a simple, rapid method for determining the concentration of 

CYP102A1. 

Catalytic activities of the mutant proteins toward reduction of cytochrome c 

and oxidation of NADPH and substrates laurate, palmitate and farnesol were 

measured as described in the experimental section, and are presented in Table 17.  

The ratios of products formed during lauric and palmitic acids and farnesol are shown 

in Table 18-20, respectively. The cytochrome c reductase and NADPH oxidase 

activities are each fairly similar among the enzymes of this study.  Within 

experimental error, NADPH transfers electrons well to the cytochrome c, with a 

stoichiometry of 1 NADPH per 2 cytochrome c.  However, its optical spectrum in the 

resting state (Figure 15) does not suggest detectable lack of flavin absorbance 

between 450 and 500 nm as compared to wild-type and C(75-80,F87L).  This chimera 

had low activity toward all three substrates tested, but not significantly lower than 

expected on the basis of the trends seen for all chimeras except the C(78-82) 

containing enzymes (Table 11).  In any case the cytochrome c reductase and NADPH 

oxidase activities of the majority of chimeric proteins support the conclusion that 

turnover of CYP102A1 and its chimeric proteins, as expressed and purified in our 

laboratory, was tightly coupled to NADPH oxidation.  

With respect to monooxygenase activity toward substrates, while F87A and 

F87L have 2-3-fold lower activities toward the fatty acids, they have slightly 
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increased activities toward farnesol as compared to the wild-type enzyme.  The 

catalytic activities toward laurate and palmitate also decreased upon point mutation of 

the three chimeras of the earlier study (35) of F87 to A, and in general more so with L 

(C(75-80,F87L) is a mild exception to this).  The same is true for the substrate 

farnesol, except for the dramatic increase in catalytic activity of C(78-82,F87L) to a 

value 5.7-fold higher than wild-type P450BM3.  
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Table 16.  Iron and Sulfur measurements for six P450 BM3 samples using ICP and derived ε 418, mM-1 cm-1and ε 450 - ε490, mM-1 cm-1.a 

 
Sample Concentrated 

sample used 

(µL)in 5mL 

DDI H2O 

Iron 

concentration 

in ppm 

Sulfur 

concentration 

in ppm 

Sulfur/Iron 

Ratio 

ε418, mM
-1 

cm
-1

 ε450 - ε490, mM
-1 

cm
-1

 

CYP102A1(1) 650 0.825 30.08 36.46   
CYP102A1(1) 650 0.844 31.91 37.80   
CYP102A1(1) 650 0.858 31.15 36.31   
CYP102A1(1) 650 0.860 32.69 38.01   
CYP102A1(1) 650 0.844 31.35 37.14   
CYP102A1(1) 650 0.865 32.25 37.28   
CYP102A1(1) 650 0.801 30.29 37.81   
CYP102A1(1) 650 0.839 31.28 37.28   
CYP102A1(1) 650 0.867 32.51 37.49   
CYP102A1(1) 650 0.872 31.34 35.94   
CYP102A1(1) 650 0.840 31.95 38.04   
CYP102A1(1) 650 0.838 30.87 36.83   
Average ± SD 650 0.846 ± 0.019 31.47 ± 0.79 37.20 ± 0.66 120.1 ± 3.0 82.4 ± 2.1 
CYP102A1(2) 650 0.888 33.12 37.30   
CYP102A1(2) 650 0.895 32.01 35.77   
CYP102A1(2) 650 0.872 32.87 37.69   
CYP102A1(2) 650 0.866 33.14 38.27   
CYP102A1(2) 650 0.883 30.98 35.09   
CYP102A1(2) 650 0.859 32.25 37.54   
CYP102A1(2) 650 0.850 30.01 35.31   
CYP102A1(2) 650 0.863 33.03 38.27   
CYP102A1(2) 650 0.885 30.65 34.63   
CYP102A1(2) 650 0.892 31.46 35.27   
CYP102A1(2) 650 0.879 32.24 36.68   
CYP102A1(2) 650 0.902 33.81 37.48   
Average ± SD 650 0.878 ± 0.045 32.13 ± 1.9 36.61 ± 1.26 118.7 ± 2.1 80.3 ± 1.4 
CYP102A1 
Overall 
Average ± SD  

    
36.91 ± 1.07 

 
119.4  ± 2.6 

 
81.4  ± 1.8 
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F87A(1) 650 0.837 ± 0.059 30.81 ± 1.3 36.81 ± 1.26 115.4 ± 3.7 78.1 ± 1.1 
F87A(2) 650 0.813 ± 0.045 30.64 ± 1.7 37.68 ± 1.26 123.9 ± 4.3 80.7 ± 2.8 
F87A Overall 
Average ± SD 

   37.25 ± 1.26 119.7 ± 4.0 79.4 ± 2.0 

F87L(1) 650 0.732 ± 0.040 27.55 ± 1.6 37.64 ± 1.26 121.5 ± 2.5 78.2 ± 1.5 
F87L(2) 650 0.795 ± 0.026 29.32 ± 1.4 36.88 ± 1.26 120.7 ± 2.2 81.7 ± 2.4 
F87L Overall 
Average ± SD 

   37.26 ± 1.26 121.2 ± 2.3 80.0 ± 2.0 

Overall 
Average ± SD 

   37.14 ± 0.39 121.0 ± 3.4 80.2 ± 1.8 

a) All measurements on both samples of CYP102A1 are shown, whereas only the average of the measurements on each sample of 

the chimeric proteins is shown. Apoprotein % = [(37.14 - 36.00)/37.14]*100 % = 3.1 %  
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Table 17.  Mutant protein catalytic activities with cytochrome c, NADPH, lauric acid, palmitic acid and farnesol.  The numbers are 

the average of 3 measurements each for two different expressions of each enzyme, with standard deviations shown.   

Protein/Substrate Cytochrome c  

min
-1

 

NADPH 

min
-1

 

Lauric acid 

min
-1

 

Palmitic acid 

min
-1

 

Farnesol 

min
-1

 

P450BM3**               623 ± 3         3160 ± 60       300 ± 8 

P450BM3 2980 ± 230 1650 ± 120 705 ± 35 2980 ± 140 285 ± 22 

    F87A 3200 ± 95 1640 ± 260 303 ± 24 1840 ± 110 445 ± 15 

    F87L 3320 ± 290 1710 ± 140 233 ± 26         1270 ± 60 361 ± 26 

CYP4C7* --- --- --- --- 4.1 ± 0.5 

C(73-78)**              0.7 ± 0.1         1.7 ± 0.3 29 ± 2 

C(73-78) 2440 ± 380 1310 ± 90 1.0 ± 0.1        1.2 ± 0.6 35 ± 1 

C(73-78,F87A) 2330 ± 190 1100 ± 110 0.6 ± 0.2 0.7 ± 0.2  15 ± 2 

C(73-78,F87L) 2970 ± 110 1590 ± 210 ND 0.9 ± 0.3 1.5 ± 0.1 

C(75-80)**               15 ± 1          190 ± 15 5.3 ± 0.5 

C(75-80)       2880 ± 80 1650 ± 130           17 ± 2          175 ± 9 7.0 ± 1.2 

C(75-80,F87A) 2420 ± 130 1190 ± 140 1.0 ± 0.1 3.1 ± 0.1 4.5 ± 0.5 

C(75-80,F87L) 3170 ± 160 1750 ± 230 0.9 ± 0.1 6.6 ± 0.9 1.9 ± 0.2 

C(78-82)**             286 ± 12         2640 ± 340 360 ± 5 
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C(78-82) 3330 ± 270 1690 ± 110         305 ± 25         2790 ± 160   345 ± 32 

C(78-82,F87A) 3150 ± 140        1410 ± 80 6.9 ± 0.2 23 ± 1 268 ± 3 

C(78-82,F87L) 3660 ± 270 1880 ± 140 4.0 ± 0.1 4.0 ± 0.1 1700 ± 70 

ND: not detected. 

* Reference (63). 

** Reference (35). 
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Table 18.  Ratios of products formed during lauric acid oxidation by P450BM3 and the chimeric proteins.  9-Hydroxylauric acid is 

taken as the standard.  C(73-78,F87L) has no catalytic activity. 

Protein / Product 6-OH 7-OH 8-OH 9-OH 10-OH 11-OH 12-OH 

P450BM3 ND ND ND 1 0.78 ± 0.01 1.06 ± 0.01 ND 

   F87A ND ND ND 1 0.95 ± 0.05 1.75 ± 0.07 0.14 ± 0.02 

   F87L ND ND ND 1 0.96 ± 0.11 1.45 ± 0.17 ND 

   C(73-78) 0.64 ± 0.10 1.97 ± 0.14 1.89 ± 0.17 1 0.84 ± 0.10 0.93 ± 0.07 ND 

   C(73-78,F87A) ≤0.1 1.26 ± 0.19 2.38 ± 0.34 1 0.85 ± 0.06 1.21 ± 0.28 ND 

   C(73-78,F87L) ND ND ND ND ND ND ND 

   C(75-80) ≤0.1 ≤0.1 ≤0.1 1 1.21 ± 0.10 1.58 ± 0.19 ND 

   C(75-80,F87A) ≤0.1 ≤0.1 ≤0.1 1 1.17 ± 0.06 1.63 ± 0.11 ND 

   C(75-80,F87L) ≤0.1 ≤0.1 ≤0.1 1 1.16 ± 0.04 1.59 ± 0.08 ND 

   C(78-82) ≤0.1 ≤0.1 0.47 ± 0.06 1 0.65 ± 0.08 0.54 ± 0.03 ND 

   C(78-82,F87A) ≤0.1 0.15 ± 0.01 0.38 ± 0.01 1 0.27 ± 0.01 0.24 ± 0.01 ND 

   C(78-82,F87L) ≤0.1 ≤0.1 ≤0.1 1 0.44 ± 0.01 0.63 ± 0.01 ND 

 

ND: not detected. 
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Table 19.  Ratios of products formed during palmitic acid oxidation by P450BM3 and the chimeric proteins.  13-Hydroxypalmitic 

acid is taken as the standard.  

Protein / Product 10-OH 11-OH 12-OH 13-OH 14-OH 15-OH 

P450BM3 ND ND ND 1 2.14 ± 0.14 1.41 ± 0.11 

   F87A ND ND ND 1 1.91 ± 0.16 0.98 ± 0.02 

   F87L ND ND ND 1 1.30± 0.12 1.29 ± 0.09 

   C(73-78) 1.25 ± 0.07 0.45 ± 0.02 0.31 ± 0.03 1 0.96 ± 0.03 0.71 ± 0.02 

   C(73-78,F87A) 3.05 ± 0.78 1.99 ± 0.29 0.77 ± 0.09 1 1.75 ± 0.33 1.64 ± 0.43 

   C(73-78,F87L) 8.48 ± 0.03 4.50 ± 0.06 0.67 ± 0.11 1 2.48 ± 0.13 2.38 ± 0.21 

   C(75-80) 0.33 ± 0.03 0.63 ± 0.04 0.32 ± 0.06 1 0.81 ± 0.03 0.41 ± 0.02 

   C(75-80,F87A) ≤0.1 ≤0.1 ≤0.1 1 3.56 ± 0.11 1.95 ± 0.06 

   C(75-80,F87L) ≤0.1 ≤0.1 0.11 ± 0.01 1 3.53 ± 0.06 1.99 ± 0.02 

   C(78-82) ≤0.1 ≤0.1 0.22 ± 0.02 1 0.94 ± 0.08 0.62 ± 0.06 

   C(78-82,F87A) 0.18 ± 0.01 0.42 ± 0.01 0.93 ± 0.03 1 1.02 ± 0.04 0.51 ± 0.02 

   C(78-82,F87L) ≤0.1 ≤0.1 ≤0.1 1 7.37 ± 0.09 4.10 ± 0.27 

 

ND: not detected.  
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Table 20.  Ratios of products formed during farnesol oxidation by P450BM3 and the chimeric proteins.  10,11-Epoxyfarnesol is taken 

as the standard.  

Protein /                

     Product 

2,3-epoxy-

farnesol 

 

6,7-epoxy-

farnesol 

  

10,11-epoxy-

farnesol 

5-hydroxy-

farnesol  

9-hydroxy-

farnesol 

10,11-epoxy-

9-hydroxy-

farnesol 

(2,3),(10,11)-

bis-epoxy-

farnesol 

 

   BM3 0.67 ND 1 ND 1 
 

ND ND 

   F87A 0.54 0.43 1 ND          0.80 ND ND 

   F87L 0.47 ND 1 ND 0.86 ND ND 

   C(73-78) 
 

0.1 ND 1 1.17 0.33 ND ND 

   C(73-78,F87A) 
 

ND 0.50 1 3 ND ND ND 

   C(73-78,F87L) 
 

ND 0.67 1 1 ND ND ND 

   C(75-80) 
 

0.05 ND 1 1.5 1 ND ND 

   C(75-80,F87A) 
 

ND ND 1 ND 0.36 ND ND 

   C(75-80,F87L) 
 

ND ND 1 ND 0.38 ND ND 

   C(78-82) 
 

0.1 ND 1 ND 1 ND ND 

   C(78-82,F87A) 
 

ND 1 1 ND 1 ND ND 
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   C(78-82,F87L) 
 

ND ND 1 ND ND 0.25 0.25 

 

ND: not detected. 
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NMR spectroscopy:   

The 1D proton NMR spectra of farnesol and its hydroxy and epoxy metabolites are 

shown in Figure 17A and B.  New products shown in Figure 17C and 17D were 

assigned on the basis of the COSY spectra and data presented in Figures 18 and 19 

and summarized in Table 21.  According to literature data (35, 77, 78), farnesol  

epoxidation at the 2,3 double bond causes changes in the chemical shifts of protons at 

C1, C2, C4 and C13.  The NMR resonance at 5.36 ppm (H at C2) disappeared and a 

new resonance appeared at 2.83 ppm (dd).  Two protons at C1 gave resonances at 

3.52 and 3.62 ppm.  The two methylene protons at C4 appeared as multiplets at 1.44 

and 1.65 ppm.  The methyl resonance at C13 shifted from 1.67 ppm to 1.27 ppm.  

Farnesol epoxidation at the 10,11 position affects the chemical shifts of protons at C9, 

C10, C12 and C15.  The resonance at 5.09 ppm (proton at C10) disappeared and a 

new resonance appeared at 2.68 ppm (35, 78).  The resonance due to the methylene 

protons at C9 was observed at 1.62 ppm.  The methyl resonances at C12 and C15 

shifted to 1.21 ppm and 1.18 ppm, respectively. 

The NMR sample of the farnesol metabolites produced by the C(78-82,F87L) 

mutant (after separation, purification and concentration) contained ~90% of a new 

product which had the GC retention time of 7.31 min.  The 1D and COSY spectra of 

this sample are shown in Figure 18.  There are two multiplet signals between 2.6 and 

2.9 ppm which are very characteristic of methylene protons in epoxides (see above).   
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Figure 17.  1D 1H NMR spectra of farnesol and several of its metabolites produced 

by the mutant proteins of this study.  In C, the broad resonance marked X is likely a 

result of water in the sample.  In D, only the resonances of 6,7-epoxyfarnesol are 

labeled.  Recorded at 600 MHz, 25 oC in CD3OD by Dr. Shokhireva. 
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Figure 18.  1D 1H and COSY spectra of the farnesol metabolites produced by the 

C(78-82,F87L) mutant, which is identified as (2,3),(10,11)-bis-epoxyfarnesol by the 

cross peaks in the COSY spectrum (see text).  The peaks marked with asterisks in the 

1D spectrum are due to the minor product, 10,11-epoxy, 9-hydroxyfarnesol.  

Recorded at 600 MHz, 25 oC in CD3OD by Dr. Shokhireva. 
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Figure 19.  1D 1H and COSY spectra of the farnesol metabolites produced by the 

(C78-82,F87A) mutant enzyme, which are shown to be 10,11-epoxyfarnesol and 6,7-

epoxyfarnesol by the cross peaks in the COSY spectrum (see text).  The peaks 

marked with asterisks in the 1D spectrum are due to 10,11-epoxyfarnesol.  Recorded 

at 600 MHz, 25 oC in CD3OD by Dr. Shokhireva. 
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Table 21.  NMR assignments of products formed during farnesol oxidation by P450BM3 and the chimeric proteins.a,b 

 
 
Atom 

 
Farnesolc 2,3–Epoxy–d   

 
2,3–Epoxy–e 

 
10,11–Epoxy–d,f 

 

 
10,11–Epoxy–c 

 
(2,3),(10,11)– 
Bis–epoxy–c 

 
6,7–Epoxy–c 

 
10,11–Epoxy, 
9–hydroxy–c 

  1 4.08 d 
(6.5) 

3.52 dd              
(12.5, 6)   
3.62 dd    
(6.5)        

3.82 
(12.2,4.0) 
3.67 app dd 
1.73 (OH) 

3.97f d(7) 
 

4.07 3.69 
3.60 

4.09 4.08 

  2 5.36 t 
(6.5) 

2.83 dd   
(6.5) 

2.97 5.28d  t  
  

5.36 2.90 dd(6.2) 5.41 5.37 

  4 2.04 m             
 

1.44 ddd   
(13.6, 7.3,2.9) 
1.65 m 

5.0-5.5f m 2.05 1.50 
1.66 (1.62) 

2.06 2.1 

  5 2.13 m  1.97 
(3 peak m ) 

5.0-5.5f m 2.15 2.14 1.66 2.18 

  6 5.13 t 
(6.5) 

 5.05 5.12d t  
(6.5, 1.5) 

5.20 5.21 t (6.8) 2.78 5.27 

  8 1.98 m  2.07 m 5.0-5.5f m 2.12 2.14 1.65 
1.42 

2.3 
2.2 

  9 2.07 m                2.07 m 5.0-5.5f m 1.62 1.66 2.1 3.47 

  10 5.09 t 
(6) 

 5.05 2.68d t (6.5) 
2.55f t (6) 

2.75 t 2.76 t(6.4) 5.1 2.61 d 

  12 1.67 s  1.64s 1.21d s    1.29f 1.26 s 1.28 1.67 1.35 

  13 1.67  s 1.2 s   1.27 s  1.67 1.26 1.67 1.63 

  14 1.60 s  1.57s  1.64 1.65 1.26 1.62 

  15 1.61 s  1.56 1.18d s  1.25f 1.29 1.29 1.64 1.32 
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a) Solvent = CD3OD, referenced to residual –CD2H at 3.31 ppm; chemical shifts, δ, in ppm, J-couplings in Hz. 

b) S = singlet; d = doublet; t = triplet; dd = doublet of doublets; m = multiplet. 

c) This work. 

d) Reference (35); solvent = CD3OD. 

e) Reference (77); solvent = CDCl3. 

f) Reference (78); solvent = CCl4. 
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 The question was whether it was a physical mixture of two (2,3 and 10,11) 

epoxides with ratio 1:1, or two oxidations had taken place in the same molecule.  In 

the first case all three olefin resonances, from protons at C2, C6 and C10, with the 

ratio of intensities 1:2:1, should be observed in the region 5-5.5 ppm (10- and 6- for 

the 2,3-epoxy, and 2- and 6- for the 10,11-epoxy).  There would be only one peak of 

the same intensity as this for the protons adjacent to the 2,3- and 10,11-epoxy groups.  

The pattern of methyl resonances in the case of a physical mixture of two different 

epoxides also is expected to be different.  The observed pattern showed the shifts to 

higher shielding for three methyl groups and one (at C14) did not change its chemical 

shift.  The chemical shifts of protons at C5, C6, C8 and C14 did not change or were 

affected very slightly.  The facts presented above allow us to assign the new product 

as (2,3),(10,11)-bis-epoxyfarnesol.  

There is a very small amount of another new product in this sample, which 

has the GC retention time of 7.40 min. This product can be assigned as 10,11-

epoxy,9-hydroxyfarnesol, with characteristic resonances at 2.54 ppm (d, C1OH ), 3.4 

ppm (9-CH(OH)), 2.23 ppm and 2.13 ppm (8-CH2).  Two low-intensity methyl peaks 

were observed at ~1.3 ppm.  The last ob-servation was the key for making the choice 

between (10,11-epoxy,9-hydroxy- and 6,7-epoxy,5-hydroxyfarnesol, for in the latter 

case only one peak (M14) can be expected to be shifted from 1.6 to 1.3 ppm. 

The NMR sample of the farnesol metabolites produced by the C(78-82,F87A) 

mutant enzyme (after separation, purification and concentration) contained ~90% of 

two compounds in a 1:1 ratio, which had the GC retention time 6.65 and 6.76 min.  

The 1D and COSY spectra of this sample are shown in Figure 19. The 1D spectrum 
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contains four triplets (multiplets) in the region 5-5.5 ppm of approximately the same 

intensity.  Two overlapping doublets were observed at 4.1 ppm.  Two overlapping 

resonances appeared in the region where characteristic peaks for epoxides are 

observed.  The methylene resonances completely overlapped.  Three of the methyl 

groups are shifted from 1.66 – 1.59 ppm to 1.20 – 1.25 ppm.  The other methyl 

resonances, which were observed at 1.57 – 1.66 ppm, overlapped with the methylene 

resonances, and because of this their chemical shifts cannot be measured exactly.  

The NMR spectrum of 10,11-epoxyfarnesol, separated from the products of C(78-

82,F87L) is shown in Figure 19.  This spectrum is in good agreement with the 

assignments reported previously (35).  The comparison of these two spectra allowed 

assignment of one of the metabolites of this sample as 10,11-epoxyfarnesol.  The 

other was assigned on the basis of the COSY map in Figure 18 and consideration of 

the spectra of the 2,3- and 10,11-epoxides.  The new product was expected to be an 

epoxyfarnesol, because of the very diagnostic resonance at 2.73 ppm, which 

overlapped in part with the same group at C10 of 10,11-epoxyfarnesol (Figure 19).  

The same group at the 2C of 2,3-epoxyfarnesol has a larger chemical shift (2.83 ppm), 

and in addition to this there is a very strong coupling between a triplet at 5.36 ppm 

(C2H) and a doublet at 4.03 ppm (C1H2); thus 2,3-epoxyfarnesol can be excluded 

from our consideration.  There are some resonances that cannot be considered in 

connection with the epoxy-specific resonance at 2.73 ppm, because their intensity is 

too low to be resonances from the same molecule.  Three methyl peaks are shifted 

from ~1.6 ppm to ~1.2 ppm.  Two of them belong to 10,11-epoxyfarnesol (M12, 

M15), the other one can only be from M14 (M13 shift can not be expected, because 
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2-3 epoxyfarnesol was already excluded from consideration), and thus the new 

product was identified as 6,7-epoxyfarnesol.  

 

Discussion: 

Most of the earlier mutation research was done to find the individual amino 

acid or “the magic bullet” which controls the regio- and/or stereospecificity and/or 

substrate selectivity of a particular cytochrome P450.  Most of the mutagenic 

approaches resulted in changes in catalytic activity, inactive proteins or achieved the 

goal of changing regio- and/or stereospecificity (14, 32, 34, 37, 45, 47, 48, 75, 79-93).  

Only a few have been aimed at changing the substrate selectivity of a P450 enzyme 

(92-97), and of those, none did so in a predictable manner.   

In the previous report (35) it was shown that the chimeras C(73-78), C(75-80) 

and C(73-84) changed the regiospecificity of the enzyme to produce new metabolites 

that were identified as 10-hydroxypalmitic acid and 5-hydroxyfarnesol, which were 

not produced by the wild type CYP102A1.  C(75-80) even had 5-hydroxyfarnesol as 

the primary product, with only trace amounts of the 9-hydroxy derivative (35).  For 

the longest chimera, C(73-84), farnesol and palmitate oxidation was inhibited by 1 

and 4 orders of magnitude, respectively.  However, this round of scanning 

chimeragenesis was not sufficient to change the substrate selectivity or to produce the 

CYP4C7 product, 12-hydroxyfarnesol.   

In this part of the work the role of the additional amino acid F87 that occurs 

soon after the в׳-helix is emphasized, which probably should have been included the 

earlier report of scanning chimeragenesis (35). From the published results of single 
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amino acid mutation of F87 (to A) (33), the hydroxylation of fatty acids was reported 

to be shifted from ω-1, ω-2 and ω-3 to the ω-terminal position, with 12-hydroxy 

lauric acid being the major product, and the implications of this finding have been 

quoted and discussed at length (14, 32, 45, 76).  However, other substrates were 

investigated (33) than those used in this study, its reactivity with farnesol and palmitic 

acid were not reported, and there is thus little direct comparison with what is reported 

herein.  Since leucine is the homologous amino acid of CYP4C7, we felt that it might 

change the substrate binding pocket to favor ω-hydroxylation of fatty acids and 

farnesol.  As it turns out, this single mutation was not sufficient to accomplish this 

goal, although it was sufficient to change the substrate selectivity from fatty acids to 

farnesol.    

We find that when Phe-87 is replaced by alanine, the docked farnesol 

substrate appears to penetrate further into the binding pocket (Figure 10).  Results for 

F87A show that indeed, as reported previously (33), lauric acid is hydroxylated at the 

ω-carbon (Figure 6), although in this study to a much smaller extent (3.6%) than the 

>90% reported. Very little characterization of the enzyme or products was provided 

in the earlier study (33).  However, palmitic acid and farnesol are not hydroxylated at 

the ω-carbon (Figures 20 and 21), even though farnesol is the same length as myristic 

acid, which was also reported to be hydroxylated at the ω-carbon (33).  In fact, all of 

the second-generation chimeric proteins have altered regiospecificity compared to the 

wild type CYP102A1, and most have altered regiospecificity compared to the 

chimeric proteins that lacked mutations at F87 (35), as shown in Figures 20-22.  The 
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details of the change in regiospecificity will be discussed separately for the different 

substrates.   

 

Catalytic Activity:  The single mutants of BM3 F87A and F87L, are both active with 

all substrates investigated.  Both mutants have ~2-3-fold lower catalytic activity 

toward both fatty acids, but slightly higher activity than CYP102A1 toward farnesol.  

Comparing the 
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Figure 20.  Logarithm of the concentration of products formed per minute during lauric acid oxidation by CYP102A1 and the 

chimeric proteins.  The products formed are all hydroxylaurates, as listed in the key.  Note that C(73-78,F87L) does not 

produce detectable products with lauric acid. 
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Figure 21.  Logarithm of the concentration of products formed per minute during palmitic acid oxidation by CYP102A1 and 

the chimeric proteins.  The products formed are all hydroxypalmitates, as listed in the key. 

 
 

 



109 
 

Figure 22.  Logarithm of the concentration of hydroxy- and epoxyfarnesol products formed per minute during farnesol 

oxidation by CYP102A1 and the chimeric proteins.  
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activities of the original- and the second-generation chimeric proteins we find that 

C(73-78), C(73-78,F87A) and C(73-78,F87L) have much lower catalytic activity 

toward all substrates tested, and C(73-78,F87L) became inactive with lauric acid.  

C(75-80), C(75-80,F87L) and C(75-80,F87A) also have decreased ability to catalyze 

all reactions on all substrates.  All chimeric enzymes still have higher catalytic 

activities with palmitic than with lauric acid.  C(78-82) retained a similar catalytic 

activity and produced the same metabolites as the wild type CYP102A1 (35), but both 

C(78-82,F87L) and C(78-82,F87A) have altered substrate preferences, with very low 

activities toward fatty acids and high activities toward farnesol.  C(78-82) retained the 

best ability to catalyze oxidation of all substrates (35), but C(78-82,F87A) has much 

higher catalytic activity with farnesol than does CYP4C7 (40), and only very slightly 

lower than the wild-type P450 BM3 (30/35), while C(78-82,F87L) has activity 

increased more than 5 fold over wild-type BM3, and 500 fold as compared to 

CYP4C7.  It is the most active enzyme investigated thus far for reaction with farnesol.  

Thus, comparison of the activities of C(78-82), C78-82,F87A) and (78-82,F87L) with 

the three substrates (Table 17) shows the ability of scanning chimeragenesis to 

change the substrate selectivity.  

Metabolites:  Lauric acid:  As shown in Figure 20, CYP102A1 primarily produces ω-

1, ω-2 and ω-3 hydroxylauric acid, and CYP4C7 has no activity with lauric acid (29, 

32/34,37).  C(73-78) and C(73-78,F87A) change the regiospecificity toward the 

center of the molecule, but the metabolite ratio for C(73-78,F87L) could not be 

determined because the enzyme is inactive with lauric acid.  C(78-82) retains the  
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most similar metabolite ratio to that of the wild type enzyme, but C(73-78,F87A) has 

the best change in regiospecificity.  C(78-82), C(78-82,F87L), and C(78-82,F87A), 

have (ω-3)-hydroxy (9-hydroxy) lauric acid as the primary product.  

Palmitic acid:  As shown in Figure 21, CYP102A1 produces primarily ω-1, ω-2 and 

ω-3 hydroxypalmitic acid and CYP4C7 has no activity with palmitic acid (35, 40). 

C(73-78), C(73-78,F87L) and C(73-78,F87A) have altered regiospecificity, but with 

much lower catalytic activity.  C(78-82,F87L) enhances the production of ω-2 over 

ω-1 and ω-3 alcohols in a 7.4:4.1:1 ratio, respectively, over CYP102A1 (2.1:1.4:1).  

Although C(75-80) has altered the regiospecificity toward the center of the substrate, 

C(75-80,F87A) and C(75-80,F87L) have no effect on regiospecificity.  Overall, all 

chimeric proteins with the F87 mutation provided ω-2 as the enhanced metabolite, 

especially with F87L.  

Farnesol: As shown in Figure 22, CYP102A1 catalyzes farnesol hydroxylation and 

epoxidation to form 9-hydroxyfarnesol and 2,3- and 10,11-epoxyfarnesol in a 3:2:3 

ratio (30/35), while CYP4C7 produced 12-hydroxyfarnesol as primary metabolite 

(40).  C(78-82) produced the same metabolites as wild type CYP102A1, and no 

change in substrate selectivity (35).  In contrast, C(78-82,F87L) oxidation of farnesol 

produced only one major metabolite, which was identified by NMR spectroscopy as 

10,11-epoxyfarnesol.  This chimeric enzyme has very low activity with both lauric 

and palmitic acids.  From the results for both C(78-82) and C(78-82,F87L), the 

substrate selectivity has been altered from medium and long chain fatty acids to 

farnesol.  When the substrate was incubated with C(78-82,F87L) for 15 minutes, this 
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chimeric protein had started to form secondary reaction metabolites, 10,11-epoxy-9-

hydroxyfarnesol and (2,3),(10,11)-bis-epoxyfarnesol, compared to the primary 

product 10,11-epoxyfarnesol in a 1:1:4 ratio, respectively.  This secondary reactivity 

may be caused by the alteration of the substrate binding pocket and the superior 

activity of this chimeric enzyme, which allowed the primary metabolite, 10,11-

epoxyfarnesol, to re-enter the catalytic site for the secondary oxidation, or to undergo 

a second oxidation before it could leave the binding pocket.  C(73-78,F87L), C(73-

78,F87A) and C(78-82,F87A) produced 6,7-epoxyfarnesol as a new product.  The 

ability to produce 2,3-epoxyfarnesol and 9-hydroxyfarnesol has been turned off by 

these chimeric proteins, and they now produce 10,11-epoxyfarnesol as the major 

metabolite as a result of the addition of F87L or A to the original chimeras (35).   

In conclusion, our experimental results in this second stage of scanning 

chimeragenesis support the proposal that by using scanning chimeragenesis one can 

find the protein fragments that change cytochrome P450 substrate selectivity and 

regiospecificity.  Further investigation of other substrate recognition sites is required 

to generate a CYP102A1 chimeric protein that produces 12-hydroxyfarnesol, yet 

retains the CYP4C7 substrate selectivity shown by the second generation chimeras.   
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CHAPTER FIVE: THE THIRD GENERATION CHIMERAS 

Background: 

The final goal of this research project is to change the regiospecificity and 

substrate selectivity of monooxygenase CYP102A1 into that of ω-hydroxylase 

CYP4C7. This can be divided into two major issues. One is to change the enzyme 

substrate selectivity; the other is to shift the regiospecificity to the ω-terminus of the 

farnesol. In our second generation chimeras, the C(78-82,F87L) enzyme shows a  

changed in substrate selectivity, with superior catalytic activity over the wild-type 

CYP102A1. The second question remains the same, changing the protein 

regiospecificity. Once this is accomplished, we will have created a new chimeric 

protein having the the substrate selectivity of the second generation chimera. 

Hopefully, this new chimera will retain the substrate selectivity from CYP4C7 and 

regiospecificity and superior catalytic activity from wild-type CYP102A1.  

 To investigate the possibility of creating new chimeras, with the correct 

regiospecificity, amino acid residues 78-82, 87 and 327-332 of CYP102A1, which 

participate in substrate binding, were subjected to scanning chimeragenesis. The 

amino acid residues 327-332 and 328-330, along with 78-82, F87A and F87L were 

replaced with the homologous fragments of the insect terpenoid hydroxylase CYP4C7. 

The residues 327-332 and 328-330 of the β1-4-sheet in the CYP102A1 catalytic site, 

generated by SWISS-Pdb Viewer and RASMOL (51, 52), are shown in Figure 23 and 

24. The residues 78-82 along with F87A/L of the в׳-helix and 327-332 or 328-330 of 

the β1-4-sheet in the P450BM3 catalytic site, generated by SWISS-Pdb Viewer and  
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Figure 23. Residues 73-87 and 327-332 of homologous replacements from CYP4C7 

to the в׳-helix in the P450BM3 catalytic site.  Heme is shown in red, farnesol in blue, 

residues 73-87 of the в׳-helix in yellow, residues 327-332 of the β1-4-sheet in orange. 

This figure is generated by SWISS-PdbViewer (51, 52) and RASMOL. (X-ray 

structure of the heme domain of P450BM3 from (1)).  
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Figure 24. Residues 73-87 of the в׳-helix and 327-332 of the β-sheet in the P450BM3 

catalytic site.  Heme is shown in red, palmitoleic acid in blue, residues 73-87 of the 

в׳-helix in yellow, residues 327-332 of the β1-4-sheet in orange. This figure is 

generated by RASMOL. (X-ray structure of the heme domain of P450BM3 from (1)).  
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Figure 25.  Residues 78-82 and 327-332 of homologous replacements from CYP4C7 

to the в׳-helix in the P450BM3 catalytic site.  Heme is shown in red, farnesol in blue, 

residues 78-82 of the в׳-helix in yellow, residue 87 alanine of the в׳-helix in green and 

residues 327-332 of the β1-4-sheet in orange. This figure is generated by SWISS-

PdbViewer (51, 52) and RASMOL.  
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Figure 26.  Residues 78-82 and 327-332 of homologous replacements from CYP4C7 

to the в׳-helix in the P450BM3 catalytic site.  Heme is shown in red, farnesol in blue, 

residues 78-82 of the в׳-helix in yellow, residue 87 leucine of the в׳-helix in green and 

residues 327-332 of the β1-4-sheet in orange. This figure is generated by SWISS-

PdbViewer (51, 52) and RASMOL. 
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Figure 27. A: Residues 78-82 and 328-330 of homologous replacements from 

CYP4C7 to the в׳-helix in the P450BM3 catalytic site.  Heme is shown in red, 

farnesol in blue, residues 78-82 of the в׳-helix in yellow, residue 87 alanine of the в׳-

helix in green and residues 328-330 of the β1-4-sheet in orange. This figure is 

generated by SWISS-PdbViewer (51, 52) and RASMOL.  
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Figure 28.  Residues 78-82 and 328-330 of homologous replacements from CYP4C7 

to the в׳-helix in the P450BM3 catalytic site.  Heme is shown in red, farnesol in blue, 

residues 78-82 of the в׳-helix in yellow, residue 87 leucine of the в׳-helix in green and 

residues 328-330 of the β1-4-sheet in orange. This figure is generated by SWISS-

PdbViewer (51, 52) and RASMOL. 
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RASMOL, are shown in Figure 25-28, respectively. These figures show the substrate 

has different access to the heme between F87A and F87L. 

Six chimeric proteins, C(327-332), C(328-330), C(78-82,F87A,327-332), 

C(78-82,F87L,327-332), C(78-82,F87A,328-330), and C(78-82,F87L,328-330) were 

expressed, purified and characterized. The primers used to combine with the second 

generation chimeras in order to produce the third-generation chimeric proteins are 

shown in Table 14. The additional amino acid replacements of the third generation 

chimeric proteins are shown Table 15. The cloning procedure was similar to the 

second generation chimeras. Absorbance spectra of CYP102A1, C(78-82, F87A, 328-

330), C(78-82, F87L, 328-330) are shown in Figure 29. The reduced-CO difference 

spectra for CYP102A1, C(78-82, F87A, 328-330)  and C(78-82, F87L, 328-330) are 

shown in Figure 30.  (Note that because dithionite was used as reductant, the flavins 

are totally reduced and do not contribute to these difference spectra.)  All enzymes 

showed their Soret band at 450 nm, and thus these enzymes are typical cytochrome 

P450 proteins, with no detectable P420 inactive form present (58).  All chimeric 

proteins inhibit the production of 2,3-epoxyfarnesol. C(73-78,F87A), C(78-82,F87A), 

C(78-82,F87A,327-332) and C(78-82,F87A,328-330) form 6,7-epoxyfarnesol. 

C(327-332), C(78-82,F87L,327-332), C(328-330), and C(78-82,F87L,328-330) 

produced 12-hydroxyfarnesol as primary product  the same as CYP4C7; 15-

hydroxyfarnesol was also produced in a 1:3 ration with 12-hydroxyfarnesol.  

In the second-generation chimeras, the desired change in substrate selectivity 

was achieved. We also suspected that C(78-82,F87L) had changed substrate 
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selectivity toward not only farnesol but also other terpenes. Therefore, shorter and 

longer chain terpenes with their similar structures, geraniol, geranyl geraniol and 3,7-

dimethyl-1-octanol were added to the list of substrates to be tested. Farnesol also has 

been known as a precursor of  methylfarnesoate and juvenile hormone III (JH III) (35, 

43, 62). Thus, methyl farnesoate and JH III were also added to the substrate list for 

investigation of the catalytic activities of the enzymes prepared.  

Scanning chimeragenesis of the catalytic site was utilized to produce enzymes 

with altered catalytic activity, substrate specificity and regio-specificity. 1H NMR 

spectroscopy, GC-TOF-MS, GC-MS and GC were used to identify enzymatic 

metabolites of geranyl-geraniol (Sigma-Aldrich), 10,11-epoxymethylfarnesoate (JH 

III) (Sigma-Aldrich),  methylfarnesoate (Echelon, San Jose, CA), farnesol (Sigma-

Aldrich),  geraniol (Sigma-Aldrich), 3,7-dimethyl-1-octanol (Sigma-Aldrich),  laurate 

and palmitate oxidation (Sigma-Aldrich). 

 

Results: 

      Activity assays: 

 The enzyme activities with cytochrome c reductase, NADPH, lauric and 

palmitic acid and farnesol were measured by UV-vis spectrometer and GC are shown 

in Table 22.  Ratios of product formation during farnesol oxidation by P450BM3 and 

chimeric proteins are shown in Table 23. Ratios of products formed during 

methylfarnesoate oxidation by C(78-82,F87L) and C(328-330) is shown in Table 24. 

The measurements of enzyme activity with methylfarnesoate and JH III reactions are 

shown in Table 25.  
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Figure 29.  Absorbance spectra of 1: CYP102A1 at 1.10 µM, 2: C(78-82, F87A, 328-

330) at 1.07 µM and 3: C(78-82, F87L, 328-330) at 1.03 µM.  
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Figure 30. Absorbance spectra of CO bound protein spectra by 1: CYP102A1 at 0.99 

µM, 2: C(78-82, F87A, 328-330) at 0.91µM and 3: C(78-82, F87L, 328-330) 0.87 

µM. 
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Table 22. Chimeric protein activities (nM substrate/min/nM enzyme) with cytochrome c, NADPH, lauric acid, palmitic acid and 

farnesol. The numbers are the average of 6 measurements with standard deviation from 2 separate batches shown. 

 

Protein/Substrate Cytochrome c 

min
-1

 

NADPH 

min
-1

 

Lauric acid 

min
-1

 

Palmitic acid 

min
-1

 

Farnesol 

min
-1

 

P450BM3 ***2980 ± 230 ***1650 ± 120 *623 ± 3 *3060 ± 60 *300 ± 8 

CYP4C7** --- --- --- --- 4.1 ± 0.5 

C(78-82)* ***3330 ± 270 ***1690 ± 110 286 ± 12 2640 ± 340 360 ± 5 

C(78-82,F87A)*** 3150 ± 140 1410 ± 80 6.9 ± 0.2 23.4 ± 0.8 268 ± 3 

C(78-82,F87L)*** 3660 ± 270 1880 ± 140 4.2 ± 0.1 4.1 ± 0.1 1700 ± 70 

C(327-332) 2960 ± 220 1560 ± 70 39.8 ± 3.2 248 ± 18 41.1 ± 3.4 

C(78-82,F87A,327-332) 2720 ± 150 1390 ± 220 1.3 ± 0.3 29.1 ± 4.2 30.5 ± 4.3 

C(78-82,F87L,327-332) 3080 ± 320 1590 ± 160 1.00 ± 0.36 40.6 ± 3.2 31.9 ± 2.3 

C(328-330) 2970 ± 140 1640 ± 180 135 ± 11 307 ± 35 346 ± 18 

C(78-82,F87A,328-330) 2660 ± 290 1470 ± 210 ND 6.8 ± 2.8 80.0 ± 8.2 

C(78-82,F87L,328-330) 3420 ± 350 1770 ± 240 1.7 ± 0.5 1.9 ± 0.1 567 ± 45 

 
ND: no product detected. *(35), ** (40), ***(Chapter 4) 
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Table 23.  Ratios of products formed during farnesol oxidation by P450BM3 and chimeric proteins. 10,11 epoxyfarnesol has been 

used as standard. 

 
Proteins 2,3-epoxides 

 

6,7-epoxides 

 

10,11-

epoxides 

5-hydroxy 

 

9-hydroxy 

 

15-hydroxy 

farnesol 

12-hydroxy 

farnesol 

BM3 0.67 ND 1 ND 1 D ND 

CYP4C7** -- -- 1 -- -- -- 4.48 

C(78-82)* Trace ND 1 ND 1 ND ND 

C(78-82,F87A)*** ND 1 1 ND 1 ND ND 

C(78-82,F87L)*** ND ND 1 ND Trace ND ND 

C(327-332) ND ND 1 ND ND 0.61 1.09 

C(78-82,F87A,327-332) ND 0.69 1 ND 1.83 ND ND 

C(78-82,F87L,327-332) ND ND 1 ND ND 0.32 0.64 

C(328-330) ND ND 1 ND ND 1.99 3.27 

C(78-82,F87A,328-330) ND 0.66 1 ND 1.76 ND ND 

C(78-82,F87L,328-330) ND ND 1 ND ND 1.35 4.12 
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The minor metabolite of farnesol by CYP4C7 is not identified. 10,11 epoxyfarnesol has been used in the table as standard of products 

ratio. ND: no product detected. *(35), ** (40), ***(Chapter 4). 
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Table 24. Ratios of products formed during methylfarnesoate oxidation by chimeric proteins. 10,11-epoxymethylfarnesoate 

has been used as standard.  

 

Proteins 10, 11-epoxymethylfarnesoate 12-hydroxymethylfarnesoate 9-hydroxymethylfarnesoate 
P450BM3 1 ND 1.05 
C(78-82,F87A) 1 ND ND 
C(78-82,F87L)   1 ND ND 
C(327-332) 1 1.67 ND 
C(78-82,F87A,327-332) 1 ND 1.37 
C(78-82,F87L,327-332) 1 ND ND 
C(328-330) 1 1.21 ND 
C(78-82,F87A,328-330) 1 ND 2.53 
C(78-82,F87L,328-330) 1 0.36 ND 
 

ND: no product detected.  
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Table 25. Chimeric protein activities (nM substrate/min/nM enzyme) with farnesol, 

methylfarnesoate and 10,11-epoxymethylfarnesoate (JH III). The numbers are the 

average of 6 measurements with standard deviation from 2 separate batches shown. 

 

Proteins 

Substrate 

Farnesol 

min
-1

 

Substrate 

Methylfarnesoate 

min
-1

 

Substrate 

10, 11-epoxy 

methylfarnesoate 

(JH III) min
-1

 

P450BM-3 300 ± 8 45.3 ± 5.4  

CYP4C7** 4.1 ± 0.5 2.3 ± 0.2 0.83 ± 0.27 

C(78-82,F87A) *** 268 ± 3 106 ± 7  

C(78-82,F87L) *** 1700 ± 70 578 ± 37  

C(327-332) 41.1 ± 3.4 47.0 ± 1.3  

C(78-82,F87A,327-332) 30.5 ± 4.3 24.8 ± 2.7  

C(78-82,F87L,327-332) 31.9 ± 2.3 19.6 ± 0.5  

C(328-330) 346 ± 18 944 ± 66  

C(78-82,F87A,328-330) 80.0 ± 8.2 69.9 ± 6.9  

C(78-82,F87L,328-330) 567 ± 45 91.9 ± 1.3 113 ± 9 

 

**(40), ***(Chapter 4). 
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Figure 31. The plot of logarithm of the catalytic activity per minute per concentration of 

CYP102A1 and the chimeric proteins versus the substrates lauric and palmitic acids and 

farnesol are shown above.  
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the chimeric proteins are shown in Figure 32. The plot of logarithm of the 

catalytic activity per minute per concentration of CYP102A1 and the chimeric proteins 

versus the substrates, farnesol, methylfarnesoate and 10, 11-epoxymethylfarnesoate (JH 

III) are shown in Figure 33. The logarithm of the concentration of hydroxy- and 

epoxymethylfarnesoate products formed per minute during methylfarnesoate oxidation by 

CYP102A1 and chimeric proteins is shown in Figure 34. The products formed during JH 

III oxidation by CYP4C7 and C(78-82,F87L,328-330) are shown in Table 26. The 

catalytic activity of CYP4C7 and C(78-82,F87L,328-330)  are  also shown in Table 26. 

The enzyme activities with 3,7-dimethyl-1-octanol, geraniol and geranyl geraniol are 

shown in Table 27 and 28, respectively. The products formed during geraniol oxidation 

by CYP102A1 and chimeras are shown in Table 29. The plot of logarithm of the 

concentration of hydroxy- and epoxygeraniol products formed per minute during farnesol 

oxidation by CYP102A1 and the chimeric proteins are shown in Figure 35. The plot of 

logarithm of the catalytic activity per minute per concentration of CYP102A1 and the 

chimeric proteins versus the substrates, 3,7-methyl-1-octanol and geraniol are shown in 

Figure 36.  

 

NMR spectroscopy of farnesol metabolites: 

The NMR sample of C(78-82,F87L,327-332) which contained two compounds 

with ratio A:B ~3:2 was accumulated and prepared. The 1D 1H NMR spectrum of the 

mixture is shown in Figure 37 b, as compared to that of farnesol in Figure 37 a.  As can 

be seen, there are four multiplets in the region 5.0-5.5 ppm, with ratio 3:5:2:5, with the  
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Figure 32. The plot of logarithm of the concentration of hydroxy- and epoxyfarnesol 

products formed per minute during farnesol oxidation by CYP102A1 and the chimeric 

proteins are shown above.  

 

 

 

 

 



132 
 

 

 

 
Figure 33. The plot of logarithm of the catalytic activity per minute of CYP102A1 and 

the chimeric proteins versus the substrates, farnesol, methylfarnesoate and 10, 11-

epoxymethylfarnesoate (JH III) are shown above.  
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Figure 34. The logarithm of the concentration of hydroxy- and epoxymethylfarnesoate 

products formed per minute during methylfarnesoate oxidation by CYP102A1 and 

chimeric proteins is shown above. 
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Table 26. The primary product formation during 10,11-epoxymethylfarnesoate (JH III) 

oxidation and catalytic activity by evolved CYP4C7. 12-hydroxyJH III has been used as 

standard.  

Protein 12-hydroxyJH III 15-hydroxyJH III 

C(78-82,F87L,328-330) 1 0.43 

CYP4C7** 1 0.54* 

  

 *(minor product, not identified) 

**(40). 
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Table 27. Chimeric protein activities (nM substrate/min/nM enzyme) with 3,7-dimethyl-

1-octanol and geraniol. The numbers are the average of 6 measurements with standard 

deviation from 2 separate batches shown. 

 

 

Proteins 

Substrate 

3,7-dimethyl- 

1-octanol 

min
-1

 

Substrate 

Geraniol 

min
-1

 

P450BM-3 314 ± 52 ND 

CYP4C7**  ND** 

C(78-82,F87A) ND ND 

C(78-82,F87L) 249 ± 31 221 ± 6 

C(327-332) 192 ± 37 ND 

C(78-82,F87A,327-332) ND ND 

C(78-82,F87L,327-332) 28.7 ± 9.7 85.4 ± 3.6 

C(328-330) 202 ± 9 144 ± 22 

C(78-82,F87A,328-330) ND ND 

C(78-82,F87L,328-330) 105 ± 27 109 ± 5 

 

ND: no product detected. **(40). 
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Table 28. Chimeric protein activities (nmol substrate/min/nmol enzyme) with geraniol, 

farnesol and geranyl geraniol. The numbers are the average of 6 measurements with standard 

deviation from 2 separate batches shown. 

 

 

Proteins 

Substrate 

Geraniol 

min
-1

 

Substrate 

Farnesol 

min
-1

 

Substrate 

Geranyl 

geraniol 

min
-1

 

P450BM-3 ND 300 ± 8 ND 

CYP4C7**             ND    4.1 ± 0.5 ND 

C(78-82,F87A) ND 268 ± 3 ND 

C(78-82,F87L) 221 ± 7 1700 ± 70 2.1 ± 0.2 

C(327-332) ND 41.1 ± 3.4 ND 

C(78-82,F87A,327-332) ND 30.5 ± 4.3 ND 

C(78-82,F87L,327-332) 85.4 ± 3.6 31.9 ± 2.3 ND 

C(328-330) 144 ± 22 346 ± 18 ND 

C(78-82,F87A,328-330) ND 80.0 ± 8.2 ND 

C(78-82,F87L,328-330) 109 ± 5 567 ± 45 ND 

 

ND: no product detected. **(40). 
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Table 29. Ratios of product formation during geraniol oxidation by chimeric proteins. 6,7-

epoxygeraniol has been used as standard.  

Proteins 6,7-epoxygeraniol 10-hydroxygeraniol 8-hydroxygeraniol 
P450BM3 ND ND ND 
C(78-82,F87A) ND ND ND 
C(78-82,F87L) 1 ND ND 
C(327-332) ND ND ND 
C(78-82,F87A,327-332) ND ND ND 
C(78-82,F87L,327-332) 1 ND ND 
C(328-330) 1 0.69 1.98 
C(78-82,F87A,328-330) ND ND ND 
C(78-82,F87L,328-330) 1 ND ND 
 

ND: no product detected. 

 

 

 

 

 

 

 

 

 

 

 

 



138 
 

 

 

 

Figure 35. Logarithm of the concentration of hydroxy- and epoxygeraniol products 

formed per minute during geraniol oxidation by CYP102A1 and chimeric proteins is 

shown above. 
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Figure 36. Logarithm of enzyme activities of CYP102A1 and chimeric proteins 

oxidation during 3,7-dimethyl-1-octanol and geraniol is shown above.  
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first two peaks partially overlapping.  In this region farnesol has the resonances of C2-H, 

C6-H and C10-H (Figure 37 a and 38).  In this NMR sample C2-H has the same chemical 

shift as in the three other possibilities,farnesol, C6-H is slightly shifted, C10-H has 

disappeared, and two multiplets, at 5.39 and 5.26 ppm with ratio 3:2, have appeared. The 

C1-H2-OH methylene protons appeared at 4.08 ppm as a doublet for farnesol, and do not 

change their position and multiplicity in the products.  There are two new singlets at 4.06 

and 3.91 ppm that are characteristic of methylene protons on a carbon bearing a hydroxyl 

group.  This means that the NMR sample contains two different primary 

hydroxyfarnesols in the ratio 3:2.  There are three overlapping multiplets in the region 2-

2.2 ppm, where C4-H2, C5-H2, C8-H2, C9-H2 are observed for farnesol; the peak patterns 

look different, with C9H2 and C8H2 peaks being shifted and overlapped with each other, 

and C5H2 and C4H2 remaining at the same positions as observed for farnesol.  

The methyl resonances appear in the region between 1.6-1.8 ppm.  There are five 

different intensity methyl peaks with ratio 2:5:3:3:2.  The peak at 1.76 ppm is a doublet. 

The signal at 1.67 ppm from the C13H3 methyl group has the same position in these two 

compounds as in farnesol.  On the basis of peak intensities the NMR proton resonances 

can be separated into two groups for compounds A and B: A: 4.08, 5.36, 2.04, 2.14, 5.16, 

2.04, 2.14, 5.39, 3.91, 1.67, 1.62, 1.64; B: 4.08, 5.36, 2.04, 2.14, 5.16, 2.02, 2.14, 5.26, 

1.76, 1.67, 1.61, 4.06 ppm. 
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COSY and HMQC 2D NMR spectra of the farnesol metabolites are presented in 

Figures 1c and 1d.  As can be seen, in the COSY map there are through-bond interaction 

between protons at positions 1 and 2; 4 and 5; 5 and 6; 8 and 9; 9 and 10.   

    The fact that there are two additional CH2-OH singlets at 3.91 ppm and 4.06 ppm 

suggests that methyl groups were oxidized.  We excluded from consideration the C13H3 

group because neither C2H nor C1H2 changed their positions after oxidation.  

Considering and remembering that the products are expected to be trans,trans-farnesol 

metabolites, below we present 14-hydroxyfarnesol, 15-hydroxyfarnesol and 12-

hydroxyfarnesol in the forms that show the positions of vicinal groups as was done in (98) 

for substituted alkenes.  Here R1, R2, R3 are the remaining parts of the molecule. (a: 

C7=C6, b: C11=C10 and  c: C11=C10)   

R1                         H  C12H3                    H  C12H2OH               H 

          
C14H2OH             R2          C15H2OH              R3            C15H3                    R3           
            a                                              b                                              c                                                                                                  
 
                                                              
      As can be seen, structures a and b are similar to each other, having the proton 

trans to CH2OH, but b is closer to what is shown in (98), where R1 = R2 = R3 = CH3.  

For these two situations we can expect the 13C chemical shift to be close to δCH2OH = 60.5 

ppm, δC12H3 = 21.3 ppm in case b and no effects on chemical shifts of other CH3 groups 

for a.  In the case of 12-hydroxyfarnesol (c) the 13C chemical shift of C12H2OH is  
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expected to be close to 68.3 ppm and for C15H3 it should be around 13 ppm.  On the 

basis of this analysis we made the conclusion that product A is 12-hydroxyfarnasol.  To 

make a choice between 14- and 15-hydroxyfarnesol it should be remembered that 

oxidation of the C14H3 group should not affect the chemical shifts of the other three 

methyl groups, but we observed a very strong shift that is typical for a methyl group in 

the α-position (98), which is case b (15-hydroxyfarnesol).  Another fact that supports this 

assignment is that there is no sign of a C10H resonance at 5.01 ppm, where it appears in 

farnesol.  This means that the peak pattern in the case of 14-hydroxyfarnesol would be 

different than observed. Thus, NMR data analysis allows us to assign compound A as 12-

hydroxyfarnesol and compound B as 15-hydroxyfarnesol.  The 1H and 13C chemical shift 

of farnesol and 12- and 15-hydroxyfarnesol are shown in Table 30. 
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Table 30. 1H and 13C Chemical Shift of Farnesol and 12- and 15-hydroxyfarnesol at 25oC in CD3OD.  
        

atom Farnesol 12-hydroxyfarnesol 15-hydroxyfarnesol 

 1H, ppm 13C, ppm 1H, ppm 13C, ppm 1H, ppm 13C, ppm 
  1 4.08 d (6.5) 59.20 4.08 d (6.5) 59.35 4.08 d (6.5) 59.35 
  2 5.36 hex (6.5,1.5) 124.65 5.36 hex 

(6.5,1.5) 
124.62 5.36 124.62 

  4 2.04 t(8) 40.53 2.04 t(8) 40.60 2.04 40.60 
  5 2.13 q (8) 27.29 2.14 27.49 2.14 27.49 
  6 5.13 hex (6.6,1.5) 124.96 5.16 124.90 5.16 124.90 
  8 1.98 t(8) 40.68 2.04 40.6 2.02 40.77 
  9 2.07 q (8) 27.60 2.14 27.49 2.14 27.49 
  10 5.09 hep (6, 1.5) 125.13 5.39 126.06 5.26 127.09 
  12 1.67 br s 25.72 3.91 68.7 1.76 21.55 
  13 1.67 br s 16.07 1.67 16.3 1.67 16.30 
  14 1.60 br s 17.56 1.62 16.1 1.61 16.1 
  15 1.61 br s 15.84 1.64 13.8 4.06 61.2 
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Figure 37. 1D 1H NMR spectra COSY and HMQC 2D NMR spectra of the farnesol  

metabolites. 
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Figure 38. 1D 1H NMR spectrum of farnesol has the resonances of C2-H, C6-H and 
C10-H. 
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Discussion: 

The replacement of homologous fragments between these two enzymes provides 

information about the relationship between fragments which form the binding pocket.  

Our final goal to change CYP102A1into an enzyme that produces the same major 

product as CYP4C7 and retained high catalytic activity was achieved. 

The residues 78-82, 87 and 327-332 were used to create the third generation 

chimeras.  Six chimeric proteins were created, C(327-332), C(328-330), C(78-

82,F87A,327-332), C(78-82,F87L,327-332), C(78-82,F87A,328-330), and C(78-

82,F87L,328-330).  C(78-82,F87A,327-332) and C(78-82,F87A,328-330) produced 6,7-

epoxyfarnesol and 10,11-epoxyfarnesol in a 2:3 ratio as primary products, similar to 

C(78-82,F87A), where the ratio was 1:1. C(327-332), C(328-330) and C(78-

82,F87L,328-330), all produce 12-hydroxyfarnesol as a primary product as does as 

CYP4C7, but C(327-332) and C(328-330) retain activity toward lauric and palmitic acids 

with lower activity compared to the wild-type BM3. C(78-82,F87L,327-332) produced 

10,11-epoxy- ,15- and 12-hydroxyfarnesol in a ratio of 1:0.32:0.64. C(78-82,F87A,327-

332) did not provide strong evidence showing a change in substrate selectivity due to 

more than 10 fold lower catalytic activity compared to C(78-82,F87L,328-330).  In Table 

22, C(78-82,F87L) and C(78-82,F87L,328-330)  clearly show the  change of substrate 

selectivity to farnesol, as observed for CYP4C7. Furthermore, C(78-82,F87L,328-330) 

produced 10,11-epoxy- ,15- and 12-hydroxyfarnesol in a ratio of 1:1.35:4.12 with more 

than 100 fold increase in catalytic activity compared to CYP4C7 and almost 2-fold to the 

wild type BM3.  Scanning chimeragenesis succeeded in changing bacterial 
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monooxygenase CYP102A1 into an enzyme with the same substrate selectivity and 

nearly the regiospecificity as the insect terpenoid ω-hydroxylase CYP4C7.  The plot of 

logarithm of enzyme activities per min. per nM enzyme versus of CYP102A1 and 

chimeric protein oxidation during lauric and palmitic acids, farnesol, methylfarnesoate, 

JH III, geraniol, 3,7-dimethyl-1-octanol and geranyl geraniol are shown in Figure 39. 

Among all tested substrates, geranyl geraniol is the only substrate which has no activity 

with these three enzymes. The direct comparison of  results show the dramatic change 

between CYP102A1, CYP4C7 and C(78-82,F87L,328-330) with all tested substrates.  

Based on the results, scanning chimeragenesis clearly can be a new method for producing 

new enzymatic products.  

SRS-1–6, located along the primary structure, constitute about 16% of the total 

residues (47) and occur in highly homologous regions of the amino acid sequence of 

cytochrome P450. Although there is little or no conservation of amino acid identity from 

one P450 to another, surprisingly, there were only nine amino acids required to be 

replaced in order to achieve our goal in the chimeragenesis compared to the 34 % of 

amino acid similarity in the sequence alignment between CYP102A1 and CYP4C7 (35, 

40, 98).   

Most of the chimeric proteins inhibited the production of 2,3-epoxyfarnesol, 

unlike CYP102A1. The results shown in Table 22 confirm that C(78-82,F87L), C(78-

82,F87A,328-330) and C(78-82,F87L,328-330) clearly have altered their substrate 

selectivity. Only C(78-82,F87A,327-332) and C(78-82,F87A,328-330) inherit the ability 

to make 6,7-epoxyfarnesol from C(78-82,F87A), when there is no phenylalanine to block  
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Figure 39. Logarithm of enzyme activities per min. per nM enzyme versus of 

CYP102A1 and chimeric proteins oxidation during lauric and palmitic acids, farnesol, 

methylfarnesoate, JH III, geraniol, 3,7-dimethyl-1-octanol and geranyl geraniol is shown 

above.  
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the substrate access to the high valent Fe=O. When alanine replace phenylalanine, the 

substrate appears to allow penetration further into the binding pocket.  Furthermore, 

chimeric proteins containing F87L, serve the purpose of regulating the enzyme 

regiospecificity, such as inhibiting the production of 6,7- epoxyfarnesol.  All of the 

residues 327-332 related chimeric proteins, C(327-332), C(328-330), C(78-82,F87L,327-

332) and C(78-82,F87L,328-330) produced some 12-hydroxyfarnesol. However, only 

C(78-82,F87L,328-330) of the third generation chimeras shows the change of substrate 

selectivity. These chimeric proteins thus provide evidence that residues 328-330 are 

related to the regiospecificity of CYP4C7, but not the substrate selectivity.   

Comparing farnesol, methylfarnesoate and JH III oxidation by CYP102A1 and 

the chimeric proteins in Tables 23-25, C(328-330) showed the highest activity with 

methylfarnesoate among all substrates that were tested.  C(78-82,F87L) produced JH III 

as the only product, similar to CYP15A1 (62), and with superior activity. All of the 

chimeric proteins produced 10,11-epoxymethylfarnesoate and 10,11-epoxyfarnesol. We 

also see that C(78-82,F87A,327-332) and C(78-82,F87A,328-330) catalyze farnesol and 

methylfarnesoate formation of  10,11-epoxide- and 9-hydroxy metabolites, just as did the 

first (35) and second generation chimeras and wild-type BM3; they all have similar 

catalytic activity. C(328-330), C(327-332) and C(78-82,F87L,328-330) produced 12-

hydroxymethylfarnesoate and 12-hydroxyfarnesol except C(78-82,F87L,327-332).  This 

also supports the idea from above that 328-330 are related to the regiospecificity of the 

enzyme. C(78-82,F87L,328-330) changed its metabolism of farnesol and  
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methylfarnesoate with 10,11 epoxy- and 12-hydroxyfarnesol from a ratio of 1:4.12 to 

10,11 epoxy- and 12-hydroxymethylfarnesoate with a ratio of 1:0.36, respectively; 

C(328-330) had 3 fold activity increase with methylfarnesoate over farnesol, and made 

10,11-epoxy- and 12-hydroxymethylfarnesoate both as major products, unlike farnesol 

oxidation, which formed 12-hydroxyfarnesol as primary metabolite. C(78-82,F87L,328-

330) had more than 100 fold increase in activity over CYP4C7 and produced 12-hydroxyl 

JH III as major metabolite. Furthermore, C(78-82,F87L,328-330) made 12-hydroxyl JH 

III and 15-hydroxyl JH III in a ratio of 1:0.43, similar to CYP4C7 of 1:0.54 ratio in 

metabolites. 

C(327-328), C(328-330), C(78-82,F87L), C(78-82,F87L,327-332) and C(78-

82,F87L,328-330) have become 6-hydroxylases of 3,7-dimethyl-1-octanol as is the case 

for CYP102A1. In Tables 23, 24, 27 and 29, C(78-82,F87L), C(78-82,F87L,327-332) and 

C(78-82,F87L,328-330) have become 6,7-epoxidase with geraniol. C(328-330) produced 

6,7-epoxy-, 8-hydroxy-and 10-hydroxygeraniol in a ratio of 1:2.0:0.69, respectively. All 

results between the chimeric proteins and various substrates show C(328-330) alone to be 

the best candidate as ω-hydroxylase of farnesol, methylfarnesoate and geraniol.  

In Figure 27, the 328-330 amino acids are located close to the carboxy of the 

substrate, farnesol; from the experimental results above, residues 328-330 should lead to 

ω-hydroxylation. In addition, F87 is the amino acid reside located at the ω-terminal of the 

substrate in the protein binding pocket. If farnesol enters the enzyme binding pocket in a 

linear conformation as does palmitoleic acid, then by replacing the 328-330 should not 

lead to the change in regiospecificity of producing the ω-terminal hydroxylation product.  
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These results actually support the theory that farnesol orientation in the enzyme 

binding pocket is not linear, unlike palmitoleic acid. Rather, farnesol may be folded with 

C1 and C12 close to each other in the substrate binding pocket.  C1-C3 are probably 

positioned close to residues 73-78, and C12 of the substrate may be positioned next to 

residues 328-330, yet there is still enough space for it to be hydroxylated by the enzyme. 

C6 and C7 of the substrate probably sit above amino acid 87. Unfortunately, there is no 

crystal structure of any cytochrome P450 with farnesol bound to confirm this.   

In conclusion, C(78-82,F87L) and C(78-82,F87L,328-330) clearly show the 

change in substrate selectivity from fatty acids to farnesol and both retain superior 

enzyme activity from CYP102A1.  In addition, C(78-82,F87L,328-330) produced 12- and 

15-hydroxyfarnesol as major metabolites in a ratio of 2:1. The change in substrate 

selectivity is clearly shown in Table 22.  All experimental results support the conclusion 

that scanning chimeragenesis succeeded in changing the reactivity of bacterial 

monooxygenase CYP102A1 into that of the insect terpenoid ω-hydroxylase CYP4C7 

with a 100 fold increase in catalytic activity over that for 4C7.   
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CHAPTER SIX: FUTURE WORK 

      Based on the experimental results described in Chapters 3-5, scanning 

chimeragenesis could be a new approach in the field to change one cytochrome P450 to 

function as does another P450 with the same substrate.  There are several things that 

could be done to help us to understand more about which fragments are involved in either 

regiospecificity or stereospecificity and substrate selectivity and orientation in the 

enzyme binding pocket: 

1.  Further fragments which may be involved in altering the stereospecificity of the 

enzyme should be studied.  Finding additional fragments that would help C(78-

82,F87L,328-330) produce only 12-hydroxyfarnesol would increase the value of the 

project.  Once the fragments which are involved in protein stereospecificity are 

determined, any chimeric protein of cytochrome P450 which is produced by scanning 

chimeragenesis that has altered regiospecificity and substrate selectivity, with superior 

catalytic activity could be used in biotechnology or for pharmaceutical enzymological 

studies. 

2.  Determining the crystal structure of the heme domain of the new most active chimeric 

protein that produces 12-hydroxyfarnesol as major product, complexed with farnesol, 

could provide additional information regarding the relationship between the chimeric 

protein and its substrate orientation. This information could expand the selection of the 

next scanning chimeragenesis target.  

3.  Residues 96-114, 201-209, 236-241 and 361-368 of the crystal structure of CYP2C9 

with substrate warfarin (99) which are within 7Å of this substrate were modeled in the 
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P450BM3 catalytic site is as generated by SWISS-PdbViewer (51, 52) and RASMOL. 

Residues 96-114, 201-209, 236-241 and 361-368 are shown in stick representation 

showing the direct interaction between the CYP102A1 binding pocket and the substrate, 

warfarin, from human CYP2C9.  Based on this information, CYP2C9 could be the next 

target for applying scanning chimeragenesis.  Sequence alignment between the 

CYP102A1 and CYP2C9 with 21.9%  identity in 439 amino acids overlap generated by 

LALIGN (100) is shown in Figure 41. The substrate recognition sites (SRS1-5) of 

P450BM3 are highlight in yellow. The fragments of CYP2C9 forming the warfarin 

binding pocket are shaded green. SRS-1, 3 and 5 could be used for the homologous 

fragment replacements to generate chimeric proteins by using the scanning 

chimeragenesis protocol. This investigation could confirm our systematic approach 

protocol, or require additional modification of it.  
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Figure 40.  Residues 96-114, 201-209, 236-241 and 361-368 of the crystal structure of 

CYP2C9 (99) with substrate warfarin in the P450BM3 catalytic site.  Heme is shown in 

red, warfarin in blue, residues 96-114 in green, residues 201-209 in purple, residues 236-

241 in gray, and residues 361-368 in cyan. Warfarin and heme are shown in space-filling 

mode. This figure is generated by SWISS-PdbViewer (51, 52) and RASMOL. 
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      A     β1-1      β1-2      B    

              40        50        60        70        80           

CYP2C9 PGPTPLPVIGNILQIGIKDISKSLTNLSKVYGPVFTLYFGLKPIVVLHGYEAVKEALID- 

       | |  .  . |.  ..     ..| ...   | .| .    .    | . . .|||  .  

BM3    PQPKTFGELKNLPLLNTDKPVQALMKIADELGEIFKFEAPGRVTRYLSSQRLIKEACDES 

         10        20        30        40        50        60       

      A     β1-1      β1-2      B 

 

     β1-5   B’                 C                     D     

       90       100       110       120       130       140         

CYP2C9 -LGEEFSGEGIFPLAERANRGFGIVFSNGKKWKEIRRFSLMTLRNFGMGKRSIEDRVQEE 

        . ...|    | . . |. |.   ... |.||. . . | .. . .|  .. .  . .  

BM3    RFDKNNLSQALKF-VRDFAGDGLFTSWTHEKNWKKAHNILLPSFSQQAM--KGYHAMMVDI 

         70         80        90       100       110         120    

    β1-5     B’ SRS-1               C              D 

 

                             E                              

      150       160        170       180         190         200    

CYP2C9 ARCLVEELRKTKASP-CDPTFILGCAPCNVICSIIFHKRFD--YKDQQ--FLNLMEK-LN 

       |  ||.. .. .|.   .    .     ..|    |. ||.  |.||   |.. | . |. 

BM3    AVQLVQKWERLNADEHIEVPEDMTRLTLDTIGLCGFNYRFNSFYRDQPHPFITSMVRALD 

           130       140       150       160       170       180    

     β3-1      E 

 

     F                                       G 

            210       220       230       240       250       260   

CYP2C9 ENIKILSSPWIQICNNFSPIIDYFPGTHNKLLKNVAFMKSYILEKVKEHQESMDMNNPQD 

       | .. |     |  |  .|  |    .. .. .:.  |.. . . . :.. | :..:  | 

BM3    EAMNKL-----QRANPDDPAYDE---NKRQFQEDIKVMNDLVDKIIADRKASGEQSD--D 

                190       200          210       220       230      

     F    SRS-2        SRS-3          G 

 

          H                        I 

            270       280       290       300       310       320   

CYP2C9 FIDCFLMKMEKEKHNQPSEFTIESLENTAVDLFGAGTETTSTTLRYALLLLLKHPEVTAK 

       ..  .|   . |  ..|  .  |...   . .. || ||||  | .|| .|.|.|.|  | 

BM3    LLTHMLNGKDPET-GEP--LDDENIRYQIITFLIAGHETTSGLLSFALYFLVKNPHVLQK 

           240          250       260       270       280       290 

      H           I  SRS-4 

 

      J              J’       K                β1-4   β2-1 β2-2                     

            330       340       350       360       370       380   

CYP2C9 VQEEIERVIGRNRSPCMQDRSHMPYTDAVVHEVQRYIDLLPTSLPHAVTCDIKFRNYLIP 

       . ||  ||.  .  | ... ... |.  |..|. |     |.   .|    .   .| .  

BM3    AAEEAARVL-VDPVPSYKQVKQLKYVGMVLNEALRLWPTTAPAFSLYAKEDTVLGGEYPLE 

               300       310       320       330       340          

      J             J’        K     SRS-5   β1-4    β2-1   β2-2         

 

       β1-3   K’                K”                                   

            390       400         410       420       430       440 

CYP2C9 KGTTILISLTSVLHDNKEF--PNPEMFDPHHFLDEGGNFKKSKYFMPFSAGKRICVGEAL 

       ||  ... |   || .| .   . | | |..|  |. .   .. | ||. |.| |.|. . 

BM3    KGDELMVLIPQLHRDKTIWGDDVEEFRPERF--ENPSAIPQHAFKPFGNGQRACIGQQF 

     350        360       370       380         390       400       

    β1-3     K’ 
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         L       β3-3       
             450          

CYP2C9 AGMELFLFLTSILQNFNLK 

       |  |  | |  .|..|... 

BM3    ALHEATLVLGMMLKHFDFE 

        410       420      

         L       β3-3      

 

Figure 41.  Sequences of CYP2C9 and the heme domain of CYP102A1 showing 

alignment generated with the LALIGN program (100). The substrate recognition sites 

(SRS-1-5) (50) are shaded yellow and labeled. The fragments of CYP2C9 forming the 

warfarin binding pocket are shaded green (99). The α-helices are underlined, and β-sheets 

are double underlined. The comparison of CYP2C9 and CYP102A1 with 21.9% identity 

in 439 amino acids, showing the best overlap.   
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