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Abstract CYP102A1 is a highly active, water-soluble,

bacterial monooxygenase enzyme that contains both sub-

strate-binding heme and diflavin reductase subunits, both in

a single polypeptide. Recently we developed a procedure

which uses the known structure of the substrate-bound heme

domain of CYP102A1 and its sequence homology with a

cytochrome P450 of unknown structure, both of which react

with a common substrate but produce different products, to

create recombinant enzymes which have substrate selec-

tivity different from that of CYP102A1, and produce the

product of the enzyme of unknown structure. Insect

CYP4C7, a terpene hydroxylase from the cockroach, was

chosen as the cytochrome P450 of unknown structure, and

farnesol was chosen as the substrate. CYP102A1 oxidizes

farnesol to three products (2,3-epoxyfarnesol, 10,11-ep-

oxyfarnesol, and 9-hydroxyfarnesol), whereas CYP4C7

produces 12-hydroxyfarnesol as the major product. In earlier

work it was found that the chimera C(78-82,F87L) showed a

change in substrate selectivity from fatty acids to farnesol,

and was approximately sixfold more active than wild-type

CYP102A1 (Chen et al. in J Biol Inorg Chem 13:813–824,

2008), but neither it nor any other earlier chimera produced

12-hydroxyfarnesol. In this work we added amino acid

residues 327–332, to create six new full-length, functional

chimeric proteins. Four of these, the most active of which

was C(78-82,F87L,328-330), produce 12-hydroxyfarnesol

as the major product, with approximately twofold increase in

turnover number as compared with wild-type CYP102A1

toward farnesol. Methylfarnesoate was metabolized to 12-

hydroxymethylfarnesoate (70%) and 10,11-epoxymethyl-

farnesoate (juvenile hormone III) (30%). The latter is

metabolized to 65% 12-hydroxy-10,11-epoxymethylfarne-

soate and 35% 15-hydroxy-10,11-epoxymethylfarnesoate.

Substitution of residues 328–330, APA, by VPL was crucial

to accomplishing this change in product.
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Nuclear magnetic resonance � Site-directed mutagenesis

Introduction

CYP102A1 (also called cytochrome P450 BM3) is a ‘‘self-

sufficient’’ monooxygenase from Bacillus megaterium [1–7].

It is a bacterial class II [7] cytochrome P450 enzyme which

contains a heme domain fused to a FAD/FMN diflavin

reductase [8] domain in a single 119-kDa polypeptide [1, 4].

In the presence of NADPH and O2, this soluble enzyme

catalyzes hydroxylation of medium- and long-chain fatty

acids such as lauric, myristic, palmitic, and stearic acids at

the x-1, x-2, and x-3 carbons [1, 2], and epoxidizes double

bonds stereospecifically [9]. Its fusion of heme and reductase

domains affords monooxygenation of saturated or unsatu-

rated fatty acids with the highest catalytic activities of any of

the P450 monooxygenases [3, 10]. CYP102A1 has attracted

attention as a template for engineering new enzymes with

modified regio- and stereospecificities and/or substrate

selectivities for biotechnological and biomedical uses [9–22].

Several structures of the heme domain of CYP102A1

have been reported [23–28], two of which have substrate,
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either palmitoleic acid or N-palmitolylglycine, bound to the

ferriheme state of the enzyme [24, 26]. A puzzling feature

of these structures is that the closest approach of the sub-

strate to the heme iron is 7.75 Å [24, 26]. In agreement

with this large distance, NMR paramagnetic relaxation

studies of the substrate-bound form of the ferriheme

domain of CYP102A1 [29] have shown that in the ferric

form the substrate is much too far from the heme iron for

the hydroxylation reaction to occur. However, upon one-

electron reduction the substrate moves about 6 Å closer to

the ferrous iron center [30], which indicates a change in the

structure of the substrate-binding channel upon reduction

of heme iron. The complete 3D structure of the substrate-

bound ferrous form of the heme domain of CYP102A1 is

not known.

Site-directed mutagenesis [5, 7, 10, 14, 31–50] and

directed evolution [51–61] have been used to produce

modified P450 enzymes with altered catalytic activities,

regiospecificities, and stereospecificities; many of these

have been single, double, or triple mutants of CYP102A1

[5, 7, 10, 27, 31–34, 37–44, 50]. Several ‘‘chimeras’’ of

human cytochromes P450 have also been prepared, where

these enzymes were fused with the reductase domain of

CYP102A1 to create functional two-domain proteins [62,

63]. In our laboratory ‘‘scanning chimeragenesis’’ was

developed to introduce peptide sequences from a P450

enzyme for which no crystal structure is available into

homologous regions of CYP102A1, as a way of changing

substrate selectivity and regiospecificity [64, 65]. The

insect P450 enzyme CYP4C7, isolated from Diploptera

punctata (the cockroach) [66], was selected for peptide

sequence replacement because one of its substrates, far-

nesol (Structure 1), is also a substrate of CYP102A1, but

the two enzymes produce different products [64, 66].

Farnesol is known as a precursor of 10,11-epoxymethyl-

farnesoate, also known as juvenile hormone III, which

exists in cockroaches and mosquitoes [66–72]. The primary

function of 10,11-epoxymethylfarnesoate is the control of

insect development, metamorphosis, and reproduction [66,

68, 72]. CYP4C7 is believed to suppress the synthesis of

10,11-epoxymethylfarnesoate, and it metabolizes this hor-

mone to 12-hydroxy-10,11-epoxymethylfarnesoate [66].

CYP4C7 also reacts with farnesol to produce 12-hy-

droxyfarnesol as the primary metabolite [66], whereas

CYP102A1 oxidizes farnesol to a mixture of 2,3-epoxy-

farnesol, 10,11-epoxyfarnesol, and 9-hydroxyfarnesol [64,

73]. The goal of this project is to produce an active

enzyme, using the CYP102A1 scaffold, which catalyzes

the oxidation of farnesol to 12-hydroxyfarnesol, as proof of

principle of the ‘‘scanning chimeragenesis’’ approach.

In addition to its importance as a precursor of 10,11-

epoxymethylfarnesoate in insects, farnesol has emerged as

a potential mammalian signaling molecule implicated in

regulation of a wide variety of cell functions. Initial studies

suggested farnesol was a regulator of 3-hydroxy-3-

methylglutaryl-CoA reductase activity [74–77]. Later

studies implicated farnesol in regulation of tumor cell
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proliferation and apoptosis [78–80] and regulation of vas-

cular tone and blood pressure [81, 82]. It was also found

that farnesol is a potent blocker of neuronal N-type volt-

age-gated Ca2? channels, which suggested it may be

involved in regulation of neurotransmission and thus brain

function [83].

Farnesol has also been demonstrated to inhibit rabbit

CYP2E1 in hepatic microsomes [84]. It was also shown

that farnesol is metabolized to 12-hydroxyfarnesol by

CYP2E1 [85], which in humans is a very important liver

enzyme for metabolizing endogenous molecules such as

both native cis-5,6-arachidonic acid [86] and also trans-

5,6-arachidonic and epoxyeicosatrienoic acids [87], as well

as more than 70 low molecular weight substrates [88–92].

CYP2E1 levels, and the toxicity of metabolites, vary

markedly in response to alcohol consumption [93], diabetes

[94], obesity [95], and fasting [96]. Activation of acet-

aminophen by CYP2E1 into strongly electrophilic N-

acetyl-p-benzoquinone imine is the initial and major step

responsible for acetaminophen hepatotoxicity [97, 98]. The

structures of two heme ligand complexes of CYP2E1 have

recently been reported [99], which will permit comparison

of its binding pocket with a third-generation chimera of

CYP102A1 and CYP4C7 of this study.

The ‘‘scanning chimeragenesis’’ experimental approach

began by identifying individual structural elements of

CYP102A1 which participate in recognition and binding to

the typical substrates of that enzyme, and replacing them

with the homologous peptides of CYP4C7 [64]. To identify

the sites, the sequence of CYP102A1, for which two X-ray

structures of the heme domain with substrate bound have

been reported [24, 26], was aligned with that of CYP4C7,

for which no structure is available, using the GAP program

of the GCG package [100] and FASTA3 [101]. This

alignment was used with the crystal structures [24, 26] to

identify substrate-interacting residues of CYP102A1, and

thus CYP4C7, to be considered for replacement in

CYP102A1. Many of the residues within our chosen 5-Å

distance from substrate atoms were found to be within the

substrate recognition sites (SRSs) of CYP102A1. Residues

inferred as being part of the six SRSs were identified by

X-ray crystallography of substrate-bound forms of cyto-

chromes P450, first of the CYP2 family [102], but now all

CYP enzymes, including CYP102A1 [14]. SRS-1–SRS-6

are located along the primary sequences of CYP enzymes,

and constitute about 16% of the total residues [102] (of the

heme domain for CYP102A1). They occur in structurally

homologous regions of the amino acid sequence, although

there is little or no conservation of actual amino acid

identity from one P450 to another.

A study of a series of SRS-1 (the b0-helix) chimeric

proteins that used portions of residues 73–82 has been

published [64]. It showed that whereas the full-length

chimera, C(73-82), has very low activity, the shorter chi-

meras C(73-78), C(75-80), and C(78-82) have higher

activities and change the regiospecificity of the enzyme to

produce new metabolites that were identified as 10-hy-

droxypalmitic acid and 5-hydroxyfarnesol. Neither of these

is produced by wild-type CYP102A1. We then extended

this study to include residue 87 [65], which is phenylala-

nine for CYP102A1, but leucine for CYP4C7. We found

that although all of the F87-mutated chimeric enzymes had

altered regiospecificity compared with the wild-type

CYP102A1, most also had altered regiospecificity com-

pared with the first-generation chimeric proteins [64], and

some also had strongly altered substrate selectivity. In

particular, C(78-82,F87L) (where the numbers indicate the

amino acids of CYP102A1 that were replaced with the

homologous residues of CYP4C7) was most active toward

farnesol, 5.7-fold more active than the wild-type enzyme. It

produced one primary metabolite, which was identified by

NMR spectroscopy as 10,11-epoxyfarnesol [65]. This chi-

mera had very low activity toward lauric and palmitic

acids, and thus its substrate selectivity was altered from

medium- and long-chain fatty acids to farnesol. When

farnesol was incubated with C(78-82,F87L) for 15 min,

secondary metabolites were detected [10,11-epoxy-

9-hydroxyfarnesol and (2,3),(10,11)-bisepoxyfarnesol],

which were produced in a 1:1:4 ratio to the primary

product, 10,11-epoxyfarnesol. But none of these F87-

mutated chimeric enzymes produced x-hydroxylated

products with substrates palmitic acid or farnesol [65]. This

study thus showed that although chimeragenesis of the

73–87 peptide of CYP102A1 is capable of changing sub-

strate selectivity from fatty acids to farnesol, it is not alone

sufficient to produce the product of CYP4C7, 12-hydroxy-

farnesol. Thus, we have extended our study to other

SRSs.

Partial sequence alignment of the heme domain of

CYP102A1 with CYP4C7 is shown in Fig. 1, where amino

acids found by X-ray crystallography to be within 5 Å of

the substrates palmitoleic acid [24] and N-palmitolylgly-

cine [26] are marked. Of the other SRSs, our preliminary

evaluation, based on the structure of CYP102A1 in that

region (b1–4 residues TAPAPS), and the larger sizes of the

corresponding residues of CYP4C7 (VVPLIA), suggested

that SRS-5 might be a good candidate for achieving the

goal of producing 12-hydroxyfarnesol. Thus, the amino

acid residues 327–332 and 328–330, along with amino

acids 78–82 and F87A or F87L, were replaced with the

homologous fragments of CYP4C7. Six chimeric proteins

were expressed, purified, and characterized. Four chimeras

produced 12-hydroxyfarnesol as the primary product.

C(78-82,F87L,328-330) is the best, but C(328-330) alone is

able to produce 12-hydroxyfarnesol, although it does not

inhibit the oxidation of fatty acids.
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Materials and methods

All primers were obtained from Operon. The polymerase

and restriction enzymes were ordered from Bio-Labs.

Substrates lauric and palmitic acids, farnesol, geraniol,

geranylgeraniol, and 3,7-dimethyl-1-octanol were pur-

chased from Sigma-Aldrich. The 10,11-epoxymethylfar-

nesoate and methylfarnesoate were purchased from

Echelon. The solvents used for all experiments were high

performance liquid chromatography or higher grade. All

instruments used in this project were the same as used

previously [64, 65]. NMR spectra, including 1D 1H and 2D

correlation spectroscopy (COSY) and 1H{13C} heteronu-

clear multiple quantum correlation spectra, were obtained

using a Bruker DRX-600 spectrometer operating at

600.03 MHz for the proton Larmor frequency. Spectra

were collected at 25 �C with the proton chemical shifts

referenced to residual solvent (CD3OD) CD2H. 2D NMR

spectra were collected with 2,048 data points in t2 and with

256–512 blocks in t1 with 32–64 scans per block.

Mutant gene preparation, protein expression,

and purification

The amino acid sequences of CYP102A1 and CYP4C7 for

the regions encompassing SRS-1 and SRS-5, together with

the amino acid replacements for the mutant proteins, are

shown in Table 1. The mutant gene preparation, protein

expression, and purification followed the protocols pub-

lished previously [64, 103], using the primers shown in

Table S1. Clones with the correct insert size for the section

of the gene being mutated were sequenced several times to

confirm the presence of the fragment of the sequence

specific for CYP4C7. After insertion of the portion of the

gene that had been mutated into the pbs-BM3 gene, the

Fig. 1 Partial sequences of

CYP4C7 and the heme domain

of CYP102A1 showing the

alignment generated with the

GAP program of the GCG

package [100]. Residues which

map to within 5 Å of the bound

palmitoleic acid in Protein Data

Bank (PDB) file 1FAG [24] are

shown in bold, and those which

map to within 5 Å of the bound

N-palmitolylglycine in PDB file

1JPZ [26] are shown in red. The

a-helices are underlined and

named, and b-sheets are double
underlined and named. The

substrate recognition sites (SRS-
1 to SRS-6) [102] are shaded
green and labeled. Gaps in the

sequences, between the

substrate recognition sites, are

signified by dashed lines
highlighted in yellow. The

–EXXR– motif [50] mentioned

in ‘‘Discussion’’ is highlighted

in red as part of the K helix

Table 1 Amino acid substitutions of chimeric proteins

CYP102A1 (71-89)

CYP4C7 (95-113)

C(78-82)

C(78-82,F87A)

C(78-82,F87L)

CYP102A1 (323-340)

CYP4C7 (366-383)

C(327-332)

C(328-330)
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chimeric proteins were expressed in Escherichia coli as

described previously [64, 65]. The expressed proteins were

judged to be homogeneous by sodium dodecyl sulfate

polyacrylamide gel electrophoresis. These proteins were

preliminarily characterized by UV/vis spectroscopy [3, 5,

64, 65] and matrix-assisted laser desorption/ionization

(MALDI) time of flight (TOF) mass spectrometry (MS), as

described previously [65]. All proteins were also expres-

sed, purified, and characterized in two separate batches to

confirm the reproducibility of the protein preparation. The

final purified proteins were extensively dialyzed against

50 mM potassium phosphate buffer (pH 7.6), concentrated,

and then stored at -20 �C in 50% glycerol.

UV/vis spectroscopy

The resting state spectra were recorded over the wave-

length range from 300 to 850 nm, as reported previously,

and are the same as those of the first- and second-genera-

tion chimeras reported previously, i.e., the spectra were

those typical of wild-type CYP102A1, including having

flavin absorbance in the 450–525-nm range (Fig. S1a) [3, 5,

64, 65]. The CO-bound difference spectra of the dithionite-

reduced proteins were measured, as reported previously [3,

5, 7], and are comparable to those of other cytochromes

P450 [104, 105] (which lack the diflavin reductase

domain). With use of argon-purged buffers [200 mM

tris(hydroxymethyl)aminomethane (Tris)–HCl buffer at pH

7.7], a solution of each protein (1 lM in 3 mL) was

reduced with 20 lL of a saturated solution of sodium

dithionite (freshly prepared in the same buffer) and the

spectrum was recorded. Then 20-lL aliquots of a saturated

solution of CO in the same buffer (calculated from its

solubility as approximately 800 lM) were added to the

solution (at 25 �C) with mixing. The spectrum was recor-

ded again following each addition until there was no fur-

ther change in the spectrum (Fig. S1b) [3, 5, 7, 104, 105].

Enzyme activity assays for cytochrome c reduction

and NADPH oxidation

To measure the reductase activity, the absorbance at

550 nm (eox = 8.9 mM-1 cm-1, ered = 29.9 mM-1 cm-1

[5]) was followed for 1-mL samples containing 2 nM

enzyme and 50 lM oxidized cytochrome c containing the

NADPH-regenerating system (1.0 mM glucose 6-phos-

phate, 3.0 U mL-1 glucose 6-phosphate dehydrogenase,

and 50 lM NADPH). This was repeated for a solution

containing no enzyme, and the difference in rate is reported

[5, 6, 103]. NADPH oxidation was measured in the pres-

ence of 100 lM nucleotide, 10 nM enzyme, 50 lM oxi-

dized cytochrome c, and 200 lM laurate by following the

decrease in absorbance at 340 nm and using an extinction

coefficient of 6.22 mM-1 cm-1 [103]. The enzyme activ-

ities with cytochrome c, NADPH, lauric acid, palmitic

acid, farnesol, methylfarnesoate, and 10,11-epoxymethyl-

farnesoate are shown in Table 2.

Enzyme activity assays for farnesol, methylfarnesoate,

10,11-epoxymethylfarnesoate, lauric acid,

and palmitic acid

All enzyme incubations and activity assays were carried

out at 25 �C in 3-mL volumes (containing 100 mM Tris–

HCl pH 7.6 buffer and the NADPH-regenerating system

consisting of 3.0 mM glucose 6-phosphate, 3.0 U mL-1

glucose 6-phosphate dehydrogenase, and 100 lM

NADPH). Farnesol, methylfarnesoate, 10,11-epoxymeth-

ylfarnesoate, and related substrates, lauric acid or palmitic

acid (250 lM) was added and the solution was incubated

with 1–10-lL aliquots (0.65–13.3 lM) of each enzyme

separately for 1–30 min to measure the individual enzyme

activities. The incubation time was chosen on the basis of

the activity of each enzyme, so as to yield sufficient

products for full characterization. The reactions were

stopped by adding 200 lL of 3 N HCl per reaction volume

of 3 mL. For lauric and palmitic acid assays, the reaction

products were extracted with 6 mL of diethyl ether and

were methylated with diazomethane (Sigma-Aldrich) to

convert the carboxylic acid to its methyl ester. For farnesol,

methylfarnesoate, 10,11-epoxymethylfarnesoate, and other

related substrates, after the reaction had been stopped with

200 lL of 3 N HCl, the reaction products were extracted

using a 200-lg C18 solid-phase extraction column (Hon-

eywell Burdick and Jackson) and were eluted with aceto-

nitrile. The products of the reactions were analyzed by gas

chromatography (GC). The integrated areas of the substrate

and product peaks were used to calculate the enzyme

reaction rate with each substrate. Experimental errors were

determined by averaging GC peak areas for three to five

activity measurements for a given substrate.

Product isolation

A common GC diagnostic derivatization reagent,

N,N-bis(trimethylsilyl)-2,2,2-trifluoroacetamide (BSTFA)

(Sigma-Aldrich), was used to increase the volatility of the

reaction products to improve their separation [64, 65, 106].

A 500-lL aliquot of BSTFA (5 mg mL-1 in dimethyl-

formamide) was incubated overnight with the methylated

fatty acid reaction mixture before separation by GC.

All of the farnesol, methylfarnesoate, 10,11-epoxym-

ethylfarnesoate, geraniol ,and other substrate metabolites

were dried with N2 gas and dissolved in 200 lL acetoni-

trile. This concentrated solution of the metabolites was

diluted with 100 mM Tris–HCl buffer at pH 7.6 and loaded
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onto a 200-lg C18 solid-phase extraction column. Epoxy-

farnesols, geraniols, and epoxymethylfarnesoates were

eluted with 2.6 mL of a methanol/water mixture (42:58

ratio) and hydroxyfarnesols, hydroxymethylfarnesoates,

and all other hydroxyl derivatives were eluted with 3.0 mL

of an acetonitrile/water mixture (47:53 ratio); to separate

9-hydroxyfarnesol and 12-hydroxyfarnesol, a solvent

mixture of 40:60 acetonitrile/methanol was used. After the

removal of solvents, the metabolites were dissolved in

tetrahydrofuran for GC. For GC–MS the hydroxyl products

were reacted with BSTFA as described for the fatty acid

methyl esters.

Product characterization

The GC substrate and product peaks were identified using

the retention times published previously [1, 2, 64, 65]. The

temperature of the column oven was programmed as fol-

lows: initial temperature set to 100 �C, held for 2 min, then

increased at a rate of 15 �C min-1 to 250 �C, and then held

for 5 min. Trimethylsilyl (TMS) derivatives of hydroxy-

palmitic and hydroxylauric acid methyl esters were ana-

lyzed by GC–MS. Two groups of ions were used to identify

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

hydroxylated fatty acid methyl ester derivatives, and are

listed as A, B, C, and D, respectively, in Table S2 for lauric

acid and Table S3 for palmitic acid. The second group

includes fragmentation peaks differing by 14 mass units

(CH2), which showed the position of hydroxylation. The

products of lauric acid hydroxylation by wild-type

CYP102A1 were identified as 11-OH, 10-OH, 9-OH, 8-OH,

7-OH, and 6-OH, corresponding to x-1 to x-6 hydroxyl-

ation, and for palmitic acid hydroxylation the products were

identified as 15-OH, 14-OH, 13-OH, 12-OH, 11-OH, and

10-OH, corresponding to x-1 to x-6 hydroxylation, with

x-1 to x-3 being the major products in both cases.

For farnesol, methylfarnesoate, and all other related

substrates, products were separated first by GC. All epox-

ides had very similar retention times and often could not be

resolved, whereas the hydroxylation products had longer

retention times than the epoxides, and increased retention

times as the hydroxyl group was further displaced from the

C-1 hydroxyl. Following partial separation of products by

GC, the partially purified products were examined by 1D

and 2D NMR spectroscopy in CD3OD. All of the new

farnesol and other terpene metabolites have been identified

by 1H NMR and GC–MS. The ions used to identify

hydroxy reaction products of farnesol are given in Table

S4, those for methylfarnesoate and 10,11-epoxymethyl-

farnesoate are given in Table S5, those for geraniol are

given in Table S6, and those for 3,7 dimethyl-1-octanol are

given in Table S7.

Table 2 Chimeric protein turnover numbers (nmol substrate min-1 nmol-1 enzyme) with cytochrome c, NADPH, and substrates lauric acid,

palmitic acid, farnesol, methylfarnesoate, and 10,11-epoxymethylfarnesoate

Cytochrome c NADPH Lauric

acid

Palmitic

acid

Farnesol Methylfarnesoate 10, 11-Epoxymethyl-

farnesoate

CYP102A1 2,980 ± 230a 1,650 ± 120a 705 ± 35a 2,980 ± 140a

3,160 ± 60b

285 ± 22a

300 ± 8b

45 ± 5 ND

CYP4C7 – – – – 4.1 ± 0.5c 2.3 ± 0.2 0.83 ± 0.27

C(78-82) 3,330 ± 270a 1,690 ± 110a 305 ± 25a 2,790 ± 160a

2,640 ± 340b

345 ± 32a

360 ± 5b

NM NM

C(78-82,F87A) 3,150 ± 140a 1,410 ± 80a 6.9 ± 0.2a 23 ± 1a 268 ± 3a 106 ± 7 ND

C(78-82,F87L) 3,660 ± 270a 1,880 ± 140a 4.0 ± 0.1a 4.0 ± 0.1a 1,700 ± 70a 578 ± 37 ND

C(327-332) 2,690 ± 150 1,880 ± 140 40 ± 3 248 ± 18 41 ± 3 47 ± 2 ND

C(78-82,F87A,327-332) 1,980 ± 80 1,070 ± 150 1.3 ± 0.3 29 ± 4 31 ± 4 25 ± 3 ND

C(78-82,F87L,327-332) 3,280 ± 100 1,750 ± 110 1.0 ± 0.4 41 ± 3 32 ± 2 20 ± 1 ND

C(328-330) 3,230 ± 350 1,610 ± 300 135 ± 11 307 ± 35 346 ± 18 944 ± 66 ND

C(78-82,F87A,328-330) 2,640 ± 190 1,550 ± 130 ND 6.8 ± 2.8 80 ± 8 70 ± 7 ND

C(78-82,F87L,328-330) 2,770 ± 290 1,300 ± 120 1.7 ± 0.5 1.9 ± 0.1 567 ± 45 92 ± 2 113 ± 9

Substrate turnover numbers represent the amount of product formed by 1 lM enzyme reacting with 250 lM substrate per minute. The numbers

are the average of six measurements, with standard deviation from two separate batches shown

ND no product detected, NM not measured
a Taken from [65]
b Taken from [64]
c Taken from [66]
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The NMR assignments for each new product are shown

in Table S8. The product ratios with farnesol are shown in

Table S9, those with methylfarnesoate are shown in Table

S10, those with 10,11-epoxymethylfarnesoate are shown in

Table S11, and those with geraniol are shown in Table S12.

The relative turnover numbers for 3,7 dimethyl-1-octanol,

geraniol, farnesol, and geranylgeraniol are given in Table

S13.

Structural models and substrate docking

A detailed discussion of the computational modeling is

presented in the electronic supplementary material. Models

of the chimeras, docking of the substrates, and figures were

produced using the AutoDock version 4.0 [107, 108],

ADT4.0 software package in AutoDockTools (version

1.5.2, revision 2) [109], VMD (version 1.8.6) [110],

SwissPDB [111] (version 4.0.1, including a version of the

GROMOS 43B1 force field [112]), and Persistence of

Vision Ray Tracer (POV-Ray version 3.6). The CYP102A1

X-ray structure [Protein Data Bank (PDB) code 1FAG] was

used as the modeling template.

Results

Protein characterization

The absorption spectra of the mutant proteins of this study,

like those reported previously [65], are essentially identical

to those of wild-type CYP102A1, which suggests that the

mutant proteins fold properly and contain all of the

cofactors required for catalysis. As shown in Fig. S1 for

two triple-chimera examples as compared with wild-type

CYP102A1, the proteins have similar reduced CO differ-

ence spectra, with Soret bands at 450 nm. Thus, these are

typical cytochrome P450 proteins, with no detectable P420

inactive form present [104].

As reported previously [65], MALDI-TOF measure-

ments on CYP102A1 yielded a molecular mass of

117,638 m/z within an expected error of ±0.1% (about

118 m/z) in contrast to a calculated molecular mass of the

protein of 117,666 Da. In this molecular mass range a

±0.1% error is to be expected (V.H. Wysocki, personal

communication). The entire protein mass, including the

heme and the flavins, was thus calculated on the basis of a

molecular mass of 119,525 Da; molecular masses of the

mutant proteins of this study were calculated on the same

basis, by including the masses of the mutated residues in

place of those of CYP102A1. The MALDI-TOF mea-

surements of C(78-82), C(78-82,F87L), and C(78-

82,F87L,328-330) are 117,850, 117,816, and 117,889 Da

within ±0.1% error in each case. Although the ±0.1%

error prevents differentiation of chimeras with different

protein sequences, it shows that the two-domain structure is

intact. The fact that the gene sequence of each chimera was

checked multiple times during mutant gene production

removes any doubt as to the protein sequences of the chi-

meric enzymes.

Turnover numbers of the mutant proteins with respect to

reduction of cytochrome c and oxidation of NADPH and

substrates laurate, palmitate, farnesol, methylfarnesoate,

and 10,11-epoxymethylfarnesoate were measured as

described in ‘‘Materials and methods,’’ and are presented in

Table 2. As can be seen, the cytochrome c reductase

turnover numbers of most chimeric enzymes of this study

are fairly similar to that of wild-type CYP102A1, and the

NADPH oxidase turnover numbers are approximately half

those of the cytochrome c reductase reactions. Thus,

NADPH transfers electrons well through these enzymes to

cytochrome c, with a stoichiometry of one NADPH per two

cytochrome c molecules. Among the chimeric enzymes of

this study, the cytochrome c reductase and NADPH oxi-

dase turnover numbers of the chimera C(78-82,F87A,327-

332) are both only about 60% those of wild-type

CYP102A1 and the second-generation chimeras. The

turnover numbers of this chimera toward substrates lauric

and palmitic acid, farnesol, and methylfarnesoate are

also very low, but so are those of the F87L counterpart,

C(78-82,F87L,327-332), which has cytochrome c reductase

and NADPH oxidase turnover numbers similar to those of

wild-type CYP102A1.

However, with respect to the monooxygenase activity

toward the substrates, the turnover numbers toward laurate

and palmitate are markedly decreased for all of the chi-

meras of this study, and more so for the chimeras that

involve replacements within both SRS-1 and SRS-5. The

same is also true for the substrate farnesol, except for the

increase in turnover number of C(328-330) (SRS-5 muta-

tion only) and the triple chimera C(78-82,F87L,328-330) to

a value nearly double (factor of 1.7) that of wild-type

CYP102A1.

GC–MS identification of metabolites

Fatty acids (lauric and palmitic acids)

In our two previous publications we identified the major

oxidation products of palmitic and lauric acid methyl esters

as their TMS derivatives by GC–MS analysis [64, 65]. The

mass fragmentation tables are shown in Tables S2 and S3.

As previously reported, the products of palmitate modifi-

cation by the chimeras were identified as x-1 to x-6

hydroxylated [64] palmitate, and the products of laurate

modification were identified as x-1 to x-6 hydroxylated

[65] laurate. No x-hydroxylauric or x-hydroxypalmitic
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acid was detected as a product of any of the chimeric

enzymes of this study.

Farnesol, (2E,6E)-methylfarnesoate,

and (2E,6E)-10,11-epoxymethylfarnesoate

The single TMS derivatives of methylfarnesoate and 10,11-

epoxymethylfarnesoate, and the double TMS derivatives of

hydroxyfarnesols were analyzed by GC–MS. Farnesol,

hydroxyfarnesols, methylfarnesoate, and 10,11-epoxym-

ethylfarnesoate (Structure 1) have similar series of unique

ions as presented in Tables S4 and S5. Treatment with

BSTFA resulted in a characteristic series of m/z ions

including, for example, for hydroxyfarnesols, 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 the total molecular weight. Since TMS derivatives have the

tendency to fragment in the order primary [ second-

ary [ tertiary carbon, the results above provide evidence of

hydroxyl group addition to farnesol. The position of hydroxyl

addition was determined by 1H NMR spectroscopy.

For (2E,6E)-methylfarnesoate and (2E,6E)-10,11-ep-

oxymethylfarnesoate, similar sets of unique ions were

observed, as listed in Table S5. The TMS derivatives

of the two within the pair 12-hydroxymethylfarnesoate

and 15-hydroxymethylfarnesoate, and also the two within

the pair 12-hydroxy-10,11-epoxymethylfarnesoate and

15-hydroxy-10,11-epoxymethylfarnesoate each have the

same GC–MS fragmentation patterns, respectively, but

different GC retention times. On the basis of the

12-hydroxyfarnesol to farnesol GC retention time ratio, the

major product of C(78-82,F87L,328-330) during methyl-

farnesoate and 10,11-epoxymethylfarnesoate oxidation was

determined to be the 12-hydroxy isomer in both cases, the

same as found by Helvig et al. [70] for CYP15A1.

Geraniol

The TMS derivatives of geraniol metabolites were ana-

lyzed by GC–MS. All unique ions of TMS derivatives of

geraniol metabolites of the chimeric enzymes of this study

are shown in Table S6. The results are consistent with

reports of the GC–MS of the TMS derivatives of 10-hy-

droxygeraniol and 6,7-epoxygeraniol [31–33]. There were

two hydroxygeraniol metabolites, both of whose TMS

derivatives had the same GC–TOF-MS fragmentation

patterns, but with different GC retention times. Since 12-

hydroxyfarnesol had a longer GC retention time compared

with 15-hydroxyfarnesol under the same GC conditions,

the primary hydroxygeraniol was assumed to be 8-hy-

droxygeraniol, and the secondary hydroxygeraniol was

assumed to be10-hydroxygeraniol. The position of hydro-

xyl addition was also confirmed by 1H NMR spectroscopy.

3,7-Dimethyl-1-octanol

Reaction of the saturated analogue of geraniol, 3,7-dime-

thyl-1-octanol (Structure 1), with the chimeric enzymes of

this study provided one metabolite, whose TMS derivative

was analyzed by GC–MS. All unique ions of TMS deriv-

atives of the metabolite of 3,7-dimethyl-1-octanol are

shown in Table S7. The only metabolite was determined to

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

NMR spectroscopy of farnesol metabolites

GC–MS analysis showed that four of the new chimeras

produced new farnesol metabolites that were shown by

their retention times to be hydroxyfarnesols. Both SRS-5

single chimeras, C(327-332) and C(328-330), and both

F87L triple chimeras, C(78-82,F87L,327-332) and C(78-

82,F87L,328-330), showed the presence of 10,11-epoxy-

farnesol (identified previously by NMR spectroscopy [64,

65]), and the same two hydroxyfarnesols, whose retention

times were uniquely different from those of any of the

previously identified hydroxyfarnesols [64, 65]. NMR

analysis of the hydroxyfarnesol metabolites of C(78-82,

F87L,327-332) is described herein; the metabolites of the

other chimeric enzymes were analyzed in a like manner,

and the products were found to be identical to those

described below.

The hydroxyfarnesol fraction of metabolites of C(78-

82,F87L,327-332) contained two compounds with GC

intensity ratio A:B of approximately 3:2. The 1D 1H NMR

spectrum of the mixture is shown in Fig. 2b, and that of

farnesol as a reference is shown in Fig. 2a. As can be seen,

there are four multiplets in the region 5.0–5.5 ppm, with

ratio 3:5:2:5, with the first two peaks partially overlapping.

In this region farnesol has the resonances of C2–H, C6–H,

and C10–H. In this NMR sample C2–H has the same

chemical shift as that of farnesol itself, whereas C6–H is

slightly shifted, C10–H has disappeared, and two multi-

plets, 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 either of 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 2.0–2.2 ppm, where

C4–H2, C5–H2, C8–H2, and C9–H2 are observed for far-

nesol; the peak patterns of the new hydroxyfarnesols have a

different appearance, with C9–H2 and C8–H2 peaks being

shifted and overlapping with each other, and C5–H2 and

C4–H2 remaining at the same positions as observed for

farnesol.
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The methyl resonances appear in the region 1.6–

1.8 ppm. There are five different-intensity methyl peaks

with ratios 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 reso-

nances can be separated into two groups for compounds A

and B: for A, 5.39, 5.36, 5.16, 4.08, 3.91, 2.14, 2.14, 2.04,

2.04, 1.67, 1.64, and 1.62 ppm; for B, 5.36, 5.26, 5.16,

4.08, 4.06, 2.14, 2.14, 2.04, 2.02, 1.76, 1.67, and 1.61 ppm.

In Fig. S2 the nuclear Overhauser effect spectroscopy

correlations of the CH3–CH2C and CH3–CH= regions of

the NMR spectrum of farnesol are presented, to show what

nuclear Overhauser effects can be observed in these sys-

tems. COSY and heteronuclear multiple quantum correla-

tion spectra of the farnesol metabolites are presented in

Fig. S3c and d, respectively. As can be seen in the COSY

map of the mixture (Fig. S3c), there are through-bond

couplings between protons at positions 1 and 2, 4 and 5, 5

and 6, 8 and 9, and 9 and 10.

The fact that there are two additional CH2–OH singlets

at 3.91 and 4.06 ppm suggests that methyl groups were

oxidized. We excluded from consideration the C13H3

group (Structure 1) because neither C2–H nor C1–H2

changed its position after oxidation. Considering that the

products are expected to be trans,trans-farnesol metabo-

lites, in Structure 2 we present 14-hydroxyfarnesol,

15-hydroxyfarnesol, and 12-hydroxyfarnesol in the forms

that show the positions of vicinal groups, as was done

previously [113] for substituted alkenes. Here R1, R2, and

R3 are the remaining parts of the molecule, (a C7=C6, b

C11=C10, and c C11=C10).

As can be seen, structures a and b are similar to each

other in having the single proton trans to CH2OH, but

structure b is closer to what is shown in [113], where R1,

R2, and R3 are CH3 in that work, but in our case R1, R2,

and R3 are CH2–C. For these two situations, we can expect

the 13C chemical shift to be close to dCH2OH ¼ 60:5 ppm;

dC12H3 = 21.3 ppm for structure b and there to be no

effects on chemical shifts of other CH3 groups for structure

a. In the case of 12-hydroxyfarnesol (structure c), the 13C

chemical shift of C12–H2OH is expected to be close to

68.3 ppm and for C15H3 it should be around 13 ppm. On

the basis of this analysis, we concluded that product A

is 12-hydroxyfarnesol. To make a choice between

14-hydroxyfarnesol 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 large shift that is typical for a

methyl group in the a-position [113], which corresponds to

the case for structure b (15-hydroxyfarnesol). Another fact

that supports this assignment is that there is no sign of a

C10–H resonance at 5.01 ppm, where it appears in farne-

sol. This means that the peak pattern in the case of

14-hydroxyfarnesol would be different from that observed.

Thus, NMR data analysis allows us to assign compound A

as 12-hydroxyfarnesol and compound B as 15-hydroxy-

farnesol. The 1H and 13C chemical shifts of farnesol and

12-hydroxyfarnesol and 15-hydroxyfarnesol are shown in

Table S8.

Discussion

On the basis of the superior catalytic activity of CYP102A1

among all known cytochromes P450 [1–7], this ‘‘complete

enzyme’’ was selected as our experimental model to show

how scanning chimeragenesis can be used to create

enzymes with altered substrate selectivity and regiospeci-

ficity. CYP102A1 and CYP4C7, with farnesol as a com-

mon substrate, suggested that CYP4C7 would be a

worthwhile target for proof of principle for scanning

Fig. 2 The 1D 1H NMR spectra of farnesol as a reference (a) and of

the hydroxyfarnesol fraction of metabolites of C(78-82,F87L,327-

332) (b). This fraction contained 12-hydroxyfarnesol and 15-

hydroxyfarnesol with ratio approximately 3:2. Individual resonances

of 15-hydroxyfarnesol are shown with asterisks. Spectra were

recorded at 25 �C in CD3OD. The appearance of two new peaks at

4.06 and 3.91 ppm is due to new –CH2–OH groups as a result of 15-

methyl and 12-methyl group oxidation, respectively. S solvent

residual proton resonance, X unknown impurity. The chemical shifts

of all resonances of these two new metabolites are presented in Table

S8

R1 C12H3 H C12H2OH

C14H2OH C15H2OH C15H3 R3          

a  b c  

H H 

R2 R3

Structure 2
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chimeragenesis. Homologous peptide fragments of

CYP4C7 were inserted into CYP102A1, with our final goal

being to change the fatty acid hydroxylase CYP102A1 into

a terpene hydroxylase with the same major product as

shown by CYP4C7 (12-hydroxyfarnesol). This goal was

achieved in three rounds of chimeragenesis. Surprisingly,

only nine amino acids had to be changed to alter substrate

selectivity and regiospecificity from fatty acids to farnesol

and to produce the desired product, 12-hydroxyfarnesol, as

the major metabolite. Only eight of these actually contact

the substrate, since D80P is on the side of the helix

pointing away from the substrate, at least in the homology

model discussed below.

Since we could not be certain that the peptide fragment

chosen would lie in exactly the same position in the chi-

mera as it does in the P450 of unknown structure (because

insertions/deletions in the primary sequence might translate

or rotate the structural features somewhat), or that the

substrate of that P450 would bind in the same way as it

would to CYP102A1, in each generation of scanning chi-

meragenesis we chose several possible fragments or

replacements in the region chosen (the ‘‘scanning’’ aspect).

In the first generation, whereas C(73-82) had extremely

low activity [64], which suggested that large-scale

replacements would not fit within the CYP102A1 scaffold,

C(73-78) and C(75-80) produced the three metabolites of

wild-type CYP102A1, plus a new compound, 5-hydroxy-

farnesol. Although it was the primary metabolite of both of

these mutant enzymes, their turnover numbers were more

than tenfold lower than those of wild-type CYP102A1.

These two also shifted the regiospecificity toward the

center of the fatty acid substrates [64]. In contrast, C(78-

82) had turnover numbers similar to those of the wild-type

enzyme, but produced no new products.

The F87 amino acid residue was selected as the second-

generation replacement because of its position in the

structures of the substrate-bound heme domain of

CYP102A1, sandwiched between the substrate and the

heme [23–26]. F87 had been the subject of several studies

prior to our work, with F87G ,F87A, and F87V having

been studied by several research groups [32–34, 38]. These

point mutants were found to have major effects on sub-

strate activity and regiospecificity, and it was reported that

the F87A mutant catalyzed hydroxylation of both lauric

and myristic acids almost exclusively at the x-position

[33]. However, in our study of the F87 point mutants [65],

we found that although a small amount of x-hydroxylauric

acid was indeed produced, it was far from being a major

reaction product, and x-hydroxylaurate was not detected

among the products of any of the other enzymes. In addi-

tion, when reacted with palmitate, x-hydroxypalmitate was

not detected for the F87A enzyme or for any of the other

mutant enzymes [65].

With respect to farnesol metabolites, the point mutant

F87A made 2,3-epoxyfarnesol, 6,7-epoxyfarnesol, 10,11-

epoxyfarnesol, plus 9-hydroxyfarnesol, whereas the point

mutant F87L made only 2,3-epoxyfarnesol,10,11-epoxy-

farnesol, plus 9-hydroxyfarnesol [65]. In contrast, C(73-

78,F87A) and C(78-82,F87A) produced 6,7-epoxyfarnesol

as the only new product. 5-Hydroxyfarnesol remained the

primary product for both C(73-78,F87A) and C(73-

78,F87L), but these mutant enzymes no longer produced 9-

hydroxyfarnesol. C(75-80, F87A) and C(75-80,F87L) no

longer made 5-hydroxyfarnesol, unlike C(75-80) [64], and

produced 10,11-epoxyfarnesol and 9-hydroxyfarnesol in a

3:1 ratio [65]. C(73-78,F87A), C(73-78,F87L), C(75-

80,F87A), and C(75-80,F87L) remained low in turnover

number toward farnesol. Thus, it was clear that the two

earlier peptides in the b0-helix were not leading toward our

goal. In contrast, C(78-82,F87A) changed the substrate

selectivity toward farnesol and remained almost as active

as wild-type CYP102A1 [65]. It also changed its regio-

specificity by making 6,7-epoxyfarnesol, 10,11-epoxy-

farnesol, and 9-hydroxyfarnesol in 1:1:1 ratio. But better

yet, C(78-82,F87L) changed its substrate selectivity to

farnesol and increased its activity by 5.7-fold over that of

wild-type CYP102A1 [65]. Because of its high activity, it

also became a 10,11-epoxyfarnesol epoxidase and

hydroxylase by producing (2,3),(10,11)-bisepoxyfarnesol

and 10,11-epoxy-9-hydroxyfarnesol as secondary metabo-

lites. The results proved that F87 should be included in the

b0-helix (SRS-1) scanning chimeragenesis, to cause alter-

ation in substrate selectivity from fatty acids to farnesol

[65].

CYP102A1 residues 327-332 (SRS-5) provided the third

and final generation for scanning chimeragenesis in this

system. 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).

Figure 3 shows the relative amounts of each metabolite

produced by these, as well as the wild-type proteins and the

best F87-generation mutants. As can be seen, the chimeras

C(78-82,F87A,327-332) and C(78-82,F87A,328-330) pro-

duced 6,7-epoxyfarnesol and 10,11-epoxyfarnesol in a 2:3

ratio as the primary products, similar to the C(78-82,F87A)

ratio of 1:1. Neither of the F87A-containing chimeras

produced any 12-hydroxyfarnesol or 15-hydroxyfarnesol.

In contrast, C(327-332), C(328-330), C(78-82,F87L,

327-332), and C(78-82,F87L,328-330) all produced both

12-hydroxyfarnesol and 15-hydroxyfarnesol, with the

12-hydroxy isomer being the more abundant in all cases

(Fig. 3). These four chimeric enzymes each produced three

products, 10,11-epoxyfarnesol, 15-hydroxyfarnesol, and

12-hydroxyfarnesol, in ratios of 1:0.61:1.09, 1:1.99:3.27,

1:0.32:0.64 and 1:1.35:4.12, respectively. However, as

shown in Fig. 4, the single-SRS chimeras C(327-332) and
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C(328-330) both retained relatively high activity toward

lauric and palmitic acids, although lower than that of wild-

type CYP102A1. In contrast, C(78-82,F87A,327-332) and

C(78-82,F87L,327-332) showed very low turnover number

toward lauric acid, and a bit of substrate selectivity change

from fatty acids to farnesol, whereas C(78-82,F87L,328-

330) made the substrate selectivity change strongly to

farnesol. Furthermore, it produced 12-hydroxyfarnesol as

the primary metabolite, with more than 100-fold greater

turnover number than CYP4C7 and almost twofold greater

turnover number than wild-type CYP102A1; C(78-

82,F87L,328-330) is thus the best chimera we have found.

These results are summarized in Scheme S1.

A328 is five amino acids after the conserved –EXXR–

motif of SRS-5 of CYP102A1, which is shown by 6,379

CYP sequences investigated by Seifert and Pleiss [50].

Whereas most of the CYP sequences contain a hydro-

phobic residue at position 5 and a positively charged

residue at position 10 or 11, CYP102A1 has alanine at

position 5 and leucine and tyrosine at positions 10 and 11.

However, CYP4C7 has valine at position 5 and arginine

and asparagine at positions 10 and 11. The positively

charged residue is expected to hydrogen-bond to the

closest propionate of the heme [50], the 6-propionate in

the case of CYP102A1. In CYP102A1 both leucine and

tyrosine are quite far from the heme carboxylates. The

most important residue of this group is that at position 5,

which is larger for CYP4C7 (leucine) than for CYP102A1

(alanine). We find that the residue at position 7 after the

–EXXR– motif is also important. This residue is alanine

for CYP102A1 and leucine for CYP4C7, position 330. As

predicted by Seifert and Pleiss [50], residues in this area

‘‘constrain the substrate orientations close to the activated

oxygen and limit the accessibility to the active site. As a

consequence, increasing the size of their side chains is

expected to decrease the number of reaction products and

thus to increase regioselectivity.’’ This prediction was

made in mid-2008, after we had completed our experi-

mental work on SRS-5, and it is clear that their analysis of

structures of a large number of CYP enzymes was very

prophetic.

With regard to lauric acid and palmitic acid as compared

with farnesol, it should be noted that wild-type CYP102A1

and even the first round of chimeras show nearly a factor of

10 lower activity toward laurate than toward palmitate,

and the factor becomes much larger for second- and

third-generation chimeras, to the point where, for the best

third-generation chimera, C(78-82,F87L,328-330), has 2.5

orders of magnitude lower activity toward laurate than

toward farnesol. Since the two are the same length, it is

important to consider the difference between them. As a

carboxylic acid, it was expected that the carboxyl groups of

palmitoleate and N-palmitolylglycine would form ionic

interactions with a positively charged group such as R47

[24, 34, 38]. However, in both the palmitoleate (1FAG) and

the palmitolylglycine (1JPZ) structures, R47 is approxi-

mately 4.5 Å from the carboxyl group. In contrast, the

Fig. 3 The logarithm of the

turnover number (concentration

of individual hydroxy and

epoxy products formed per

minute) by 1 lM CYP102A1 or

chimeric protein reacting with

250 lM farnesol to form

hydroxyfarnesols and

epoxyfarnesols

Fig. 4 The logarithm of the turnover number from Table 2 (total

concentration of all hydroxy and epoxy products formed per minute)

by 1 lM CYP102A1 or chimeric protein reacting with 250 lM lauric

acid, palmitic acid, or farnesol
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structure of CYP152A1 from Bacillus subtilus has the

palmitoleic acid in ‘‘backwards,’’ with the carboxyl end

near the heme and forming a good hydrogen bond or ionic

interaction to R242 (2.82 Å, PDB file 1IZO). Thus,

although R47 may be involved in steering the fatty acid

into the binding pocket [10], it is not clear what stabilizes

the carboxyl end of the fatty acids bound to CYP102A1, or

whether lauric acid can move the end of its hydrophobic

tail in to the same extent as does palmoleic acid or

N-palmitolylglycine, despite the shorter hydrocarbon

chain. Surprisingly, neither substrate has any interactions

with protein side chain atoms within 3 Å; the closest

interaction is between the carboxylate and Y51-OH, at

3.08 Å (1FAG), but between the carboxamide carbonyl and

the same side chain, at 2.56 Å for N-palmitolylglycine

(1JPZ). But a major difference between lauric acid and

farnesol is that farnesol likely does not bind in the extended

form shown in Structure 1, as will be discussed further

below.

All of the chimeric proteins of this study inhibited the

production of 2,3-epoxyfarnesol, as did CYP4C7 [66]. And

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). Chimeric proteins containing F87L, where leu-

cine is the residue present at that position in CYP4C7, a

side chain that appears almost as bulky as the phenylala-

nine of CYP102A1, nevertheless are much better able to

regulate the activity of the enzyme toward farnesol, and to

inhibit production of 6,7-epoxyfarnesol. C(78-82,F87L,

327-332) has 15-fold lower farnesol turnover number

compared with C(78-82,F87L,328-330). Interestingly, as

mentioned above, the single-SRS chimeras C(327-332) and

C(328-330) are able to produce 12-hydroxyfarnesol and

15-hydroxyfarnesol as major products, but without change

in substrate selectivity. Only C(78-82,F87L,328-330)

shows not only 12-hydroxyfarnesol as the major product,

but also is able to reduce to a very low level the turnover

numbers toward fatty acids.

From comparison of the oxidation of farnesol and its

relatives, methylfarnesoate and 10,11-epoxymethylfarne-

soate, by CYP102A1 and the chimeric proteins in Fig. S5,

C(328-330) showed the highest rate of formation of prod-

ucts from methylfarnesoate among all substrates that were

tested. Of these, 55% was 12-hydroxymethylfarnesoate and

45% was 10,11-epoxymethylfarnesoate. All of the chimeric

proteins produced 10,11-epoxymethylfarnesoate and

10,11-epoxyfarnesol. C(78-82,F87L) produced 10,11-ep-

oxymethylfarnesoate as the only metabolite of methylfar-

nesoate, with superior activity to CYP15A1 [70], whereas

C(78-82,F87L,328-330) made 12-hydroxy-10,11-epoxym-

ethylfarnesoate and its minor metabolite in a ratio of

1:0.43, similar to the ratio of metabolites of CYP4C7 of

1:0.54 (Table S11).

In addition to farnesol, other related terpene alcohols,

including the shorter geraniol and the longer geranylger-

aniol (Structure 1), were also investigated as substrates of

the chimeric enzymes of this study. The relative amounts

of products obtained from metabolism of each substrate

investigated in this study, by CYP102A1, CYP4C7, and the

most active chimeric enzyme (C78-82,F87L,328-330), are

summarized in Fig. 5. Table S12 shows that C(78-82,

F87L), C(78-82,F87L,327-332), and C(78-82,F87L,328-

330) acted as 6,7-epoxidases of geraniol. C(328-330)

produced 6,7-epoxygeraniol, 8-hydroxygeraniol, and

10-hydroxygeraniol in a ratio of 1:2:0.69. C(327-328),

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

C(78-82,F87L,328-330) became 6-hydroxylases of 3,7-

dimethyl-1-octanol, as did CYP102A1. The saturated

analogue of geraniol, 3,7-dimethyl-1-octanol, produced

only this single metabolite, as shown in Table S13. In

contrast to the shorter terpene alcohols, the longer gera-

nylgeraniol was essentially inactive (see Table S13) with

all enzymes tested, including wild-type CYP102A1. At

best, the geranylgeraniol activity of C(78-82,F87L) was 1%

that of geraniol and 0.12% that of farnesol. Thus, the length

of the terpene has a major effect.

In this work we have emphasized the role of SRS-5 of

CYP102A1 (Fig. 1), of which residues 327–332 and 328–

330 were investigated separately and in combination with

the two most active chimeras from the second round of

‘‘scanning chimeragenesis,’’ C(78-82,F87A) and C(78-

82,F87L) [65], to create six new chimeric enzymes. Res-

idues 328–330 of SRS-5, APA in CYP102A1 and VPL in

our best chimera, are near the heme and F87, diagonally

opposite the other SRS-1 residues, and thus form part of

the substrate binding pocket over the heme as shown in

Fig. 5 The logarithm of the turnover number from Tables 2 and S13

(concentration of hydroxy and epoxy products formed per minute) by

1 lM CYP102A1 or chimeric protein reacting with 250 lM concen-

trations of each of the substrates of this study. Note that no detectable

products were formed from geranylgeraniol as a substrate. JH III
(juvenile hormone III (i.e., 10,11-epoxymethylfarnesoate)
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Fig. 6a with the long chain fatty acid palmitoleate bound.

In Fig. 6b is shown the model structure of the chimera

C(78-82,F87L,328-330), which shows a substantially

smaller binding pocket, as would be expected for muta-

tions in this chimera, which are mainly from smaller to

larger residue side chains (three Ala to Leu or Val, a Val

to Leu, and a Phe to Trp mutation). Of the mutations that

result in smaller side chains, only one (F87L) increases the

size of the binding pocket (R79F and D80P side chains do

not point toward the substrate). It should be pointed out

that the substrate farnesol, in Fig. 6b, is much closer to

iron than is palmitoleate, Fig. 6a. The result of these

mutations is that long chain fatty acid substrates cannot

bind in the same conformation as that shown for

palmitoleate bound to wild-type CYP102A1 (Fig. 6a), but

shorter-chain substrates such as farnesol would bind

comfortably, possibly as in the model shown in Fig. 6b.

Unfavorable binding in a constricted pocket would provide

a reasonable rationale for the much lower turnover number

observed for turnover of palmitic acid to C(78-82,

F87L,328-330), as compared with high turnover number

observed with farnesol (Table 1). And although lauric acid

is the same length as farnesol, the much lower turnover

number observed for laurate suggests that this substrate

has a preference for an extended conformation rather than

the folded conformation of farnesol shown in the model in

Fig. 6b.

To rationalize the changes in the major products formed

is even more challenging, because the crystal structure (and

the model which is based on that structure) is of the resting

state enzyme. As mentioned in ‘‘Introduction,’’ NMR

studies [30] have indicated that the conformation of the

binding pocket of CYP102A1 changes upon reduction to

the ferrous state, and that the change in conformation

allows the fatty acid substrate to move some 6 Å closer to

iron. Thus, the active state structure is not known and likely

involves a number of different conformations for the sub-

strate, in view of the number of different products produced

by the wild-type enzyme. More details of the model and

docking of substrates are provided in the electronic sup-

plementary material. We infer from our experimental

results that by changing the shape of the binding pocket

from that in Fig. 6a to that in Fig. 6b, we have selected

against long straight-chain fatty acids as substrates. We

find that the activity of our best chimera, C(78-

82,F87L,328-330), toward farnesol is nearly twice as great

as that of wild-type CYP102A1. For transition from the

resting state to the reduced enzyme, for which there is no

structure available, we are left to conclude that just as the

wild-type substrate binding pocket (with substrate rela-

tively far from the iron active site) is able to undergo the

changes in conformation necessary to bring the x-1 to x-3

carbons of the long-chain fatty acid within reactive reach of

the ferryl heme site, the C(78-82,F87L,328-330) chimera is

able to bring the C12H3 of farnesol to that position so that

12-hydroxyfarnesol can form as the primary metabolite;

however, the opposite C15H3 and the neighboring 10,11

double bond are also able to react almost as favorably, as

evidenced by the fact that 15-hydroxyfarnesol and 10,11-

epoxyfarnesol are produced to about one half and one third

the quantity of 12-hydroxyfarnesol, respectively (Fig. 5).

All chimeras that contain the A328V and A330L mutations

produce these three metabolites as major products, except

F87A-containing mutants (Ala at position 87 is not

native to CYP102A1 or CYP4C7), which all produce

9-hydroxyfarnesol and 6,7-epoxyfarnesol instead of

15-hydroxyfarnesol and 12-hydroxyfarnesol. Thus, during

Fig. 6 Residues 78–87 and 328–330 of CYP102A1 and the chimeric

enzyme C(78-82,F87L,328-330) substrate binding pocket, with the

mutated residues of the chimera colored green. The substrate

palmitoleate is shown bound to the wild-type enzyme (a) and the

substrate farnesol is shown docking with the chimeric enzyme (b),

with an inset view shown from above the heme and the substrate. The

substrates and the amino acid side chains are shown in transparent

space-filling mode. The wild-type structure of CYP102A1 is from the

X-ray structure (PDB code 1FAG) and the chimera C(78-

82,F87L,328-330) is an energy-minimized model (discussed in detail

in the electronic supplementary material)
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enzyme turnover, the side chains of V328 (which in the

model in Fig. 6b is partially between the heme and farne-

sol) and L330 protect the C2H2 end of farnesol from

reactive reach of the ferryl heme site.

In Fig. S10 we have provided the distances from the

closest carbons of farnesol to the heme iron in the model

shown in Fig. 6b; as can be seen, C-12 is only 3.75 Å from

iron, whereas C-10 is 4.9 Å from iron. In contrast, C-9 is

6.2 Å from iron and C-15 is 5.6 Å from iron (distances not

shown in Fig. S10), and farnesol would have to bind in a

different conformation to bring C-15 close to iron, because

of the 10,11 double bond. However, these distances may be

misleading, considering the inexact science of homology

modeling. Since the amount of 15-hydroxyfarnesol pro-

duced is substantial (21% for our best chimera), it is likely

that there are alternative conformations for the substrate to

that in Fig. 6b.

We also briefly investigated sections of the I-helix

(SRS-4) as possible peptide fragments whose replacement

might affect substrate selectivity and regiospecificity. We

chose the region which involves those residues that are

within 5 Å of the substrates palmitoleic acid and N-palm-

itolylglycine, I257–T268. Of the four chimeras prepared,

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

the two with the largest replacements failed to produce

full-sized proteins, whereas the other two chimeric

enzymes, C(259-263) and C(I259D;I263F), showed dra-

matic inhibition of catalytic turnover with laurate, palmi-

tate, and farnesol as substrates [114]. Furthermore, no

significant changes in the regiospecificity of oxidation of

these substrates were detected [114]. These results suggest

that for the substrates laurate, palmitate, and farnesol, the

I-helix part of the catalytic site plays a mostly general

structural role (because of its length and location above the

3-methyl, 4-vinyl edge of the heme), by generally blocking

part of the distal pocket from the substrate, rather than one

involving specific substrate binding interactions. Other

mutants within the I-helix that have been reported by others

include the A264E, A264H, and A264K mutants, which

have been studied by Munro and coworkers [27, 42, 43].

It was shown that all three of those amino acid side

chains can bind to iron, a demonstration of the close

positioning of the I-helix to the heme. Another I-helix

residue, T268 of CYP102Al, is the threonine present in the

I-helix of many CYP enzymes. It is believed to be involved

in stabilization of the oxy complex of the reduced enzyme,

and possibly to participate in a proton shuttle mechanism

[115–117]. The T268A mutant has been produced and

shown to have much slower rates of O2 and NADPH

consumption, and its electron transfer is uncoupled from

substrate hydroxylation, which indeed suggests the

importance of this threonine to the mechanism of action of

CYP102A1 [7].

In comparison with the chimeras created in this study,

the crystal structure of CYP2E1, which also metabolizes

farnesol to 12-hydroxyfarnesol [85], has a much smaller

substrate binding pocket [99] than does CYP102A1 [24,

26], and although the structures are of two inhibitor com-

plexes, those of 4-methylpyrazole (only six non-hydrogen

atoms) and indazole (nine non-hydrogen atoms), which

each bind to the heme through a heterocyclic nitrogen atom

[99], it is unlikely that the substrate farnesol would require

a significant expansion of the binding pocket. Emphasis

was placed of the small size of the substrate binding pocket

[99], but this has not yet been tested by crystallization and

structure determination of the enzyme bound to any sub-

strate. We aligned the protein sequence of CYP2E1 with

that of CYP4C7 and with our third-round chimera C(78-

82,F87L,328-330), as shown in Fig. S11. It is interesting to

note that the residues of the b1–4 strand (SRS-5) of

CYP4C7 which we mutated, VPL, are VPS for CYP2E1,

with the valine in both cases being five residues after the

–EXXR– motif [50]. Least-squares overlap of our farnesol-

docked chimera C(78-82,F87L,328-330) with CYP2E1

(PDB file 3E4E) based on the heme position, using the

program SwissPDB [111], but without any adjustments of

the residues of CYP2E1, shows some similarity in the

shape of the binding pocket, as shown in Fig. S12. It would

be interesting to obtain a crystal structure of CYP2E1

bound to farnesol.

In conclusion, C(78-82,F87L) and C(78-82,F87L,328-

330) clearly show the most complete change in substrate

selectivity from fatty acids to farnesol, and both retain

superior enzyme activity with respect to CYP102A1

approximately 5 times and approximately 2 times greater,

respectively. The change in substrate selectivity is clearly

shown in Fig. 4. In addition, C(78-82,F87L,328-330) pro-

duces 12-hydroxyfarnesol as the major metabolite, as does

CYP4C7. All experimental results support the conclusion

that scanning chimeragenesis has succeeded in changing

bacterial monooxygenase CYP102A1 into an enzyme

capable of carrying out the major reaction of insect ter-

penoid x-hydroxylase CYP4C7, with a 100-fold increase

in turnover number. The direct comparison of the logarithm

of the product concentration per minute in Fig. 5 shows the

dramatic difference between CYP102A1, CYP4C7, and

C(78-82,F87L,328-330) with all substrates tested. On the

basis of these results, scanning chimeragenesis clearly can

be a useful method for producing new enzymatic products

from CYP102A1. We also believe that scanning chimera-

genesis could be used as a new systematic tool for

changing substrate selectivity and regiospecificity among

any two cytochromes P450 that have a common substrate,

to study the interaction between enzymes and the substrate

or to create new chimeric proteins for pharmaceutical and

industrial uses [9–22].
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