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Summary

Cytochrome P450 (P450) 4X1 is one of the so-called “orphan” P450s without assigned biological 

function. Codon-optimized P450 4X1 and a number of N-terminal modified sequences were 

expressed in Escherichia coli. Native P450 4X1 showed a characteristic P450 spectrum but low 

expression in E. coli DH5α cells (<100 nmol P450/L). The highest level of expression (300-450 

nmol P450/L culture) was achieved with a bicistronic P450 4X1 construct (N-terminal 

MAKKTSSKGKL, change of E2A, amino acids 3-44 truncated). Anandamide (arachidonoyl 

ethanolamide) has emerged as an important signaling molecule in the neurovascular cascade. 

Recombinant P450 4X1 protein, co-expressed with human NADPH-P450 reductase in E. coli, was 

found to convert the natural endocannabinoid anandamide to a single monooxygenated product, 

14,15-epoxyeicosatrienoic (EET) ethanolamide. A stable anandamide analog (CD-25) was also 

converted to a monooxygenated product. Arachidonic acid was oxidized more slowly to 14,15- 

and 8,9-EETs but only in the presence of cytochrome b5. Other fatty acids were investigated as 

putative substrates but showed only little or minor oxidation. Real-time PCR analysis 

demonstrated extrahepatic mRNA expression, including several human brain structures 

(cerebellum, amygdala, and basal ganglia), in addition to expression in human heart, liver, 

prostate, and breast. The highest mRNA expression levels were detected in amygdala and skin. 

The ability of P450 4X1 to generate anandamide derivatives and the mRNA distribution pattern 

suggest a potential role for P450 4X1 in anandamide signaling in the brain.
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(Introduction)

Cytochrome P450 (P450, EC 1.14.14.1) monooxygenases are involved in tissue specific 

conversions of many naturally occurring substances; e.g., vitamins, hormones, and signaling 

molecules, including the diverse group of the so-called eicosanoids [2]. P450 Families 1-3 

are primarily involved in the metabolism of therapeutic drugs and other xenobiotic 

chemicals, while Families 4-51 consist of enzymes involved in the endogenous metabolism 

of important biological compounds; e.g., steroids, fatty acids, vitamins, and eicosanoids [3]. 

P450 Subfamily 4F members are known to primarily oxidize endogenous compounds, e.g. 

fatty acids and arachidonic acid derivatives [4]. The primary site of P450 metabolism is the 

liver, and the amount of P450 found in brain is relatively low compared with liver [3], 

ranging from 1-10%. P450 metabolism of fatty acids may be of importance in brain, i.e. 

neurotransmitters and fatty acids are oxidized by P450s [4,5].

Arachidonic acid derivatives have been implicated in a large number of physiologically 

important processes. The arachidonic acid derivative anandamide (arachidonoyl 

ethanolamide) is a natural endocannabinoid found in most human tissues and acts as an 

important signaling mediator in both neurological and other physiological functions [6,7]. 

Anandamide was originally found in human brain, binding to the cannabinoid receptor CB1, 

and is believed to elicit cannabinoid-like pharmacological activity, i.e. nociception and 

hypomotility, with a 30-fold higher affinity in the brain than in the periphery [7,8]. 2-

Arachidonoyl glycerol (2-AG) is another natural endogenous endocannabinoid [9]. Unlike 

2-AG, the naturally occurring level of anandamide is relatively low in the central nervous 

system. When administrated as a drug, anandamide elicits pharmacological effects 

mimicking the effects of Δ9-tetrahydrocannabinol, the active component of marijuana 

(Cannabis sativa L.) [10]. Anandamide has recently been shown to be oxidized by P450s in 

mouse liver and brain microsomes [6] and human liver and kidney microsomes [11], 

forming a number of P450-derived hydroxyeicosatrienoic (HETE) and epoxyeicosatrienoic 

(EET) ethanolamides in the latter case.

At least one-fourth of the known 57 human P450 (CYP) genes (http://drnelson.utmem.edu/

CytochromeP450.html) remain “orphans,” based on the terminology used for receptors and 

other proteins without known ligands. The largest number of orphans is found within P450 

Family 4. P450 Family 4 consists of six human subfamilies: 4A, 4B, 4F, and the recently 

discovered 4X, 4V, and 4Z [3,12].

Human P450 4X1 (NM_178033.1) is located on chromosome 1p33 (www.ncbi.nlm.nih.gov) 

close to P450s 4Z1, 4Z2P, 4A11, 4A22, and 4B1. The gene has 12 exons and the predicted 

protein includes 509 amino acids. Homologous genes have been found in several 

mammalian species, including rat (70% amino acid similarity), mouse (71%), and dog 

(75%) (www.ensembl.org). Rat P450 4X1 was originally cloned using reverse transcriptase 

(RT) polymerase chain reaction (PCR) and found to be specifically expressed in several 

brain regions (e.g. brain stem, hippocampus, cortex, and cerebellum) as well as in vascular 

endothelial cells [13]. The mouse ortholog, P450 4x1, has been proposed to be a major brain 

P450, with protein localization demonstrated primarily in brain neurons, choroidal epithelial 

cells, and vascular endothelial cells [14]. Human P450 4X1 mRNA has been reported in 
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kidney, brain, heart, and liver [15,16]. Expression was detected in brain by expressed 

sequence tag (EST) analysis and in aorta by mRNA blotting. However, no quantitation of 

the mRNA expression of P450 4X1 in tissues has been reported. A major limitation of these 

studies has been that no heterologous expression system has been published to date, and so 

far no catalytic activity has been reported in order to establish a putative physiological 

function.

We report the expression and purification of an N-terminal modified codon-optimized 

version of P450 4X1 in Escherichia coli. Recombinant P450 4X1 oxidized anandamide 

rather specifically to the 14,15-EET ethanolamide derivative, at a slow rate. Arachidonic 

acid formed trace amounts of 14,15- and 8,9-EETs but only in the presence of cytochrome 

b5 as an auxiliary factor. The rates of oxidation of a number of other arachidonic acid 

derivatives, neurosteroids (e.g. dopamine and tyramine), and common drugs (e.g. loratadine 

and clotrimazole) were below the limits of detection. Quantitative PCR indicated highest 

levels of P450 4X1 mRNA in brain regions and skin. The oxidation of anandamide (and a 

stable analog of anandamide and Δ9-tetrahydrocannabinol), albeit slow, suggests a potential 

role for P450 4X1 in neurovascular function in human brain.

Results

Synthesis of codon-optimized P450 4X1 cDNA

A cDNA was prepared for heterologous expression using polymerase chain assembly (PCA) 

with 63 overlapping oligonucleotides (Supplementary material Table S1). The sequence was 

codon-optimized for heterologous E. coli expression, a protocol previously used in this 

laboratory for successful expression of other P450s [17,18]. A product with a perfect P450 

4X1 sequence was used for further studies and expression. The P450 4X1 insert was also 

integrated into a bicistronic vector (containing the cDNA for human NADPH-P450 

reductase, EC 1.6.2.4) [19].

Expression of N-terminal variants

The alignment of the codon-optimized P450 4X1 sequence was compared to the native P450 

4X1 sequence reported in the NCBI database (NM_178033) (Fig. 1). The modifications 

introduced at the N-terminus were based on alignments with close P450 family members. 

For P450 Family 4 enzymes most heterologous expression work to date has been performed 

in yeast, and a limited amount of information about E. coli expression is available. In the 

case of P450 4B1 [20] the best expression was achieved with a sequence adapted from 

bovine P450 17A1 [21] in front of the third codon (corresponding to P450 4X1 construct 2) 

(Fig. 2). In order to optimize expression levels, the first 45 amino acids were truncated based 

on predictions from the program SOPMA (Pôle Informatique Lyonnais, http://npsa-

pbil.ibcp.fr/cgi-bin/secpred_sopma.pl) which indicated the presence of two α-helix 

structures in the N-terminal part of the protein (1-11 and 15-44). N-Terminal modified P450 

4X1 constructs 3 and 4 (Fig. 2) were based on modifications previously used for rabbit P450 

2C3 [22] and rat P450 2C11[23]. Both constructs have sequences truncated before the well-

conserved proline rich region found at amino acid residues 44-50. P450 4X1 construct 1 
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used the bovine P450 17A1 sequence [21] along with a Δ2-44 truncation (Supplementary 

material Table S2, Figs. S1, S2).

The levels of expression of native and N-terminally modified monocistronic P450 4X1 

constructs were initially very modest in E. coli DH5α cells. For the native monocistronic 

P450 4X1 construct, the normal expression level was >100 nmol P450/L, with the highest 

level of expression ~ 200 nmol P450/L; however the apparent P450:cytochrome P420 ratio 

was ~1:20 and the weak P450 spectral peak was shifted (to 455 nm). We considered 

numerous changes to improve the ratio of P450 to cytochrome P420. A similar pattern was 

found for the four N-terminal modifications, with expression levels of ~25 nmol P450/L (30 

°C, 48 h); at 24 h only P450 4X1 construct 2 showed expression (60 nmol P450/L). 

Expression trials with P450 4X1 constructs 1-4 (Fig. 2) were also carried out, using these 

constructs with co-expression of the molecular chaperones pGroES/EL12 in E. coli DH5α 

(induced by arabinose, 4 mg/mL); in this case P450 4X1 construct 1 showed an expression 

level of 150 nmol P450/L, and the remainder yielded <25 nmol/L (detection limit).

The inserts were moved into a bicistronic vector (containing human NADPH-P450 

reductase). Expression trials were carried out using these constructs with and without co-

expression of the molecular chaperones pGroES/EL12 in E. coli DH5α under different 

conditions of temperature and time. In E. coli DH5α cells none of these constructs expressed 

>25 nmol P450/L, while with co-expression of the molecular chaperones pGroES/EL12 in 

E. coli DH5α the expression levels of P450 4X1 construct 3 were considerably better. The 

optimal expression temperature for construct 3 was found to be 28 °C and a strong P450 

peak was detected (Fig. 3A) 17-21 h following induction (150 - 450 nmol P450/L), with 

expression levels then decreasing with time to <70 nmol P450/L after 48 h. The OD600 at 

the time of induction proved to very important, because almost no expression was detected if 

the value was much lower or higher than 0.5.

Purification of P450 4X1

Solubilization of the bicistronic P450 4X1 membranes was achieved in the presence of 1% 

sodium 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonic acid (CHAPS) (w/v) 

(Fig. 3B) and purification was performed using a Ni-nitrilotriacetic acid (NTA) column 

(elution with imidazole, Fig. 3C) (39% yield). Purified P450 4X1 (Fig. 4) was found to 

aggregate (in the first trial, after removal of detergent and KCl and lowering the ionic 

strength to 100 mM); therefore, subsequent dialysis utilized a final storage buffer of 200 

mM potassium phosphate buffer (containing 1 mM EDTA and 20% glycerol, v/v), which 

appeared to prevent aggregation.

Real-time Quantitative PCR Analysis of P450 4X1

In order to investigate the quantitative tissue distribution pattern of P450 4X1 in human 

tissues, real-time PCR was used to compare the mRNA levels of P450 4X1 expression to an 

internal housekeeping gene, glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The 

results of the panels have, for graphic representation (Fig. 5), been normalized to human 

adult liver (at 100), and all the other values are compared with adult liver. The expression 

level in adult heart is 2- to 3-fold higher than in adult liver, and the mRNA levels in kidney, 
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colon, breast, and fetal liver and aorta were 6- and 10-fold higher than in adult liver. The 

highest levels were detected in prostate, skin, and particularly amygdala. Whole brain levels 

were 2- to 3-fold higher than in liver, cerebellum was 3-fold higher, and amygdala was 20-

fold higher (Fig. 5). However, the caveat should be added that all of the adult mRNA 

samples were from single donors (the fetal samples were from a pool of 5 individuals) and 

the issue of inter-individual variation has not been addressed. Due to the difficulty of 

obtaining human mRNA from multiple donors for some of these tissues, we were limited to 

investigating the expression levels with single donors in most cases.

Search for Catalytic Properties of P450 4X1

A number of putative substrates were investigated, based on both the P450 4X1 mRNA 

tissue distribution and other well-known P450 Family 4 substrates (e.g. fatty acids and 

prostaglandins). In all but two cases, no oxidation to possible mono- or dioxygenated 

products was detected under our conditions (Supplementary material Table S3). 

Anandamide, considered the endogenous ligand of endocannabinoid receptors, exhibits 

cannabinoid-like pharmacological activity [6] and is known to be oxidized to prostaglandin-

like products by cyclooxygenases [24].

P450 4X1 did not form 20-HETE ethanolamide; however, one of the four potential epoxide 

(EET) products was found to increase in the presence of NADPH (Fig. 6A-6E). The MS/MS 

spectrum of the product was very similar to those previously described for EET 

ethanolamides [11] and to a 14,15-EET ethanolamide standard, with major fragments at m/z 

346 (M-18, −H2O), 328 (M-36, −2 × H2O), 303 (M-61, loss of the ethanolamide group), 285 

(loss of 18 (H2O) from m/z 303), and 267 (loss of 18 (H2O) from m/z 303). The 

characteristic fragment m/z 248 was readily detectable, and a minor m/z 187 peak was also 

found (Fig. 6E) [11]. We conclude that the peak at tR 8.91 is 14,15-EET ethanolamide. A 

Km of 65 (± 19) μM and kcat of 65 (± 9) pmol product formed/min/nmol P450 were 

measured, using bicistronic membranes (Supplementary material Figs. S3, S4). None of the 

other EET ethanolamides was formed by P450 4X1. An experiment with a second 

preparation of bicistronic membranes yielded a rate of 130 pmol 14,15-EET formed/min/

nmol P450.

Formation of the epoxide was inhibited by pre-incubation (10 min) of P450 4X1 with 1-

aminobenzotriazole (ABT) (and in the presence of NADPH) [25], providing further 

evidence for P450-dependent formation of 14,15-EET ethanolamide from anandamide. One 

of two stable anandamide analogs [26] also yielded a monooxygenated product. CB-25 (N-

cyclopropyl-11-(3-hydroxy-5-pentylphenoxy)-undecanamide), a stable analog of both 

anandamide and THC, was converted to both a mono- and a dioxygenated product, though 

the position of the oxygen group has not been determined due to the lack of available 

standards (see Supplementary material Fig. S5). Another anadamide analog, CB-52 (N-

cyclopropyl-11-(2-hydroxy-5-pentylphenoxy)-undecanamide), did not form any products 

under these conditions.

When purified P450 4X1 was incubated with anandamide, 14,15-EET ethanolamide was 

also detected (Fig. 6). The measured rate was 200 pmol product formed/min/nmol P450. The 

addition of cytochrome b5 did not significantly change the amount of product formed (180 
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pmol 14,15-EET ethanolamide formed/min/nmol P450). However, when arachidonic acid 

was used as the substrate, 14,15- and 8,9-EETs were formed (rates of 18 and 9 pmol/min/

nmol P450, respectively) but only in the presence of cytochrome b5 (molar ratio of 1:1) 

(Supplementary material Fig. S6). When another naturally occurring endocannabinoid, 2-

AG, was incubated with purified P450 4X1 (and NADPH-P450 reductase), no product 

formation was detected (<5 pmol/min/nmol P450). The coupling efficiency was low. In the 

absence of substrate, P450 4X1 oxidized 27 (± 5) nmol NADPH/min/nmol P450 (22 ± 6 

with the addition of cytochrome b5). With the substrate anandamide present, the NADPH 

oxidation rate was 70 (± 7) nmol/min/nmol P450 (88 ± 10 with cytochrome b5 added). 

When arachidonic acid was added as the substrate, the NADPH oxidation rate was 36 (± 5) 

nmol/min/nmol P450 (29 ± 2 with cytochrome b5 added).

Discussion

P450 4X1 was heterologously expressed in E. coli and found to selectively oxidize the 

endocannabinoid anandamide to 14,15-EET ethanolamide (Fig. 6). In addition, a stable 

analog of both anandamide and the cannabinoid Δ9-tetrahydrocannabinol, CB-25, was 

oxidized to both mono- and dioxygenated products. P450 4X1 formed two arachidonic acid 

epoxides but only in the presence of cytochrome b5 and at much lower rates (Supplementary 

material Figs. S5, S6).

Anandamide is an arachidonic acid derivative found in most tissues and an important 

signaling mediator in neurological, immune, and cardiovascular functions [27]. It binds to 

the CB1 cannabinoid receptor and has been proposed to be an endogenous cannabinoid 

receptor ligand [7,8]. Recent reports also indicate that anandamide, at concentrations higher 

than those needed to activate the CB1 cannabinoid receptors, is a full agonist of vanilloid 

receptor (VR)-1 mediated functional response, i.e., vasodilatation of small arteries (not 

dependent on the endothelium). VR1 may be involved in the transduction of acute and 

inflammatory pain signals [28,29]. In brain and liver, anandamide is rapidly converted to 

arachidonic acid and ethanolamine by a fatty acid amide hydrolase. P450 oxidations of 

anandamide are also kinown. Studies of mouse liver microsomes incubated with NADPH 

showed the generation of ≥20 anandamide products determined by HPLC-UV [6]. Human 

liver and kidney microsomes produced a single monoohydroxy product, 20-HETE 

ethanolamide, in addition to four epoxides, 5,6-, 8,9-, 11-12, and 14,15-EET ethanolamides 

[11].

In this work, P450 4X1 oxidized anandamide to 14,15-EET ethanolamide as judged by 

comparison with commercial standards and previously reported MS spectra (Fig. 6E), and 

no other products were detected (Fig. 6). Another member of P450 Family 4, P450 4F2 

(expressed in liver and kidney), has been reported to form a single monooxygenated product 

from anandamide (20-HETE-arachinodoyl ethanolamide), and P450 3A4 (in the liver and 

small intestine) has been reported to form all four epoxides (EETs) of anandamide [11]. 

Administration of anandamide to rats increased the levels of P450 in the 2C and 3A 

subfamilies in rat liver and brain [30]. The in vivo formation and biological relevance of the 

P450-derived HETE and EET ethanolamides remains to be determined, but they may be 

important signaling molecules in human brain. The high level of P450 4X1 (mRNA) in skin 
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(Fig. 5) may be relevant to a function there. Anandamide concentrations have been 

measured in rat and mouse skin [31-33] but apparently not human skin, to our knowledge 

and analysis of database searches. We are currently working to procure skin samples for 

analysis of anandamide and the 14,15-EET product.

In our initial experiments, P450 4X1 was found not to oxidize either arachidonic acid or a 

number of other long chain fatty acids. However, when cytochrome b5 was added, P450 4X1 

formed both 14,15- and 8,9-EETs from arachidonic acid, albeit at very low rates. A number 

of P450s, primarily from Subfamilies 2C, 2J, 4A, and 4F, are known to oxidize arachidonic 

acid to EETs and HETEs, which have been implicated as important signaling mediators with 

relevance to blood pressure regulation and other physiological processes, i.e. mitogenesis, 

vasodilatation, modulation of cellular Ca2+, Na+, and K+ fluxes, and activation of Ca2+-

dependent K+ channels [2]. Most P450 Family 4 members are recognized for their fatty acid 

hydroxylation activity but some drugs are also oxidized, e.g. P450 4F3 oxidizes 

erythromycin and imipramine [34].

A molecular model for P450 4X1 has been built on the basis of bacterial P450 102A1 

(BM3) (26% sequence identity) and has a substrate pocket that is L-shaped with the heme 

located in an angle, with substrates being either short-chain or longer chain fatty acids, not 

oxidized at the ω-ends but rather within the hydrocarbon chain [14]. The model [14] may be 

consistent with the observed selective oxidation, although the model is based on low 

sequence similarity and provides not explanation for the preference for oxidation of fatty 

acid amides over fatty acids. We found that P450 4X1 did not catalyze the oxidation of any 

other fatty acids investigated, nor the neurotransmitters. It is conceivable that some function 

has been lost due to the N-terminal modification and truncation introduced into our P450 

4X1, and we cannot unambiguously rule out the possibility that a native P450 4X1 construct 

expressed in a different system might oxidize these fatty acids.

In the mouse studies of Bornheim et al. [6], liver microsomes produced 20 different 

anandamide oxidation products at rates of 8 to 386 pmol/min/mg protein. Mouse brain 

microsomes produced only two products, distinct from the liver products, at rates of 7 and 

17 pmol/min/mg protein. None of the products were identified. In the study of Snider et al. 

[11], the rates of production of anandamide oxidation products by human kidney 

microsomes were 44-480 pmol/min/mg protein (Vmax). Exactly how the mouse results relate 

to the human is unclear, in that none of the (unidentified) anandamide products matched in 

brain and liver microsomes in mice [6] but 14,15-EET ethanolamide, the only anandamide 

product formed by the brain-selective P450 4X1 (Fig. 6), is also reported to be formed by 

the liver enzyme P450 3A4 [11]. Another outstanding issue is that the catalytic efficiency 

(kcat/Km) of recombinant human P450 4X1 is relatively low because of the Km of 65 μM 

(Supplementary material Fig. S3), i.e. ~ 3 × 103 M−1 min−1, compared to 1.5 × 106 M−1 

min−1 for 20-hydroxylation by P450 4F2 [11]. Steady-state kinetic parameters for P450 3A4 

were not reported but the values measured with liver microsomes indicated that the four 

epoxidations (by P450 3A4) [11] are more efficient than the P450 4X1-catalyzed 14,15-

epoxidation we characterized. However, it is possible that the selective formation of 14, 15-

EET ethanolamide in brain has some particular significance. It should also be noted that the 

administration of anandamide to rats increased the levels of Subfamily 2C and 3A P450s in 
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rat liver and brain [30]. We tried to examine the binding of potential substrates to P450 4X1 

using the heme spectral perturbation method [35] but neither anandamide nor arachidonic 

acid induced a spectral change in three separate attempts (at concentrations up to 35 μM). 

However, the lack of induction of a spectral change has been noted before with some bona 

fide substrates [36].

P450 4X1 is located on chromosome 1 close to another orphan P450, P450 4Z1, and P450s 

4A11, 4A22, and 4B1 (www.ncbi.nih.gov/). The Subfamily 4F P450s are clustered on 

chromosome 19p13.1. P450 4X1 is also well-conserved across species, sharing 84, 80, 81, 

and 99.6% nucleotide sequence identity with the dog, rat, mouse, and chimpanzee orthologs, 

respectively. Kidney, breast, and aorta all expressed P450 4X1 mRNA at 5-and 10-fold 

higher levels than adult liver, and in prostate the expression was found to be >10-fold higher 

than in liver (Fig. 5). Whole brain mRNA expression was 5-fold higher than liver, while 

individual brain structures exhibited both lower (e.g., globus pallidus) and considerably 

higher (e.g. amygdala) levels. The highest mRNA expression was found in amygdala and 

skin. Conventional PCR analysis detected transcripts in kidney, skeletal muscle, breast, 

ovary, and uterus and higher expression in trachea and aorta [15,16]. Our real-time PCR 

analyses confirm and extend these results (Fig. 5), in general, and are consistent with the 

expression profiles suggested by EST sequences reported to the National Center for 

Biotechnology Information (NCBI). A relatively large number of P450 4X1 single 

nucleotide polymorphisms have been reported (www.hapmap.org) and we cannot exclude 

the possibility that the inter-individual mRNA levels of P450 4X1 may vary, because these 

results are not based on pooled populations (except for fetal liver and aorta, pool of five). 

Rat brain regions showing high P450 4X1 mRNA expression using Northern blot and in situ 

hybridization were hippocampus, cerebellum, and cortex. P450 4X1 mRNA has also been 

detected in rat cerebral vessels in in situ hybridization analysis [13]. In mouse brain, the 

orthologous protein was estimated to be present at a level of 10 ng per mg microsomal 

protein, suggesting that this may be one of the major P450s in mouse brain [14]. Mouse 

P450 4x1 protein was found not to be induced by phenobarbital, dioxin, dexamethasone, or 

the peroxisome proliferators activated receptor (PPAR) α agonist ciprofibrate in brain, liver, 

or kidney [14]. Some of the P450 Family 4 enzymes are known to be induced by PPARα 

agonists [37], and the PPARα agonist Wyeth 14,643 induced human P450 4X1 in a human 

hepatoma cell line over-expressing PPARα [15].

Although the function of this orphan P450 enzyme must still be considered largely 

unknown, the expression pattern and ability to selectively convert anandamide to the 

epoxide 14,15-EET ethanolamide suggest a potential role in neurovascular function, and 

further studies may reveal other catalytic functions and an overall pharmacological role in 

physiological function.

Experimental procedures

Optimization of P450 4X1 and vector preparation

Automated codon optimization and oligonucleotide design for PCR-based gene synthesis 

were performed in silico, using DNAWorks 3.1 from the National Institutes of Health 

(http://helixweb.nih.gov/dnaworks) [17] (Fig. 1, Supplementary material Table S1). The 
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amino acid sequence and the native cDNA sequence information for human P450 4X1 were 

obtained from NCBI GenBank sequences (see Supplementary material Table S2), and codon 

optimization was performed in order to match the codon preference biases of E. coli. Four 

different N-terminal constructs were prepared, along with the native codon-optimized 

sequence construct (with the change E2A) (Supplementary material Table S1). In brief, a 

number of overlapping oligomers were designed to span the cDNA sequence and used for 

primary PCA followed by a one-step PCR reaction (94 °C, 5 min; 94 °C, 30 s; 58 °C, 30 s; 

72 °C, 2 min (30 cycles); 72 °C, 10 min). The sequence was prepared in one synthon 

containing an NdeI restriction site (spanning the start codon at the 5’-end) and an XbaI 

restriction site (at the 3’-flanking end of the sequence). The insert of the correct size was 

ligated into the pCW vector, in both the monocistronic and bicistronic versions (the latter 

containing an NADPH-P450 reductase gene downstream of the P450 4X1 cDNA insert, 

between the NdeI and XbaI sites) [19]. Positive selected clones were sequenced using an 

Applied Biosystems Big Dye system in the Vanderbilt facility. In order to facilitate 

purification using Ni-NTA chromatography, a (His)6 tag was added to the C-terminal end of 

the native protein.

Four different N-terminal modifications (based on previous literature, see Fig. 2, 

Supplemental Table S2), were introduced into the native construct (pCWmc_P450 

4X1native) by PCR-based mutagenesis. Advantage™ DNA polymerase (Stratagene, La 

Jolla, CA, USA) was used for the PCR amplification, at an annealing temperature of 60 °C. 

All PCR products were purified using preparative electrophoresis on 1.5 to 2 % (w/v) 

agarose gels prior to restriction digestion using NdeI and XbaI. The digested insert was 

ligated into the monocistronic pCW vector and transformed, and positive clones were 

selected. All modifications were confirmed by nucleotide sequencing analysis. All modified 

and native 4X1 insert cDNAs were ligated into a bicistronic pCW vector containing an 

NADPH-P450 reductase vector [19].

Heterologous Expression of P450 4X1

Expression of P450 4X1 native and modified constructs was performed in both E. coli 

DH5α cells and the same cells co-expressing the chaperones pGroEL/ES12. Plasmids 

pGroES/EL12 and each of the constructs were transformed and selected on Luria Bertani 

(LB) plates (containing 50 μg/ml ampicillin or 50 μg/mL ampicillin plus 20 μg/mL 

kanamycin, respectively). Single colonies were grown overnight in LB media (100 μg/mL 

ampicillin alone or with 50 μg/mL kanamycin, in the case of pGroES/EL12) at 37 °C, with 

225 rpm gyrorotary shaking, and used to inoculate 1-l cultures (1:100 dilution). Large-scale 

expression for P450 4X1 bicistronic construct 3 was performed in 2.8-L Fernbach flasks 

containing 1 L Terrific broth (TB) (with 100 μg/mL ampicillin, plus 50 μg/mL kanamycin in 

the case of pGroES/EL12) containing 0.025% (v/v) of a mixture of trace elements [38] in an 

Innova 4300 shaker (New Brunswick Scientific, Edison, NJ, USA) with gyrorotary shaking 

at 225 rpm until the OD600 reached 0.5. D-Isopropyl-β-galactoside (1.0 mM) and 5-

aminolevulinic acid (0.5 mM) were added to start induction, along with arabinose (4 

mg/mL) to initiate pGroEL/ES12 transcription, when included. Incubation continued at 28 

°C with gyrorotary shaking at 190 rpm for another 17-21 h. Expression levels were 

monitored over 48 h.
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Purification of Recombinant P450 4X1

E. coli membranes were prepared as previously described [39]. Membranes of P450 4X1 

(from 1 L culture) were solubilized in 400 mM potassium phosphate buffer (pH 7.4) 

containing 20% glycerol (v/v), 1.0 mM EDTA, 0.5% sodium CHAPS (w/v), and 1.0 mM 

imidazole. The mixture was stirred overnight at 4 °C and centrifuged at 105 g for 60 min, 

and the supernatant was loaded on a Ni-NTA column (6 mL) equilibrated with 400 mM 

potassium phosphate buffer (pH 7.4) containing 1.0 mM EDTA, 1.0 M KCl, 0.5% CHAPS 

(w/v), 10 mM β-mercaptomethanol, and 1.0 mM imidazole). The enzyme was eluted with 

100 mM potassium phosphate buffer (pH. 7.4) containing 0.5% CHAPS (w/v), 1.0 M KCl, 

10 mM β-mercaptomethanol, and a gradient increasing from 50 to 100 mM imidazole. The 

eluted fractions were pooled and dialyzed four times versus 100 volumes of 200 mM 

potassium phosphate buffer (pH 7.4) containing 1.0 mM EDTA and 20% glycerol (v/v) at 4 

°C. Purified P450 4X1 was stored in small aliquots at −70 °C until used. (Purified 4X1 

appeared to be less stable under storage conditions than P450 2W1 [18] and several other 

recombinant human P450s.)

Real-time PCR Analysis of P450 4X1 Expression

Human polyA+ RNA samples (human adult and fetal liver, kidney, colon, skin, prostate, 

breast, adult heart and fetal aorta, as well as a number of human brain regions including 

whole brain, cerebellar hemisphere, basal ganglia, globus pallidus, and amygdala) were 

obtained from Ambion Inc. (Austin, TX, USA) and Stratagene (La Jolla, CA, USA). 

Aliqouts of RNAs (1 μg) were reverse-transcribed using a two-step Enhanced Avian™ RT 

reaction (SigmaAldrich, St. Louis, MO, USA) containing deoxynucleoside triphosphate mix 

(10 mM dNTP), random nonamers (50 μM in H2O, Enhanced AMV RT ™ (20 U/mL in 200 

mM potassium phosphate buffer (pH 7.2) containing 2 mM dithiothreitol, 0.2% Triton 

X-100 (v/v) and 50% glycerol (v/v)), 10× buffer for AMV RT (500 mM Tris-HCl buffer 

(pH 8.3) containing 400 mM KCl, 80 mM MgCl2, and 10 mM dithiothreitol) and RNase 

inhibitor (20 U/μL) in 20 μL volume and used for first strand synthesis (25 °C, 25 min; 42 

°C, 50 min) according to the manufacturer's protocol, and 1 μL cDNA was used as template 

for each PCR. Primers for real-time PCR of human P450 4X1 mRNA were (forward) 5’ 

CACCGCTTGTACAGTTTGTTGT and (reverse) 5’-

AGATACAATAATCCAGGAAAGAAAGAA, adapted from Savas et al. [15], specifically 

amplifying a 127 bp fragment of the cDNA. GAPDH and 18S RNA qPCR primer assay sets 

were purchased from SuperArray Bioscience (Frederick, MD, USA).

Quantitative real-time PCR was performed using iQ™ SYBR Green PCR Master Mix™ 

according to the manufacturer's instructions (Bio-Rad, Hercules, CA, USA). Each cDNA 

sample was analyzed in triplicate. Real-time RT-PCR reactions (15 μL) were performed 

with 0.4 μM forward and reverse primers and 1 μL first strand cDNA template 

(corresponding to 30-50 ng cDNA). The program was set at 95 °C (15 min), followed by 95 

°C (30 s), 40 cycles; 55 °C (30 s); and 72 °C (30 s). Real-time PCR was performed on a 

MyIQ Single-Color Real-Time PCR Detection System ™ (Bio-Rad) in MicroAmp 

Optical™ 96-well reaction plates (Bio-Rad). P450 4X1 mRNA levels were calculated using 

the comparative Ct method and normalized to GAPDH expression levels.
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LC-Mass Spectrometry (MS)/MS Analysis

LC-MS/MS analysis was performed on a Waters Acquity UPLC system (Waters, Milford, 

MA, USA) connected to a ThermoFinnigan LTQ mass spectrometer (ThermoFisher, 

Watham, MA, USA). Analysis was performed in the electrospray ionization (ESI) positive 

or negative ion mode using an Acquity UPLC BEH octadecylsilane (C18) column (1.7 μm, 

1.0 mm × 100 mm). All analysis was performed using a gradient from Buffer A (10 mM 

NH4CH3CO2 in 5% CH3CN, v/v) to Buffer B (10 mM NH4CH3CO2 plus 95% CH3CN, 

v/v). The following gradient program was used with a flow rate of 100 μL/min. Sample (15 

μL of a total of 90 μL) was injected on the column using an autosampler system using 

solvent mixture A:B/95:5 (v/v) for 0-3 min; A:B/80:20 (v/v) for 3-6 min; A:B/60:40 (v/v) 

for 6-9 min; A:B/0:100 (v/v) for 9-10 min. The temperature of the column was maintained at 

55-60°C. ESI conditions were as follow: source voltage 4 kV, source current 100 μA, 

auxiliary gas flow rate setting 20, sweep gas flow rate setting 5, sheath gas flow setting 34, 

capillary voltage −49 V; capillary temperature 350 °C, tube lens voltage −90 V. MS/MS 

conditions were as follow: normalized collision energy 35%; activation Q 0.250; activation 

time 30 ms.

Data were acquired in positive and negative ion modes using the Xcalibur software package 

(ThermoElectron) with one full scan from m/z 100 to 500 followed by data-dependent 

MS/MS scans of putative mono- and dioxygenated products (Supplementary material Table 

S3). Anandamide, 2-AG, arachidonic acid, docosahexaenoic acid, eicosapentaenoic acid, 

eicosatrienoic acid, prostaglandin E2, and two stable analogs of anandamide and Δ9-

tetrahydrocannabinol, CB-25 and CB-52, were purchased from Cayman Chemicals (Ann 

Arbor, MI, USA). Dopamine-HCl, tyramine-HCl, loratadine, clotrimazole, and terfenadine 

were purchased from SigmaAldrich.

Search for Putative Substrates using Bicistronic P450 4X1 Protein

A number of potential substrates (100 μM) (Supplementary material Table S3 and Figs. S3-

S6) were incubated in 100 mM potassium phosphate buffer (pH.7.4) with bicistronic 

membranes containing P450 4X1 protein and human NADPH-P450 reductase (0.3 μM) in a 

total volume of 0.5 mL. All samples had two controls, one without the addition of the 

NADPH-generating system and one without protein. The reactions were carried out at 37 °C 

(30 min) and initiated by the addition of an NADPH-regenerating system [40]). The 

reactions were terminated by the addition of 1.0 mL of ethyl acetate and extracted (3 times, 

with separation each time by centrifugation at 3 × 103 g for 10 min); the combined extracts 

were dried under an N2 stream and the residue was dissolved in a 50:50 mixture of 

CH3CN/H2O (v/v). Similar incubation procedures were carried out with all test substrates.

For steady-state analysis of the anandamide oxidation reaction, bicistronic P450 4X1 protein 

(with NADPH-P450 reductase) was used at a final concentration of 0.38 μM with incubation 

(37 °C) for 1, 5, 10, 15, 30, 45, 60, and 120 min. Different concentrations of bicistronic 

P450 4X1 protein were used (0.075, 0.38, 0.75, 1.13, 1.50 μM) with incubation for 30 min at 

37 °C. In the same studies, the enzyme was preincubated with the mechanism-based 

inhibitor ABT (20 μM). ABT was incubated in the presence and absence of the NAPDH-

generating system for 10 min prior to the addition of anandamide.

Stark et al. Page 11

FEBS J. Author manuscript; available in PMC 2016 February 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In assays using purified P450 enzymes, P450 4X1 (0.1 μM) was mixed with purified 

recombinant (E. coli) rat NADPH-P450 reductase [41] (0.5 μM), 30 μM L-α-dilaurolyl-

snglycero-3-phosphocholine, and substrate in 100 mM potassium phosphate buffer (pH 7.4) 

and incubated for 5 min at room temperature (total volume of 0.5 mL). Reactions were 

started after 5 min of pre-incubation at 37 °C with the addition of an NADPH-generating 

system [35]. The reactions were terminated by addition of two volumes of ethyl acetate and 

analyzed as described above.

Assay of Cholesterol Oxidation

Assays of cholesterol oxidation were performed using a general procedure described 

elsewhere [17].

Other Assays and Methods

Concentrations of P450s were estimated using the CO-difference spectra assay [42] with an 

OLIS/Aminco DW2a spectrophotometer (On-Line Instrument System, Bogart, GA, USA). 

SDS-polyacrylamide gel electrophoresis was performed according to Laemmli [43] and 

staining was done using an ammoniacal silver method [44].

Data Analysis

All kinetic data were analyzed by analysis of variance (one-way ANOVA) followed by 

multiple comparisons using Kolmogorov–Smirnov's test for normality, Dunnet's test for 

comparison of groups against control groups, and Student-Newman–Keul's test for 

comparison of all groups’ pair-wise. A Kruskal-Wallis test was used for non-parametric 

data. SPSS version 13 software for Windows (SSPS, Chicago, IL, USA) was used. Results 

are expressed as means ± SEM. The computer program GraphPad Prism for Windows 5.0 

(GraphPad Prism Software, San Diego, CA, USA) was used to create graphs. Values of p 

<0.05 were considered to be significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

ABT 1-aminobenzotriazole

CB-25 N-cyclopropyl-11-(3-hydroxy-5-pentylphenoxy)-undecanamide

CB-52 N-cyclopropyl-11-(2-hydroxy-5-pentylphenoxy)-undecanamide

CHAPS 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonic acid
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EET eicosatrienoic

ESI electrospray ionization

EST expressed sequence tag

GAPDH glyceraldehyde 3-phosphate dehydrogenase

HETE hydroxyeicosatetraenoic acid

LB Luria-Bertani (medium)

MS mass spectrometry

NTA nitrilotriacetic acid

P450 cytochrome P450, also termed “heme thiolate P450” [1]

PBS phosphate-buffered saline (15 mM potassium phosphate buffer, pH.7.4, 

containing 150 mM NaCl)

PCA polymerase chain assembly

PCR polymerase chain reaction

PPAR peroxisome proliferator activated receptor

RT reverse transcriptase

SDS sodium dodecyl sulfate

UPLC ultra performance liquid chromatography
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Fig. 1. 
Optimizations introduced into the P450 4X1 cDNA for E. coli expression. Upper line; 

predicted amino acid sequence; middle line, nucleotide sequence predicted from genomic 

sequence; lower line, nucleotide sequence optimized for E. coli expression.
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Fig. 2. 
N-Terminal modifications used for heterologous expression of P450 4X1 membranes in E. 

coli [18] (see also Supplementary material Fig. S2). Amino acid changes are in italics and 

underlined.
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Fig. 3. 
Fe2+-CO vs. Fe2+ difference spectra. A, P450 4X1 construct 3 expression was done in E. 

coli (with pGroES/EL12). The spectrum was recorded using 1/2 dilutions of whole cell 

extracts and reducing with Na2S2O4. B, Solubilized P450 4X1 (1.5 μM) C, Difference 

spectrum of purified P450 4X1 (0.14 μM).
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Fig 4. 
SDS-polyacrylamide gel electrophoresis of purified recombinant P450 4X1. Lane 1, Mr 

markers; lane 2, purified P450 4X1 (4 pmol).
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Fig. 5. 
Tissue distribution of P450 4X1 mRNA measured by real-time PCR. The relative levels of 

P450 4X1 mRNA were determined using real-time PCR in the tissues indicated below, 

using GAPDH as a reference standard. Different human cDNAs were used as templates, and 

SYBR Green was used for detection. The mRNA levels are shown as the ratio of P450 4X1 

to GAPDH and represent the mean of triplicate measurements from each sample. The 

relative expression was calculated using the ΔCt method (Livak). For graphic presentation 

the graphs have standard deviations shown.
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Fig 6. 
LC-MS analysis of the oxidized product formed from anandamide. The chromatogram show 

selective ion monitoring of m/z 364 (MH+ of ananamide + 16). A, Control reaction (no 

protein); B, P450 4X1, NADPH-P450 reductase, and NADPH; C, P450 4X1 (and NADPH-

P450 reductase) in the absence of NADPH; D, Overlay of the product formation 

chromatograms (from parts B and C). Top (—): P450 4X1 in the presence of NADPH, 

bottom (--------): P450 4X1 in the absence of NADPH; E, MS/MS spectra of 14,15-EET 

ethanolamide formed by P450 4X1, with the insert showing the ×10 expansion of the 

indicated section of the spectrum.
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