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a b s t r a c t

Retinoic acid (RA) is a critical signaling molecule that performs multiple functions required to

maintain cellular viability. It is also used in the treatment of some cancers. Enzymes in the

CYP26 family are thought to be responsible for the elimination of RA, and CYP26A1 appears to

serve the most critical functions in this family. In spite of its importance, CYP26A1 has neither

been heterologously expressed nor characterized kinetically. We expressed the rCYP26A1 in

baculovirus-infected insect cells and purified the hexahistidine tagged protein to homoge-

neity. Heme incorporation was determined by carbon monoxide difference spectrum and a

type 1 spectrum was observed with RA binding to CYP26A1. We found that RA is a tight binding

ligand of CYP26A1 with low nM binding affinity. CYP26A1 oxidized RA efficiently (depletionKm

9.4� 3.3 nM and Vmax 11.3� 4.3 pmoles min�1 pmole P450�1) when supplemented with P450

oxidoreductase and NADPH but was independent of cytochrome b5. 4-Hydroxy-RA (4-OH-RA)

was the major metabolite produced by rCYP26A1 but two other primary products were also

formed. 4-OH-RA was further metabolized by CYP26A1 to more polar metabolites and this

sequential metabolism of RA occurred in part without 4-OH-RA leaving the active site of

CYP26A1. The high efficiency of CYP26A1 in eliminating both RA and its potentially active

metabolites supports the major role of this enzyme in regulating RA clearance in vivo. These

results provide a biochemical framework for CYP26A1 function and offer insight into the role

of CYP26A1 as a drug target as well as in fetal development and cell cycle regulation.
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1. Introduction

Retinoic acid (RA, Fig. 1) is the biologically active form of

vitamin A. It is necessary for a multitude of biological
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functions including reproduction, embryonic development,

immune competence, maintenance of healthy epithelia and

regulation of apoptosis [1,2]. All of these functions are

sensitive to the precise control of RA concentrations, and
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Fig. 1 – Chemical structures of all-trans-retinoic acid and its previously identified metabolites, 4-OH-RA, 4-oxo-RA, 18-OH-

RA, and 5,6-epoxy-RA.
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both an excess and a deficiency of RA are detrimental for life

[3]. Complex systems have evolved to regulate RA concentra-

tions via biosynthesis and metabolism as well as sequestra-

tion and targeting by specific binding proteins [3–5]. Our

research is focused on characterizing the mechanisms that

control the biodegradation and elimination of RA in humans.

RA can exist as three geometric isomers, all-trans-RA, 13-

cis-RA and 9-cis-RA. Of these, all-trans-RA is believed to be

the primary biologically active isomer [6]. The biological

effects of RA are mainly mediated by all-trans-RA binding to

nuclear RA receptors (RAR) that regulate the transcription of

multiple target genes [7,8]. The elimination of RA in

mammals is mediated metabolically via multiple oxidations

[9], but the identity of enzymes responsible for the

elimination of RA isomers in various human tissues is not

well established. To date, the major identified metabolites

are 4-hydroxy-RA (4-OH-RA), 4-oxo-RA, 18-hydroxy-RA, and

5,6-epoxy-RA (Fig. 1), which appear to be further oxidized to

more polar metabolites [10,11]. Although there is evidence

that 4-OH-RA, 18-OH-RA and 4-oxo-RA can bind to RAR [12]

they do not appear to contribute to RA signaling during

mouse development [13]. Previous studies have shown that

common drug metabolizing P450 enzymes, namely CYP2C8,

CYP2C9 and CYP3A catalyze the conversion of RA to 4-OH-

RA, 4-oxo-RA and 5,6-epoxy-RA [11,14–16]. However, the Km

values were much higher than the circulating concentra-

tions of RA, the actual Km of RA hydroxylation in liver

microsomes, and the Kd values of RA with the cellular

retinoic acid binding proteins (CRABPs) [17,18], suggesting

that these enzymes do not contribute significantly to the

clearance of RA in vivo.

Recently, the CYP26 family was discovered as a group of RA

metabolizing enzymes that may be responsible for RA catabo-
lism [19]. In mammals, theCYP26 family consists of three highly

conservedenzymes,CYP26A1,CYP26B1 and CYP26C1 [20–22]. In

transiently transfected cell lines, both CYP26A1 and CYP26B1

metabolize RA to a series of oxidized metabolites [20,21] but

CYP26A1 has been suggested as the most important enzyme of

the CYP26 family [23]. Although use of transfectedcellshas been

instrumental in producing initial information on the catalytic

activity and substrate specificity of CYP26 enzymes, the low

expression levels of CYPs in these systems have prevented

detailed mechanistic and kinetic characterization of CYP26A1

and other members of this family [23].

Both CYP26A1 and CYP26B1 are essential for development.

Cyp26a1 null mouse embryos die during mid-gestation and

Cyp26b1 null pups die soon after birth with both knock-outs

showing multiple developmental defects [24–26]. Despite the

apparent critical role of the CYP26 enzymes in regulating RA

concentrations, their activity and expression pattern in

human tissues and their cellular localization are unknown,

although transcripts of CYP26A1 and CYP26B1 have been

detected in most human tissues [27]. Since no recombinant

enzyme system has been available, the exact metabolic

pathway and kinetics of RA metabolism by CYP26A1 are

unknown. The goal of this study was to conduct a basic

biochemical characterization of CYP26A1, and to establish the

main metabolic determinants of RA oxidation by CYP26A1.
2. Materials and methods

2.1. Reagents

RA isomers and Acitretin (I.S.) were purchased from Sigma–

Aldrich (St. Louis, MO) and 4-oxo-RA from Toronto Research
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Chemicals (Toronto, ON). 4-OH-RA was synthesized as

described previously by dissolving 4 mg of the 4-oxo-RA in

1200 ml methanol and 400 ml of 2-propanol [28]. The reaction

mixture was made alkaline by the addition of aqueous sodium

hydroxide (40 ml of a 1 M solution). Sodium borohydride

(4.08 mg, 108 mmol) was added and the reaction mixture was

stirred for 30 h. The mixture was then acidified by drop-wise

addition of acetic acid and the product was extracted with ethyl

acetate. The ethyl acetate extracts were combined and washed

with water. Formation of the 4-OH-RA was confirmed by 1H

NMR and UV–vis spectroscopy. Stock solutions of RA, 13-cis-RA,

9-cis-RA, 4-OH-RA and 4-oxo-RA were made in methanol such

that the final concentration of methanol in incubations did not

exceed 1%. All stock solutions were stored at �80 8C and all

experiments with RA or metabolites were conducted under red

light. HPLC grade solvents were obtained from Fisher Scientific

(Pittsburgh, PA) and NADPH was obtained from Sigma–Aldrich

(St. Louis, MO). Rat P450 oxidoreductase, expressed in E. coliwas

a gift from Josh Pearson (University of Washington, Department

of Medicinal Chemistry) and cytochrome b5 was purchased

from Invitrogen (Carlsbad, CA).

2.2. Expression of CYP26A1 in insect cells

For CYP26A1 expression, full-length CYP26A1 mRNA was

extracted from HEK293 cells. The corresponding cDNA,

produced using RT-PCR, was cloned into pCRblunt-II TOPO

vector (Invitrogen, Carlsbad, CA) and the sequence was

verified to be identical with Genbank accession number

NM000783. For CYP26A1 expression, primers were designed

(forward primer sequence: 50-gcgaattcatggggctcccggcgctgc-

30; reverse primer sequence: 50-gcaagcttttaatggtgatggtgat-

gatgtccctgaaaatacaggttttcgatttccccatggaaatgggtg-30) to

amplify the CYP26A1 coding sequence while adding a

hexahistidine tag. The resulting PCR product was cloned

into the Invitrogen Zero Blunt TOPO vector according to the

manufacturer’s instructions. EcoRI and HindIII were used to

excise the His-tagged CYP26A1 gene from the TOPO vector

and the resulting fragment was ligated into pFastBac (from

Invitrogen, Carlsbad, CA). The Bac-to-Bac Baculovirus

Expression System (Invitrogen, Carlsbad, CA) was used to

produce protein from Sf9 insect cells according to the

manufacturer’s instructions using Sf-900 II SFM liquid media

(Invitrogen, Carlsbad, CA) supplemented with 2.5% fetal

bovine serum. During protein expression, ferric citrate

(0.2 mM) and d-aminolevulinic acid (d-ala, 0.3 mM) were

added to the media 24 h post-infection to facilitate heme

synthesis. The cells were harvested 72 h post infection,

washed once in PBS with 1 mM phenylmethanesulphonyl-

fluoride (PMSF), pelleted and stored at �80 8C.

2.3. Preparation of microsomes and characterization of
expressed CYP26A1

To prepare ER membrane fractions (microsomes) the insect

cells were lysed in 10 mM KPi buffer (pH 7.4) with 10 mM

EDTA and 0.15 M KCl using a Thomas tube and a Teflon

pestle followed by sonication. Cell debris, nuclei, and cell

membranes were removed by centrifuging at 8000 � g for

20 min. The ER membranes were collected by centrifugation
of the supernatant at 100,000 � g for 60 min, the supernatant

was discarded and the pellet was resuspended in 50 mM

KPi buffer with 20% glycerol and 0.1 mM EDTA. The P450

content of the final microsomal preparation was determined

by CO-difference spectrum [29] and the protein concentra-

tion was measured using a Pierce protein quantitation kit

(BCA-assay) according to manufacturer’s instructions

(Pierce, Rockford, IL). The obtained microsomes were

used for all catalytic experiments with CYP26A1. The

CYP26A1 concentrations used in microsomes refer to the

active holo-protein.

2.4. Purification of CYP26A1

One ml of Talon affinity resin (Clontech, Mountainview, CA)

was washed with equilibrium buffer (EB) containing 50 mM

KPi, 20% glycerol, 1% Nonidet P40 (NP40), 1% cholate, and

150 mM KCl. Insect cell microsomes (containing EDTA) were

diluted in buffer containing 50 mM KPi and 20% glycerol at pH

7.5. Detergents (NP40 and cholate) were added to a final

concentration of 1% and the membranes were solubilized with

gentle agitation at 4 8C for 1 h. Insoluble matter was pelleted

via centrifugation at 20,000 � g for 40 min at 4 8C. The

supernatant was passed through a Zeba Spin (Pierce, Rockford,

IL) desalting column (according to the manufacturer’s proto-

col) equilibrated with EB in order to remove EDTA. The

desalted protein was combined with the washed Talon resin

and rocked gently for 1 h on ice. The slurry was centrifuged

and the supernatant removed. The resin was washed twice

with EB, and then twice with EB + 10 mM imidazole. Bound

protein was eluted with three washes of EB + 500 mM

imidazole. Following SDS-PAGE analysis to confirm purifica-

tion, washes containing CYP26A1 were pooled, concentrated

using a Centricon centrifugal concentrator (Millipore, Billarica,

MA) molecular weight cut-off of 10 kDa, buffer exchanged into

storage buffer (50 mM KPi pH 7.4, 20% glycerol, 0.5 mM EDTA)

with a Zeba Spin desalting column, and concentrated again

prior to storage at �80 8C. The concentration of functional

CYP26A1 was determined by CO-difference spectrum and BCA

protein assay.

2.5. Antibody to CYP26A1 and Western blotting

A peptide antibody to the C-terminus of CYP26A1 protein was

designed (Ac-PVDNLPARFTHFHGEIC-OH) and synthesized by

Quality Controlled Biochemicals (Hopkinton, MA) according to

Andreola et al. [30]. Rabbits were used to generate an anti-

hCYP26A1 antibody using a standard immunization protocol

(R&R Rabbitry, Stanwood, WA). The obtained antiserum was

purified using Immunopure IgG Purification kit (Pierce, Rock-

ford, IL) including a Protein A affinity purification column

according to manufacturer’s instructions. The resulting anti-

body was used to quantify CYP26A1 in the Sf9 cell micro-

somes. For Western blotting, 1–2 mg of total microsomal

protein or 0.5–5 pmoles of purified CYP26 were loaded onto

a 10% SDS PAGE gel and electrophoresed to separate proteins.

The proteins were transferred to a PVDF membrane at 100 V

for 1 h and the membrane was blocked overnight using

blocking buffer (50% Odyssey block (LI-COR Biosciences,

Lincoln, NE) and 50% PBS). Tween 20 (final concentration
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0.1%) was added together with the primary antibodies. The

membranes were incubated with either rabbit anti-hCYP26A1

antibody (1:1000) or mouse anti-6Xhis (Qiagen, Valencia, CA)

antibody (1:2000) for 1 h after which the membrane was rinsed

4 times with PBS-0.1% Tween and incubated for 1 h with the

secondary antibody mixture (anti-mouse 1:5000, IRDye 800,

Rockland, Gilbertsville, PA and anti-rabbit; 1:4000, Alexa Fluor

680, Molecular Probes, Eugene, OR) in 1:1 mixture of Odyssey

blocking buffer and PBS-0.1% Tween. The membrane was

rinsed again with PBS-0.1% Tween and stored in PBS at 4 8C

until imaged. The proteins were visualized by fluorescence

using the Odyssey infrared imaging system (LI-COR Bios-

ciences, Lincoln, NE) and integrated fluorescence intensities

were obtained using Odyssey software (v2.1). The concentra-

tion of CYP26A1 in the microsomal preparations was

quantified based on a standard curve constructed using

purified CYP26A1 protein.

2.6. Determination of ligand-induced binding spectrum

The optical titration of the ligand-induced binding spectrum

was performed with an Aminco DW2 dual beam spectro-

photometer as upgraded by Olis Instruments, Inc. Matched

cuvettes containing KPi buffer (pH 7.4) with 20% glycerol were

used. CYP26A1 microsomes (220 nM holo-CYP) were added to

the sample cuvette. RA (5 or 50 mM) was added in 1 ml

increments to both cuvettes to normalize the absorption of

RA, and the absolute spectrum was measured by scanning

from 500 to 350 nm. The difference spectrum was obtained by

subtracting ligand free baseline spectrum from the ligand

added spectra, the data was normalized to the absorbance at

490 nm and the difference of absorbance between 420 and

490 nm was used to analyze the titration data.

2.7. Incubation procedure and HPLC analysis of retinoic
acid and metabolites

Unless otherwise stated, all incubations contained 10 nM

CYP26A1 microsomes and 20 nM of rat P450 reductase in

100 mM KPi buffer. A reductase to P450 ratio of 2:1 was used to

closely mimic physiological conditions while maintaining

catalytic activity. To maximize reductase incorporation into

the membrane, CYP26A1 and rat P450 reductase were first

mixed and allowed to stand for 10 min at room temperature.

KPi buffer and RA were then added and the mixture was pre-

incubated for 5 min at 37 8C. All incubations were initiated by

addition of 1 mM NADPH and carried out at 37 8C. 1 ml samples

were quenched after a specified time period with 4 ml ethyl

acetate and Acitretin (I.S., 3 ml of 6 mM solution) was added.

After vortexing, the organic layer was separated, dried under

nitrogen and the sample residue was reconstituted with 50 ml

of methanol of which 10 ml was injected into the HPLC-UV. RA

isomers and metabolites were separated using an Agilent

Technologies (Palo Alto, CA) 1200 series HPLC system

equipped with an Agilent Zorbax C-18 reverse phase column

(3.5 mm, 2.1 � 100 mm), an Agilent temperature controlled

auto-injector, a multiple wavelength detector and HP Chem-

station software. RA and its metabolites were quantified using

the absorbance at 360 nm. The mobile phase flow was 0.2 ml/

min with a linear gradient from initial 90:10 water:acetonitrile
to 10:90 water:acetonitrile over 15 min, then held for 13 mins

before returning to initial conditions 1 min later. The system

was then allowed to re-equilibrate for another 11 min before

the next injection.

2.8. Effect of P450 reductase and cytochrome b5 on
CYP26A1 activity

To study the effect of P450 reductase on CYP26A1 activity,

CYP26A1 (5 nM) was preincubated with 0, 2.5, 5, 10, 20, 30 and

50 nM of rat P450 reductase and 100 nM RA. The incubations

wereallowed torun for 30 s and the formationof RAmetabolites

was measured. Additionally, the effect of reductase content on

rate of depletion of RA by CYP26A1 was determined using 5 nM

of CYP26A1 and 2.5, 10 and 50 nM of P450 reductase, and

collecting 1 ml samples at 0.5, 5 and 15 min after NADPH

addition for analysis of RA concentrations. The effect of

cytochrome b5 on RA turnover by CYP26A1 was determined

in a 3 min incubation using 5 nM of CYP26A1, 10 nM of P450

reductase and 100 nM RA with 0, 2.5, 5, 10, 20 nM of b5.

2.9. Identification of RA metabolites formed by
CYP26A1 and sequential metabolism of RA

CYP26A1 (5 nM) and rat P450 reductase (10 nM) were incubated

with 100 nM RA or 50 nM of 4-OH-RA for 15 and 10 min,

respectively, and metabolite formation and depletion of RA

and 4-OH-RA was analyzed. After HPLC analysis, 4 ml of a 4-

oxo-RA solution in methanol (50 nM) was spiked into the

samples from RA incubation to distinguish between the

hydroxylated products and 4-oxo-RA chromatographic peaks.

The sequential metabolism of RA by CYP26A1 was studied at

RA concentrations of 50 and 500 nM. After reactions were

initiated with NADPH, 1 ml aliquots were collected at 0, 0.5, 1,

2, 5, 10 and 15 min and analyzed for formation of primary and

secondary metabolites.

2.10. Determining kinetic constants of RA
metabolism by CYP26A1

Kinetic constants were determined using both the product

formation and substrate depletion approaches. For product

formation, the amount of 4-OH-RA and other primary

metabolites formed at substrate concentrations between 0

and 500 nM was measured after 30 s incubation and the Km

and Vmax were determined. For substrate depletion, 1 pmole/

ml CYP26A1 and 2 nM of P450 reductase were incubated with

RA (5–200 nM). 1 ml aliquots were collected from incubations

at each RA concentration at 0, 0.5, 1, 1.5 and 2 min after

NADPH addition and quenched into 2 ml of ethyl acetate.

Internal standard was added, organic layer separated and

dried under nitrogen, and the sample residue reconstituted

in 100 ml of methanol, of which 15 ml was injected into the

HPLC-UV.

2.11. Data analysis

Data was analyzed on Microsoft Excel (Redmond, WA).

Analysis of kinetic data was done by WinNonLin v5.2 (Phar-

sight, Mountainview, CA). The Ks value for RA was obtained by
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fitting a modified version of the Morrison equation [31] to the

spectral titration data:

A ¼ Amax

ð½E� þ ½S� þ KSÞ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð½E� þ ½S� þ KSÞ2 � 4½E�½S�

q
2½E� (1)

in which [E] is the holo-CYP26A1 concentration, [S] is the

substrate concentration added, Amax is the maximum absor-

bance observed and A is the absorbance at a given RA con-

centration.

The depletion data at each RA concentration was fitted log-

linearly to the equation,

C ¼ C0 � e�kdept (2)

in which C equals RA concentration, C0 the initial concentra-

tion of RA, kdep the fitted depletion rate constant and t is time.

The kdep obtained for each RA concentration was then used to

determine Km according to Eq. (3) as previously described

[32,33],

kdep ¼ kdep;max � 1� ½S�
½S� þ Km

� �
(3)

For [S], the mid-time point concentrations of the substrate

instead of zero-time concentrations were used in order to

correct for substrate depletion. To obtain the intrinsic

clearance (Clint), the maximum depletion rate, kdep,max

obtained from the non-linear fit was divided by the enzyme

concentration. Vmax for the reaction was calculated from

Clint � Km.

The Km and Vmax for 4-OH-RA, M5 and M6 formation were

determined using the Morrison equation [31]

V ¼ Vmax

ð½E� þ ½S� þ KmÞ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð½E� þ ½S� þ KmÞ2 � 4½E�½S�

q
2½E� (4)

where V is the product formation velocity at a given RA

concentration. The data was analyzed using the holo-protein

concentration determined via CO binding as [E]. The concen-

tration of RA, [S], was corrected for substrate depletion by

averaging the initial concentration with that of RA remaining

at the end of the incubation.
3. Results

3.1. Expression and purification of CYP26A1

Recombinant human CYP26A1 was expressed using the

baculovirus-infected insect cell system. To enrich the

expressed enzyme and improve kinetic characterization of

CYP26A1, ER membrane fractions (microsomes) were isolated.

A classical CO-induced P450 spectrum was detected in the ER

fractions from cells infected with CYP26A1 virus and supple-

mented with d-ALA and iron citrate (Fig. 2a) suggesting the

presence of functional, heme-containing P450. The expression

of the His-tagged CYP26A1 and the appropriate molecular

weight (predicted 56.2 kDa) of the expressed protein was

confirmed by Western blotting using an anti-his and anti-
CYP26A1 antibody (Fig. 2b). The final concentration of holo-

CYP26A1 in the membrane preparations, as determined by

CO-difference spectrum, was 80 pmoles P450/mg protein. To

further characterize the expressed CYP26A1, it was purified

using a standard affinity column protocol to homogeneity as

observed on SDS-PAGE with Coomassie staining (Fig. 2d). The

final concentration of the active purified protein (holo-

CYP26A1) was approximately 1.2 mM as determined from a

CO-difference spectrum (Fig. 2c), representing a yield of about

80% from the insect cell microsomes. Comparison of con-

centrations of purified CYP26A1 measured by BCA assay (apo-

+ holo-protein) and by CO-difference spectrum showed that

80% of CYP26A1 in the purified preparation was in the apo-

form not detectable by heme spectroscopy. The concentration

of total (apo- + holo-P450) CYP26A1 in the microsomes was

quantified by Western blotting using the purified protein as a

calibrator and the obtained apo- to holo-CYP26A1 ratio was

identical in the microsomes and in the purified protein

preparation demonstrating that the portion of apo-protein

present was not a result of the purification procedure.

3.2. Determination of ligand-induced binding spectrum
and spectral binding constant

RA has been suggested as the natural substrate for CYP26A1

[19,20]. Therefore, we tested whether addition of RA to the

CYP26A1 microsomes would result in a ligand-induced

difference spectrum. To normalize for RA absorbance (absor-

bance maximum at 360 nm), RA was added to the sample and

reference cuvette, and the P450 difference spectrum was

obtained by subtracting the ligand free spectrum from the RA

added samples manually. Fig. 3 shows the type 1 binding

spectrum obtained with addition of RA to CYP26A1 micro-

somes indicating that RA replaces a water molecule in the

active site of CYP26A1 and causes a spin state shift of the

heme iron from low to a high spin. A characteristic spectral

minimum at 420 nm was observed in the difference spectrum,

but no clear spectral maximum was observed at 390 nm most

likely due to RA absorbance masking the heme absorbance. RA

bound to P450 may have a different absorbance than RA free in

solution. The magnitude of the spectral change (A490–A420) was

dependent on RA concentration (Fig. 3), and the titration

showed that RA has a high binding affinity to CYP26A1. A

binding constant (Ks) of 529 nM was obtained by fitting the

Morrison equation to the data.

3.3. Characterization of retinoic acid metabolism by
CYP26A1

Catalytic activity of rCYP26A1 was tested using RA as the

substrate. First, we tested whether CYP26A1 mediated RA

oxidation requires NADPH and P450 oxidoreductase and then

investigated the metabolite profile of RA oxidation by

CYP26A1. No formation of 4-OH-RA or of other metabolites

was detected in incubations with CYP26A1 microsomes

supplemented with P450 reductase but without NADPH

(Fig. 4) nor was any depletion of RA detectable. When P450

reductase and NADPH were added, formation of 4-OH-RA and

two other primary metabolites (M5 and M6) was detected as

well as formation of other more polar secondary metabolites



Fig. 3 – Spectral titration of CYP26A1 microsomes with RA.

The difference spectra were obtained by subtracting the

ligand free absolute spectrum from the experimental

spectra and by normalizing for RA absorbance in the

reference cuvette. The difference between absorbance at

420 and 490 nm was measured at each RA concentration

and the absorbance difference was plotted against the RA

concentration (inset). The Morrison equation was fitted to

the data using the holo-CYP26A1 concentration 220 nM to

obtain the binding constant of 529 nM of RA to CYP26A1.

Fig. 2 – Characterization of CYP26A1 microsomes and purified CYP26A1. Panel (a) shows the CO difference spectrum of the

CYP26A1 microsomes with a peak at 450 nm, panel (b) shows a Western blot of CYP26A1 microsomes probed with

antiCYP26A1 antibody, panel (c) shows a CO difference spectrum of the purified CYP26A1 and panel (d) a Coomassie stained

SDS-page gel of the purified CYP26A1. Approximately 3 pmoles of the purified CYP26A1 were loaded on the gel in (d).
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(M1, M2, M3 and M4) that eluted several minutes earlier than 4-

OH-RA (Fig. 4). Interestingly, there was no appreciable

formation of 4-oxo-RA, as confirmed by spiking 4-oxo-RA into

the samples (Fig. 4a). We hypothesized that the polar down-

stream metabolites (M1–M4) were formed sequentially from 4-

OH-RA. To test this hypothesis, 4-OH-RA was incubated with

CYP26A1 at a concentration of 50 nM. In this incubation, M1

was the major metabolite observed (Fig. 4b) but M2, M3 and M4

were also detected. Overall, the downstream metabolite

profile was very similar to that observed after incubation

with RA confirming that RA is sequentially metabolized by

CYP26A1. As synthetic standards were not available for M1–

M4, their identity could not be confirmed but based on their UV

absorbance (maximum at approximately 360 nm) and HPLC

retention times they are most likely result of hydroxylations of

the b-ionone ring. A proposed metabolic pathway is shown in

Fig. 4c.

The formation of all three primary metabolites (4-OH-RA,

M5 and M6) followed Michaelis-Menten kinetics (Table 1)

increasing in a hyperbolic fashion when the initial concentra-

tion of RA was increased (Fig. 5a). However, the ratio of the

secondary metabolite (M1) to 4-OH-RA was dependent on RA

concentration (Fig. 5b) and decreased from 0.5 to 0.25 as the RA

concentration was increased to saturating concentrations,

suggesting that formation of M1 is partially inhibited at high



Fig. 4 – Identification of metabolites formed from RA by

CYP26A1. The lines represent incubations with the

substrate, P450 reductase (10 nM) and CYP26A1 (5 nM)

lacking NADPH and supplemented with NADPH. The

substrates were 100 nM RA (a) and 50 nM 4-OH-RA (b). 4-

oxo-RA was spiked into the RA incubation (a, top trace) to

differentiate between the primary metabolites. The

proposed metabolic scheme is presented in (c).

Fig. 5 – Formation kinetics of 4-OH-RA (^), M5 (&) and M6

(~) from RA by CYP26A1 (a). Initial RA concentrations

ranged from 0 to 500 nM and the Morrison equation was

fitted to the data to obtain kinetic parameters. Panel (b)

shows the RA concentration dependent decrease in the M1

to 4-OH-RA formation ratio. The error bars represent the

range of values.
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substrate concentrations. The Km for the formation of 4-OH-

RA was estimated using the Morrison equation. This method

yielded a Km of 21.4 � 3.6 nM for 4-OH-RA formation (Table 1).

3.4. Effect of P450 reductase and cytochrome b5 on
CYP26A1 activity

As P450 reductase and cytochrome b5 should alter the

catalytic rate of a P450 mediated process by facilitating

electron transfer, the effect of these two enzymes on RA
Table 1 – Kinetic parameters for the formation of primary
metabolites from RA by CYP26A1 and for RA depletion by
CYP26A1. The Km and Vmax values were obtained using
the P450 concentrations of 5 nM as measured by the CO-
difference spectrum. The standard error of each estimate
is shown in parentheses.

Metabolite Km (nM)
(SE)

Vmax (pmol min�1

pmol P450�1) (SE)

4-OH-RA 21.4 (3.6) 3.5 (0.1)

M5 11.8 (5.5) 1.6 (0.1)

M6 22.1 (6.2) 1.1 (0.1)

Substrate depletion 9.3 (3.3) 11.4 (0.9)
depletion and formation of RA metabolites was investigated

using a range of P450 to reductase or cytochrome b5 ratios.

Increasing the reductase to P450 ratios from 0.5 to 2 and 10

increased the depletion rate of RA (100 nM) from 0.13 to 0.26

and 0.86 min�1, respectively. Increasing the reductase to P450

ratio also increased the formation of primary and secondary

metabolites from RA (Fig. 6). The increased primary product

formation was accompanied by increased ratio of M1 to 4-OH-

RA formed. The increasing product ratio is in agreement with

sequential metabolism (vide infra) and general increased

catalytic rate of oxidation. In contrast to the effects of P450

reductase on catalytic rates by CYP26A1, the presence of
Fig. 6 – Effect of cytochrome P450 oxidoreductase on

retinoic acid turnover by CYP26A1. All incubations were

conducted for 30 s in the presence of NADPH and 100 nM

RA. The formation of M1 (white bars), 4-OH-RA (black bars)

and M5 (gray bars) is shown. Additionally, the M1/4-OH-

RA ratio at each OR/CYP ratio is depicted (^).
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cytochrome b5 did not change the overall rate of RA depletion

or of metabolite formation by CYP26A1. None of the samples

supplemented with cytochrome b5 (up to 4-fold excess)

showed significant changes in RA metabolism when com-

pared with samples devoid of b5 (data not shown).

3.5. Analysis of the sequential metabolism of RA by
CYP26A1

To further explore the sequential metabolism within the

system, the time-course of RA metabolism was studied at both

non-saturating and saturating concentrations of RA (50 and

500 nM respectively, Fig. 7). At 50 nM, RA was completely

depleted in 5 min, whereas at 500 nM RA concentrations

remained saturating through the course of the incubation

(Fig. 7a and b). At 50 nM RA, 4-OH-RA and M5 accumulated

until there was no more available RA and then were depleted.

At saturating RA concentration (500 nM), 4-OH-RA and M5

continued to accumulate throughout the 15 min time course

(Fig. 7c and d). These findings indicate that RA inhibits the

depletion of 4-OH-RA and M5 when present at concentrations

above its Km. Metabolite M6 accumulated at both concentra-

tions, without subsequent depletion suggesting that it is not a

substrate of CYP26A1. At 50 nM RA, the formation of the

secondary metabolites (M1, M3 and M4, Fig. 7e) plateaued once

4-OH-RA and M5 were significantly depleted, whereas they all

accumulated in a linear fashion at 500 nM RA (Fig. 7f). The

presence of secondary metabolites at saturating concentra-
Fig. 7 – Time course of RA depletion and metabolite formation

Panels (a) and (b) depict RA depletion, (c) and (d) depict the time c

and (f) depict the time course of secondary metabolites M1, M3

symbols correspond to RA (&), 4-OH-RA (^), M5 (&), M6 (~), M
tion of RA indicates that formation of the secondary

metabolites must be, in part, a non-dissociative event, i.e.

the intermediate (4-OH-RA) does not leave the active site of

CYP26A1 before being further metabolized.

Due to the sequential metabolism (depletion of metabolites)

of RA by CYP26A1 and the formation of multiple primary

metabolites, substrate depletion was also used to determine the

kinetic constants of RA metabolism by CYP26A1. The rate of RA

depletionwasconcentrationdependent(Fig.8)andthedepletion

time courses could be fitted to a first-order decay function to

obtain kdep. The maximum depletion rate (kdep,max) andKm were

obtained from the non-linear fit between the kdep-values and RA

concentrations corrected for substrate depletion. The Km of RA

turnover was estimated to be 9.3� 3.3 nM and kdep,max was

1.2� 0.1 min�1. Using these values, the Vmax for RA depletion

was calculated as 11.4� 0.9 pmoles min�1 pmole P450�1

(Table 1).
4. Discussion

Various methods are available for producing recombinant

P450 enzymes including Escherichia coli, yeast and insect cell

systems [34]. Expression of P450 enzymes in E. coli requires

codon optimization (Barnes modification [35]) to allow

expression and Lee et al. [23] reported lack of expression of

CYP26A1 in the E. coli system. The baculovirus-infected insect

cell system is commonly used to produce P450 enzymes for
at 50 and 500 nM RA (left and right columns, respectively).

ourse of primary metabolites 4-OH-RA, M5 and M6, and (e)

and M4. The error bars represent the range of values. The

1 (^), M3 (*) and M4 (~).



Fig. 8 – Kinetic characterization of RA metabolism by

CYP26A1 using substrate depletion approach. The

obtained depletion rate constants versus RA concentration

data were used to fit the substrate depletion equation to

obtain Km and kdep,max values. The log-linear fits of RA

concentration versus time data when RA was incubated

with CYP26A1 at initial concentrations between 5 and

200 nM are shown in the inset. The concentrations of RA

(nM) are as follows: 200 (*), 80 (&), 40 (^), 20 (~), 10 (&)

and 5 (^) nM. The error bars represent the range of values.
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catalytic experiments and is amenable to co-expression of

P450 enzymes with P450 oxidoreductase. In addition, protein

folding and post-transcriptional modifications are more

similar to mammalian cell systems in Sf9 cells than in E. coli.

For these reasons we selected the insect cell system for

expressing CYP26A1. Using this system we were able to obtain

satisfactory expression of CYP26A1 detected both by CO-

difference spectrum and Western blotting and the protein was

purified in sufficient quantities.

The fact that we could enrich the heterologously expressed

CYP26A1 in ER membrane fractions from the Sf9 cells is the

first indication that CYP26A1 is a typical ER P450 enzyme. Due

to the lack of specific antibodies, the cellular localization of

CYP26A1 has not been confirmed. Our results show that P450

oxidoreductase is required for the function of CYP26A1 and

thus provide indirect evidence that the ER membrane is the

normal site of localization of CYP26A1 in the cell. We also

showed that RA oxidation by CYP26A1 is NADPH-dependent.

Interestingly cytochrome b5, that has been shown to interact

with several mammalian P450 enzymes, had no effect on the

catalytic activity of CYP26A1. Cytochrome b5 may not interact

with CYP26A1 or the lack of b5 effect could be an indication of

the basic efficiency of CYP26A1 in RA metabolism.

All our data suggests that RA is a tight binding ligand of

CYP26A1. The Morrison equation best fitted the product

formation data, and spectral titration of RA with CYP26A1

microsomes yielded a classical tight binding curve. Interest-

ingly, the fits suggested that the total CYP26A1 concentration in

the experiments was higher than that measured by P450

spectrum. Indeed, the apo-protein concentration was 4-fold

higher than holo-P450 when quantified by Western blot. Similar

apo-to-holo-protein ratios have been shown previously for

CYP1A1, CYP2C9 and CYP2E1 [36,37]. Purification and char-

acterization of CYP26A1 from tissues is required to determine
whether the observed apo- to holo-protein ratio reflects in vivo

systems, or is an artifact of the expression system.

Little has been published on the P450 mediated metabolism

of the different hydroxyretinoic acids after initial oxidation

[10,11,23]. Chithalen et al. [10] utilized both ultraviolet spectro-

scopy and mass spectrometry to identify the major primary and

secondary metabolites formed from RA by CYP26A1. Using

synthetic standards and CYP26A1 transfected mammalian cell

lines, they established that RA was biotransformed to 4-OH-RA

and 4-oxo-RA and subsequently to other polar metabolites in

considerable quantities. In the present study, 4-OH-RA was the

major metabolite formed from RA by CYP26A1 under all

experimental conditions. In contrast to the results of Chithalen

et al. [10] 4-oxo-RA was not detected in appreciable concentra-

tions (Fig. 4a). The difference is probably due to the fact that, in

contrast to the CYP26A1 microsomes, other enzymes are

present in the CYP26A1 expressing mammalian cells that

may contribute to the metabolism of 4-OH-RA and the

formation of 4-oxo-RA. When CYP26A1 was expressed in Hela

and V79 cells, the metabolite profiles obtained in the two cell

lines were distinctly different: considerable amounts of down-

stream metabolites were formed in the HeLa cell line but not in

the V79 cell line. Although 4-OH-RA was identified as the major

CYP26A1 metabolite in thecurrent study as wellas in thecells, it

is impossible to distinguish what enzyme(s) is (are) responsible

for the formation of the downstream metabolites of 4-OH-RA in

the HeLa cells. The clear advantage of the insect cell system is

that it allows for easy quantification of holo-CYP26A1 and

accurate characterization of single enzyme kinetics.

In addition to 4-OH-RA, 18- and 3-OH-RA have been

proposed to be primary metabolites formed from RA by

CYP26A1 [10,23] and it was suggested that 3-OH- and 18-OH-

RA are formed by CYP26A1 [10]. Without chemical standards,

M5 and M6 were only tentatively assigned as 18- or 3-OH-RA. If

the b-ionone ring is hydroxylated at multiple locations by

CYP26A1, it is likely that M1–M4 are di-hydroxylated meta-

bolites. Our results show that M1–M4 are indeed formed from

4-OH-RA (Fig. 4b), but similar to M5 and M6, we were not able to

confirm their structures due to lack of reference materials.

Based on our results, RA is sequentially metabolized by

CYP26A1. The sequential oxidation of RA via 4-OH-RA (and

possibly M5 and M6) to M1–M4 can occur via two different

mechanisms; either in a dissociative or non-dissociative

fashion. In dissociative metabolism, the intermediates leave

the P450 active site and rebind, whereas in non-dissociative

metabolism, the intermediate metabolites undergo further

oxidations without ever leaving the active site of the P450.

Overall our data suggests that the formation of M1, M3 and M4

from RA via 4-OH-RA is partly non-dissociative. Non-dis-

sociative metabolism is evident from the time course data of

metabolite formation at 500 nM RA (Fig. 7) as well as from the

plateau in the M1/4-OH-RA ratio at RA concentration above

100 nM (Fig. 5b). Based on enzyme kinetic principles, at

saturating RA concentrations, any 4-OH-RA that dissociates

from the P450 would not rebind as the enzyme is saturated

with RA. Thus, the observed formation of M1, M3 and M4 in

incubations with a saturating concentration of RA must result

from non-dissociative metabolism. It is apparent, however,

that under these experimental conditions a significant portion

of 4-OH-RA does also dissociate from the CYP26A1. As RA
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concentration changes from below to well above the Km, the

formation of M1 decreases relative to that of 4-OH-RA

resulting in a decreased M1/4OH ratio due to competition

for CYP26A1 between RA and 4-OH-RA in solution (Fig. 5).

Dissociative metabolism is also shown by the appearance and

disappearance of RA metabolites as a function of time at 50 nM

concentration of RA. As RA partially inhibits the depletion of 4-

OH-RA and the formation of secondary metabolites, 4-OH-RA,

must at least in part be released to the bulk phase before

undergoing further metabolism. Finally, results obtained with

increasing relative amount of P450 reductase are in agreement

with a partially dissociative mechanism. Increased formation

of downstream metabolites (M1) was observed and the M1 to

4-OH-RA ratio increased considerably between the low and

high reductase to P450 ratios. Based on the increased product

formation (Fig. 6), the increase in oxidoreductase to P450 ratio

increases the catalytic rate of CYP26A1 in agreement with

improved electron transfer. The increased overall catalytic

rate would increase the kcat to koff ratio for the primary

metabolite allowing for less primary metabolite to dissociate

from the active site before being subsequently metabolized.

This increase in the kcat to koff ratio will result in an increase in

M1 formed relative to 4-OH-RA at saturating RA concentra-

tions (100 nM RA� Km for RA).

Sequential metabolism of RA may have biological impor-

tance because 4-OH-RA has been shown to bind to RAR

isoforms and 4-oxo-, 4-OH-, 18-OH- and 5,6-epoxy-RA have

been shown to induce maturation of NB4 cells and bind to RAR

with similar affinities to that of RA [12]. However, studies have

suggested that the role of CYP26A1 in fetal development is

dependent on its efficiency to deplete RA, not to form

biologically active metabolites [13]. The results obtained in

this study show that 4-OH-RA is at least partly further oxidized

(to likely biologically inactive species) by CYP26A1 without

leaving the active site of CYP26A1. Such non-dissociative

metabolism would assure that the metabolites, if biologically

active, would not be available to elicit any biological responses

in the cell. To date, no studies have been published that

elucidate the nature of dissociation of the primary RA

metabolites from CYP26A1. Further study is needed to fully

understand the kinetics of this metabolic process. In our

system, the sequential metabolism is clearly a mixture of

dissociative and non-dissociative processes. However, in vivo,

the fraction of 4-OH-RA that leaves the active site before being

further metabolized will depend on the rate of electron

transfer, the availability of P450 reductase and the dissociation

rates of the intermediates. Isotope dilution experiments may

provide useful information about the fraction of metabolism

that is dissociative in the different systems.

The sequential metabolism within this system suggests

that CYP26A1 is integral in the inactivation of RA and that it is

not only necessary to inactivate RA, but also to inactivate any

resulting biologically active metabolites. The high kinetic

efficiency, sequential metabolism and high affinity for RA,

suggest that CYP26A1 is a critical enzyme in elimination of RA

from cells. CYP26A1 is much more efficient in depleting RA

than other P450 enzymes previously indicated as RA hydro-

xylases. The Km value for RA depletion was 9.4 nM, a value

close to the physiological concentration of RA, estimated to be

5–10 nM [2,38] and much lower than the Km of RA for other
drug metabolizing P450s (>1000 nM) [16]. The intrinsic

clearance (i.e. the efficiency) of RA by CYP26A1 was

1.2 ml min�1 pmole P450�1, a value that is more than 10,000-

fold higher than those observed for CYP3A7, CYP3A4, CYP2C8

and CYP2C9 (0.003–0.128 ml min�1 nmole P450�1) [11,14–16].

From this comparison it is clear that even if expressed at very

low levels, CYP26A1 will be the major RA hydroxylase in

humans. In cells that express CRABPs, the difference in

affinities between P450 isozymes might be even greater. It is

noteworthy, that the Km (and Kd) of RA to CYP26A1 is of the

same order of magnitude as the binding affinity of RA to

CRABPI and CRABPII [18,38].

In conclusion, this study provides the first biochemical

characterization of CYP26A1 protein and its function, includ-

ing the first kinetic description of the metabolism of RA by

human rCYP26A1. The kinetic results show that CYP26A1 is

likely to be the major RA eliminating enzyme in humans when

compared to those previously identified, such as CYP2C8,

CYP2C9 and CYP3A4. The qualitative analysis of the metabo-

lite profile demonstrated significant sequential metabolism of

RA by CYP26A1 suggesting that 4-OH-RA is unlikely to

accumulate in the cellular environment to cause biological

responses. The obtained kinetic and enzymological data are

important for the design of new agents that inhibit retinoic

acid metabolism (RAMBAs) that could be used in cancer

chemotherapy, as well as in our understanding of the function

of CYP26 enzymes in fetal development and in adult life.

Finally, the development of an expression and purification

system for CYP26A1 in Sf9 cells will facilitate future studies of

the effects of genetic polymorphisms on the function of this

enzyme as well as more detailed mechanistic and structural

characterization.
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