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ABSTRACT. Polycyclic aromatic hydrocarbons (PAHS) are metabolizedrdaos-dihydrodiol proximate
carcinogens by human epoxide hydrolase (EH) and CYP1A1. Human dihydrodiol dehydrogenase isoforms
(AKR1C1—-AKR1C4), members of the aldeketo reductase (AKR) superfamily, activatens-dihydrodiols

by converting them to reactive and redox-actorguinones. We now show that the constitutively and
widely expressed human AKR, aldehyde reductase (AKR1A1), will oxidize potent proximate carcinogen
trans-dihydrodiols to their correspondirggquinones. cDNA encoding AKR1A1 was isolated from HepG2
cells, overexpressed igscherichia coli purified to homogeneity, and characterized. AKR1A1 oxidized

the potent proximate carcinogent)-trans-7,8-dihydroxy-7,8-dihydrobenzalpyrene with a higher
utilization ratio ¥madKm) than any other human AKR. AKR1A1 also displayed a high./Kn for the
oxidation of 5-methylchrysene-7,8-diol, bealgnthracene-3,4-diol, 7-methylbealnthracene-3,4-diol,

and 7,12-dimethylbenaJanthracene-3,4-diol. AKR1A1 displayed rigid regioselectivity by preferentially
oxidizing non-K-regiontrans-dihydrodiols. The enzyme was stereoselective and oxidized 50% of each
racemic PAHtrans-dihydrodiol tested. The absolute stereochemistries of the reactions were assigned by
circular dichroism spectrometry. AKR1A1 preferentially oxidized the metabolically relevarbénzo-
[alpyrene-7R),8(R)-dihydrodiol. AKR1A1 also preferred—)-benzpg]anthracene-3),4(R)-dihydrodiol,
(+)-7-methylbenzijanthracene-&),4(S)-dihydrodiol, and {)-7,12-dimethylben#]anthracene-3),4-
(R)-dihydrodiol. The product of the AKR1Al-catalyzed oxidation af){trans-7,8-dihydroxy-7,8-
dihydrobenzadd]pyrene was trapped with 2-mercaptoethanol and characterized as a thioether conjugate of
benzop]pyrene-7,8-dione by LC/MS. Multiple human tissue expression array analysis showed coexpression
of AKR1A1, CYP1A1l, and EH, indicating thatans-dihydrodiol substrates are formed in the same tissues

in which AKR1AL1 is expressed. The ability of this general metabolic enzyme to diegr$-dihydrodiols

to o-quinones suggests that this pathway of PAH activation may be widespread in human tissues.

PAHSs' are ubiquitous environmental pollutants and pro-  The first route involves the formation of radical cations
carcinogens which require metabolic activation to electro- (4) at the most electrophilic carbon by CYP-peroxidase in
philes to exert their deleterious effecty.(Of the mixture the presence of a peroxide substrate. The remaining two
of PAH present in tobacco smoke, bergpyrene is a major  pathways both require CYPs to form arene oxides on the
component§). This representative PAH is metabolized by terminal benzo ring. Subsequent hydrolysis by epoxide
monoxygenases (CYP P450) to phenols and 1,6-, 3,6-, and
6,12-diones. However, these major metabolites do not 1 Abbreviations: PAH, polycyclic aromatic hydrocarbon; CD,

account for the carcinogenicity of PARB) Instead, three  circular dichroism; LC/MS, liquid chromatography/mass spectrometry:
principal routes of activation have been proposed. aldehyde reductase, EC 1.1.1.2 (also designated AKR1At}iSD/
DD, 3o-hydroxysteroid dehydrogenase/dihydrodiol dehydrogenase;
CYP1A1l, cytochrome P450 1A1; EH, epoxide hydrolase; 99,
semiquinone anion; MTE, multiple tissue expression; BP-7,8-dio}, (
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Scheme 1: Metabolic Activation of PAHans Dihydrodiols
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hydrolase (EH) results in the formation of the potent and depurinating DNA adducts, while the production of ROS
proximate carcinogen—)-BP-7,8-diol (, 3). Therefore, increases the formation of 8-oxo-dGuo and DNA strand
focus has been on the metabolic fate of these dihydrodiols.scission 14, 15). The latter event leads to the production of
Two competing pathways exist for the further activation of base propenals and malondialdehyde, which is a potent
BP-7,8-diol. The first pathway involves the secondary mutagen. Importantly, the formation of 8-oxo-dGuo can give
epoxidation of therans-dihydrodiol to form the bay region  straightforward routes to G to T transversiod$)( which
diol epoxide ()-anti-BPDE (). (£)-anti-BPDE will form are among the most common mutations observeld-ras
N2-deoxyguanosine adducts with DNA and is a potent andp53in human lung cancerl{, 18). Since ROS are the
bacterial and mammalian mutagen and potent tumorigen ( causative agents in radiation-induced carcinogenesis, this
The second pathway involves dihydrodiol dehydrogenase, pathway of PAH metabolism mediated by AKRs may
members of the aldeketo reductase (AKR) superfamily, account for the complete carcinogenicity of PAH.
which oxidize BP-7,8-diol to the correspondingquinone, A number of human AKRs have been reported to oxidize
BP-7,8-dione§, 7). The NADP'-dependent oxidation of BP-  the modeltrans-dihydrodiol substrate, benzenedihydrodiol,
7,8-diol by AKRs initially results in a ketol which spontane- and were purified to homogeneity from human liver cytosol.
ously rearranges to form a catechol. The catechol is unstableThe enzymes were initially referred to as DBRD4
and undergoes autoxidation in air. The first one-electron (dihydrodiol dehydrogenase-#) even though their specific-
oxidation results in the formation of ansemiquinone anion ity for PAH trans-dihydrodiols was not established. Subse-
radical and hydrogen peroxide. The second one-electronquently, DD1 or 26,(3a)-HSD (AKR1C1), DD2 or bile acid
oxidation produces the fully oxidizeatquinone and super-  binding protein (AKR1C2), DDx or type 2 3HSD
oxide anion (Scheme 18). The resultingo-quinones are ~ (AKR1C3), and DD4 or chlordecone reductase (AKR1C4)
highly reactive Michael acceptors which can react with were expressed as recombinant proteins and shown to oxidize
cellular nucleophiles including GSH, RNA, and DNA- (+)-BP-7,8-diol to BP-7,8-dionel@, 20). However, DD3,
11). This raises the issue of whether PA&uinones are  which also oxidized benzenedihydrodiol, was identified as
detoxification products or activated metabolites. aldehyde reductase (AKR1A131). This posed the intriguing
The PAH o-quinones produced are highly reactive nu- possibility that this general metabolic enzyme may be
cleophiles and yield bimolecular rate constants for the involved in PAH activation.
addition of GSH of 2.0x 106 M~t min~* (9). They are also AKR1ALl is widely distributed among all mammalian
redox active and either undergo a two-electron nonenzymaticspecies 22). It can catalyze the reduction of a variety of
reduction to re-form the catechol or a one-electron enzymatic aromatic and medium-chain aliphatic aldehydes to their
reduction to re-form the-semiquinone anion radical?, corresponding alcohol28, 24). The most notable properties
13). These events establish futile redox cycles in which the of aldehyde reductases include NADP(H) specificity and high
generation of ROS can be amplified multiple times. As a catalytic efficiency for aromatic aldehydeg-¢arboxyben-
result of these properties PAtdquinones are both cyto- and  zaldehyde,p-nitrobenzaldehyde, pyridine-3-aldehyde, and
genotoxic. They are potent cytotoxins yielding do@alues pyridine-4-aldehydep-glucuronate, short-chain aldoses, and
of 20—30 uM in rat and human hepatoma celld3}. the cancer therapeutic agent daunorubicin.
Mechanisms of cytotoxicity include changes in redox state, This study demonstrates for the first time that the
o-semiquinone macromolecule damage, and GSH depletion.recombinant human aldehyde reductase catalyzes the NADP
Their electrophilic properties enable them to form both stable dependent oxidation of a wide variety wans-dihydrodiol
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Scheme 2: Structures of thieans-Dihydrodiol Metabolites Chemsyn Science Laboratories (Lenexa, KS). All solvents
of Polycyclic Aromatic Hydrocarbons were HPLC grade, and all other chemicals used were of the
highest grade available.
O Caution: All PAHs are potentially hazardous and should

Ho ‘O‘ O‘ be handled in accordance with NIH Guidelines for the
o™ Laboratory Use of Chemical Carcinogens.
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(£)-NP-12-diol (+)-Ph-1 2-diol (+)-Ph-9,10-diol of AKR1A1 cDNA.The B-primer corresponded to'5b

dGGGGGCCATGGCGGCTTCCTG-3and contained an
OO Ncd site (underlined) engineered at the ATG start codon,
‘O R, and the 3primer corresponded t-8GTCTCAGTACGGGT-
HO™ R _ CATTAAAGGG-3'. The presence of thecd site facilitated
on Ho® I A e RoCHs Rt in-frame subcloning of the PCR-amplified AKR1A1 coding

MO % dior ReCH, Ez;:%ﬁ??ﬁﬁ;ﬁ:if.‘;i‘iiT?,;%;%”Hz region into the prokaryotic expression vector pET16b

(Novagen).
A HepG2 first-strand cDNA library was prepared by
‘O isolating mMRNA from a confluent 10 mm plate of HepG2

OH HO™ dT primers were added togg of a total RNA sample, and
HepG2 mRNA was reverse transcribed using 200 units of
(&)-Bla]P-4,5-diel ()-B[a]P-7.8-diol Superscript || RNase Hreverse transcriptase (Gibco BRL)
0 at 55°C for 2 h. Aliquots (1, 2, or L) of the first-strand

m &
Ot O

cells (~10’ cells) using Trizol reagent (Gibco BRL). Oligo-
OH

cDNA library were mixed with 5and 3 AKR1AL1 specific

OO primers (0.2 mM), dNTPs (0.4 mM), and 2 units of Vent

‘ DNA polymerase (NEB) in a final & reaction buffer volume

— of 50 uL. PCR was temperature-cycled using the following

Ho conditions: 94°C for 1 min (denaturation), 58C for 1 min
(©)-BIP.3 d-diol E-)_!-})!»B[g]C-ll,IZ-diol (annealing), and 72C for 1.5 min (extension) for 30 cycles.

Following amplification, reaction mixtures were electro-
phoresed into a 1% agarose gel, and 1.0 kb fragments were
isolated using the Qiaquick gel extraction kit (Qiagen).
Plasmid ConstructsPCR-amplified cDNA was ligated
with T4 DNA ligase into the TA cloning vector pCRII
(Invitrogen) using the Fast Link DNA ligation kit (Epicentre)
g. to yield the pCRII-AKR1A1 construct. The identity of the
positive insert was verified by dideoxysequencing in the
fDepartment of Genetics DNA sequencing facility at the
University of Pennsylvania. The coding region in the SP6
orientation was excised from pCRII usiingd and BanHl|
and was directionally subcloned into tNed —BanHlI site
of the prokaryotic expression vector pET16b. Utilization of
MATERIALS AND METHODS theNcd site in pET16b intentionally results in the excision
of the histidine tag of the vector so that the expressed
Chemicals and Reagent$ADP* and NADPH nucleotide ~ AKR1A1 contains only the desired amino acid sequence.
cofactors were obtained from Boehringer Mannheim Bio-  Prokaryotic Expression and Purification of AKR1Ahe
chemicals (Indianapolis, IN)pL-Glyceraldehyde andp- pPET16b-AKR1A1 construct was transformed into tBe-
nitrobenzaldehyde were purchased from Sigma (St. Louis, cherichia coliexpression strain C41(DE3) (kindly provided
MO). Recombinant AKR1C2 (2.amol min™ mg* using by J. E. Walker of the Medical Research Council Laboratory
1-acenaphthanol as substrate) and AKR1C4 (Qu&iol of Molecular Biology, Cambridge, U.K.), grown to an OD
min~! mg~! using androsterone as substrate) were purified of 0.6 at 600 nm, and then induced overnight with 1 mM
to homogeneity 19). IPTG. Bacterial sonicates were prepared and screened for
trans-Dihydrodiol Synthesi®P-1,2-diol was synthesized the presence of AKR1AL activity by measuring the reduction
by reducing naphthalene-1,2-dione with sodium borohydride of p-nitrobenzaldehyde. SDSPAGE confirmed the presence
in ethanol 25). The K-regiontrans-diol, Ph-9,10-diol, was  of an appropriately sized 37 kDa recombinant AKR1A1
prepared by reducing phenanthrene-9,10-dione (Aldrich) with protein in the bacterial sonicate.
lithium aluminum hydride in ethe2@). Other racemitrans Purification of AKR1A1 was achieved fro a 4 Lculture
dihydrodiols were synthesized according to the methods citedof C41(DE3) cells using the existing procedure for the
in parentheses: BA-3,4-dio27); 7-MBA-3,4-diol (28); 12- purification of recombinant rat liver @HSD/DD (34)
MBA-3,4-diol, 7,12-DMBA-3,4-diol @9, 30); C-1,2-diol following induction by 1 mM IPTG. Throughout the
(31); 5-MC-7,8-diol 32); BP-4,5-diol 83) (Scheme 2).£)- purification, peak fractions were collected, assayed with
BP-7,8-diol was purchased from the National Cancer Institute p-nitrobenzaldehyde, and visualized on SEFSAGE with
Chemical Carcinogen Reference Standard Repository atCoomassie Blue staining. Protein concentration was deter-

metabolites of PAH. The enzyme displays regioselectivity
for the non-K-regionrans-dihydrodiols. Aldehyde reductase
was also highly stereoselective. It preferentially oxidized only
50% of the racemic PAktans-dihydrodiols tested, including
the metabolically relevant{)-7R,8R enantiomer of BP-,7,8-
diol. Aldehyde reductase catalyzed the oxidation of BP-7,
diol to its corresponding-quinone, BP-7,8-dione. Analysis
of multiple tissue expression arrays showed coexpression o
AKR1A1 with CYP1Al and EH, suggesting that the forma-
tion of reactive and redox-activequinones may be wide-
spread in human tissues.
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mined by the Bradford method. The final specific activity enzyme {1 mg), the reaction was incubated for 20 h at 37

of AKR1AL for p-nitrobenzaldehyde reduction was @u@ol °C and then terminated by extraction of the reaction mixture
min~! mg ~! under standard assay conditions. with ethyl acetate (2 50 mL aliquots). 2-Mercaptoethanol
Kinetic Characterization of AKR1A1..KandVmax values was added to the system to trap the presumptive reactive
for the reduction ofbL-glyceraldehyde ang-nitrobenzal- o-quinone as a more stable thioether conjugate. The organic
dehyde were obtained by varying the substrate concentrationextracts were combined and dried over sodium sulfate, and
at a constant cofactor concentration (8@ NADPH) in the organic solvent was removed under reduced pressure.

1.0 mL systems containing 100 mM potassium phosphate The resulting solid was redissolved in methanol and was
buffer (pH 7.0) at 25C. pL-Glyceraldehyde was dissolved analyzed by LC/MS. The MS of the reaction product was
in water, andp-nitrobenzaldehyde was dissolved in aceto- compared to that obtained for the synthetically prepared BP-
nitrile. The final concentration of organic solvent in the assay 7,8-dione thioether conjugat&)( Mass spectrometric data
was 4%. Initial velocities at each substrate concentration werewere acquired on a Finnigan LCQ ion trap mass spectrometer
measured on a Beckman DU640 spectrophotometer by(ThermoQuest, San Jose, CA) equipped with a Finnigan
measuring the change in absorbance of the pyridine nucle-atmospheric pressure chemical ionization (APCI) source. The
otide at 340 nmd = 6270 Mt cm %). Actual values of the ~ mass spectrometer was operated in the positive ion mode.
kinetic constants were determined using ENZFITTER to fit On-line chromatography was performed using a Waters
untransformed data to a hyperbola which provides estimatesAlliance 2690 HPLC system (Waters Corp., Milford, MA).

of Ky, andk.s and their associated standard err@s)( A YMC C;3 ODS-AQ column was used at a flow rate of
Spectrophotometric Assay of trans-Dihydrodiol Oxidation. 0.9 mL/min. Solvent A was 5 mM ammonium acetate in
The initial velocities of enzymatic oxidation of eatlans water containing 0.01% trifluoroacetic acid, and solvent B

dihydrodiol substrate were determined spectrophotometrically was 5 mM ammonium acetate in methanol containing 0.01%
using 2.3 mM NADP as cofactor in 1.0 mL of 50 mM trifluoroacetic acid with the gradient conditions as follows:
AMPSO buffer, pH 9.0 at 25C. The trans-dihydrodiol 30% solvent B at 0 min, 30% solvent B at 5 min, 100%
substrates were dissolved in DMSO, and the final concentra-solvent B at 16 min, 100% solvent B at 24 min, and 30%
tion of organic solvent in the assay was 8%. Reactions weresolvent B at 26 min.

monitored by following the increase in absorbance of the  Multiple Tissue Expression Array dot blot containing
reduced pyridine nucleotide at 340 nm on a Beckman DU poly(A)* RNA from multiple human tissues (CLONTECH)
640 spectrophotometer. The specific activity fenitroben-  was hybridized to a randomly primed cDNA probe contain-
zaldehyde was reduced 70% in the presence of 8% DMSO,ing the entire open reading frame of AKR1A1l. Random
and initial velocity data were corrected for this level of priming was achieved with radiolabeled-f2P]dATP, and
inhibition. a final specific activity greater than 4@pmjtg of DNA
Stereochemical Course of trans-Dihydrodiol Oxidation. was attained. Hybridization was performed at’65for 6 h,
The stereochemical preference of the purified AKR1A1 for and blots were washed with2standard saline citrate plus
select racemitrans-dihydrodiol substrates was determined 19 SDS at 60°C for 40 min. The blots were subjected to
by CD spectroscopy. Reactions were run to completion, and gutoradiography at-70 °C. The blots were then stripped
the unreacted dihydrodiol was isolated for CD spectroscopy and reprobed. This was repeated for CYP1A1 [1BdaRlI
to determine the sign of the Cotton effect of the remaining fragment of the human CYP450 1A1 @ntranslated region
isomer. Incubations were conducted in 10 mL systems (phP1-450-3, ATCC 63006)], epoxide hydrolase [1.8 kb
containing 26-50 uM trans-dihydrodiol, 2.3 mM NADP, Sal—EcaR| fragment of the rat EH cDNA, pEH52 (kindly
and 50 mM AMPSO buffer (pH 9.0) plus 8% DMSO. provided by C. B. Kasper, University of Wisconsin, Madi-
Following addition of the purified enzyme-L00 «g), the  son)], and a control housekeeping gene, ubiquitin. Data were
reactions were incubated at 2% overnight and then  analyzed and quantitated by phosphorimaging.
terminated by extraction of the dihydrodiols with ethyl
acetate (3x 10 mL aliquots). The organic solvent was dried RESULTS
with anhydrous sodium sulfate and then removed under
reduced pressure. The resultant residues were chromato- Prokaryotic Expression and Purification of Human Re-
graphed on 2504m silica ge| thin_|ayer Chromatography combinant AKR1A1The cDNA for human recombinant
plates using chloroform/ethyl acetate (1:1) as the running AKR1AL was subcloned into the prokaryotic expression
solvent. The unreacted diols were visualized under UV and vector pET16b and overexpressed in Ehecoli strain C41-
extracted from the silica with ethanol to obtain sufficient (DE3). The protein was purified to homogeneity following
material for CD fzssm = 1.0 OD unit). CD spectra were induction by IPTG as described in Materials and Methods
recorded on an Aviv model 60DS instrument at room (Table 1). Homogeneous protein (30 mg) was obtained, the
temperature using a quartz cell tvia 1 cmpath length. CD fold purification achieved was 4-fold, and the overall yleld
spectra were plotted as millidegrees of ellipticity versus Was 27%, reflecting the high level of expression achieved.

wavelength. Enzyme purity was established by SBBAGE followed by
Characterization of the Product of Enzymatic Oxidation Coomassie staining (Figure 1).
of BP-7,8-diol by Trapping with 2-Mercaptoethandlo Kinetic Characterization of Human Recombinant AKR1A1.

characterize the product of BP-7,8-diol oxidation catalyzed Characterization of purified recombinant AKR1A1 was
by AKR1A1, incubations were conducted in 50 mL systems conducted using known standard substrates. The ability of
containing 20uM BP-7,8-diol, 2.3 mM NADP, 50 mM AKR1A1 to reducenL-glyceraldehyde ang-nitrobenzalde-
potassium phosphate buffer (pH 7.0), and 5 mM 2-mercap- hyde with the concomitant oxidation of NADPH in 100 mM
toethanol plus 8% DMSO. Following addition of the purified potassium phosphate buffer (pH 7.0) was measuredbior
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Table 1: Purification Scheme for Recombinant Human Aldehyde Reductase (AKR1A1)

DD stage of volume protein total activity specific activity fold overall yield
isoform purification (mL) (mg) (umol/min) (umol min~* mg™?) purity (% sonicate)
AKR1A1 sonicate 70 470 668 1.42 1 100
DES52 cellulose 125 88.5 233 2.63 1.85 34.7
Blue-Sepharose 7.1 30.5 183 6.0 4.23 27.4

a Specific activities were measured using 1 rpMitrobenzaldehyde as the substrate in reaction mixtures containing 100 mM potassium phosphate

(pH 7.0) and 20Q:M NADPH at 25°C.

<
A I~ B
2 4 1 2 3 4 5 6
97.4-
662-
450- [ #
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Ficure 1. RT-PCR, cloning, expression, and purification of
recombinant human AKR1Al. (A) RT-PCR of AKR1A1 cDNA.
RT-PCR amplification from a HepG2 first-strand cDNA library
was performed as described, and aid0aliquot of the reaction
mixture was electrophoresed on a 1% agarose gel stained with
ethidium bromide to visualize the DNA band. (B) Expression and
purification of recombinant human AKR1A1 froE colihost cells.
SDS-PAGE analysis: lane 1, MW marker; lane 2,2 of
AKR1A1 control; lane 3, fug of bacterial cell sonicate; lane 4, 5
ug of the peak fraction from a DE52 cellulose column; lane 5, 5
ug of the peak fraction from a Blue-Sepharose affinity column (final
step); lane 6, 1@g of purified recombinant human AKR1A1.

Table 2: Substrate Specificity for Recombinant Human Aldehyde
Reductase (AKR1AZF)

pL-glyceraldehyde p-nitrobenzaldehdyde
Keat (Min~2) 97 (78) 187 (306)
Km (MM) 1.7 (1.7) 0.07 (0.16)

KealKm (MINT1M~Y) 5.7 x 10* (4.6 x 107) 2.7 x 10° (1.9 x 10F)

aEnzymatic reactions were performed in 100 mM potassium
phosphate (pH 7.0) and 186M NADPH at 25 °C. Values (in
parentheses) are taken from Barski et a6)(

glyceraldehydé., = 97 min?, Ky, = 1.7 mM, andkea/Kn,

= 5.7 x 10* M~'min~! was observed. Fqr-nitrobenzalde-
hydekeae = 187 min?, Ky, = 0.07 mM, andkeof/Km = 2.7 x
10° M~'min~! were determined. The catalytic efficiencies
obtained were compared with values previously repo@éd (
37) for AKR1AL (Table 2). This comparison revealed very

Table 3: Oxidation of Multiple Structurally Diverse PAH
trans-Dihydrodiols by Human Aldehyde Reductase

PAH trans-dihydrodiols Vimal Km?
NP-1,2-diol 280 (4070 AKR1C1)
non-K-region dihydrodiols

Ph-1,2-diol 484 (ND AKR1C%4)

C-1,2-diol 420 (271 AKR1C4)

BA-3,4-diol 1840 (869 AKR1C4)

BP-7,8-diol 800 (235 AKR1C2)
methylated derivatives

7-MBA-3,4-diol 2320 (1325 AKR1C2)

12-MBA-3,4-diol ND (ND AKR1C1-4)

7,12-DMBA-3,4-diol 2625 (5000 AKR1C2)

5-MC-7,8-diol 3520 (952 AKR1C4)
K-region dihydrodiols

Ph-9,10-diol ND (ND AKR1C%4)

BP-4,5-diol ND (ND AKR1C*-4)
Fjord-region dihydrodiols

B[c]P-3,4-diol 320 (222 AKR1C4)

B[g]C-11,12-diol 304 (4446 AKR1C4)

a Enzymatic reactions were in 50 mM AMPSO (pH 9) with 2.3 mM
NADP*. The concentrations of PAH diol substrates used were as
follows: 20 uM (Ph-1,2-diol, BA-3,4-diol, 7-MBA-3,4-diol, 7,12-
DMBA-3,4-diol, BP-4,5-diol, BP-7,8-diol); 5@M (NP-1,2-diol, C-1,2-
diol, 5-MC-7,8-diol, BE]P-3,4-diol, Bfg]C-11,12-diol). ND = not
detectable Vma/Km = (nmol mint mg1)/[S] x 1000. Values were
corrected for inhibition of enzyme activity by the 8% DMSO cosolvent.

generated for the variousans-dihydrodiols with NADP

as coenzyme at pH 9.0. Values obtained were compared with
the highest utilization ratios of other well-characterized
human DDs (AKR1C+AKR1C4) obtained under identical
conditions (Table 3).

PAH trans-dihydrodiols of increasing ring number were
oxidized by AKR1A1l (naphthalene to benafjyrene)
(Scheme 2). PAHrans-dihydrodiols containing three or
more rings (phenanthrene to berdpyrene) can reside in
K or non-K regions. AKR1A1 oxidized only non-K-region
trans-dihydrodiols (compare Ph-1,2-diol with Ph-9,10-diol
and BP-7,8-diol with BP-4,5-diol). PAlttans-dihydrodiols

good agreement between values for the recombinant enzymevith methylated non-bay regions were oxidized with even

and those previously reported for the native enzyme.

Initial Velocities of trans-Dihydrodiol Oxidation Catalyzed
by AKR1A1The limited solubility of therans-dihydrodiols
precluded direct determination &f, and Vmax values. To
compare the ability of the purified AKR1A1 to oxidizens
dihydrodiols, the initial velocity of the enzymatic oxidation
of each potential substrate was measured at very low
substrate concentrations, relativekg (less than 0.XK.,).
Since these reactions were conducted in the presence o
saturating concentrations of NADPthe initial velocities
observed under these conditions follow psuedo-first-order
kinetics. In this instance, the Michaelidlenten equation
simplifies to v/[S] = VmadKm, providing a direct estimation
of utilization ratio. Using this approach, utilization ratios were

higher utilization ratios than their parent PAH by AKR1A1
(compare C-1,2-diol with 5MC-7,8-diol and BA-3,4-diol with
7MBA-3,4-diol). When utilization ratios for AKR1A1 were
compared with AKR1C+AKR1C4, in general AKR1A1
was the more efficient catalyst. Importantly, AKR1A1 gave
the highest utilization ratio for BP-7,8-diol. Fjord-region
dihydrodiols benzajphenanthrene-3,4-diol and bengp[
chrysene-11,12-diol were also substrates for AKR1AL.

f Determination of the End Point of Enzymatic Oxidation
of Racemic trans-Dihydrodiols by AKR1ATo determine
whether AKR1A1 catalyzed the complete oxidation of
racemictrans-dihydrodiols, HPLC assays were developed.
The disappearance of diol substrate over time in the presence
of enzyme was monitored. Initial velocities were calculated
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Ficure 2: Determination of the end point of enzymatic oxidation
of racemictrans-3,4-dihydrodiols of benz]anthracene by aldehyde
reductase (AKR1A1) and two other human DD isoforms (AKR1C2
and AKR1C4). Progress curve for the oxidation of (A) BA-3,4-
diol, (B) 7-MBA-3,4-diol, and (C) 7,12-DMBA-3,4-diol by human
recombinant dihydrodiol dehydrogenase (AKR1A1, AKR1C2, and
AKR1C4) isoforms. Racemic BA-3,4-diol, 7-MBA-3,4-diol, and
7,12-DMBA-3,4-diol (20uM each) were incubated with AKR1A1
(4 ug), AKR1C2 (10ug), or AKR1C4 (6ug) in 50 mM AMPSO
(pH 9.0) at 37°C in the presence of 2.3 mM NADP Initial
velocities were determined by taking tangents to the progress curves

by converting the peak area at each time point to nanomole
of dihydrodiol remaining and plotting these versus time.
Reactions were carried out until no further change in peak
area was observed; at this time the addition of a second
aliquot of enzyme resulted in no further change in peak area,
confirming that each reaction had reached completion.
Progress curves for these reactions were computed and ar
shown in Figures 2A,B and 3A,B. These progress curves
were compared with those obtained for AKR1C2 and
AKR1C4 for the oxidation of BA-3,4-diol, 7-MBA-3,4-diol,
and 7,12-DMBA-3,4-diol. In each instance, AKR1C2 and
AKR1C4 oxidized 100% of the racemicans-dihydrodiol
substrate. By contrast, AKR1A1 oxidized only 50% of the
racemictrans-dihydrodiols, suggesting stereochemical pref-
erence for a single sterecisomer.
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Ficure 3: Oxidation of &)-BP-7,8-diol by AKR1AL. (A) RP-
HPLC assay of+£)-BP-7,8-diol oxidation catalyzed by AKR1A1.
Racemic BP-7,8-diol (2&M) was incubated with AKR1A1 (4.0
ug) in 50 mM AMPSO (pH 9.0) at 37C in the presence of 2.3
mM NADP*. Chromatograms were obtained at different time points
10, 10, 30, 65 min, etc.). (B) Initial progress curve for the oxidation
of (+)-BP-7,8-diol by AKR1AL. Initial velocities were calculated

320

from the linear portion of the curve. (C) Identification of the BP-
7,8-diol stereoisomer preferentially oxidized by AKR1Al. CD
spectrum of unreacted dihydrodiol recovered from the AKR1A1-
catalyzed reaction.

Identification of the Stereoisomer of BP-7,8-diol Prefer-
entially Oxidized by AKR1AT o identify the stereoisomer
preferentially oxidized by AKR1A1, a large-scale reaction
was conducted usingH)-BP-7,8-diol, and the enzymatic
reaction was run to completion, i.e., until 50% of the
racemate was consumed. The unreadtads-dihydrodiol
was extracted with ethyl acetate and was isolated by thin-
layer chromatography. The recovered dihydrodiol was redis-
solved to give 1.0 AU/mL at the wavelength of maximum
absorbance, and the CD spectra were recorded. The CD
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spectra of the unreacted BP-7,8-diol gave a positive Cotton 269 (MH*-H,0)
effect, indicating that the<{)-7R 8Risomer was preferentially 100
oxidized (Figure 3C). Similar experiments were conducted
: (X
70

for BA-3,4-diol, 7-MBA- 3,4-diol, and 7,12-DMBA-3,4-diol
SO0k

(data not shown). The«)-3R,4R isomer of BA-3,4-diol, {)-

Relative Abundance
[=23
(=3

354S isomer of 7MBA-diol, and {)-3R4R isomer of o™
DMBA-3,4-diol were also found to be preferentially oxidized 50
by AKR1AL. 40 OH

Characterization of the Product of AKR1A1-Mediated 30
Oxidation of BP-7,8-diol.To identify the product of BP- 20
7,8-diol oxidation catalyzed by AKR1A1, a 50 mL reaction 107 268570 308 318
was conducted in the presence of 2-mercaptoethanol (see  oF— 2002400 L Aol
Materials and Methods). The anticipated product of the mwz 33
reaction, BP-7,8-dione, is a highly reactive Michael acceptor B 1 (MH"-CO)
that can readily form conjugates with the buffer. Therefore, ~ o %3  HOCHCHS
2-mercaptoethanol was added as a strong nucleophile to trap & # ‘]O
the o-quinone as a thioether conjugate. The thiol attacks at _g 70’ ‘O‘
C10 on BP-7,8-dione, forming a substituted ketol. The ketol < o o
undergoes keteenol rearrangement to the catechol which 2 30; o
autoxidizes to the substitut@squinone. A synthetic standard 5 40 359 (MH*)
was prepared by reacting BP-7,8-dione with 2-mercaptoet- 30
hanol as previously described)( LC/MS showed that the 20 a4l
major enzymatic reaction product gave the same LC retention 10 28313 [ 1979
time and MS ionsifyz = 359 (MH') andm/z= 331 (MH'— 03 L2 3(%0 s =
CO)] as the synthetic standard identifying the reaction m/z 331
product as BP-7,8-dione. By contrast, LC/MS of BP-7,8- (C '™ (MH" -CO)
diol gavem/z = 269 (MH" — H,0). g

Coexpression of AKR1AL, CYP1A1L, and Epoxide Hydro- g %
lase. To examine the expression of AKR1Al in human 570
tissues, a commercial Northern blot containing RNA from <6
16 different human tissues was probed with human AKR1A1 g%
and then with human GAPDH cDNAs to normalize for equal CRU 159 )
loading (data not shown). AKR1A1l was present in every 30 (MH")
tissue with the highest expression being observed in the 20 hai
kidney, liver, small intestine, and pancreas. This result is 10’ aer 31s [ 3979
consistent with the previously published data describing 03 o213 248 3&) - o
ubiquitous expression of human AKR1A}§). mz

Multiple tissue expression arrays were also probed t0 Figure 4: Characterization of the product of AKR1A1-catalyzed
examine the coexpression of AKR1A1 with CYP1A1 and oxidation of BP-7,8-diol by LC/MS. LC/MS of (A) synthetic BP-

EH, the other two obligate enzymes required for the 7,8-_di0|.tm/2 =th2€t5_9 (|:V|H+ - szOf), (B%hBP-7,Eijdionfggi%eéhg_f

i H i conjugate syntnetically preparea trom tnhe reaction o -/,0-dlone
35 well contaning RNA from various numan ssues and i 2mercaptosthancime = 350 (V) andml = 331 (i

. . — CO), and (C) BP-7,8-dione thioether conjugate formed from the

cell lines. The detection of AKR1AL, CYP1AL, EH, and enzymatic oxidation of BP-7,8-diol by AKR1AL1 in the presence
ubiquitin was performed sequentially using the corresponding of 2-mercaptoethanoiyz = 359 (MH") andm/z = 331 (MH" —
cDNA probes. This method allowed the distribution of a CO).
single enzyme to be measured across each tissue. However, o
the relative levels of each enzyme within a given tissue gland followed by trachea, testis, liver, prostate, and stomach.
cannot be compared or quantitated. Data are shown fromThe blot was also probed with a housekeeping gene, ubiquitin
representative tissues (Figure 5) (data not ShOWI’l), to confirm uniform |Oad|ng of pOly(ﬁ)

Expression of AKR1A1 varied several-fold across human RNAS.
tissues. Highest levels were observed in kidney, liver, salivary
gland, trachea, stomach, and fetal lung, which is consistentDISCUSSlOI\I
with the data obtained previously using Northern blot  This report is the first demonstration of the substrate
analysis. Thus AKR1A1 was expressed in every human tissuespecificity of human aldehyde reductase (AKR1A1) for
examined with highest levels seen in drug-metabolizing and trans-dihydrodiol metabolites of PAH. Aldehyde reductase
PAH-exposed tissues. Although CYP1A1l is not an abun- catalyzes the NADPRdependent oxidation of PAKrans
dantly expressed CYP, it was expressed in the following rank dihydrodiols of increasing ring number with different ring
order: liver> placenta> bladder> kidney > stomach> arrangements. Aldehyde reductase is one of the most
trachea. Its expression level varied approximately 10-fold abundantly expressed AKRs in human tissues. Physiologi-
across human tissues. The expression level of EH acrossally, AKR1A1 catalyzes the reduction of mevaldate to
human tissues was much more constant and varied ap-mevalonic acid and glyceraldehyde to glycerol, which in turn
proximately 3-fold. EH had the highest expression in salivary is incorporated into triglyceride via the action of glycerol
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Ficure 5: Coexpression of AKR1Al, CYP1Al, and epoxide
hydrolase. Multiple tissue expression array data showing coexpres-
sion of the enzymes in PAH target tissues (A) probed with cDNA
of human AKR1A1, (B) probed with the TR of CYP1A1l, and

(C) probed with the cDNA of rat epoxide hydrolase. Following
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7,12-dimethyl derivatives with higher utilization ratios than
trans-dihydrodiols of the parent hydrocarbon. It did not
oxidize thetrans-dihydrodiol of the bay region methylated
12-MBA-3,4-diol, showing preference for the non-bay region
methylated diols in this series.

Importantly, AKR1A1 oxidized the potent proximate
carcinogen £)-BP-7,8-diol with a higher utilization ratio
than any other AKR so far examined. It also showed
stereospecificity for this diol and oxidized the metabolically
formed ()-7R,8R isomer exclusively. AKR1A1 was also
stereospecific in its oxidation of B&ans-dihydrodiols. CD
spectroscopy studies revealed that th¢-8R,4R isomer of
BA-3,4-diol, (+)-3S4Sisomer of 7-MBA-3,4-diol, and-{)-
3R4R isomer of 7,12-DMBA-3,4-diol were the isomers
preferentially oxidized by AKR1A1l. Thus AKR1A1 will
oxidize the correct isomer of BA-3,4-diol formed in vivo.
Both isomers of 7,12-DMBA-3,4-diol are formed upon
activation of the parent hydrocarbon by human microsomes
while AKR1A1 will preferentially oxidize the B, 4Risomer.

By contrast, although AKR1A1 will oxidize theS$iSisomer

of 7-MBA-3,4-diol, the stereochemistry of the isomer
produced by human microsomes in vitro is unknown. In
summary, AKR1A1 will oxidize the relevartrans-dihy-
drodiol stereoisomers of BP, BA, and 7,12-DMBA.

A number oftrans-dihydrodiols oxidized by AKR1A1l
gave utilization ratios which do not correlate with their
potency as proximate carcinogens in vivo. Compare BA-
3,4-diol to BP-7,8-diol and BP-7,8-diol to BJC-11,12-diol.
Several explanations may exist for these findings and may
include other enzymes that may compete for these diols. This

phosphorimaging analysis, the expression of each enzyme wasmay be reflected by tissue expression profiles of CYP

plotted as a percent of that seen in the most abundant tissue.

kinase. These reactions demonstrate the involvement of
AKR1A1 in the cholesterol and triglyceride biosynthetic
pathways, respectively. Our data support a role of this general
metabolic enzyme in PAH activation, which is further
supported by data to indicate that it is coexpressed with
CYP1A1 and EH.

If AKR1A1 plays a role in the further metabolic activation
of PAH trans-dihydrodiols, it should show a preference for
the oxidation of non-K-region—)-R,R-trans-dihydrodiols.

It was found that the K-regiotrans-dihydrodiols, BP-4,5-
diol and Ph-9,10-diol, were not substrates while aldehyde
reductase displayed regioselectivity for non-K-redi@ms
dihydrodiols. It catalyzed the oxidation ns-dihydrodiols

(CYP1A1-CYP1B1) and AKR
AKR1C4).

Although AKR1C1-AKR1C4 (human dihydrodiol dehy-
drogenases of the 1C subfamily) and AKR1C9 (rat dihy-
drodiol dehydrogenase) have been shown to oxidize BP-7,8-
diol to BP-7,8-dione, the reaction product formed by
AKR1A1 was unknown. Using 2-mercaptoethanol as a
trapping agent the product of BP-7,8-diol oxidation catalyzed
by AKR1A1 was identified to be BP-7,8-dione by LC/MS.

Northern analysis of AKR1A1 showed high expression
of AKR1ALl in kidney, liver, small intestine, and pancreas,
which is consistent with the distribution previously published
(38). MTE arrays were probed to determine whether AKR1A1
is coexpressed with CYP1A1 and EH, the other two enzymes
required to make itdrans-dihydrodiol substrates. To our

isoforms (AKR1C1

located on the terminal benzo ring as in the case of BP-7,8-knowledge MTE arrays have not been previously conducted
diol. AKR1A1 therefore displays the appropriate regiose- for CYP1A1, EH, or AKR1A1 expression. Our results show
lectivity to oxidize the potent proximate carcinogen non-K- that CYP1A1, EH, and AKR1A1l are all coexpressed.
regiontrans-dihydrodiols that arise metabolically. Examination of the expression profiles of the individual
The tumorigenic potential of many PAHs can be greatly enzymes shows that AKR1A1 was detected in every tissue
enhanced by the presence of a methyl group on the parentand cell line, with highest expression observed in kidney,
hydrocarbon. In the chrysene series, its 5-methylated deriva-drug-metabolizing tissues, e.g., liver, stomach, and duode-
tive compares favorably with the carcinogenicity of benzo- num, and PAH-exposed sites, e.g., salivary gland, trachea,
[a]pyrene while the unmethylated hydrocarbon is not a |ung, lung carcinoma cells, and esophagus. Its high expres-

carcinogen 39). Comparison of the utilization ratios of
AKR1A1 for the oxidation otrans-dihydrodiols of the parent
chrysene and its 5-methylated derivative shows rate enhance
ment of more than 8-fold as a result of methylation.

In the case of benaJanthracene, the parent compound is
only a weak tumorigen while 7-methyl and 7,12-dimethyl
derivatives have greatly enhanced carcinogenici®).(
AKR1A1 oxidized trans-dihydrodiols of the 7-methyl and

sion in these sites suggests that this enzyme might be
involved in xenobiotic metabolism and PAH activation. The
high expression of AKR1AL in kidney could be related to a
role in the regulation of osmolarity as previously suggested
(38).

CYP1A1 was expressed relatively highly in liver, placenta,
bladder, kidney, stomach, and trachea (Figure 5B). Previous
studies have shown basal expression of CYP1A1 in human
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liver, lung, and pulmonary carcinomadlj. CYP1ALl is in vivo. AKR1A1 is coexpressed with CYP1Al and EH in
induced by planar aromatics, 3-methylcholanthrene and PAH target tissues. Together, these findings indicate that this
pB-naphthoflavone, and various PAHs through transcriptional ubiquitous enzyme might play a major role in PAH activa-
activation by up to 10-fold 42, 43). However, no donor  tion.

identities exist for the MTE to correlate expression levels

with prior PAH exposure. Cigarette smoke will also induce ACKNOWLEDGMENT
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