
UCSF
UC San Francisco Electronic Theses and Dissertations

Title
Investigation of the active site structures of cytochromes P-450IA1 and P-450IVA1 and the 
role of cytochrome P-450IVA1 in peroxisomal beta-oxidations

Permalink
https://escholarship.org/uc/item/038835xb

Author
Chan, William K.

Publication Date
1991
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/038835xb
https://escholarship.org
http://www.cdlib.org/


INVESTIGATION CF THE ACTIVE SITE STRUCTURES OF

CYTOCHROMES P-450IA 1 AND P-450IVA1 AND THE RCLE OF

CYTOCHROME P-450IWA1 IN FEROXISONAL BETA-0XII)ATIONS

by

WILLIAM K. CHAN

DISSERTATION

Submitted in partial satisfaction of the requirements for the degree of

DOCTOR OF PHiLOSOPHY

in

PHARMACEUTICAL CHEMISTRY

in the

GRADUATE DIVISION

of the

UNIVERSITY OF CALIFORNIA

San Francisco

Approved:

Committee in Charge

Deposited in the Library, University of California, San Francisco

Date University Librarian

Degree Conferred: . . . . . . . .''. '. - - - - - - - -



To God and my parents, Chan Wing Wah and Chan Chui Ling Tai

ii



Acknowledgements

I would like to express my deepest thanks to: Dr. Paul R. Ortiz de Montellano for

teaching me science and reviewing this manuscript thoroughly, Dr. Neal

Castagnoli, Jr. for arousing my interest in scientific research, Drs. Roger

Kaikaus and Anthony Bass for collaborating in the peroxisome work, Drs. C. C.

Wang and Roger Ketcham for approving this manuscript, POM members for

providing a pleasant place to work, and Bob Harris for engaging in many

discussions on my work and more importantly, for being my best friend.

iii



INVESTIGATION OF THE ACTIVE SITE STRUCTURES OF

CYTOCHROME P-450IA1 AND P-450IVA1 AND THE ROLE OF

CYTOCHROME P-450IVA1 IN PEROXISOMAL B-OXIDATIONS

William K. Chan

ABSTRACI

Arylacetylenes were used to investigate the active site structure of

cytochrome P-450IA1. The mechanism of cytochrome P-450IA1 inactivation by

arylacetylenes shifts from protein alkylation to heme alkylation as the aromatic

moiety of the arylacetylenes decreases from four rings (1-ethynylpyrene) to one

rings (phenylacetylene). When 1- and 2-ethynylnaphthalenes are examined, a

mixed mechanism of inactivation is observed (activity/Soret loss = 3:1). These

results suggest that the stronger the interaction between the arylacetylene and

the active site, the more likely it is for protein alkylation to occur. Furthermore,

the off-rate of the substrate/product from the cytochrome P-450/A1 active site

appears to be rate-determining.

Primary cultured rat hepatocytes are used to investigate the relationship

between the clofibrate-mediated induction of cytochrome P-450IVA1 and

peroxisomal 3-oxidation enzymes. After 3 days of clofibrate treatment, the

activities of cytochrome P-450IVA1 and palmitoyl CoA oxidase increase up to

23-fold and 11-fold over control values. When 1-aminobenzotriazole (ABT) is

added, cytochrome P-450IVA1 activity is completely abolished (this inhibition,

however, is not observed in purified, reconstituted cytochrome P-450IVA1) but

iv



the induction of cytochrome P-450IVA1 mRNA remains, suggesting that ABT

does not prevent clofibrate-dependent induction of cytochrome P-450IVA1.

Moreover, the PCO activity and mRNA induction are significantly suppressed by

ABT. This finding strongly suggests that PCO induction by clofibrate is caused

by a cytochrome P-450IVA1-dependent metabolite(s) and, furthermore, that the

inductions of cytochrome P-450IVA1 and PCO by clofibrate are mediated by

different mechanisms. In agreement with the hypothesis that the inducing

metabolites might be fatty diacids, thapsic acid and other non-fl-oxidizable fatty

acid analogs cause weak induction of PCO. 1,11-Undecanedioic and thapsic

acids also cause an increase in cytochrome P-450IVA1 activity; however, the

mechanism remains to be determined.
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1.1 The catalytic cycle of cytochrome P-450 Cytochrome P-450 is a

monooxygenase which inserts one oxygen atom into its substrate. This reaction

involves a two-electron reduction of molecular oxygen by NADPH-cytochrome

P-450 reductase and / or cytochrome b5. The origin of the oxygen atom is

shown to be molecular oxygen through 18O2 studies (Posner et al., 1961; Baker

and Chaykin, 1962; McMahon et al., 1969; Parli et al., 1971; Stripp et al., 1972;

Powis and Jansson, 1979; 1982). The catalytic cycle of cytochrome P-450

(Ortiz de Montellano, 1986; Archakov and Bachmanova, 1989) can be briefly

described in the following order: 1. substrate binding in the active site, 2. one

electron reduction of ferric heme by NADPH-cytochrome P-450 reductase, 3.

oxygen binding to form oxyferrous heme, 4. one-electron reduction of

oxyferrous heme to an iron-oxo complex by either NADPH-cytochrome P-450

reductase or cytochrome b5, and finally 5. oxygenated product formation

(Scheme 1.1.2).

Scheme 1.1.1 Cytochrome P-450-catalyzed reaction

P-450
RH + O2 + NADPH + H+ —- ROH + NADP+ + H2O
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In the resting state, the iron of cytochrome P-450 heme is in the ferric

state and is hexacoordinated by four nitrogens of the heme, with a thiol group

from a cysteine residue and a hydroxyl group from a water molecule as the axial

ligands. The reduction potential of ferric to ferrous heme in cytochrome P-450 is

-340 to -400 mV (Sies and Kandel, 1970; Waterman and Mason, 1970; 1972;

Sligar et al., 1979; Huang et al., 1986), which can be increased to -300 to -200

mV after cytochrome P-450-substrate complex formation. However, this

increase in redox potential by substrate binding is not observed in some cases
(Sies and Kandel, 1970; Guengerich et al., 1975). Formation of the cytochrome



P-450-substrate complex, which was initially demonstrated spectroscopically as

the cytochrome P-450-170-progesterone complex in adrenal cortex

microsomes (Narasimhulu et al., 1965), and later in purified cytochrome P

450cam as the cytochrome P-450cam-camphor complex (Lange et al., 1977;

Peterson, 1971; Griffin and Peterson, 1972; Poulos et al., 1986; 1987), seems to

be the first step in the cytochrome P-450 catalytic cycle. Binding of substrate is

followed by one-electron reduction of the ferric heme by NADPH-cytochrome P

450 reductase. Early kinetic studies showed that NADPH-dependent

cytochrome P-450 reduction is biphasic (Gigon et al., 1968; 1969; Sasame and

Gillette, 1969), a fact that is still not fully understood. Subsequent to the first

one-electron reduction, molecular oxygen binds to the substrate-bound ferrous

cytochrome P-450 to form a ferrous-dioxygen complex that can be observed

spectroscopically in cytochrome P-450cam (Gunsalus et al., 1971; Ishimura et

al., 1971; Peterson et al., 1972; Peterson and Mock, 1975; Gunsalus and Sligar,

1978), cytochrome P-450LM2, and cytochrome P-450sco (Bonfils et al., 1979;

1980; Larroque and van Lier, 1980; Oprian et al., 1983). The fact that the

ferrous dioxygen complex can be detected suggests that the first one-electron

reduction of cytochrome P-450 is probably not rate-limiting. Next, a second

one-electron reduction of the ferrous dioxygen complex is required to generate

the highly reactive iron-oxo complex, most likely via a heterolytic cleavage of

the oxygen-oxygen bond (Mansuy and Battioni, 1989; Larroque et al., 1990).

The origin of the second electron is usually from cytochrome b5 (Noshiro et al.,

1980; 1981; Estabrook et al., 1968; Estabrook and Cohen, 1969; Cohen and

Estabrook, 1971; 1971; 1971; Hildebrandt and Estabrook, 1971; Taniguchi et

al., 1984; Peterson and Prough, 1986); however, both the first and the second

electrons can be supplied by cytochrome P-450 reductase in the reconstituted

systems (Levin et al., 1974; Lu and Levin, 1974; Lu et al., 1974; 1974). After the



second one-electron reduction, an iron-oxo complex forms with the release of a
water molecule. The observation of a Soret band with Amax at 393 nm has been

reported to be possibly the iron-oxo intermediate in phenobarbital-treated rabbit

liver microsomes treated with iodosobenzene or its derivatives because the

Soret maximum absorbance observed remained unchanged with a variety of

iodosobenzene derivatives (Blake II and Coon, 1989). However, when

molecular oxygen is used to generate the iron-oxo complex, no

spectroscopically detectable form is observed even at low temperatures.

Substrate oxidation proceeds rapidly after the formation of the iron-oxo

complex. Thus, the iron oxidation state is not known.

1.2_Cytochrome P-450 substrate types Normally, the cytochrome P-450

heme is hexacoordinated (low spin), with a water molecule as the sixth axial

ligand in the resting state, and is in a dynamic temperature- and ionic strength

dependent equilibrium with the pentacoordinated (high spin) state resulting

from removal of the water. As the temperature increases, the equilibrium shifts

from hexa- to penta-coordinated states, suggesting that there may be a

temperature-sensitive hydrophobic region in the active site which destabilizes

the sixth ligand (Arhackov and Bachmanova, 1989). Upon substrate binding,

three different spectroscopic characteristics are observed as a result of the spin

state of the cytochrome P-450 heme.

1.2.1 Type I substrates Upon substrate binding, the sixth ligand (water) is

displaced to form a pentacoordinated (high spin) state which gives a maximum

absorbance at 385 - 390 nm and a minimum at 420 nm in the difference

spectrum. In general, this group includes saturated and aromatic hydrocarbons,

tertiary amines, esters, and alicyclic and heterocyclic compounds.



1.2.2 Type II substrates The sixth ligand is replaced by the Type Il Substrate.

As a result, hexacoordinated ferric has the substrate as the sixth ligand, which

gives a maximum absorbance at 425 - 445 nm and a minimum at 390 - 420 mm

in the difference spectrum. All the substrates in this group contain a nitrogen

function which forms a noncovalent complex with the ferrous heme (Mannering,

1981).

1.2.3 Modified Type II substrate This group, also called reversed Type I,

consists of alcohols and ketones, the hydroxyl or keto group of which interacts

with the ferric heme (Schenkman et al., 1972) to give a hexacoordinated state

with a maximum absorbance at 409 - 445 nm and a minimum at 385 - 390 nm in

the difference spectrum.

r r ion r -

Cytochrome P-450 plays an important role in the metabolism of a wide range of

endogenous compounds (steroids, fatty acids, eicosanoids, lipid

hydroperoxides, and retinoids) and xenobiotics. Even though the scope of

cytochrome P-450-catalyzed reactions is still incomplete, they can generally be

categorized as follows: 1. aliphatic hydroxylation, 2. aromatic hydroxylation, 3.

t-bond (olefin and acetylene) oxidation, 4. heteroatom oxidation, and 5.

heteroatom dealkylation. In all cases, the oxygen activated by cytochrome P

450 is inserted into the substrate: the higher the electron density of the

substrate, the more favorable the cytochrome P-450 oxidation. In the case of

cytochrome P-450-catalyzed aromatic hydroxylation, it is believed that an initial

epoxidation of the aromatic ring is followed by the "NIH shift" - a keto-enol

tautomerization involving a hydride migration to the o-carbon of the epoxide - to



form the hydroxylated aromatic product (Ortiz de Montellano, 1986). In

heteroatom (N, S) oxidation and dealkylation catalyzed by cytochrome P-450,

cumulative evidence suggests one-electron abstraction from the heteroatom by

the iron-oxo species to be the initial event. Subsequent to the one-electron

abstraction, the reduced oxygen from the iron-oxo complex collapses with either
the heteroatom radical cation to form the oxide or the ot-carbon radical - a

rearranged intermediate that is a result of losing the acidic o-proton and

regaining the lone pair electrons on the heteroatom - to form the o-hydroxylated

product which, in turn, leads to dealkylation (Ortiz de Montellano, 1986). The

mechanisms of cytochrome P-450-catalyzed aliphatic hydroxylation and ■ t-bond

oxidation are presented in the following sections.

1.3.1 Hydrocarbon hydroxylation One of the best ways to investigate the

mechanism of cytochrome P-450-catalyzed hydroxylation is to examine the

stereochemistry of the hydroxylated product. If the activated oxygen is inserted

directly into the C-H bond via a concerted mechanism, the stereochemistry of

the product should be the same as that of the substrate. On the contrary, if an

intermediate is involved (a nonconcerted mechanism), a loss of stereochemistry

should be observed in the product if there is time for rearrangement of the

intermediate to OCCur.

One of the first experiments examining the stereochemistry of the

cytochrome P-450-derived hydroxylated product was done with exo

tetradeuterated norbornane in rabbit liver microsomes (Groves et al., 1978).

Stereochemical scrambling occurs as indicated by the presence of trideuterated

endo alcohol and tetradeuterated exo alcohol as products, supporting a

nonconcerted mechanism (Figure 1.3.1.2). Similar results have been obtained



in the benzylic hydroxylation of ethyl benzene (White et al., 1985) and the

hydroxylation of camphor by cytochrome P-450cam (Gelb et al., 1982). In the

case of camphor hydroxylation, deuterium is introduced into either the 5-endo

or 5-exo position of camphor. The results show that both the endo and the exo

hydrogen (or deuterium) can be removed from the 5-position by cytochrome P

450cam; however, only the 5-exo hydroxyl product is obtained. This suggests

that an equilibrium between 5-endo and 5-exo hydrogen (or deuterium)

positions is established before the hydroxyl attacks solely the 5-exo position

(Figure 1.3.1.2).

More evidence for a nonconcerted aliphatic hydroxylation mechanism is

provided by the cytochrome P-450-catalyzed hydroxylation of 3,4,5,6-

tetrachlorocyclohexene and related compounds by rat or housefly microsomes

(Tanaka et al., 1979), and 3,3,6,6-tetradeuterated cyclohexene, methylene

cyclohexene and B-pinene by purified cytochrome P-450LM2 (Groves and

Subramanian, 1984). Seemingly, hydrogen abstraction by cytochrome P-450

from an allylic carbon is followed by allylic rearrangement of the double bond to

give the rearranged hydroxylated product (Figure 1.3.1.3). These results

unequivocally prove that aliphatic hydroxylation by cytochrome P-450 is

mediated via a nonconcerted mechanism.

Kinetic isotope effect studies have been conducted to see if a radical

species is involved in aliphatic hydroxylation by cytochrome P-450. If hydrogen

atom abstraction by cytochrome P-450 is the first event of hydroxylation, a

physical C-H bond cleavage occurs that may show a strong kinetic isotope

effect, although kinetic isotope effects can be masked. Intrinsic isotope effect

studies with a substrate having both proton and deuterium at the site of

hydroxylation, however, can accurately reflect the preference for C-H over C-D



bond cleavage in the amounts of protonated and deuterated products that are

formed. In fact, large isotope effects have been observed for tetradeuterated

norbornane (KH/KD = 11.5) (Groves et al., 1978) and 3,3,6,6-tetradeuterated

cyclohexene (KH/KD = 4-6) (Groves and Subramanian, 1984), suggesting that

aliphatic hydroxylation by cytochrome P-450 proceeds with extensive cleavage

of the C-H bond in the transition state. This finding is consistent with the fact that

q)-1- and co-2-hydroxylations of aliphatic hydrocarbons by metalloporphrin

systems are much more favorable than (o-hydroxylations (Cook et al., 1986).

Interestingly, a large, temperature-dependent isotope effect on cyclohexane

hydroxylation by an iron-tetramesity|porphyrin-hypochlorite system has been

observed, suggesting a possible tunnelling contribution to C-H bond cleavage

(Sorokin and Khenkin, 1990).

To further demonstrate the involvement of a radical intermediate in

cytochrome P-450-catalyzed aliphatic hydroxylations, cyclic substrates that give

a ring-opened product upon radical formation were examined. However, no

ring-opened product were observed with cyclopropylmethyl compounds (White

et al., 1979; Sligar et al., 1984; Houghton et al., 1986; Ortiz de Montellano and

Stearns, 1987) or methylcyclopropane (Ortiz de Montellano and Stearns, 1987).

The rate of recombination of the radical intermediate and the hydroxyl radical

must be faster than the rearrangement rates of these compounds (the rate of the

cyclopropylmethyl to 3-butenyl radical rearrangement is 1 X 108 sect" at 25°C

[Griller and Ingold, 1980]). Faster ring-opening substrates such as

bicyclo[2.1.0]pentane (Figure 1.3.1.4) and hexamethyldewar-benzene show

ring-opened products with a ratio of 7:1 and 8:1, respectively, with a preference

for the unrearranged products (Ortiz de Montellano and Stearns, 1989). The

rate of radical collapse can be estimated in the order of 1010 sect", similar to the



rate of bicyclo[2.1.0]pentane to 3-cyclopentenol (Bowry and Ingold, 1991). The

observation of ring-opened products strongly supports radical formation in

cytochrome P-450-catalyzed aliphatic hydroxylations, followed by rapid radical

collapse to form the hydroxylated products (Schemes 1.3.1.1).

In addition to hydrogen atom abstraction in cytochrome P-450-catalyzed

hydrocarbon hydroxylations, cytochrome P-450 can also abstract one electron

from substrates having a low oxidation potential as the first step of aliphatic

hydroxylation. For example, quadricyclane, which has an oxidation potential of

E1/2 = 0.92 V, has been shown to undergo cytochrome P-450-catalyzed

hydroxylation initiated by the loss of one electron to the iron-oxo complex

(Gassman and Yamaguchi, 1982; Stearns and Ortiz de Montellano, 1985; Ortiz

de Montellano and Stearns, 1989).
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1.3.2. Olefin and acetylene (T-bond) oxidation Epoxide formation has been

observed in many cytochrome P-450-catalyzed oxidations of olefinic substrates.

Even though retention of stereochemistry is observed in some cytochrome P

450-catalyzed epoxidations (Ortiz de Montellano et al., 1983), epoxidation is

apparently a non-concerted reaction (Scheme 1.3.2.1). The formation of

aldehydes and ketones, which requires an o-hydrogen shift within a cytochrome

P-450-olefin intermediate that precedes epoxide formation, has been observed

(Mansuy et al., 1984; Liebler and Guengerich, 1983). Furthermore, a

cytochrome P-450-substrate intermediate is suggested by data on the

inactivation of cytochrome P-450 by olefins and acetylenes and on

metalloporphyrin systems that simulate the cytochrome P-450-catalyzed

Oxidation of olefins.

1.3.2.1 Inactivation of cytochrome P-450 by olefins and acetylenes (Scheme

3.4.1.1) A number of olefins (Abbritti and DeMatteis, 1971; Levin et al., 1972;

Ortiz de Montellano and Mico, 1980; Murphy et al., 1981) and acetylenes

(White, 1978; 1980; Ortiz de Montellano and Kunze, 1980; 1981; Ortiz de

Montellano et al., 1982; Ortiz de Montellano and Komives, 1985; Cajacob et al.,

1988) are known to inactivate cytochrome P-450 by heme destruction. Heme

adducts of ethylene (Ortiz de Montellano et al., 1981; Kunze et al., 1982),

propene (Kunze et al., 1982), octene (Kunze et al., 1982), propyne (Ortiz de

Montellano and Kunze, 1981), and octyne (Kunze et al., 1982) have been

isolated and identified as N-alkylated hemes with olefins alkylating almost

exclusively the D ring and acetylenes the A ring. In all cases, the activated

oxygen is inserted into the internal carbon of the double or triple bond. From

the crystal structure of cytochrome P-450cam, the B ring is known to be covered

13



by an o-helix that makes it inaccessible to substrates (Poulos, 1986; Poulos et

al., 1986; 1987). It is conceivable that interaction between terminal olefinic /

acetylenic substrates and the C ring occurs, which allows oxygen insertion into

the internal carbon of the substrates. Regiospecific N-alkylation occurs by

having the A or D ring nitrogen specifically exposed to the terminal carbon of

the acetylene or olefin because the acetylenic group (sp-hybridized) is relatively

straight, placing the terminus closer to the A ring, whereas the olefinic group

(sp2-hybridized) bends sideway and places the terminus closer to the D ring

(Ortiz de Montellano, 1985). Delivery of the oxygen to the internal carbon is

substantiated by the fact that heme destruction of purified cytochrome P-450IIB1

by phenylacetylene is insensitive to the electronic effect caused by para

substituents (Komives and Ortiz de Montellano, 1987).

1.3.2.2. The metalloporphyrin system Chemically, alkene epoxidation occurs

via both concerted and nonconcerted mechanisms. A concerted mechanism

with retention of stereochemistry is observed when organic peracids are used

as alkene oxidants (Berti, 1973), whereas in metal-catalyzed epoxidations,

some non-concerted epoxidation is observed (Groves, 1980; Mimoun, 1981).

Retention of stereochemistry has been observed in metalloporphyrin systems,

suggesting that a metallacyclic intermediate - as invoked for olefin epoxidation

by chromyl chloride (Sharpless et al., 1977) - may be involved (Groves, 1979;

Ledon et al., 1981; Tabushi and Yazaki, 1981). Further evidence in support of a

metallacyclic intermediate includes: 1. hydrogen-deuterium exchange occurs

during the course of propylene epoxidation in the purified cytochrome P-450LM2

system that can be explained by the formation of an iron-metallacycle (Scheme

14
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1.3.2.2) (Groves et al., 1986); 2. a stable intermediate, possibly the iron

metallacyclic intermediate, can be observed spectroscopically when

cyclooctene is oxidized by iron 5,10,15,20-tetramesity|porphyrin in methylene

chloride at -42°C (Groves and Watanabe, 1986); 3. Porphyrin-iron-o-

ketocarbene complexes, which are believed to be in equilibrium with

metallacyclic complexes, have been prepared, characterized, and are known to

rapidly form N-alkylporphyrins in heme model systems (Artaud et al., 1988);

and 4. a radical cation intermediate seems to be unlikely, because aryl

Substituted olefins which can Stabilize radical cation formation do not show a

greater affinity for metalloporphyrins than the alkyl-substituted olefins (Collman

et al., 1985).

However, many other studies argue against the existence of an iron

metallacycle and for a radical cation or charge-transfer intermediate (Traylor et

al., 1986; 1986; 1987; Bruice, 1988; Garrison and Bruice, 1989; Castellino and

Bruice, 1988). Some of the arguments for such intermediates include: 1. a

rearrangement product is observed in norbornene epoxidation that is typical of

radical cation involvement (Traylor, 1987); 2. a linear relationship between the

logarithm of the rate of epoxide formation and the ionization potential of the

alkene has been observed (Traylor and Xu, 1988); and 3. When trans

cyclooctene is epoxidized in the metalloporphyrin system, a ring contraction

product along with adjacent hydrogen migration is obtained which cannot be

accounted for by an iron-metallacyclic intermediate due to too much strain in the

ring structure (Traylor et al., 1986).
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L4 Mechani f to cl P-450 inhibiti
-
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overview. Historically, cytochrome P-450 inhibitors have been considered

great tools to not only understand catalysis and the active site structure of

cytochrome P-450, but also to demonstrate the physiological significance of

cytochrome P-450-dependent xenobiotic metabolism and endogenous

compound biosynthesis. It is important to understand the mechanisms of

cytochrome P-450 inhibition to facilitate rational drug design and to understand

and predict drug-drug interactions (particularly in this day and age when

polypharmacy is becoming increasingly prevalent). Presently, a variety of

structurally dissimilar compounds are known to inhibit cytochrome P-450s with

different mechanisms. These compounds, in general, can be categorized into

three groups: reversible, bioactivated quasi-irreversible, and bioactivated

irreversible inhibitors. Examples of each group are described in the following

sections. (However, evidence supporting the mechanisms of inhibition will not

be detailed in order to put emphasis on the general scope of cytochrome P-450

inhibitors known at this time.)

1.4.1 Beversible cytochrome P-450 inhibitors As we know that Cytochrome P

450s in general have lipophilic active sites, any nitrogen-containing lipophilic

compound with a lone-pair of electrons on the nitrogen that can interact

favorably with the heme iron can potentially be a good reversible inhibitor of

cytochrome P-450. In some cases, just coordinating to the heme iron is enough

to prevent cytochrome P-450 catalysis from occurring (cyanide and carbon

monoxide, for example). However, in order to obtain a more potent cytochrome

P-450 inhibitor, the binding affinity of the inhibitor must be optimized. The more
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the inhibitor resembles the cytochrome P-450 substrate, the higher the binding

affinity is likely to be.

1.4.1.1 Cyanide Cyanide inhibits all cytochrome P-450s by coordinating to the

heme iron. It has a strong affinity to the ferric form of heme iron (Kitada et al.,

1977; Ho and Castagnoli, 1980). Upon cyanide binding, a Type II spectrum is

observed (Jefcoate et al., 1978), which means that a hexacoordinated low-spin

ferric state with cyanide as the axial ligand is present.

1.4.1.2 Carbon monoxide Carbon monoxide binds strongly to the ferrous

heme iron to give an absorbance maximum at 450 nm. This spectroscopic

characteristic is due to electron o-bonding donation from carbon to iron, as well

as back donation of electrons from occupied iron d-orbitals to empty

antibonding ■ t-orbitals of carbon monoxide (Hanson et al., 1976). After CO

binding, cytochrome P-450 is no longer catalytically active; this provides a

convenient method to distinguish cytochrome P-450-dependent xenobiotic

metabolism in mixed enzyme systems since enyzmes other than cytochrome P

450 are generally active in the presence of CO. (Other hemoproteins are also

inhibited by CO.)

1.4.1.3_Nitrogen-containing compounds The lone-pair electrons on nitrogen

compounds such as pyridine, imidazole, and quinoline derivatives interact

favorably with the ferric heme iron to form a low-spin hexacoordinated state that

inhibits cytochrome P-450. Many compounds, including some widely-used

clinical drugs, fall in this category, namely: ketoconazole, miconazole,

clotrimazole, and econazole (Kahl et al., 1980; Niemegeers et al., 1981; Sheets

and Mason, 1984; Meredith et al., 1985; Mason et al., 1987); aminoglutethimide
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(Santen et al., 1981; Shaw et al., 1988); cimetidine (Pelkonen and Puurunen,

1980; Bast et al., 1984; Plummer et al., 1984; Hoensch et al., 1985); primaquine,

chloroquine (Back et al., 1983); metyrapone (Dominquez and Samuels, 1963);

and ellipticine (Lesca et al., 1979).

1.4.1.4 Type I reversible cytochrome P-450 inhibitors Theoretically, any

cytochrome P-450 substrate can be considered an inhibitor of other cytochrome

P-450 substrates, for they all compete for the same active site. These inhibitors

usually give Type I spectra upon binding. Many compounds have been

demonstrated to be Type I inhibitors, namely, for aromatase: 70-[(4-

iodophenyl)thio)androstenedione (Brueggemeier et al., 1987), 3-exo

methyleneandrost-4-en-17-dione (Miyairi and Fishman, 1986), 103-ethylestr-4-

ene-3,17-dione (Marcotte and Robinson, 1982), and 19-mercaptoandrost-4-

ene-3,17-dione (Bednarski and Nelson, 1989), and for leukotriene co

hydroxylase: co-trifluoro-leukotriene E4 (Jedlitschky et al., 1990).

1.4.2 Bioactivated quasi-irreversible cytochrome P-450 inhibitors All inhibitors

in this category are cytochrome P-450 substrates which are catalytically

oxidized to intermediates such as Carbene, nitroso, and nitrene intermediates

that have a strong affinity for the heme iron. Since the inhibition does not

involve heme or protein modification, cytochrome P-450 remains active once

the complex is disrupted. However, in many cases, the intermediate

cytochrome P-450 complex is so stable that, for all practical purposes,

cytochrome P-450 is inactivated upon complex formation. Examples are

described in the following sections.
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1.4.2.1 Methylenedioxy compounds Insecticides such as methylene

dioxyphenol (Hodgson and Philpot, 1974) have a methylenedioxy moiety that is

bioactivated by cytochrome P-450 to a species that forms an intermediate-iron

complex (Wilkinson et al., 1984). The ferrous complex (Amax at 427 and 455

nm) is more stable than the ferric complex (Amax at 437 mm) due to the fact that

the ferric, but not ferrous, complex can be displaced by lipophilic compounds

(Elcombe et al., 1975; Dickins et al., 1979). A carbene-iron complex is

suggested from model studies (Mansuy, 1981; Mansuy et al., 1979).

1.4.2.2 Amine-containing compounds Macrolide antibiotics, such as

erythromycin (Franklin, 1977; Larrey et al., 1983; Delaforge et al., 1983), and

amphetamine (Franklin, 1974; 1974) are examples of amine-containing

compounds that are bioactivated to form nitroso intermediates, capable of

forming tight complexes with ferrous heme iron (Pessayre et al., 1982;

Delaforge et al., 1983). Amines themselves inhibit cytochrome P-450

competitively by forming relatively weaker complexes with the heme iron. The

tight-binding complex responsible for the inhibition is thought to be the nitroso

ferrous iron complex formed by cytochrome P-450-catalyzed two-electron

oxidation of the hydroxylamine to a nitroso intermediate (Mansuy et al., 1978;

Franklin, 1974) or by autoxidation (Lindeke et al., 1975).

1.4.2.3 1,1-Disubstituted and acyl hydrazines 1,1-Disubstituted hydrazines

are known to be oxidized by cytochrome P-450 to intermediates that can form

tight complexes with both the ferrous (Amax at 449 mm) and ferric (Amax at 438

mm) forms of heme iron (Hines and Prough, 1980). Isoniazid (Muakkasah et al.,

1981; Moloney et al., 1984), an acyl hydrazine, is also oxidized by cytochrome

P-450 to an intermediate, capable of forming a tight complex with ferrous, but
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not ferric, heme iron. The intermediate-iron complex dissociates when

potassium ferricyanide is added to oxidize the heme iron from the ferrous to the

ferric form (Muakkasah et al., 1982). A nitrene-heme iron complex responsible

for inhibition is suggested based on cytochrome P-450 model studies (Mahy et

al., 1984; Mansuy et al., 1982).

1.4.3_Irreversible cytochrome P-450 inhibitors Cytochrome P-450 can be

completely inactivated by compounds that covalently modify either the heme or

the protein moiety. The mechanism of inhibition can provide useful information

regarding the structure of the cytochrome P-450 being inactivated: If heme

alkylation occurs during the course of cytochrome P-450 inactivation, the

position of heme alkylation can reflect the parts of the heme that are accessible

to the inhibitor. On the other hand, if cytochrome P-450 inactivation is caused

by protein alkylation, the heme moiety may not be accessable to the inhibitor.

Also, the site of protein modification, when identified, may identify protein

residues that are important for catalysis.

1.4.3.1 Affinity labeling cytochrome P-450 inhibitors These inhibitors resemble

cytochrome P-450 substrates but have a reactive group (usually an

electrophile) attached. Ideally, these inhibitors should have high Kinact and low

Ki values to optimize their inhibitory effect since these inhibitors react with any

nucleophile they may contact. Some affinity labeling aromatase inhibitors have

been synthesized, but their use with purified enzyme has not been reported

(Cole and Robinson, 1990). Among the aromatase inhibitors synthesized,

Some of them have a good Kinact but poor Ki, namely: 63-bromotestosterone

17|3-bromoacetate (Ki = 25 AM, Kinact = 0.0274 min−1) (Numazawa et al., 1986)
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and 70-[(4'-bromoacetamido)thiol]-androstenedione (Ki = 33 HM, Kinact = 0.148

min-1) (Snider and Brueggemeier, 1985).

1.4.3.2 Photoaffinity labeling cytochrome P-450 inhibitors These inhibitors are

affinity labeling inhibitors except that they bear a photosensitive function such

as an azido group. For example, 70-[(4'azidophenyl)thio]-androstenedione has

been shown to be a powerful competitive inhibitor (Ki = 1.3 nM) of aromatase in

the dark; upon UV irradiation, a time-dependent inactivation of aromatase is

observed (ki = 0.89 puM, Kinact = 0.0993 min−1) (Brueggemeier et al., 1982).

1.4.3.3 Suicide cytochrome P-450 inactivators Suicide inactivators are

relatively inert compounds with structural similarity to a substrate of the target

enzyme. They are catalytically converted, in the active site of the target enzyme,

to a reactive intermediate that forms a covalent bond with a functional group in

the active site, inactivating the enzyme. Therefore, these inactivators are highly

specific for their target enzyme and are very desirable for in-vivo applications

(Abeles, 1978). Many suicide inactivators of cytochrome P-450s are known

(Ortiz de Montellano and Reich, 1986), even though the mechanisms of

inactivation, in many cases, are still unclear. These inactivators destroy

cytochrome P-450 via covalent modification of either the heme or the protein,

depending upon the active site structure of the cytochrome P-450 enzyme

inactivated and the nature of the inactivators. Therefore, investigation of the

mechanisms of cytochrome P-450 by suicide inactivators can provide important

information on the active site structures of cytochrome P-450 isozymes.

14.3.3.1. Ierminal olefinic and leni | P-450 inactivators (also

See T-bond oxidation section) Ortiz de Montellano and co-workers first
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discovered that terminal olefins and acetylenes are suicide inactivators of

cytochrome P-450s that destroy the heme group (Ortiz de Montellano and Mico,

1980; Ortiz de Montellano and Kunze, 1980; 1981; 1981). It was also found that

some acetylenes and olefins inactivate cytochrome P-450 via both heme and

protein modification (this thesis) or protein modification alone (Ca,Jacob et al.,

1988; Gan et al., 1984, Hammens et al., 1989). It appears that when the

activated oxygen is inserted into the internal carbon of the double or triple bond,

heme alkylation at the nitrogen is responsible for cytochrome P-450 inactivation

(Ortiz de Montellano and Komives, 1985; Komives and Ortiz de Montellano,

1987). However, when oxidation occurs on the terminal carbon of the triple

bond, product formation and apoprotein alkylation - via a ketene intermediate -

are observed (Ortiz de Montellano and Komives, 1985; Cajacob et al., 1988;

Gan et al., 1984).

1.4.3.3.2. Dihydropyridines and dihydroquinolines Dihydropyridines such as

3,5-bis(carbethoxy)-2,4,6-trimethyl-4-alkyl-1,4-dihydropyridine (4-substituted

DDC) have been shown to inactivate cytochrome P-450 via heme alkylation

when the 4-position has a methyl, ethyl, propyl, or sec-butyl substituent

(Augusto et al., 1982; De Matteis et al., 1982). The inactivation occurs by initial

one-electron abstraction by cytochrome P-450 from the lone-pair of the nitrogen

of the dihydropyridine (Hanzlik and Tullman, 1982; MacDonald et al., 1982; Lee

et al., 1988; Cavalieri et al., 1988; Guengerich, 1990). In order to regain

aromaticity, the alkyl substituent is released as an alkyl radical that can be

detected as an ethyl radical spin adduct (Augusto et al., 1982). The alkyl radical

released alkylates the heme. This mechanism is further confirmed by the

formation of N-alkylprotoporphyrin IX after cytochrome P-450 inactivation by

2,2-dialkyl-1,2-dihydroquinolines (Lukton and Ortiz de Montellano, 1985).
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1.4,3,3,3_Primary and aryl hydrazines Phenelzine, an alkylhydrazine, causes

loss of the heme Soret absorption and the cytochrome P-450 activity in parallel

with formation of a heme adduct identified as N-(2-phenylethyl)protoporphyrin

IX (Muakkassah and Yang, 1981; Ortiz de Montellano et al., 1983). The heme

adduct is formed by alkylation of the prosthetic heme by the 2-phenylethyl

radical, which is detected by EPR. Phenylhydrazine and N-phenylhydrazones

also inactivate cytochrome P-450 via heme destruction. Heme destruction is

preceded by transient complex formation with an absorbance maximum at 480

nm (Johen et al., 1982; Mansuy et al., 1985). Recently, our laboratory has been

able to use phenylhydrazine as a tool to probe the active sites of different

cytochrome P-450 isozymes by monitoring by HPLC the different N

phenylprotoporphyrin IX isomers formed (Tucket al., in press).

1.4,3,3,4_1-Aminobenzotriazole 1-Aminobenzotriazole (ABT) is a Suicide

inactivator of many cytochrome P-450 isozymes (Ortiz de Montellano and

Mathews, 1981; Ortiz de Montellano et al., 1984; Costa and Ortiz de Montellano,

1985; Kaikaus et al., submitted). The inactivation is thought to involve oxidative

formation of a very reactive benzyme intermediate - which can also be formed

chemically (Campbell and Rees, 1969) - by liberating two molecules of

nitrogen. The inactivation occurs by arylation of the prosthetic heme by the

benzyme intermediate, giving rise to either an N-phenyl or N,N-bridged species

(Ortiz de Montellano and Mathews, 1981; current work in our laboratory).
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2.1 Introduction Cytochrome P-450IVA is a specific class of cytochrome P

450s responsible for the hydroxylation of fatty acids in liver (Ellin and Orrenius,

1975; Kupfer, 1980; Newton et al., 1985) and kidney (Ellin et al., 1972; 1973).

Other organs such as lung, colon, interestinal mucosa, and human

polymorphonuclear leukocytes (Kupfer, 1980; Newton et al., 1985; Clancy et al.,

1984; Shak et al., 1985; Shak and Goldstein, 1985) are also found to be

involved in the co-hydroxylation of fatty acids and/or their derivatives. Recently,

several of the cytochrome P-450IVA genes have been cloned and sequenced:

rat liver and kidney lauric acid o-hydroxylases (cytochromes P-450IVA1, P

450IVA2, and P-450IVA3) (Hardwick et al., 1987; Kimura et al., 1989; 1989), a

rabbit lung prostaglandin co-hydroxylase (cytochrome P-450IVA4) (Matsubra et

al., 1987), and rabbit liver and kidney fatty acid (o-hydroxylases (cytochromes P

450IVA5, P-450IVA6, and P-450IVA7) (Johnson et al., 1990; Yokotani et al.,

1989); however, the active site structure of no fatty acid co-hydroxylase is known.

In our laboratory, there is a continuing effort to investigate the active site

structure of one of the cytochrome P-450IVA isozymes - cytochrome P-450IVA1,

which is also known as lauric acid (o-hydroxylase or P-450LAo. Cytochrome P

450IVA1 specifically catalyzes the co-hydroxylation of medium-chain fatty acids

like lauric acid (12:0) with a ratio of as high as 23:1 for o- ■ o-1-hydroxylation

(Cajacob et al., 1988; this thesis). Cytochrome P-450IVA1 also catalyzes the co

hydroxylation of arachidonic acid (20:4) in clofibrate-treated rat livers and
kidneys (Sharma et al., 1989). This co-specific hydroxylation of hydrocarbons is
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intriguing based on what we believe about the "radical cage" mechanism of

hydrocarbon hydroxylation by cytochrome P-450's: The C-H bond is physically

broken to form a carbon-centered radical and a ferryl hydroxyl radical that, in

turn, collapse to form the hydroxylated product. According to this mechanism,

one would favor o-1- over co-hydroxylation because the C-H bond strength at a

secondary carbon (q)-1-position) is weaker than that at a primary carbon (a)-

position) - 95 and 98 kcal per mol, respectively. Experiments with

metalloporphyrin systems show that hydrocarbon hydroxylation is favored at the

Co-1-position, as expected. However, as the bulkiness of the substituents at the

four meso positions increases, the hydroxylation shifts towards the co-position

(Cook et al., 1986). So, by shaping the environment around the metallo-oxo

group, one can influence the position of hydroxylation. Thus, the active site

environment plays an important role in directing the hydroxylation to a

thermodynamically unfavorable position.

of lauric acid. To calibrate the degree of the Co-specificity of lauric acid

hydroxylation by cytochrome P-450IVA1, the co- / GO-1- hydroxylation of lauric

acid by cytochrome P-450llB1 (P-450b) was also investigated. Cytochrome P

450llB1 was selected primarily because its active site may be more flexible than

that of many other cytochrome P-450s in order to accommodate a variety of

Substrates of different structure. The co- ■ o-1 hydroxylation of medium-chain fatty

acids by cytochrome P-450IIB1 should provide a measure of the most favorable

site of hydroxylation when minimally influenced by the active site environment.
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The cytochrome P-450IIB1-reconstituted system was prepared with 1:1.2

ratio of cytochrome P-450|IB1 to cytochrome P-450 reductase, respectively, and

lauric acid hydroxylation was assayed as described in the Methods chapter.

The incubations were carried out with a 2 mV concentration of NADPH. The

results are summarized in Figure 2.2.2.

As expected, q)-1- is more favorable than 0-hydroxylation of lauric acid

by cytochrome P-450llB1 because the hydroxylation reaction is determined

more by the inherent thermodynamic preference than by the active site

environment. Not only does cytochrome P-450IVA1 specifically catalyze co

hydroxylation, it is much more efficient in catalyzing the co-■ o-1 hydroxylation of

lauric acid than cytochrome P-450IIB1: the rate of 12-hydroxylauric acid

formation by cytochrome P-450IVA1 is about 1,000 times faster than that by

cytochrome P-450IIB1 and that for 11-hydroxylauric acid, about 10 times faster.

Undoubtedly, cytochrome P-450IVA1 is a cytochrome P-450 specifically

designed for fatty acid hydroxylation (Figure 2.2.2).
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Figure 2.2.2 id Co-
- - - - -

450IVA1 and P-450|IB1 Specific activity is expressed as nmol of 11-OH or 12
OH-lauric acid formed per nmol cytochrome P-450 per min at 37°C. Lauric acid
co-specific hydroxylation by cytochrome P-450IVA1 is demonstrated here with a
ratio of 23:1 (o-■ o-1 hydroxylation).
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cytochrome P-450IVA1 active site structure

2.3.0 Background Cytochrome P-450 enzymes typically catalyze hydrocarbon

hydroxylation at the co-1- rather than o-position because energetically it is

easier to break the C-H bond of a secondary carbon (q)-1-position) than of a

primary carbon (0-position). However, cytochrome P-450IVA1 hydroxylates the

o-position up to 23 times more favorably than the co-1-position of lauric acid.

This co-specificity of cytochrome P-450IVA1 is not expected from the hydrogen

abstraction-radical recombination mechanism proposed for cytochrome P-450

catalyzed hydrocarbon hydroxylations. In order to investigate this co-specificity,

Cajacob et al. used 10-undecynoic acid (10-UDYA), the terminal acetylenic

analog of undecanoic acid, to inhibit purified, reconstituted cytochrome P

450IVA1. The results indicate that 10-UDYA acts as a mechanism-based

inhibitor of cytochrome P-450IVA1: cytochrome P-450IVA1 inhibition by 10

UDYA is both time- and NADPH-dependent, as expected if 10-UDYA is

converted in the enzyme active site to a reactive intermediate prior to

inactivation (Cajacob et al., 1986; 1988). Since no heme Soret loss occurs

during cytochrome P-450IVA1 inactivation, the protein rather than the heme of

cytochrome P-450IVA1 is being modified. It is likely that the activated oxygen is

transferred from the iron-oxo group to the terminal carbon of 10-UDYA to form a

ketene intermediate. Inactivation can then take place as a result of covalent

modification of a protein residue by the ketene intermediate. This conclusion is

Substantiated by the observation that 1,11-undecandioic acid, the expected

product from hydrolysis of the ketene intermediate, is formed as a 10-UDYA

metabolite in the cytochrome P-450IVA1-reconstituted system. Notice that the
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cytochrome P-450IVA1 inactivation by 10-UDYA is initiated by Go-oxidation,

which is consistent with the metabolic specificity of cytochrome P-450IVA1.

A hypothetical structure of cytochrome P-450IVA1 with a "narrow" active

site in which the iron-oxo group is most accessible to the co-carbon of fatty acids

can be envisioned. To further explore this hypothesis, 11-dodecenoic acid (11

DDEA), a terminal olefinic analog of lauric acid, was investigated. If o-oxidation

is the primary event catalyzed by cytochrome P-450IVA1, one might expect 12

oxo-dodecanoic acid instead of 11,12-epoxy-dodecanoic acid as the major

metabolite of 11-DDEA produced by cytochrome P-450IVA1. Conversely, the

amount of 11,12-epoxy-dodecanoic acid formed should reflect on the

accessibility of the iron-oxo group to the o-1-position of 11-DDEA.

2.3.1 Metabolism of I1,140l-11-DDEA in t | P-450IVA1

reconstituted system [1,14C-11-DDEA was synthesized with a sufficiently high

specific activity for 11-DDEA metabolites to be quantitated by radioactivity. The

[1,14C-11-DDEA metabolites were identified by coelution on HPLC with cold

standards. Incubations were carried out at 25°C for different periods of time (2,

5, 10, 30, or 60 minutes) and were terminated by being put on ice. The reaction

could not be quenched with acid because initial trials indicated that 11-DDEA

epoxide is hydrolyzed under acidic condition to 11-DDEA-diol. Immediately,

cold standards of 11-DDEA, 11-DDEA-aldehyde, 11-DDEA-epoxide, and 11

DDEA-diol (4, 2, 2, and 2 mg in DMSO, respectively) were added and the

resulting sample mixture was extracted twice with ether (2 ml). The time from

incubation termination to ether extraction was minimized as much as possible

(less than one minute) to achieve accurate time-point data. The combined ether
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extract (4 ml) was passed through a silica column (a one-ml disposable glass

pipette) and the ether eluent was derivatized with diazomethane. The

derivatized samples were analyzed by HPLC (Figure 2.3.1.2). When the Flow

One Beta radioactive flow detector was not available, the peaks eluted from

HPLC were collected and analysis using a Beckman scintillation counter.

11-DDEA-epoxide is the major 11-DDEA metabolite in the cytochrome P

450IVA1-reconstituted system (Figure 2.3.1.3). The amount of 11-DDEA

aldehyde formed is only 10% that of 11-DDEA-epoxide. A small amount of 11

DDEA-diol also detected is most likely due to the hydrolysis of 11-DDEA

epoxide during work-up. The formation of all the 11-DDEA metabolites is

complete within 5 minutes at 25°C, suggesting that, if 11-DDEA metabolism is

dependent upon cytochrome P-450IVA1 activity, cytochrome P-450IVA1 is

inhibited completely within 5 minutes by 11-DDEA and/or its metabolite(s).
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11,12-epoxydodecanoic acid (11-DDEA-epoxide)

O

OH

12-oxo-dodecanoic acid (11-DDEA-aldehyde)

OH O

OH

11,12-dihydroxydodecanoic acid (11-DDEA-diol)
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Eigure 2.3.1.2 HPLC chromatogram of I1,14Cl-dodecanoic acid metabolites
Cold standards of 11-DDEA-aldehyde, 11-DDEA-epoxide, and 11-DDEA-diol
were added to identify the corresponding radioactive peaks. The HPLC
condition is as follows: Dupont Zorbaxº ODS 4.6 X 150 mm column; mobil
phase of 62% methanol / water at 1 ml/min, monitored at 217 nm with range of
0.05; cocktail (Flo-Scint II) fow rate of 1.5 ml/min.
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2.3.2. Inhibition of cytochrome P-450IVA1 by 11-DDEA To investigate if 11

DDEA inhibits cytochrome P-450IVA1, the cytochrome P-450IVA1-dependent

co-/ co-1- hydroxylation of lauric acid was determined after preincubation of 11

DDEA with the cytochrome P-450IVA1-reconstituted system and NADPH. The

11-DDEA preincubation was carried out for a specific period of time (0, 2, 5, or

10 minutes) at room temperature before [1,14C-lauric acid (600 nmol) was
added and the incubation continued for a further 10 minutes at room

temperature. The laurate assay was then carried out as usual.
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Recall that 11-DDEA metabolism by cytochrome P-450IVA1 ceases after

5 minutes at room temperature (Figure 2.3.1.3). This observation suggests that

cytochrome P-450IVA1 is completely inhibited after 5 minutes. However, 11

DDEA inhibits cytochrome P-450IVA1-dependent 11-hydroxy- and 12-hydroxy

lauric acid formation by only 36 and 17%, respectively, after 10 minutes at room

temperature (Figure 2.3.2.1). The inhibition observed is most consistent with

competitive inhibition of cytochrome P-450IVA1 by 11-DDEA, since the

concentrations of 11-DDEA and lauric acid in the incubations were the same

(0.6 mM). It is unlikely that the same enzyme - cytochrome P-450IVA1 -

catalyzes the formation of both 11-DDEA-epoxide and 12-hydroxylauric acid.

Possibly, an enzyme other than cytochrome P-450IVA1 is responsible for 11

DDEA metabolism even though purified cytochrome P-450IVA1 is used in all

these experiments. Because the purified cytochrome P-450IVA1 gives two

bands on SDS-PAGE gel, it is conceivable that another cytochrome P-450IVA

isozyme is present which catalyzes the epoxidation of 11-DDEA. To further

investigate 11-DDEA metabolism in the cytochrome P-450IVA1-reconstituted

system, the effects of 10-UDYA and 1-aminobenzotriazole (ABT) on 11-DDEA

metabolism were examined.
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Eigure 2.3.2.1
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cytochrome P-450|VA1-reconstituted system. From the previous experiment, it

appears 11-DDEA metabolism ceases without concomitant inhibition of lauric

acid co-hydroxylation by cytochrome P-450IVA1. 10-UDYA, a known

mechanism-based inhibitor of cytochrome P-450IVA1, was used to inactivate

cytochrome P-450IVA1 before carrying out 11-DDEA metabolism in the

cytochrome P-450IVA1-reconstituted system. If 11-DDEA metabolism is

unaffected by 10-UDYA, it would suggest that cytochrome P-450IVA1 is not the

enzyme responsible for 11-DDEA metabolism.

A one-ml incubation was carried out in the presence of 10-UDYA (150

nmol). At specific times, [1,14C]-11-DDEA (0.6 mM) was added followed by

incubation at room temperature for 5 minutes. The usual work-up and the

HPLC condition were employed.

10-UDYA inhibits 11-DDEA metabolism by the cytochrome P-450IVA1

reconstituted system in a time-dependent manner (Figure 2.3.3.1). Up to 67%

inhibition of 11-DDEA-epoxide formation is observed after 10-minute

preincubation with 10-UDYA in the presence of NADPH at room temperature.

Whatever enzyme catalyzes the oxidation of 11-DDEA is inhibited by 10-UDYA

in a time-dependent manner. The involvement of cytochrome P-450IVA1 is not

ruled out by this experiment, although, 10-UDYA can also potentially inhibit

other cytochrome P-450IVA isozymes.
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Ei 2.3.3.1 Time-d lent inhibition of 11-DDEA (0.6 mM) metabolism
10-UDYA (0.15 mM) [1,14C-11-DDEA metabolism was done at room
temperature for 5 min. X-axis expresses the preincubation time with 10-UDYA
before 11-DDEA metabolism.
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cytochrome P-450|VA1-reconstituted system. ABT inhibits cytochrome P

450IVA1-dependent co-hydroxylation of lauric acid in clofibrate-treated rat liver

microsomes (Reich and Ortiz de Montellano, 1986) and fresh cultures of rat

hepatocytes (Kaikaus et al., submitted); however, for unknown reasons, ABT

does not seem to inhibit cytochrome P-450IVA1 in the reconstituted system

(Section 2.5). Moreover, knowing that ABT is a mechanism-based inhibitor for a

variety of cytochrome P-450s, ABT can be used to test the involvement of

cytochrome P-450IVA1 in 11-DDEA metabolism in the cytochrome P-450IVA1

reconstituted system.
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ABT (900 nmol) preincubations in one-ml buffer C were allowed to stand

for 0, 2, 5, or 10 minutes at room temperature before [1,14C]-11-DDEA (600

nmol) was added to start the 5-minute incubation. Work-up and HPLC

conditions were as before. The results indicate that ABT does not inhibit 11

DDEA metabolism in the cytochrome P-450IVA1-reconstituted system (Figure

2.3.4.1). The effect of ABT on 11-DDEA metabolism argues for the involvement

of cytochrome P-450IVA1: both lauric acid co-hydroxylation and 11-DDEA

epoxidation are unaffected in the presence of ABT in the cytochrome P

450IVA1-reconstituted system.

When the ABT preincubation was done at 37°C instead of room

temperature in the presence of NADPH (2 mM), time-dependent reduction of

11-DDEA metabolite formation was observed. This phenomenon was shown to

be due to NADPH-dependent inhibition of cytochrome P-450IVA1 independent

of ABT. The NADPH-dependent inhibition of cytochrome P-450IVA1 can be

avoided by conducting the incubation at room temperature.

2.3.5 Conclusions After a 5-minute incubation of [1,14C]-11-DDEA with the

cytochrome P-450IVA1-reconstituted system, the terminal epoxide and

aldehyde of 11-DDEA are formed in a ratio of about 10:1, along with the

terminal diol that is presumably formed by hydrolysis of the epoxide. Formation

of the epoxide and the aldehyde ceases after 5 minutes of incubation,

suggesting that the enzyme responsible for epoxide and aldehyde formation is

completely inactivated. However, no time-dependent inhibition of lauric acid co

and go-1-hydroxylation by 11-DDEA is observed. Thus, 11-DDEA metabolism

may be catalyzed by a contaminating cytochrome P-450IVA isozyme in the
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purified system (the cytochrome P-450IVA1 preparation gives two bands in

SDS-PAGE gels). Moreover, the rate of inhibition of lauric acid hydroxylation by

10-UDYA (Cajacob et al., 1988) was faster than the rate of inhibition of 11

DDEA epoxidation and aldehyde formation by 10-UDYA (this work), suggesting

that 11-DDEA epoxidation and aldehyde formation could be catalyzed by an

enzyme other than cytochrome P-450IVA1. The enzyme responsible for 11

DDEA metabolism, however, is inactivated by 10-UDYA but not by ABT, as is

cytochrome P-450IVA1, so that the involvement of cytochrome P-450IVA1

cannot be ruled out. However, it is still possible that cytochrome P-450IVA1 is

responsible for the 11-DDEA metabolism observed, but that the epoxide formed

binds more tightly (lower Km) than 11-DDEA, so that 11-DDEA metabolism

eventually ceases. Lauric acid hydroxylation can still take place after 11-DDEA

preincubation if lauric acid has a sufficiently lower Km than the epoxide.

cytochrome P-450|VA1-reconstituted system 11-DDEA metabolism was done
at room temperature for 5 min. The x-axis expresses the preincubation time
With ABT.
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2.4 Does cytochrome P-450IVA1 catalyze the formation of terminal

olefin (11-DDEA) from lauric acid? It has been shown that cytochrome P

450-dependent desaturation of valproic acid occurs in phenobarbital-treated rat

liver microsomes (Rettie et al., 1988). This is the best characterized example of

a cytochrome P-450-dependent desaturation reaction. Even though cytochrome

P-450IVA1 specifically catalyzes the co-hydroxylation of lauric acid, it is possible

that it also catalyzes its desaturation to 11-DDEA. A search for 11-DDEA as a

cytochrome P-450IVA1-catalyzed lauric acid metabolite was therefore initiated.

The results show no detectable 11-DDEA formation. A peak of 140 cpm

would be detectable in this system. Based on the specific activity of [1,14C]-
lauric acid used, a rough estimate of at least 0.03% of [1,14C-lauric acid

turnover is neccessary to be detected as metabolite. In other words,

cytochrome P-450IVA1-dependent 11-DDEA formation, if any, from lauric acid

is less than 18 pmol per min at 37°C (Table 2.4.1).

42



Iable 2.4.1 Search for [114Cl-11-DDEA formation from [114Cl:
h

- - - a -
m Lauric acid metabolism was

assayed using the original method (see the Methods chapter). Since no
terminal olefinic derivative of lauric acid was observed in the ether fraction, the
fraction that contained 11- and 12-hydroxylauric acid, the benzene / ether 9:1
fraction was examined. The benzene / ether 9:1 fractions were combined and
11-DDEA cold standard (4 mg) was added. The sample was then evaporated
under a stream of nitrogen to dryness. The sample, re-dissolved in ether (4 ml),
was capped in a 20-ml scintillation vial with diazomethane - ether solution (2
ml) for 45 minutes at room temperature. The ether and diazomethane were
then allowed to evaporate and 75% methanol / water (0.5 ml) was added to
redissolve the sample. The redissolved sample was filtered and was subjected
to HPLC analysis. The HPLC conditions were as follows: Dupont Zorbaxº
ODS 4.6 X 150 mm column; 75% methanol / water as mobil phase at 1 ml /
minute, monitored at 217 nm with range of 0.05; cocktail (Flo-Scint II) flow rate 3
ml / minute.

11-DDEA 296 242 244

12-OH-lauric acid 54,749 109,497 300

4 3



f 1-amin riazole (ABT) on lauri id Co- - || -

ABT is a mechanism-based inactivator of cytochrome P-450. Evidence exists

that cytochrome P-450 catalyzes the two-electron oxidation of ABT to form

benzyme that subsequently adds to the heme and inactivates cytochrome P-450

(Ortiz de Montellano and Reich, 1986). Cytochrome P-450IVA1 from clofibrate

treated rat liver microsomes (Reich and Ortiz de Montellano, 1986) and primary

cultures of rat hepatocytes (Kaikaus et al., submitted) appears to be one of the

cytochrome P-450s that is inactivated by ABT. This is surprising because ABT

does not resemble a fatty acid and it is hard to imagine how ABT can fit into the

hypothetically very restrictive, highly substrate-specific active site of cytochrome

P-450IVA1. To further investigate the ABT inhibition of cytochrome P-450IVA1,

purified cytochrome P-450IVA1 was used.

Preliminary experiments showed that cytochrome P-450IVA1 is

significantly inactivated in a time-dependent manner in the presence of NADPH

with or without ABT at 37°C, indicating that it is the NADPH rather than the ABT

which is responsible for cytochrome P-450IVA1 inactivation. Experiments were

therefore carried out at room temperature to minimize cytochrome P-450IVA1

destruction by NADPH. ABT (10 mM) was preincubated at room temperature

with the cytochrome P-450IVA1-reconstituted system for 10 minutes in the

presence or absence of NADPH prior to incubation with lauric acid for 5

minutes. To a one-ml incubation of the cytochrome P-450IVA1-reconstituted

system containing ABT (10 pmol, in 0.1 ml DMSO), NADPH (2 pmol) or buffer C

was added to start ABT preincubation. The preincubation was allowed to sit for

10 minutes at room temperature. [1,14C]-Lauric acid (600 nmol) was then
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added and the lauric acid incubation was done for 5 minutes at room

temperature. The results are summarized in Table 2.5.1:

Table 2.5.1 Effect of ABI (10 mM) on lauric acid Q- and Q-1-hydroxylations by
rifi reconsti hr P-450IVA1

1 ifi
- -

10mMLABIL NADPH 11-OH 12-OH
+ / 4. 2.16 9.30

+/- 2.18 9.77

- /- 2.70 11.1

! specific activity is expressed as nmol lauric acid metabolite formed per nmol cytochrome P
450IVA1 per 10 minutes at room temperature

Unlike clofibrate-treated rat liver microsomes and primary cultured rat

hepatocytes, no NADPH-dependent ABT inhibition of cytochrome P-450IVA1 is

observed in the purified system! One possible reason for this dichotomy is that

ABT destroys the heme of other cytochrome P-450s but not of cytochrome P

450IVA1. Subsequent heme exchange between the inactivated cytochrome P

450 and cytochrome P-450IVA1 could result in cytochrome P-450IVA1

inactivation. Attempts were therefore made to reconstitute both cytochrome P

450IVA1 and P-450|IB1, which is known to be inactivated by ABT, in the same

preparation to test for ABT-dependent cytochrome P-450IVA1 inhibition. The

details are discussed in the following section.
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system. In order to test the hypothesis that ABT alkylates the heme of

cytochrome P-450s other than cytochrome P-450IVA1 and subsequent heme

exchange between cytochrome P-450IVA1 and the heme-alkylated cytochrome

P-450 inactivates cytochrome P-450IVA1, cytochrome P-450IIB1, which is

inhibited by ABT via heme alkylation, was added to the cytochrome P-450IVA1

reconstituted system prior to ABT preincubation. The incubation conditions were

the same as described in section 2.5 except that P-450|IB1 (0.15 nmol) was

added during the reconstitution. The results are summarized in Table 2.5.1.1:

Table 2.5.1.1 Effect of ABT (10 mM) on lauric acid Q- and q)-1-hydroxylations
by cytochrome P-450IVA1 in the cytochromes P-450IVA1- and P-450llB1
reconstituted system

"Specific activi

10 min + / 4. 2.25 11.2

10 min +/- 2.62 11.3

10 min - / + 2.33 9.79

20 min - / + 2.98 7.51

* specific activity is expressed as nmol lauric acid metabolite formed / nmol cytochrome P
450IVA1

No ABT dependent inhibition of the co- and do-1-hydroxylations of lauric

acid by purified cytochrome P-450IVA1 is observed in the presence of

Cytochrome P-450IIB1. Heme exchange therefore does not explain why ABT
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inhibits cytochrome P-450IVA1 in liver microsomes and cultured hepatocytes

but not in the purified system. However, it is possible that cytochrome P

450IVA1 inactivation is dependent on the presence of other clofibrate-inducible

cytochrome P-450IVA isozymes. ABT may be converted to benzyne, a reactive

intermediate, by a cytochrome P-450IVA isozyme other than P-450IVA1, and

the benzyne subsequently inactivates cytochrome P-450IVA1. Even though

cytochrome P-450llB1 can also convert ABT to benzyne, the benzyme may react

in the active site of cytochrome P-450IIB1 without a chance of escape, so that

cytochrome P-450IVA1 is not inactivated in the presence of cytochrome P

450llB1 in the reconstituted system. In any case, there is no obvious

explanation for this dichotomy at this time.

2. - - -
i inhi

P-450|VA1 in the purified system? It has been shown that cytochrome P

450llB1 catalyzes monooxygenation of the iodine atom of iodobenzene to form

iodosobenzene (Burka, et. al., 1980). Also, a halosyl intermediate, which can be

generated chemically (MacDonald, et. al, 1980), is suspected to be involved in

the metabolic pathways of compounds such as 1,2-dichloroethane

(Guengerich, et. al., 1980), propyl halides (Tachizawa, et al., 1982), and 4

iodonitrobenzene (Sinsheimer, et al., 1978; MacDonald, T. L., 1983). It is

conceivable that once an iodosyl or bromosyl intermediate is formed in the

cytochrome P-450 active site, nucleophilic displacement of the halosyl group

will occur, leading to cytochrome P-450 inactivation. Furthermore, it has been

shown that o-trifluoro analogs of leukotrienes inhibit leukotriene Go-oxidation in

Cultured rat hepatocytes via a competitive mechanism (Jedlitschky et al., 1990).

Halo-compounds therefore may function as either competitive or mechanism
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based inhibitors of cytochrome P-450. To investigate this possibility, 12-bromo

and 12-iodododecanoic acids were examined as potential cytochrome P

450IVA1 inhibitors.

To a one-ml incubation containing cytochrome P-450IVA1 (0.1 nmol),

cytochrome P-450 reductase (0.2 nmol), cytochrome b5 (0.2 nmol) and

dilaurylphosphatidyl choline (40 pig), either 12-iodo- or 12-bromododecanoic

acid (0.15 pmol) was added. NADPH (800 nmol) or buffer C was added to start

preincubation for a specific period of time at room temperature. [1,14C]-lauric
acid (0.6 pumol) was then added to start the incubation for 10 minutes at room

temperature. Laurate assay was done using condition 2 of the modified method

as described in the Methods chapter.

Both 12-iodo- and 12-bromododecanoic acid inhibit cytochrome P

450IVA1 in a time- and NADPH-independent fashion in the purified,

reconstituted system (Figures 2.6.1 and 2.6.2). Cytochrome P-450IVA1 is

probably inhibited via a competitive mechanism, but in any case not by an

affinity-labeling mechanism because: 1. the inhibition is NADPH-independent;

2. a similar percentage of cytochrome P-450IVA1 inhibition is present at all

time-points, and 3. the inhibition does not go to completion. From the

preliminary results, 12-iodododecanoic acid is a slightly better inhibitor than 12

bromododecanoic acid, even though an iodo group is larger than a bromo

group (2.2 and 1.96A, respectively).
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2.7 Final conclusions Cytochrome P-450IVA1 specifically catalyzes the

co-hydroxylation of lauric acid. In a cytochrome P-450IVA1-reconstituted system,

12- to 11-hydroxyllauric acid formation occurs in a ratio as high as 23 to 1. As a

reference for general hydrocarbon hydroxylation by cytochrome P-450, lauric

acid hydroxylation by cytochrome P-450llB1 was carried out. The results show

that co-1-hydroxylation is eight times more favorable than o-hydroxylation. In

addition, the total amounts of o-hydroxylated products formed by cytochrome P

450IIB1 are 1,000-fold less than the amounts formed by cytochrome P-450IVA1,

suggesting that the latter is more specific for fatty acid hydroxylation. A narrow

active site structure is proposed to rationalize the Go-specificity of cytochrome P

450IVA1.

To investigate the co-specificity of cytochrome P-450IVA1, 11-DDEA

metabolism was examined. When 11-DDEA metabolism was carried out in the

purified, reconstituted cytochrome P-450IVA1 system, 11-DDEA-epoxide was

obtained as the major metabolite with the aldehyde as a minor metabolite. The

formation of metabolites ceases after 5 minutes (Figure 2.3.1.3), implying that

the enzyme responsible for 11-DDEA metabolism is inhibited after 5 minutes in

the presence of 11-DDEA and NADPH. However, lauric acid hydroxylation is

unaffected by prior incubation with 11-DDEA and NADPH, showing that 11

DDEA does not inactivate cytochrome P-450IVA1. The inhibition of 11-DDEA

metabolism that is observed can be explained by product inhibition. The

epoxide and/or the aldehyde formed may have a sufficiently lower Km than 11

DDEA that competitive inhibition of 11-DDEA metabolism is observed. If so,

lauric acid must have a low enough Km that its o-hydroxylation is unaffected by

the 11-DDEA metabolites.
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However, since the purified cytochrome P-450IVA1 employed shows two

bands on SDS-PAGE gel, it is possible that an enzyme other than cytochrome

P-450IVA1 is responsible for the 11-DDEA metabolism. In order to investigate

this possibility, ABT and 10-UDYA were used to differentiate the involvement of

cytochrome P-450IVA1 from other enzymes in 11-DDEA metabolism. The
results show that 10-UDYA inhibits whereas ABT has no effect on 11-DDEA

metabolism. These responses behave the same as one would expect if

cytochrome P-450IVA1 is the enzyme responsible for the metabolism.

Cytochrome P-450IVA1 is likely to be responsible for the 11-DDEA metabolism,

even though the involvement of an enzyme other than cytochrome P-450IVA1

Cannot be ruled Out.

In the cytochrome P-450IVA1-dependent metabolism of 11-DDEA, one

would expect the aldehyde to be the major metabolite. This expectation is

based on the fact that the oxygen from the heme is transferred to the terminal

carbon of the triple bond of 10-UDYA to form the dicarboxylic acid (via a ketene

intermediate). In the same way, the oxygen may possibly be transferred to the

terminal carbon of the double bond of 11-DDEA to form the aldehyde.

However, the epoxide instead of the aldehyde is the major 11-DDEA metabolite

(the amount of aldehyde formed is ten times less than the amount of epoxide

formed). This result suggests that the terminal carbon might have to align to the

ferryl-oxo species in such a way that the terminal carbon is closest to the

oxygen in order for terminal carbon oxidation to occur. Because of the rigidity of

the terminal olefin with the terminal carbon pointing sideway (sp2-hybridized),

the double bond instead of the terminal carbon may become more accessible to

the ferryl-oxo species, so that epoxidation is more favorable than terminal

Carbon oxidation (Figure 2.7.1).

52



Lauric acid co-hydroxylation by cytochrome P-450IVA1 is competitively

inhibited by 12-iodo- and 12-bromododecanoic acids. No enzyme inactivation

is observed, suggesting that halogen oxidation may not occur because, if an

iodosyl or bromosyl intermediate is formed as a result of halogen oxidation,

covalent modification of cytochrome P-450IVA1 is likely to be observed.

ABT inactivates lauric acid hydroxylation by cytochrome P-450IVA1 in

liver microsomes, cultured hepatocytes, and in vivo after clofibrate treatment.

However, purified cytochrome P-450IVA1 activity is unaffected by ABT. The

heme exchange hypothesis for cytochrome P-450IVA1 inactivation (exchanging

the modified heme from an inactivated cytochrome P-450 with a heme of

cytochrome P-450IVA1) is ruled out by the fact that ABT does not inhibit

cytochrome P-450IVA1 activity in the presence of cytochrome P-450|IB1 in the

reconstituted system. However, it is possible that other cytochrome P-450IVA

isozymes are responsible for cytochrome P-450IVA1 inactivation by ABT. The

facts that ABT has to be converted to benzyme for enzyme inactivation to occur

and that ABT does not seem to be a substrate for cytochrome P-450IVA1

suggest that other clofibrate-inducible cytochrome P-450IVA isozymes with less

co-specificity may have more room in the active site to incorporate ABT and

convert ABT to benzyne. Subsequently, the benzyme travels to cytochrome P

450IVA1 and causes enzyme inactivation.
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3.1 Introduction. It has been shown that 1-ethynylpyrene (1-EP) inhibits

cytochrome P-450-dependent benzo[a]pyrene hydroxylation up to 90% in 20

minutes at 37°C in the presence of NADPH in 3-naphthoflavone (BNF)-treated

rat liver microsomes. However, only 6% loss of the cytochrome P-450 heme

Soret absorbance was observed (Gan et al., 1984; 1985). This observation

suggests that protein rather than heme alkylation is responsible for cytochrome

P-450 inhibition because Soret loss typically accompanies heme alkylation. In

the case of cytochrome P-450IVA1, co-specific oxidation is responsible for the

bioactivation of 10-undecynoic acid (10-UDYA) to a reactive ketene

intermediate that, in turn, inactivates cytochrome P-450IVA1 with an

insignificant loss of Soret absorbance (Cajacob and Ortiz de Montellano, 1986;

Cajacob et al., 1988). The fact that the active site of cytochrome P-450IA1 is

"flat" and allows binding of planar molecules such as benzo[a]pyrene (Yagi and

Jerina, 1982) suggest that 1-EP binds specifically in the cytochrome P-450/A1

active site such that only terminal oxidation of 1-ethynylpyrene is possible,

leading to ketene formation and subsequently to enzyme inactivation via protein

alkylation, as in the case of cytochrome P-450IVA1 inactivation by 10-UDYA.

Since BNF induces primarily cytochrome P-450/A1 in rat liver

microsomes and benzo[a]pyrene hydroxylation is catalyzed by cytochrome P

450IA1, it is likely that it is cytochrome P-450/A1 that is inhibited by 1-EP without

loss of heme absorbance. To further investigate the mechanism of cytochrome
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P-450/A1 inhibition by 1-EP, both BNF-treated rat liver microsomes and purified

cytochrome P-450/A1 were examined.

Another way to investigate the mechanism of cytochrome P-450/A1

inhibition by 1-EP is to compare the inhibition by arylacetylenes with different

numbers of fused aromatic rings. The hypothesis that 1-EP inhibits cytochrome

P-450|A1 by protein rather heme alkylation argues that the activated oxygen

atom from the iron-oxo group is added to the terminal carbon of the acetylenic

group, giving rise to a reactive ketene intermediate that is responsible for

protein alkylation. This whole premise is based on the assumption that 1-EP

binds specifically in the cytochrome P-450IA1 active site in a way that favors

terminal over internal carbon oxidation of the acetylenic group because the

latter leads to heme destruction (Ortiz de Montellano and Mico, 1980; Ortiz de

Montellano and Kunze, 1980; 1981; Ortiz de Montellano et al., 1984).

Moreover, it is reasonable to expect tight binding of 1-EP in the cytochrome P

450IA1 active site because 1-EP resembles benzo[a]pyrene, which binds tightly

to the cytochrome P-450|A1 active site (Miwa and Lu, 1986). The tight binding

is presumably due to a planar fused aromatic ring system that allows favorable

hydrophobic interactions with the "planar" lipophilic active site of cytochrome P

450IA1. If the interaction between the fused aromatic moiety and the

cytochrome P-450IA1 active site environment plays a crucial role in directing

the oxidation to the internal or terminal carbon of the acetylenic group, it may be

possible to shift the oxidation from the terminal to the internal carbon by simply

altering the number of aromatic rings in the inhibitor. Thus, the oxidations of

phenylacetylene, 1- and 2-ethynylnaphthalene, and 1-EP have been compared.
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3.1.1 Soret Loss Experiments. It is important to note that all the Soret loss

experiments were conducted by monitoring the cytochrome P-450-CO

difference spectrum. The previous Soret change experiments were carried out

by continuously monitoring the change in the absorbance of the natural Soret at

around 420 nm. Even though this method gives very good kinetic time-point

data, it can be ambiguous if no change in Soret absorbance occurs because

modified heme can also provide significant absorbance at 420 nm. To

demonstrate the ambiguity of the continuous Soret measurement at 420 nm,

the Soret loss due to cytochrome P-450|IB1 inactivation by phenylacetylene in

phenobarbital-treated rat liver microsomes was monitored, knowing that

cytochrome P-450 heme destruction definitely occurs. No significant Soret loss

was observed using this method. In contrast, the cytochrome P-450-CO

difference spectrum used for all the experiments mentioned in this chapter

provides accurate information on the Soret absorbance changes.

3.1.2. Cytochrome P-450/A1 activity assay. Since only 71 - 75% of the total

cytochrome P-450 is P-450/A1 in BNF-treated rat liver microsomes (Guengerich

et al., 1982; Thomas et al., 1983), it is necessary to have a specific activity assay

for cytochrome P-450IA1 so that its activity in BNF-treated rat liver microsomes

can be unambiguously determined. Therefore, 7-ethoxyresorufin O

deethylation, which is catalyzed specifically by cytochrome P-450/A1 (Burke

and Mayer, 1983), was assayed to quantitate cytochrome P-450IVA1 activity in

BNF-treated rat liver microsomes.
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3.2.1.1.1 Soret loss experiments. The method for the Soret loss experiment is

described in the Methods chapter. The cytochrome P-450-CO difference

spectrum was obtained every three minutes - roughly the amount of time

required to do a cytochrome P-450-CO spectrum. To an incubation with 20

nmol cytochrome P-450 in BNF-treated rat liver microsomes, a final

concentration of 120 puM 1-EP was added in 96 pil of acetonitrile. As a control,

the same amount of acetonitrile (96 pul) was added to another incubation which

showed no loss of cytochrome P-450 heme Soret in 22 minutes. When 1-EP

(120 pum) was added, the cytochrome P-450-CO Soret was essentially

unchanged up to 22 minutes at room temperature (Figure 3.2.1.1.1).

3.2.1.1.2_Activity Loss Experiments 1-EP (120 puM) was incubated with BNF

treated rat liver microsomes containing 5 mM cytochrome P-450 for a specific

period of time in the presence of NADPH at 25°C. Cytochrome P-450IA1 activity

(7-ethoxyresorufin O-deethylation) was assayed at each time-point. The

detailed cytochrome P-450IA1 activity assay is described in the Methods

chapter.
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More than 80% of cytochrome P-450/A1 7-ethoxyresorufin O

deethylation activity is inhibited by 1-EP after 60 minutes at 25°C (Figure

3.2.1.1.1) with an inhibition half-life of 5.2 minutes. After 20 minutes, almost

60% activity loss is observed. Knowing that cytochrome P-450IA1 comprises

about 71 - 75% of the total cytochrome P-450 in BNF-treated rat liver

microsomes, about 42% (70% X 0.6) of Soret loss would be expected based on

the level of cytochrome P-450IA1 inhibition. Since there is essentially no loss of

cytochrome P-450-CO Soret observed in 22 min, cytochrome P-450IA1

inhibition by 1-EP occurs without any significant loss of heme Soret in BNF

treated rat liver microsomes (Figure 3.2.1.1.1).
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3.2.1.2. Phenylacetylene

3.2.1.2.1 Soret loss experiments Phenylacetylene (10 mM) causes a

significant time-dependent cytochrome P-450-CO Soret loss (Figure 3.2.2.1).

The cytochrome P-450-CO Soret starts to level off after about 15 minutes,

implying that cytochrome P-450IA1 is completely inhibited after 15 minutes or

so. The residual cytochrome P-450-CO Soret absorbance is probably due to

other cytochrome P-450s present in BNF-treated microsomes that are

unaffected by phenylacetylene. Thus, correction of Soret loss is done by

considering the "plateau" Soret remaining after 15 minutes as the "zero" Soret

remaining. After the "zero" Soret remaining is taken into account, an inhibition

half-life of 4.2 minutes is obtained.

3.2.1.2.2 Activity loss experiments Cytochrome P-450|A1-dependent 7

ethoxyresorufin O-deethylation was monitored to quantitate the cytochrome P

450IA1 activity in the BNF-treated microsomes treated with phenylacetylene. A

time-dependent inhibition of cytochrome P-450/A1-dependent 7

ethoxyresorufin O-deethylation activity is observed when BNF-treated rat liver

microsomes are incubated with phenylacetylene (10 mM) in the presence of

NADPH (Figure 3.2.1.2.1). The inhibition half-life was calculated to be 3.7 min,

practically the same as the rate of Soret loss caused by phenylacetylene (4.2

min). Unlike 1-EP, phenylacetylene inhibits cytochrome P-450IA1 with a

concomitant loss of the cytochrome P-450-CO Soret absorbance. Therefore,

the mechanism of inhibition of cytochrome P-450/A1 by phenylacetylene is

different from the mechanism by 1-EP.
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3.2.1.3 1- and 2-Ethynylnaphthalenes (1-EN / 2-EN) Phenylacetylene was

examined instead of 1-EP to reduce the lipophilic interaction between the

inhibitor and the cytochrome P-450IA1 active site residues. Interestingly, the

results suggest that the mechanism of inhibition shifts from protein alkylation (by

1-EP) to heme alkylation (by phenylacetylene). This is consistent with the

hypothesis that the weaker hydrophobic interaction between phenylacetylene

and the cytochrome P-450IA1 active site environment provides greater chance

for internal carbon oxidation of the acetylenic group to occur. To further

investigate the effect of inhibitor-active site binding on mechanism of inhibition,

napthalenylacetylenes were synthesized and examined.
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3.2.1.3.1. Soret loss experiments At 10 mM, both 1-EN and 2-EN cause time

dependent cytochrome P-450-CO Soret loss with half-lives of 6.3 and 5.1 min,

respectively (Figures 3.2.1.3.1 and 3.2.1.3.2). Notice that in both cases a

residual amount of cytochrome P-450-CO Soret was present which was taken

into account as the 100% cytochrome P-450IA1 heme Soret loss.

3.2.1.3.2_Activity loss experiments. The cytochrome P-450|A1-dependent 7

ethoxyresorufin O-deethylation activity assay was conducted as described in

the Methods chapter. As expected, both 1-EN and 2-EN inhibit cytochrome P

450IA1-dependent 7-ethoxyresorufin O-deethylation activity in the BNF-treated

rat liver microsomal system (Figures 3.2.1.3.1 and 3.2.1.3.2). At 10 mM, both 1

EN and 2-EN inhibit cytochrome P-450IA1 at similar rates (inhibition half-lives =

6.3 and 5.1 min, respectively) and cause time- and NADPH-dependent

cytochrome P-450-CO Soret loss. However, for both 1-EN and 2-EN, the rate

of Soret loss is about three times slower than that of cytochrome P-450IA1

activity loss (half-lifes for Soret loss are 16.9 and 15.2 min, respectively). This is

in good agreement with the previous finding that when the number of fused

aromatic ring decreases from four (1-EP) to two (1-EN and 2-EN) to one

(phenylacetylene), the mechanism of cytochrome P-450IA1 inhibition shifts from

no (protein alkylation) to partial to complete Soret loss (heme alkylation). A

mixed mechanism of cytochrome P-450IA1 inhibition is observed with 1-EN and

2-EN. This finding, again, suggests that binding of the arylacetylenic inactivator

in the cytochrome P-450|A1 active site is a strong determinant of how the

enzyme is inactivated.
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3.2.2. The cytochrome P-450/A1-reconstituted system. So far, all the

work described on the mechanisms of inhibition of cytochrome P-450IA1 by

arylacetylenes was done with 3-naphthoflavone-treated rat liver microsomes.

One has to be aware that because of the presence of other cytochrome P-450s

in microsomes, the results observed might not be specific to cytochrome P

450|A1 alone. This is particularly true when we try to further characterize which

protein residue or part of the heme is being modified in the cytochrome P

450/A1 active site. Thus, purified cytochrome P-450IA1 was used to further

characterize the mechanisms of cytochrome P-450/A1 inhibition by

arylacetylenes.

The activity and Soret loss experiments done with BNF-treated rat liver

microsomes were repeated in the purified cytochrome P-450|A1-reconstituted

system. The experimental methods (see the Methods chapter) were essentially

the same except that: 1. reconstitution was necessary and lesser amounts of

cytochrome P-450IA1 than of total BNF-treated microsomal cytochrome P-450 is

used and 2. 40 pi M 1-EP was used instead of 120 puM, whereas for

phenylacetylene, the same 10 mM was used.

3.2.2.1 Soret loss experiments Initially, the Soret loss experiments were

conducted by monitoring the change in the heme Soret at 419 nm. A small

amount of cytochrome P-450|A1 Soret loss was observed along with the activity

loss in a time-dependent manner (half-lives of 21.5 and 2.57 min, respectively).

It was later found that about 45% of the Soret loss was prevented by the

addition of catalase (1 unit per ml) and was due to the oxidative destruction of

the heme by hydrogen peroxide. After the contribution by hydrogen peroxide
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was taken into account, the amount of Soret relative to activity loss became

insignificant (activity loss was more than 13 times faster than Soret loss).

However, it is possible that a modified heme species also absorbs at 419 nm

such that no net change is observed.

The Soret loss experiment was done again but this time the cytochrome

P-450-CO difference spectrum was monitored to exclude the possibility that the

modified heme skewed the results (the modified heme should have an

insignificant absorbance at 450 nm because only the native heme can form the

CO-complex that absorbs at this wavelength). The results showed that both

phenylacetylene (10 mM) and 1-EP (40 puM) cause cytochrome P-450-CO Soret

loss in a time-dependent manner (Figure 3.2.2.1). However, the Soret loss

observed did not go to completion but remained at 38% and 60-65%,

respectively, for phenylacetylene and 1-EP. In the purified system, the

cytochrome P-450-CO Soret loss caused by 1-EP is real: when acetonitrile was

added to the incubation without 1-EP, which was normally added to the

incubation in acetonitrile, no Soret loss was observed. However, once 1-EP

was added to the same incubation, cytochrome P-450-CO Soret loss was

observed (Figure 3.2.2.1).

3.2.2.2 Activity loss experiments. The cytochrome P-450/A1-dependent 7

ethoxyresorufin O-deethylation activity is inhibited by 1-EP (40 pum) in the

cytochrome P-450IA1-reconstituted system with an inhibition half-life of 2.57

minutes (Figure 3.2.2.2). For phenylacetylene (10 mM), cytochrome P-450IA1

activity is inhibited with a half-life of 2.3 minutes (Figure 3.2.2.3).
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Eigure 3.2.2.2. Effect of 1-EB (40 um) on cytochrome P-450-CO Soret
absorbance and cytochrome P-450/A1-specific ethoxyresorufin O-deethylation
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Figure 3.2.2.2. Effect of 1-EB (40 um) on cytochrome P-450-CQ Soret
absorbance and gytochrome P-450/A1-specific ethoxyresorufin O-deethylation
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3.2,3–Conclusions The above experiments clearly show that both

phenylacetylene and 1-EP (120 puM) cause cytochrome P-450-CO Soret loss in

the cytochrome P-450/A1-reconstituted system. In case of phenylacetylene, it is

not surprising because phenylacetylene inhibits cytochrome P-450|A1 the same

way as in BNF-treated rat liver microsomes. However, cytochrome P-450-CO

Soret loss is not observed when 1-EP inactivates cytochrome P-450IA1 in BNF

treated rat liver microsomes. Somehow, the mechanism of cytochrome P

450/A1 inhibition by 1-EP changes from no Soret loss to partial Soret loss when

the system is changed from BNF-treated rat liver microsomes to purified

cytochrome P-450/A1. This is unusual but conceivable because the cytochrome

P-450/A1 active site environment may have been altered during purification and

reconstitution such that heme alkylation may occur. The microsomal system,

which is closer to the natural cytochrome P-450IA1 in liver than the

reconstituted system, probably retains the intact cytochrome P-450|A1 active

site environment. No N-alkylation occurs with 1-EP, possibly due to a significant

lipophilic interaction between the pyrene ring and the "flat" cytochrome P

450|A1 active site environment. The Observation that 1-EP can be used as a

probe to differentiate the active site environments of cytochrome P-450/A1 in the

microsomal and purified systems is exciting. It illustrates that caution is

necessary whenever purified systems are used for mechanistic studies. For the

investigation of the mechanisms of cytochrome P-450/A1 inhibition by

arylacetylenes, it is better to use BNF-treated rat liver microsomes than purified

cytochrome P-450|A1 if one desires to obtain physiologically relevant findings.
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3.3 Primary kinetic isotope effect study

3.3.1 Introduction Extensive evidence has confirmed that terminal acetylenes

inhibit cytochrome P-450 via heme alkylation in phenobarbital-treated rat liver

microsomes (Ortiz de Montellano and Mico, 1980; Ortiz de Montellano and

Kunze, 1980; 1981; Ortiz de Montellano et al., 1984). The modified heme

adducts have been identified as N-alkylated heme (see section 1.3.2.1). The

structures of these hemes suggest that heme alkylation occurs when the

activated oxygen is added to the internal carbon of the triple bond. When the

terminal carbon is oxidized, formation of an acid metabolite occurs via a ketene

intermediate. Terminal carbon oxidation requires a 1,2-hydrogen shift. This

shift is characterized by a deuterium isotope effect chemically and

enzymatically. This deuterium isotope effect is not possible in the internal

carbon oxidation because no 1,2-hydrogen shift is involved (Ortiz de

Montellano and Komives, 1985; Komives and Ortiz de Montellano, 1987). It is

of interest to determine deuterium isotope effects on the cytochrome P-450IA1

inhibition by 1-EP and phenylacetylene to provide information regarding the

inhibitory mechanisms (Scheme 3.3.1.1).
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3.3.2.1 The cytochrome P-450/A1-reconstituted system 1-EP or D-EP (40 HM)

was preincubated at room temperature with cytochrome P-450|A1 (1 nmol),

cytochrome P-450 reductase (2 nmol), DLPC (40 pig), and magnesium chloride

(3 plmol) in one-ml of 50 mM potassium phosphate buffer at pH 7.4.

Preincubation was started by adding NADPH (1 pmol). At different time-points,

a 100 pil aliquot of preincubation solution was taken out for cytochrome P

450|A1 activity assay.

The rate of 7-ethoxyresorufin O-deethylation by cytochrome P-450IA1 is

essentially unchanged with or without catalase present (Table 3.3.2.1.2). No

isotope effect is observed for cytochrome P-450IA1 inhibition by 1-EP and D-EP

when cytochrome P-450/A1-dependent deethylation activity is monitored (KH/KD

= 1.08) (Figure 3.3.2.1.1 and Table 3.3.2.1.2). From the Soret loss experiment,

a mixed mechanism of inhibition is suggested because the rate of Soret loss is

slower than that of activity loss. One would expect to see a kinetic isotope effect

(KH/KD = 1.6 for phenylacetylene for example, Ortiz de Montellano and Komives,

1985) for terminal acetylene inhibition of cytochrome P-450 if the mechanism

involves the formation of a ketene that subsequently alkylates the protein. In the

present case, the already small isotope effect is complicated by the mixed

mechanism of inhibition. The fact that more than 60% Soret loss is observed

implies that the mechanism in which the internal carbon is oxidized, which gives

no kinetic isotope effect, is more favorable in the purified cytochrome P-450|A1

System.
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3.3.2.2. The BNE-treated rat liver microsomal system Incubations with 3NF

treated rat liver microsomes contained 0.5 nmol cytochrome P-450 instead of

the 1 nmol used with the purified system. Under these conditions, no isotope

effect is observed for inhibition of 7-ethoxyresorufin O-deethylation activity by 1

EP (KH/KD = 1.03) (Figure 3.3.2.2.1 and Table 3.3.2.2.2), in agreement with the

results obtained with the cytochrome P-450IA1-reconstituted system (KH/KD =

1.08). However, different mechanisms of cytochrome P-450/A1 inhibition are

involved in the purified and microsomal systems because partial and no

cytochrome P-450-CO Soret loss, respectively, is observed. In the case of the

microsomal system, a small isotope effect might be expected because it is

thought that protein alkylation via a ketene intermediate, which requires a 1,2-

hydrogen shift, is responsible for the inactivation. Nonetheless, no isotope

effect is observed, indicating either that the 1,2-hydrogen shift is not required for

cytochrome P-450/A1 inhibition by 1-EP or that the 1,2-hydrogen shift is simply

not the rate-determining step. The latter would be consistent with the tight

binding of 1-EP in the cytochrome P-450IA1 active site that could make ketene

release the rate-determining step. As for cytochrome P-450IIB1, an isotope

effect is observed for product formation from phenylacetylene and

biphenylacetylene (Ortiz de Montellano and Komives, 1985). The inhibitor

active site interaction may not be as strong for these compounds compared to

the 1-EP-cytochrome P-450IA1 interaction because the cytochrome P-450IIB1

active site is relatively less substrate-specific than cytochrome P-450|A1.
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Figure 3.3.2.2.1byeit #:#:M1-EP or D-EP in BNE Lrat li
-

Cytochrome P-450IA1 activity is
expressed as nmol of resorufin formed per nmol cytochrome P-450 per min at
25°C. All incubations were conducted for 10 min.
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Table 3.3.2.2.2 Summary of the isotope effect on cytochrome P-450IA1
inactivation by 1-EB / D-EP in BNE-treated rat liver microsomes

conditions kx10-8 Kavaxigº haila■ min KHKD

1-EP trial #1 7.2734 6.97.62 4.32 1.03

1-EP trial #2 7. 1194

1-EP trial #3 6.5358

D-EP trial #1 6.81.03 6.7650 4.45

D-EP trial #2 6.6897

D-EP trial #3 6.7949
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effect study. No loss of heme Soret is observed in the inhibition of cytochrome

P-450IVA1 by 10-undecynoic acid (Cajacob et al., 1988). This is expected

because co-oxidation is favored by cytochrome P-450IVA1. The terminal carbon

of the triple bond is selectively oxidized to a ketene intermediate via a 1,2-

hydrogen shift. This ketene intermediate is then attacked either by water to form

1,11-undecandioic acid or by a protein residue leading to inactivation (Cajacob

et al., 1988). Similarly, cytochrome P-450IA1 is inhibited by 1-EP with no heme

Soret loss, so one might also expect terminal carbon oxidation of the triple bond

to OCCUr.

Previous studies in this laboratory showed that ketene formation involves

a 1,2-hydrogen shift that is subject to a primary kinetic isotope effect. For

example, in the purified cytochrome P-450|IB1 system, phenylacetylene and

biphenylacetylene are metabolized to phenylacetic acid and biphenylacetic

acid, respectively, with KH/KD of 1.80 and 1.38, respectively (Komives and Ortiz

de Montellano, 1987). It is therefore surprising to find no primary kinetic isotope

effect for the inhibition of cytochrome P-450/A1 by 1-EP in either BNF-treated rat

liver microsomes or reconstituted cytochrome P-450/A1 (KH/KD of 1.03 and

1.08, respectively). This result casts some doubt on the formation of a ketene in

the cytochrome P-450/A1-catalyzed oxidation of 1-EP. Since we know that the

formation of pyrenylacetic acid from 1-EP must go through a ketene - and

therefore via a mechanism involving a 1, 2-hydrogen shift - the presence of an

isotope effect for pyrenylacetic acid formation was investigated.

The formation of pyrenylacetic acid from 1-EP in a time- and NADPH

dependent manner is observed by HPLC in BNF-treated rat liver microsomes
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The pyrenylacetic acid structure is confirmed by coelution with synthetic

pyrenylacetic acid in HPLC (section 5.16). The isotope effect for pyrenylacetic

acid formation is the same as for cytochrome P-450/A1 inhibition (KH/KD = 1.03)

(Figure 3.3.3.1). The insignificant isotope effect observed shows that a 1, 2

hydrogen shift is not the rate-determining step for cytochrome P-450IA1

inhibition. It is possible that release of the ketene from the cytochrome P-450IA1

active site or some other step is rate-determining.

Figure 3,3,3,1 Isotope effect on pyrenylacetic acid formation in BNE-treated rat
liver microsomes The rate of 1-EP metabolism is compared to the rate of D-EP
metabolism by measuring the rate of pyrenylacetic acid formation, expressed as
nmol of pyrenylacetic acid formed per nmol cytochrome P-450 at 25°C.
Pyrenylacetic acid was used to establish a standard curve. The external
standard was prepared as follows: 15 nmol of pyrenylacetic acid was
transferred into 1 ml of cold 10% HCl. The solution was extracted three times
with ether (2 ml). The combined ether fraction was capped with 2 ml of
diazomethane in ether for 40 minutes at room temperature. The ether was
evaporated to dryness. Acetonitrile (0.5 ml) was added and the final solution
was filtered before HPLC. Quantitation of the amount of methyl pyrenylacetate
was by peak height.
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3.3.3.1 Partition ratio for the inactivation reaction Cytochrome P-450/A1

inhibition is almost complete after 30 minutes with 43 and 36 nmol of

pyrenylacetic acid formed from 1-EP and D-EP, respectively. The partition ratio

can be calculated as the amount of product formed divided by the amount of

inhibition which is 43:1 and 36:1 for 1-EP and D-EP, respectively, since the only

product observed during 1-EP metabolism in BNF-treated microsomes is

pyrenylacetic acid (Figure 3.3.3.1.1).

Figure 3.3.3.1.1 Pyrenylacetic acid formation in BNE-treated rat liver
microsomes The amount of pyrenylacetic acid formed reaches its maximum at
a time when cytochrome P-450IA1 is completely inactivated. The partition ratio
can therefore be expressed as nmol of product (pyrenylacetic acid) formed per
nmol cytochrome P-450IA1 inactivated. The y-axis is expressed as nmol of
pyrenylacetic acid formed per nmol cytochrome P-450 at 25°C.
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Phenylacetylene inhibits cytochrome P-450/A1 with a proportional loss of heme

Soret in BNF-treated rat liver microsomes, suggesting that heme destruction by

phenylacetylene is responsible for cytochrome P-450|A1 inhibition. It is known

that phenylacetylene inhibits cytochrome P-450IIB1 by heme alkylation, a

reaction initiated by internal carbon oxidation of the triple bond. N-Alkylation is

presumably responsible for the cytochrome P-450-CO Soret loss that is

observed (Ortiz de Montellano and Komives, 1985). To compare the

mechanism of inhibition by phenylacetylene of cytochromes P-450IA1 and P

450IIB1, and the different mechanisms of cytochrome P-450IA1 inhibition by

arylacetylenes, the isotope effect on phenylacetylene-dependent cytochrome P

450IA1 inhibition was investigated.

The incubation contained 10 mM phenylacetylene or deuterated

phenylacetylene, 5 puM cytochrome P-450 as BNF-treated rat liver microsomes,

and 1 mM of NADPH in 50 mM potassium phosphate buffer at pH 7.4. The

incubation was done at 25°C. At different time-points, an aliquot was transferred

for 7-ethoxyresorufin O-deethylation activity determination.

The results show that the inhibition half-lives of phenylacetylene and

deuterated phenylacetylene are 3.68 and 3.65 min, respectively. No isotope

effect is observed (KH/KD = 1.01) (Figure 3.3.4.1). This is consistent with

inhibition via heme alkylation without a 1,2-hydrogen shift. Phenylacetylene

thus appears to inhibit both cytochrome P-450IA1 and cytochrome P-450|IB1

via the same mechanism. Unfortunately, the lack of an the isotope effect cannot
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be used to differentiate the mechanism of cytochrome P-450IA1 inhibition by 1

EP and phenylacetylene.

D-Ena) in ENE-treated rative microsomas a room temperatura The
cytochrome P-450/A1 activity is expressed as nmol of resorufin formed per nmol
cytochrome P-450 per min at 25°C.

|
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nvl | i NF-tr rat liver microSomes -

kinetic isotope effect study Phenylacetic acid is a cytochrome P-450-dependent

metabolite of phenylacetylene. This reaction can be catalyzed by either

cytochrome P-450IIB1 (Ortiz de Montellano and Komives, 1985) or cytochrome

P-4501A1. In the case of cytochrome P450|IB1-dependent formation of

phenylacetic acid, a primary isotope effect is observed due to the 1,2-hydrogen

shift associated with ketene formation. However, in the case of cytochrome P

4501A1-dependent pyrenylacetic acid formation from 1-EP in BNF-treated rat

liver microsomes, no isotope effect is observed. It is therefore important to find

out if there is an isotope effect on phenylacetic acid formation in BNF-treated rat

liver microsomes.

Protio- or deuterio-phenylacetylene (10 mM) was added to an incubation

containing 5 puM cytochrome P-450 as BNF-treated rat liver microsomes in 50

mM potassium phosphate buffer at pH 7.4. After five minutes at 25°C, NADPH

(final concentration: 1 mM) was added to start the incubation. At different time

points, each incubation was quenched by the addition of 10% sulfuric acid (0.4

ml) and ether (2 ml). 1-Phenyl-2-butanone (100 nmol) was added to the

quenched incubation as an internal standard. The sample was then extracted

twice with ether. The combined ether fractions were capped with diazomethane

in ether (2 ml) for 45 minutes at room temperature. The sample was

concentrated to about 0.2 ml before GC analysis.

Unlike the cytochrome P-450IIB1-dependent formation of phenylacetic

acid from phenylacetylene by phenobarbital-treated rat liver microsomes - an

experiment which was repeated under the same experimental conditions as a

positive control (KH/KD = 1.44, data not shown) - no isotope effect is observed
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for cytochrome P-4501A1-dependent phenylacetic acid formation in BNF

treated rat liver microsomes (KH/KD = 1.09) (Figure 3.3.5.2). This result is

consistent with the lack of isotope effect observed in cytochrome P-4501A1

dependent pyrenylacetic acid formation from 1-EP in BNF-treated rat liver

microsomes. Thus the 1,2-hydrogen shift is not the rate-determining step in

product formation by cytochrome P-4501A1.

3,3,5,1 Partition ratio for the inactivation reaction. The partition ratios for

phenylacetic acid formation are 5:1 and 4:1 for protio- and deuterio

phenylacetylene, respectively (Figure 3.3.5.1.1). Relative to the partition ratio

for cytochrome P-4501A1-dependent pyrenylacetic acid (43:1 and 36:1 for 1-EP

and D-EP, respectively) (Figure 3.3.3.1.1), phenyl-acetylene is a more efficient

mechanism-based inhibitor of cytochrome P-4501A1 than 1-EP. This may be

due to heme alkylation being a more efficient route of cytochrome P-450

inactivation than protein alkylation.

82



Figure 3.3.5.1 GC tracing of methyl phenylacetate and 1-phenyl-2-butanone
(internal standard). The GC conditions are as follows: 100°C and 250°C
injector and detector temperature, respectively. Gradient started at 100°C for 5
minutes, followed by a 30°C rise per minute up to 250°C and stayed at 250°C
for 2 minutes. The HP integrator was set as: attenuation, -1; chart speed, 0.5
cm/min; peak width, 0.04; threshold, 0; and area rejection, 0. The retention
times of methyl phenylacetate (500 nmol) and 1-phenyl-2-butanone (100 nmol)
are 8.98 and 9.47 min, respectively.
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- ar, i dy. The y-axis is expressed as mo■ of phenylacetic
acid formed per nmol cytochrome P-450 at 25°C.
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3.4.1 Introduction Previous results show that both phenylacetylene and 1-EP

inhibit cytochrome P-4501A1 in the reconstituted and BNF-treated rat liver

microsomal systems. However, the mechanisms of cytochrome P-450|A1

inhibition by phenylacetylene and 1-EP are different since cytochrome P-450

Soret loss is observed with phenylacetylene, but not 1-EP, in BNF-treated rat

liver microsomes. This is interesting since both phenylacetylene and 1-EP are

acetylenic inhibitors of cytochrome P-450 and are expected to inhibit

cytochrome P-4501A1 in a similar manner. To explain this difference in the

mechanisms of inhibition, it would be useful to determine the binding affinity of

these two inhibitors in the cytochrome P-450|A1 active site. Tight binding of 1

EP in the cytochrome P-450IA1 active site might prevent the transfer of the

activated oxygen from the ferryl-oxo species to the internal carbon of the triple

bond, preventing Soret loss. Moreover, "tight" binding would be consistent with

the proposal that the off rate for the ketene is the rate-determining step of the

reaction. The binding constants (Ks) of phenylacetylene and 1-ethynylpyrene

were therefore determined in both the purified cytochrome P-450|A1 and BNF

treated rat liver microsomal systems.
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'Ks ■ um)
Cytochrome P-450|A1

1-ethynylpyrene 0.13

phenylacetylene 29,000

BNE- Lll
-

1-ethynylpyrene 13

phenylacetylene? >29,000

1 Ks = [E] [S] / [ES]
2 Ks is too high to be determined spectroscopically.

Eigura 3.42 Double reciprocal plot of 1 LIl-EEl (nmokº vs 1 / net absorbance
to determine Ks for 1-EP in purified cytochrome P-450/A1 The x-intercept is
equal to -1/Ks. An equation is obtained from the plot as follow: y = 154.16 +
20.771 X with L. R. = 0.965.
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Eigure 34.3 Double reciprocal plot of 1 / [1-EEl (nmol−1) vs 1 / net absorbance
to determine Ks for 1-EP in [NE-treated rat liver microsomes The X-intercept is
equal to -1/Ks. An equation is obtained from the plot: y = 0.69492 + 9.0909).
with L.R. = 1.0.
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intercept is equal to -1/Ks. An equation is obtained from the plot: y = 38.66 +
1,104x with L. R. = 0.94.
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As expected, 1-EP binds over 2,000-fold tighter than phenylacetylene to

cytochrome P-450IA1 in BNF-treated rat liver microsomes (Table 3.4.1 and

Figures 3.4.2., 3.4.3, and 3.4.4). The looser binding of phenylacetylene in the

cytochrome P-450IA1 active site may allow the ketene intermediate to be

accessible to the heme for alkylation to occur. It is not surprising to see even

tighter binding of 1-EP to purified cytochrome P-450/A1: the binding constant

obtained in the microsomal system is over-estimated because a portion of the

substrate is bound to lipids or other microsomal proteins. However, tight binding

alone cannot explain the difference in the mechanisms of cytochrome P-4501A1

inactivation because a partial Soret loss is observed in the purified system even

though 1-EP binds tigher than phenylacetylene. On the other hand, the "tight

binding" phenomenon observed from the Ks measurements is consistent with

the hypothesis that during cytochrome P-450/A1 catalysis, the off rate - instead

of the 1,2-hydrogen shift - is rate-determining.
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1-EP' Pha? 1-EN3 2-EN4

heme Soret loss (relative O% 100% 7% 34%

to activity loss):

inhibition half-life (min): 5.2 3.7 6.3 5.1

(2.6)5 (2.3)6

partition ratio (product formation
versus inhibition):

unlabeled: 43:1 5:1

labeled: 36:1 4:1

KH/KD (activity loss) 1.03 1.01

(1.08)7

KH/KDB (product formation) 1.03 1.09

Ks (uN) 13 >29,000

1. 1-EP = 1-ethynylpyrene; 2. Pha = phenylacetylene; 3. 1-EN = 1
ethynylnaphthalene; 4. 2-EN = 2-ethynylnaphthalene; 5. inhibition half-life of 1
EP in cytochrome P-450IA1-reconstituted system; 6. inhibition half-life of
phenylacetylene in cytochrome P-450IA1-reconstituted system; 7. KH/KD for
activity loss by 1-EP in the purified system; and 8. KH/KD for cytochrome P
450IIB1-dependent phenylacetic acid formation in phenobarbital-induced rat
liver microsomes is 1.44.
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3.5 Protein radiolabeling by *H-1-EP in BNE-treated rat liver

microsomes Unlike phenylacetylene, 1-EP inactivates cytochrome P-450|A1

without a concomitant loss of Soret absorbance in BNF-treated rat liver

microsomes. This observation suggests that 1-EP inactivates cytochrome P

450/A1 via protein alkylation. To further investigate the possibility of protein

alkylation by cytochrome P-450IA1-dependent 1-EP metabolites, 3H-1-EP,

synthesized by C. T. Peng using a microwave discharge method, was used to

search for NADPH-dependent radiolabeling of the protein after incubation with

BNF-treated rat liver microsomes.

It has been a major effort to observe NADPH-dependent radioactive

binding to the protein. Different work-up methods were unsuccessfully tried

initially to assay NADPH-dependent protein radiolabeling, but the control (no

NADPH) always had a significant background of radioactivity even though the

sample incubated with NADPH always contained more radioactivity than the

control. These problems are due primarily to either inefficient separation of free

3H-1-EP from the protein or inability to get rid of nonspecific protein binding of

3H-1-EP. A protein precipitation method was eventually developed that

demonstrates NADPH-dependent protein radiolabeling.

3.5.1 Protein radiolabeling experiment By far, the best work-up method is to

use 5% sulfuric acid in methanol to wash non-covalently bound radioactivity off

the protein. Solvents such as ethyl acetate, ether, 50 mM potassium phosphate

buffer at pH 7.4, 20% trichloroacetic acid, acetic acid, and 20% acetic acid in

ethyl acetate leave a significant amount of background radioactivity in the

NADPH-free fraction.
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The radiolabeling experiments were carried out as follows: The

cytochrome P-450 content in BNF-treated rat liver microsomes was determined

immediately before the radiolabeling experiment. To a 0.5-ml incubation

containing BNF-treated rat liver microsomes (0.5 nmol cytochrome P-450) and

3H-1-EP (60 nmol, 120 puM) in 50 mM potassium phosphate buffer at pH 7.4,

either NADPH (0.5 pimol, 1 mM) or buffer was added to start the incubation

(25°C for 70 minutes). Work-up was done by adding a 10-fold volume of 5%

sulfuric acid in methanol (5 ml) to the incubation. The resulting solution was

mixed vigorously for 10 seconds and was then centrifuged at 3,000 rpm for 3

minutes to precipitate all the protein. The supernatant was discarded. The

protein pellet was washed again with 5% sulfuric acid in methanol (5 ml) and

the mixing and centrifugation steps were repeated. The washing step was done

three times or until an insignificant amounts of radioactivity remained in the

supernatant fraction (< 300 cpm / 0.5 ml supernatant). The final protein pellet

was dissolved in 0.6 ml of 1 N sodium hydroxide. The resulting homogenous

sample (0.1 ml out of 0.6 ml) was analyzed by scintillation counting. Not more

than 0.1 ml of sample should be subjected to radioactive counting in order to

obtain accurate results with a minimal amount of fluorescence interference.

External standards were included in each experiment by adding 3H-1-EP (1 or

2 nmol) into 0.6 ml of sodium hydroxide. An 0.1-ml aliquot was taken out from

the standard for scintillation counting. The results are summarized in Table

3.5.1.1 :
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Iable 3.5.1.1 Results from 8H-1-EB radiolabeling experiments using BNE.
Lratli

-

|ioactivity (Cpm) "radiolabell

external standard + NADPH - NADPH + NADPH - NADPH

4,662 cpm/nmol 3,472 241 0.74 0.05

4,158 218 0.89 0.05

4,786 5,324 331 1.11 0.07

5,500 347 1.15 0.07

4,659 286 0.97 0.06

4,954 300 1.04 0.06

net = 0.92 +/- 0.14

1 radiolabeling is quantitated as nmol 914-1-EP bound per nmol cytochrome P-450

In conclusion, results from the radiolabeling experiments firmly suggest

that 1-EP inactivates cytochrome P-450IA1 via protein modification. During the

work-up process with 5% sulfuric acid in methanol, all the heme should be

washed out into the supernatant fraction, so that the NADPH-dependent

radiolabeling truly represents covalent binding of 3H-1-EP with protein. The

results show that for one nmol of cytochrome P-450, 0.92 nmol of 3H-1-EP was
bound. One would expect to see, ideally, about 0.7 nmol 3H-1-EP bound per

nmol cytochrome P-450 since cytochrome P-450IA1 represents about 71 - 75%

of the total cytochrome P-450 present in BNF-treated rat liver microsomes

(Guengerich et al., 1982; Thomas et al., 1983). However, preliminary

experiments using isosafrole-treated rat liver microsomes, in which cytochrome

P-450IA2 is induced, show a significant amount of 3H-1-EP radiolabeling to the
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protein fraction. Since about 20% of total cytochrome P-450 in BNF-treated rat

liver microsomes is cytochrome P-450A2 (Thomas et al., 1983), 0.92 nmol 3H

1-EP bound per nmol cytochrome P-450 observed is actually quite reasonable

(roughly 0.7 and 0.2 nmol 3H-1-EP bound per cytochrome P-450/A1 and
cytochrome P-450IA2, respectively, in BNF-treated rat liver microsomes).

3.5.2. Use of a Sephadex G-25 column to show NADPH-dependent

radiolabeling. A size-exclusion Column like Sephadex G-25 is commonly used

to separate small molecules from proteins. Theoretically, G-25 can be used to

separate 3H-1-EP and its metabolites from the protein. After many trials using

G-25 to quantitate radiolabeling, it was found that cold 1-EP addition is

necessary to wash off nonspecifically bound material before loading the

incubation onto a G-25 column. Furthermore, a long G-25 column is required to

provide adequate separation after a large excess of cold 1-EP is added.

In a one-ml incubation, BNF-treated rat liver microsomes (5 piM

cytochrome P-450) were incubated with 3H-1-EP (120 puM) in 50 mM potassium

phosphate buffer at pH 7.4. NADPH (1 plmol) was added to start incubation at

25°C. After incubation for 70 minutes, cold 1-EP (12 puM) - 100-fold excess over

3H-1-EP - was added to the sample and the mixture was shaken vigorously for

1 minute. The sample was then immediately loaded onto a freshly packed

Sephadex G-25 column (70 X1.5 cm) and the protein was eluted with 50 mM

potassium phosphate buffer at pH 7.4. Fractions of 4 ml were collected; the

protein came out in fractions #11 to 17 (Figure 3.5.2.1).
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uM) with BNE-treated rat liver microsomes with or without the presence of
NADPH The radioactive eluent was collected from a Sephadex G-25 column
(70 X 1.5 cm) eluted with 50 mM potassium phosphate buffer at pH 7.4. Before
the sample was loaded onto the column, a 100-fold excess of cold 1-EP was
added to minimize nonspecific 3H-1-EP binding to the protein.

200000 -
+ NADPH

5. D - NADPH
©

Tº -3 100000

O
-T T- T —II |

-

22 26 30 34 38 42 4 6 50 54 58 62 66 70
eluent (ml)

Iable 3.5.2.2 Results from *H-1-EB radiolabeling experiments with BNE.
treated rat liver microsomes using Sephadex G-25 column

total cpm 15,478 6,282

net cpm 9,196 0

total nmol of 3H-1-EP 3.92 O

nmol of 9H-1-EP per nmol of cytochrome P-450 0.78 O

With the use of a long Sephadex G-25 column (70 X 1.5 cm) to separate

free 3H-1-EP from the protein and a cold 1-EP wash to minimize nonspecific 3H

1-EP binding, NADPH-dependent protein radiolabeling is observed: 0.78 nmol
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of 3H-1-EP bound per nmol of cytochrome P-450 is found (Table 3.5.2.2). This
is consistent with the fact that in BNF-treated rat liver microsomes, about 71-75%

of total cytochrome P-450 is cytochrome P-450IA1 (Guengerich et al., 1982;

Thomas et al., 1983). This means that for every cytochrome P4501A1

inactivated, there is roughly one 3H-1-EP bound. These results support the

view that 1-EP is metabolized to a ketene by cytochrome P4501A1 that

subsequently binds to the amino acid side chains. It is this covalent

modification of cytochrome P-450IA1 by 1-EP that renders the protein inactive.

These results are consistent with the results obtained using 5% sulfuric acid in

methanol to work-up the radiolabeled protein.

3.6 Final conclusions Arylacetylenes are suicide inactivators of

cytochrome P-450. Ortiz de Montellano and others hypothesize that the

mechanisms of inhibition of cytochrome P-450 by terminal acetylenes are

dependent upon the position of oxygen insertion into the carbon of the triple

bond. When the reactive oxygen of the ferryl-oxo species is delivered to the

internal carbon of the triple bond, N-alkylation occurs, which can be followed by

heme Soret loss, leading to enzyme inactivation. But when the reactive oxygen

is delivered to the terminal carbon of the triple bond, a ketene intermediate is

formed which can lead to either protein modification (enzyme inactivation) or

product formation. The latter inactivation mechanism does not involve heme

alkylation and no heme Soret loss is observed. 1-EP inactivates cytochrome P

450IA1 without a concomittant loss of heme Soret in BNF-treated rat liver

microsomes. But in purified cytochrome P-450IA1, 1-EP causes a 35 - 40%

Soret absorbance loss when the enzyme is completely inactivated. The

inhibition half-lives are 5.2 and 2.6 min, respectively, for BNF-treated
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microsomes and purified cytochrome P-450IA1. The difference in mechanisms

of inhibition suggests that the active site environment of cytochrome P-450|A1

may be altered by purification and/or reconstitution. For comparison,

phenylacetylene was used to see if a similar inhibition pattern as observed in 1

EP could be seen in the purified and BNF-treated microsomal systems.

However, concomitant Soret loss and 7-ethoxyresorufin O-deethylation activity

loss caused by phenylacetylene is observed in BNF-treated microsomes and

purified cytochrome P-450IA1, with inhibition half-lives of 3.7 and 2.3 min,

respectively. These results indicate that inactivation of cytochrome P-450IA1 by

phenylacetylene and 1-EP involves heme destruction in the purified system and

that inactivation of cytochrome P-450IA1 by phenylacetylene is mediated by

similar mechanism in purified and microsomal systems.

Unlike the results with purified cytochrome P-450IA1, the mechanisms of

inhibition by 1-EP and phenylacetylene of the enzyme in BNF-treated rat liver

microsomes are different in that, when cytochrome P-450/A1 is completely

inactivated, 0% and 100% Soret losses by 1-EP and phenylacetylene,

respectively, are observed. Since both 1-EP and phenylacetylene are

arylacetylenes, in which the acetylenic group is responsible for enzyme

inactivation, the mechanisms of inhibition may be determined by the binding

affinity of the arylacetylene. 1-EN and 2-EN were then examined. A Soret loss

by 1-EN and 2-EN is observed; however, the rate of Soret loss is three times

slower than the rate of activity loss with 1-EN and 2-EN, implying that a mixed

mechanism of cytochrome P-450IA1 inhibition occurs with heme alkylation as a

partial cause for enzyme inactivation. These results are consistent with the

hypothesis that arylacetylene-active site interactions are important in directing

the mechanisms of cytochrome P-4501A1 inhibition. When the aromatic moiety
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Of alyacetylenes varies from four (1-EP) to two (1-EN and 2-EN) to one

(phenylacetylene) fused aromatic ring(s), the inhibition of cytochrome P-450IA1

changes from 0 to 33 to 100% Soret loss, respectively. Since 1-EP binds

approximately 2,000-fold tighter than phenylacetylene in the cytochrome P

450IA1 active site in BNF-treated rat liver microsomes (Ks of 13 and >29,000

puM, respectively), it is likely that the tight binding of 1-EP prevents heme

modification from occuring by not allowing the internal carbon oxidation of the

triple bond to occur. By reducing the number of rings of the fused aromatic

system, a partial Soret loss is observed corresponding to the activity loss, as in

the case of 1-EN and 2-EN.

The mechanism of inhibition of cytochrome P-450IA1 by 1-EP and

phenylacetylene in BNF-treated rat liver microsomes was investigated.

According to the hypothesis of terminal acetylene inactivation of cytochrome P

450, protein modification and product formation require a 1,2-hydrogen shift

and should be subject to a primary isotope effect. On the other hand, no isotope

effect for heme destruction is expected because 1,2-hydrogen shift does not

occur in internal carbon oxidation. Indeed, no isotope effect is observed for

cytochrome P-450IA1 activity loss caused by 1-EP and phenylacetylene (KH/KD

= 1.03 and 1.09, respectively), or for pyrenylacetic acid (KH/KD = 1.03) and

phenylacetic acid (KH/KD = 1.09) formation from 1-EP and phenylacetylene,

respectively, in BNF-treated rat liver microsomes. The partition ratios for product

formation and enzyme inactivation are 43:1, 36:1, 5:1, and 4:1 for 1-EP, D-EP,

phenylacetylene, and deuteriophenylacetylene, respectively, implying that

heme destruction is more efficient for enzyme inactivation than protein

alkylation. Since the formation of pyrenylacetic acid and phenylacetic acid

requires a 1,2-hydrogen shift, the absence of an isotope effect suggests that the
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shift is not the rate-determining step in cytochrome P-450IA1 catalysis. In the

case of phenylacetic acid formation by purified cytochrome P-450IIB1, an

isotope effect is observed (KH/KD = 1.44), indicating that the oxidation step is

faster than the hydrogen shift. If this is also true for cytochrome P-450IA1, the off

rate of the ketene is likely to be rate-determing because no isotope effect is

seen for cytochrome P-450IA1 activity loss caused by 1-EP even though protein

alkylation, involving a ketene intermediate, is thought to be the causative event.

In terms of cytochrome P-450IA1 inactivation by phenylacetylene, the absence

of an isotope effect cannot be used to support the involvement of internal

carbon oxidation for enzyme inactivation because one cannot rule out the

possiblilty that the ketene, from terminal carbon oxidation, is responsible for

heme alkylation.

Protein labeling experiments were carried out to support the hypothesis

that inactivation of cytochrome P-450IA1 by 1-EP in BNF-treated rat liver

microsomes is mediated via protein modification. When 3H-1-EP was
incubated with BNF-treated rat liver microsomes, an NADPH-dependent protein

radiolabeling is observed by both protein precipitation and gel filtration methods

(0.92 +/- 0.14 and 0.78 nmol radioactive metabolites bound per nmol

cytochrome P-450, respectively). There is approximately a 1:1 ratio of protein

labeling to enzyme inactivation, assuming that about 75% of total cytochrome P

450 is cytochrome P-450IA1 in BNF-treated rat liver microsomes (Guengerich et

al., 1982; Thomas et al., 1983). These results strongly suggest that protein

alkylation via a ketene intermediate is responsible for inactivation of cytochrome

P-450IA1 by 1-EP.
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4.1 Introduction. The peroxisome, a membrane-linked cytoplasmic organelle

with a fine and granular matrix that is present in most cells, contains hydrogen

peroxide-producing fatty acyl-CoA oxidases, other oxidases (e.g. urate oxidase

and D-amino acid oxidase), and catalase (Lock et al., 1989). In livers of rats

and mice, peroxisome proliferation occurs as a result of exposure to clofibrate

(Hess et al., 1965; Svoboda and Azarnoff, 1966), other hypolipidemic drugs

(Cohen and Grasso, 1981; Reddy and Lalwani, 1983), phthalate and adipate

ester plasticizers (Reddy and Lalwanmi, 1983; 1986; Moody and Reddy, 1978;

Lake et al., 1975; Mann et al., 1985; Mitchell, et al., 1985), chlorinated

hydrocarbons such as trichloroethylene and perchloroethylene (Elcombe, 1985;

Elcombe et al., 1985; Goldsworthy and Popp, 1987; Odum et al., 1988), or

branched-chain alkanes such as 2,2,4-trimethylpentane (Lock et al., 1987).

Peroxisome proliferation, observable by electron microscopy, is associated with

an increase in the amounts of peroxisomal enzymes. Upon maximal

peroxisome proliferation in the liver, approximately a two-fold increase in the

activity of catalase and as much as a thirty-fold increase in the activity of the fatty

acid 3-oxidative enzymes - as measured by cyanide-insensitive palmitoyl CoA

oxidation - are observed (Rao and Reddy, 1987; Lazarow and deduve, 1976;

Osumi and Hashimoto, 1978). Because the induction of 3-oxidation activity is

much more dramatic than the induction of catalase activity, an accumulation of

hydrogen peroxide, a product of the acyl-CoA oxidase-dependent reaction, is

observed in the hepatic peroxisomes. This accumulation is thought to be
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responsible for the hepatocellular carcinomas observed in rats and mice

(Cohen and Grasso, 1981; Reddy and Lalwani, 1983; Reddy et al., 1986;

Elcombe, 1985; Rao and Reddy, 1987; Hawkins et al., 1987).

Much attention has been focused on the mechanism of induction of

peroxisomal enzymes (peroxisome proliferation) because agents such as

clofibrate and its hypolipidemic analogs also cause the development of

hepatocellular carcinoma in mice and rats (Cohen and Grasso, 1981; Reddy

and Lalwani, 1983; Reddy et al., 1986; Elcombe, 1985; Rao and Reddy, 1987;

Hawkins et al., 1987). At this time, two mechanisms for peroxisome proliferation

have been proposed: 1. A receptor-mediated process - a specific cytosolic

receptor is responsible for forming a complex with inducing agents that

subsequently enters the nucleus and increases protein synthesis (Reddy and

Lalwani, 1983; Rao and Reddy, 1987). A peroxisome proliferator binding

protein identified with the use of 3H-nafenopin in rat liver (Lalwani et al., 1983;
1987) has been partially purified, and a mouse peroxisome proliferator

activated receptor obtained from nontransfected COS cells has been cloned,

expressed, and identified (Issemann and Green, 1990). 2. A 'substrate

overload' process - peroxisome proliferators decrease fatty acid metabolism in

mitochondria by inhibiting carnitine palmitoyltransferase I, which is responsible

for the uptake of fatty acids into the mitochondria (Eacho and Foxworthy, 1988).

An excessive amount of fatty acids is accumulated and available for co-oxidation

by cytochrome P-450IVA1 to form dicarboxylic fatty acids which, in turn, lead to

the induction of fatty acid metabolizing enzymes in peroxisomes (Alexson and

Cannon, 1984; Singh et al., 1984; Sharma et al., 1988; Gibson, 1989; Locket

al., 1989).
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One of the most convenient model systems for the study of the

relationship between the induction of cytochrome P-450IVA1 (in microsomes)

and 3-oxidative enzymes (in peroxisomes) is primary cultured rat hepatocytes.

Conditions have been developed to optimize the inductions of both cytochrome

P-450IVA1 and peroxisomal enzymes in cultured hepatocytes. To determine if

the catalytic activity of cytochrome P-450IVA1 is required for the induction of

peroxisomal 3-oxidation, cytochrome P-450 inhibitors have been used to

examine their effect on peroxisomal 3-oxidation in the presence of clofibrate.

Cultured hepatocytes can also be used is to investigate the mechanism

of cytochrome P-450IVA1 induction. Even though clofibrate induction of

cytochrome P-450IVA1 has been known for many years (Hess et al., 1965;

Svoboda and Azarnoff, 1966), the mechanism of induction is still unclear. In rats

treated with high fat diet, induction of cytochrome P-450IVA1 is observed

(Nilsson et al., 1986). It is possible that clofibrate induces cytochrome P

450IVA1 because clofibrate resembles a substrate for cytochrome P-450IVA1.

With some imagination, clofibrate resembles a medium-chain fatty acid being

rigidified by a phenyl ring. To investigate if cytochrome P-450IVA1 is induced

by fatty acid-like compounds, the effect of fatty acids and their anologs on lauric

acid hydroxylation by cytochrome P-450IVA1 has been examined.

4.2 Method. In each experiment, cultured hepatocytes were exposed to

specific chemical treatments for three days (unless otherwise specified). The

method for the preparation of cultured hepatocytes conducted by Kaikaus and

Lysenko in the Liver Center Facility is as follow: Livers from male Sprague

Dawley rats (250 g) were perfused with collagenase before being dissected out.
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Purified hepatocytes were obtained by the method of Bissell et al., 1987. Cells

were plated on either 3.5 or 10 cm plastic dishes in a modified 199 serum

supplemented medium containing EHS gel and 1% DMSO (Bissell et al., 1987;

Brandes et al., 1990). Treatments were initiated 18 hours after hepatocytes

were plated on dishes with EHS-coated growth medium. Medium was

exchanged daily. Both clofibrate and ABT stock solutions were made up in

DMSO. The final concentration of DMSO in the growth medium was 1%. When

fatty acids were used, bovine serum albumin (1%) was added to the medium in

order to maximize fatty acid solubility in the medium. Hepatocytes were

harvested by digesting the matrix with Dispase - a mixed protease solution -

and centrifugating the digested hepatocyte matrix at 800Xg. Hepatocytes, which

stayed at the pellet fraction, were then ready for analysis. For PCO and

cytochrome P-450IVA1 activity assays, one 3.5 cm plate and two 10 cm plates

were needed, respectively.

The laurate assay was done routinely to determine the co-hydroxylation

activity of cytochrome P-450IVA1 in primary cultures of rat hepatocytes. The

harvested hepatocyte pellet was resuspended in 250 mM sucrose buffer,

followed by sonication. The cytochrome P-450-CO difference spectrum and

cytochrome P-450IVA1 activity of the resulting hepatocyte homogenate were

determined. Without clofibrate treatment, the amount of cytochrome P-450

present in cultured hepatocytes generally is barely detectable by cytochrome P

450-CO difference spectrum measurements. However, when a detectable

amount of cytochrome P-450 was observed in control and clofibrate-treated

cells by cytochrome P-450-CO difference measurements, a two-fold increase

over control in the specific content of cytochrome P-450 was consistently

observed in the clofibrate-treated hepatocytes. This observation is in good
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agreement with the induction of cytochrome P-450 by clofibrate. However,

since cytochrome P-450 cannot be quantitated in every sample from the

cytochrome P-450-CO difference spectrum, all incubations were quantitated by

the amount of protein present as measured by the Lowry assay. In order to

obtain a quantitative amount of o-hydroxylation of [1,14C-lauric acid in control

cultured hepatocyte samples, 2 mg of protein per incubation is necessary for the

laurate assay.

450|VA1 - n -hydr lation of lauri i Initially, when

cultured hepatocytes were treated with clofibrate (0.3 mM) for 5 days, an 11-fold

increase over control in lauric acid co-hydroxylation activity was observed. This

is comparable to the extent of clofibrate induction of cytochrome P-450IVA1 co

hydroxylation activity in rat livers: an 8- to 14-fold induction is reported in the

literature (Sharma et al., 1988; 1988; Makowska et al., 1989; Thomas et al.,

1989). To investigate the pattern of cytochrome P-450IVA1 induction by

clofibrate, a time-dependent experiment was done. Cultured hepatocytes were

treated with or without clofibrate (0.3 mM) for 6, 24, 72, or 120 hours. The

results show that for both the clofibrate-treated and control hepatocytes,

cytochrome P-450IVA1 activity reaches a maximum at 72 hours. Significant

amount of cytochrome P-450IVA1 induction can still be observed after five days

of treatment (Figure 4.3.1). When the cytochrome P-450IVA1 and PCO activities

(the latter determined by Kaikaus and Lysenko) are compared in clofibrate

treated hepatocytes, the cytochrome P-450IVA1 activity reaches its maximum

faster than the PCO activity does. That is, the induction of cytochrome P
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450IVA1 precedes that of PCO in clofibrate-treated hepatocytes, consistent with

the hypothesis that the activity of cytochrome P-450IVA1 is required for the

induction of PCO by clofibrate (Figure 4.3.2).

Eigure 4.3.1
- -

- - -
The y-axis is the specific activity

of cytochrome P-450IVA1 expressed as nmol of 12-hydroxylauric acid formed
per mg protein per min at 37°C.
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1.4 C tration-d lent inactivati [ cytocl P-450|VA1

by 1-aminobenzotriazole (ABT) It has been shown that ABT inactivates

cytochrome P-450IVA1 in clofibrate-treated rats (Reich and Ortiz de Montellano,

1986). Even though ABT seems to be relatively nontoxic to rats in millimolar

amounts, cultured hepatocytes may respond differently since the loss of most of

the cytochrome P-450s happens quite rapidly in cultured hepatocytes unless

dimethyl sulfoxide is included in the growth medium (Muakkassah-Kelly et al.,

1987). Ideally, a minimal amount of ABT should be used to selectively

inactivate cytochrome P-450 without affecting 3-oxidation activity or causing any

cellular toxicity to occur. The concentration-dependence of the inactivation of

cytochrome P-450IVA1 by ABT was therefore determined.

Cultured hepatocytes were treated with clofibrate (0.3 mM) and ABT (0.2,

0.5, 1, 2, 5, or 10 mM) for 5 days and the cytochrome P-450IVA1-dependent

lauric acid co-hydroxylation activity was determined. The results show that

maximal cytochrome P-450IVA1 inactivation can be achieved with an ABT

concentration as low as 5 mM, only 2% of cytochrome P-450IVA1 activity in

clofibrate-treated cultured hepatocytes is observed when 5 mM of ABT is

included (Figure 4.4.1a). A dramatic reduction of cytochrome P-450IVA1 activity

is observed with as low as 0.2 mM ABT in the growth medium (84% reduction of

cytochrome P-450IVA1 activity). Hepatotoxicity, estimated by the release of

LDH from the cultured hepatocytes into the medium, is not observed when the

hepatocytes are treated with 0.3 mM clofibrate or up to 10 mM ABT (Kaikaus et

al., submitted).

When Kaikaus and Lysenko determined the PCO activity of cultured

hepatocytes treated with clofibrate (0.3 mM) and ABT (0.2 - 10 mM) for 5 days, a
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concentration-dependent reduction of the PCO activity was observed (Figure

4.4.1b). This decrease in activity is not due to the direct inhibition by ABT.

Experiments were conducted by Kaikaus and Lysenko to determine the PCO

activity in the presence of ABT (using a range of concentrations from 1 to 20

mM) of rat liver homogenates from rats fed a diet containing 0.5% clofibrate for 9

days. The results show that ABT does not directly affect peroxisomal 3

oxidation at up to 10 mM concentrations (Kaikaus et al., submitted). Therefore,

the ABT concentration-dependent decrease in the PCO activity is an indirect

phenomenon, a result of loss of the co-hydroxylation activity of cytochrome P

450IVA1 (section 4.5).

§ 8 O -

i 4 O

O w——T---T——r—T---T——r——w

O 2 4 6 8 10 12

[ABT) mM

107



100

80 -

§
60 -

40 -:
20 -

0 +---r———r———r———r——r——
0 2 4 6 8 1 0 1 2

[ABT) mM

4 ff T On Clofibr n ion of peroxisomal B-Oxi

Clofibrate induces both cytochrome P-450IVA1 and peroxisomal enzymes in

primary cultures of rat hepatocytes. Since the induction of cytochrome P

450IVA1 by clofibrate appears to precede the induction of peroxisomal

enzymes, cytochrome P-450IVA1 induction may be a prerequisite to clofibrate

dependent peroxisome proliferation. We have therefore used 1

aminobenzotriazole (ABT), a mechanism-based inhibitor of cytochrome P

450IVA1, to determine if inhibition of the fatty acid co-hydroxylase activity of

cytochrome P-450IVA1 interferes with the induction of peroxisomal enzymes. If

peroxisome proliferation depends on the catalytic turnover of fatty acids by

cytochrome P-450IVA1, ABT treatment should prevent peroxisome

proliferation.
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Experiments were conducted by exposing cultured hepatocytes to four

conditions: DMSO (control), 0.3 mM clofibrate, 10 mM ABT, or 0.3 mM clofibrate

plus 10 mM ABT. The activities of cytochrome P-450IVA1 and peroxisomal fatty

acid 3-oxidation were determined by measuring, respectively, lauric acid co

hydroxylation and cyanide-insensitive palmitoyl-CoA oxidation (PCO). All

results were compared within the same experiment but not among experiments

because different sets of cultured hepatocytes can behave quite differently

depending on how healthy they are. For example, a wide range of clofibrate

induction is observed for both the cytochrome P-450IVA1 and PCO activities -

14- to 36-fold and 6- to 19-fold, respectively - even though the same

experimental methods are used. Nevertheless, the trend is always the same.

The results are standardized by the amount of clofibrate induction in each

experiment to calibrate the relative changes in activity seen under specific

Conditions.

The results show that the activities of cytochrome P-450IVA1 and PCO

increase as much as 36- and 19-fold over control, respectively, when

hepatocytes are treated with clofibrate alone. When the hepatocytes are treated

with ABT or ABT plus clofibrate, 0-2% and 13-26% of the control (uninduced)

cytochrome P-450IVA1 activity are observed, respectively. ABT alone only

slightly decreases the PCO activity of hepatocytes. However, when ABT is

added in combination with clofibrate, the induction of PCO activity is decreased

by approximately 80%. Clofibrate-treated hepatocytes show substantial

increases over control in cytochrome P-450IVA1 mRNA in both the presence

and absence of ABT, but PCO mRNA is significantly suppressed by ABT in the

presence of clofibrate (Kaikaus et al., submitted). The collective results (Table

4.5.1 and Figure 4.5.2) suggest that a cytochrome P-450IVA1-dependent
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metabolite(s) is responsible for 80% of PCO induction by clofibrate. From the

levels of mRNA expression (Figure 4.5.2), the inductions of cytochrome P

450IVA1 and PCO are also shown (by Kaikaus) to be dissociated by the

presence of ABT - cytochrome P-450IVA1 remains induced but inactive,

whereas PCO induction is markedly decreased - implying that cytochrome P

450IVA1 and PCO are differentially induced.

Table 4.5.1 Effect of ABI on PCO induction by clofibrate in cultured hepatocytes

3% control activity

COntrol 100 100

0.3 m/M clofibrate 2,546 +/- 1,095 726 +/- 146

5 mM ABT 20 73

10 mM ABT 0 - 2 75 +/- 12

0.3 m/M Clofibrate + 5 mM ABT 50 267

0.3 m/M Ckofibrate + 10 mM ABT 27 +/- 19 173 +/- 16
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Nort hybridizati ■ Lcellul BNA ( lucted by D
Baja Kaikaus). Albumin, as an internal standard, was used to calibrate the
amount of mRNA loaded onto each lane. A 39-mer cDNA probe for cytochrome
P-450IVA1 (synthesized at the Biomolecular Resource Center at UCSF) and a
full length cDNA for rat liver fatty acid binding protein (L-FABP) (provided by Dr.
Jeffrey Gordon at Washington University, St. Louis, MO) were used. The
induction of L-FABP is directly proportional to the induction of PCO and is used
to reflect the induction of PCO.

ALBUMIN

L-FABP

** º P-450 IVA1
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Scheme 4.5.3 Hypothetical mechanism of cytochrome P-450IVA1-dependent
-
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ion of xi -

oxidation by clofibrate? Results from the ABT experiments in Cultured

hepatocytes firmly suggest that a cytochrome P-450IVA1-dependent

metabolite(s) mediates the induction of peroxisomal 3-oxidation by clofibrate.

This is consistent with the hypothesis that dicarboxylic fatty acids (diacids) may

be responsible for the induction of peroxisomal 3-oxidation (Elcombe and

Mitchell, 1988) because cytochrome P-450IVA1 controls diacid synthesis.

Long-chain dicarboxylic acids are primarily metabolized via 3-oxidation (Singh

et al., 1984) in peroxisomes rather than mitochondria because the latter cannot

readily metabolize long-chain dicarboxylic acids (Alexson and Cannon, 1984).

It can therefore be argued that peroxisomal 3-oxidation is induced by increases

in the concentrations of dicarboxylic fatty acids resulting from the induction of

cytochrome P-450IVA1 by clofibrate. To further explore this possibility, cultured

hepatocytes were treated with either undecanedioic acid or hexadecanedioic

acid (thapsic acid). The results show that undecanedioic acid causes no

induction of PCO activity whereas thapsic acid consistently induces PCO activity

1.3- to 2.3-fold over control. Furthermore, the FACO mRNA abundance is

increased relative to control after thapsic acid treatment (Kaikaus et al.,

submitted). These findings are not surprising, in view of the fact that the chain

length of fatty acids may play a role in peroxisome proliferation (Intrasuksri and

Feller, 1990). The induction caused by thapsic acid, however, is only about 10%

of that caused by clofibrate. One possible reason for the weak induction of

peroxisome 3-oxidation by thapsic acid is that an inadequate concentration of

thapsic acid is present in peroxisomes due to: 1. the inability of thapsic acid to

get into peroxisomes and / or 2. rapid metabolism of thapsic acid in

peroxisomes (Bergseth et al., 1990). Because of the poor solubility of thapsic

acid in the medium even in the presence of bovine serum albumin, most of the

1 13



thapsic acid that is added precipitates out of the medium. Moreover, thapsic

acid, once internalized into hepatocytes, can be metabolized quite rapidly

because both carboxylic terminals of thapsic acid are prone to peroxisomal 3

oxidation. It is therefore difficult to ensure an adequate steady state

concentration of thapsic acid in peroxisomes.

To enhance their internalization into hepatocytes and half-life in

peroxisomes, modified fatty diacid analogs were synthesized. It has been

shown that o,0-gem-dimethyl (Cajacob and Ortiz de Montellano, 1986) and 3

thio (Aarsland et al., 1989; Spydevold and Bremer, 1989; Skrede et al., 1989;

Hovik et al., 1990) analogs of carboxylic fatty acid are resistant to 3-oxidation.

Using the esters of these fatty acid analogs, membrane permeability s
enhanced in the aqueous medium relative to the acids. Cultured hepatocytes

were treated with a number of these fatty acid analogs: dimethyl 1,12

dodecanedioate, dimethyl 1,14-(3,12-dithio)tetradecanedioate, dimethyl 1,12

(2,2,11,11-tetramethyl)codecanedioate, and ethyl 10-bromo-2,2-dimethyl

dodecanoate. The results show that all the fatty acid analogs tested induce

peroxisomal 3-oxidation significantly, but at a low level, relative to the control

(1.5- to 4.2-fold). The highest induction observed is that caused by dimethyl

1,14-(3,12-dithio)-tetradecanedioate (0.8 mm) (about 30% of the induction by

clofibrate) (Figures 4.6.1 and 4.6.2).
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Figure 4.6.2 Induction of PCO activity by chemical treatment The y-axis is the
relative activity expressed as PCO induced over control (DMSO alone) activity.
The structures of chemicals on the x-axis can be found in Figure 4.6.1.
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4 D lei Imiti id in roxisomal B-Oxidation? It

had been reported that peroxisomal 3-oxidation activity was increased about 7

fold in livers of rats fed with partially hydrogenated fish oil (Berge et al., 1987;

1988). Conceivably, peroxisomal 3-oxidation in cultured hepatocytes can be

induced when treated with high concentration of long-chain fatty acids such as

oleic acid and palmitic acid. However, when cultured hepatocytes were treated

with either oleic acid (0.8 mM) of palmitic acid (0.8 mm), no induction of

peroxisomal 3-oxidation was observed. This result can be explained by rapid 3

oxidation of long-chain fatty acids in peroxisomes. In fact, palmitic acid

metabolism occurs faster than thapsic acid metabolism in cultured hepatocytes

(Kaikaus et al., submitted). When TDGA (60 puM), a mitochondrial 3-oxidation

inhibitor (Brandes et al., 1990), was included in the medium with oleic acid (0.8

mM), a 1.6-fold induction of peroxisomal 3-oxidation was, indeed, observed,

along with a significant increase in FACO mRNA expression (Kailaus,

personnal communication). This finding suggests that "substrate overload"

contributes to the induction of peroxisomal 3-oxidation in cultured hepatocytes.

4.8 Induction of cytochrome P-450|VA1 There is a Continuing interest in

this laboratory to understand the mechanism of induction of cytochrome P

450IVA1 - how does clofibrate specifically induce cytochrome P-450IVA1 in

preference to all other cytochrome P-450s? Since clofibrate is apparently not

metabolized by cytochrome P-450IVA1, cytochrome P-450IVA1 induction by

clofibrate should not be metabolism-dependent. Possibly, cytochrome P

450IVA1 induction is receptor-mediated (Issemann and Green, 1990). Even

though the peroxisome proliferator-activated receptor recently found by

Issemann and Green does not seem to bind clofibrate, it is still possible that
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clofibrate, which roughly resembles a "restrained" fatty acid, binds to another

receptor and the resulting complex enters the nucleus and induces cytochrome

P-450IVA1 - as is observed for cytochrome P-450/A1 induction by steroids

(Durrin et al., 1987; Nebert and Gonzalez, 1987; Hines et al., 1988; Honkawa et

al., 1987). A convenient way to investigate if cytochrome P-450IVA1 is induced

by fatty acid-like compounds is to treat cultured hepatocytes with different fatty

acid analogs and to quantitate cytochrome P-450IVA1 induction by the lauric

acid co-hydroxylation activity observed.

When cultured hepatocytes are treated with oleic acid (0.8 mm) or

palmitic acid (0.8 mM), no cytochrome P-450IVA1 induction is observed. In a

preliminary experiment, when TDGA (60 puM) was added to cultured

hepatocytes in the presence of oleic acid (0.8 mM) to slow down oleic acid 3

oxidation, no cytochrome P-450IVA1 induction was observed although there

was slight induction of PCO. These results suggest that long-chain fatty acids

may not induce cytochrome P-450IVA1. However, 1,11-undecanedoic acid and

thapsic acid induce cytochrome P-450IVA1 activity by 1.5- and 5.2-fold,

respectively (Table 4.8.1).
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Control 100

0.8 mM palmitic acid 90

0.8 mm oleic acid 60

0.8 mMoleic acid + 60 pulm■ TDGA 90

0.8 mm undecanedioic acid 150 +/- 1.4

0.8 mm thapsic acid 517 4-/- 259
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4.9 Final conclusions Primary Cultured rat hepatocytes, which were

reported by Gray to provide a rapid and sensitive means of identifying

chemicals that cause peroxisome proliferation (Gray, et al., 1983), are a good

model system to investigate the relationship between the induction of

cytochrome P-450IVA1 and peroxisomal 3-oxidation enzymes by clofibrate.

Dramatic inductions are observed for both cytochrome P-450IVA1 and palmitoyl

CoA oxidase (PCO) after 3-day clofibrate treatment - the activities of cytochrome

P-450IVA1 and palmitoyl CoA oxidase increase up to 23-fold and 11-fold,

respectively (PCO activity was determined by Kaikaus and Lysenko). When

ABT (5 or 10 mM) is included with clofibrate in the culture medium for 3 days,

the induction of cytochrome P-450IVA1 activity - determined by Go-hydroxylation

of lauric acid - is completely abolished but the induction of cytochrome P

450IVA1 is still observed by Northern Blot analysis, suggesting that ABT does

not affect the induction of cytochrome P-450IVA1 by clofibrate. Under the same

conditions, PCO activity and induction (from Northern Blots) are significantly

suppressed - only 20% of normal clofibrate-induced PCO activity is observed in

the presence of ABT. In addition, there is no direct inhibition of PCO activity by

ABT because when PCO activity was determined in clofibrate-treated rat liver

homogenate in the presence of ABT, PCO activity was not affected by ABT in

concentrations up to 10 mM. These findings strongly suggest both that PCO

induction by clofibrate in cultured hepatocytes is caused by a cytochrome P

450IVA1-dependent metabolite(s) and that the inductions of cytochrome P

450IVA1 and PCO by clofibrate occur by different mechanisms. This conclusion

is consistent with the recent report of the identification of a peroxisome

proliferator activated receptor by Issemann and Green since clofibrate is not a

ligand for the receptor whereas the cytochrome P-450IVA1-dependent

metabolite(s), which has not been tested, can be a ligand for the receptor.
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One can argue that there may be some direct cell toxicity caused by ABT

so that protein synthesis is suppressed, leading to the reduction of cytochrome

P-450IVA1 and PCO activities. Studies of cultured hepatocyte viability,

conducted by Kaikaus, were therefore carried out by monitoring lactase

dehydrogenase (LDH) release from cells into the culture medium. (The amount

of LDH release is inversely proportional to cell viability.) The results show that

ABT, in concentration up to 10 mM, does not cause a significant increase in the

release of LDH, suggesting that ABT is not toxic to hepatocytes. Decreases in

cytochrome P-450IVA1 and PCO activities are therefore a specific consequence

ABT treatment, but not a general outcome of unhealthy hepatocytes caused by

ABT.

The mechanism of PCO induction by clofibrate was subsequently

investigated. So far, the ABT experiments provide strong evidence for a

cytochrome P-450IVA1-dependent metabolite(s) as the causative agent for

induction of PCO. Co-Carboxy-fatty acids, which were suggested by others as

possible mediators of the peroxisome proliferation caused by colfibrate

(Alexson and Cannon, 1984; Singh et al., 1984; Gibson, 1989), were therefore

examined. When thapsic acid (C16 diacid) was tested, it caused a consistent

induction of PCO activity to 1.3- to 2.3-fold over control values and an increase

in mRNA expression of PCO. This induction, however, only represents

approximately 10% of that caused by clofibrate. The low induction of PCO by

thapsic acid can be explained by a limited bioavailability of thapsic acid due to

either its poor solubulity in the culture medium or its rapid 3-oxidation in cultured

hepatocytes. However, the hypothesis of diacid-mediated induction is

complicated by the observation that 1,11-undecanedioic acid does not induce

PCO activity, although there may be a preference for physiologically prevalent
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diacids such as thapsic acid rather than 1,11-undecanedoic acid for

peroxisome proliferation.

The diacid bioavailability problem can be circumvented by the use of

synthetic B-monoxidizable dicarboxylic fatty acid esters (Figure 4.6.1) to

maximize the accumulation of fatty acids in cultured hepatocytes. The results

show that all dicarboxylic fatty acid analogs tested cause a consistent, low PCO

induction (1.5- to 4-fold induction) in cultured hepatocytes (Figure 4.6.2), with

the highest induction by 0.8 mM dimethyl 1,14-(3,12-dithio)tetradecanedioate.

Even though the ester form of diacids were used to increase membrane

permeability in the culture medium, poor solubility was still a problem. This

solubility problem may explain why weak induction is still observed.

Consistent with the hypothesis that diacids are the causative agents for

peroxisome proliferation, PCO induction may be a general response to a

'substrate overload' phenomenon (Gibson, 1989). To investigate this possibility,

oleic acid was added to cultured hepatocytes in the presence of TDGA to block

oleic acid metabolism in mitochondria and thereby simulate a 'substrate

overload' phenomenon. Increases in the activity and mRNA expression of PCO

were observed. These findings suggest that when an accumulation of fatty

acids occurs in cultured hepatocytes, an induction of PCO activity is observed.

However, under the same conditions, cytochrome P-450IVA1 activity was

unaffected. The PCO induction observed by oleic acid in the presence of TDGA

is therefore independent of cytochrome P-450IVA1 activity (Scheme 4.5.3).

The reason for the specific induction of cytochrome P-450IVA1 among

other cytochrome P-450s by clofibrate is not known. It is possible that clofibrate
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resembles a rigidified fatty acid and that fatty acids induce cytochrome P

450IVA1 activity. To investigate this possibility, oleic acid and palmitic acid

were examined. No effect on cytochrome P-450IVA1 activity was observed

when cultured hepatocytes were treated with either oleic or palmitic acid at 0.8

mM concentration. These results are not surprising because efficient 3-oxidation

in mitochondria may prevent the accumulation of the fatty acids. TDGA was

therefore added along with oleic acid to prevent mitochondrial metabolism of

oleic acid. Again, no induction of cytochrome P-450IVA1 was observed under

these conditions (Table 4.8.1). This suggests that fatty acids do not induce

cytochrome P-450IVA1 activity. However, when dicarboxylic fatty acids such as

1,11-undecanedoic acid and thapsic acid were used, a consistent, weak

increase of 1.5- and 5-fold over the control values, respectively, of lauric acid co

hydroxylation by cytochrome P-450IVA1 was observed. These increases in

activity are not induction-mediated, however, because no increase in mRNA

expression of cytochrome P-450IVA1 is observed (experiment conducted by

Kaikaus). The increase in cytochrome P-450IVA1 activity by diacids may be

due to a perturbation of the membrane.
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5.1 Materials All Compounds for synthetic purposes were purchased from

Aldrich (Milwaukee, WI) unless otherwise specified. Fatty acids and long chain

hydrocarbons and their analogs were purchased from Farchan Labs

(Willoughby, OH). All solvents and inorganic compounds were purchased from

Fisher unless otherwise specified. The sources of the following reagents were

as follow: DE 52, Whatman; Emulgen 911, Kao Atlas Corp. (Japan, a gift);

sodium cholate, Calbiochem (San Diego, CA); sepharose 4B, DEAE-sephacel,

hydroxylapatite, and 2',5'-ADP sepharose, Pharmacia (Piscataway, NJ); DEAE

cellulose, CM-sepharose, CM-sephadex, ethylenediamine tetraacetic acid

(EDTA), diethylenetriamine pentaacetic acid (DETAPAC), polyethylene glycol,

Tris-HCl, cytochrome C, catalase, 2’AMP, flavin mononucleotide (FMN), and

dithiothreitol (DTT), Sigma (St. Louis, MO); dilauriylphosphatidyl-choline

(DLPC), Serdary Research Labs; 7-ethoxyresorufin and resorufin, Pierce

(Rockford, IL); [1,14C-lauric acid and K14CN, Amersham (Arlington Heights, IL);
3H-1-EP, a gift from C. T. Peng (UCSF).

5.2_Equipment A Beckman System Gold HPLC system equipped with two

110B Solvent Delivery Modules, a 406 Analog Interface Module, a 166

Spectrophotometer, a NEC PC 830 Controller, and a IBM XT Turbo-compatible

computer, a DuPont Zorbaxº ODS 4.6X250 mm HPLC column, a Flo-One Beta

CR Radioactive Flow Detector (Radiomatic Instruments) with Flo-Scint II or lll as

cocktail were used for the laurate assay and the monitoring of the pyrenylacetic

acid formation. A Hewlett Packard 5890 Capillary Gas Chromatograph
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equipped with flame ionization detectors and a Hewlett Packard 3390A

recording integrator were used for monitoring the phenylacetic acid formation.

An Aminco DW-2000 UV-VIS spectrophotometer was used for obtaining

cytochrome P-450-CO spectra. A Perkin Elmer 650-10S fluorescence

spectrophotometer equipped with a PE 150 Xenon Power Supply and an

analog recorder were used for the 7-ethoxyresorufin O-deethylation activity

assay. A Nicolet FT-IR 5DX spectrophotometer, a Varian FT-80 NMR

spectrometer, a GN300 and GN500 (General Electric) spectrometer equipped

with a Nicolet 1280 computer system, a Krato MS-25 Mass Spectrometer using

direct probe sample insertion for electron impact mass spectrometry (EIMS)

were used for structural determination of synthetic compounds.

5.3 Cytochrome P-450|VA1 (P-450LAa) purification

5.3.1. Overview Cytochrome P-450IVA1 was purified by a modification of the

method first published by Tamburini et al., 1984. Five columns were used in the

following order: 8-aminooctyl sepharose 4B, hydroxylapatite, DEAE-sephacel,

CM-sepharose, and CM-sephadex. The cytochrome P-450 content of all

fractions collected from each column (except the DEAE-sephacel column) was

determined by monitoring the heme soret at 416 nm. The purpose for using

these five columns is as follows: the 8-aminooctyl Sepharose 4B column

eliminates many proteins, expecially cytochrome P-450 reductase; the

hydroxylapatite column separates cytochrome P-450IVA1 (and other

cytochrome P-450s) from other protein; the DEAE-Sephacel column separates

cytochrome P-450IVA1, and other positively-charged cytochrome P-450s, from
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non-positively charged cytochrome P-450s; the CM-Sepharose column

separates cytochrome P-450IVA1 from other positively-charged cytochrome P

450s; and the CM-Sephadex column is used to get rid of the detergent (E911).

For all the purified cytochrome P-450IVA1 preparations, SDS-PAGE indicates

the presence of 2 prominent bands (the upper major and the lower minor)

running very close together at a molecular weight of about 52,000.

5.3.2. The original method

5.3.2.1–E ti the 8-ami tyl-Sep! |B col ial

(March et al., 1974) Three buffers were made: 1. 1 liter of 2 M sodium

carbonate (stored at room temperature), 2. 5 liters of 0.2 M sodium bicarbonate

at pH 9.5 (stored at 4°C), and 3. 4 liters of 0.1 M sodium bicarbonate at pH 9.5

(stored at 4°C). Sepharose 4B gel (500 ml of 1,000 ml bottle) was washed well

with double distilled water (about 2.5 liters) using a big funnel and vacuum

filtration. The washed gel was mixed in about 1 liter of cold double distilled

water and was then poured slowly into 1 liter of 2 M sodium carbonate on ice.

One of the final two liters of gel in buffer was stirred slowly on ice while 50 ml of

cyanogen bromide solution (100 g of cyanogen bromide in 50 ml HPLC grade

acetonitrile) was added slowly. During the cyanogen bromide addition, the

stirring rate of gel in buffer was increased. After the addition was complete, the

resulting solution was stirred vigorously for 4 - 5 minutes because cyanogen

bromide slowly dissolved. Afterward, the gel solution was filtered by vacuum

and was washed with 2 liters of 0.1 M sodium bicarbonate at pH 9.5, 2 liters of

double distilled water, and finally 2 liters of 0.2 M sodium bicarbonate at pH 9.5

to give a moist compact gel cake. All washes were done without letting the

Compact gel cake go completely dry. The moist gel cake was resuspended in
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500 ml of 0.2 M sodium bicarbonate at pH 9.5 containing 100 g of

diaminooctane (2 mmol of diaminooctane per ml of Sepharose gel). The

resuspended gel solution was stirred gently at 4°C overnight and was then

washed with double distilled water (3 liters per 500 ml gel solution). The

washed gel could then be used or could be stored in 500 ml of 100 mM

potassium phosphate buffer at pH 7.25 containing 0.02% sodium azide as

preservative.

5.3.2.2 Buffer preparation Nine buffers were needed: 1. 8 liters of 100 mM

potassium phosphate at pH 7.25 containing 20% glycerol, 1 mM EDTA, 2 puM

FMN, and 1 mM DTT; 2. 10 liters of 20 mM potassium phosphate at pH 7.25

containing 20% glycerol, 0.2% E911; 3. 2 liters of 50 mM potassium phosphate

at pH 7.25 containing 20% glycerol and 0.2% E911; 4. 10 liters of 5 mM

potassium phosphate at pH 7.25 containing 20% glycerol and 0.2% E911; 5. 1

liter of 30 mM potassium phosphate at pH 7.25 containing 20% glycerol and

0.2% E911; 6. 500 ml of 35 mM potassium phosphate at pH 7.25 containing

20% glycerol and 0.2% E911; 7. 500 ml of 35 mM potassium phosphate at pH

7.25 containing 20% glycerol; 8.500 ml of 325 mM potassium phosphate at pH

7.25 containing 20% glycerol; and 9.500 ml of dilution buffer (20% glycerol and

0.2% E911 in double distilled water).

5.3.2.3 Cytochrome P-450IVA1 purification Twenty male Sprague Dawley

rats were injected intraperitoneally daily with clofibrate (450mg / kg) for 3 days

prior to decapitation. Liver microsomes were obtained at 34,000Xg and were

solubilized with 1.8% sodium cholate in 100 mM potassium phosphate buffer

with gentle stirring on ice under nitrogen for 30 minutes. Non-solubilized

material was removed by ultracentrifugation at 34,000Xg for 1 hour. The

127



supernatant was diluted to 0.7% sodium cholate before one-half of the sample

was loaded onto an 8-aminooctyl Sepharose 4B column (2.5 X 40 cm) pre

equilibrated with 3 column volumes (about 600 ml) of buffer A (100 mM

potassium phosphate buffer at pH 7.25 containing 20% glycerol, 1 mM EDTA, 2

HM FMN, 1 mM DTT) containing 0.7% sodium cholate (two 8-aminooctyl

Sepharose 4B columns were used). After the sample loading was complete,

the column was washed with at least 3 column volumes of buffer A containing

0.42% sodium cholate overnight. A broad red band eluted out in the wash

buffer. The cytochrome P-450 fraction was eluted with buffer A containing

0.33% sodium cholate and 0.08% E911. A sharp red band eluted in the elution

buffer. The cytochrome P-450 fraction was pooled by combining fractions with a

significant absorbance at 417 mm. The combined cytochrome P-450 fraction

was dialyzed for 12 hours against 4 liters of 20 mM potassium phosphate buffer

(pH 7.25) containing 20% glycerol and 0.2% E911; the dialysis buffer was

replaced after the first 6 hours of dialysis. The dialyzed sample was loaded onto

a hydroxylapatite column (2.5 X 25 cm; about 40 g HTP per column) pre

equilibrated with 2 column volumes (about 200 ml) of 20 mM potassium

phosphate buffer at pH 7.25 containing 20% glycerol and 0.2% E911. A dark

red band tightly bound to the top of the HTP column after sample loading was

complete. The column was then washed with the same buffer, except that it was

50 rather than 20 mM potassium phosphate, to elute out a broad cytochrome P

450 band. The cytochrome P-450 fraction was dialyzed at 4°C against 4 liters

of 5 mM potassium phosphate buffer (pH 7.25) containing 20% glycerol and

0.2% E911; fresh buffer was introduced after the first 6 hours of dialysis. The

dialyzed sample was loaded onto a DEAE-Sephacel column (5 X1.3 cm) pre

equilibrated with the last dialysis buffer. Cytochrome P-450 passed directly

through this column. The eluent was loaded directly onto a CM-Sepharose
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CL6B column (2.6 X 5 cm) pre-equilibrated with the last dialysis buffer.

Cytochrome P-450 bound tightly to this column and the column was washed

with 20 column volumes (about 500 ml) of 30 mM potassium phosphate buffer

(pH 7.25) containing 20% glycerol and 0.2% E911. Cytochrome P-450 was

eluted with the same buffer except that it was 50 mM in potassium phosphate.

Sometimes, it was necessary to use 325 mM potassium phosphate to elute the

cytochrome P-450. The cytochrome P-450 fractions with a significant

absorbance at 416 nm were combined and were diluted to 35 mM potassium

phosphate with the dilution buffer before being loaded onto a CM-Sephadex

column (2.6 X 4 cm) pre-equilibrated with 35 mM potassium phosphate buffer

(pH 7.25) containing 20% glycerol and 0.2% E911. After sample loading was

complete, the column was washed with the same buffer containing no E911

until absorbance at 280 nm, corresponding to the detergent, was below 0.02.

Cytochrome P-450 was then eluted with 325 mM potassium phosphate buffer

(pH 7.25) containing 20% glycerol. The purified cytochrome P-450IVA1 was

concentrated if necessary by ultrafiltration using an Amicon Diaflo PM-30

membrane before being divided up into 0.5-ml fractions that were stored at -

86°C. Table 5.2.1.1 shows a summary of the cytochrome P-450IVA1 purified

from three preparations:
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450IVA1 preparations

totalprotein Iotal cytochrome P450 'P-450 contant ‘spec aci (12.1.11-OH)
0.90 mg 14.28 nmol 15.9 15:1 (19.47 / 1.30)

1.92 mg 13.60 nmol 7.08 16:1 (12.07 / 0.74)

0.97 mg 26.40 nmol 27.2 23:1 (19.21 / 0.84)

1 cytochrome P-450 content = nmol cytochrome P-450 per mg protein
* spec. act. = nmol of 12-/11-hydroxylauric acids formed per nmol cytochrome P-450IVA1 per

min at 37°C.

Figure 5.3.2.2 SDS-PAGE gel of purified cytochrome P-450|VA1 Lanes 1-4 =
cytochrome P-450IVA1 of 100, 50, 25, and 12.5 pmol, respectively; Lanes 5-8 =
cytochrome P-450IVA1 from purer preparation of 100, 50, 25, and 12.5 pmol,
respectively; Lane 9 = cytochrome P-450 reductase; and Lane 10 = molecular
weight standard (67, 43, 30, 20, and 14K Dalton)

-: = - --
- - -



5.3.3 The modified method. Since the original method for cytochrome P

450IVA1 purification is both time-consuming and inefficient (in terms of very low

yield), four major modifications were made as follows: 1. 30 male Sprague

Dawley rats (220 - 240 g) were used; 2. all buffer solutions were at pH 7.4; 3. a

polyethylene glycol (PEG) cut was included; and 4. the 8-aminooctyl Sepharose

4B column, the first column, was replaced by a DE-52 column.

5.3.3.1 Buffer preparation Buffer Solutions needed to be made (all buffer

solutions are at pH 7.4):

solubilization buffe■ (make 1 liter) buffer I (make 8 liters)
100 mM potassium phosphate
30% glycerol
1 mM EDTA

buffer II (make 12 liters)
5 mM potassium phosphate
20% glycerol
40 mM EDTA

O.2% E911

buffer IV (make 1 liter)
17.5 mM potassium phosphate

5 mM potassium phosphate
20% glycerol
100 mM EDTA

0.5% solium cholate

0.2% E911

buffer IIL(make 10 liters)
17.5 mM potassium phosphate
20% glycerol
40 mM EDTA

0.2% E911

buffer V (make 10 liters)
20 mM potassium phosphate

20% glycerol
40 mM EDTA

20% glycerol
40 mM EDTA

0.2% E911
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buffer VI (make 1 liter)
30 mM potassium phosphate
20% glycerol
40 mM EDTA

0.2% E911

buffer VIII (make 1 liter)
75 mM potassium phosphate
20% glycerol
40 mM EDTA

0.2% E911

buffer X (make 12 liters)
100 mM potassium phosphate
20% glycerol
250 mM DETAPAC

buffer XI (make 1 liter)
250 mM potassium phosphate
20% glycerol
40 mM EDTA

5.3.3.2 Modified cytochrome P-450IVA1 purification. Thirty male Sprague

Dawley rats (220-240 g) were used per cytochrome P-450IVA1 purification.

Clofibrate induction was done by injection: a daily dose of 450 mg / kg of

clofibrate dissolved in corn oil was injected intraperitoneally (IP) once a day for

3 days prior to decapitation.

chloride before being excised and homogenized with 1.15% potassium

chloride. The homogenate was centrifuged at 8,400 rpm for 20 minutes. The

pellets were discarded and the supernatant was centrifuged at 32,000 rpm for

70 minutes. The pellets were resuspended in 1.15% potassium chloride,

buffer VIL (make 4 liters)
50 mM potassium phosphate
20% glycerol
40 mM EDTA

O.2% E911

buffer IX (make 1 liter)
125 mM potassium phosphate
20% glycerol
40 mM EDTA

0.2% E911

diluting solution (make 500 ml)
20% glycerol
40 mM EDTA

0.2% E911

Livers were perfused with 1.15% potassium
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rehomogenized and recentrifuged at 32,000 rpm for another 70 minutes. The

pellets were resuspended in the solubilization buffer (150 ml). A biorad protein

assay was done to estimate the amount of protein present in the microsomes in

order to calculate the amount of sodium cholate neccessary for protein

solubilization (the amount of sodium cholate needed in mg / 100 ml

solubilization buffer = 2.3 X mg protein present). Sodium cholate in the

solubilization buffer (100 ml) was added to the microsomes dropwise with

stirring on ice (for about 15 minutes). After the sodium cholate addition, the

microsomes were stirred slowly on ice for another 15 minutes. Then, enough

50% polyethylene glycol (PEG, 62.5 ml) was added to the microsomes to make

a 10% PEG solution. The microsomal solution was then centrifuged at 20,000

rpm for 50 minutes. The supernatants were combined and enough 50% PEG

(55.1 ml) was added to give a 16% PEG solution. The microsomal solution was

centrifuged at 32,000 rpm for 2 hours to sediment the cytochrome P-450s.

The pellets after the second PEG cut were resuspended in buffer I (30 -

60 ml) before being loaded onto a DE-52 column pre-equilibrated with buffer I.

The column was washed with buffer ll overnight. The cytochrome P-450s came

out at the buffer front as a reddish band. The fractions corresponding to the

reddish band were combined and dialyzed with buffer V for 12 hours; fresh

buffer was introduced after the first 6 hours of dialysis. The dialyzed protein was

then loaded onto a hydroxylapatite column pre-equlibrated with buffer V. The

column was washed with buffer VII, VIII and IX in that order, buffer being passed

through each time until no further protein eluted off. SDS-PAGE was done on

each protein fraction of the eluent to determine which fractions corresponded to

cytochrome P-450IVA1 and could be pooled together. Dialysis against buffer ||

was done for 12 hours, with a change of buffer after the first 6 hours. After
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dialysis, the protein was passed through a DEAE-sephacel column pre

equilibrated with buffer II. Cytochrome P-450IVA1 passed directly through and

was loaded onto a CM-Sepharose column pre-equilibrated with buffer II. The

column was washed with buffer VI (about 500 ml) to elute out cytochrome P

450IVA1. The cytochrome P-450IVA1 fraction was dialyzed with buffer III for 12

hours, the buffer being replaced after the first 6 hours of dialysis, before being

loaded onto a CM-sephadex column pre-equilibrated with buffer Ill. The column

was washed with buffer IV until the absorbance at 280 nm due to E911 was less

than 0.02. Purified cytochrome P-450IVA1 was then eluted with buffer XI as a

sharp band that was dialyzed with buffer X for 12 hours. The buffer was

replaced after the first 6 hours of dialysis. The protein solution was then

aliquoted and stored at -80°C.

5,3,3,3_Besults Only two out of the four trials using the modified method were

successful. For the first successful preparation, the specific activities obtained

were 0.75 and 13.9 nmol 11- and 12-hydroxylauric acids formed / nmol

cytochrome P-450IVA1 / min at 37°C, respectively. The ratio of 12-OH / 11-OH

was 18.5 / 1. In the second secessful preparation, the hydroxylapatite column

was included and the protein eluted from each column was monitored by SDS

PAGE. This yielded the purest cytochrome P-450IVA1 among all the

preparations. However, the yield was very low: only 2 nmol purified cytochrome

P-450IVA1 was obtained from this preparation.
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5.4 Cytochrome P-450 reductase purification

5.4.1 Purified from phenobarbital-treated rat liver microsomes Many different

but similar methods are available for cytochrome P-450 reductase purification.

The method that was used closely follows the method described by Dutton et

al., 1987. A detail description is as follows: Spague Dawley male rats (29 rats

of 150 - 200 g each) treated with a daily dose of phenobarbital (20 mg

phenobarbital per rat) for 4 days via intraperitoneal (IP) injection were used.

Phenobarbital solution was made up as 1.6 g of phenobarbital sodium in 20 ml

of water, of which 0.25 ml gave 20 mg of phenobarbital per IP injection.

Microsomal preparation was done as described section 5.6. The phenobarbital

treated microsomescould be stored in 250 mM sucrose buffer at -80°C, until

required for the cytochrome P-450 reductase purification. To proceed with the

purification, roughly one-half of the microsomes obtained from 29 rats were

diluted to a concentration of about 10 mg protein / ml (protein concentration

determined by Lowry assay) with 50 mM Tris-HCl buffer (pH 8.1) containing

20% glycerol, 500 puM EDTA, and 500 pum DTT. The diluted protein was

solubilized with E911 to a final concentration of 1.5% E911 by stirring the

protein solution slowly on ice while adding E911. After the E911 addition was

complete, the resulting protein solution was stirred on ice for a further 30

minutes. The resulting solubilized protein was then loaded onto a DEAE

cellulose column from Sigma (prewashed and stored in 10 mM potassium

phosphate buffer at pH 7.4), pre-equilibrated with about 1 liter of Buffer A (50

mM Tris-HCl buffer at pH 8.1 containing 10% glycerol, 100 pm EDTA, 100 puM

DTT and 0.5% E911). After sample loading was complete, the column was

washed with 1 liter of Buffer A containing 50 mM KCI, followed by Buffer A

containing 300 mM KCl to elute a yellowish band containing cytochrome P-450
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reductase. The fractions containing cytochrome P-450 reductase, determined

by measuring cytochrome c reduction activity, were combined and dialyzed

against 4 liters of 25 mM Tris-HCl buffer (pH 7.4) containing 1 p. M FMN

overnight. The dialyzed protein was concentrated by adding 3 mg of calcium

phosphate gel to each ml of protein. The resulting suspension was stirred at

4°C for about 15 minutes, followed by centrifugation at about 9,000Xg for 15

minutes. Calcium phosphate precipitation was repeated with the supernatant

two times or until an insignificant cytochrome c reduction activity was observed

in the supernatant fraction. Protein that bound to the calcium phosphate pellet

was eluted with 300 mM potassium phosphate buffer (pH 7.7) containing 1 puM

FMN, 100 puM EDTA and 0.1% E911. The combined eluent was dialyzed

against 4 liters of Buffer A except with 25 rather than 50 mM Tris-HCl overnight.

After dialysis, the concentrated protein sample was loaded onto a 2', 5'-ADP

agarose affinity column pre-equilibrated with Buffer B (100 mM potassium

phosphate buffer at pH 7.7 containing 20% glycerol, 100 puM EDTA, 100 pum

DTT and 0.4% sodium cholate). After sample loading was complete, the

Column was washed with about 200 ml of Buffer B that was 200 mM in

potassium phosphate. The purified cytochrome P-450 reductase was then

eluted with Buffer B containing 25 mM 2AMP. A yellowish band, corresponding

to purified cytochrome P-450 reductase, was collected and dialyzed against 4

liters of 50 mM potassium phosphate buffer (pH 7.7) containing 20% glycerol

and 1 puM FMN overnight. The dialyzed cytochrome P-450 reductase, containing

detergent at this point, was concentrated by Amicon to about 10 ml before being

loaded onto a Sephadex G-25 column pre-equilibrated with 50 mM potassium

phosphate buffer (pH 7.7) to get rid of the detergent. A yellowish cytochrome P

450 reductase band was eluted with pre-equlibrating buffer and was dialyzed

against 4 liters of 50 mM potassium phosphate buffer at pH 7.4 containing 20%
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glycerol overnight. The dialysed cytochrome P-450 reductase was divided into

one-ml fractions and was stored at -80°C. The purified cytochrome P-450

reductase was stored at a concentration of 19.23 nmol cytochrome P-450

reductase per ml - the amount of cytochrome P-450 reductase was estimated by

cytochrome C reduction activity. A total of 192 nmol was obtained from one-half

of the microsomes used from 29 rats. One nmol of reductase in this preparation

reduced 3.13 plmol of cytochrome c in one minute (normal reductase can

reduce >3 mmol cytochrome c per nmol cytochrome P-450 reductase per min).

5.4.2 Purified f L5% polyethyl lycol (PEG) fracti | ot

cytochrome P-450 preparations Cytochrome P-450 reductase can be purified

from the 15% PEG supernatant fraction obtained from the PEG cut in other

cytochrome P-450 preparations (Dutton et al., 1987). In this case, the 15% PEG

supernatant fractions from P-4501A1 and P-450IIE1 preparations, previously

stored at -80C, were used for the cytochrome P-450 reductase purification. The

method for purification is essentially the same as described in Section 5.3.1

except for a few modifications. The combined 15% PEG fraction (2.5 liters) was

dialyzed at 4°C for 12 hours against 4 liters of 50 mM Tris-HCl buffer (pH 8.1)

containing 10% glycerol, 100 puM EDTA, 100 HM DTT, and 1 puM FMN; the buffer

was replaced after the first 6 hours of dialysis. The dialyzed sample is normally

solubilized with E911 to a final concentration of 1.5% by stirring the sample

slowly on ice while adding E911. After the addition is finished, the solution is

stirred on ice for 30 minutes. However, this solubilization step was omitted in

this specific preparation. The unsolubilized dialyzed sample was loaded directly

onto a DEAE-cellulose column (prewashed and stored in 10 mM potassium

phosphate buffer at pH 7.4), pre-equilibrated with ~1 liter of Buffer A (50 mM

Tris-HCl buffer at pH 8.1 containing 10% glycerol, 100 HM EDTA, 100 HM DTT,
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and 0.5% E911). After sample loading was complete, which took a long time

due to a large loading volume, the column was washed with 1 liter of Buffer A

containing 50 mM KCI, followed by Buffer A containing 300 mM KCl to elute the

cytochrome P-450 reductase fractions. Protein fractions with cytochrome c

reduction activity were pooled and were dialyzed at 4°C for 12 hours against 4

liters of 25 mM Tris-HCl buffer at pH 8.1 containing 1 mM FMN, 100 mM EDTA,

and 100 mM DTT with a change of buffer after the first 6 hours. After dialysis,

the protein was concentrated by calcium phosphate precipitation (3 mg calcium

phosphate gel / ml protein). The protein - calcium phosphate suspension was

stirred at 4°C for 15 minutes and centrifuged at ~9,000Xg (Ti 35 rotor at 10,000

rpm) for 15 minutes before the protein was eluted off the calcium phosphate

pellet with 300 mM potassium phosphate buffer (pH 7.7) containing 1 plm FMN,

100 pum EDTA, and 0.1% E911. The calcium phosphate precipitation was

repeated with the supernatant two times or until an insignificant amount of

cytochrome C reduction was observed in the supernatant. The concentrated

protein sample was loaded directly (without dialysis) onto a 2', 5' - ADP

agarose affinity column (1.2 g) pre-equilibrated with Buffer B (100 mM

potassium phosphate buffer at pH 7.7 containing 20% glycerol, 100 puM EDTA,

100 puM DTT, and 0.4% sodium cholate). After sample loading was complete,

the column was washed with ~200 ml of Buffer B (200 rather than 100 mM in

potassium phosphate), followed by Buffer B containing 25 mM 2AMP to elute

out the purified cytochrome P-450 reductase. A yellowish band (cytochrome P

450 reductase) was collected and dialyzed at 4°C for 12 hours against 4 liters of

50 mM potassium phosphate buffer (pH 7.7) containing 20% glycerol and 1 puM

FMN. The buffer was changed after the first 6 hours of dialysis. The dialyzed

sample was concentrated by Amicon to ~10 ml before being loaded onto a

Sephadex G-25 column pre-equilibrated with 50 mM potassium phosphate
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buffer (pH 7.7) to get rid of the detergent. A yellowish band was collected and

dialyzed at 4°C for 12 hours against 4 liters of 50 mM potassium phosphate

buffer at pH 7.4 containing 20% glycerol with a buffer change after the first 6

hours of dialysis. The dialyzed, purified cytochrome P-450 reductase was

divided into 0.5-ml fractions and was stored at -80°C. The purified cytochrome

P-450 reductase contained 20.8 nmol per ml (according to a cytochrome c

reduction activity of 3.13 pimol cytochrome c reduced per nmol cytochrome P

450 reductase per min at room temperature). The total amount purified was 135

nmol, which was 33% of the reductase amount originally present in the 15%

PEG fraction, as estimated from its cytochrome c reduction activity.

5.5 Cytochrome c reduction assay. The Sample (0.25 ml) was added to

the cytochrome c solution (0.47 ml), which contained 28.4 mg cytochrome C per

10 ml of 300 mM potassium phosphate buffer (pH 7.4) containing 1 mM EDTA.

The resulting solution was transferred to a 0.7-ml cuvette. NADPH (5 pul) was

then added to a final Concentration of 0.2 mm to start the reduction. An Aminco

spectrophotometer was used to monitor the change in the net absorbance (550

minus 800 nm) over time (40 seconds) using dual-beam monitoring. The

cytochrome P-450 reductase concentration can then be estimated as follows:

k (min')
cytochrome P-450 reductase conc. (nmol/ml) = X 20-fold

(21 mM -1cm-l) (3.13°)

* Hmol cytochrome C reduced per nmol cytochrome P-450 reductase per min at room
temperature
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5.6 fl-Naphthoflavone (B-NF)-treated rat liver microsome

preparation Three buffer solutions were needed: 1. a homogenization buffer

(50 mM Tris-HCl buffer at pH 7.4 containing 150 mM potassium chloride); 2. a

microsomal wash buffer (150 mM potassium chloride containing 10 mM EDTA);

3. a microsomal storage buffer (250 mM sucrose). Six male Sprague Dawley

rats (150 - 200 g) were injected with 3-NF in corn oil (50 mg/kg rat, 10 mg/200

g rat / 0.5 ml corn oil) intraperitoneally once daily for four days. On the fifth day,

rats were decapitated 24 hours after the last IP injection. Whole liver was cut out

without potassium chloride perfusion. Each liver was homogenized with about

20 ml of the homogenization buffer (10 strokes per liver and repeated twice).

The combined liver homogenate was centrifuged at 9,000 rpm for 20 minutes at

4°C in a low-speed centrifuge. The supernatant was decanted out and was

spun at 35,000 rpm for 1 hour at 4°C using a Ti-45 rotor in a high-speed

centrifuge (the pellet from the low spin was discarded). The supernatant was

discarded after the first high speed spin. The pellets were resuspended in the

microsomal wash buffer and the suspension was centrifuged again at 35,000

rpm for 1 hour at 4°C. After the second high speed spin, the supernatant was

discarded and the pellets were resuspended in the microsomal storage buffer

(about 3 ml of buffer per liver). The combined microsomal suspension was

divided into one-ml fractions and was stored at -86°C. Table 5.5.1 shows a

quantitative summary of the BNF-treated rat liver microsomes thus obtained.

Even though, for unknown reason, the specific content is 50% lower than

expected for the BNF-treated microsomes, a 2-fold increase in specific content is

observed relative to control after BNF treatment which is indicative for

cytochrome P-450 induction to occur.
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[able 5.6.1 Data from the BNE-treated rat liver microsome preparations

protein conc. P-450 content Spec, content

(mg/ml) (nmol/ml) (nmol P450 / mg prot)

BNF-treated microsomes 82.4 85.7 1.04

untreated microSomes 76.7 43.5 0.57

5.7 Cytochrome P-4501A1 purification Cytochrome P-450|A1 is purified

by the procedure of Ryan et al. (1989). Twenty-eight male Long Evans rats (4-

week-old, ~100 g per rat) were injected intraperitoneally with B-naphthoflavone

(50 mg/kg/day) once daily for 4 days prior to decapitation. Two rats with no 3

naphthoflavone treatment were used as controls. 3-Naphthoflavone solution for

injection was prepared by adding 3-naphthoflavone to corn oil to make a 20 mg

per ml suspension. Prior to injection (0.25 ml per 100 g rat), the B

naphthoflavone suspension was warmed until a clear solution was obtained.

Injection was done while the solution was still warm. Liver microsomes were

prepared as already described. The results are as follows:

[able 5.7.1 -Ir rat liver mi mes for hrome P-450|A1

'specific content total amount

B-naphthoflavone-treated microsomes 0.82 1,584 nmol

untreated microSomes 0.43

1 specific content = nmol cytochrome P-450 per mg protein
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At room temperature, a pre-swollen DE-52 column (2.5 X 50 cm) was

washed with 200 mM potassium phosphate buffer at pH 7.4 for a few hours.

The column was then equilibrated with a reverse gradient of 100 and 10 mM

potassium phosphate buffers at pH 7.4 (850 ml of each) until the pH of the

eluent was 7.4 (the final phosphate concentration of the eluent should be 10

mM). The column was then equilibrated with the equilibrating buffer (10 mM

potassium phosphate at pH 7.4 containing 20% glycerol, 0.1 mM EDTA, 0.1 mM

DTT, 0.2% E911, and 0.5% sodium cholate). The thawed B-naphthoflavone

treated microsomes, previously stored at -80°C, were diluted to a final

concentration of 7 ml protein per ml with the dilution buffer (100 mM potassium

phosphate at pH 7.4 containing 30% glycerol and 1 mM EDTA). For protein

solubilization, sodium cholate (3 mg sodium cholate per mg protein) in the

dilution buffer was added and the resulting solution was stirred at 4°C for 20

minutes. Polyethylene glycol (PEG) cut was done by slowly pouring 50% PEG

into the solubilized microsomes on ice until a final concentration of 7% PEG

was achieved. The Solution was stirred at 4°C for 20 minutes; afterward, the

solution was centrifuged at 45,000Xg for 45 minutes at 4°C (Ti 35 rotor: 23,500

rpm gives 45,000Xg). The pellet was discarded and the supernatant was

Combined with 50% PEG until a final concentration of 15% PEG was achieved.

The solution was stirred at 4°C for 20 minutes before being centrifuged at

100,000Xg for 60 minutes at 4°C (for Ti 45 rotor: 35,000 rpm gives 100,000Xg).

The 7 - 15% PEG pellet was resuspended in the equlibration buffer to a final

volume of less than 40 ml, ready to be loaded onto a DE-52 column at a flow

rate of 1 ml/min at room temperature. (All the other columns in this preparation

were run at 4°C.) After sample loading was complete, the column was washed

with the equlibration buffer (~80 ml), and was then eluted with a linear gradient

of the equilibration buffer (600 ml) and the equilibration buffer containing 375
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mM sodium chloride (600 ml) at 1 ml/min. Fractions (8 ml) were collected with

continuous monitoring at 405 nm (a Pharmacia recorder was used and was set

at 50 mV, 0.2 a.u., 2 mm / min speed). Four major peaks were obtained. SDS

PAGE was done on the fractions taken from the peaks and troughs of the four

peaks to look for the fractions containing cytochrome P-4501A1. The

appropriate fractions (#46 - 50) were pooled and the resulting solution was

dialyzed at 4°C for 12 hours against 4 liters of 5 mM potassium phosphate

buffer (pH 7.7) containing 20% glycerol, 100 puM EDTA, and 100 puM DTT with a

buffer change after the first 6 hours of dialysis. The dialyzed sample was

loaded onto a DEAE cellulose column (1.5 X 30 cm) at 4°C. The column was

pre-equilibrated with 10 mM potassium phosphate buffer (pH 7.7) containing

20% glycerol and 0.1% E911. After sample loading was complete, the column

was washed with the equilibration buffer (~125 ml). The cytochrome P-450

fractions, which contained significant color, were eluted with 30 mM potassium

phosphate (pH 7.7) containing 20% glycerol and 0.1% E911. The eluted

cytochrome P-450 fractions were pooled and dialysed at 4°C for 12 hours

against 4 liters of 30 mM potassium phosphate buffer (pH 7.25) containing 20%

glycerol and 100 puM EDTA with a buffer change after 6 hours of dialysis. After

dialysis, enough sodium cholate was added to the dialyzed sample to bring the

final concentration to 0.25%. At 4°C, the sample was then loaded onto a

hydroxylapatite (HTP) column (2.5 X 10 cm), which was pre-equilibrated with 5

mM potassium phosphate buffer (pH 7.25) containing 20% glycerol, 0.1% E911,

and 0.25% solium cholate (150 ml). After sample loading was complete, the

column was washed with 30, 60, and 100 mM potassium phosphate buffer (pH

7.25) containing 20% glycerol, 0.1% E911, and 0.25% sodium cholate

sequentially (about 100 ml of each ionic strength buffer was used). Four-ml

fractions were collected and monitored at 416 nm for hemoproteins, which
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should primarily be cytochrome P-4501A1 at this stage. The fractions showing

a significant amount of absorbance at 416 nm were pooled and dialyzed at 4°C

for 12 hours against 4 liters of 20 mM potassium phosphate buffer (pH 7.4)

containing 20% glycerol, 100 puM EDTA, and 100 puM DTT. The buffer was

replaced after 6 hours of dialysis. Calcium phosphate precipitation was done to

get rid of detergent in the dialyzed sample and to concentrate the purified

cytochrome P-4501A1. Enough calcium phosphate suspension was added to

the dialyzed sample to bring the final concentration to 8 mg per ml. The

resulting mixture was stirred at 4°C for 15 minutes before being centrifuged at

9,000Xg (Ti 35 rotor at 10,000 rpm) for 15 minutes to sediment cytochrome P

4501A1 - bound calcium phosphate. The supernatant containing most of the

detergent was discarded and the pellet was resuspended with 25 mM

potassium phosphate buffer at pH 7.4 (~60 ml) to wash off any remaining

detergent. The resuspended mixture was centrifuged at 9,000Xg (Ti 35 rotor at

10,000 rpm) for 15 minutes. The pellet was resuspended with a small amount of

400 mM potassium phosphate buffer (pH 7.4) containing 20% glycerol to elute

cytochrome P-450IA1 from the calcium phosphate. The resuspended mixture

was spun at 9,000Xg (Ti 35 rotor at 10,000 rpm) for 15 minutes. The calcium

phoshate pellet was eluted again with 400 mM potassium phosphate buffer (pH

7.4) containing 20% glycerol before being centrifuged to sediment calcium

phosphate; this elution step was repeated until an insignificant amount of

absorbance at 416 nm was observed in the supernatant. The combined

cytochrome P-4501A1 fractions were dialysed at 4°C for 12 hours against 4

liters of 50 mM potassium phosphate buffer (pH 7.4) containing 20% glycerol,

100 mM EDTA, and 100 mM DTT; fresh buffer was exchanged after first 6 hours

of dialysis. The dialysed solution, containing the purified cytochrome P-450IA1,

was concentrated by ultrafiltration using an Aminco Diaflo PM-30 membrane to
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a final volume of 5 ml and was stored at -80°C in one-ml fractions. A total of 4.2

nmol cytochrome P-4501A1 was purified. This yield was exceptionally low,

possibly because the DE-52 column was not conditioned properly. It is

important to adjust pH of the eluent from the DE-52 column to 7.4 before sample

loading.

1 and 4 = purified cytochrome P-450|A1; 2 = initial fractions from
DE-52 column containing no cytochrome P-450IA1; 3 = fractions from DE-52
column containing cytochrome P-450/A1
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5.8 Laurate Assay

This assay is used to determine the specific activity of cytochrome P

450IVA1 by measuring the amount of co- and co-1-hydroxylated lauric acids

formed per nmol cytochrome P-450IVA1 per minute at 37°C. In order to

maximize the sensitivity of product detection, [1,14C-lauric acid was used. The

incubation conditions, unless otherwise specified, were as follows: In a one-ml

incubation, the cytochrome P-450-reconstituted system (0.15 nmol cytochrome

P-450IVA1) or the sonicated homogenates of cultured hepatocytes (2 mg

protein) was incubated with [1,14C-lauric acid with or without NADPH (1 mM) at

37°C for 2 and 5 minutes. Usually, four incubations were done: a 2-minute with

NADPH, duplicates of 5-minute with NADPH, and a 5-minute without NADPH.

The incubations were stopped by adding 10% sulfuric acid (0.4 ml), mixing

vigorously for 10 seconds, and then putting them on ice. Two work-up methods

from this point on were available. The first method was used to semi-purify the

sample by passing through a silica column to obtain primarily the 11- and 12

hydroxy- [1,14C-lauric acids. With the proper HPLC conditions, this method

provided the most accurate determination of the ratio of the amounts of 11- and

12-hydroxy-[1,14C-lauric acids formed during the incubation. From past

experience, the amount of 12-hydroxylauric acid formed is a much more

sensitive index for cytochrome P-450IVA1 activity than the amount of 11

hydroxylauric acid formed. The second method was developed to routinely

determine the cytochrome P-450IVA1 activity in cultured rat hepatocytes

because of its Convenience. After incubation, the entire extracted fraction was

subjected to HPLC analysis without the intermediate semi-purification step. The

HPLC conditions were also modified to give a quicker analysis. The modified
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method should only be used when co-1-hydroxylation of lauric acid can be

ignored.

5.8.1. The first method To each incubation Sample (1 ml), Cold standards of

lauric acid, 11-, and 12-hydroxylauric acids (20, 16, and 30 pumol in 20, 8, and

15 pil of methanol, respectively) were added. Each sample was then extracted

with benzene / ether 9:1 (5 ml) twice. The benzene / ether extract was loaded

onto a silica column (~500mg silica in a one-ml disposable glass pipette) pre

equilbrated with 2 - 3 column volumes of benzene / ether 9:1. After 10 ml of

sample loading was complete, the column was washed with 5 column volumes

of benzene / ether 9:1 to wash off primarily [1,14C-lauric acid. Then, 11- and
12-hydroxylated [1,14C-lauric acids were eluted with ether (4 ml). The ether
eluent was collected in a 20-ml Scintillation vial. Diazomethane - ether solution

(2 ml) was then added. The resulting solution was capped tightly and was

allowed to sit at room temperature for 45-60 minutes for methylation to occur.

After derivatization, the sample was evaporated under a stream of nitrogen at

low heat or overnight at room temperature. 70% Methanol / water (0.5 ml) was

added to the sample. The resulting sample solution was filtered and subjected

to the HPLC analysis (120 pil of sample solution was injected each time into a

100-pil injection loop to deliver exactly 100 pil of sample per injection). The

isocratic HPLC conditions were as follows: 70% methanol / water at 0.5 ml per

minute, monitored at 217 nm, Flo-Scint II cocktail at 1.5 ml per minute using a

2.5 ml flow cell for continuous scintillation counting.
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5.8.2. The second method To a one-ml Sample, Cold standards of lauric acid

(10 plmol) and 12-hydroxylauric acid (30 plmol) in 10 and 15 pil, respectively,

were added and the resulting solution was extracted three times with ether (2

ml). The combined ether extract was capped tightly in a 20-ml scintillation vial

containing diazomethane - ether solution (2 ml) for 45 minutes at room

temperature to methylate the acids. Afterward, the sample was allowed to

evaporate overnight at room temperature and was then dissolved in 80%

methanol in water (0.5 ml). The resulting solution was filtered and subjected to

HPLC analysis (120 pil of sample was injected into a 100-pil injection loop to

deliver exactly 100 pil of sample per analysis). Two HPLC conditions were

developed: condition 1, a gradient system of 80% methanol / water at 0.5 ml per

minute for 25 minutes, then 100% methanol at 1-2 ml per min for 10 minutes or

after the radioactive peak corresponding to lauric acid eluted out, monitored at

217 nm, Flo-Scint II cocktail at 1.5 ml per minute using a 2.5 ml flow cell; and

condition 2, a gradient system of 1 ml per minute of 100% acetonitrile /

methanol / water 50:5:45 for 20 minutes, increased to 100% acetonilrile in 2

minutes, 100% acetonitrile for 10 minutes, monitored at 217 nm, Flo-Scint ||

cocktail at 3 ml per minute with a 2.5 ml flow cell for continuous scintillation

Counting.
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The retention time of 12-hydroxylauric acid is 19 minutes with a coresponding
radioactive peak of 18,000 cpm. Lauric acid, which comes much later, is not
Shown.
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Fi 5.8.2.2 HPLC cl Lradi
- -

12-hyd lauri
acid obtained by condition 2 from cultured rat hepatocytes The retention times
of 12-hydroxylauric acid and lauric acid are 19 and 33 minutes, respectively.
The radioactive peak corresponding to 12-hydroxy-lauric acid shown is 4,200
cpm.
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5.9 Cytochrome P-450-CO difference spectra Two different methods

were used to measure the cytochrome P-450-CO difference spectrum: 1. To 1.9

ml of 50 mM potassium phosphate buffer at pH 7.4 containing about 5 mg of

sodium hydrosulfite (dithionite), 0.1 ml of sample was added (1:20 dilution).

The resulting solution was evenly divided into the sample and reference

cuvettes (1-ml capacity). (For limited sample, the amount used can be cut in

half and 0.7-ml cuvettes can be used instead.) A baseline spectrum was taken

from 400 to 500 nm at 2 nm per minute using an Aminco spectrophotometer (slit

width = 0.1). Then, carbon monoxide was gently bubbled into the sample

cuvette for 15 seconds. A difference spectrum was then taken with the same

parameters as the baseline spectrum (with and without CO in the sample and

reference cuvettes, respectively). The cytochrome P-450-CO difference

spectrum was obtained by substracting the difference from the baseline

spectrum. 2. To a 0.95 ml of 50 mM potassium phosphate buffer at pH 7.4, 0.05

ml of sample was added. The resulting solution was bubbled with carbon

monoxide gently for 15 seconds and was then evenly divided into the sample

and reference cuvettes (0.7-ml capacity). A baseline spectrum was taken from

400 to 500 nm at 2 nm per minute using an Aminco spectrophotometer (slit

width = 0.1). A small amount (~2 mg) of sodium hydrosulfite was added to the

sample cuvette and the resulting solution was gently but evenly mixed. A

difference spectrum was then taken with the same parameters as the baseline

spectrum (with and without sodium hydrosulfite in the sample and reference

cuvettes, respectively). The cytochrome P-450-CO difference spectrum was

obtained by substracting the difference from the baseline spectrum.
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Figure 5.9.1 Cytochrome P-450-Co difference spectra (E = 91 um-12m+1)

a. BNE-treated rat liver microsomes ( method 1). In this case, cytochrome P-450
content is 85.7 nmol per ml.
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this is a typical spectrum from a cultured hepatocyte sample. Cytochrome P-450
content is 0.37 nmol per ml. A basline spectrum is also shown.
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Between the two methods described above, the second method is more

sensitive and was used for samples with very small amounts of cytochrome P

450 (e.g. cytochrome P-450 in cultured rat hepatocytes). The first method was

used to measure the amount of 450 nm Soret loss because it is faster to

measure the cytochrome P-450-CO difference spectrum using the first than the

second methods. So for time-point measurement in a kinetic study, the first

method was routinely used.

1 hrome P-450-r i m

5,10,1 Cytochrome P-450IVA1 A ratio of 1:2:2 of cytochrome P-450IVA1,

cytochrome P-450 reductase, and cytochrome b5, respectively, was used for

reconstitution. Normally, 0.15 nmol of cytochrome P-450IVA1 (or otherwise as

specified) was used per one-ml incubation. Reconstitution of a one-ml

incubation is as follows: To a solution of cytochrome P-450IVA1 and

cytochrome P-450 reductase, 20 pul (40 pig) of a dilaurylphosphatidyl-choline

(DLPC) suspension (10 mg of DLPC and 1 nmol DETAPAC in 5 ml double

distilled water) was added. The resulting solution was allowed to sit at room

temperature for 5 minutes. Cytochrome b5 and enough buffer C (100 mM

potassium phosphate buffer at pH 7.4 containing 20% glycerol and 100 HM

EDTA) was then added to make up a final volume of 1 ml and the resulting

solution was allowed to sit at room temperature for another 5 minutes before the

reconstituted enzyme was used.
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5.10.2 Cytochrome P-450/A1 Unlike cytochrome P-450IVA1, cytochrome b5 is

not required for cytochrome P-450|A1 reconstitution. Normally, a one-ml

incubation was used with 0.1 nmol of cytochrome P-450IA1 present.

Reconstitution of a one-ml incubation was as follows: To a solution of

cytochrome P-450IA1 and cytochrome P-450 reductase (1:2 ratio), 20 pil of a

DLPC suspension containing 40 pig DLPC, 1 nmol DETAPAC in 5 ml of double

distilled water was added. The resulting solution was allowed to sit at room

temperature for 5 minutes, followed by the addition of enough double distilled

water and 1 M potassium phosphate buffer at pH 7.4 to make a 50 mM

potassium phosphate buffer solution of one-ml volume.

5.11_Lowry assay (Lowry et al., 1951) Bovine serum albumin (BSA) was

used as a protein standard for quantitation. Six protein standards were made:

0, 10, 30, 50 70, and 100 pig of BSA in water (of a 0.1-ml final volume).

Samples were diluted with water to an estimated concentration of less than 100

pig / 100 pil. (a 100-fold dilution of rat liver microsomal protein, for example, is

recommended.) The assay was done in duplicates. After all the dilutions were

finished, solution A containing 0.5 ml of 1% copper sulfate, 0.5 ml of 2%

potassium tartrate, and 10 ml of sodium carbonate (1 ml) was added to each

dilution. The resulting solutions were allowed to sit at room temperature for 10

minutes. Solution B containing 3 ml of Folin Reagent and 30 ml of double

distilled water (3 ml) was then added to each sample and the resulting solution

was mixed and heated at 50°C for 10 minutes in a heating block. After 10

minutes, all the samples were cooled on ice and absorbance at 660 nm was

measured using as Aminco spectrophotometer. A standard curve was plotted
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(standards in pig versus absorbance at 660 nm) to determine the protein

concentration of the samples of interest.

deethylation assay. To a total incubation volume of 1 ml containing flMF

treated rat liver microsomes (5 piM cytochrome P-450), 3 mM magnesium

chloride, and an arylacetylenic inactivator - 120 pi M 1-EP, 10 mM

phenylacetylene, 1- or 2-ethynylnaphthalene in acetonitrile (less than 50 pil of

inactivator added to the incubation) - in 50 mM potassium phosphate buffer at

pH 7.4, 0.010 ml of NADPH (to a final concentration of 1 mM) in 50 mM

potassium phosphate buffer at pH 7.4 was added to start the incubation at 25°C

in water bath. At a specific time-point (1, 2, 3, 4, 5, 7, or 10 min), a 0.1-ml aliquat

was taken out from the incubation into a tube containing 20 mM 7

ethoxyresorufin, 1 mM NADPH, and 3 mM magnesium chloride in 50 mM

potassium phosphate buffer at pH 7.4 of a 1-ml final volume. The tube was

subsequently incubated for 10 minutes at 25°C in water bath for 7

ethoxyresorufin O-deethylation to occur. Cold acetone (3 ml) was added rapidly

and the solution was mixed for 10 seconds before being set on ice. After all

tubes of different time-points were finished and rested on ice, they were

centrifuged to sediment the protein. The supernatant was checked by a

fluorimetric assay, monitoring the emission wavelength at 585 mm

corresponding to resorufin excitation at 535 nm. An external standard, which

was used to quantitate the amount of resorufin formed, contained all the

components in the sample tube plus 50 pmol resorufin. All the sample tubes

and the external Standard were referenced to the blank which contained all the

components (cold acetone was added before microsome addition).
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r hrome P-4 xperimen -

naphthoflavone-treated rat liver microsomes. To a two-ml incubation

containing 3 mM magnesium chloride, BNF-treated rat liver microsomes (10 puM

cytochrome P-450), and an arylacetylenic inactivator - 120 puM 1-ethynylpyrene,

10 mM phenylacetylene, 1- or 2-ethynylnaphthalene in acetonitrile (less than 50

pil of inactivator added to the incubation) - in 50 mM potassium phosphate buffer

(pH 7.4), NADPH (2 plmol) was added to start the incubation at room

temperature. At a specific time-point, a 100 pil aliquot was taken out from the

incubation and was added to 0.4 ml of the reference and sample tubes

containing 1 mg of dithionite in 50 mM potassium phosphate buffer at pH 7.4

(1:5 dilution). Very rapidly, CO was bubbled into the sample tube and the

resulting solution after bubbling was transferred into the sample cuvette (of 0.7-

ml capacity). The solution in the reference tube with no CO was transferred into

the reference cuvette (of 0.7 ml capacity). The difference spectrum was taken

using an Aminco spectrophotometer at a scan rate of 5 nm per second scanning

from 350 nm to 600 nm.
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Figure 5.13.1
treated rat liver microsomes

Time hrome P-4 in BNF

a. 120 u■ /1-EP Soret spectra at 1, 10, and 22 minutes are shown below. Net
soret absorbance is determined by substracting 450 from 490 nm. In this case,
no net soret change is observed.
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Soret spectra at 1-, 4-, 7-, and 13-minute time
points are shown below. Net soret absorbance (450 - 490 nm) decreases from
100% (1-minute) to 38% (13-minute).
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5.14 Method for cytochrome P-450 soret loss experiments in the

cytochrome P-450|A1-reconstituted system Cytochrome P-450|A1 (1

mM), cytochrome P-450 reductase (2 mM), DLPC (40 mg per ml), and

DETAPAC (1 mM) were combined to a final volume of 1.1 ml. The resulting

solution was allowed to sit at room temperature for 5 minutes for reconstitution

to occur. After 5 minutes, enough double distilled water, 1 M potassium

phosphate buffer at pH 7.4, and 100 mM magnesium chloride were added to

make a 50 mM potassium phosphate buffer containing 3 mM magnesium

chloride. 1 unit of catalase is also added to prevent autoxidation. 40 puM 1-EP,

10 mM phenylacetylene, 1-, 2-ethynylnaphthalene, or acetonitrile alone (as

control) was then added. The incubation at room temperature was initiated by

adding 10 pil of NADPH to a final concentration of 1 mM. At a specific time

point, a 0.1 ml aliquot of aliquat was taken out and was added rapidly to the

sample and reference tubes both containing 0.4 ml of 50 mM potassium

phosphate buffer at pH 7.4 and 1 - 2 mg of dithionite. The sample tube was then

bubbled with CO for 5 - 10 seconds and then the solution was quickly transfered

into a 0.7-ml sample cuvette. The reference solution, with no CO, was

transferred into a 0.7-ml reference cuvette. The cytochrome P-450-CO

difference spectrum was then taken using an Aminco spectrophotometer at a

scan rate of 5 nm per second from 400 to 600 nm.
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a. 120 um 1-EP Soret spectra at 1-, 4-, and 10-minute time-points are shown
below. Net soret absorbance (450 - 490 nm) decreases from 100 (1-minute) to ... •
69% (10-minute). *
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b. 10 mM phenylacetylene Soret Spectra at 1, 9, 12 minutes are shown below.
Net soret absorbance (450 - 490 nm) decreases from 100 (1-minute) to 36%
(12-minute).
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5.15 Derivatization of 11-DDEA. In order to quantitate carboxylic fatty

acids in a predictable manner and to optimize ultraviolet detection of 11-DDEA

and its metabolites by HPLC analysis, derivatization of carboxylic fatty acids is

manditory. Diazomethane, which is specific for carboxylic acid methylation, is

used in the laurate assay to methylate lauric acid and its hydroxylated

metabolites. However, the methyl esters of fatty acids, in general, are relatively

ultraviolet-insensitive so that micromolar amounts of sample are necessary for

each HPLC analysis in order to obtain an adequate peak height (or peak area)

for accurate quantitation. In the laurate assay, cold standards of lauric acid, 11

and 12-hydroxy-lauric acids are added prior to HPLC analysis to locate the

peaks of interest by UV before the radioactivity is quantitated. A more

ultraviolet-sensitive derivatizing agent than diazomethane would be desirable

to eliminate the addition of Cold standards and the use of radiolabeled

substrates. o-p-Nitrobenzyl-N,N'-diisopropylisourea (PNBDI) was used to

derivatize carboxylic acids (Knapp and Krueger, 1975). Because of the

presence of an aromatic moiety, PNDBl-derivatized fatty acids become

ultraviolet-sensitive. However, derivatization was not as clean as expected and

a huge nonpolar unknown was eluted off the HPLC after 60 minutes in all

cases. Consequently, due to the unaccountable hugh 'mountain' peak eluted

off at the end of each HPLC run, another derivatizing agent, diazomethane, is

used instead. The diazomethane derivatization of 11-DDEA and its metabolites

is done as follows: To samples of 11-DDEA, 11-DDEA-aldehyde, 11-DDEA

epoxide, and 11-DDEA-diol (4 mg each) in ether (4 ml), diazomethane in ether

(2 ml) was added and the resulting sample solutions were capped in a 20-ml

scintillation vial for 45 minutes at room temperature. All ether and diazomethane

was subsequently evaporated under a stream of nitrogen at room temperature.
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The sample was then redissolved in 62% methanol / water (0.5 ml), was filtered,

and was subjected for HPLC analysis.

1
º

lism NF- r -
micr -

monitoring the formation of pyrenylacetic acid. To a one-ml incubation

containing BNF-treated rat liver microsomes (1 nmol of cytochrome P-450), 1-EP

(120 nmol), and magnesium chloride (3 plmol) in 50 mM potassium phosphate

buffer at pH 7.4, NADPH (1 plmol) was added to start the incubation. At different

time-points, a 100 pil aliquot from the incubation was rapidly transferred into 1

ml of cold 10% HCl and the mixture was stirred vigorously for 10 seconds

before being set on ice. The same experiment was repeated for a 120 puM D-EP

incubation. HPLC was used to quantitate the amount of pyrenylacetic acid

formed at different time-points during 1-EP metabolism by cytochrome P-450IA1

in BNF-treated rat liver microsomes. Because pyrenylacetic acid does not give a

quantitable HPLC chromatogram, methylation of pyrenylacetic acid by

diazomethane is necessary to obtain consistent quantitation. The general work

up after each time-point is as follows: Each incubation was extracted three

times with ether (2 ml). The combined ether fraction was capped with

diazomethane in ether (2 ml) for 40 minutes at room temperature in a 20-ml

scintillation vial. All ether was then allowed to evaporate to dryness. Acetonitrile

(0.5 ml) was added. The solution was filtered before HPLC injection. A usual

injection volume for analysis was 25 pil. The HPLC system consisted of: Dupont

Zorbax9 ODS column (4.6 X250 mm) with a gradient running from 0 to 10 min
with 70% acetonilrile / water, increased to 100% acetonitrile in 5 min and stayed

at 100% acetonitrile for another 10 min; flow rate was 1 ml / min, monitored at
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342 nm; the retention time under these conditions for methyl pyrenylacetate and

1-EP were 15.9 and 23.4 min, respectively.

5.17 Ks determination using purified cytochrome P-450/A1 To 0.95

ml of 50 mM potassium phosphate buffer at pH 7.4, 0.050 ml of cytochrome P

450|A1 (10 nmol / ml) was added to make a 0.5 pum cytochrome P-450/A1

solution. To the sample and the reference cuvettes, 0.55 ml and 0.45 ml of the

cytochrome P-450/A1 solution was added, respectively (0.7 ml cuvettes were

used). Using an Aminco spectrophotometer, the cuvettes were balanced from

350 to 500 nm. The solution of phenylacetylene (1 pil of 5 M in acetonitrile) or 1

EP (2.5 - 5 pil of 10 mM in acetonitrile) was added to the sample cuvette and the

spectrum (350 - 500 nm) was taken immediately after mixing. The addition of

phenylacetylene or 1-EP was repeated 4 - 5 times to obtain a concentration

dependent change in the difference spectrum measured.

5.18 Ks determination using BNF-treated rat liver microsomes. To

the 1-ml sample cuvette, 1 ml of 50 mM potassium phosphate buffer at pH 7.4

containing the BNF-treated rat liver microsomes with 1 nmol of cytochrome P

450 was added. To the 1-ml reference cuvette, 1 ml of 50 mM potassium

phosphate buffer at pH 7.4 was added. Using an Aminco spectrophotometer,

the cuvettes were balanced from 350 to 500 nm. Phenylacetylene stock solution

(1 pil of 5 M in acetonitrile) or 1-EP stock solution (2.5 - 5 pil of 10 mM in

acetonitrile) was added to both the sample and the reference cuvettes followed

by vigorous mixing. The spectrum was taken from 350 to 500 nm immediately

after mixing. The addition of phenylacetylene or 1-EP was repeated 4 - 5 times

to obtain a concentration-dependent change in measured spectrum.

*
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Chapter Six º
Synthesis

O
CH3SO2Cl (5 eq.) |

HO—(CH2)5-CH=CH2 > H2C–$—O—(CH2)5-CH=CH2
pyridine §

* * *80% yield 1.

K14CN (1 eq. 14

CN (1 eq.) N=C-(CH2)5-CH=CH2
DMSO

36% yield 2. -->

O

—“—- Ho *-(CH), cH=CH- x-U, ri- º

H2O/EtOH 2/9 2
-

34% yield 3.

6.1.1 10-Undecenyl-1-mesylate (1) Co-Undecylenyl alcohol (3.8 ml, 19 mmol)

and anhydrous pyridine (14 ml) in a 50-ml round bottom flask were cooled to
º

0°C under nitrogen before methanesulfonylchloride (7.5 ml, 97 mmol) was

added. The resulting solution was stirred at 0°C for 30 minutes under nitrogen.

The reaction temperature was allowed to rise slowly to room temperature. º
Afterward, the reaction mixture was continuously stirred for about 1 hour under

nitrogen. The reaction mixture was then cooled to 0°C in 40 minutes. Work-up

was done by adding cold 10% sulfuric acid dropwise to the reaction mixture
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until the pH was about 2 or all the precipitate dissolved. The reaction mixture

was then extracted with ether four times. The Combined ether extracts were

dried over anhydrous sodium sulfate, filtered, and evaporated under vacuum. A

yellowish liquid was obtained which showed two spots on silica TLC (RI 0.75

and 0). The impurities was crystallized out at room temperature overnight. The

yellowish liquid was obtained (1, 15.1 mmol, 79.5% yield): 80MHz 1H-NMR

(CDCl3) 3.0 (s, 3H, R-OSO2-CH3), 3.5 (m, 2H, CH2CHCH2R), 4.25 (t, 2H,

RCH2OSO2CH3), and 4.9 ppm (dd, 2H, CH2CHR); FT-IR 1,173(s), 1,356(s),

2,854(s), and 2,931(s) cm−1.

6.1.2 ■ 1.14Cl-Dodecenoic acid (3) Conditions for the synthesis were obtained

from Friedman and Shechter (1960), Smiley and Arnold (1960), and Valicenti et

al. (1985). A small amount of methanol was added to 14C potassium cyanide

(1 mCi) until all the solid dissolved. The resulting solution was added to cold

potassium cyanide (18 mg, 0.28 mmol) in a scintillation vial and the methanol

was evaporated under low heat. The resulting 14C potassium cyanide was

dried by heating at 110°C in a drying tube under nitrogen for 20 hours.

Anhydrous dimethyl sulfoxide (0.5 ml) was added to the vial. While the resulting

solution was stirred under nitrogen, 10-undecenyl-1-mesylate (66 mg, 0.27

mmol) dissolved in anhydrous dimethyl sulfoxide (0.5 ml) was added. The

reaction mixture was stirred under nitrogen at 110°C for 90 minutes. After being

cooled to room temperature, water was added slowly to the reaction mixture (2

ml) and the resulting mixture was extracted with ether twice. The combined

ether extracts were warmed with low heat under a stream of nitrogen until all the

ether was evaporated. The yellowish residue (17.3 mg) was obtained (2, 17.3

mg, 35.7% yield). Without purification, [1,14C]-11-dodecenoic acid was

synthesized by alkaline hydrolysis of the 1-14C-cyano-9-decene. To the
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yellowish residue in a 20-ml scintillation vial, KOH (0.28 g), ethanol (1 ml), and

water (0.5 ml) were added. The resulting mixture was capped tightly under

nitrogen and was stirred at 85°C for 29 hours. Work-up was carried out by

adding 10% cold sulfuric acid dropwise into the reaction mixture until the

solution turned cloudy (pH about 2). The acidified solution was then extracted

with ether four times. The combined ether extracts were dried over anhydrous

sodium sulfate, filtered, and evaporated at room temperature. The yellowish

liquid (3, 18.3 mg, 34.2% yield, 0.21 mci) was obtained: FT-IR (KBr) 1,708 cm-l
(s, carbonyl); 80MHz 1H-NMR (CDCl3) 1.3 (s, 14H, methylene H), 2.3 (t, 2H,
RCH2COOH), and 4.95 ppm (dd, 2H, CH2CHR).

12- - noic acid

O O
|| Nal (1.1 eq.) |

HO—C—(CH2)5O-CH2Br HO—C—(CH2) ■ o-CH2]
aCetOne

44% yield 4

12-Bromo-dodecanoic acid (0.01 mol, 2.8 g) and sodium iodide (0.011

mol, 1.65 g) were dried in a desiccator over phosphorus pentoxide under high

vacuum overnight. In two round bottom flasks, 12-bromo-dodecanoic acid and

sodium iodide were dissolved separately in anhydrous acetone (20 ml)

(previously distilled over calcium hydride and kept under molecular sieves 3 A).
While the 12-bromododecanoic acid - acetone solution was stirred at room

temperature, the sodium iodide in acetone was added slowly via a cannula by a
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positive pressure of nitrogen. After the transfer, the reaction mixture was stirred

at room temperature under argon for one hour. The resulting solution became

increasingly cloudy during the first ten minutes of the reaction. A white

precipitate gradually formed. The reaction mixture became creamy-yellow - a

yellowish solution with a white precipitate. The reaction mixture was vacuum

filtered and the white precipitate was washed with dry ether. The ether filtrate

was evaporated under vacuum. The solid obtained after the evaporation step

was redissolved in ether (100 ml) and the resulting solution was washed with

1% hydrochloric acid (100 ml). The ether layer was then dried over anhydrous

sodium sulfate, filtered and evaporated under vacuum to give an off-white solid

(2.963 g, 0.0091 mol, 91% yield). 80MHz FT-NMR indicated that the solid was

primarily 12-iodo-dodecanoic acid with some residual 12-bromo-dodecanoic

acid (RCH2Br at 3.37, and RCH2] at 3.15). The product was purified by

recrystallization from hexane twice (4, 1.43 g, 0.0044 mol, 44% yield): 80MHz

1H-NMR (CDCl3), 1.28 (s, 16H, methylene H), 1.55 (m, 2H, RCH2CH2COOH),
2.35 (t, 2H, J–7Hz, RCH2COOH), and 3.19 ppm (t, 2H, J–7Hz, ICH2R); FT-IR

(KBr) 1,694 cm-1 (s, COOH).
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©IO POCl3 (2 eq.) ©IOP

N-methylformanilide/ CHO
O-dichlorobenzene

(2.3 eq. / 10 ml)
5. 40% yield

(PhapCH.Bri'Br (1.2 eq.) ©IO
KOtBu (>10 eq.) P-

©IO
C

6. 76% yield

6.3.1 1-Formylpyrene (5) Conditions for the Synthesis were obtained from

Tanikawa et al. (1968). To a round bottom flask, o-dichlorobenzene (10 ml) and

N-methylformanilide (12.3 ml, 13.5 g, 100 mmol) were added and the solution

was stirred under nitrogen in an ice-water bath for 30 minutes. Phosphorus

oxychloride (8.2 ml) was then added slowly to the stirred reaction mixture. The

solution gradually turned thick yellow (1 hour). After stirring for 2 hours, pyrene

(10g, 43.4mmol) suspended in 10 ml of o-dichlorobenzene was added rapidly

to the reaction mixture. The reaction mixture turned brown instantaneously with

some undissolved yellowish pyrene. In about 10 minutes, the reaction mixture

turned into a dark-purplish homogeneous solution. The reaction mixture was

then stirred at 90-95°C for 3 hours. The reaction progress was checked by silica

TLC for completion (pentane/ether 9:1; Rf values for pyrene and 1-formylpyrene

were 0.85 and 0.30, respectively). After three hours, almost all the pyrene had
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reacted and a major spot at R■ 0.30 appeared with some other minor spots.

Work-up was carried out by adding aqueous sodium acetate solution (43 g in

200 ml water) to the stirred reaction mixture. The resulting mixture was extracted

with dichloromethane until all the color in the aqueous layer disappeared. The

organic layers were combined, dried over anhydrous sodium sulfate, filtered

and evaporated to dryness under vacuum. Purification was done by flash silica

column chromatography (pentane/ether 9:1). Further purification was done by

recrystallization from ethanol. The final purified product, a fine needle-point

yellowish crystal, was confirmed to be 1-formylpyrene (5, 3.93 g, 17.1 mmol,

39.4% yield, mp 125-126°C, lit. mp 125-126°C): 80MHz 1H-NMR (CDCl3) 8.2-

8.6 (m, 7H, aromatic H), and 10.8 ppm (s, 1H, R-CHO); FT-IR (KBr) 1683 cm-1

(s, carbonyl); EIMS m/e M*=230.

6.3.2_1-Ethynylpyrene (6) Conditions for the synthesis were obtained from

Corey and Fuchs (1972). To a round bottom flask with methylbromotriphenyl

phosphonium bromide (10.5 g, 24 mmol, 1.2 eq.), anhydrous tetrahydrofuran

(20 ml) was added under argon. The solution was stirred in a dry ice-acetone

bath. Potassium t-butoxide (22.5 g, 200 mmol, about 10 eq.) was dissolved in

anhydrous tetrahydrofuran (135 ml) under argon in a separate round bottom

flask and the resulting mixture was cooled in a dry ice-acetone bath. Slowly, the

potassium t-butoxide - tetrahydrofuran solution was transferred to the reaction

solution via a cannula under positive pressure. The precipitate in the potassium

t-butoxide Solution was left behind. The reaction mixture turned from white to

yellow instantaneously upon the addition of potassium t-butoxide. After the

transfer, the reaction mixture was stirred in a dry ice-acetone bath for about 1

hour under argon. The 1-formylpyrene - anhydrous tetrahydrofuran solution (5,

4.6 g., 20 mmol in 30 ml THF) was then slowly added to the reaction mixture.
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The reaction mixture turned brown. The temperature was allowed to rise

gradually to room temperature after stirring in a dry ice-acetone bath for 1 hour.

After reaching room temperature, the reaction mixture turned rusty in color. The

reaction mixture was stirred at room temperature under argon for over 24 hours.

Work-up was carried out by pouring the reaction mixture into rapidly stirred 10%

hydrochloric acid (300 ml), making sure that the pH of the final solution was

acidic (less than 4). The solution was then extracted with ether three times. The

combined ether fractions were dried over anhydrous sodium sulfate, filtered

and evaporated under vacuum. Silica TLC indicated a primary spot at R■ 0.43

(pentane). The product was purified by flash silica column chromatography

using pentane as eluent. The yellowish solid was obtained and confirmed to be

1-ethynylpyrene (6, 3.42 g, 15.1 mmol, 75.5% yield, mp 113-115°C, lit mp 105

106°C): UV (CH3CN) \m 356(s), 339(m), 281(s), 270(m), 245(s), and 234(m);

500MHz 1H-NMR (CDCl3) 3.63 (s, 1H, acetylenic H), and 8.0-8.65 ppm (m, 7H,

aromatic H); FT-IR (KBr) 3297(s, acetylene) and 2355 cm-1 (w), EIMS m/e
M+"-226.
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fi.4 I1 *HlEthynylpyrene (7)

7. ~100% yield

At first, n-butyl lithium (1.5 eq.) was used to pull off the acetylenic proton

at -78°C before the deuterium oxide addition. However, only a small amount of

deuterated product was obtained. Eventually, ethylmagnesium bromide was

used to give a quantitative deuterated product. To a stirred solution of 1

ethynylpyrene (139 mg, 0.6 mmol) and tetrahydrofuran (3 ml) in an ice-water

bath under argon, ethylmagnesium bromide in tetrahydrofuran (2 M, 1 ml, 3.3

eq.) was added slowly. After the addition was finished, the stirred reaction

mixture was removed from the ice bath and was allowed to reach room

temperature under argon. The reaction mixture turned from brown to dark green

with grey precipitates as it warmed up. After stirring at room temperature for 3

hours, the reaction mixture was cooled in an ice bath. A syringe, which had

been previously rinsed with argon and deuterium oxide (0.5 ml), was used to

add deuterium oxide (0.5 ml) to the stirred reaction mixture. Upon addition, the

reaction mixture turned brown. Work-up was carried out by adding a small

amount of Sodium sulfate to the reaction mixture. The reaction mixture was then

filtered and evaporated under vacuum to give a brown precipitate (171.5 mg).

The crude product was purified by flash silica column chromatography (ether).

The purified product (139 mg, 0.6 mmol) came out at about one column volume
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and was dried under high vacuum over phosphorus pentoxide. 500MHz 1H

NMR, EIMS, and FT-IR confirmed the purified product to be [1,D]-ethynylpyrene

(7): UV (CH3CN) Am 252(m), 273(m), 284(s), 327(w), 343(s), and 360 nm (s);

FT-IR (KBr) 2580(s) and 2362(w); EIMS m/e M*=227; 1H-NMR (CDCl3) no

acetylenic H at 3.63 ppm.

5.5–1-Carl thyl ■ laceti id) (11)

5.5.1. 1-Hydroxymethylpyrene (8) (Johnson et al., 1970) To a dry two-neck

round bottom flask with 1-formylpyrene (5 mmol, 1.37 g) under argon,

anhydrous tetrahydrofuran (10 ml) was slowly added. The stirred solution WaS

cooled in a methylene chloride - dry ice bath before a lithium aluminum hydride

- ether solution (1M, 5 ml, 5 mmol, 1 eq.) was added slowly to the reaction

mixture. After the addition, the reaction mixture was stirred for about 5 minutes

in the methylene chloride - dry ice bath before allowing it to rise to room

temperature. The reaction mixture turned from yellow to opaque white, and

finally to red in 20 - 30 minutes. TLC was done to check for reaction completion

(hexane/ether 3:2) (Rt of 0.55 and 0.25 for 1-formylpyrene and 1

hydroxymethylpyrene, respectively). The reaction was complete after 20

minutes. Work-up was done by pouring the reaction mixture into a beaker with a

vigorously stirred mixture of ether (200 ml) and ice. A white precipitate formed.

The ether fraction was washed with 10% hydrochloric acid once and with water

several times before it was dried over anhydrous sodium sulfate, filtered, and

concentrated by evaporation under vacuum. The crude product was purified by

flash silica column chromatography (hexane/ether). The purified product (8, 1.2

g, 5 mmol, 100% yield) was obtained: EIMS m/e M*=232, (M-OH)+-215, (M-
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CH3OH)+=202; 300 MHz 1H-NMR (CDCl3) 5.42 (s, 2H, R-CH2OH), 8.0-8.5 (s,
9H, aromatic H), and no R-CHO at 10.8 ppm.

gº ce -ºº-- gº º
~100% yield

CH3SO2Cl (2 eq.) |
©—P-

pyridine (12 eq.) ©
| CH2OSO2CH3

9.

43% yield

KCN (2 eq.) ©IO
—P-

DMSO | CH2CN
º

10

63% yield

—P-

H2O/EtOH © CH2COOH
|

~100% yield
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6.5.2 1-(O-Methanesulfonyl)hydroxymethylpyrene (9) To a dry round bottom

flask containing 1-hydroxymethylpyrene (1 mmol, 2.32 g) and anhydrous

pyridine (1 ml, 12 mmol, 12 eq.) under argon in an ice bath was slowly added

with stirring methanesulfonyl chloride (2 mmol, 0.2 ml). About 10 minutes after

the methanesulfonyl chloride addition, the reaction was complete according to

silica TLC (hexane/ethyl acetate 4:1) (Rt of 0.59 and 0.15 for the product and the

starting material, respectively). Work-up was done by pouring the reaction

mixture into ether and ice water with vigorous stirring. Enough 10% hydrochloric

acid was added to acidify the aqueous layer. The ether layer was separated

and the aqueous layer was extracted with ether twice. The combined ether

fractions were back-extracted with 10% hydrochloric acid twice and then were

washed with water twice. The ether solution was dried over anhydrous sodium

sulfate, filtered, and evaporated under vacuum at room temperature. The crude

product (134.5 mg, 43.3% yield) was obtained (9): EIMS (pyrene-CH2)+=251;

300 MHz 1H-NMR (CDCl3) 3.66 (s, 3H, RCH3), and 5.35 ppm (s, 2H, pyrene

CH2R).

6.5.3 1-Cyanomethylpyrene (10) Potassium cyanide (0.64 mmol, 42 mg, 2

eq.) was dried overnight in a round bottom flask under high vacuum at 85°C.

Anhydrous dimethyl sulfoxide (2 ml) was added and the solution was stirred

under argon at 85°C. 1-(O-methanesulfonyl)hydroxymethylpyrene (9, 100 mg,

0.32 mmol) in dimethyl sulfoxide (3 ml) was added slowly. The reaction mixture

was stirred at 85°C for 90 minutes. Silica TLC (hexane/ethyl acetate 4:1)

showed completion of the reaction (Rt of 0.33 as the only product). Work-up was

done by pouring the reaction mixture into ether / ice water with vigorous stirring.

The ether layer was separated and the aqueous layer was extracted with ether

twice. The combined ether fractions were washed with water twice before the
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ether solution was dried over anhydrous sodium sulfate, filtered, and

evaporated under vacuum. The crude product (48 mg, 0.20 mmol, 62.5% yield)

was purified by flash silica column chromatography (hexane/ethyl acetate 4:1)

(10): EIMS m/e M*=241; 300 MHz 1H-NMR (CDCl3) 4.43 (s, 2H, pyrene
CH2R), and no mesylate CH3 at 3.66 ppm.

6.5.4 1-Carboxymethylpyrene (11). To a round bottom flask with 1

cyanomethylpyrene (23 mg, 0.1 mmol), potassium hydroxide (0.3 g), water (0.5

ml) and ethanol (1 ml) were added. The reaction mixture was stirred under
argon at 90°C upon reflux. After 30 minutes, silica TLC (hexane/ethyl acetate

3:2) showed complete disappearance of the starting material (R■ 0.56) and only

one product spot (R, 0.31). The crude product (25.2 mg, 0.1 mmol, 100% yield)

was obtained (11): EIMS m/e M+*-274 (methyl pyrenylacetate); FT-IR (KBr)

1,687 cm-1 (s); UV (CH3CN) Am 243(s), 266(m), 277(s), 313(w), 327(m) and 342

nm (s).

-
-Ethvnvinaphthalen

6,6,1 1-Ethynylnaphthalene (12) To a two-neck round bottom flask Containing

phosphorus pentachloride (5 eq., 29 mmol, 6 g) in anhydrous pyridine (30 ml)

under argon with molecular sieves 3A, 1-acetonaphthone (1 g, 5.9 mmol) in
anhydrous pyridine (9 ml) was slowly added with stirring at room temperature.

The stirred reaction mixture (a yellow solution) was refluxed at 50 °C. The

reaction progress was monitored with silica TLC (hexane/ethyl acetate 4:1).

After 20 hours at 50 °C, a product spot was observed at R■ 0.73 on TLC and no

apparent starting material was seen. The reaction mixture was greenish at this
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PCls (5 eq.)OO -º (OO
18% yield 12

CH3 C=CH

O
||

PC|
-

C=CH* -º- Gorpyridine

7% yield 13

point. Work-up was carried out by pouring the reaction mixture into vigorously

stirred 10% hydrochloric acid (300 ml), ice, and ether (100 ml). The ether layer

was separated from the aqueous layer which was extracted with ether two times

and dichloromethane two times. The combined organic fractions were back

extracted with 10% hydrochloric acid four times. After the back-extraction, the

organic layer was separated, dried over sodium sulfate, filtered, and evaporated

under vacuum to dryness. The crude product was obtained and purified by flash

silica column chromatography (pentane/ethyl acetate 9:1) (Rt of 0.44 and 0.78

for the starting material and the product, respectively). The purified yellow liquid

(161 mg, 1.06 mmol, 18% yield) was identified as 1-ethynylnaphthalene (12):

300 MHz 1H-NMR (CDCl3) 3.47 (s, 1H, acetylenic H), 7.4-8.4 (m, 7H, aromatic
H), and no RCOCH3 at 2.73 ppm; FT-IR (KBr) 2102(w), 3058(s), and 3290 cm-l

(s).

º

* ,
--

yº

º

().
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6.6.2_2-Ethynylnaphthalene (13) Same experimental method as described in

section 6.6.1 except the reaction was carried out at 55°C. After 8 hours at 55°C,

silica TLC (pentane/ethyl acetate 9:1) showed both the starting material (Ri

0.52) and the product (R■ 0.86). After 22 hours, some polar products at R = 0

were seen as well as the starting material and the product (R■ 0.52 and 0.86,

respectively). When the TLC was run with pentane, the product was separated

into two spots at R■ 0.60 and 0.72. After 46 hours at 55 °C, the reaction mixture

was poured rapidly into a stirring mixture of 10 % hydrochloric acid (400 ml),

ice, and ether (100 ml). Work-up was the same as in section 6.6.1. Two products

were purified by flash silica column chromatography (1,000 ml of pentane

followed by 500 ml of pentane/ether 9:1). The purified off-white solid (210 mg,

1.38 mmol, 7% yield) with Ri = 0.60 was identified as 2-ethynylnaphthalene

(13): 300 MHz 1H-NMR (CDCl3) 3.15 (s, 1H, acetylenic H), and 7.5-8.0 ppm (m,

7H, aromatic H); FT-IR (KBr) 2355(w), 3058(s), and 3283 cm-1 (s).

1.16-hex nedi (1

Oº ? MeOH O |||
- -- --

H2O- CH2)++C—OCHHo–C–CH.)H-C-OH -: H2SO4 CHAO-C–(CH2); 3

1 4 77% yield

Conditions for the synthesis were obtained from Rogozinski (1964). To a

stirred mixture of thapsic acid (hexadecandioic acid, 0.5 mmol) in methanol (10

ml) under argon at 70°C, concentrated sulfuric acid (0.3 ml) was added

º
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dropwise. The reaction mixture was stirred and refluxed at 70°C under argon

for 2.5 hours. Silica TLC (hexane/ether 2:1) showed complete disappearance

of the starting material and formation of two new products, respectively, at Ri

0.66 and 0.2 (thapsic acid has R = 0). Work-up was carried out by pouring the

reaction mixture rapidly into a stirred mixture of methylene chloride and ice. A

white precipitate formed instantaneously. The organic layer was separated

from the aqueous and emulsion layers and was dried over anhydrous sodium

sulfate, filtered, and evaporated to dryness under vacuum. The white solid (14,

120.5 mg, 0.38 mmol, mp 50-52 °C, 77% yield) was obtained: FT-IR (KBr)

1,743(s, COOH); 300 MHz 1H-NMR (CDCl3) 1.25 (2, 10H, methylene H), 1.55
(tt, 4H, RCH2CH2CO2CH3), 2.3 (t, 4H, J–7Hz, RCH2CO2CH3), and 3.66 ppm

(s, 3H, RCO2-CH3).

12-dod nedi 1

O O

º º MeOH cHo-3-chºiré-och
- - -

—P-
- - -Ho–C–(CH2)isc-OH →… H2SO4 3 2/10 3

15 67% yield

Conditions for the synthesis were obtained from Klostergaard (1958) and

Rogozinski (1964). To a two-neck round bottom flask under argon containing

1,10-dodecanedicarboxylic acid (5 mmol) in methanol (14 ml), concentrated

sulfuric acid (0.3 ml) was added. The reaction mixture was stirred at 85°C

under argon for 3.5 hours. Silica TLC (pentane/ether 4:1) showed primarily one

product (R■ 0.5). Work-up was carried out by pouring the reaction mixture into a
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stirred mixture of 5% sodium bicarbonate (100 ml), ice (50 ml), and pentane (50

ml). The organic layer was separated and the aqueous layer was extracted with

pentane twice. The combined organic layers were dried over sodium sulfate,

filtered, and evaporated to dryness under vacuum. The white solid (15,838

mg, 3.4 mmol, 67% yield) was obtained: FT-IR (KBr) 1,743 cm-1 (s); 300MHz
1H-NMR (CDCl3) 1.27 (s, 6H, methylene H), 2.30 (t, 4H, J–7Hz,
RCH2CO2CH3), and 3.67 ppm (s, 3H, RCO2CH3).

6.9 Dimethyl 1,14-(3,12-dithio)tetradecanedioate (16)

º DBU (2.1 eq.)
HS—CH3–C–OCH2 + Br—(CH2)5-Br THF

2.1 eq. 1 eq.

O O
|

CH2O-C-CH2—S—(CH2)5–S-CH3–C–OCHA

16 59% yield

To a stirred mixture of methyl thioglycolate (10.5 mmol) and 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU, 10.5 mmol) in anhydrous tetrahydrofuran

(10 ml) under argon in an ice-water bath, 1,8-dibromooctane (5 mmol) was

added. The reaction mixture turned from clear to cloudy instantaneously and

was stirred at room temperature under argon for 21 hours. The reaction mixture

was then poured into a stirred mixture of cold water and ether. The aqueous

-º
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layer was separated from the ether layer and was extracted with ether three

times. The combined ether layers were dried over anhydrous sodium sulfate,

filtered, and evaporated under vacuum to dryness. A crude colorless liquid was

obtained which was purified by flash silica column chromatography

(pentane/ether 3:2). The purified liquid (16. Rf 0.63, 951 mg, 2.95 mmol, 59%

yield) was obtained: FT-IR 1,138(s), 1,279(s), 1,736(s), 2,854(s), and 2,931cm-l
(s); 300MHz 1H-NMR (CDCl3) 1.26-1.60 (m, 12H, methylene H), 2.58 (t, 4H,
J=7Hz, RCH2SR'), 3.19 (s, 4H, RSCH2CO2CH3), and 3.70 ppm (s, 6H,

RCO2CH3); EIMS m/e M*=322; CIMS (MH)4=323.

H3C nBuLi / hexane (2.1 eq.) Br(CH2)6Br (1 eq.)
OCH2CH3 P

P

CH y- – THF
3 N

2.1 eq. H 2.1 eq.

cºo-ºoºº-ooºoº,
+

ecºnocº,
O O O

17 44% yield 18 9% yield

*

182



To a stirred mixture of diisopropylamine (10.5 mmol) in anhydrous

tetrahydrofuran (5 ml) on an ice-water bath, n-butyl lithium in hexane (10.5

mmol) was slowly added under argon. The reaction mixture stirred in an ice

water bath for 15 minutes turned faintly yellow. The reaction mixture was then

cooled in an isopropyl alcohol-dry ice bath before ethyl isobutyrate (10.5 mmol)

was added. The reaction mixture was stirred under argon in an isopropyl

alcohol-dry ice bath for 50 minutes. 1,8-Dibromooctane (5 mmol) was slowly

added to the reaction mixture and the resulting mixture was stirred in an

isopropyl alcohol-dry ice bath under argon. Slowly, the reaction mixture was

allowed to reach room temperature in an isopropyl alcohol-dry ice bath in 1

hour. The reaction mixture was then stirred at 35 °C for another 1 hour. Work

up was carried out by pouring the reaction mixture rapidly into a stirred mixture

of ice-water (150 ml) and ether (50 ml). The aqueous layer was separated and

was extracted with ether twice. The combined ether layers were dried over

anhydrous sodium sulfate, filtered, and evaporated under vacuum, giving a

colorless crude liquid. The crude product was purified by flash silica column

chromatography (pentane). One major (R = 0.16) and one minor product (R =

0.37) were purified. The two purified products (colorless liquid, 17, 679 mg, 2

mmol, 44% yield; and colorless liquid, 18, 124 mg, 0.4 mmol, 9% yield) were

obtained. 17: FT-IR (KBr) 1,033(m), 1,152(s), 1,258(s), 1,476(m), 2,861(s),

2,938(s), and 2,981 cm-1 (s); 300MHz 1H-NMR (CDCl3) 1.11 (s, 12H, gem
CH3), 1.21 (t, 6H, J–7Hz, R-CO2CH2CH3), and 4.1 ppm (q, 4H, J–7Hz,

RCO2CH2CH3); CIMS (MH)+=343. 18: FT-IR (KBr) 1,152(m), 1,469(m),

1,729(s), 2,854(s), 2,938 cm-1 (s); 300MHz 1H-NMR (CDCl3) 1.13 (s, 6H, gem
CH3), 3.4 (t, 2H, J–6Hz, RCH2 Br), and 4.1 ppm (q, 2H, J–7Hz, R

COOCH2CH3); EIMS m/e M*=307; and (M+2)*=309; CIMS (MH)4=309.
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- Arni -
Conditions for the synthesis were

obtained from Campbell and Rees (1969).

N

©■ O2 conc. HCl / Na NO2 Orº §—P-
EtOCOCH2OCOE

NH2 2OCOEt N—N=C OCH2CH3
H X-OCH,CH,

O

57% yield

NH2
10% PC / C §—D-

N_N_c^OCH2CH3
H }-ocH,CH, *

O

>NaNO2 / conc. HCI N
P- N

N O

N ºocºcº, 86% yield

X-OCH,CH,
O 21

conc. HCl / H2O ©■ . YN—P-

/ 81% yield

T.
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6.11.1 Diethyl mesoxalate o-nitrophenylhydrazone (19). To a round bottom

flask containing 2-nitroaniline (0.6 mol), concentrated hydrochloric acid (180 ml)

was added and the contents were stirred until a white suspension formed.

Water (300 ml) was then added. The resulting suspension was cooled in a

sodium chloride-ice-water bath before the addition of sodium nitrite (0.65 mol)

in water (50 ml). The suspension instantaneously turned from cloudy to a clear

yellowish solution with some undissolved solid. The solution was filtered and

was added dropwise into another round bottom flask containing a rapidly stirred

solution of diethyl malonate (0.6 mol) and water (200 ml) in a sodium chloride

ice-water bath. Sodium acetate (about 200 g) was added in portions during

reaction. After the addition was complete, the orange suspension was stirred

for an additional 1 hour. Work-up was carried out by extracting the reaction

mixture with ether five times. The Combined ether extracts were dried over

anhydrous sodium sulfate, filtered, and evaporated under vacuum to a brownish

solid residue. The residue was recrystallized from ethanol twice. The purified

product (19, 0.22 mol, 37% yield, mp 67-70°C, lit. mp 72-74°C) was identified

as diethyl mesoxalate o-nitrophenylhydrazone: Silica TLC showed only one

spot (hexane/ether 4:1, Ri 0.34); EIMS m/e M*=309; FT-IR (KBr) 1722 cm-1 (s);

300 MHz 1H-NMR (CDCl3) 1.41 (m, 6H, ROCOCH2CH3), 1.57 (s, 1H,
RNHNCR'R"), 4.41 (m, 4H, ROCOCH2CH3), 7.15 (t, 1H, J–7Hz, aromatic H),

7.66 (t, 1H, J–7Hz, aromatic H), 8.10 (d, 1H, J–7Hz, aromatic H), and 8.25 ppm

(d, 1H, J–7Hz, aromatic H).

6.11.2 mine derivative (21) of benzotriazole To a stirred Solution of hydrazone

(19, 0.15 mol) in methanol (400ml), 10% Pa/C (2.25 g) suspended in methanol

(20 ml) was added. After the addition was finished, the air in the reaction flask

was purged by vacuum and the flask was filled with hydrogen. This purging
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process was repeated several times to make sure that the reaction flask was

filled with hydrogen. The reaction mixture was stirred at room temperature

under hydrogen introduced by a hydrogen balloon until the reaction was

complete. Completion of reaction was monitored by 1. turning off the valve

connecting the hydrogen balloon to the reaction mixture for a few minutes and

then turning it on again to see if there is any reduction of balloon size and 2.

looking for complete disappearance of the hydrazone on silica TLC

(hexane/ether 4:1). The reaction was not complete after 7 hours; however, after

stirring for 24 hours, TLC showed complete disappearance of the hydrazone.

The product (20) was not purified; instead, the reaction mixture was filtered to

get rid of all Po/C. A dark-reddish solution was obtained which was

concentrated to about 100 ml by evaporation under vacuum. Sodium nitrite

(0.18 mol) in water (25 ml) was added to the concentrated reaction mixture. The

resulting solution was added slowly to a rapidly stirred solution of concentrated

hydrochloric acid (250 ml) and water (1000 ml) in a sodium chloride-ice-water

bath. After the addition was complete, the resulting suspension was filtered by

vacuum and the precipitate was recrystallized from ethanol. The yellowish

crystalline solid (21, 0.13 mol, 86% yield; TLC (hexane/ether 1:2): R. 0.68; mp

95-97°C) was obtained which was confirmed to be the imine derivative of

benzotriazole: EIMS m/e M+-290; 300 MHz 1H-NMR (CDCl3) 1.43 (m, 6H,

ROCOCH2CH3), 4.47 (m, 4H, ROCOCH2CH3), 7.49 (t, 1H, J–7Hz, aromatic H),

7.65 (t, 1H, J–7Hz, aromatic H), 7.91 (d. 1H, J–7Hz, aromatic H), 8.08 (d, 1H, J

7Hz, aromatic H), and no RNHNCR'R" at 1.57 ppm.

6.11.3_1-Aminobenzotriazole (22). Imine (21, 0.15 mol) was stirred with

concentrated hydrochloric acid (200 ml) at room temperature overnight or until

all the solid dissolved. Silica TLC (hexane/ether 1:2 as eluent) showed
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complete disappearance of imine (R■ 0.68) and one new spot (R■ 0.34). The

reaction mixture was washed with ether three times and then was neutralized

with sodium carbonate. The neutralized solution was extracted with ether five

times. The combined ether extracts were dried over anhydrous sodium sulfate,

filtered and evaporated under vacuum to dryness. The crude precipitate was

recrystallized from benzene/hexane/ pentane. The recrystallized product was

washed with pentane to give ABT (22, 0.12 mol, 81% yield, mp 83°C, lit. mp

82°C): EIMS m/e M*=134, C6H5+=77; 300MHz 1H-NMR (CDCl3) 5.73 (s, 2H,

RNH2), 7.31 (t, 1H, J–7Hz, aromatic H), 7.51 (t, 1H, J–7Hz, aromatic H), 7.64 (d,

1H, J–7Hz, aromatic H), and 7.98 ppm (d, 1H, J–7Hz, aromatic H).

-
roxV-16-h noi id (Meth 1

Since the synthesis of 12-hydroxy-16-heptadecynoic acid from 12

hydroxy-13-heptadecynoic acid using sodium hydride / diaminopropane did not

give the desired product, another approached was attempted.

6.12.1 12-Oxo-dodecanoic acid To a dry round bottom flask, pyridinium

chlorochromate (7.4 g, 35 mmol) and anhydrous methylene chloride (40 ml)

were added. An orange suspension was formed upon stirring. 12-Hydroxy

dodecanoic acid (5 g, 23 mmol), suspended in methylene chloride (about 60

ml), was poured into the reaction flask. The reaction mixture was stirred at room

temperature for 4 hours. Then, ether (about 700 ml in many portions) was

added with good mixing. The combined fractions were loaded onto a Florisi■ ”
column (12 X 2 cm) to get rid of the colored materials. The clear eluent was

2.

y

º
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evaporated under vacuum to give the white solid (0.753 g, 3.5 mmol): 300MHz

1H-NMR (CDCl3) 2.35 (t, 2H, J–6Hz, RCH2CO2H), and 9.75 ppm (s, 1H,
RCHO).

- - - - - - -
id (Same experimental methods as

described in section 6.13.2)

6.12.3 12-Hydroxy-16-heptadecynoic acid To a dry round bottom flask with

hexane-washed sodium hydride (155 mg, 6.5 mmol), anhydrous

diaminopropane (7 ml) was added under argon. The reaction mixture, which

turned brown in 10 minutes after addition, was stirred at 74°C for 1.5 hours. 12

Hydroxy-13-heptadecynoic acid (0.2 g, 0.71 mmol) dissolved in anhydrous

diaminopropane (4 ml) was added. The resulting mixture was then stirred at

75°C for 16 hours under argon to complete the reaction. Work-up was carried

out by adding a small amount of water to the reaction mixture. Concentrated

hydrochloric acid was then added dropwise to acidify the reaction mixture. The

acidified aqueous solution was extracted three times with ether and the

combined ether extracts were washed two times with 10% hydrochloric acid,

dried with anhydrous sodium sulfate, filtered, and evaporated by vacuum. A

crude yellowish liquid (0.13 g) was obtained that was purified by silica column

flash chromatography. The column was washed with one column volume of

benzene/ ether 9:1. The purified final product was eluted with two column

volumes of ether (27, 78.3 mg, 0.28 mmol, 39% yield): 300MHz 1H-NMR

(CDCl3) 1.2-1.6 (m, 18H, methylene H), and 2.3 ppm (t, 2H, J–3 Hz,

RCH2CO2H); EIMS m/e M*=282.

18.8



O
PCC (1.5 eq.) |

Br—(CH2)is CH3-OH —FEHFH-> Br—(CH2)is C–HCH2Cl2
78% yield 23 •

OH
1-Dentyne (1.1 ed. |

penty ( C. ) Br—(CH2)■ GC-C=C-(CH2)4-CH3
EtmgBr (1 eq.)/THF

92% yield 24

H -

KCN (1 eq.) º
-

DMSO N=C-(CH2)■ C–C–C–(CH2)4-CH3
82% yield 25

OH º
KOH | |

–P- HO–C–{CH.)+C–C=C-(CH2)5–CH
H2O/EtOH -(CH2)73 —(CH2)5-CH3

40% yield 26 |

OH º,

KH (10 ed. | |
( q.) HO-C-(CH2)is C—(CH2)5-C=CH

DAP
-

68% yield 27 y
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6.13.1 11-Bromo-undecanal (23). Pyridinium chlorochromate (1.6 g., 7.5 mmol)

- which had previously been dried by storage in a desiccator over phosphorus

pentoxide under high vacuum - was placed in a 250 ml round bottom flask

under argon. Anhydrous methylene chloride (10 ml) was added to the reaction

flask with stirring. Rapidly, 11-bromo-undecanol (1.26 g, 5 mmol) - anhydrous

methylene chloride (8 ml) solution was added to the reaction mixture. The

reaction mixture was stirred at room temperature for 4 hours (silica TLC eluted

with hexane / ether 3:2 indicated that the reaction was almost complete in 2

hours). After 4 hours, ether (50 - 60 ml) was added to the black reaction solution

containing a black gum. The solution was mixed well and was poured onto a

Florisilº column. This transfer step was repeated two more times (three times
ether addition, total of about 180 ml loading volume). The colorless ether eluent

was evaporated under vacuum. The final product, a colorless liquid, was

purified by silica column flash chromatography (hexane / ether 3:2) (Rf for 11

bromo-undecanol and 11-bromo-undecanal were 0.33 and 0.72, respectively)

(23, 0.972 g, 3.9 mmol, 78% yield): 80MHz 1H-NMR (CDCl3) 1.4 (s, 16H,

methylene H), 2.5 (t, 2H, J–7Hz, RCH2CHO), 3.45 (t, 2H, J–7Hz, BrCH2R), and

9.65 ppm (s, 1H, R-CHO); FT-IR 1,258(m), 1,436(m), 1,729(s), 2,720(m),

2,854(m), and 2,931 cm−1 (s).

6.13.2 16-Bromo-6-hydroxy-4-hexadecyne (24) To a dry round bottom flask,

2.0 M ethylmagnesium bromide in tetrahydrofuran (3 ml, 6 mmol) and

anhydrous tetrahydrofuran (2 ml) were added. 1-Pentyne (0.7 ml, 0.48 g, 7

mmol) in anhydrous tetrahydrofuran (4 ml) was subsequently added to the

reaction flask and the reaction mixture was stirred at room temperature under

argon for 3 hours. 1-Bromo-undecanal (23, 527 mg, 2.1 mmol) in anhydrous

tetrahydrofuran (2 ml) was then added. The reaction mixture was stirred at 75

2.

>
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80°C for 90 minutes under argon (condenser). The reaction progress monitored

by silica TLC (hexane / ether 3:2) indicated one spot after 90 minutes of

reaction. The reaction mixture was cooled to room temperature and saturated

aqueous ammonium chloride solution (10 ml) was added to the reaction mixture

with rapid mixing. A precipitate formed instantaneously upon addition. 10%

Hydrochloric acid was added to acidify the solution. During acidification, the

precipitate dissolved back in the solution. The aqueous solution was extracted

three times with ether. The combined ether extracts were dried over anhydrous

sodium sulfate, filtered, and evaporated under vacuum. A yellowish liquid was

obtained which was shown to be one major spot on silica TLC with one minor,

more polar, impurity (Rf for 16-bromo-6-hydroxy-4-hexadecyne was 0.41).

Purification by silica column flash chromatography was done to obtain the pure

liquid (24,614 mg, 1.93 mmol, 92% yield): 80MHz 1H-NMR (CDCl3) 0.96 (t, 3H,

J=6Hz, RCH3), 1.3 (s, 18H, methylene H), 2.15 (t, 2H, J–6Hz, RCCCH2R), 3.35

(t, 2H, J–7Hz, BrCH2R), and 4.3 ppm (s, 1H, RCHOHR); FT-IR 2,235(w), and

3,374 cm−1 (s).

6.13.3 16-Cyano-6-hydroxy-4-hexadecyne (25). Potassium cyanide (18 mg,

0.28 mmol), which was stored in a desiccator, was dried in a 20-ml scintillation

vial under argon in a drying tube at 110-120°C for more than 24 hours.

Anhydrous dimethyl sulfoxide (0.5 ml) was added to the vial. 16-Bromo-6-

hydroxy-4-hexadecyne (24, 87 mg, 0.274 mmol) mixed with anhydrous

dimethyl sulfoxide (0.5 ml) was added to the vial with stirring. The reaction

mixture was then stirred at 110°C for 90 minutes under argon. The reaction

progress was monitored by silica TLC (hexane / ether 2:3). After 90 minutes of

reaction, the reaction mixture was cooled to room temperature. Water (2 ml)

was added to the reaction mixture and the resulting aqueous solution was
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extracted four times with ether. The Combined ether extracts were dried over

anhydrous sodium sulfate, filtered, and evaporated under argon to give a

yellowish liquid. Silica TLC indicated one major spot (Rf 0.48) with a minor,

more polar, product. FT-IR showed a cyano stretch at 2242 cm-1 and FT-801 H

NMR showed the absence of BrCH2- at 3.35 ppm, suggesting the product to be

16-cyano-6-hydroxy-4-hexadecyne (25, 59 mg, 0.224 mmol, 82% yield). The

crude product can be purified, if necessary, by silica column flash

chromatography (hexane / ether 2:3).

6.13.4 12-Hydroxy-13-heptadecynoic acid (26) To a 20-ml Scintillation vial

containing 16-cyano-6-hydroxy-4-hexadecyne (25, 37 mg, 0.141 mmol),

potassium hydroxide, ethanol, and water (0.3 g, 1 ml, and 0.5 ml, respectively)

were added and the vial were capped. The reaction mixture, in the tightly

capped vial, was stirred at 85 - 90°C for about 40 hours. Then, the reaction

mixture was cooled in an ice-water bath. Slowly, 10% hydrochloric acid was

added to acidify the solution (or until the solution turned cloudy). The aqueous

Solution was extracted three times with ether. The combined ether extracts

were dried over anhydrous sodium sulfate, filtered, and evaporated under

nitrogen. A crude yellowish solid was obtained and was purified by silica

column flash chromatography (hexane / ether 2:3). The white solid was

obtained that gives one spot on silica TLC (Rf 0.37) is 12-hydroxy-13

heptadecynoic acid (26, 16 mg, 0.057 mmol, 40% yield): 80MHz 1H-NMR

(CDCl3) 0.95 (t, 3H, J–7Hz, RCH3), 1.3 (s, 16H, methylene H), 2.25 (t, 2H,

J=7Hz, RCH2CO2H), and 4.3 ppm (s, 1H, RCHOHR).

6.13.5–12-Hydroxy-16-heptadecynoic acid (27) Conditions for the Synthesis

were obtained from Brown and Yamashita (1976). Initially, sodium hydride /
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diaminopropane was used to rearrange the acetylenic group from the internal to

terminal position. However, despite many attempts, the terminal acetylenic

product was never obtained in pure form. The reaction gave many products.

This is particularly undesirable for radioactive synthesis because the

purification step is too messy to deal with. Potassium hydride / diaminopropane

was therefore tried and gave a much cleaner reaction with significantly higher

yield (Midland and Halterman, 1981).

Potassium hydride (35% dispersion in mineral oil ) (10 eq., 3.5 mmol,

400 mg) was weighed out into a dry 20-ml scintillation vial. To get rid of the

mineral oil, the weighed-out potassium hydride was washed three times with

pentane (previously dried by storing over calcium hydride) in the vial under

argon. After all the pentane was evaporated, anhydrous diaminopropane (2.5

ml) was added to the vial. A white suspension formed initially and the

suspension gradually turned brown and cloudy with slight foaming upon stirring

under argon. The suspension was then stirred for 2 hours at room temperature.

After 2 hours, the cloudy brown suspension became a clear reddish solution.

12-Hydroxy-13-heptadecynoic acid (26, 0.35 mmol, 100 mg) - which was dried

in a desiccator over phosphorus pentoxide under high vacuum overnight - was

dissolved in anhydrous diaminopropane (0.5 ml), and then was added to the

vial containing potassium hydride and diaminopropane. The reaction mixture

turned cloudy upon addition and was stirred at room temperature for 24 hours.

The reaction progress was monitored by silica TLC (hexane / ethyl acetate /

acetic acid / ethanol = 80 / 14 /5 / 1 as solvent) by periodically transferring 10 pil

of reaction mixture into 10% hydrochloric acid (~1 ml) and ether (~0.2 ml)

(vigorous mixing). After 24 hours, silica TLC showed one major spot

corresponding to a new product and no residual starting material. The reaction
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mixture was rapidly poured into a stirred aqueous solution of cold saturated

ammonium chloride (about 40 ml) in an ice-water bath. Methylene chloride

(about 40 ml) was added to the aqueous solution. Concentrated hydrochloric

acid was then added dropwise to lower the pH to about 2 - 3. The organic layer

was separated and the aqueous layer was extracted three times with methylene

chloride. The combined methylene chloride extracts were washed twice with

brine, dried over anhydrous sodium sulfate, filtered, and evaporated under

vacuum to yield a white solid. The crude product was purified by silica column

flash chromatography (ether). Silica TLC (hexane / ethyl acetate / acetic acid /

ethanol = 80 / 14 / 5 / 1) still showed primarily the product with one more

nonpolar impurity. The impurity can be eliminated by washing the product with

pentane because all the impurities, except the desired product, are soluble in

pentane. The final purified product was identified as 12-hydroxy-16

heptadecynoic acid (27, 68 mg, 68% yield): 500MHz 1H-NMR (CDCl3) 1.94 (s,

1H, acetylenic H), 2.21 (t, 2H, RCH2CO2H), and 2.34 ppm (t, 2H, RCH2CCH);

EIMS m/e M+"-282.

º

**
º

º
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fi.14 I1,14Cl-12-Hydroxy-15-heptadecynoic acid (30)

H 14

Br—{CH . C=C-(CH2)5–CH K"CN (1.1 eq.)
r 2)íð =C-(CH2)3 3 DMSO

14
QH KOH

E -( ;-( , E -
–PN-C-(CH2-go-o-c-chº-ch, Ha■ san

28

O OH
1.ll | KH (10 eq.)

-

HO-C-(CH2)■ C–C–C–(CH2)4-CH2 DAP
- * .

21% yield 29

º QH
HO-C-(CH2)is C—(CH2)5–CHCH

25% vield
y 30

6.14.1 [17.14Cl-16-Cyano-6-hydroxy-4-hexadecyne (28) A small amount of

methanol was added to 14C-labeled potassium cyanide (1 mCi, 50 mci / mmol,
20 mmol, 1.3 mg) and the solution was transferred to a dry 20-ml scintillation

-

vial containing unlabeled potassium cyanide (17 mg, total of 0.28 mmol). This

transfer step was repeated three times to make sure that all the 14C-labeled
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potassium cyanide was transferred to the reaction vial. All methanol was then

evaporated under argon and gentle heat. The 14C-Labeled potassium cyanide

in the vial was dried by heating at 110 - 120°C overnight in a drying tube under

argon. Anhydrous dimethyl sulfoxide (0.5 ml) was then added. 16-Bromo-6-

hydroxy-4-hexadecyne (87 mg, 0.274 mmol) in anhydrous dimethyl sulfoxide

(0.5 ml) was added and the reaction mixture was stirred at 110°C for 110

minutes. The reaction mixture was then cooled to room temperature, water (2

ml) was added, and the resulting aqueous solution was extracted four times

with ether. The combined ether extracts showed primarily the product of interest

with a trace amount of more polar impurity. No purification was necessary. The

yellowish liquid (28, 74 mg) was obtained with a rough estimate of 0.38 mCi

total (see section 6.13.3 for product identification).

6.14.2 ■ 1.14Cl-12-Hydroxy-13-heptadecynoic acid (29) To the crude [17,”“Cl

16-cyano-6-hydroxy-4-hexadecyne (28) in a 20-ml scintillation vial, potassium

hydroxide, ethanol, and water (0.3 g, 1 ml, and 0.5 ml, respectively) were

added. The reaction mixture was tightly capped and was stirred at 85-90°C for

41 hours. The reaction mixture was cooled in an ice-water bath and 10%

hydrochloric acid was slowly added to acidify the solution (or until the solution

turned cloudy). The aqueous solution was extracted three times with ether. The

combined ether extracts were dried over anhydrous sodium sulfate, filtered, and

evaporated under nitrogen. Silica column chromatography (hexane / ether 2:3)

was done using a 1-ml disposable pipet as the column. The white purified

product was obtained (29, 16 mg, 0.057 mmol, 21% yield) which had the same

Rf as unlabeled 12-hydroxy-13-heptadecynoic acid. The purified product was

dried in a desiccator over phosphorus pentoxide under high vacuum for a few

days (see section 6.13.4 for product identification).
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5.14.3 [114Cl-12-Hydroxy-16-heptadecynoic acid (30)

A small scale (29, 16 mg, 0.057 mmol of 12-hydroxy-13-heptadecynoic

acid) synthesis was tried first to make sure that the reaction was feasible if 5-fold

less starting material was used. It turned out to be successful in small scale with

a 53% yield.

In a 20-ml scintillation vial, potassium hydride (35% dispersion in mineral

oil) (10 eq., 0.6 mmol, 66 mg) was washed three times with pentane previously

dried by storing over calcium hydride. The residual pentane was then

evaporated before freshly dried diaminopropane (0.4 ml) was added. After 2

hours, [1,14C]-12-hydroxy-13-heptadecynoic acid (29), dissolved in anhydrous

diaminopropane (0.2 ml), was added and the reaction mixture was stirred at

room temperature for 24 hours under argon. The reaction mixture was rapidly

transferred to a stirred aqueous solution of cold saturated ammonium chloride

(about 20 ml) in an ice-water bath. Methylene chloride (10 ml) was added. The

aqueous layer, while stirring with methylene chloride, was then acidified by

dropwise addition of concentrated hydrochloric acid. The aqueous layer was

separated and was extracted three times with methylene chloride. The

combined methylene chloride extracts were washed once with brine, dried over

anhydrous sodium sulfate, filtered, and evaporated under a stream of argon.

The crude product (8 mg, 50% yield) contained primarily [1,14C-12-hydroxy-16

heptadecynoic acid and a small, less polar impurity, as indicated by silica TLC

(hexane / ethyl acetate / acetic acid / ethanol = 80 / 14 / 5 / 1). Purification was

done simply by washing the crude product with pentane. The desired terminal

acetylenic acid remained whereas the impurity dissolved in the pentane. The

white purified product (30, 4 mg, 12.5 mCi / mmol, 0.177 mCi total) was
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obtained which showed only one spot on silica TLC with the same Rf as sº

unlabeled 12-hydroxy-16-heptadecynoic acid (see section 6.13.5 for product

identification). rº,

O O O *

| PCC (1.2 eq.) || |
HO–C–(CH2)is CH3-OH HO–C–(CH2)is C–H

19% yield 31

!.

O OH
pentylMgBr (3 eq.) / ether | | º

P- HO–C–(CH2)is C—(CH2)4-CH3 ~.ether

5% yield 32

6.15.1 12-Oxo-dodecanoic acid (31) To a dry 2-neck 100 ml round bottom

flask containing activated 3 Å molecular sieves under argon, pyridinium
chlorochromate (1.2 eq., 42 mmol, 9.1 g) dissolved in anhydrous

dichloromethane (20 ml) was added. 12-Hydroxydodecanoic acid, suspended
º

in anhydrous dichloromethane (70 ml), was then added slowly. After the y

addition, the reaction mixture was stirred at room temperature under argon for

4.5 hours. The reaction was then terminated by pouring the reaction mixture into

vigorously stirred anhydrous ether (100 ml). The combined ether fractions were
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loaded onto a Florisilº column to get rid of all brownish color. The column was
washed with two column volumes of ether. The combined ether eluent was

evaporated to dryness under vacuum. The white residue (31, 1.356 g, 6.33

mmol, 18.6% yield, mp 60-65°C) was obtained: 300 MHz 1H-NMR (CDCl3) 1.3-
1.6 (s, 16H, methylene H), 2.4 (t, 4H, J–6Hz, RCH2CO2H/RCH2CHO), and 9.8

ppm (s, 1H, R-CHO).

6.15.2_12-Hydroxy-heptadecanoic acid (32) To a stirred Suspension of 12

oxo-dodecanoic acid (31, 334 mg, 1.6 mmol) in anhydrous ether (10 ml) under

argon, 2 M pentylmagnesium bromide in ether (3 eq., 4.8 mmol, 2.4 ml) was

added dropwise at 0 - 4°C in an ice-water bath. After the addition, the reaction

mixture was stirred in an ice-water bath under argon. Silica TLC (pentane /

ether 1:1) showed only the starting material after 40 minutes (Rf 0.25). The

reaction mixture was then removed from an ice-water bath and was allowed to

gradually warmed up to room temperature while stirring under argon. After 20

hour stirring at room temperature, silica TLC showed primarily the starting

material with two small additional spots (Rf 0.70 and 0.75). At this time, more 2

M pentylmagnesium bromide in ether (1 ml, 2 mmol) was added. No change

was observed after a further 4 hours. Work-up was done by pouring the reaction

mixture rapidly into a stirred mixture of 10% hydrochloric acid (200 ml), ether

(100 ml), and ice in an ice-water bath. The aqueous layer was separated and
was extracted four times with ether. The ether fractions were dried over

anhydrous sodium sulfate, filtered, and evaporated under vacuum to dryness.

The crude product was purified by silica column flash chromatography. The

column was eluted with pentane / ether 3:1 (~1,000 ml), pentane / ether 3:2

(~1,000 ml), and then pentane / ether 2:3. Two products were eluted out in the

pentane / ether 3:1 fraction whereas 12-oxo-dodecanoic acid came out in the
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pentane/ether 2:3 fraction. One of the two purified products was identified as 12

hydroxy-heptadecanoic acid (32, 23 mg, 0.08 mmol, 5% yield). Derivatization

of 12-hydroxy-heptadecanoic acid to its methyl ester was done with

diazomethane to facilitate structural determination: 300MHz 1H-NMR (CDCl3)
0.89 (s, 3H, RCH3), 1.2-1.5 (s, 22H, methylene H), 2.38 (t, 2H, CH3OCOCH2R),

3.68 (s, 1H, RCHOHR), and 4.68 ppm (s, 3H, RCO2CH3); EIMS m/e (M-

CH3O)+=269; and (M-H2O)+=282.

6.16 Diazomethane A diazomethane synthesis kit (purchased from

Aldrich9) was used. To a round bottom flask, distilled water (16 ml), potassium

hydroxide (10 g) and ethanol (190 proof, 50 ml) were added and the resulting

solution was stirred at 60°C in a water bath. Diazaldº (43 g) - ether (400 ml)
suspension was added dropwise to the reaction flask via a separatory funnel.

Diazomethane formation was closely monitored as the yellowish distillate -

which was diazomethane and ether - at the receiving flask. The rate of

diazaldº addition was adjusted to be roughly equal to the rate of diazomethane
formation. After the distillation was complete, the diazomethane - ether solution

was divided into 10-ml capped glass tubes and was stored at -70°C.

X.

§
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Grand Summary of data from the experiments determining lauric

i
-

XVlation hrome P-450|VA1 an Imiti i r:

ldat | lmitoyl CoA ( lucted by Kall Ll ko) i
!

cultured rat hepatocytes

f
-T-

CYIP450IVA1 PCQ
Conditions. sp. act.' 3% control sp. act.* 36 control

3-day treatment ~
Control 0.0221 100 0.370 100
0.3 m/V Clofibrate 0.461 2,000 2.280 616 * .
10 mM ABT 0 0 0.225 61 *

0.3 m/VM Clofibrate + 10 mM ABT 0.0087 40 0.680 184

Control 0.01.08 100 0.621 100 -

0.3 m/VM Ckofibrate 0.318 2,900 4.789 771 • *-

10 mM ABT for 3 hrs on dí 0.01.27 120 0.711 114
10 mM ABT for 3 hrs on dí; then 0.3 mM clofibrate 0.0995 920 4.70 757

- -

undecanedioic acid 0.0173 160
- -

COntrol
- -

0.0810 100 x

60 mM TDGA
- -

0.1577 195
º

0.3 mm Clofibrate
- -

0.8013 990
0.3 m/M clofibrate + 60 mM TDGA

- -
0.1701 210

Control 0.00213 100 0.327 100 *

0.3 m/M clofibrate 0.0113 530
- -

60 mM TDGA 0.01.19 560
- - - **

0.3 m/M clofibrate + 60 mM TDGA 0.0022 100
- - -

0.8 mm thapsic acid (C16 diacid) 0.0134 630 0.542 166
0.8 mM palmitic acid 0.00201 90 1.074 133

COntrol 0.0490 100 0.0090 100 *

0.3 m/M clofibrate 1.60 3,300 0.1480 1,645 º

0.3 mm clofibrate - 3 days; 10 mM ABT - 4hrs on d2 0.157 320 0.1748 1,943

Control 0.0280 100 0.0310 100
0.8 m/M C11 diacid 0.0393 140 0.0313 101
0.8 mm thapsic acid (C16 diacid) 0.0605 220 0.0368 119 * *

Control
- -

0.2191 100
10 mM ABT

- -
0.1608 83

0.3 m/M clofibrate
- -

4.1902 1,874 º

0.3 m/M clofibrate + 10 mM ABT
- -

1.0385 474
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CYIP450IVA1 PCO
conditions (continued) sp. act.' 3% control sp. actº 36 control sº

Control
- -

0.6723 100
0.8 mm oleic acid

- -
0.6261 93

0.8 mm palmitic acid
- -

0.1587 24 * *

0.8 m/V C11 diacid
- -

0.6576 98
-

0.8 mm thapsic acid (C16 diacid)
- -

1.6103 240

Control 0.0248 100 0.8175 100 !

0.3 mm Clofibrate 0.533 2,100 5.5620 680
10 mM ABT 0.0006 2 0.6543 80 º

0.3 m/V. Clofibrate + 10 mM ABT 0.0031 13 1.3254 162

Control 0.0618 100 0.2013 100
0.3 m/M Clofibrate 2.19 3,500 1.6335 812
0.3 mm clofibrate - 3d; 10 mM ABT - 4 hrs on d8 0.208 300 1.5945 79

Control
- -

0.3791 100
0.4 m/M dimethyl 1,12-dodecanedioate

- -
0.5984 158

0.8 mm dimethyl 1,12-dodecanedioate
- -

0.5491 145
0.4 mm dimethyl 1,14-(3,12-dithio)-tetradecanedioate ---

-
0.9450 249

0.8 mm dimethyl 1,14-(3,12-dithio)-tetradecanedioate ---
-

1.5922 420 •
0.4 mM dimethyl 1,12-(2,2,11,11-tetramethyl)-dodecanedioate — 0.7850 207
0.8 mm dimethyl 1,12-(2,2,11,11-tetramethyl)-dodecanedioate — 0.9816 259 s
0.4 mm ethyll O-bromo-2,2-dimethyl-dodecanoate —

-
0.9026 238

0.8 mm ethyll O-bromo-2,2-dimethyl-dodecanoate —
-

0.9476 250

Control 0.0383 100 0.666.2 100
10 mM ABT 0.0167 40 0.2154 32 1.
thapsic acid (C16 diacid) 0.268 700 1.2738 191
thapsic acid + 10 mM ABT 0.0233 60 0.7477 112

Control 0.0383 100 1.166 100 *.
0.3 m/M 10-UDYA 0.0273 70 1.290 111
0.3 m/M clofibrate 1.56 4,100 6.485 556
0.3 m/V 10-UDYA + 0.3 m/V Clofibrate 1.53 4,000 5.570 478 -

Control 0.0733 100 0.724 100
5 mM ABT 0.0172 20 0.529 73
0.3 m/V Clofibrate 1.28 1,700 4.735 654 º
0.3 m/M clofibrate + 5 mM ABT 0.0330 50 1.934 267

Control 0.0950 100 1.158 100 -

60 mM TDGA 0.0820 86 1.401 121 º

0.3 mm Ckofibrate 0.733 770
- -

0.3 m/V Clofibrate + 60 mM TDGA 0.575 600
- -

0.8 m/M. Oleic acid 0.0558 60 1.358 117
0.8 mM oleic acid + 60 mM TDGA 0.0896 90 1.803 156

202



litions (continued

5-day treatment

0.3 m/M Ckofibrate
0.3 m/V. Clofibrate + 0.2 mV, ABT
0.3 m/M Clofibrate + 0.5 mM ABT
0.3 m/M clofibrate + 1 mM ABT
0.3 m/M Clofibrate + 2 m M ABT
0.3 m/M Clofibrate + 5 mM ABT
0.3 m/M clofibrate + 10 mM ABT

ime-d lent clofil inducti

control, 6 hr
0.3 mm clofibrate, 6 hr

control, 6 hr
0.3 mM clofibrate, 6 hr

Control, 12 hr
0.3 mM clofibrate, 12 hr

Control, 24 hr
0.3 mM clofibrate, 24 hr

control, 24 hr
0.3 mm Clofibrate, 24 hr

control, 120 hr
0.3 mm clofibrate, 120 hr

control, 120 hr
0.3 mm clofibrate, 120 hr

1 sp. act. = nmol 12-hydroxylauric acid formed/mg protein/min at 37°C

CYIP450IVA1 PCO
sp. act.' 3% control sp. actº 3% control

0.0963 100 5.717 100
0.0134 13.9 5.029 88.0
0.0130 13.5 4.930 86.2
0.0090 9.34 4.068 71.2
0.0059 6.13 3.779 66.1
0.0024 2.49 3.250 56.8
0.0025 2.60 1.990 34.8

0.0186 100 1.092 100
0.0165 90 1.012 92

- -
1.0407 100

- -
1.0258 99

0.0480 100 0.950 100
0.0838 170 1.083 114

0.0152 100 0.809 100
0.0614 400 1.074 133

- -
0.97.12 100

- -
2.0183 208

0.0458 100 0.6391 100
1.17 2,600 8.3435 1,306

0.0513 100 0.0427 100
2.25 4,400 0.7861 1,839

2 sp. act. = nmol aqueous-soluble palmitic acid metabolites formed / mg protein/min at 37°C

*
**

º

203



References

Aarsland, A., Aarsaether, N., Bremer, J., and Berge, R. K., 1989, Alkylthioacetic
acids (3-thia fatty acids) as non-fl-oxidizable fatty acid analogues: a new group
of hypolipidemic drugs. Ill. Dissociation of cholesterol- and triglyceride-lowering
effects and the induction of peroxisomal 3-oxidation, J. Lipid Res., 30, 1711
1718.

Abbritti, G., and DeMatteis, F., 1971-1972, Decreased levels of cytochrome P
450 and catalase in hepatic porphyria caused by substituted acetamides and
barbiturates. Importance of the allylic group in the molecule of the active drugs,
Chem-Biol. Interact., 4, 281–286.

Abeles, R. H., 1978, Suicide enzyme inactivators, in Enzyme-Activated
Irreversible Inhibitors, edited by N. Seiler, M. J. Jung, and J. Koch-Weser, North
Holland: Elsevier, pp.1-12.

Alexson, S. E. H., and Cannon, B., 1984, A direct comparison between
peroxisomal and mitochrondrial preferences for fatty acyl 3-oxidation predicts
channeling of medium-chain and very-long-chain unsaturated fatty acids to
peroxisomes, Biochemica et Biophysica Acta, 796, 1-10.

Alvares, K., Carrillo, A., Yuan, P. M., Kawano, H., Morimoto, R. I., Reddy, J. K.,
1990, loentification of cytosolic peroxisome proliferator binding protein as a
member of the heat shock protein HSP70 family, Proc. Natl. Acad. Sci. USA,
87, 5293-5297.

Archakov, A. I., and Bachmanova, G. I., 1989, Monooxygenase activity of
cytochrome P-450, in Cytochrome P-450 and Active Oxygen, edited by A. I.
Arachakov, and G. I. Bachmanova, New York: Taylor & Francis, pp.106-129.

Artaud, I., Gregoire, N., Battioni, J.-P., Dupre, D., and Mansuy, D., Heme model
studies related to cytochrome P-450 reactions: Preparation of iron-porphyrin
complexes with carbenes bearing a 3-oxygen atom and their transformation into
iron-N-alkylporphyrins and iron-metallacyclic complexes, J. Am. Chem. Soc.,
110, 8714-8716.

Augusto, O., Beilan, H. S., and Ortiz de Montellano, P. R., 1982, The catalytic
mechanism of cytochrome P-450: spining trapping evidence for one electron
Substrate oxidation, J. Biol. Chem., 257, 11288-11295.

Back, D. J., Purba, H. S., Staiger, C., Orme, M. L., and Breckenridge, A. M.,
1983, Inhibition of drug metabolism by the antimalarial drugs chloroquine and
primaquine in the rat, Biochem. Pharmacol., 32, 257-263.

2.

>

* -

204



Baker, J. R., and Chaykin, S., 1962, The biotransformation of trimethylamine-N-
oxide, J. Biol. Chem., 237, 1309-1313.

Bast, A., Savenije-Chapel, E. M., Kroes, B. H., 1984, Inhibition of mono
oxygenase and oxidase activity of rat-hepatic cytochrome P-450 by H2
receptorblockers, Xenobiotica, 14, 399-408.

Bednarski, P. J., and Nelson, S. D., 1989, Interactions of thiol-containing
androgens with human placental aromatase, J. Med. Chem., 32, 203-213.

Berg, A., 1949, Studies in the pyrene series V. 3-pyrenyl-lithium, Acta Chemica
Scandinavica, 655-659.

Berge, R. K., Flatmark, T., and Christiansen, E. N., 1987, Effect of a high-fat diet
with partially hydrogenated fish oil on long-chain fatty acid metabolizing
enzymes in subcellular fractions of rat liver, Arch. Biochem. Biophys., 252, 269
276.

Berge, R. K., Nilsson, A., and Husoy, A-M.,1988, Rapid stimulation of liver
palmitoyl-CoA synthetase, carnitine palmitoyltransferase and glycerophosphate
acyltransferase compared to peroxisomal 3-oxidation and palmitoyl-CoA
hydrolase in rats fed high-fat diets, Biochim. Biophys. Acta, 960, 417-426.

Bergseth, S., Poisson, J., and Bremer, J., 1990, Metabolism of dicarboxylic
acids in rat hepatocytes, Biochim. Biophys. Acta, 1042, 182-187.

Berti, G., 1973, Stereochemical aspects of the synthesis of 1,2-epoxides, Top.
Stereochem., 7, 95-251.

Betz, G., Miller, H. H., Hales, D. B., 1981, Actions of danazol in vivo on
cytochrome P-450 and steroidogenic enzymes in rat testis and liver microsomal
preparations, Am. J. Obstet. Gynecol., 141, 962-972.

Bissell, D. M., and Guzelian, P. S., 1975, in Gene Expression and
Carcinogenesis in Cultured Liver, edited by L. E. Gerschenson and E. B.
Thompson, New York: Academic Press, pp. 119-136.

Bjorkhem, D., and Danielsson, H., 1970, Go-Oxidation of branched chain fatty
acids in rat liver homogenates, Eur. J. Biochem., 14, 473–477.

Blake II, R. C., and Coon, M. J., 1989, On the mechanism of action of
cytochrome P-450. Spectral intermediates in the reaction with iodosobenzene
and its derivatives, J. Biol. Chem., 264, 3694-3701.

Bonfils, C., Balny, C., Douzou, P., and Maurel, P., 1980, Studies of the reactivity
of the oxyferro-intermediate of highly purified microsomal P-450, in
Biochemistry, Biophysics and Regulation of Cytochrome P-450, edited by J.-A.
Gustafsson et. al., Amsterdam: Elsevier/North Holland Biomed. Press, pp. 559
565.

205



Bonfils, C., Debey, P., and Maurel, P., 1979, Highly purified microsomal
cytochromal P-450: the oxyferro-intermediate stabilized at low temperature,
Biochem. Biophys. Res. Commun., 88, 1301-1307.

Bowry, V. W., and Ingold, K. U., 1991, A radical clock investgation of microsomal
cytochrome P-450 hydroxylation of hydrocarbon. Rate of oxygen rebound, J.
Am. Chem. Soc., 113, 5699-5707.

Bradshaw, J. J., Ziman, M. R., and Ivanetich, K. M., 1978, The degradation of
different forms of cytochrome P-450 in vivo by fluroxene and allyl-iso
propylacetamide, Biochem. Biophys. Res. Commun., 85, 859-866.

Brandes, R., Kaikaus, R. M., Lysenko, N., Ockner, R. K., and Bass, N. M., 1990,
Induction of fatty acid binding protein by peroxisome proliferators in promary
hepatocyte cultures and its relationship to the induction of peroxisomal beta
oxidation, Biochim. Biophys. Acta, 1034, 53-61.

Brown. C. A., and Yamashita, A., 1976, Exceptionally easy isomerization of
acetylenic alcohols with potassium 3-aminopropylamide. A new, high yield
synthesis of functionally differentiated ooo-difunctional structures, J. C. S. Chem.
Comm., 959-960.

Brueggemeier, R. W., Li, P.-K., Snider, C. E., Darby, M. V., and Katlic, N. E.,
1987, 7a-Substituted androstenediones as effective in vitro and in vivo
inhibitors of aromatase, Steroids, 50, 163-178.

Brueggemeier, R. W., Snider, C. E., and Kimball, J. G., 1982, A photoaffinity
inhibitor of aromatase, Steroids, 40, 679-689.

Bruice, T. C., 1988, The mechanisms of oxygen transfer from acyl and alkyl
hydroperoxides to metal (III) porphyrins and the epoxidation of alkenes by the
resultant hypervalent metal-oxo porphyrin products, Aldrichimica Acta, 21, 87
95.

Burka, L. T., Thorsen, A., and Guengerich, F. P., 1980, Enzymatic
monooxygenation of halogen atoms: cytochrome P-450 catalyzed oxidation of
iodobenzene by iodosobenzene, J. Am. Chem. Soc., 102, 7615-7616.

Burke, M. D., and Mayer, R. T., 1983, Differential effects of phenobarbitone and
3-methylcholanthrene induction on the hepatic microsomal metabolism and
cytochrome P-450 binding of phenoxazone and a homologous series of its n
alkyl ethers (alkoxyresorufins), Chem. Biol. Interactions, 45, 243-258.

Burke, M. D., and Mayer, R.T., 1975, Inherent specificities of purified
cytochromes P-450 and P-448 toward biphenyl hydroxylation and
ethoxyresorufin deethylation, Drug Metabolism and Disposition, 3, 245-253.

Cajacob, C. A., and Ortiz de Montellano, P. R., 1986, Mechanism-based in vivo
inactivation of lauric acid hydroxylation, Biochemistry, 25, 4705-4711.

*

206



Cajacob, C. A., Chan, W. K., Shepherd, E., Ortiz de Montellano, P. R., 1988,
The catalytic site of rat hepatic lauric acid (0-hydroxylase, J. Biol Chem., 263,
18640-18649.

Campbell, C. D., and Rees, C. W., 1969, Reactive intermediates. Part I.
Synthesis and oxidation of 1- and 2-aminobenzotriazole, J. Chem. Soc. C, 742
747.

Campbell, C. D., and Rees, C. W., 1969, Reactive intermediates. Part III.
Oxidation of 1-aminobenzotriazole with oxidants other than lead tetra-acetate, J.
Chem. Soc. C, 752-756.

Capdevila, J., Saeki, Y., and Falck, J. R., 1984, The mechanistic plurality of
cytochrome P-450 and its biological ramifications, Xenobiotica, 14, 105-118.

Castellino, A. J., and Bruice, T. C., 1988, Radical intermediates in the
epoxidation of alkenes by cytochrome P-450 model system: The design of a
hypersensitive radical probe, J. Am. Chem. Soc., 110, 1313-1315.

Cavalieri, E., Rogan, E. G., Cremonesi, P., and Devanesan, P. D., 1988, Radical
cations as precursers in the metabolic formation of quinones from
benzo[a]pyrene and 6-fluorbenzo[a]pyrene. Fluoro substitution as a probe for
one-electron oxidationin aromatic substrates, Biochem. Pharmacol., 37, 2173
2182.

Clancy, R. M., Dahinden, C. A., and Hugli, T. E., 1984, Oxidation of leukotrienes
at the co-end: demonstration of a receptor for the 20-hydroxy derivative of LTB4
on human neutrophils and implications for the analysis of leukotriene receptors,
PNAS, 81, 5729-5733.

Cohen, A. J., and Grasso, P., 1981, Review of the hepatic response to
hypolipidemic drugs in rodents and assessment of its toxicological significance
to man, Food Cosmet. Toxicol., 19, 585-605.

Cohen, B. S., and Estabrook, R. W., 1971, Microsomal transport reactions. 1.
Interaction of reduced triphosphopyridine nucleotide during oxidative
demethylation of aminopyrine and cytochrome b5-reduction, Arch. Biochem.
Biophys., 143, 37-45.

Cohen, B. S., and Estabrook, R. W., 1971, Microsomal transport reactions. 2.
The use of triphosphopyridine nucleotide and/or reduced diphosphopyridine
nucleotide for the oxidative N-demethylation of aminopyrine and other drug
substrates, Arch. Biochem. Biophys., 143, 46-53.

Cohen, B. S., and Estabrook, R. W., 1971, Microsomal transport reactions. 3.
Co-operative interaction between reduced diphosphopyridine nucleotide and
reduced triphosphopyridine nucleotide linked reactions, Arch. Biochem.
Biophys., 143, 54-65.

sº

207



Cole, P. A., and Robinson, C. H., 1990, Mechanism and inhibition of cytochrome
P-450 aromatase, J. Med. Chem., 33, 2933-2942.

Collman, J. P., Kodadek, T., Raybuck, S.A., Brauman, J. I., and Papazian, L. M.,
1985, Mechanism of oxygen atom transfer from high valent iron porphyrins to
olefins: Implications to the biological epoxidation of olefins by cytochrome P
450, J. Am. Chem. Soc., 107, 4343-4345.

Cook, B. R., Reinert, T. J., and Suslick, K. S., 1986, Shape selective alkane
hydroxylation by metalloporphyrin catalysis, J. Am. Chem. Soc., 108, 7281
7286.

Corey, E. J., and Fuchs, P. L., 1972, A synthetic method for formyl to ethynyl
conversion, Tetrahedron Lett., 3769-3772.

Costa, A. K., and Ortiz de Montellano, P. R., 1985, Dissociation of cytochrome P
450 inactivation and induction, Fed. Proc., 44, 652.

Cregge, R. J., Herrmann, J. L., Lee, C. S., Richman, J. E., and Schlessinger,
R.H., 1973, A convenient one flask procedure for ester alkylation, Tetrahedrin
Letters, 26, 2425-2428.

Das, M. L., Orrenius, S., and Ernster, L., 1968, On the fatty acid and
hydrocarbon hydroxylation in rat liver microsomes, Eur. J. Biochem., 4, 519
523.

De Matteis, F., Hollands, C., Gibbs, A. H., de Sa, N., and Rizzardini, M., 1982,
Inactivation of cytochrome P-450 and production of N-alkylated porphyrins
caused in isolated hepatocytes by substituted dihydropyridines: Structural
requirements for loss of haem and alkylation of the pyrrole nitrogen atom, FEBS
Lett., 145, 87-92.

Delaforge, M., Jaouen, M., and Mansuy, D., 1983, Dual effects of macrolide
antibiotics on rat liver cytochrome P-450. Induction and formation of metabolite
complexes: A structure-activity relationship, Biochem. Pharmacol., 32, 2309
2318.

Delaforge, M., Jaquen, M., and Mansuy, D., 1983, Dual effects of macrolide
antibiotics on rat liver cytochrome P-450. Induction and formation of metabolite
complexes: A structure-activity relationship, Biochem. Pharmacol., 32, 2309
2318.

Dickins, M., Elcombe, C. R., Moloney, S.J., Netter, K. J., and Bridges, J. W.,
1979, Further studies on the dissociation of the isosafrole metabolite
cytochrome P-450 complex, Biochem. Pharmacol., 28, 231-238.

Dominquez, O. V., and Samuels, L.T., 1963, Mechanism of inhibition of adrenal
steroid 11-beta hydroxylase by methopyrapone (metopirone), Endocrinology,
73, 304-309.

208



Durrin, L. K., Jones, P. B. C., Fisher, J. M., Galeazzi, D. R., and Whitlock, J. P.,
1987, 2,3,7,8-Tetrachlorobenzo-p-dioxin receptors regulate transcription of the
cytochrome P1-450 gene, J. Cell biol, 35, 153-160.

Dutton, D. R., and Parkinson, A., 1989, Reduction of 7-alkoxyresorufins by
NADPH-cytochrome P-450 reductase and its differential effects on their O
deethylation by rat liver microsomal cytochrome P-450, Arch. Biochem.
Biophys., 268, 617-629.

Dutton, D. R., Mcmillen, S. K., Sonderfan, A. J., Thomas, P. E., Parkinson, A.,
1987, Studies on the rate-determining factor in testosterone hydroxylation by rat
liver microsomal cytochrome P-450: evidence against cytochrome P-450
isozyme-isozyme interactions, Arch. Biochem. Biophys., 255, 316-328.

Eacho, P. l., and Foxworthy, P. S., 1988, Inhibition of hepatic fatty acid oxidation
by bezafibrate and benzafibroyl CoA, Biochem. Biophys. Res. Commun., 157,
1 148-1153.

Elcombe, C. R., 1985, Species differences in carcinogenicity and peroxisome
proliferation due to trichloroethylene: a biochemical human hazard assessment,
Arch. Toxicol. Suppl., 8, 6-17.

Elcombe, C. R., Bridges, J. W., Gray, T. J. B., Nimmo-Smith, R. H., and Netter, K.
J., 1975, Studies on the interaction of safrole with rat hepatic microsomes,
Biochem. Pharmacol., 24, 1427-1433.

Elcombe, C. R., Rose, M. S., and Pratt, I. S., 1985, Biochemical, histological and
ultrastructural changes in rat and mouse liver following the administration of
trichloroethylene: possible relevance to species differences in
hepatocarcinogenicity, Toxicol. Appl. Pharmacol, 79, 365-76.

Ellin, A., and Orrenius, S., 1975, Hydroperoxide-supported cytochrome P-450
linked fatty acid hydroxylation in liver microsomes, FEBS Lett., 50, 378-381.

Ellin, A., Jakobsson, S. V., Schenjman, J. B., and Orrenius, S., 1972,
Cytochrome P-450k of rat liver cortex microsomes: its involvement in fatty acid
co- and (0-1)-hydroxylation, Arch. Biochem. Biophys., 150, 64-71.

Ellin, A., Orrenius, S., Pilotti, A., and Swahn, C. G., 1973, Cytochrome P-450k if
rat liver microsomes: further studies on its interaction with fatty acids, Arch.
Biochem. Biophys., 158, 597–604.

Estabrook, R. W., and Cohen, B., 1969, Organisation of the microsomal electron
transport system, in Microsomes and Drug Metabolism, edited by J. R. Gillette
et. al., New York: Academic Press, pp. 325-338.

Estabrook, R. W., Hildebrandt, A. G., and Ullrich, V., 1968, Oxygen interaction
with reduced cytochrome P-450, Hoppe-Seylers Z. Physiol. Chem., 349, 1605
1608.

209



Franklin, M. R., 1974, Inhibition of the metabolism of N-substituted
amphetamines by SK-525A and related compounds, Xenobiotica, 4, 143-150.

Franklin, M. R., 1974, The formation of a 455 nm complex during cytochrome P
450-dependent N-hydroxylamphetamine metabolism, Mol. Pharmacol., 10,
975-985.

Franklin, M. R., 1977, Inhibition of mixed-function oxidations by substrates
forming reduced cytochrome P-450 metabolic-intermediate complexes,
Pharmacol. Ther. A, 2, 227-245.

Friedman, L., and Shechter, H., 1960, Preparation of nitriles from halides and
sodium cyanide. An advantageous nucleophilic displacement in dimethyl
sulfoxide, J. Org. Chem., 25, 877-879.

Friedman, L., and Shechter, H., 1960, Preparation of nitriles from halides and
sodium cyanide. An advantageous nucleophilic displacement in dimethyl
sulfoxide, J. Org. Chem., 25, 877-879.

Gan, L. L., Acebo, A. L., Alworth, W. L., 1984, Effects of acetylenic and olefinic
pyrenes upon cytochrome P-450 dependent benzo[a]pyrene hydroxylase
activity in liver microsomes, Biochemistry, 23, 3827-3836.

Gan, L.-S. L., Lu, J.-Y. L., Hershlowitz, D. M., and Alworth, W. L., 1985, Effects of
acetylenic and olefinic pyrenes upon cytochrome P-450 dependent
benzo[a]pyrene hydroxylase activity in liver microsomes, Biochem. Biophys.
Res. Comm., 129, 591-596.

Garrison, J. M., and Bruice, T. C., 1989, Intermediates in the epoxidation of
alkenes by cytochrome P-450 models. 3. Mechanism of oxygen transfer from
substituted oxochromium (V) porphyrins to olefinic substrates, J. Am. Chem.
Soc., 111, 191-198.

Gassman, P. G., and Yamaguchi, R., 1982, Electron transfer from highly strained
polycyclic molecules, Tetrahedron, 38, 1113-1122.

Gelb, M. H., Heimbrook, D. C., Malkonen, P., and Sligar, S. G., 1982,
Stereochemistry and deuterium isotope effects in camphor hydroxylation by the
cytochrome P-450cam monoxygenase system, Biochemistry, 21, 370-377.

Gibson, G. G., 1989, Comparative aspects of the mammalian cytochrome P
450IV gene family, Xenobiotica, 19, 1123-1148.
Gibson, G. G., Orton, T. C., and Tamburini, P. P., 1982, Cytochrome P-450
induction by clofibrate, Biochem. J., 203, 161-168.

Gigan, P. L., Gram, T. E., and Gilette, J. R., 1968, Effects of drug substrates on
the reduction of hepatic microsomal cytochrome P-450 by NADPH, Biochem.
Biophys. Res. Commun., 31, 558-562.

º

2 1 0



Gigon, P. L., Gram, T. E., and Gillette, J. R., 1969, Studies on the rate of
reduction of hepatic cytochrome P-450 by reduced nicotinamide adenine
dinucleotide phosphate: effect of drug substrates, Mol. Pharmacol., 5, 109-122.

Goldsworthy, T. L., and Popp, J. A., 1987, Chlorinated hydrocarbon-induced
peroxisomal enzyme activity in relation to species and organ carcinogenicity,
Toxicol. Appl. Pharmacol, 88, 225-233.

Gray, T. J. B., Lake, B. G., Beamand, J. A., Foster, J. R., and Gangolli, S. D.,
1983, Peroxisome proliferation in primary cultures of rat hepatocytes, Toxicol.
Appl. Pharmacol., 67, 15-25.

Griffin, B. W., and Peterson, J. A., 1972, Camphor binding by Pseudomonas
putida cytochrome P-450. Kinetics and thermodynamics of the reaction,
Biochemistry, 11, 4740-4746.

Griller, D., and Ingold, K. U., 1980, Free-radical clocks, Accts. Chem. Res., 13,
317-323.

Groves, J. T., 1980, Mechanisms of metal-catalyzed oxygen insertion, in Metal
lon Activation of Dioxygen, edited by T. G. Spiro, New York: Wiley, pp. 125-162.

Groves, J. T., and Subramanian, D. V., 1984, Hydroxylation by cytochrome P
450 and metalloporphyrin models: evidence for allylic arrangement, J. Am.
Chem. Soc., 106, 21.77-2181.

Groves, J. T., and Watanabe, Y., 1986, On the mechanism of olefin epoxidation
by oxo-iron porphyrins. Direct observation of an intermediate, J. Am. Chem.
Soc., 108, 507-508.

Groves, J. T., Avaria-Neisser, G. E., Fish, K. M., Imachi, M., and Kuczkowski, R.
L., 1986, Hydrogen-deuterium exchange during propylene epoxidation by
cytochrome P-450, J. Am. Chem. Soc., 108, 3837-3838.

Groves, J. T., McClusky, G. A., White, R. E., and Coon, M. J., 1978, Aliphatic
hydroxylation by highly purified liver microsomal cytochrome P-450: evidence
for a carbon radical intermediate, Biochem. Biophys. Res. Commun., 81, 154
160.

Groves, J. T., Nemo, T. E., and Myers, R. S., 1979, Hydroxylation and
epoxidation catalyzed by iron-porphine complexes. Oxygen transfer from
iodosylbenzene, J. Am. Chem. Soc., 101, 1032-1033.

Guengerich, F. P., 1990, Low kinetic hydrogen isotope effects in the
dehydrogenation of 1,4-dihydro-2,6-dimethyl-4-(2-nitrophenyl)-3,5-pyridine
dicarboxylic acid dimethyl ester (Nifedipine) by cytochrome P-450 enzymes are
consistent with an electron/proton/electron transfer mechanism, Chem. Res.
Toxicol., 3, 21-26.

2 11



Guengerich, F. P., and MacDonald, T. L., 1990, Mechanisms of cytochrome P
450 catalysis, FASEB J., 4, 2453-2459.

Guengerich, F. P., Ballou, D. P., and Coon, M. J., 1975, Purified liver microsomal
cytochrome P-450. Electron-accepting properties and oxidation-reduction
potential, J. Biol. Chem., 250, 7405-7414.

Guengerich, F. P., Crawford, W. M. Jr., Domoradzki, J. Y., MacDonald, T. L., and
Watanebe, P. G., 1980, In vitro activation of 1,2-dichloroethane by microsomal
and cytosolic enzymes, Toxicology and Applied Pharmacology, 55, 303-317.

Guengerich, F. P., Dannon, G. A., Wright, S. T., Martin, M. V., and Kaminsky, L.
S., 1982, Purification and characterization of liver microsomal cytochromes P
450: Electrophoretic, spectral, catalytic, and immunochemical properties and
inducibility of eight isozymes isolated from rats treated with phenobarbital or 3
naphthoflavone, Biochemistry, 21, 6019-6030.

Guengerich, F. P., Wang, P., and Davidson, N. K.,1982, Estimation of isozymes
of microsomal cytochrome P-450 in rats, rabbits, and human using
immunochemical staining coupled with sodium dodecyl sulfate - polyacrylamide
gel electrophoresis, Biochemistry, 21, 1698-1706.

Gunsalus, I. C., and Sligar, S. G., 1978, Oxygen reduction by the P-450
monooxygenase systems, Adv. Enzymol., 47, 1-44.

Gunsalus, I. C., Tyson, C. A., Tsai, R., and Lipscomb, J. D., 1971, P-450cam
hydroxylase: substrate-effector and electron transport reactions, Chem. Biol.
Interact., 4, 74-78.

Hammens, G. L., Alworth, W. L., Hopkins, N. E., Guengerich, F. P., and
Kadlubar, F. F., 1989, 2-Ethynylnaphthalene as a mechanism-based inactivator
of the cytochrome P-450 catalyzed N-oxidation of 2-naphthylamine, Chem.
Res. Toxicol., 2, 367-374.

Hanson, L. K., Eaton, W. A., Sligar, S. G., Gunsalus, I. C., Gouterman, M., and
Connell, C. R., 1976, Origin of the anomaloussoret spectra of
carboxycytochrome P-450, J. Am. Chem. Soc., 98, 2672-2674.

Hanzlik, R. P., and Tullman, R. H., 1982, Suicidal inactivation of cytochrome P
450by cyclopropylamines. Evidence for cation-radical intermediates, J. Am.
Chem., Soc., 104, 2048-2050.

Hardwick, J. P., Song, B-J., Huberman, E., and Gonzalez, F. J., 1987, Isolation,
complementary DNA sequence, and regulation of rat hepatic lauric acid co
hydroxylase (cytochrome P-450LAo). Identification of a new cytochrome P-450
gene family, J. Biol. Chem., 262, 801-810.

2 12



Hawkins, J. M., Jones, W. E., Bonner, F. W., and Gibson, G. G., 1987, The effect
of peroxisome proliferators on microsomal and mitochrondrial enzyme activities
in the liver and kidney, Drug Metab. Rev., 18, 441-515.

Hess, R., Staubli, W., and Reiss, W., 1965, Nature of the hepatomegalic effect
produced by ethyl-chlorophenoxyisobutyrate in the rat, Nature, 208, 856-59.

Hildebrandt, A., and Estabrook, R. W., 1971, Evidence for the participation of
cytochrome b5 in hepatic microsomal mixed-function oxidation reactions, Arch.
Biochem. Biophys., 143, 66-79.

Hines, R. N., and Prough, R. A., 1980, The characterization of an inhibitory
complex formed with cytochrome P-450 and a metabolite of 1,1-disubstituted
hydrazines, J. Pharmacol. Ther., 214, 80-86.

Hines, R. N., Mathis, J. M., and Jacob, C. S., 1988, lo■ entification of multiple
regulatory elements on the human cytochrome P-450/A1 gene, Carcinogenesis,
9, 1599-1605.

Ho, B., and Castagnoli, N., 1980, Trapping of metabolically generated
electrophilic species with cyanide ion: metabolism of 1-benzylpyrrolines, J.
Med. Chem., 23, 133-139.

Hodgon, E., and Philpot, R. M., 1974, Interaction of methylene dioxyphenol (1,3-
benzodioxole) compounds with enzymes and their effects on mammals, Drug
Metab. Rev., 3, 231-301.

Hoensch, H. P., Hutzel, H., Kirsch, W., and Ohnhaus, E. E., 1985, Induction of
human hepatic microsomes and their inhibition by cimetidine and ranitidine,
Eur. J. Clin. Pharmacol., 29, 199-206.

Honkawa, H., Masahashi, W., Hashimoto, S., and Hashimoto-Gotoh, T., 1987,
Identification of the principle promotor sequence of the C-H-ras transforming
oncogene. Deletion analysis of the 5'-flanking region by focus formation assay,
Molec. Cell Biol., 7, 2933-2940.

Houghton, J. D., Beddows, S. E., Suckling, K. E., Brown, L., and Suckling, C. K.,
1986, 50,60-Methanocholestan-33-ol as a probe of the mechanism of action of
cholesterol 70-hydroxylase, Tetrahedron Lett., 27, 4655-4658.

Hovik, R., Osmundsen, H., Berge, R., Aarsland, A., Bergseth, S., and Bremer, J.,
1990, Effects of thia-substituted fatty acids on mitochondrial and peroxisomal 3
oxidation, Biochem. J., 270, 167-173.

Huang, Y.-Y., Hara, T., Sligar, S., 1986, Thermodynamic properties of oxidation
reduction reactions of bacterial, microsomal and mitochondrial cytochrome P
450: an entropy-enthalpy composition effect, Biochemistry, 25, 1390-1394.

2.13



lchikawa, Y., and Loehr, J. S., 1972, NADH-dependent cytochrome P-450
oxidase system in sub-microsomal particles, Biochjem. Biophys. Res. Commun.,
46, 1187-1193.

Intrasuksri, U., and Feller, D. R., 1990, Comparison of selected mono and
dicarboxylic acids on induction of peroxisome proliferation (PP) in cultured rat
hepatocytes, FASEB J., 4, 1838.

Ishimura, Y., Ullrich, V., and Peterson, J. A., 1971, Oxygenated cytochrome P
450 and its possible role in enzymic hydroxylation, Biochem. Biophys. Res.
Commun., 42, 140-146.

Issemann. I., and Green, S., 1990, Activation of a member of the steroid
hormone receptor superfamily by peroxisome proliferators, Nature, 347, 645
650.

Ivanetich, K. M., Ziman, M. R., and Bradshaw, J. I., 1980, Reaction Schemes for
the degradation of cytochrome P-450 by allyl-iso-propylacetamide and
fluroxene, Biochem. Pharmacol., 29, 2805-2814.

Jamieson, C., Walton, J. C., Ingold, K. U., 1980, Radical reactions of
bicyclo[2.1.0]pentane, J. Chem. Soc., Perkin Trans., 2, 1366-1371.

Jedlitschky, G., Leier, I., Huber, M., Mayer, D., and Keppler, D., 1990, Inhibition
of leukotriene co-oxidation by Co-trifluoro analogs of leukotrienes, Arch. Biochem.
Biophys., 282, 333-339.

Jefcoate, C. R., 1978, Measurement of substrate and inhibitor binding to
microsomal cytochrome P-450 by optical-difference spectroscopy, Methods
Enzymol., 52, 258-279.

Johnson, E. F., Walker, D. L., Griffin, K. L., Clark, J. E., Okita, R. T., Muerhoff, A.
S., and Master, B. S., 1990, Cloning and expression of three rabbit kidney
cDNAs encoding lauric acid (o-hydroxylases, Biochemistry, 29, 873-879.

Johnson, M. R., and Rickborn, B., 1970, Sodium borohydride reduction of
conjugated aldehydes and ketones, J. Org. Chem., 35, 1041-1045.

Jonen, H. G., Werringloer, J., Prough, R. A., and Estabrook, R. W., 1982, The
reaction of phenylhydrazine with microsomal cytochrome P-450: Catalysis of
heme modification, J. Biol. Chem., 257, 4404-4411.

Kahl, R., Friederici, D. E., Kahl, G. F., Ritter, W., and Krebs, R., 1980,
Clotrimazole as an inhibitor of benzo[a]pyrene metabolism-DNA adduct
formation in vitro and of microsomal mono-oxygenase activity, Drug Metab.
Dispos., 8, 191-196.

214



Kaikaus, R. M., Chan, W. K., Lysenko, N., Ortiz de Montellano, P. R., Bass, N. M.,
Induction of peroxisomal fatty acid 3-oxidation and liver fatty acid binding
protein by peroxisome proliferators: mediation via the cytochrome P-450IVA1 co
hydroxylase pathway, submitted.

Kimura, S., Hanioka, N., Matsunaga, E., and Gonzalez, F. J., 1989, The rat
clofibrate-inducible CYP4A1 subfamily I. Complete intron and exon sequence of
the CYP4A1 and CYP4A2 genes, unique exon organization, and identification
of a conserved 19-bp upstream element, DNA, 8,503–516.

Kimura, S., Hardwick, J. P., Kozak, C. A., and Gonzalez, F. J., 1989, The rat
clofibrate-inducible CYP4A subfamily II. cDNA sequence of IVA3, mapping of
the CYP4A locus to mouse chromosome 4, and coordinate and tissue-specific
regulation of the CYP4A genes, DNA, 8,517-525.

Kitada, M., Chiba, K., Kamataki, T., and Kitagawa, H., 1977, Inhibition of cyanide
of drug oxidation in rat liver microsomes, Jpn. J. Pharmacol., 27, 601-608.

Klostergaard, H., 1958, Esterification with trapping phase, J. Org. Chem., 23,
108-110.

Knapp, D. R., and Krueger, S., 1975, Use of o-p-nitrobenzyl-N,N'-
diisopropylisourea as a chromogenic reagent for liquid chromatographic
analysis of carboxylic acids, Anal. Lett., 8,603–610.

Komives, E. A., and Ortiz de Montellano, P. R., 1987, Mechanism of oxidation of
it bonds by cytochrome P-450, J. Biol. Chem., 262,9793-9802.

Kunze, K. L., Mangold, B. L. K., Wheeler, C., Beilan, H. S., and Ortiz de
Montellano, P. R., 1982, The cytochrome P-450 active site. Regiospecificity of
prosthetic heme alkylation by olefins and acetylenes, J. Biol. Chem., 258, 4202
42O7.

Kupfer, D., 1980, Endogenous substrates of monooxygenases, Pharmacol.
Ther., 11, 469-496.

Lake, B. G., Gangolli, S. D., Grasso, P., and Lloyd, A. G., 1975, Studies on the
hepatic effects of orally administered di■ ?-ethylhexyl)phthalate in the rats,
Toxicol. Appl. Pharmacol., 32, 355-367.

Lange, R., Bonfils, C., and Debey, P., 1977, The low spin - high spin transition of
camphor-bound cytochrome P-450. Effects of medium and temperature on
equilibrium, Eur. J. Biochem., 79, 693-728.

Larrey, D., Tinel, M., and Pessayre, D., 1983, Formation of inactive cytochrome
P-450 Fe(II)-metabolite complexes with several erythromycin derivatives but not
with josamycin and midecamycin in rats, Biochem. Pharmacol, 32, 1487-1493.

215



Larroque, C., and van Lier, J. E., 1980, The subzero temperature stabilized
oxyferrocomplex of purified P-450scC, FEBS Lett., 115, 175-177.

Larroque, C., Lange, R., Maurin, L., Bienvenue, A., and van Lier, J. E., 1990, On
the nature of the cytochrome P-450scC "ultimate oxidant": characterization of a
productive radical intermediate, Arch. Biochem. Biophys., 282, 198-201.

Lazarow, P., and deduve, C., 1976, A fatty acyl-CoA oxidizing system in rat liver
peroxisomes: enhancement by clofibrate, a hypolipidemic drug, Proc. Natl.
Acad. Sci. USA, 73, 2042-2046.

Ledon, H. J., Durbut, P., and Varescon, F., 1981, Selective epoxidation of
olefins by molybdenum porphyrin-catalyzed peroxy-bond heterolysis, J. Am.
Chem. Soc., 103, 3601-3603.

Lee, J. S., Jacobsen, N. E., and Ortiz de Montellano, P. R., 1988, 4-Alkylradical
extrusion in the cytochrome P-450-catalyzed oxidation of 4-alkyl-1,4-
dihydropyridines, Biochemistry, 27, 7703-7710.

Lesca, P., Rafidinarino, E., Lecointe, P., and Mansuy, D., 1979, A class of strong
inhibitors of microsomal monooxygenases: The ellipticines, Chem. Biol.
Interact., 24, 189-198.

Levin, W., Ryan, D., West, S., and Lu, A. Y. H., 1974, Preparation of partially
purified, lipid-depleted cytochrome P-450 and reduced nicotinamide adenine
dinucleotide phosphate-cytochrome c reductase from rat liver microsomes, J.
Biol. Chem., 240, 1747-1754.

Levin, W., Sernatinger, E., Jacobson, M., and Kuntzman, R., 1972, Destruction
of cytochrome P-450 by secobarbital and other barbiturates containing allylic
groups, Science, 176, 1341-1343.

Liebler, D. C., and Guengerich, F. P., 1983, Olefin oxidation by cytochrome P
450: Evidence for group migration in catalytic intermediates formed with
vinylidene chloride and trans-1-phenyl-1-butene, Biochemistry, 22, 5482-5489.

Lindeke, B., Anderson, E., Lundkvist, G., Jonsson, H., and Eriksson, S.-O., 1975,
Autoxidation of N-hydroxyamphetamine and N-hydroxyphentermine: The
formation of 2-nitroso-1-phenyl-propanes and 1-phenyl-2-propanone oxime,
Acta Pharm. Suec., 12, 183-198.

Lock, E. A., Mitchell, A. M., and Elcombe, C. R., 1989, Biochemical mechanisms
of induction of hepatic peroxisome proliferation, Annu. Rev. Pharmacol. Toxicol.,
29, 145-163.

Lock, E. A., Stonard, M. D., and Elcombe, C. R., 1987, The induction of a) and 3
oxidation of fatty acids and effect on o-globulin content in the liver and kidney of
rats administered 2,2,4-trimethylpentane, Xenobiotica, 17, 513-522.

21 6



Lowry, O. H., Rosebrough, N. J., Fan, A. L., Randel, R. J., 1951, Protein
measurement with the Folin Phenol Reagent, Biochemistry, 193,265-275.

Lu, A. Y. H., and Coon, M. J., 1968, Role of hemoprotein P-450 in fatty acid co
hydroxylation in a soluble enzyme system for liver microsomes, J. Biol. Chem.,
243, 1331-1332.

Lu, A. Y. H., and Levin, W., 1974, The resolution and reconstitution of the liver
microsomal hydroxylation system, Biochem. Biophys. Res. Commun., 344, 205
240.

Lu, A. Y. H., Levin, W., and Kuntzman, R., 1974, Reconstituted liver microsomal
enzyme system that hydroxylates of drugs, other foreign compounds and
endogenous substrates. Effects of detergents, Biochem. Biophys. Res.
Commun., 60, 2676-272.

Lu, A. Y. H., West, S. B., Vore, M., Ryan, D., and Levin, W., 1974, Role of
cytochrome b5 in hydroxylation by a reconstituted cytochrome P-450-containing
system, J. Biol. Chem., 249, 6701-6709.

Lukton, D., and Ortiz de Montellano, P. R., 1985, Oxidative inactivation of
cytochrome P-450 by a 2,2-dialkyl-1,2-dihydroquinoline, Fed. Proc., 44, 1399.

MacDonald, T. L., 1983, Chemical mechanisms of halocarbon metabolism, CRC
Critical Reviews in Toxicology, 11, 85-120.

MacDonald, T. L., Narasimhan, and Burka, L. T., 1980, Chemical and biological
oxidation of organohalides. Peracid oxidation of alkyl iodides, J. Am. Chem.
Soc., 102, 7760-7765.

MacDonald, T. L., Zirvi, K., Burka, L. T., Peyman, P., and Guengerich, F. P.,
1982, Mechanism of cytochrome P-450 inhibition by cyclopropylamines, J. Am.
Chem. Soc., 104, 2050.

Mahy, J.-P., Battioni, P., Mansuy, D., Fisher, J., Weiss, R., Mispelter, J.,
Morgenstern-Badarau, I., and Gans, P., 1984, Iron porphyrin-nitrene complex
from 1,1-dialkylhydrazines: Electronic structure from NMR, Mossbauer, and the
magnetic susceptibility studies and crystal structure of the ■ tetrakis(p-
chlorophenyl)porphyrinatol{(2,2,6,6-tetramethyl-1-piperidyl)nitrene]iron
complex, J. Am. Chem. Soc., 106, 1699-1706.

Maillard, B., Forrest, D., Ingold, K. U., 1976, Kinetic applications of electron
paramagnetic resonance spectroscopy. 27. Isomerization of cyclopropylcarbinyl
to allylcarbinyl, J. Am. Chem. Soc., 98,7024-7026.

Makowska, J., Bonner, F. W., Goldfarb, P. S., and Gibson, G. G., 1989, Species
differences in the hepatic response to a potent peroxisome proliferators,
Biochemical Society Transactions, 17, 1072-1073.

21 7



Mann, A. H., Price, S. C., Mitchell, F. E., Grasso, P., Hinton, R. H., and Bridges, J.
W., 1985, Comparison of the short term effects of di■ ?-ethylhexyl)phthalate, di■ m
hexyl)phthalate and di■ n-oxtyl)phthalate in rats, Toxicol. Appl. Pharmacol., 77,
1 16-32.

Mannering, G. J., 1981, Hepatic cytochrome P-450-linked drug-metabolizing
systems, in Concepts in Drug Metabolism, edited by P. Jenner and B. Testa,
Basel, New York: Marcel Dekker, pp. 53-167.

Mansuy, D., 1981, Use of model systems in biochemical toxicology: Heme
models, in Review in Biochemical Toxicology, vol. 3, edited by E. Hodgson, J. R.
Bend, and R. M. Philpot, Amsterdam: Elsevier, pp. 283-320.

Mansuy, D., and Battioni, P., 1989, Catalytically active metalloporphyrin models
for cytochrome P-450, in Frontier in Biotransformation. Basis and Mechanisms
of Regulation of Cytochrome P-450 vol. 1., edited by K. Ruckpaul and H. Rein,
New York: Taylor & Francis, pp. 66-100.

Mansuy, D., Battioni, J. P., Chottard, J. C., and Ullrich, V., 1979, Preparation of a
porphyrin-iron-carbene model for the cytochrome P-450 complexes obtained
upon metabolic oxidation of the insecticide synergists of the 1,3-benzodioxole
series, J. Am. Chem. Soc., 101, 3971-3973.

Mansuy, D., Battioni, P., and Mahy, J. P., 1982, Isolation of an iron-nitrene
complex from the dioxygen and iron porphyrin dependent oxidation of a
hydrazine, J. Am. Chem. Soc., 104, 4487-4489.

Mansuy, D., Battioni, P., Bartoli, J.-F., and Mahy, J.-P., 1985, Suicidal
inactivation of microsomal cytochrome P-450 by hydrazones, Biochem.
Pharmacol., 34, 431-432.

Mansuy, D., Beaune, P., Cresteil, T., Bacot, C., Chottard, J. C., and Gans, P.,
1978, Formation of complexes between microsomal cytochrome P-450-Fe(II)
and nitrosoarenes obtained by oxidation of arylhydroxylamines or reduction of
nitroarenes in situ, Eur. J. Biochem., 86, 573-579.

Mansuy, D., LeClaire, J., Fontcave, M., and Momenteau, M., 1984, Oxidation of
monosubstituted olefins by cytochrome P-450 and heme models: Evidence for
the formation of aldehydes addition to epoxides and allylic alcohols, Biochem.
Biophys. Res. Commun., 119, 319-325.

March, S. C., Parikh, I., and Cuatrecasas, P., 1974, A simplified method for
cyanogen bromide activation of agarose for affinity chromatography, Anal.
Biochem., 60, 149-152.

Marcotte, P. A., and Robinson, C. H., 1982, Synthesis and evaluation of 103
substituted 4-estrene-3,17-diones as inhibitors of human placental microsomal
aromatase, Steroids, 39, 325-344.

2 18



Mason, J. I., Carr, B. R., and Murry, B. A., 1987, Imidazole antimycotics: selective
inhibitors of steroid aromatization and progesterone hydroxylation, Steroids,
50, 179-189.

Matsubara, S., Yamamoto, S., Sogawa, K., Yokotani, N., Fujii-Kuriyama, Y.,
Haniu, M., Shively, J. E., Gotoh, O., Kusunose, E., and Kusunose, M., 1987,
cDNA cloning and inducible expression during pregnancy of the mRNA for
rabbit pulmonary prostaglandin o-hydroxylase (cytochroms P-450p.2), J. Biol.
Chem., 262, 13366-13371.

Matsumoto, M., and Kuroda, K., 1980, A convenient synthesis of 1-bromoolefins
and acetylenes by a chain extension of aldehydes, Tetrahedron Letters, 21,
4021-4024.

McMahon, R. E., Sullivan, H. R., Craig, J. C., and Pereira, W. E., 1969, The
microsomal oxygenation of ethyl benzene: isotopic, stereochemical, and
induction studies, Arch. Biochem. Biophys., 132, 575-577.

Meredith, C. G., Maldonado, A. L., and Speeg, K. V., 1985, The effect of
ketoconazole on hepatic oxidative drug metabolism in the rat in vivo and in
vitro, Drug Metab. Dispos., 13, 156-162.

Midland, M. M., and Halterman, R. L., 1981, The isomerization of optically-active
propargyl alcohols to terminal acetylenes, Tetrahedron Lett., 22, 41.71-72.

Mimoun, H. 1981, Activation of molecular oxygen and selective oxidation of
olefins catalyzed by group VIII transition metal complexes, Pure Appl. Chem.,
53, 2389-2399.

Mitchell, F. E., Price, S. C., Hinton, R. H., Grasso, P., and Bridges, J. W., 1985,
Time and dose-response study of the effects on rats of the plasticizer di■ ?-
ethylhexyl)phthalate, Toxicol. Appl. Pharmacol., 81, 371-392.

Miwa, G. T., and Lu, A. Y. H., 1986, The topology of the mammalian cytochrome
P-450 active site, in Cytochrome P-450. Structure, Mechanism, and
Biochemistry, edited by P. R. Ortiz de Montellano, New York: Plenum Press, pp.
77-88.

Miyairi, S., and Fishman, J., 1986, 3-Methylene-substituted androgens as novel
aromatization inhibitors. Evidence of a requirement for C-3 oxygen in C-19
hydroxylations, J. Biol. Chem., 261, 6772-6777.

Moloney, S. J., Snider, B. J., and Prough, R. A., 1984, The interaction of
hydrazine derivatives with rat-hepatic cytochrome P-450, Xenobiotica, 14, 803
814.

Moody, D. E., and Reddy, J. K., 1978, Hepatic peroxisome (microbody)
proliferation in rats fed plasticizers and related compounds. Toxicol. Appl.
Pharmacol., 45, 487-504.

219



Muakkassah, W. F., and Yang, W. C. T., 1981, Mechanism of the inhibitory
action of phenelzine on microsomal drug metabolism, J. Pharmacol. Exp. Ther.,
219, 147-155.

Muakkassah, W. F., Bidlack, W. R., and Yang, W. C. T., 1981, Mechanism of the
inhibitory action of isoniazid on microsomal drug metabolism, Biochem.
Pharmacol., 30, 1651-1658.

Muakkassah, W. F., Bidlack, W. R., and Yang, W. C. T., 1982, Reversal of the
effects of isoniazid on hepatic cytochrome P-450 by potassium ferricyanide,
Biochem. Pharmacol., 31, 249-251.

Muakkassah-Kelly, S. F., Bieri, F., Waechter, F., Bentley, P., and Staubli, W.,
1987, Long-term maintenance of hepatocytes in primary culture in the presence
of DMSO: Further characterization and effect of Nafenopin, a peroxisome
proliferator, Exp. Cell Res., 171, 37-51.

Mukhtar, H., Khan, W. A., Bik, D. P., Das, M., Bickers, D. R., 1989, Hepatic
microsomal metabolism of leukotriene B4 in rats: Biochemical characterization,
effect of inducers, and age- and sex-dependent differences, Xenobiotica, 19,
151-159.

Murphy, M. J., Dunbar, D. A., Guengerich, F. P., and Kaminsky, L. S., 1981,
Destruction of highly purified cytochrome P-450 associated with metabolism of
fluorinated ether anesthetics, Arch. Biochem. Biophys., 212, 360-369.

Murray, M., 1987, Mechanisms of the inhibition of cytochrome P-450-mediated
drug oxidation by therapeutic agents, Drug Metab. Rev., 18, 55-81.

Narasimhulu, S., Cooper, D. Y., and Rosenthal, O., 1965, Spectrophotometric
properties of a triton-clarified steroid 21-hydroxylase system of adrenocortical
microsomes, Life Sci., 4, 2101-2107.

Nebert, D. W., 1990, Growth signal pathways, Nature, 347, 709–710.

Nebert, D. W., and Gonzalez, F. J., 1987, P-450 genes: structure, evolution and
regulation. Annual Rev. Biochem., 56, 945-993.

Netter, K. J., 1980, Inhibition of oxidative drug metabolism in microsomes,
Pharmacol. Ther., A 10, 515-535.

Newton, J. F., Eckardt, R., Bender, P. E., Leonard, T., and Straub, K., 1985,
Metabolism of leukotriene B4 in hepatic microsomes, Biochem. Biophys. Res.
Commun., 128, 733–738.

Niemegeers, C. J. E., Levron, J. C., Awouters, F., Janssen, P. A. J., 1981,
Inhibition and induction of microsomal enzymes in the rat. A comparative study
of four antimycotics: miconazole, econazole, clotrimazole and ketoconazole,
Arch. Int. Pharmacodyn., 251, 26-38.

220



Nilsson, A., Arey, H., Pedersen, J. I., Christiansen, E. N., 1986, The effect of
high-fat diets on microsomal lauric acid hydroxylation in rat liver, Biochim.
Biophys. Acta, 879, 209-214.

Norshiro, M., Ullrich, V., and Omura, T., 1981, Cytochrome b5 as electron donor
for oxycytochrome P-450, Eur. J. Biochem., 116,521-526.

Noshiro, M., Ruf, H. H., and Ullrich, V., 1980, The role of NADPH-cytochrome P
450 reductase and cytochrome b5 in the transfer of electrons from NADPH and
NADH to cytochrome P-450, in Biochemistry, Biophysics and Regulation of
Cytochrome P-450, edited by J.-A. Gustafsson et. al., Amsterdam: Elsevier/North
Holland Biomed. Press, pp.351-354.

Numazawa, M., Tsuji, M., and Osawa, Y., 1986, Synthesis and evaluation of
bromoacetoxy 4-androsten-3-ones as active site-directed inhibitors of human
placental aromatase, Steroids, 48, 347-359.

Odum, J., Green, T., Foster, J. R., and Hext, P. M., 1988, The role of
trichloroacetic acid and peroxisome proliferation in the differences in
carcinogenicity of perchloroethylene in the mouse and rat, Toxicol. Appl.
Pharmacol., 92, 103-112.

Okey, A. B., Bondy, G. P., Mason, M. E., Nebert, D. W., Forster-Gibson, C.,
Muncan, J., and Dufresne, M. J., 1980, Temperature-dependent cytosol-to
nucleus translocation of the Ah receptor for 2,3,7,8-tetrachlorodibenzo-p-dioxin
in continuous cell culture lines, J. Biol. Chem., 255, 11415-11422.

Ono, N., Miyake, H., Saito, T., and Kaji, A., 1980, A convenient synthesis of
sulfides, formaldehyde, dithioacetals, and chloromethyl sulfides, Synthesis,
952-953.

Oprian, D. D., Gorksy, L. D., and Coon, M. J., 1983, Properties of the
oxygenation form of liver microsomal cytochrome P-450, J. Biol. Chem., 258,
8484-8491.

Orrenius, S., and Thor, H., 1969, Fatty acid interaction with the hydroxylative
enzyme system of rat liver microsomes, Eur. J. Biochem., 9, 415-418.

Ortiz de Montellano, P. R., 1985, Alkenes and acetylenes, in Bioactivation of
foreign compounds, edited by M. W. Anders, London: Academic Press, pp. 121
155.

Ortiz de Montellano, P. R., 1986, Oxygen activation and transfer, in Cytochrome
P-450. Structure, Mechanism, and Biochemistry, edited by P. R. Ortiz de
Montellano, New York: Plenum Press, pp.216-271.

Ortiz de Montellano, P. R., and Correia, M. A., 1983, Suicidal destruction of
cytochrome P-450 during oxidative drug metabolism, Annu. Rev. Pharmacol.
Toxicol., 23, 481-503.

22 1



Ortiz de Montellano, P. R., and Komives, E. A., 1985, Branchpoint for heme
alkylation and metabolite formation in the oxidation of arylacetylenes by
cytochrome P-450, J. Biol. Chem., 260, 3330-3336.

Ortiz de Montellano, P. R., and Kunze, K. L., 1980, Inactivation of hepatic
cytochrome P-450 by allenic substrates, Biochem. Biophys. Res. Commun., 94,
443-449.

Ortiz de Montellano, P. R., and Kunze, K. L., 1980, Self-catalyzed inactivation of
hepatic cytochrome P-450 by ethynyl substrates, J. Biol. Chem., 255, 5578
5585.

Ortiz de Montellano, P. R., and Kunze, K. L., 1981, Cytochrome P-450
inactivation: structure of the prosthetic heme adduct with propyne, Biochemistry,
20, 7266-7271.

Ortiz de Montellano, P. R., and Kunze, K. L., 1981, Shift of the acetylenic
hydrogen during chemical and enzymatic oxidation of the biphenylacetylene
triple bond, Arch. Biochem. Biophys., 209, 710-712.

Ortiz de Montellano, P. R., and Mathews, J. M., 1981, Autocatalytic alkylation of
the cytochrome P-450 prosthetic haem group by 1-aminobenzotriazole:
Isolation ok■ an N,N-bridged benzyne-protoporphyrin IX adduct, Biochem. J.,
195, 761-764.

Ortiz de Montellano, P. R., and Mico, B. A., 1980, Destruction of cytochrome P
450 by ethylene and other olefins, Mol. Pharmacol., 18, 128-135.

Ortiz de Montellano, P. R., and Reich, N. O., 1986, Inhibition of cytochrome P
450 enzymes, in Cytochrome P-450. Structure, Mechanism, and Biochemistry,
edited by P. R. Ortiz de Montellano, New York: Plenum Press, pp. 273-314.

Ortiz de Montellano, P. R., and Stearns, R. A., 1987, Timing of the radical
recombination step in cytochrome P-450 catalysis with ring-strained probes, J.
Am. Chem. Soc., 109, 3415-3420.

Ortiz de Montellano, P. R., and Stearns, R. A., 1989, Radical intermediates in the
cytochrome P-450-catalyzed oxidation of aliphatic hydrocarbons, Drug Metab.
Rev., 20, 183-191.

Ortiz de Montellano, P. R., Augusto, O., Viola, F., and Kunze, K. L., 1983, Carbon
radicals in the metabolism of alkyl hydrazines, J. Biol. Chem., 258, 8623-8629.

Ortiz de Montellano, P. R., Kunze, K. L., Beilan, H. S., and Wheeler, C., 1982,
Destruction of cytochrome P-450 by vinyl fluoride, fluroxene, and acetylene:
Evidence for a radical cation intermediate in olefin oxidation, Biochemistry, 21,
1331-1339.

222



Ortiz de Montellano, P. R., Mangold, B. L. K., Wheeler, C., Kunze, K. L., and
Reich, N. O., 1983, Stereochemistry of cytochrome P-450-catalyzed epoxidation
and prosthetic heme alkylation, J. Biol. Chem., 258, 4208-4213.

Ortiz de Montellano, P. R., Mathews, J. M., and Langry, K. C., 1984, Autocatalytic
inactivation of cytochrome P-450 and chloroperoxidase by 1-aminobenzo
triazole and other aryne precursors, Tetrahedron, 40, 511-519.

Ortiz de Montellano, P. R., Stearns, R. A., and Langry, K. C., 1984, The
allylisopropylacetamide and novonal prosthetic heme adducts, Mol. Pharmacol.
25, 310-317.

Osmui, T., and Hashimoto, T., 1978, Enhancement of fatty acyl-CoA oxidizing
activity in rat liver peroxisomes by di■ ?-ethylhexyl)phthalate, J. Biochem., 83,
1361-1365.

Parker, G. L., and Orton, T. C., 1980, Induction by oxyisobutyrates of hepatic
microsomal P-450 with specificity towards hydroxylation of fatty acids, in
Biochemistry, Biophysics and Regulation of Cytochrome P-450, edited by J. A.
Gustafsson, J. Carlstedt-Duke, A. Mode, and J. Rafter, Amsterdam:
Elsevier/North-Holland, pp. 373-377.

Parli, C. J., Wang, N., and McManhon, R. E., 1971, The mechanism of the
oxidation of d-amphetamine by rabbit liver oxygenase. oxygen-18 studies,
Biochem. Biophys. Res. Commun., 43, 1204-1209.

Pelkonen, O., and Puurunen, J., 1980, The effect of Cimetidine on in vitro and in
vivo microsomal drug metabolism in the rat, Biochem. Pharmacol., 29, 3075
3080.

Pessayre, D., Larrey, D., Vitaux, J., Breil, P., Belghiti, J., and Benhamou, J.-P.,
1982, Formation of an inactive cytochrome P-450 Fe(III)-metabolite complex
after administration of troleandomycin in himans, Biochem. Pharmacol., 31,
1699-1704.

Peterson, J. A., 1971, Camphor binding by Pseudomonas putida cytochrome P
450, Arch. Biochem. Biophys., 144, 678-687.

Peterson, J. A., and Mock, D. M., 1975, Metabolic control of cytochrome P
450cam, in Cytochrome P-450 and bs, edited by D. Y. Cooper et al., New York:
Plenum Press, pp. 311-324.

Peterson, J. A., and Prough, R. A., 1986, Cytochrome P-450 reductase and
cytochrome b5 in cytochrome P-450 catalysis, in Cytochrome P-450, Structure,
Mechanism, and Biochemistry, edited by P. R. Ortiz de Montellano, New York
and London: Plenum Press, pp. 89-117.

223



Peterson, J. A., Ishimura, Y., and Griffin, B. W., 1972, Pseudomonas putida
cytochrome P-450: Characterization of oxygenated form of the hemoprotein,
Arch. Biochem. Biophys., 149, 197-208.

Plummer, J. L., Wanwimolruk, S., Jenner, M. A., Hall, P. el la M., and Cousins,
M. J., 1984, Effects of Cimetidine and ranitidine on halothane metabolism and
hepatotoxicity in an animal model, Drug Metab. Dispos., 12, 106-110.

Poland, A. P., Glover, E., and Kende, A. S., 1976, Stereospecific, high affinity
binding of 2,3,7,8-tetrachlorodibenzo-p-dioxin by hepatic cytosol: Evidence that
the binding species is the receptor for the induction of aryl hydrocarbon
hydroxylase, J. Biol. Chem., 251, 4936-4946.

Porter, T. D., and Coon, M. J., 1991, Cytochrome P-450. Multiplicity of isoforms,
substrates, and catalytic and regulatory mechanisms, J. Biol. Chem., 266,
13469-13472.

Posner, H. S., Mitoma, C., Rothberg, S., and Udenfriend, S., 1961, Enzymic
hydroxylation of aromatic compounds. III. studies on the mechanism of
microsomal hydroxylation, Arch. Biochem. Biophys., 94, 280–290.

Poulos, T. L., 1986, The crystal structure of cytochrome P-450cam, in
Cytochrome P-450. Structure, mechanism, and biochemistry, edited by P. R.
Ortiz de Montellano, New York and London: Plenum Press, pp. 505-523.

Poulos, T. L., 1988, Cytochrome P-450: molecular architecture, mechanism, and
prospects for rational inhibitor design, Pharmaceutical Res., 5, 67-75.

Poulos, T. L., Finzel, B. C., and Howard, A. J., 1986, Crystal structure of
substrate-free Pseudomonas putida cytochrome P-450cam, Biochemistry, 25,
5314-5322.

Poulos, T. L., Finzel, B. C., and Howard, A., 1987, High-resolution crystal
structure of Pseudomonas putida cytochrome P-450cam, J. Mol. Biol., 195,
687-700.

Powis, G., and Jansson, I., 1979, Stoichiometry of the mixed function oxidase,
Pharmac. Ther., 7, 297-311.

Powis, G., and Jansson, I., 1982, Stoichiometry of the mixed function oxidase, in
Hepatic Cytochrome P-450 Monooxygenase System, edited by J. B.
Schenkman and D. Kupfer, Oxford, New York: Pergamon Press, pp.699-713.

Preiss, B., and Bloch, K., 1964, al-Oxidation of long chain acids in rat liver, J.
Biol. Chem., 239, 85-88.

Rao, M. S., and Reddy, J. K., 1987, Peroxisome proliferation and
hepatocarcinogenesis, Carcinogenesis, 8, 631-636.

224



Reddy, J. K., and Lalwani, N. D., 1983, Carcinogenesis by hepatic peroxisome
proliferators: evaluation of the risk of hypolipidemic drugs and industrial
plasticizers to humans, CRC Crit. Rev. Toxicol., 12, 1-58.

Reddy, J. K., Reddy, M. K., Usman, M. I., Lalwani, N. D., and Rao, M. S., 1986,
Comparison of hepatic peroxisome proliferative effect and its implication for
hepatocarcinogenicity of phthalate esters, di(2-ethylhexyl)phthalate and di■ ?-
ethylhexyl)adipate with a hypolipidemic drug, Environ. Health Perspect., 65,
317-327.

Reich, N. O., and Ortiz de Montellano, P. R., 1986, Dissociation of increased
lauric acid do-hydroxylase activity from the antilipidemic action of clofibrate,
Biochem. Pharmacol., 35, 1227-1233.

Rettie, A. E., Boberg, M., Rettenmeier, A. W., and Baillie, T. A., 1988,
Cytochrome P-450-catalyzed desaturation of valproic acid in vitro: Species
differences, induction effects, and mechanistic studies, J. Biol. Chem., 263,
13733-13738.

Rheinboldt, H., and Perrier, M., 1947, Preparation of p-phenylphenacyl iodide,
and redetermination of the melting points of some phenacyl halides, J. Am.
Chem. Soc., 6.9, 3148-3149.

Riley, P., and Hanzlik, R. P., 1989, Free radical chlorination and one-electron
oxidation of arylcyclopropanes. Designer probes for cytochrome P-450
hydroxylation mechanisms, Tetrahedron Lett., 30, 3015-3018.

Rogozinski, M., 1964, The methanol - sulfuric acid esterification methods. II. An
improved extraction procedure, J. of Gas Chromatography, 328-329.

Ryan, D. E., Thomas, P. E., Korzeniowski, D., and Levin, W., 1979, Separation
and characterization of highly purified forms of liver microsomal cytochrome P
450 from rats treated with polychlorinated biphenyls, phenobarbital, and 3
methylcholanthrene, J. Biol. Chem., 254, 1365-1374.

Sasame, H. A., and Gillette, J. R., 1969, Studies on the relationship between the
effects of various substrates on absorbance spectrum of cytochrome P-450 and
the reduction of p-nitrobenzoate by mouse liver microsomes, Mol. Pharmacol.,
5, 123-130.

Schenkman, J. B., Cinti, D. L., Orrenius, S., Moldeus, P., and Kaschnitz, R.,
1972, The nature of the reverse type I (modified type II) spectral change in liver
microsomes, Biochemistry, 11, 4243-4251.

Schenkman, J. B., Remmer, H., and Estabrook, 1967, R. W., Spectral studies of
drug interaction with hepatic microsomal cytochrome, Mol. Pharmacol., 3, 113
123.

225



Shak, S., and Goldstein, I. M., 1985, LTB4 Go-hydroxylase in human
polymorphonuclear leukocytes. Partial purification and identification as a
cytochrome P-450, J. Clin. Invest, 76, 1218-1228.

Shak, S., Reich, N. O., Goldstein, I. M., and Ortiz de Montellano, P. R., 1985,
LTB4 co-hydroxylase in human PMNs. Suicidal inactivation by acetylenic fatty
acids, J. Biol. Chem., 260, 13023-13028.

Sharma, R. K., Doig, M. V., Lewis, D. F. V., and Gibson, G. G., 1989, Role of
hepatic and renal cytochrome P-450IVA1 in the metabolism of lipid substrates,
Biochem. Pharmacol., 38, 3621-3629.

Sharma, R., Lake, B. G., and Gibson, G. G., 1988, Co-induction of microsomal
cytochrome P-452 and the peroxisomal fatty acid 3-oxidation pathway in the rat
by clofibrate and di(2-ethylhexyl)phthalate - dose response studies, Biochem.
Pharmacol., 37, 1203–1206.

Sharma, R., Lake, B. G., Foster, J., and Gibson, G. G., 1988, Microsomal
cytochrome P-452 induction and peroxisome proliferation by hypolipidaemic
agents in rat liver - a mechanistic inter-relationship, Biochem. Pharmacol., 37,
1193–1201.

Sharpless, K. B., Teranishi, A. Y., and Backvall, J. E., 1977, Chromyl chloride
oxidation of olefins. Possible role of organometallic intermediates in the
oxidations of olefin by oxy-transition metal species, J. Am. Chem. Soc., 99,
31 20-3128.

Shaw, M. A., Nicholls, P. J., and Smith, H. J., 1988, Aminoglutethimide and
ketoconazole historical perspectives and future prospects, J. Steroid Biochem.,
31, 137-146.

Sheets, J. J., and Mason, J. I., 1984, Ketoconazole: a potent inhibitor of
cytochrome P-450-dependent drug metabolism in rat liver, Drug Metab. Dispos.,
12, 603-606.

Sheets, J. J., Mason, J. I., Wise, C. A., Estabrook, R. W., 1986, Inhibition of rat
liver microsomal cytochrome P-450 steroid hydroxylase reaction by imidazole
antimycotic agents, Biochem. Pharmacol., 35, 487-491.

Sies, H., and Kandel, M., 1970, Positive increase of redox potential of the extra
mitrochondrial NADPH system by mixed function oxidations in hemoglobin-free
perfused rat liver, FEBS Lett., 9, 205-208.

Simpson, R. N., Franceschi, R. T., and Duluca, H. F., 1980, Characterization of
a specific, high affinity binding macromolecule for 10,25-dihydroxyvitamin D3 in
cultured chick kidney cells, J. Biol. Chem., 255, 10160-10166.

22.6



Singh, I., Moser, A. E., Goldfischer, S., and Moser, H. W., 1984, Lignoceric acid
is oxidised in the peroxisome: implications for the Zellweger cerebro-hepato
renal syndrome and adrenoleukodystrophy, Proceedings of the National
Academy of Sciences, U.S.A., 81, 4203-4207.

Sinsheimer, J. E., Wang, T., Roder, S., Shum, Y. Y., 1978, Mechanisms for the
biodehalogenation of iodocompounds, Biochem. Biophys. Res. Comm., 83,
281–286.

Skrede, S., Narce, M., Bergseth, S., and Bremer, J., 1989, The effects of
alkylthioacetic acids (3-thia fatty acids) on fatty acid metabolism in isolated
hepatocytes, Biochim Biophys. Acta, 1005, 296-302.

Sligar, S. G., Cinti, D. L., Gibson, G. G., and Schenkman, J. B., 1979, Spin state
control of the hepatic cytochrome P-450 redox potential, Biochem. Biophys.
Res. Commun., 90, 925-932.

Sligar, S. G., Gelb, M. H., and Heimbrook, D. C., 1984, Bio-organic chemistry
and cytochrome P-450-dependent catalysis, Xenobiotica, 14, 63-86.

Smiley, R. A., and Arnold, C., 1960, Aliphatic nitriles from alkyl chlorides, J. Org.
Chem., 25, 257–258.

Snider, C. E., and Brueggemeier, R. W.,1985, Covalent modification of
aromatase by a radiolabeled irreversible inhibitor, J. Steroid Biochem., 22, 325
330.

Sorokin, A. B., and Khenkin, A. M., 1990, The contribution of tunnelling to high
values of kinetic isotope effect in aliphatic hydroxylation by a cytochrome P-450
model, J. Chem. Soc., Chem. Commun., N1, 45-46.

Spydevold, O., and Bremer, J., 1989, Induction of peroxisomal 3-oxidation in
7800 C1 Morris hepatoma cells in steady state by fatty acids and fatty acid
analogues, Biochim. Biophys. Acta, 1003, 72-78.

Stearns, R. A., and Ortiz de Montellano, P. R., 1985, Cytochrome P-450
catalyzed oxidation of quadricyclane: evidence for a radical cation intermediate,
J. Am. Chem. Soc., 107, 4081-4082.

Stripp, B., Zampaglione, N., Hamrick, M., Gillette, J. R., 1972, An approach
measurement of the stoichiometric relationship between hepatic microsomal
drug metabolism and the oxidation of reduced microsomal adenine
dinucleotide phosphate, Mol. Pharmacol., 8, 189-196.

Svoboda, D. J., and Azarnoff, D. L., 1966, Response of hepatic microbodies to a
hypolipidemic agent, ethyl chlorophenoxyisobutyrate (CPIB), J. Cell. Biol., 39,
442-50.

227



Tabushi, I., and Yazaki, A., 1981, P-450-Type dioxygen activation using
H2/colloidal Pt as an effective electron donor, J. Am. Chem. Soc., 103, 7371
7373.

Tachizawa, H., MacDonald, T. L., and Neal, R. A., 1982, Rat liver microsomal
metabolism of propyl halides, Molecular Pharmacology, 22, 745-751.

Tamburini, P. P., Masson, H. A., Bains, S. K., Makowski, R. J., Morris, B., and
Gibson, G. G., 1984, Multiple forms of hepatic cytochrome P-450: Purification,
characterization and comparison of a novel clofibrate induced isozyme with
minor forms of cytochrome P-450, Eur. J. Biochem., 139, 235-246.

Tanaka, K., Kurihara, N., and Nakajima, M., 1979, Oxidative metabolism of
tetrachlorocyclohexanes, pentachlorocyclohexenes, and hexachlorocyclo
hexenes with microsomes from rat liver and house fly abdomen, Pestic.
Biochem. Physiol, 10, 79-95.

Taniguchi, H., Imai, Y., and Sato, R., 1984, Role of the electron transfer system
in microsomal drug monooxygenase reaction catalyzed by cytochrome P-450,
Arch. Biochem. Biophys., 232, 585-596.

Tanikawa, K., Ishizuka, T., Kusabayashi, S., and Mikawa, H., 1968, Synthesis of
3-vinylpyrene by Wittig's reaction, and electrical properties of polyvinylpyrene
and its charge transfer complexes, Bulletin of the Chemical Society of Japan.,
41, 2719-2722.

Tanikawa, K., Ishizuka, T., Suzuki, K., Kusabayashi, S., Mikawa, H., 1968,
Synthesis of 3-vinylpyrene by Wittig's reaction, and its charge transfer
complexes, Bull. Chem. Soc. Japan, 41, 2719-2722.

Testa, B., and Jenner, P., 1981, Inhibitors of cytochrome P-450s and their
mechanism of action, Drug. Metab. Rev., 12, 1-117.

Thomas, H., Schladt, L., Knehr, M., Post, K., Oesch, F., Boiteux-Antoine, A.,
Fournel-Gigleux, S., Magdalou, J., and Siest G., 1989, Effect of hypolipidemic
compounds on lauric acid hydroxylation and phase II enzymes, Biochem.
Pharmacol., 38, 1963-1969.

Thomas, P. E., Reik, L. M., Ryan, D. E., and Levin, W., 1983, Induction of two
immunochemically related rat liver cytochrome P-450 isozymes, cytochrome P
450c and P-4500, by structurally diverse xenobiotics, J. Biol. Chem., 258, 4590
4598.

Traylor, T. G., and Xu, F., 1988, Model reaction related to cytochrome P-450.
Effects of alkene structure on the rates of epoxide formation, J. Am. Chem. Soc.,
110, 1953-1958.

228



Traylor, T. G., lamamoto, Y., and Nakano, T., 1986, Mechanisms of hemin
catalyzed oxidations: Rearrangement during the epoxidation of trans
cyclooctene, J. Am. Chem. Soc., 108, 3529-3531.

Traylor, T. G., Nakano, T., and Dunlap, B. E., 1986, Mechanisms of hemin
catalyzed alkene epoxidations. The effect of catalyst on the regiochemistry of
epoxidation. J. Am. Chem. Soc., 108, 2782-2784.

Traylor, T. G., Nakano, T., Miksztal, A. R., and Dunlap, B. E., 1987, Transient
formation of N-alkylhemins during hemin-catalyzed epoxidation of norbornene.
Evidence concerning the mechanism of epoxidation, J. Am. Chem. Soc., 109,
3625-3632.

Tuck, S. F., Peterson, J. A., and Ortiz de Montellano, P. R., Active site topologies
of bacterial cytochrome P-450101 (P450cam), P450108 (P450terp), and
P450102 (P450BM3): in situ rearrangement of their phenyl-iron complexes, in
press.

Valicenti, A. J., Pusch, F. J., and Holman, R. T., 1985, Synthesis of octadecynoic
acid and [1-14C) labeled isomers of octadecenoic acids, Lipids, 20, 234-242.

Valicenti, A. J., Pusch, F. J., and Holman, R. T., 1985, Synthesis of octadecynoic
acids and [1,14C) labeled isomers of octadecenoic acids, Lipids, 20, 234-242.

Wada, F., Shibata, H., Groto, N., and Sakamoto, Y., 1968, Participation of the
microsomal electron transport system involving cytochrome P-450 in co
oxidation of fatty acids, Biochim. Biophys. Acta., 162,518-524.

Waterman, M. R., and Mason, H. S., 1970, The redox potential of liver
cytochrome P-450, Biochem. Biophys. Res. Commun., 39, 450-454.

Waterman, M. R., and Mason, H. S., 1972, Redox properties of liver cytochrome
P-450, Arch. Biochem Biophys.,150, 57-64.

West, S., Levin, W., Ryan, D., Vore, M., and Lu, A. Y. H., 1974, Liver electron
transport systems. II. Involvement of cytochrome b5 in the NADH-dependent
hydroxylation of 3,4-benzepyrene by reconstituted cytochrome P-450
containing system, Biochem. Biophys. Res. Commun., 58, 516-522.

White, I. N. H., 1978, Metabolic activation of acetylenic substituents to
derivatives in the rat causing the loss of hepatic cytochrome P-450 and haem,
Biochem. J., 174, 853-861.

White, I. N. H., 1980, Structure-activity relationships in the destruction of
cytochrome P-450 mediated by certain ethynyl-substituted compounds in rats,
Biochem. Pharmacol., 29, 3253-3255.

229



White, R. E., Bhattacharyya, A., Miller, J. P., and Favreau, L.V., 1985,
Stereochemistry of aliphatic hydroxylation by cytochrome P-450 isozymes, Fed.
Proc., 44, 474.

White, R. E., Groves, J. R., and McClusky, 1979, Electronic and steric fectors in
regioselective hydroxylation catalyzed by purified cytochrome P-450, Acta Biol.
Med. Ger., 38, 475-482.

Wilkinson, C. F., Murray, M., and Marcus, C. B., 1984, Interactions of
methylenedioxyphenyl compounds with cytochrome P-450 and effects on
microsomal oxidation, in Reviews in Biochemical Toxicology, vol. 6, edited by E.
Hodgson, J. R. Bend, and R. M. Philpot, Amsterdam: Elsevier, pp. 27-63.

Yagi, H., and Jerina, D. M., 1982, Absolute configuration of the trans-9,10
dihydrodiol metabolite of the carcinogen benzo[a]pyrene, J. Am. Chem. Soc.,
104, 4026-4027.

Yokotani, N., Bernhardt, R., Sogawa, K., Kusunose, E., Gotoh, O., Kusunose, M.,
and Fujii-Kuriyama, Y., 1989, Two forms of co-hydroxylase toward prostaglandin
A and laurate. cDNA cloning and their expression, J. Biol. Chem., 264, 21665
21669.

230



*

. .

| º

*-

t

--
-

- *

-

-

º

-
º

º

º
* =

*

- -

_

º -

-

- s

- -

-

-

-

-

-

s

- -

1.



* --

- -

* *

* * * *

--
c- * , º

* - V -

-
* *

* -

... 2 .
*

* * * -
... * * * * > * * *

-
| --

| 1 º -: - a
- s sº-sº º- - - s

"e • * º

º ~ *.
• * * . ---

* . . . . . . . . . . .
- * *

- - **

- * * , i. : - .
*

* , -- *,
* -----
º

* . .
* -- * * -

* ■ - . . . -

* --
* º

*

--
-* * * * *

* * * * *

- - -

- - - -

1.

v.

* sº * . . - ? f
- * * * *

.***
g

* * * * * * wº **------
* - ! | * - º

*. -~. -- 1. s
* *

º
º *~• *

- * ea º:
1 - -*.º &

ºº
ar ■ º

º

*--, --

•. -

*- :

º -

-----

- . . º.
* * * *

** - - - - - - -
* - * * * * * -

• * *
j

*- as a

* * * * * * *
- * * * * * *.

NOT TO BE TAKEN FR
car. no. 23 anzº

* * - *- º
- * -

º º ~ * - a .
tº ** - a

* - -

■ º
*. . . . . . . . . . . . . .

--, * **
- - - º

* . . ." * * * * * * * * * * *
; -- * , -- " - - - - - - - - -

n - * º
* - - - -

º *-
* - * * *

º L | z. * * ----* ~ * * -

* s-- *. - * ---■ º º ºx
- - g . . * * *º * -- , , ... * ~ : .

.* - * : •."
* * * *...* -

* * -
º * º

- * * º * * * * ~ : * *
* * * * -

. . . . .
- * * -- - -º

* * -- - - - **

- * . . ."
OM THE ROOM * -

emºte *
w". º * * * . . . .

*... • * * * * *

----- ---.
- -

- s * * - * *
r > * * * 1. | a s * - - -

-- - -

º !

- - - - º, ■ , , .5
-

º
* * - --

º

‘. |**.
'', .

---
º

**

* **

--- .*
**

- _*
--

----" --

º º - !

- -

... *



.

-

º
- --

-

- -

-




