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Flavin-containing monooxygenase (FMO, EC1.14.13.8) comprises a family of

xenobiotic-metabolizing enzymes that catalyze the oxygenation of a wide variety of

xenobiotics, most commonly nitrogen and sulfur. Mammals express five different FMOs

in a species- and tissue- specific manner. FMO2, is expressed predominantly in lung and

differs from other FMOs in that it can catalyze the N-oxygenation of certain primary

alkylamines. From its initial discovery as an unique form of FMO in lung, FMO2 has been

studied primarily using a rabbit animal model. The initial goal of this research was to

characterize this protein in a primate animal model. To understand FMO2 protein

structure at the molecular level, we first cloned cDNA from a monkey lung cDNA library.

Monkey FMO2 is expressed predominantly in lung. The high expression levels and broad

substrate specificity in monkey, suggests that FMO2 plays a role in xenobiotic metabolism

in this primate model. We then established a heterologous expression system to generate

FMO2 with biological functionality in vitro. FMO2 from baculovirus-mediated expression

resembled monkey and rabbit microsomal FMO2 immunochemically and catalytically. The

successful FMO2 expression in the baculovirus system will serve as a valid tool for

structure studies of protein functional domains, as well as, the amino acids responsible for

enzyme properties of chimeras. Human FMO2 encodes a truncated protein containing

471 amino acid residues, 64 amino acids shorter in its C-terminal than orthologs in other

species. We characterized human FMO2 in terms of gene polymorphism (genotyped by

Dr. Hines), protein levels and catalytic activity with human lung microsomes. An
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ethnically related polymorphism was observed, in which all Caucasians genotyped to date

are homozygous for a truncated, enzymatically inactive enzyme which may not even be

translated. Approximately 15% of humans of African descent are heterozygous for full-

length FMO2, but the level of expression may not be sufficient to significantly effect drug

metabolism in the lung. The results of truncated FMO2 produced from baculovirus

expression suggest that the C-terminal of FMO2 might be responsible for enzyme stability

and/or proper structure necessary to exert fully enzyme activity. We conclude that the

human FMO2 possesses unique features compared to all other mammals examined to date

including other primates.
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ABSTRACT

Flavin-containing monooxygenase (FMO, EC1.14.13.8) is present in endoplasmic

reticulum in a number of tissues of humans and other mammals. FMO comprises a family

of xenobiotic-metabolizing enzymes that oxygenate a large number and wide variety of

xenobiotics. All FMOs form a kinetically stable 4a-hydroperoxyflavin enzyme intermediate

in the presence of NAD(P)H and oxygen, but independent of substrates. Any soft

nucleophile accessible to the enzyme-bound peroxy-flavin intermediate will be oxidized.

Therefore, the microsomal FMOs catalyze the oxygenation of structurally diverse

xenobiotics including amines, sulfides as well as some phosphorous- and selenium-

containing compounds. Human, and other mammals, express five different flavin-

containing monooxygenases (FMO1, FMO2, FMO3, FMO4, and FMO5) in a species- and

tissue- specific manner and each subfamily contains a single gene. The identities among

different forms are between 50 and 58% and the identities of all apparent orthologs are

82% or greater.

Some of the same substrates are metabolized by both FMO and cytochrome P450,

although different metabolites are often produced due to different catalytic mechanisms.

In most cases, FMO converts its substrates such as tertiary amines to polar, easily

excreted metabolites, although toxic compounds can be generated by FMO metabolism.

Human FMOs play an important role in the biotransformation of a variety of chemicals

such as the psychoactive drug chlorpromazine, the H2 antagonist cimetidine and the

dietary compound trimethylamine.

In my study, I characterized the lung specific isoform, FMO2, in monkey which is

catalytically active toward many probe substrates and might have a significant role in

xenobiotic metabolism in lung. With the information I obtained from monkey, I

subsequently identified and characterized FMO2 in human lung. The protein properties,

expression levels and gene polymorphism of human FMO2 were examined in this study.
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HISTORY

Flavin-containing monooxygenase (FMO) was characterized initially as an amine

oxidase by Ziegler and co-works (Machinist et al., 1968). In 1972, this hepatic

flavoprotein was isolated from pig liver and characterized on the basis of its ability to

catalyze the N-oxygenation of N,N-dimethylaniline (Ziegler and Mitchell, 1972). It was

soon recognized that the name "amine oxidase" was too narrow for the enzyme because it

became evident that many excellent FMO substrates lacked nitrogen. Pig liver FMO is a

highly lipophilic protein containing FAD as the only flavin, with a monomeric molecular

mass of 56,000 per mole of FAD identified by SDS-PAGE. FMO oxygenates a wide

variety of compounds including phosphines, sulfides, iodide, thiocyanate, hydrazines, as

well as many amines (Prough et al., 1981; Smyser and Hodgson, 1985; Jones and Ballou,

1986; Ziegler, 1990). Since Dr. Daniel Ziegler of the University of Texas at Austin

characterized this enzyme in some detail, FMO is also simply named the "Ziegler's

enzyme".

Prior to 1984 it was generally assumed that FMO activity was catalyzed by a single

enzyme. The possibility that multiple forms of FMO might exist was first suggested by

Devereux et al. (1977) who observed that He and Me increased the rate of

dimethylaniline N-oxidation catalyzed by FMO, partially purified from rabbit lung, but

decreased the rate mediated by a similar preparation from rabbit liver. Analysis of the

oxidation of dimethylaniline, imipramine, and chlorpromazine with hepatic and pulmonary

microsomal preparations from rabbit and rat reinforced the hypothesis that there is more

than one isoform for which expression is tissue-specific (Ohmiya and Mehendale, 1981;

1982; 1983). Purification and characterization of an FMO from rabbit lung provided

conclusive evidence that FMOs isolated from lung and liver are distinct (Williams et al.,

1984; Tynes et al., 1985) based on immunochemistry and catalytic specificity. Lung FMO

was unable to react with polyclonal antibody raised from pig liver FMO; in addition, these

isoforms are distinguishable by the ability of the lung FMO to metabolize certain primary

amines (Tynes et al., 1986; Poulsen et al., 1986) and of the liver FMO to metabolize

chlorpromazine and imipramine. By comparison with liver FMO, lung FMO was less
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susceptible to detergent and heat inactivation (Williams et al., 1985). The lung and liver

FMOs were also found to be characterized by distinctly different pH optima (9.8 vs 8.8).

Confirmation of rabbit lung and liver FMO being distinct gene products was obtained from

analysis of the cDNA and deduced protein sequence (Lawton et al., 1990). Since 1990,

five rabbit gene families have been cloned and sequenced and termed FMOs 1-5. All

forms are expressed in mammals examined (Lawton et al., 1994; Hines et al., 1994).

Results of detailed analyses of genomic DNA by Southern blot hybridization indicated that

each gene subfamily contains a single gene.

CATALYTIC MECHANISM

The major steps in the catalytic cycle of FMO are summarized in Fig 1 (Ziegler,

1988). Kinetic studies and direct spectral measurements with FMO purified from hog liver

microsomes (Poulsen et al., 1979; Beaty and Ballou, 1981a; 1981b) indicated that

oxygenatable substrate does not accelerate and is not essential for the reduction of flavin

by NADPH (step 1) or for the reaction of oxygen with the reduced flavin (step 2). The

formation of a long-lived 4a-hydroperoxyflavin intermediate is a feature unique to the

FMO gene family; the flavin hydroperoxide intermediate in the enzyme forms a stable

potent oxygenating species, and in step 3 a nucleophilic attack by substrate on C(4a)-

hydroperoxyflavin and substrate is oxygenated by oxygen transfer from the

hydroperoxyflavin to substrate. Because the energy for catalysis is present in the enzyme

before contact with the substrate, the fit of substrate is not as stringent as with most

enzymes. Any soft nucleophile that can be oxidized by an organic hydroperoxide and can

make contact with this potent oxygenating agent, is a potential substrate, a feature unique

to FMO, which is responsible for its broad substrate specificity. The final step in the

catalytic cycle involves dehydration of 4a-hydroxyflavin (which restores FAD to its

oxidized state and release of NADP±). This fmal step (step 4) is important because it is

rate limiting, and it occurs after substrate oxygenation. Consequently, this step determines

the limit of the substrate oxidation rate. Since oxidation of the substrate occurs more
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rapidly than the regeneration of the active enzyme, all good substrates for FMO are

converted to products at the same maximum rate (i.e., Vinax is determined by the final step

in the catalytic cycle) even though the Km values are different (Beaty and Ballou, 1981a;

1981b). Binding of NADP+ to FMO during catalysis is important because it prevents the

reduction of oxygen to H202. In the absence of bound NADP+, FMO would function as

an NADPH-oxidase that would consume NADPH and cause oxidative stress through

excessive production of H202. Unlike cytochrome P450, the oxygenation of substrates by

FMO does not lead to inactivation of the enzyme, even though some the products are

strong electrophiles capable of binding covalently to nucleophiles such as protein or

glutathione. For example, the FMO-dependent S-oxygenation of spironolactone thiol

leads to the formation of an electrophilic sulfenic acid (R-SH>R-SOH) that inactivates

cytochrome P450 (CYP) and binds covalently to other proteins (Decker et al., 1991).

Fig 1.1. Catalytic cycle of FMO (Ziegler, 1988)

S SO

FMO-FADHOOH (3)
(NADP+)

FMO-FADHOH

_2/ (2)
02

FMO-FADH2
(NADP+)

(1)

FMO-FAD

NADPH + H+

(NADP+)
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Despite a mechanism designed for loose specificity, these enzymes possess some

ability for discriminating between physiologically essential and xenobiotic soft

nucleophiles. How it does so is unknown, but structure-activity studies suggest that the

number and position of ionic groups are responsible (Ziegler, 1988). FMO readily

catalyses the oxidation of monocationic amines or of anionic sulfur compounds where the

charge is localized on sulfur (e.g. as in thioacetate); but the addition of a second charged

group anywhere on the molecule generally blocks substrate activity. Without exception

FMO will not catalyze the oxidation of dianions, dications or dipolar ions. Except for

cysteamine (which is a substrate), all other essential cellular nucleophiles are dications

(polyamines), dipolar ions (amino acids and peptides) or bear one or more anionic groups

distal to the nucleophilic heteroatom (coenzyme A, biotin, thiamin pyrophosphate, etc.).

By contrast, uncharged xenobiotics that readily cross cell membranes by passive diffusion

can penetrate to the enzyme-bound hydroperoxyflavin.

NOMENCLATURE OF FMO GENE FAMILY

FMOs comprise a family of xenobiotic-metabolizing enzymes found in most tissues

of all mammalian species examined. In the rabbit, for example, at least three forms are

present in liver and five in kidney (Atta-Asafo-Adjei et al., 1993; Burnett et al., 1994) and

more than one method of naming was involved in the identification and characterization of

multiple forms of FMO . Recently, a nomenclature based on comparisons of amino acid

sequences was proposed for the members of the mammalian FMO gene family (Lawton et

al., 1994). Five genes are in the FMO gene family. Results of detailed analyses of

genomic DNA by Southern blot hybridization indicate that each gene subfamily contains a

single gene. The identities among different forms are between 50 and 58% and the

identities of all apparent orthologs are 82% or greater. As detailed in Table 1, the primary

structure of FMOs was obtained by either cDNA or protein sequencing among mammals

(rabbit, human, rat, mouse, guinea pig, pig and monkey). The original "liver" FMO

becomes FMO1, the "lung" FMO becomes FMO2, and the more recently described FMOs
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become FMO3, FMO4, and FMO5. This nomenclature reflects sequence similarity and

not necessarily functional identity. Only limited comparisons have been made with respect

to functional and regulatory similarity among orthologs.

TABLE 1.1. Reported Sequences of Flavin-Containing Monooxygenases

Proposed Gene Bank
name Accession no. Species Source Reference

FMO1 M32030 Rabbit cDNA (Lawton et al., 1990)
Rabbit Protein ( Ozols, 1990)

M32031 Porcine cDNA (Gasser et al., 1990)
M64082 Human cDNA (Dolphin et al., 1991)
M84719 Rat cDNA (Itoh et al., 1993)
D16215 Mouse cDNA (Itoh et al., 1997)

FMO2 M32029 Rabbit cDNA (Lawton et al., 1990)
Rabbit Protein (Guan et al., 1991)

L10037 Guinea pig cDNA (Nikbakht et al., 1992)
Monkey cDNA (Yueh et al., 1997)

FM03 L10391 Rabbit cDNA (Burnett et al., 1994)
Rabbit Protein (Ozols, 1991)

M83772 Human cDNA (Lomri et al., 1992)
Mouse cDNA (Falls et al., 1997a)

FMO4 L10392 Rabbit cDNA (Burnett et al., 1994)
Z11737 Human cDNA (Dolphin et al., 1992)

FMO5 L08449 Rabbit cDNA (Atta-Asafo-Adjei et al, 1993)
Rabbit Protein (Ozols, 1994)
Human cDNA (Overby et al., 1995)
Guinea pig cDNA (Overby et al., 1995)
Mouse cDNA (Cherrington et al., 1998a)
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From a calculated rate of evolution the FMOs (Dolphin et al., 1991), it appears

that the FMOs arose 250-300 million years ago, about 200 million years prior to

mammalian speciation. Evidence from chromosomal mapping studies suggests that the

mammalian FMOs are encoded by a single gene cluster (Shephard et al., 1993; McCombie

et al., 1996). For example, four human genes examined localize to a single cluster on

chromosome lq indicating that gene duplication played a major role in the formation of

the FMO gene family. Each form of this enzyme is likely present in all mammalian species.

Indeed, each species examined by analysis of genomic DNA (rabbit, humans, rats, mice,

guinea pigs, and hamsters) appears to contain the same set of FMO genes (Lawton and

Philpot, 1993a).

Dr. Ziegler (1993) has considered in detail the properties that best define a

functional FMO. The definition of FMO is based on function and not on structure, i.e., all

flavin-containing monooxygenases, regardless of source, that form a kinetically stable 4a-

hydroxyflavin enzyme intermediate in the presence of NAD(P)H and oxygen, but

independent of substrate, should be called FMOs.

TWO MONOOXYGENASE SYSTEMS: CYTOCHROME P450 (CYP) AND FMO

As is the case with the CYP monooxygenase system, FMO was shown to require

oxygen and NADPH and to be localized in the endoplasmic reticulum of a number of

tissues. Some of the same substrates are metabolized by both FMO and CYP; this

situation is especially prevalent with many N- and S- containing chemicals. Different

metabolites are often produced due to the different catalytic mechanisms. For example,

the antiestrogen tamoxifen, a tertiary amine, is metabolized by both monooxygenase

systems (Kupfer and Dehal, 1996). Tamoxifen requires metabolic activation to DNA-

reactive species by a specific CYP monooxygenase in order to exert its genotoxic effects

(Styles et al., 1994). On the other hand, production of tamoxifen N-oxide (N-oxygenation

by FMO), a polar, easily excreted metabolite, is regarded as detoxification.
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To study the relative contributions of these two monooxygenase systems with

specific substrates, methods have been developed according to their chemical-physical

characteristics. A property that distinguishes FMO from CYP is the unusual thermal

liability of this enzyme isolated from pig liver (Ziegler, 1980). In the absence of NADPH,

approximately 85% of the activity of pig liver FMO is lost upon standing at 45 °C for 3

min; therefore heat treatment allows determination of CYP activity. Thermal inactivation,

however, is ineffective with lung microsomes, since the lung FMO is more heat stable than

liver FMO. Inhibition of CYP activity by using an antibody to P450 reductase permits the

exclusive measurement of FMO activity.

One feature distinguishing FMO from CYP, is that FMO is insensitive to

modulation by xenobiotics. CYP expression is induced by xenobiotics such as polycyclic

aromatic hydrocarbons (1A family), phenobarbital (2B family), ethanol (2E family),

peroxisome proliferators (4B family) and steroids (3A family). The levels of FMO are not

readily altered by classic chemical inducing and inhibiting agents. However, some physical

factors regulate the expression of FMOs (see "regulation of FMO" for FMO modulation).

Therefore, the balance of enzyme activity between FMO and CYP can be disturbed. The

alteration of relative contributions of FMO and CYP may assume toxicological importance

when the products from the two enzymes differ, and particularly when one metabolite is

more toxic than the other. Species differences in the relative expression of FMO and CYP

appear to determine species differences in the toxicity of the pyrrolizidine alkaloids,

senecionine, retrorsine and monocrotaline (Williams et al., 1989; Miranda et al., 1991).

These compounds are detoxified by FMO, which catalyzes the formation of tertiary amine

N-oxides, but are activated by CYP, which oxidizes these alkaloids to pyrroles that

generate toxic electrophiles through the loss of substituents on the pyrrolizidine nucleus.

Rats have a high pyrrole-forming CYP activity and a low N-oxide forming FMO activity,

whereas the opposite is true of guinea pigs. This likely explains why pyrrolizidine

alkaloids are highly toxic to rats but not to guinea pigs. Therefore, these results

demonstrated that FMO can be involved in the detoxification of pyrrolizidine alkaloid via

N-oxidation, but the relative contribution of FMO and CYP may be species and tissue

dependent. N-oxygenation of another plant alkaloid, nicotine, to give nicotine-N'-oxide, a
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polar metabolite, results from FMO metabolism. On the other hand, metabolic activation

of nicotine mediated by CYP generates the electrophilic nicotine A"'5'-iminium ion

(Williams et al., 1990).

TISSUE AND CELLULAR DISTRIBUTION OF FMO

Human and other mammals express five different flavin-containing

monooxygenases (FMO1, FMO2, FMO3, FMO4, and FMO5) in a species- and tissue-

specific manner. For example, the major FMO expressed in human and mouse liver

microsomes is FMO3, whereas FMO1 is the major isoform expressed in rat, rabbit, and

pig liver (Cashman, 1995). In human, high levels of FMO1 are expressed in the kidney,

and low levels of FMO2 are expressed in the lung. However, lung microsomes from other

species, particularly rabbit, mouse, and non-human primates, contain high levels of FMO2.

Flavoproteins isolated from prokaryotes are similar in composition, catalytic

properties and substrate specificity to liver FMO (Kuwakahara et al., 1985), which

indicates that flavoproteins similar in mechanism to the liver microsomal enzyme are

widely distributed in nature.

Studies on the cellular localization of FMO have also been carried out. An

immunohistochemical method utilizing peroxidase labeled antibodies and diaminobenzidine

revealed that in the rabbit lung FMO is highly localized in the non-ciliated bronchiolar

epithelial (Clara) cells (Overby, et al., 1992). Similar immunohistochemical studies of

FMO distribution in the skin of mice and pigs revealed significant staining in epidermis,

sebaceous gland cells, and hair follicles (Hodgson and Levi, 1992). The enzyme has been

detected in rodent brain and human brain (Ravindranath et al., 1995). The results revealed

a regional heterogeneity in distribution of FMO, which was found predominately in

neuronal cells.
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ROLE OF FMO IN METABOLISM

Xenobiotic substrates of FMO metabolism

Due to the unique catalytic mechanism already discussed, any soft nucleophile (i.e.

compounds with functional groups bearing a polarizable, electron-rich center), accessible

to the enzyme-bound peroxy-flavin intermediate, will be oxidized. Therefore, the

microsomal FMOs catalyze the oxygenation of such structurally diverse xenobiotics as

iodine, elemental sulfur, trifluoperazine, morphine, thiourea, propylthiouracil, thioacetate,

phenothiazine, thiophenol and phorate (Ziegler, 1990; 1993; Cashman, 1995; Hodgson

and Levi, 1992), shown in Table 2. This feature also contributes to the fact that different

FMO forms will be capable of oxidizing the same substrate, although exceptions appear to

exist that will be described below.

Nitrogen-containing compounds

Of the functional groups bearing nitrogen, only amines, hydroxylamines and

hydrazines are sufficiently nucleophilic to serve as substrates for FMO. However, even

with these restrictions, the synthetic and naturally occurring nitrogen xenobiotic substrates

for FMO include a large number of alkaloids and medicinal amines (Ziegler, 1988).

Substantial evidence has been reported that tertiary amines are excellent substrates for

FMO and are converted to the N-oxide, a highly polar, easily excreted metabolite, a

process of detoxification (Ziegler, 1984). For example, the plant alkaloids (cocaine,

codeine, etc.) are efficiently detoxicated by tertiary amine N-oxide formation. Secondary

amines (e.g., methamphetamine) can also be substrates; in this case the amine is first

oxygenated to the N-hydroxylamine which is rapidly followed by a second oxygenation to

N-hydroxylamine oxide which spontaneously dehydrates to two different nitrones. The

nitrones are unstable and decompose to a N-hydroxyl primary amine and a carbonyl. N-

octylamine (primary aliphatic amine) acts as an activator of some FMO isoforms by
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increasing their turnover (Ziegler, 1988). Interestingly, FMO2 and FMO5 efficiently

oxygenate primary aliphatic amines initially to the N-hydroxylamine and then to the oxime

(primarily the cis isomer) (Williams et al., 1984; Poulsen et al., 1986; Overby et al.,

1995).

Table 1.2. Substrates oxidized by FMO

Inorganic
HS-, F, 10' 12, CNS-

Organic nitrogen compounds
Secondary and tertiary acyclic and cyclic amines
N-alkyl and N,N-dialkylarylamines
Hydrazines
Primary amines (pulmonary form of FMO)

Organic sulfur compounds
Thiols and disulfides
Cyclic and acyclic sulfides
Mercapto-purines, -pyrimidines and imidazoles
Dithio acids and dithiocarbamides
Thiocarbamides and thioamides

Organic phosphorous compounds
Phosphines
Phosphonates

Others
B oronic acids
Selenides
S eleno c arb amides

Adopted form Ziegler (1990)
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Sulfur-containing chemicals

In most molecular configurations, sulfur is generally quite nucleophilic and almost

every type of functional group bearing sulfur shows substrate activity (Ziegler, 1990).

However, unlike tertiary alkylamines, the oxidation of organic sulfur compounds does not

produce metabolites that are unique to FMO. The sulfenium cation radical is more stable

than most alkylamine cation radicals and oxidation of organic sulfur compound by

sequential one-electron or by a direct two-electron oxidation usually produces the same

products. The products formed from FMO-catalyzed oxidation of organic sulfur

compounds are consistent with a direct two-electron oxidation of the heteroatom, as

expected from the nature of the FMO-bound oxidant. Sulfides are oxidized to sulfoxides

and some of the latter are further oxidized to sulfones. Thiocarbamides,

mercaptopyrimidines and mercaptoimidazoles are oxidized to sulfmates through

sulfenates. (Poulsen et al., 1979). The oxidation of thiocarbamides and

mercaptoimidazoles is catalyzed exclusively by FMO (Ziegler, 1990), and the oxidation of

methimazole or thiourea is widely used to test for the presence of FMO in microsomal

preparations. Although the oxidation of thiourea produces more reactive metabolites,

sulfoxidations catalyzed by FMO appear to be a major route for the detoxification of

drugs and pesticides bearing sulfide side chains (Hajar and Hodgson, 1980; Ziegler,

1988). The stereoselective sulfoxidation of asymmetric sulfides catalyzed by purified

FMOs and liver microsomes has been determined with a series of alkyl p-tolyl sulfides

(Rettie et al., 1990) and dithiolanes (Cashman and Williams, 1990). The studies of Rettie

et al (1990) indicate that the extent of enantioselective sulfoxidation depends on the

isozyme employed and the steric bulk of the alkyl substituent. Studies on the mechanisms

for the dithiolane S-oxygenation by liver, kidney, and lung microsomes suggest that the

diastereoselective and enantioselective S-oxygenation of dithiolanes is catalyzed primarily

by FMOs.
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Isoform-specific catalytic activity

As discussed in "history", the substrate specificity for pig FMO1 and rabbit FMO2

are quite distinct (Williams et al., 1984; Tynes et al., 1985) although some classes of

substrates are efficiently oxygenated by both monooxygenases. For example, FMO1 and

FMO2 both efficiently N-oxygenate N,N-dimethylaniline and S-oxygenate thiobenzamide,

methimazole and thiourea (Nagata et al., 1990). Rabbit FMO2 N-oxygenates long,

aliphatic primary amines. FMO1 does not N-oxygenate primary amines, but in some cases

utilizes aliphatic primary amines as positive effectors of FMO action. Short side chain

tertiary amines such as chlorpromazine, imipramine and other 10- [(N,N-

dimethylamino )alkyl]phenothiazine derivatives that were readily oxygenated by FMO1

were not oxygenated by FMO2. Evidence of structure-activity studies with both organic

nitrogen and sulfur nucleophiles demonstrated (Nagata et al., 1990) that access to the 4a-

hydroperoxyflavin is quite different in these two isoforms. It was proposed that the

binding site channel of FMO2 from rabbit lung rested 6-8 A° below the surface of the

substrate-binding channel with no more than an 8 A° diameter along the longest channel

axis. On the other hand, pig FMO1 admits larger substrates to within 3 A° of the enzyme

4a-hydroperoxyflavin, with the binding site channel spanning as much as 12 A° in

diameter. Thus, the overall size of the nucleophile appears to be a major factor limiting

access to the 4a-hydroperoxyflavin in different FMO isoforms. This hypothesis was also

tested with thiocarbamides (Guo et al., 1992) that varied in surface areas in reactions

catalyzed by microsomes from different tissues and species. The reaction of 5-

oxygenation of thiocarbamides is surface area- and tissue-dependent suggesting that

thiocarbamides can be used as selective probe for measuring activities of FMO isoforms in

crude tissue preparation.

Certain substrates are oxygenated stereospecifically by one FMO enzyme but not

another. For example, FMO2 and FMO3 convert (S)-nicotine exclusively to trans -(S)-

nicotine N-1'-oxide, whereas the N-oxides of (S)-nicotine produced by FMO1 are a 1:1

mixture of cis and trans isomers (Cashman et al., 1992; Damani et al., 1988). FMO5

exerts a different catalytic capability from other FMO isoforms. Based on evidence from
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cDNA expression studies, FMO5 had low activity toward typical FMO substrates, but like

FMO2 readily oxygenates primary alkylamines (Atta-Asafo-Adjei et al., 1993; Overby et

al., 1995).

Human FMO and role in metabolism

Relative to the CYP monooxygenase system, the properties of FMO and its

contribution to drug metabolism, in terms of pharmacological and toxicological impacts,

have only been partially explored. But recent studies have shown that FMO may be a key

component of the monooxygenase system that converts nucleophilic amine, sulfides, and

other heteroatom-containing chemicals and drugs into relatively polar, readily excreted

metabolites in humans.

Currently, no form of human FMO has been isolated and purified to homogeneity

from liver microsome preparations. RNase protection assays demonstrated that, in human

tissue, each FMO gene displays a distinct developmental and tissue-specific pattern of

expression (Phillips et al., 1995). In adult human, FMO1 is expressed in kidney but not in

liver, whereas in the fetus FMO1 mRNA is abundant in both organs. FMO3 expression is

restricted to the liver in the adult. The mRNA of FMO3 is either absent or present in low

amounts in fetal tissues. How the developmental and pharmacological actions of human

liver FMO1 and FMO3 relate to their physiological role is still largely unknown.

Currently, it is believed that FMO3 appears to be the dominant form of FMO present in

adult human liver microsomes, and FMO2 and FMO4 might be expressed at very low

levels (Burnett et al., 1994). One study also showed that imipramine N-oxygenation,

considered a selective functional probe of FMO1 activity, was high in adult kidney

microsomes, but absent in adult human liver microsome (Lemoine et al., 1990). The

conclusion from these studies was that functionally distinct FMO forms were expressed in

adult human liver and kidney.

FMO3 cDNA was cloned, sequenced and expressed in E. coli (Lomri et al., 1992;

1993a, b); the dimensions of the substrate binding channel were determined with the N-



16

oxygenation of a series of 10-IN,N-dimethylamino)alky1]-2-

(trifluoromethyl)phenothiazines. The results indicated that human FMO3 possesses a

distinct substrate-binding channel and a distinct substrate specificity compared with pig

FMO1(Lomri et al., 1993c). Like FMO2 from rabbit lung (Nagata et al., 1990), human

FMO3 utilizes a much narrower and longer substrate binding channel compared with pig

FMO1. Currently, it is clear that the major form of FMO present in adult human is

structurally and functionally quite distinct from the major form of FMO present in many

animals.

FMO plays an important role in the biotransformation of a wide variety of drugs

and xenobiotics in human. The major FMO in human liver microsomes, FMO3, is

predominantly if not solely responsible for converting (S)-nicotine to (S)-nicotine N -1'-

oxide. The reaction proceeds stereospecifically; only the trans isomer is produced by

FMO3 (Park et al., 1993), and this is the only isomer of (S)-nicotine N-1'-oxide excreted

in the urine from cigarette smokers or individuals wearing a nicotine patch. Therefore, the

urinary excretion of trans-(S)-nicotine N-1'-oxide can be used as an in vivo probe of

FMO3 activity. FMO3 is also the principal enzyme involved in the S-oxygenation of

cimetidine, an H2-antagonist widely used in the treatment of gastric ulcers and other acid-

related disorders. Cimetidine is stereoselectively sulfoxidated by FMO3 to an 84:16

mixture of (+) and (-) enantiomers, which closely matches the 75:25 enantiomeric

composition of cimetidine S-oxide in human urine (Cashman et al., 1993; 1995; Overby et

al., 1997). Therefore, the urinary excretion of cimetidine S-oxide, like that of (S)-nicotine

N-1'-oxide, is an in vivo indicator of FMO3 activity in humans. It should be noted that in

some species (such as rabbit, guinea pig, pig, and rat) FMO1 is the major isoform in liver

and that FMO1 converts (S)-nicotine and cimetidine to 1:1 mixture of cis- and trans -(S)-

nicotine N-1'-oxide and (+) and (-) cimetidine S-oxide, respectively. Therefore,

statements concerning the role of FMO in the disposition of xenobiotics in humans may

not apply to other species, or vice versa (Cashman et al, 1995). The polymorphism of

human FMO3 is responsible for the genetic defect of trimethylamine metabolism resulting

in fish-odor-syndrome (Ayesh and Smith, 1990), which will be discussed later.

FMO in Brain
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Several psychoactive drugs such as imipramine, chlorpromazine, and

trifluoperazine were found to be substrates for purified FMO (Ziegler, 1988); therefore the

presence of an active FMO system in brain tissue could modulate substantially the local

pharmacological effects of such drugs in cerebral tissue. Brain FMO efficiently

metabolizes a variety of psychoactive drugs to their respective N-oxides. For example, the

conversion of 1-methyl -4-phenyl-1.2.3.6-tetrahydropyridine (MPTP) to its N-oxide with

cultured astrocytes from mouse brain resulting in the detoxification of MPTP and

prevention of its bioactivation to MPP± by monoamine oxidase. The formation of MPTP

N-oxide was inhibited by alternate substrates for FMO and was stimulated by n-

octylamine, a positive effector for FMO (Di Monte et al, 1991). The metabolism of other

model substrates for FMO such as methimazole, N'N'-dimethylaniline and thiobenzamide

has also been demonstrated in rat brain tissue preparations (Ravindranath and Boyd,

1995). The similarity between pulmonary and brain was seen immunochemically by cross-

hybridization of the antibody to rabbit pulmonary FMO with brain microsomal protein

(Bhamre et al., 1993). Brain FMO showed no immunological cross-reactivity to the pig

FMO1. However, brain FMO efficiently catalyzed the N-oxidation of he antidepressant

drug, imipramine; this was unlike rabbit pulmonary FMO, which does not metabolize

imipramine Immunohistochemical localization of FMO in rat brain has been carried out

using an antibody to rabbit lung FMO (Bhamre et al., 1993). The FMO enzyme was

found predominantly in the neuronal cell bodies in the hippocampus, brain-stem, thalamus,

and hypothalamus, and in the Purkinji cells of the cerebellum.

In human brain, FMO-mediated metabolism had been tested for with the model

substrates N,N-dimethylaniline and methimazole, and the psychoactive drugs imipramine,

fluoxitine, and chlorpromazine with microsomes prepared from autopsy tissue (Bhamre et

al., 1995). The human brain FMO exhibited maximal activity at pH 8.5. Increased

enzyme activity was noted in the presence of anionic detergents like sodium cholate and

nonionic detergents like Triton N-101. The FMO activity was almost undetectable in the

absence of detergents ( Ravindranath et al., 1995). The presence of detergent presumably

could enhance the substrate accessibility to the membrane-bound FMO enzyme.
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Metabolism of endogenous compounds

Although the physiological role of FMO is unknown, a few endogenous sulfur-

containing compounds are S-oxygenated by FMO. Cysteamine is efficiently converted to

the disulfide, cystamine, which has been proposed to serve as an endogenous low

molecular weight disulfide-exchange agent, which may participate in the formation of

disulfide bridges during peptide synthesis or the renaturation of proteins (Ziegler, 1985).

More recently, cysteine S-conjugates, farnesylcysteine methyl ester, ethionine and

methionine were shown to be S-oxygenated by FMO (Park et al., 1992; 1994) in vivo.

Methionine, was also shown to be a substrate for cDNA-expressed rabbit FMO1, FMO2,

and FMO3, however, the methionine sulfoxidation reaction was preferentially catalyzed by

FMO3 based upon Km (6.5 mM with FMO3) (Duescher et al., 1994; Elfarra, 1995). This

result implies that FMO-catalyzed metabolism of methionine to methionine sulfoxide

might become quantitatively significant when toxic levels of methionine are present in the

diet. Another endogenous substrate, trimethylamine (TMA), is metabolized to TMA N-

oxide by FMO. By converting TMA to TMA N-oxide, FMO metabolizes a volatile

dietary product of choline catabolism to an inoffensive metabolite. Presumably, FMO3,

the major FMO expressed in human liver microsomes, is responsible for TMA metabolism

(Cashman et al., 1995). Those deficient in FMO3 expression might suffer from fish-odor-

syndrome, in which the ratio of TMA/TMA N-oxide increases from 0.05 to 0.3. The

increased TMA, therefore, is accumulated in urine, sweat and breath (Ayesh and Smith,

1990).
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Bioactivation products of FMO

Although FMO mostly converts it substrates to more excretable metabolites, which

is regarded as detoxification, toxic compounds can be generated by FMO metabolism, for

example; FMO catalyzes S-oxygenation of thioureas and 2-mercaptoimidazoles to sulfmic

acids through intermediate sulfenic acids (Decker and Doerge, 1991). The intermediate

sulfenic acid is a potent thiol oxidant that readily forms thiol adducts, resulting in

disulfides that serve as subsequent sites for disulfide exchange and net thiol oxidation and

substrate regeneration. This futile cycle catalyzing the oxidation of cellular thiols (i.e.

glutathione) and NADPH may render the cell susceptible to the toxic properties of other

chemicals (Kreiter et al., 1984). Studies have been shown that FMO-catalyzes oxidation

of thiourea, phenylthiourea, ethylenethiourea, and methimazole to thiol reactive

metabolites and the parent xenobiotic is regenerated upon reduction, which establishes this

bioactivation pathway.

The multisubstrate FMO catalyzes the N-oxygenation of a variety of tertiary and

secondary N-containing compounds (Ziegler, 1990). Mostly, FMO serves an important

role in the detoxification of these chemicals to polar, readily excreted metabolites.

However, there are a few cases in which FMO catalyzes bioactivation to more reactive N-

oxygenated metabolites. For example, N-alkyarylainines can be N-oxygenated by FMO to

N-hydroxyarylamines, which are subsequently metabolized to reactive esters. FMO also

N-oxygenates 1,1-dialkylhydrazines and contributes to the toxic properties of this class of

chemical (Prough et al., 1981). One of the determinants of the overall toxicity of primary

arylamines is that the amine undergoes N-methylation or N-oxidation. N-methylation of a

secondary amine to produce a tertiary amine would then provide a substrate for FMO-

mediated tertiary amine N-oxygenation, which represents a detoxification pathway.
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REGULATION OF FMO EXPRESSION

Hormonal and developmental regulation

With the possible exception of steroids, FMO has been shown to be refractory to

chemical inducers. FMOs are expressed and developmentally regulated in a sex-, tissue-

and species-specific manner (Williams, 1991; Falls et al., 1995; Shehin-Johnson et al,

1995). Studies employing gonadectomy of young animals indicate a role for the sex

steroids in regulation of FMO (Duffel et al., 1981; Dannan et al., 1986; Lemoine et al.,

1991; Falls et al., 1997b). Sex differences in FMO concentration have been documented in

rats, mice, and rabbit (Dannan and Guengerich, 1982; Falls. et al., 1995; Cherrighton et

al., 1998b), in which FMO differences are isoform specific. The activity in liver from mice

is usually higher in females than males, but this is reversed in rats. Five-fold induction of

FMO in the placenta of mice during pregnancy has been reported (Osimitz and Kulkarni,

1982). Williams and colleagues reported that rabbit lung FMO (FMO2) is regulated

developmentally by age and pregnancy (Williams et al., 1985; Williams, 1991). The

concentration of FMO in rabbit lung increases 2-5 fold during pregnancy and becomes the

major microsomal protein. Additionally, FM02 is induced by either progesterone or

dexamethasone in lung, or by dexamethasone in kidney following s. c. administration in

rabbits. Furthermore, the time course of expression FMO2 during mid- and late-gestation

correlates to plasma peaks of progesterone or cortisone (Lee et al., 1993; 1995), although

the physiological role of FMO2 induction during pregnancy is unknown. Developmental

regulation of FMO2 was observed in fetal and neonatal rabbit lung. The similar expression

pattern of FMO2 to that of the two major constitutive cytochrome P450s implied that the

early developmental appearance of these monooxygenases play an important role in the

protection of these new born animals against toxic insult from foreign chemicals (Larsen-

Su et al., 199x).
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Dietary regulation

Studies conducted in rat demonstrated a rapid drop of FMO protein and activity in

liver with a semi-synthetic diet instead of a regular chow diet (Kaderlik et al., 1991) which

suggested that FMO is probably induced by one or more of the many plant alkaloids

present in chow diet. In other words, it is likely that FMO is already maximally induced in

animals maintained on commercial rat chow and induction can be observed only after the

animal is given a diet relatively free from such xenobiotics (Ziegler, 1993). Recently, an

isoform-specific inhibitor, indole-3-carbinol (I3C), has been discovered ( Larsen-Su and

Williams, 1996). In addition to induction of hepatic levels of CYP1A1, dietary

administration of I3C markedly inhibit both the activity and expression of FMO1 in rat

liver and intestine in a dose- and time-dependent manner. The remarkable shift in the ratio

of FMO/CYP levels in the liver might produce a dramatic alteration in the metabolism,

disposition, and toxicity of a number of xenobiotics.

Regulatory region of FMO

To understand the regulation of the expression of FMOs, regulotory/structrual

regions of FMO1 and FMO2 have been characterized from the rabbit genome (Shehin-

Johnson et al., 1996; Wyatt et al., 1996; Luo and Hines, 1996; 1997). A Clara/type II

cell-specific DNaseI-hypersensitive domain, in the 5' region of rabbit FMO2, has been

identified which contains consensus sequences for the transcriptional factors PEAS and

TTF-1 ( Shehin-Johnson et al., 1996). Thus, tissue-specific transcription factors likely

play a role in control of FMO2 expression. The 5'-flanking regions of the FMO2 genes

contain several putative glucocorticoid responsive elements (GRE) (Wyatt et al., 1996),

although further investigation is required to test whether these half-site GREs are

functional. For rabbit FMO1, the upstream positive and negative regulatory domains were

identified using deletion mutants (Luo and Hines, 1996; 1997).
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CHARACTERIZATION OF FMO GENE STRUCTURE

Currently, sequences of five isoform have been obtained from cDNA cloning of

rabbit, human, rat, guinea pig, pig, mouse and monkey (Table 1). Orthologs (84-89%

sequence identity) of each family appear to be present in all mammals examined to date. In

addition to cDNA nucleotide sequencing, automated Edman degradation sequence and

mass spectral sequence analysis has provided substantial sequence information for FMOs.

Ozols (1990; 1991; 1994) has reported the protein purification and sequencing of various

rabbit liver FMOs.

Primary structure of FMO

The FMOs contain putative FAD- and NADPH-binding domains within the first

200 residues of their N termini In addition to the high identity over the N termini (amino

acid 1-230, FAD and NADPH binding sites), a large portion of conserved sequences are

found in regions 320-340, 350-370 and 455-500. The FAD and NADPH binding regions

contain a 134 secondary structure termed a "Rossmann fold" (Wierenga et al 1986).

The great similarity in hydropathy plots between isoforms, coupled with sequence

homologies, suggest overall structural similarities of all FMO isoforms. Therefore, any

insight that can be obtained with regard to the relationship between specific amino acid

regions of one FMO isoform and specific function or activity is likely applicable to all

FMO isoforms. All FMOs possess very strong membrane association properties and in the

highly purified state are extremely hydrophobic (Guan et al., 1991). There are a number

of hydrophobic regions in all FMOs, including C- and N-termini. However, truncation of

the C-terminal 26 amino acids from E. coli expression rabbit FMO2 did not lead to loss of

membrane association properties. Membrane association was still observed even with the

deletion of 200 C-terminal amino acids suggesting that C-terminal peptide is not important

in membrane association.(Lawton and Philpot, 1993b).
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Heterologous expression

In the absence of having a method to generate a crystallized FMO, structural and

functional studies of the FMOs are facilitated by the availability of cDNA and appropriated

expression systems. Heterologous expression makes it possible to investigate FMO

without the possible complications of multiple forms of FMO or other monooxygenases.

Attempts to achieve expression of FMOs have been made with E. coli, baculovirus, yeast,

and COS systems. Evidence suggest post-translational modification, such as N-

glycosylation, may play a structural or functional role for FMOs, but FMO cDNA

expression in E. coli seemed to be a perfectly adequate system to examine the properties

of this class of monooxygenase. The cDNAs of rabbit FMO2, FMO3, FMO5, pig FMO1,

and mouse FMO3 have been expressed in active form in E. coli and the activity toward a

number of traditional substrates was examined (Lawton and Philpot, 1993b; Lomri et al.,

1993a; Atta-Asafo-Adjei et al., 1993; Overby et al., 1995; Falls et al., 1997a). Rabbit

FMO2 cDNA was expressed in Saccharomyces cerevisiae and compared with the enzyme

expressed in E. coli (Lawton and Philpot, 1993b). Generally, expressed FMOs have N-

and S-oxygenation kinetic properties similar to those of native enzymes. Interestingly, a

number of typical FMO substrates, including methimazole, chlorpromazine,

prochlorperazine, imipramine, N,N-dimethylaniline, cysteamine, and trimethylamine, were

not substrates for cDNA-expressed FMO5, but which like FMO2, readily oxygenates

primary alkylamines such as n-nonylamine and n-octylamine (Atta-Asafo-Adjei et al.,

1993; Overby et al., 1995). In addition, rat liver FMO (FMO1) cDNA has been expressed

in yeast (Itoh et al., 1993 ), rabbit FMO1 and FMO2 cDNAs were expressed in COS-1

cells(Lawton et al., 1991 ), and finally human FMO3 was expressed in baculovirus-

mediated insect cells (Haining et al., 1997). The physical and catalytic properties of these

expressed FMOs were compared with the properties of the native microsomal protein.

Further, specific changes to primary structures were made in heterologous

expression systems and the changes elicited in catalytic activities and other properties were

monitored. For example, activity of the human FMO3 has been proposed to be deficient

in trimethylaminuria patients in which reduced trimethylamine N-oxidation leads to
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increased amounts of trimethylamine in their urine, sweat and breath, and this results in a

fishy odor characteristic of trimethylamine. The structural organization of FMO3 was

determined from genomic DNA. The gene contains one non-coding and eight coding

exons (Dolphin et al., 1997). Knowledge of exon/intron organization might facilitate the

identification of mutations in FMO3 in individuals affected with fish-odor syndrome.

Additionally, the variant human FMO3 cDNA was constructed from wild type human

FMO3 cDNA by site-direct mutagenesis and expressed as fusion proteins in E. coli

(Brunelle et al., 1997; Cashman et al., 1997). The results suggested that mutations at

codons 66 and 153 of FMO3 can cause trimethylaminuria in humans, whereas, a common

polymorphism of Lys to Glu at codon 158 of FMO3 in control samples didn't decrease

trimethylamine N-oxygenation for the cDNA-expressed enzyme and thus did not appear to

be causative of trimethylaminuria.

INTRODUCTION OF MY STUDY

In 1984, Dr. Williams along with Dr. Hodgson's group, isolated an FMO from

rabbit lung with properties that distinguished it from the pig liver enzyme (Williams et al.,

1984; 1985; Tynes et al., 1985; 1986). Lung FMO was unable to react with polyclonal

antibody raised to pig liver FMO; but did metabolize certain primary amines. (Tynes et al.,

1986; Poulsen et al., 1986). Furthermore, tertiary amines such as imipramine and

chlorpromazine were found to be good substrates for pig liver FMO but not for rabbit

lung FMO. Confirmation of rabbit lung and liver FMO being distinct gene products was

obtained from analysis of the cDNA and deduced protein sequence (Lawton et al., 1990).

According to the current nomenclature as mentioned above (Lawton et al., 1994) "liver"

and "lung" FMO are designated FMO1 and FMO2, respectively.

FMO2 expression is regulated developmentally by age and pregnancy with

experimental animals (Lee et al., 1995). Evidence from s.c. administration of certain sex

hormones to rabbits revealed that these hormones may play a significant role in FMO gene

expression (Lee et al., 1993). Half-site glucocorticoid response elements have been
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identified in regulatory regions from rabbit FMO2 genomic cloning (Wyatt et al., 1996).

FMO2 expression is lung-specific, but neither specific transcription factor(s) nor the

physiological role for lung-specific expression has been identified.

Recently, we have demonstrated that monkey lung contains high levels of FMO

which is immunochemically and catalytically similar to rabbit lung FMO2. Interestingly,

from our preliminary results FMO2 was detectable in only one of 29 human lung

microsomal samples with antibody raised to rabbit FMO2 protein. The pharmacological

or toxicological importance of FMO2 in human has not been explored. Therefore,

monkey lung becomes an attractive non-human primate model to characterize physio-

chemical properties of FMO2, understand its role in lung as a target organ for xenobiotics,

and assess the relative significance of animal models in human drug metabolism.

In this study, we characterized the primary structure and hydropathy profile of

monkey FMO2 by cDNA cloning, then examined tissue distribution of its mRNA. In

order to study gene structure and morphology of FMO functional domains, we then

established a heterologous expression system. The FMO2 produced from baculovirus-

medicated expression is similar to native enzyme immunochemically and catalytically;

additionally, the purification of expressed FMO2 protein enabled us to generate a new

antibody for human FMO2 detection. Finally, we characterized FMO2 in human lung

samples by determination of protein, mRNA levels and catalytic activity. Human FMO2

possesses unique features including differences in length of coding region, expression

levels and catalytic activity compared with the animal models we have examined.

Therefore, the generalizations concerning the xenobiotic metabolism of FMO2 in animal

models might not apply to humans, although further study has to be done.
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ABSTRACT

FMO oxygenates xenobiotics containing soft nucleophiles, most commonly

nitrogen and sulfur. Substrates for this monooxygenase system include plant alkaloids,

therapeutic, as well as psychoactive, drugs and pesticides etc.. As is the case with the

cytochrome P450 (CYP) monooxygenase, FMO proteins are associated with endoplasmic

reticulum and exist as a gene family. To date, five isoforms (FMO1 to FMOS), expressed

tissue- and species-specifically, have been identified in all mammals examined. Isoforms

are from five distinct genes; sequence identity between families is 50-58% and among

orthologs is 82-88%. FMO2 is the major isoform expressed in the lung of rabbit and

guinea pig. We examined the pulmonary microsomes from Rhesus macaque in this study.

High levels of an FMO were found, which appeared to be an FMO2 ortholog based on

tissue-specific expression, substrate specificity and immunochemical cross-reactivity. To

characterize this FMO2 ortholog in the primate model, a full-length cDNA was cloned

from a Rhesus monkey lung cDNA library. The derived protein sequence consisted of 535

amino acids including the identical putative FAD and NADP pyrophosphate binding sites

starting at positions 9 and 191, respectively. The monkey FMO2 protein sequence was 84

and 85% identical to the rabbit and guinea pig sequences, respectively. As is the case

with rabbit FMO2, FMO2 in monkey is encoded by multiple transcripts and is expressed in

a lung-specific manner.
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INTRODUCTION

Flavin-containing monooxygenase (FMO) was first isolated from pig liver

microsomes and identified as an amine-oxidase in 1972 (Ziegler and Mitchell).

Subsequent studies proved that mammalian FMO (FMO, EC1.14.13.8) oxygenates a large

number and wide variety of xenobiotics (Ziegler, 1993; Cashman, 1995). Analysis of

catalytic mechanism showed FMO exists in the cell as the reactive 4a-hydroperoxy-flavin

intermediate. Any compound containing a suitable soft nucleophile gaining access to this

site can be oxidized. Besides amines, in fact, many sulfur compounds, including thioureas,

alkylthiols, etc., are good substrates for FMO ( Ziegler, 1990) as are some selenium-

containing compounds (Chen and Ziegler, 1994), phosphines (Smyser and Hodgson,

1985), boronic acids and iodine (Jones and Ballou, 1986). However, most endogenous

soft-nucleophiles, containing more than a single charge (such as amino acids and

polyamines), are excluded from the active site by an ionic mechanism (Ziegler, 1991).

As is the case with the cytochrome P450 (CYP) monooxygenase system, FMO

was shown to require oxygen and NADPH and to be localized in the endoplasmic

reticulum of a number of tissues. Both monooxygenase systems are active toward some

of the same substrates, although different metabolites are produced due to different

catalytic mechanisms. For example, the antiestrogen tamoxifen (tam), a tertiary amine, is

metabolized by both of these monooxygenase systems to a number of different metabolites

(Kupfer and Dehal, 1995). Three major primary metabolites are N-demethyl-tam (N-

demethylation by P450), 4-hydroxy-tam (hydroxylation by P450) and tam-N-oxide

(mostly FMO). The production of tam-N-oxide, a polar, easily excreted metabolite, is

regarded as detoxification.

In 1984, Dr. Williams, along with Dr. Hodgson's group, isolated an FMO from

rabbit lung with properties distinguishing it from the pig liver enzyme (Williams et al.,

1984; Tynes et al., 1985). It was found that lung and liver FMO were markedly distinct

with respect to physiochemical properties such as thermostability, pH optima and

sensitivity to anionic detergent. Lung and liver FMO were also found to be

immunochemically and catalytically distinct. Confirmation of rabbit lung and liver FMO
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being distinct gene products was obtained from analysis of the cDNA and deduced protein

sequence (Lawton et al., 1990). To date, five distinct genes, termed FMOs 1-5, have

been cloned and sequenced (Hines et al., 1994; Lawton et al., 1994). The identities among

different forms are between 50 and 58%; orthologs are 82-88% identical. Each family

appears to be present in all mammals examined to date.

FMO2 is the major pulmonary isoform of FMO expressed in a number of species

(Tynes and Philpot, 1987; Lawton et al., 1990; Nikbakht et al., 1992). In the rabbit,

FMO2 has been localized to the nonciliated bronchiolar epithelial (Clara) cells and

endothelial type I and type II cells (Overby et al., 1992). Compared to FMO1 and FMO3,

the major hepatic FMOs, the substrate specificity and physical/chemical properties of

mammalian FMO2 orthologs in guinea pig and rabbit are distinct. For example, although

FMO2 is able to metabolize many FMO standard substrates, it is inactive toward certain

tertiary amines such as imipramine and chlorpromazine (Williams et al., 1984);

additionally, FMO2 is capable of N-oxidation of some primary alkylamines (Tynes et al.,

1986; Poulsen et al., 1986). Evidence of structure-activity studies with both nitrogen and

sulfur nucleophiles demonstrated that differences in the substrate-binding channel might

account for substrate specificity of FMO2 (Nagata et al., 1990). FMO2 gene expression

has been demonstrated to be regulated by sex hormones in experimental animals

(Williams, 1991). In maternal rabbit lung, FMO2 expression was induced during

pregnancy and correlated with plasma concentration of progesterone and corticosterone at

late gestation and early post-partrum, respectively (Lee et al., 1995). Lung FMO2 is

expressed very early in development (Lee et al., 1995; Larson-Su et al., 199x) which

indicates that it may play a significant role protecting newborn animals from toxicant insult

at an early life stage.

The lung is a target organ for the toxic effects of several chemical agents,

including, industrial chemicals, pesticides, and drugs. Characterization of the pulmonary

FMO is of interest because it oxidatively metabolizes a wide variety of nitrogen-, sulfur-,

and phosphorous-containing xenobiotics. To date, no primate FMO2 ortholog has been

purified nor cDNA expressed. In order to characterize the catalytic and physical/chemical

properties of the FMO2 in a primate animal model, we report here the isolation and
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sequence of the cDNA clone encoding the pulmonary FMO ortholog from a rhesus

monkey lung cDNA library. As a first step towards elucidation of the molecular basis of

lung FMO in a primate model, the successful acquisition of cDNA sequence revealed the

primary structure of pulmonary FMO in monkey. Analysis of mRNA and protein

demonstrated that the monkey FMO2 gene is subject to tissue-specific regulation and is

expressed specifically in lung in a manner similar to FMO2 orthologs in rabbit and guinea

pig.

MATERIALS AND METHODS

Experimental animals

Lung, liver and nasal tissue from 8 females and 1 male Rhesus macaques (Macaca

mulatta) were obtained for immunoblotting and catalytic activity determination. In

addition, lung samples from 3 females and 1 male cynomolgus monkey (Macaca

fascicularis) were purchased (Oregon Regional Primate Research Center). Lung tissue,

for construction of cDNA and for northern blotting, was removed from Rhesus macaques

and was rapidly frozen in liquid nitrogen and stored at -80°C until analysis.

Immunoblotting and enzyme activity

Monkey tissues were thawed in homogenization buffer (0.1 M potassium

phosphate, pH 7.25; 0.15 M KC1; 1 mM ethylenediaminetetraacetic acid (EDTA); 0.1 mM

phenylmethylsulfonyl fluoride; 1 mM dithiothreitol; 20 µM butylated hydroxytoluene) and

homogenized with a polytron (Brinkmann, Westbury, NY). Microsomes were then

prepared as described previously by Guengerich (1989). Microsome protein

concentrations were determined by the Lowry assay (Lowry et al., 1951), with bovine

serum albumin as standard. Microsome protein was resolved by SDS-PAGE (Laemmli,
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1970) and transferred electrophoretically to nitrocellulose (Bio-Rad, Richmond, CA)

(Towbin et al., 1979). Immunoblotting was performed utilizing a semi-dry transfer cell

and monkey FMO2 was detected by staining with primary antibody raised in guinea pig

against rabbit lung FMO2, and horseradish peroxidase conjugated goat anti-guinea pig

IgG as the secondary antibody, with purified rabbit FMO2 employed as a standard.

Quantification was performed by visualization with an ECL (Amersham, Arlington

Heights, IL) followed by densitometry. The catalytic activity of monkey lung microsomal

FM0 was assayed as N,N,-dimethylaniline (DMA) N-oxygenation with 14C-DMA as

substrate (Lee et al., 1993).

Construction of monkey lung cDNA library

Total RNA was prepared from Rhesus monkey lung using TriReagent (Molecular

Research Center, Cincinnati, OH), following which mRNA was isolated utilizing an oligo-

(dT) cellulose column (Molecular Research Center). Double-stranded cDNA was

synthesized with poly(A) RNA as the template by reverse transcriptase and subsequent

treatment with DNA polymerase I. Small cDNA was eliminated by fraction with a

Sephacryl S-500 spin column. Following the addition of EcoRI adaptor, cDNA was

unidirectionally ligated to a ZAP Expression Vector (Stratagene, La Jolla, CA) according

to the manufacturer's instructions. Packaging extracts (Gigapack III, Stratagene) were

used to package recombinant lambda phage. Monkey lung cDNA library then was

amplified by mixing recombinant bacteriophage with host cells XL1-Blur MRF'

(Stratagene) on NZY agar plates (per liter: 5 g NaCl, 2 g MgS047H20, 5 g yeast extract,

10 g casein hydrolysate, 15 g agar, pH7.5) then overlay the plates with SM buffer (per

liter: 5.8 g NaCl; 2.0 g MgS 04 71420; 7.88 g Tris-HC1, pH 7.25; 0.01% gelatin) overnight

and recovering the bacteriophage suspension from each plate. Cell debris was removed by

centrifugation and the supernatant was saved at both 4°C and -80°C in 0.3% chloroform

and 7% dimethylsulfoxide, respectively. The titer of the amplified library was determined

to be 2x109 pfu/ml.
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cDNA cloning by both Polymerase Chain Reaction (PCR) and nucleotide probe screening

cDNA cloning by PCR: PCR cloning was performed with the lysis cDNA library

as a template. Oligonucleotides (synthesized by the Center for Gene Research and

Biotechnology, Oregon State University), used for PCR cloning, were designed based on

the previously published rabbit (Lawton et al., 1990) and guinea pig (Nikbakht et al.,

1992) FMO2 cDNA sequences using regions where a strong degree of identity was

displayed. Three pairs of oligonucleotide primers amplified expected sizes of DNA

fragments by PCR as shown in Table 2.1. These three pairs of primers were pr7/pr12

(forward primer pr7: 5'- ATC CCA CTG AAG TCA TTT CCA; reverse primer pr12: 5'-

ACA CAA GCC TTT GAA AAC TCT), pr7/pr10 (forward primer pr7: 5'- ATC CCA

CTG AAG TCA TTT CCA; reverse primer pr10: 5'- AGT GTG GAA CAC CAT GTC

CCA) and pr9/pr12 (forward primer pr9: 5'- TGG GAC ATG GTG TTC CAC ACT;

reverse primer pr12: 5'- ACA CAA GCC TTT GAA AAC TCT). cDNA products

generated by PCR were subcloned into a PCRTMII vector with a TA Cloning kit

(Invitrogen, Carlsbad, CA). Clones were sequenced by the dideoxy chain-termination

method (Sanger et al., 1977) with a ATaq Cycle-Sequencing Kit (United States

Biochemical, Cleveland, OH).

Screening the cDNA library with homologous cDNA probes: A pair of primers,

pr13/pr15 (forward primer prl3: 5'- AGA AAG TGT CCA GAT TTC TCA; reverse

primer pr15: 5'- TGT TCC ATC CTC AAA AAT GGC) and the lyzed monkey lung

cDNA library were used with a PCR DIG Probe Synthesis Kit (Boehringer Mannheim,

Indianapolis, IN) to generate a homologous cDNA probe following the manufacturer's

instructions. The resultant 612 by cDNA probe, labeled with digoxygenin-11-dUTP, was

used to screen 2.4 x 105 plaques in 6 NZY agar plates with host cells XL-Blue MRF. The

nylon membrane, with denatured plaques containing cDNA inserts, was pre-hybridized in

hybridization solution (35% formamide, 1 M NaC1, 1% SDS, 0.5% milk powder, 100

1.tg/m1 denatured salmon sperm DNA) at 42°C for 2 hr, then hybridized overnight at 42°C

with a DIG-labeled cDNA probe (612 bp) at 15 ng/ml in a hybridization incubator (Model

310, Robbins Scientific, Sunnyvale, CA). The hybridized membrane was washed with a
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solution containing 2xSSC, 0.3% SDS at room temperature and subsequently 0.1xSSC,

0.3% SDS at 42°C. Detection was accomplished by a chemiluminescence detection

method (Engler-Blum et al., 1993) with a Genius 7 Luminescent Detection Kit

(Boehringer Mannheim). After consecutive screenings, three positive clones were

obtained. One of the positive plaques was excised from the ZAP vector with a rapid

excision kit (Stratagene) and the insert in PBK-CMV phagemid was sequenced with T3

and T7 primers by the Center for Gene Research and Biotechnology at Oregon State

University.

Northern Blot analysis and RT-PCR

Tissue distribution of FMO2 mRNA was determined with both Northern Blotting

and RT-PCR. For Northern blot analysis, total RNA, isolated from monkey tissue (lung,

liver, kidney) was separated by electrophoresis in a 1% agarose gel containing 0.4 M

formaldehyde in MOPS buffer (20 mM morpholinopropanesulfonic acid, pH 7.0; 5 mM

sodium acetate; 1 mM EDTA, pH 8.0) and transferred by a downward capillary method

(Chomczynski, 1992) to a nylon membrane, HybondN± (Amersham, Arlington Heights,

IL). The RNA was immobilized by UV-crosslinking (UV crosslinker, XL-1000, Fisher

Scientific, Pittsburgh, PA) and baked for 60 min at 68°C. Following the transfer, the

membrane was prehybridized for 2 hr at 68°C (16.3% SDS; 0.25 M Na2HPO4, pH 7.2, 1

mM EDTA, 5% blocking reagent), then hybridized overnight at 68°C with a DIG-dUTP-

labeled cDNA probe (at a concentration of 30 ng/ml) which was generated by PCR with

primers pr13/pr15 using monkey FMO2 cDNA as a template. Detection was carried out

with a Genius 7 Luminescent Detection Kit (Boehringer Mannheim) by first washing the

membrane in washing buffer (100 mM maleic acid, pH 8.0; 3 M NaCl; 0.3% Tween 20).

Then the membrane was incubated in blocking buffer (100 mM maleic acid, pH 8.0; 3 M

NaCl; 0.3% Tween 20; 0.5% blocking reagent) for 60 min. Subsequently, anti-DIG:AP

conjugates were diluted 1:15,000 in blocking buffer and the membrane was incubated for

30 min and then washed with washing buffer three times for a total of at least 1 hr for
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removal of unbound antibody-conjugates. Lumigen PPD was utilized as the

chemiluminescent substrate and the membrane was exposed to Hyper-film (Amersham)

RT-PCR was performed for the quantitation of FMO2 mRNA levels in monkey

tissue (lung, liver, kidney, intestine, ovary); reaction conditions were based on

recommendations of the "Access RT-PCR" kit (Promega; Madison, WI). Briefly, total

RNA from monkey tissue was used as a template for reverse transcription; this was

followed by PCR with forward and reverse primers (5'- AGA AAG TGT CCA GAT TTC

TCA and 5'- TGT TCC ATC CTC AAA AAT GGC, respectively). The resultant partial

cDNA, 612 bp, was visualized on an agarose gel containing ethium bromide. The relative

amounts of mRNA were quantitated by NIH-Image 1.57.

RESULTS

Protein levels and enzyme activity of FMO2 in monkey tissue

Immunoblotting of microsomes from Rhesus monkey lung, liver and nasal tissues

demonstrated that lung microsomes contained a protein which cross-reacted strongly with

the antibody to rabbit FMO2, with the same apparent molecular weight (data not shown).

As is the case in the rabbit, very little FMO2 appears to be expressed in Rhesus liver. The

relative amounts of FMO2 protein and FMO activity for the individual monkeys examined

is shown in Table 2.2. The substrate specificity is similar to rabbit lung FMO2 (Williams

et al., 1984; Nagata et al., 1990), in that neither imipramine nor 10-(N,N,-

dimethylaminoethyl)-2-trifluoromethylphenylthiazine were capable of stimulating 02

consumption; however, N-dodecylamine and 10-(N,N-dimethylaminohepty1)-2-

triflulromethylphenylthiazine were substrates for monkey lung FMO (data not shown).
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Monkey FMO2 cDNA Sequence

After three consecutive screenings with a homologous cDNA probe, one positive

clone was sequenced on both strands. The nucleotide sequence contains a 5' flanking

region of 59 bases, an open reading frame encoding a polypeptide of 535 amino residues

from an ATG translation start site and a 3' non-coding region of 73 bases that contains a

poly(A) like tail from a TAG termination codon (Fig 2.1). The cDNA sequence obtained

from nucleotide screening is identical with that from PCR cloning. The primary sequence

of monkey FMO2 has 85 and 84% homology to rabbit and guinea pig FMO2, respectively

(Fig 2.2). The FAD-binding domain (Gly X Gly X X Gly), beginning at residue 9, and

NADP binding site (Gly X Gly X X Gly/Ala), beginning at residue 191, are located at the

same position in the primary sequences as for all other FMO isoforms.

Tissue distribution of FMO2 mRNA

The results from northern blot analysis showed that FMO2 expression is lung

specific (Fig 2.4). Multiple transcripts were observed in monkey lung. The most

abundant transcript is approximately 4.0 Kb according to the markers of ribosomal RNA

(18S and 28S). The relative amounts of FMO2 mRNA in monkey tissue were compared

with lung by RT-PCR and quantitated with NIH-Image 1.57 (Fig 2.4). FMO2 mRNA in

kidney is 11.5% of that in lung. Other tissue (liver, intestine, ovary) expressed less than

1% of lung FMO2 mRNA levels.
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Table 2.1. Three pairs of primers used in PCR for FMO2 cDNA cloning

sequence location of primer
pair of primers (amino acid residue) expected size of DNA fragment

pr7/pr12 AA 155 to AA 397 729 by

pr7/pr10 AA 155 to AA 237 249 by

pr9 /prl2 AA 231 to AA 397 501 by
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Table 2.2. Immunoquantification and catalytic activity of FMO2 in primate pulmonary
microsomes.

Species Sex FMOa DMA N-oxygenationb

Rhesus (n=8) F 1.92±0.42 1.20±0.44

Rhesus (n=1) M 0.59 0.25

Cynomolgus (n=3) F 0.82±0.33 0.57±0.11

Cynomolgus (n=1) M 0.34 0.47

a. The values shown are the mean ± SE in nmole "rabbit FMO2 equivalents"/mg protein
(utilizing purified rabbit lung FMO2 as a standard).

b. DMA N-oxygenation was determined by HPLC using "C-DMA as substrate. The
values are the mean ± SE in units of nmole DMA N-oxide produced per min per mg
microsomal protein.



5" ggcacgaggaaaactattctgtcaagagacggtgccaaaaggcaaaaacaaaggaactg

1 ATG GCA AAG AAA GTA GCT GTG ATC GGA GCT GGG GTC AGT GGC CTG ATT TCT CTG AAG TGC TGT GTG GAT GAG GGA
M A K K V A V I G A G V S G L I S L K C C V D E G

26 CTT GAG CCC ACT TGC TTT GAG AGA ACT GAA GAT ATT GGA GGA GTG TGG AGG TTC AAA GAG AAG GTG GAA GAT GGCL EPTCFERTEDIGGVWRFKEKVEDG
51 CGA GCA AGC ATC TAT CAA TCT GTC GTT ACC AAC ACC AGC AAA GAA ATG TCC TGT TTT AGT GAC TTT CCA ATG CCC

R A S I Y Q S V V T N T S K E M S C F S D F P M P

76 GAA GAT TTT CCA AAC TTC CTG CAT AAT TCT AAA CTT CTG GAA TAT TTC AGG ATT TTT GCC AAA AAA TTT GAT CTGE DFPNFLHNSKLLEYFREFAKKFDL
101 TTA AAA TAT ATT CAG TTC CAG ACA ACT GTC CTT AGT GTG AGA AAG TGT CCA GAT TTC TCA TCC TCT GGC CAA TGG

L K Y I Q F Q T T V L S V R K C P D F S S S G Q W

126 AAG GTT GTC ACT CAG AGC AAT GGC AAG GAG CAG AGT GCT GTC TTT GAT GCA GTT ATG GTT TGC ACT GGC CAC CAC
K V V T Q S N G K E Q S A V F D A V M V C T G H H

151 TTT CTA CCT CAT ATC CCA CTG AAG TCA TTT CCA GGT ATC GAG AGG TTC AAA GGC CAA TAT TTC CAT AGC CGC CAA
F L P H I P L K S F P G I E R F K G Q Y F H S R Q

176 TAC AAG CAT CCA GAT GGA TTT GAG GGA AAA CGC ATC CTG GTG ATC GGA ATG GGA AAC TCG GGC TCC GAT ATT GCTYKHPDGFEGKRILVIGMGNSGSDIA
201 GTT GAG CTG AGT AAG AGT GCT GCT CAG GTT TTT ATC AGC ACC AGG CAT GGC ACC TGG GTC ATG AGT CGT GTC TCT

E L S K S A A Q V F I S T R H G T W V M S R V S

226 GAA GAT GGT TAT CCT TGG GAC TCG GTG TTC CAC ACC CGG TTT CGT TCT ATG CTC CGC AAT GTA CTG CCA CGA ACAE DGYPWDSVFHTRFRSMLRNVLPRT
251 GTT GTA AAA TGG ATG ATA GAA CAA CAG ATG AAT CAG TGG TTC AAC CAT GAA AAT TAT GGC CTT GAG CCT CAA AAC

V K W M I E Q Q M N Q W F N H E N Y G L E P Q N

276 AAA TAC ATT ATG AAG GAA CCT GTA CTA AAT GAT GAT GTC CCA AGT CGT CTA CTC TGT GGA GCC ATC AAG GTG AAAK YIMKEPVLNDDVPSRLLCGAIKVK
301 TCT ACA GTG AAA GAG CTC ACA GAA ACT TCT GCC ATT TTT GAG GAT GGA ACA GTG GAG GAG AAC ATT GAT GTC ATC

S T V K E L T E T S A I F E D G T V E E N I D V I

326 ATT TTT GCA ACA GGA TAT AGT TTC TCT TTT CCC TTC CTT GAA GAT TCA CTT GTT AAA GTA GAG AAT AAT ATG GTC



I F A T G Y S F S F P F L E D S L V K V E N N M V

351 TCA CTG TAT AAG TAC ATA TTC CCA GCT CAC CTG GAG AAG TCA ACC TTT GCA TGC ATT GGT CTC ATC CAG CCC CTA
S L Y K Y I F P A H L E K S T F A C I G L I Q P L

376 GGT TCC ATT TTC CCA ACT GCT GAA CTT CAA GCT CGT TGG GTG ACA AGA GTT TTC AAA GGC TTG TGT CAC CTG CCC
G S I F P T A E L Q A R W V T R V F K G L C H L P

401 TCA GAG AGA ACT ATG ATG ATG GAC ATT ATC AAA AGG AAT GAA AAA AGA ATT GAC CTG TTT GGA GAA AGC CAG AGC
S E R T M M M D I I K R N E K R I D L F G E S Q S

426 CAG ACG TTG CAG ACC AAT TAT GTT GAC TAC TTG GAT GAG CTC GCC TTA GAG ATA GGT GCG AAG CCA GAT TTC TGC
Q T L Q T N Y V D Y L D E L A L E I G A K P D F C

451 TCT CTC TTG TTC AAA GAT CCT AAA CTG GCT GTG AGA CTG TTT TTC GGA CCC TGC AAC TCC TAT CAG TAT CGC CTA
S L L F K D P K L A V R L F F G P C N S Y Q Y R L

476 GCT GGG CCT GGG CAA TGG GAA GGA GCC AGG AGT GCC ATC TTC ACC CAG AAA CAA AGG ATA CTG AAG CCA CTA AAG
A G P G Q W E G A R S A I F T Q K Q R I L K P L K

501 ACT CGG GTC CTG AAG GAT TCA TCT AAT TTC CCA GTT TCC TTT CTG TTG AAA ATC CTG GGC CTT GTT GCT GTT GTT
T R V L K D S S N F P V S F L L K I L G L V A V V

526 GTG GCC TTT TTC TGC CAA CTT CAA TGG TCC
A F F C Q L Q W S

tagtcagcataacactttgggctttattatcttgtcagtcactacctcctaaagaaaaaaaaaaaaaaaaaaaa 3'

Figure 2.1. Nucleotide and derived amino acid sequences from cDNA encoding FMO2 expressed in Rhesus monkey lung. The start
and stop codons, and a polyadenylation tail, are underlined.
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Monkey FMO2 MAKKVAVIGAGVSGLISLKCCVDEGLEPTCFERTEDIGGVWRFKEKVEDGRASIYQSVVT
Rabbit
Guinea pig L N K I-

61 NTSKEMSCFSDFPMPEDFPNFLHNSKLLEYFRIFAKKFDLLKYIQFQTTVLSVRKCPDFS
I K-R---A

L T-K-H----

121 SSGQWKVVTQSNGKEQSAVFDAVMVCTGHHFLPHIPLKSFPGIERFKGQYFHSRQYKHPD
E S-Q S- I- N K A
E D S- I A

181 GFEGKRILVIGMGNSGSDIAVELSKSAAQVFISTRHGTWVMSRVSEDGYPWDSVFHTRFR
-L I -A K Y- K-S I M S

I -A -S N N-S I M K

241 SMLRNVLPRTVVKWMIEQQMNQWFNHENYGLEPQNKYIMKEPVLNDDVPSRLLCGAIKVK
MI- -M R A E- L L--- I- Y -T

I s -M L-R----A--S---K---L----I----L---I-Y--V---

301 STVKELTETSAIFEDGTVEENIDVIIFATGYSFSFPFLEDSLVKVENNMVSLYKYIFPAH
RR SA D -V T A E I-D M -PQ
R-TQ L D -V T E I-H M -PQ

361 LEKSTFACIGLIQPLGSIFPTAELQARWVTRVFKGLCHLPSERTMMMDIIKRNEKRIDLF
L V A S- -KE- A N--A--

--P-LT-M V A K -E

421 GESQSQTLQTNYVDYLDELALEIGAKPDFCSLLFKDPKLAVRLFFGPCNSYQYRLAGPGQ
-L -K I LV-F K Y V

IV LI-F-L- E -K-C V

481 WEGARSAIFTQKQRILKPLKTRVLKDSSNFPVSFLLKILGLVAVVVAFFCQLQWS
N T--A F -F L-L--LF----F
R L SV AAP-LSA---M---A----F----S--YGF

Fig 2.2. Primary sequence comparison of FMO2 orthologs in monkey rabbit and guinea
pig. The putative FAD- and NADP- binding sites are underlined.
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28S --
18S --

1 2 3 4

Figure 2.3. FMO2 transcripts in Rhesus monkey tissues.

Northern blotting was performed with 20 ms of total lung RNA from first monkey (lane
1); monkey lung, liver and kidney total RNA (12 lag) from second monkey were blotted
on lanes 2, 3 and 4. The blot was probed with monkey lung FMO2 cDNA labeled with
digoxigenin by PCR and visualized by chemiluminescence.
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Ovary Intestine Kidney Liver Lung

200 100 50 200 100 50 200 50 5 200 100 50
ng ng ng ng ng ng ng ng ng ng ng ng

1

10 5 1 0.1
ng ng ng ng

1 1

1Kb
ladder 1

<1 <1 11.5 <1 100

% of Lung FMO2 mRNA

Fig 2.4. Quantitation of FMO2 mRNA in monkey tissues by RT-PCR

Total RNA from monkey tissue (lung, liver, kidney, ovary and intestine) was used in RT-

PCR. Monkey lung total RNA 0.1, 1, 5, 10 ng, was used in RT-PCR to establish a
standard curve.
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DISCUSSION

From the initial discovery of an unique form of FMO in rabbit lung exhibiting

chemical-physical properties distinct from the porcine FMO (FMO1), FMO2 has been

studied in this and other laboratories with respect to developmental and hormonal

regulation, primarily using a rabbit model. Considering its high expression levels in rabbit,

we hypothesized that FMO2 may play an important role in pulmonary xenobiotic

metabolism in humans. As the first step in characterization of primate FMO2, we

examined protein expression levels, enzyme activity and mRNA levels in monkey tissue;

furthermore, the coding sequence was identified by cDNA cloning.

The results of western blotting and catalytic activity with monkey microsomes

indicate that the FMO2 ortholog in monkey lung is similar to rabbit FMO2

immunochemically and catalytically which supports the theory that the FMO gene family

arose prior to mammalian speciation (Lawton et al., 1994). Evidence has been shown that

rabbit FMO2 substrate specificity is distinct from FMO1, i.e., primary alkylamines are

substrates for FMO2, but not for FMO1, whereas, some tertiary amines, such as

imipramine and chlorpromazine are good substrates for FMO1 but not FMO2.

Interestingly, monkey FMO2 examined with a primary alkylamine and a tertiary amine in

this study, showed that it resembles the rabbit ortholog in substrate specificity. It has been

proposed that FMO2's substrate binding channel is relatively narrow and deep compared

with that of FMO1 (Cashman, 1995), which might also apply to monkey FMO2.

The determination of FMO2 mRNA levels from northern blot analysis and RT-

PCR confirm lung-selective expression of monkey FMO2. The low levels of FMO2

message in kidney (11.5% of lung FMO2, Fig 2.4) is consistent with evidence of protein

levels from western blot analysis. Recently, a lung-specific DNaseI-hypersensitive domain

in the 5' region of rabbit FM02 has been identified which contains consensus sequences

for the transcriptional factors PEA3 and TTF-1 ( Shehin-Johnson et al., 1996) suggesting

that tissue-specific transcription factors might play a role for lung-specific expression of

FMO2, although transcription factors or associated proteins have not been identified. A

limited comparison of sequences revealed that there is little homology between monkey,
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rabbit and guinea pig FMO2 in 5'-untranslated regions. We do not know the implication

of variation in those leading sequences among species, although untranslated regions have

been shown to control tissue specific expression, mRNA turnover, translation and location

in the cell (Romeo et al., 1993).

The hydropathy profile of monkey FMO2 generated from the deduced amino acid

sequence revealed that both 5' and 3' ends contain hydrophobic regions. Another

interesting perspective of FMO2 structure is that the first 100 residues in the N-terminal of

the protein are highly conserved among three species (monkey, rabbit, guinea). It will be

of interest to characterize the gene structure of functional domains with cDNA-based

heterologous expression to gain knowledge of FMO morphology since protein

crystallography is still not available.
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ABSTRACT

Flavin-containing monooxygenase is a biotransformation enzyme of soft

nucleophilic xenobiotics that is expressed in a number of tissues in all mammals examined

to date in a tissue- and species- specific manner. FMO2 is a lung specific isoform in rabbit

and guinea pig. In previous studies, we identified monkey lung FMO as an ortholog of

rabbit FMO2 by cDNA comparison, immunochemical analysis and substrate specificity.

Furthermore, relatively high levels of FMO2 are expressed in monkey lung compared with

other xenobiotic-metabolizing enzymes. FMO2 may therefore play an important role in

oxygenation of nitrogen and sulfur chemicals where lung is the target organ or the major

portal of entry. In the current study, we inserted the full length FMO2 coding sequence,

which we cloned from a monkey lung cDNA library, into heterologous E. coli. and

baculovirus-mediated expression systems. In E. coli expression, FMO was produced with

relatively low abundance and catalytic turnover according to western blotting and enzyme

activity. By comparison, baculovirus-based expression produced functional FMO2 which

exerted immunochemical and catalytic properties similar to monkey lung microsomes and

the rabbit FMO2 ortholog. FMO2 was expressed at a level of 500 pmol/mg cell lysate

with an enzyme activity of 3.2 nmol/min/mg protein (insect cell lysate) in the baculovirus

expression system. We further purified FMO2 using blue-dextran and hydroxyapatite

columns from the membrane fraction of insect cells. Purified expressed FMO2 resembles

rabbit FMO2 with a specific activity toward methimazole of 105.2 nmol/min/mg. Active

FMO2, expressed in sf9 insect cells infected with baculovirus, may serve as a useful model

for kinetic characterization of potential substrates in vitro without the confounding effects

of other xenobiotic-metabolizing enzymes in future studies. Additionally, functional

domains and gene structure-activity relationships of FMO2 can be determined in this

heterologous expression system.



61

INTRODUCTION

Flavin-containing monooxygenase (FMO) is a membrane associated

biotransformation enzyme that catalyzes the oxygenation of soft nucleophiles,

predominantly nitrogen and sulfur. FMO was first isolated from pig liver by Dr. Ziegler

and later designated named as FMO isoform 1. During the past two decades, five

isoforms, designated FMO1 -FMO5, with tissue- and species-specific expression have been

identified (Ziegler, 1993; Cashman, 1995). Analysis by kinetic studies of mechanism

indicated that oxygenatable substrate is not essential for enzyme activation. FMO exists

mostly in the form of a stable 4a- hydroperoxyflavin intermediate, which is a potent

oxygenating species. Any soft nucleophile that can be oxidized by an organic

hydroperoxide and can make contact with this potent oxygenating agent is a potential

substrate (Ziegler, 1984). This unique feature is responsible for FMO's broad substrate

catalytic ability. Despite a mechanism designed for loose specificity, these enzymes

possess abilities for discriminating between physiologically essential and xenobiotic soft

nucleophiles by an ionic mechanism (Ziegler, 1990).

The relevance of FMO to drug metabolism concerns research and pharmaceutical

companies because FMO-mediated reactions have been associated with a number of

therapeutic, as well as recreational drugs, including dimethylaniline, imipramine,

chlorpromazine, nicotine, codeine, and tamoxifen. Compared with the well-characterized

cytochrome P-450 monooxygenase system, the role in drug metabolism, gene regulation

and structure related to enzyme function for FMO has not been well explored.

Because no crystal structure of a membrane-bound FMO has been determined,

cDNA-based expression for FMO in heterologous systems has been of tremendous value

in terms of discernment of catalytic specificity and elucidation of structure-activity

relationships (Cashman, 1995). The advantage of heterologous expression systems is that

catalytic and other properties can be examined in a relatively isolated system where

activities of other enzymes do not interfere. Additionally, amino acid changes can be

readily introduced into the enzyme for structure function studies; furthermore, high yields

of protein can be achieved for physiochemical and possibly, crystallization studies.
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Biotransformation enzymes, including FMO and cytochrome P450 (Guengerich et al.,

1993; Cashman 1995; Gonzalez and Korzekwa, 1995), have been successfully expressed

in bacterial, yeast, insects or mammalian cells. The particular expression vector chosen is

dependent on factors including ease of use and manipulation, expense and yields of

proteins with naturally biological function.

FMO2 is a lung specific isoform in rabbit (Williams et al., 1984; Tynes et al.,

1985; Lawton et al., 1990) and guinea pig (Nikbakht et al., 1992). In previous studies,

we studied FMO2 in a primate animal model, rhesus monkey, and reported its primary

structure from cDNA cloning. Like rabbit, FMO2 is expressed abundantly in monkey lung

compared with other drug-metabolizing enzymes, therefore, it may play a significant role

for substrates in which lung is a target organ or a route of administration. In our current

study, we established a heterologous expression system for functional FMO2 production.

First, we chose a prokaryotic expression system due to reportedly successful expression

with other FMO isoforms. Evidence suggested that post-translational modification, such

as N-acetylation, might play a structural or functional role for FMOs (Ozols, 1990; Guan

et al., 1991), but FMO cDNA expression in E. coli seemed to be a perfectly adequate

system to examine the properties of this class of monooxygenase (Cashman et al., 1992;

Lomri et al., 1993; Wrighton et al., 1993). High levels of FMO2 were produced from E.

coli expression with no catalytic activity toward substrates of thiourea or methimazole

based on results of immunoblot and enzyme assays. In an effort to produce a catalytically

sufficient FMO, baculovirus-mediated expression was used. In addition to a high yield of

expression, FMO2 from the baculovirus-based system possesses similar catalytic

properties compared with rabbit FMO2. The successful expression of FMO2 in

baculovirus will make it possible to examine substrate specificities and structure-function

relationships by site-directed mutagenesis or similar strategies.
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Triton N-101, blue dextran, hydroxyapatite, flavin adenine dinucleotide (FAD),

methimazole, 13-nicotinamide adenine dinucleotide phosphate (13-

NADPH),ethylenediaminetetraacetic acid (EDTA) and 5,5-dithiobis-(2-nitorbenzoate)

(DTNB) were purchased from Sigma (St. Louis, MO). Isopropyl-P-thioo-

galactopyranoside (IPTG) was from Stratagene (La Jolla, CA). Restriction endonucleases

and T4 DNA ligase were from New England Biolabs (Beverly, MA). Taq polymerase and

the dNTP mixture for PCR were from Boehringner Mannheim (Indianapolis, IN). The

pET-30a and pET-24d E. coli expression vectors were from Novagen (Milwaukee, WI).

DH5a, Max Efficiency DH1OBAc Competent Cells, Sf-900 II SFM and gentamicin were

obtained from Life Technologies (Gaithersburg, MD). Acrylamide and nitrocellulose, for

SDS-PAGE, were purchased from Bio-Rad (Richmond, CA). Geneclean II kit was

purchased from BIO 101 Inc.(La Jolla, CA). QIA prep Spin Plasmid Kit for plasmid

preparation was from Qiagen (Chatsworth, CA). Lysozyme was obtained from United

States Biochemical (Cleveland, OH). pFASTBAC expression vector and insect cell line,

sf9, was provided kindly by Dr. Donald Buhler at Oregon State University. Hyperfilm MP

and ECL kit for the detection of western blot analysis was from Amersham (Arlington

Heights, IL). Oligonucleotide for PCR primers were synthesized by the Center for Gene

Research and Biotechnology at Oregon State University.

Subclone of monkey FMO2 cDNA into pET vectors

A pair of primers 5'NcoI and 3'BamHI (forward primer 5'NcoI: 5'- GGA TCC

ATG GCA AAG AAA GTA GC; reverse primer 3'BamHI: 5'- GCA GGA TCC CTA

GGA CCA GGT AA) were used in PCR (performed in a RoboCycler, Stratagene, La

Jolla, CA) to introduce the restriction enzyme sites, NcoI and BamHI, upstream and
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downstream of the initiation and stop codons of FMO2 cDNA, respectively. The PCR-

generated fragment containing FMO2 cDNA was digested with NcollBamrn, then

isolated from an agarose gel with Geneclean kit following electrophoresis. This DNA

fragment was subsequently ligated into NcollBarrtHI-cleaved inducible prokaryotic

expression vectors pET-30a and pET-24d. The resultant recombinant plasmid (pET

FMO2) was transformed into DH5a competent cells, and the insert was confirmed by

PCR with primers 5'NcoI/3'BamH that generated a 1.6 Kb DNA fragment. The insert

sequence was verified by the dideoxy chain-termination method (Sanger et al., 1977) in

the Center for Gene Research and Biotechnology at Oregon State University. The pET

FMO2 in DH5a was stored in glycerol at -80°C until expression.

Protein expression in E. coli

The recombinant plasmid pET -FMO2 was transformed to the host E. coli strain,

HMS174(DE3) and plated onto LB plates containing 50 ps/mlkanamycin. Single

colonies were grown at 37°C overnight in 5 ml of LB media containing kanamycin. Two

ml of the culture were added to 250 ml of LB-Kanamycin and grown at 37°C until the A600

was about 0.5. IPTG and FAD were added to 1 mM and 20 µg /ml respectively, and the

culture was grown at 37°C for 3 hr with shaking (225 rpm). Host cells contained a

chromosomal copy of the gene for T7 RNA polymerase and expression was induced by

providing a source of T7 RNA polymerase in the host cells after adding IPTG.

Following IPTG induction, the membrane fraction of E coli was prepared. Cells

were harvested by centrifugation at 1000 x g for 10 min at 4°C, resuspended in 12 ml lysis

buffer (100 mM KC1, 50 mM potassium phosphate, pH 7.4, 1 mg/ml lysozyme), incubated

30 min on ice, sonicated on ice for 5 x 45 s, and then cell debris was pelleted by

centrifugation at 1000 x g for 10 min. Supernatant was collected and centrifuged for 80

min at 100,000 x g. The pellet was resuspended in storage buffer (50 mM potassium

phosphate, pH 8.0, 0.2 mM phenylmethylsulfonyl fluoride, 20% glycerol) and stored at

80 °C until employment for western blotting and catalytic activity analyses.
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Subclone of monkey FMO2 cDNA into pFASTBAC plasmid vector

A Bac-to-Bac baculovirus expression system was used to express an FMO2 cDNA

obtained from plasmid PBK CMV -FMO2, a positive clone from the cDNA library

screening. PBK CMV -FMO2 was digested with EcoRI/XbaI to liberate a 1.6 Kb FMO2

cDNA and subsequently ligated to plasmid transfer vector pFASTBAC, which was cut by

the same restriction enzymes EcoRI/XbaL FMO2 cDNA was cloned into pFASTBAC

downstream from a baculovirus promoter that is flanked by baculovirus DNA derived

from the polyhedrin gene. The recombinant plasmid was isolated and transformed (heat

shock) into DH10Bac competent cells, which contain the baculovirus shuttle vector

(bacmid) with a mini-attTN7 target site, as well as the helper plasmid. The mini-Tn7

element on the pFASTBAC plasmid was transposed to the mini-attTn7 target site on the

bacmid in the presence of transposition proteins provided by the helper plasmid. Colonies

containing recombinant bacmids were identified by disruption of the lacZ gene in the

presence of a chromogenic substrate Bluo-gal in Luria Agar plates based on manufacture's

instructions. High molecular weight DNA was prepared from selected E. coli clones,

visualized on 0.5% agarose gel containing ethidium bromide and confirmed by PCR with

PCU/M13 primers.

Production of recombinant baculovirus and protein expression

Sf9 insect cells were routinely maintained in suspension Sf-900 II SFM medium

culture containing 10 mg/L gentamicin in a 500-m1 sterile shaker flask at 27°C on an

orbital shaker (125 rpm). Sf9 cells (1 x 106) were seeded into 35-mm wells (of a 6-well

plate) with 2 ml of Sf-900 II SFM , then were transfected with recombinant bacmid via

carrier Celifectin Reagent according to the manufacturer's protocol (Life Technologies).

Approximately 2 ml of media, containing recombinant baculovirus, were collected at 72 h

post-transfection. The recombinant baculoviruses were amplified in Sf9 cells in log phase

(2 x 106/m1) to prepare high titer virus stocks. After 7 days, the supernatant was removed
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and used to infect 600 ml of Sf9 cells in suspension cultures at a density of 2 x 107m1 in 6

of 500 ml-shaker flask (100 ml suspension of insect cells in each shaker flask) with

supplemental FAD (10 p.g/mL). Insect cells were harvested at 72-96 hr post-infection,

washed with phosphate-buffered saline (PBS), repelleted. and stored at -80° C until

further use.

Preparation of insect cell membranes

The insect cell pellet was suspended in 10 mM potassium phosphate (pH 7.6),

20% glycerol, 1 mM EDTA (buffer A) and homogenized with a motor-driven Teflon-

tipped pestle on ice. The suspension was centrifuged at 1,000 x g for 10 min at 4°C to

remove large cellular debris, and the supernatant centrifuged at 100,000 x g for 80 min at

4°C to isolate the microsomal subcellular fraction.

Solubilization of microsomal protein and chromatographic purification of expressed
monkey FMO2

All the following procedures were performed at 4°C. Insect cell membranes (about

40 mg) were solubilized in 15 ml buffer A with 0.4 mM phenylrnethylsulfonyl fluoride

(PMSF) and 1% Triton-N101 nonionic detergent. This mixture was homogenized with a

motor-driven Teflon-tipped pestle, then stirred for 60 min on ice, and centrifuged at

100,000 x g for 80 min to remove insoluble material. The solubilized microsomes were

diluted with buffer A to a fmal concentration 0.5% of Triton-N101, then applied directly

to a column of 10 ml blue dextran which was pre-equilibrated with buffer B (buffer A

containing 0.5 % Triton-N101). The column was washed with buffer B and then buffer B

with 100 mM NaCl overnight. FMO was then eluted with buffer B with 500 mM NaCl.

Fractions containing flavoprotein, identified by FAD spectral profile with a scanning (350-

500 nm) spectrophotometer, were pooled and dialyzed with buffer A. The dialyzed
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fraction was applied to a small hydroxyapatite column (1.5 ml) which was previously

equilibrated with buffer A. The column was washed overnight with buffer A, and eluted

with 400 mM potassium phosphate (pH 7.4), 20% glycerol. The FMO-containing

fractions were identified with a spectrophotometer, dialyzed in 50 mM Tris (pH 7.5), 0.1

mM EDTA, 0.1 mM PMSF, 20% glycerol and stored at -80°C.

Western blot analysis

Expression of FMO2 was identified by western blot analysis. Protein

concentrations of cell lysates of bacteria and insect cells, as well as membrane fractions,

were measured using the Lowry assay (Lowry et al., 1951), with bovine serum albumin as

standard. Proteins were separated on an 8% acrylamide gel by SDS-PAGE (Laemmli,

1970), transferred electrophoretically to nitrocellulose (Towbin et al., 1979), probed with

primary antibody, anti-rabbit lung FMO IgG, which was raised in guinea pig, and

horseradish peroxidase conjugated goat anti-guinea pig IgG as the secondary antibody,

with purified rabbit FMO2 employed as standard. Quantitation was performed by

visualization with an ECL kit followed by densitometry of hyperfilm using an HP Scan Jet

IIcx/T flatbed scanner with a software NIH-Image 1.57.

FMO catalytic activity

Expressed FMO2 catalytic activity, from membrane and purified fractions, was

determined by methimazole-dependent oxidation of nitro-5-thiobenzoate (TNB) to 5,5-

dithiobis-(2-nitrobenzoate) (DTNB) (Dixit and Roche, 1984). This assay was performed

in a double bean spectrophotometer at 37 °C, sample and reference cuvettes contained a 1-

ml reaction mixture of 0.1 M Tricine/ 0.1mM ethylenediaminetetraacetic acid, pH 8.4

(EDTA), 0.06 mM DTNB/ 100 mM potassium phosphate (pH 8.0), 0.0025 mM

dithiothreitol (DTT), 0.1 mM f3- nicotinamide adenine dinucleotide phosphate (NADPH),
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and expressed protein. The reaction was initiated by addition of 10 pl of methimazole (1

mM) to the sample cuvette and 10 µl of water to the reference cuvette. Tricine/EDTA

buffer was aerated for 30 min before use, and reaction mixture were allowed to equilibrate

for 2 min after addition of substrate methimazole. The progress of the reaction was

monitor by measuring the decrease in the concentration of TNB, as revealed by decreased

absorbance at 412 nm.

RESULTS

Immunochemical identification of FMO2 expression in E. coli and baculovirus

Immunoblots of cell lysates from both heterologous systems demonstrated that

expressed protein cross-reacts strongly with the antibody to rabbit FMO2 with the same

apparent molecular weight compared with FMO2 of rabbit microsomes (Fig 3.1). FMO2

cDNA fused with a N-terminal His-Tag in vector pET-30a, which facilitated purification,

produced a slightly bigger FMO2 protein (Fig 3.1a). FMO2 was expressed at levels of

0.16 nmol/ mg cell lysate from bacteria expression; 0.5 nmol/mg cell lysate and 2.0

nmol/mg microsomal protein from baculovirus expression according to western blot

analysis (rabbit FMO2 equivalent, Table 3.1). Monkey FMO2 produced in the baculovirus

system was 3.2% of total cell lysate protein.

After purification by chromatography, 1.3 mg of FMO2 was isolated from 40 mg

of the membrane fraction from insect cells (Table 3.1). The specific content of expressed

purified FMO2 (Fig 3.2) was 8.5 nmol/mg utilizing purified rabbit lung FMO2 as standard

and identified by rabbit FMO2 antibody in western blot analysis (i.e., nmol rabbit FMO2

equivalent/mg protein).
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Methimazole metabolism of expressed proteins

Enzyme activity was determined by the methimazole-dependent S-oxygenation of

nitro-5-thiobenzoate to to 5,5-dithiobis-(2-nitrobenzoate). Table 3.2 shows the

comparison of activity between E. coli and baculovirus expressed proteins. FMO2

specific activity, produced by baculovirus, was much higher than that from E. coil

expression. Compared with rabbit lung microsomes, with specific activity 2.7

nmol/min/mg, baculovirus expression produced FMO2 with activity 3.2 nmol/min/mg,

whereas FMO2 from bacteria had less than 0.3 nmol/min/mg. We also examined the

activity of E. coli expressed FMO2 with thiourea; the results confirmed absent or low

activity generated from prokaryotic expression (data not shown). Furthermore, purified

expressed FMO2 from membranes of insect cells infected by baculovirus possessed

catalytic activity toward methimazole similar to native purified rabbit FMO2 (105.2 vs 94

nmol/min/mg) as shown in Table 3.2.

In conclusion, baculovirus-based expression produced functional FMO2 which

possessed immunochemical and catalytic properties similar to rabbit FMO2.



Fig 3.1. Immunoblots of expressed proteins.
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transferred to nitrocellulose and probed
with guinea pig IgG raised against rabbit FMO2 and detected by an ECL kit. Fig 3.1a.
FMO2 cDNA was subcloned into E. coli expression vectors, pET-30a and pET-24d, cells
were harvested following IPTG induction for 3 hr. Lane 1: 25 j.kg cell lysates from pET-
30a expression. Lane 2: rabbit FMO2, 4 pmol. Lane 3: 25 pg cell lysates from pET-24d
expression. Fig 3.1b. FMO2 protein expressed from baculovirus-infected insect cells as
described in Materials and Methods. Lane 1: 15 1..ig cell lysates without baculovirus
infection. Lane 2: rabbit FMO2, 5 pmol. Lane 3: 5 pg microsomal protein of insect cells.
Lane 4: 15 pg cell lysates.
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Fig 3.2. Immunoblot of purified FMO2 from baculovirus-mediated expression.

Microsomal protein was isolated from infected insect cells and purification was
carried out with chromatography as described in Materials and Methods. Protein was
resolved by SDS-PAGE and detected with rabbit FMO2 antibody following transferred to
nitrocellulose membrane.
Lane 1, 2: purified rabbit FMO2 (2, 5 pmol).
Lane 3, 4, 5: purified expressed FMO2 from baculovirus infected insect cells (1, 5, 10
pmol).

1 2 3 4 5
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Table 3.1. Protein yield and FMO2 levels in baculovirus-mediated expression.

Baculovirus
expression

Total
protein

Expression levels
(rabbit FMO2

equivalent)

Purification
factor

Yield

Supernatant of
Lysis cell

166 mg 0.5 nmol/mg protein

Microsomes 40 mg 2.0 nmol/mg protein 4

Chromatographic
purification

1.3 mg 8.5 nmol/mg protein 17 14%
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Table 3.2. Catalytic activity of expressed FMO2.

FMO2 activity from expressed protein was determined by methimazole-dependent
oxidation of nitro-5-thiobenzoate (TNB) to 5,5-dithiobis-(2-nitrobenzoate) (DTNB) and
monitored with a spectrophotometer by measuring the decrease in the concentration of
TNB, which has an absorbance at 412 nm Rabbit lung microsomes and purified rabbit
FMO2 were used as positive standards and compared with recombinant FMO2 from both
E. coli and baculovirus expression.

Rabbit lung
microsomes

Purified
rabbit

FMO2

Membrane
fraction of

E. coli

Insect cell
lysates

Purified
protein from

insect cell

Specific activity of
methimazole
nmol/min/mg protein

2.7 94 <0.3 3.2 105.2
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DISCUSSION

Our previous work suggested that Rhesus monkey has relatively high amounts of

FMO in lung. Results of cDNA comparisons, immunochemical analysis and substrate

specificity indicated that monkey lung FMO is an ortholog of rabbit FMO2. Furthermore,

the relative rate of monkey lung FMO catalyzed N-oxygenation of N,N-dimethylaniline,

(comparable to that of cytochrome P450 N-demethylation), is high in Rhesus lung, which

implied that FMO may be of major importance in the metabolism of xenobiotics for which

lung is a target organ or portal of entry.

To date, no crystallized FMO is available due to its highly lipophilic nature; the

FMO functional domains (e.g., substrate binding domain, catalytic domain and membrane

spanning domain) are largely unknown. Therefore, the heterologous expression system is

an alternative way for studies of gene structure. We report here the efficient expression of

FM02 in a baculovirus-mediated system that makes it possible for our future studies

including determination of gene structure-function relationships and identification of

protein domains with chimeras. In this study, purified expressed protein resembled

monkey microsomal FMO2 immunochemically and catalytically. In addition, expressed

FMO2 possessed similar catalytic activity to that of native rabbit FMO2 purified from lung

microsomes with the substrates, methimazole (Table 2) and N,N-dimethylaniline (data not

shown).

Based on the reported primary structure of FMOs, the great similarity, present in

hydropathy plots, suggests overall structural similarities between individual FMOs.

Therefore, any insight that can be obtained with regard to the relationship between specific

amino acid regions of one FMO isoform and specific function or activity is likely

applicable to all FMOs. In addition, liver and lung FMOs have markedly different

properties (Williams et al., 1984; Tynes et al., 1985). Regions of each protein important

for thermo-stability, sensitivity to detergents, pH optima and substrate specificity have yet

to be determined. The domains responsible for these properties and the role of different

amino acid residues with respect to these parameters will be investigated in site-directed

mutagenesis employing the baculovirus expression system. Additionally, purified
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expressed monkey FMO2 will be used as an antigen to produce a new antibody for

detection of human FMO2 protein because a weak or absent signal from human lung

microsomes with antibody against rabbit FMO2 has been observed to date.

The explanation for the low catalytic activity of FMO2 expressed in E. coli is

unknown. It is evident that post-translational modification is required for several FMOs

(Ozols, 1990; Guan et al., 1991); for example, removal of the NH2-terminal methionine

residue with subsequent acetylation of the following residue. Bacteria can deformylate

and remove the initiation of methionine, however, they are unable to make the

modification of acetylation, glycosylation or phosphorylation for proteins (Gold, 1990).

Although, similar activities of expressed FMO in bacteria to purified native protein have

been observed (Lawton et al., 1993; Lomri et al., 1993; Atta-Asafo-Adjei et al., 1993;

Overby et al., 1995; Falls et al., 1997); the need of post-translational modification for

production of active monkey FMO2 can not be ruled out. In contrast, insect cells are able

to make all these post-translational modifications. Baculovirus is propagated in insect

hosts and the recombinant proteins are processed, modified, and targeted to the

appropriate cellular locations. Therefore, the protein is expressed in a manner similar to

that of mammalian cells (Patterson et al., 1995). Another possibility that might contribute

to the inactive FMO production is that the rapid expression in E. coli results in formation

of inclusion body. Additionally, as is reportedly the case for certain forms of cytochrome

P450, lipid and small amounts of detergent are required for the reconstitution of functional

enzyme (Eberhart and Parkinson, 1991). It is also evident that detergents stimulate the

activity of pig FM01 (Venkatech et al., 1991). On the other hand, high concentrations of

detergent were found to destabilize the FMO and result in protein denaturation.

Therefore, detergent might be an important factor for FMO catalytic activity in a

reconstitutive system. In conclusion, a baculovirus-mediated system would be a useful

model for understanding gene structure-activity in vitro.
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ABSTRACT

Flavin-containing monooxygenase (FMO) is associated with the endoplasmic

reticulum and exists as a gene family. FMO oxidatively metabolizes a wide variety of

nitrogen, sulfur, and phosphorous-containing xenobiotics. To date, five isoforms (FMO1

to FMO5), expressed tissue- and species- specifically, have been identified in all mammals

examined. Pulmonary FMO (FMO2), is expressed predominantly in lung and differs from

other FMOs is that it can catalyze the N-oxidation of certain primary arylamines.

Recently, we have demonstrated that monkey lung FMO is an ortholog of FMO2

in other species (i.e., rabbit, guinea pig); high expression levels and a broad substrate

specificity imply a role in xenobiotic metabolism. The pharmacological and toxicological

importance of FMO2 in the human has not been explored. Compared with a 535 amino

acid protein in other species, human FMO2 encodes a truncated protein, lacking 64 amino

acid residues of the C-terminal. Additionally, an ethnically related polymorphism of

FMO2 at amino acid 472, in which glutamine instead of the stop codon is present, has also

been reported. This paper discusses the metabolic activity of FMO2 and the potential

implication of this genetic polymorphism among human populations.

From human lung donor samples Dr. Hines' laboratory genotyped by PCR,

individuals heterozygous for expressed full length protein; although expression appears to

be at much lower levels compared with the ortholog in other species, as determined by

immunoblotting with polyclonal antibodies to monkey lung FMO. The majority of

individuals was homozygous for the truncated gene and had no measurable protein. No

catalytically active FMO2 in lung microsomes of any genotype suggesting that low levels

of full length FMO2 expression from the heterozygous gene might not significantly affect

metabolic activity. This FMO2 genetic polymorphism at codon 472 is ethnically related.

None of the Caucasian samples carried the heterozygous allele for full-length FMO2.

Various amounts of FMO2 transcript, detected by RT-PCR, are expressed in human lung

which suggests that protein levels might be determined by post-transcriptional stability.

The truncated FMO2 was expressed by utilizing a baculovirus-expression system.

The membrane association was tested and results suggest that, like full-length FMO2, the
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truncated form is present in the membrane portion. Catalytic analyses of the truncated

FMO2 confirmed a markedly diminished or abolished catalytic activity suggesting that the

carboxyl terminus contributes to catalytic function. The C-terminal of FMO2 might be

responsible for enzyme stability and/or proper structure necessary to exert fully enzyme

activity.

In summary, the human FMO2 possesses unique features compared to all other

mammals examined to-date including other primates. An ethnically related polymorphism

was observed, in which all Caucasians genotyped to date are homozygous for a truncated,

enzymatically inactive enzyme, which may not even be translated. Approximately 15% of

humans of African descent are heterozygous for full-length FMO2, but the level of

expression may not be sufficient to significantly effect drug metabolism and toxicity in the

lung. Further research is needed to address this issue.

INTRODUCTION

Flavin-containing monooxygenase (FMO), a gene family of xenobiotic-

metabolizing enzymes, catalyzes the oxygenation of a wide variety of N-, S-, and P-

containing chemicals (Cashman, 1995). Located in the endoplasmic reticulum, the enzyme

forms a stable 4a-hydroperoxyflavin intermediate in an oxygen- and NADPH-dependent

reaction. Any soft nucleophile that can be oxidized by an organic hydroperoxide, and can

make contact with this potent oxygenating agent, is a potential substrate, a feature which

is responsible for its broad substrate specificity. Despite a mechanism designed for loose

specificity, the enzyme discriminates between physiologically essential and xenobiotic soft

nucleophiles (Ziegler, 1993). Except for cysteamine and possible methionine (Km 6.5 nm

for human FMO3), FMO will not catalyze any other essential cellular nucleophile.

Humans and other mammals express five FMOs (FMO1, FMO2, FMO3, FM04

and FMO5) in a species- and tissue-specific manner and each subfamily contains a single

gene. Orthologous genes share at least 80% amino acid identity, whereas homologous

FMOs are 50-58% identical (Lawton et al., 1994; Hines et al., 1994). The
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pharmacological importance of FMOs in the human has been partially characterized; for

example, FMO3 is the predominant isoform in adult human liver and metabolizes a number

of therapeutic drugs including cimetidine, tamoxifen, nicotine, codeine, trimethylamine and

tricyclic antidepressants. A genetic defect of FMO3 is claimed to be responsible for the

disorder known as "fish-odor-syndrome" (trimethylaminuria) (Ayesh and Smith, 1990;

Cashman et al., 1997; Dolphin et al., 1997).

FMO2 was identified as a lung specific isoform by Dr. Williams' and Dr.

Hodgson's team in 1984 with a rabbit animal model (Williams et al., 1984; Tynes et al.,

1985). Rabbit lung FMO2 is capable of oxidizing many typical FMO substrates, however,

it is inactive toward certain tertiary amines, which are good substrates for FMO1.

Furthermore, in contrast to other FMOs, FMO2 is able to N-oxygenate some primary

amines to their oximes, via an N-hydroxylamine intermediate (Poulsen et al., 1986; Nagata

et al., 1990). By comparison with liver FMO, lung FMO is less susceptible to detergent

and heat and has a higher pH optimum (Williams et al., 1985). Confirmation of lung and

liver FMO being distinct gene products was obtained from analysis of the cDNA (Lawton

et al., 1990; Nikbakht et al., 1992). FMO2 is predominantly expressed in lung in many

species (Lawton et al., 1990; Shehin-Johnson et al., 1995; Yueh et al., 1997); although it

is detected in kidney at low levels. The gene expression of FMO2 reportedly is regulated

developmentally by age and pregnancy in experimental animals (Williams, 1991).

Additionally, FMO2 expression is induced by steroid hormones. When a variety of steroid

hormones were administered s.c. to rabbits, FMO2 was induced either by progesterone or

dexamethasone in lung, or by dexamethasone in kidney (Lee et al., 1993). The time

course study also showed that FMO2 expression during mid- and late-gestation correlated

to plasma peaks of progesterone or cortisone (Lee et al., 1995), although the

physiological role of FMO2 induction during pregnancy is unknown. Elucidation of the 5'

flanking region of rabbit FMO2 genome suggests that tissue-specific transcription factors

may regulate lung-specific expression of FMO2 (Shehin-Johnson et al., 1996).

Recently, we have demonstrated that monkey lung contains high levels of FMO

which immunochemically and catalytically resemble rabbit lung FMO2 (Yueh et al., 1997).

Interesting, our preliminary data showed that only one of the 29 human lung microsomal
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samples cross-reacted with the antibody to the rabbit lung FMO2 by western blot analysis.

Although FMO2 has been characterized in animal models such as the rabbit, the

pharmacological and toxicological importance of FMO2 in the human has not been

explored. Human lung cDNA cloning from Dr. Philips' laboratory (Dolphin et al., 1998)

revealed that FMO2 has an amber mutation at amino acid 472 resulting in a premature

stop codon. The human FMO2 gene encodes a truncated protein containing 471 amino

acids instead of the full-length protein of 535 amino acids in other species. An ethnically

related polymorphism of FMO2 at amino acid 472, in which glutamine is encoded instead

of the stop codon, has also been reported (Dolphin et al., 1998). Because the lung is

often a major route of entry for drugs, such as cocaine and nicotine, and environmental

chemicals, such as pesticides, the presence of FMO in lung is of considerable interest.

The metabolic capability of human FMO2, and the implication of such a genetic

polymorphism among human populations, are still largely unknown. The aim of this study

was to characterize human FMO2 in terms of gene polymorphism, protein levels and

catalytic activity with human lung microsomes from three different ethnic groups (Black,

Caucasian and Hispanic). Furthermore, a truncated monkey FMO2 was produced with

monkey cDNA (cDNA identities between human and monkey are more than 98%) and

was expressed in a baculovirus-based heterologous system. Characterization of truncated

protein revealed unique enzyme properties compared with unmodified protein. We also

generated new antibody with monkey FM02 as an antigen, which gave a better detection

of human FMO2 protein in western blot analysis. Polymorphic expression of FMO2 was

consistent with the polymorphism observed by genotyping. The results suggest that the

role of FMO2 in xenobiotic metabolism is not the same as in other animal models,

including non-human primates.
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MATERIALS AND METHODS

Production of truncated-monkey FMO2 with PCR site-directed mutagenesis

A pair of primers, 5'BamHI and 3'XbaI -stop, (forward primer 5'BamHI:S'- AAG

TTG GAT GCA TGG CAA AGA AAG TAG; reverse primer 3' XbaI-stop: 5'- CTA GTC

TAG ACT AAT AGG AGT TGC AGG G) was used to introduce two restriction enzyme

sites BamHI at the 5'; XbaI and a stop codon (TAG) at amino acid residue 472 in monkey

FMO2 cDNA utilizing a PCR reaction. PCR was performed in a RoboCycler (Stratagene,

La Jolla, CA) with FMO2 cDNA, primers, dNTP mixture and a PCR kit for high fidelity

polymerization (Boehringner Mannheim, Indianapolis, IN). After an initial denaturation

step at 94 °C for 2 min, 30 cycles including denaturation at 94 °C for 1 min, annealing at

60 °C for 45 s and polymerization at 72 °C for 1 min for each cycle, and then an additional

7 min for 72 °C in the fmal cycle. The PCR-generated fragment, containing truncated

FMO2 cDNA, was digested with BamHI/XbaI. The resultant 1422 by fragment was

isolated from an agarose gel with a Geneclean kit (BIO 101 Inc, La Jolla, CA) following

electrophoresis, then ligated into a BamHI/XbaI-cleaved pFASTBAC vector. The

recombinant bacmid was isolated and transformed into competent cells (DH10Bac, Life

Technologies, Gaithersburg, MD). Colonies, containing recombinant bacmids, were

identified by the chromogenic substrate, Bluo-gal, in Luria Agar plates in which positive

colonies remained white. High molecular weight DNA was prepared from selected E. call

clones and visualized on a 0.5% agarose gel containing ethidium bromide. The truncated

monkey FMO2 cDNA insert was also confirmed by PCR, with PCU/M13 primers, which

produced right size-fragment (insert of monkey FMO2 cDNA plus internal DNA of

bacmid). The insert sequence was verified by the dideoxy chain-termination method

(Sanger et al., 1977) in the Center for Gene Research and Biotechnology at Oregon State

University. The protocol for generation of full-length FMO2, used for comparison with

truncated FM02 in immunoblot and catalytic activity analyses, by baculovirus expression

was similar to that of truncated FMO2, except the primers for full-length were

5'BamHI/3'HindIII (forward primer 5'BamHI: 5'- AAG TTG GAT GCA TGG CAA
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AGA AAG TAG; reverse primer 3' HindIll: 5'- AGT TGA AGC TTC TAG GAC CAT

TGA AGT).

Production of truncated protein by baculovirus-mediated expression

Sf9 insect cells were maintained in suspension culture containing Sf-900 II medium

SFM. Recombinant bacmid (containing truncated monkey FMO2 cDNA) transfected sf9

cells via carrier Cellfectin Reagent (Life Technologies, Gaithersburg, MD) according to

the manufacturer's instruction. Media containing recombinant baculovirus was collected

after 72 hr of transfection. The recombinant baculoviruses were amplified in sf9 cells in

log phase (2 x 106 /ml) to prepare high titer virus stocks. After 7 days, the supernatant was

removed and used to infect Sf9 cells in suspension cultures at a density of 2 x 106 /ml in a

shaker flask supplemented with FAD (10 µg /ml). Insect cells were harvested at 72-96 hr

post-infection, washed with phosphate-buffered saline (PBS), repelleted and stored at

80 °C until further use. Full-length monkey FMO2 protein was produced with the same

procedure.

Preparation of insect cell membrane and cytosol fractions

The infected insect cell pellet was suspended in buffer A (10 mM potassium

phosphate (pH 7.6), 20% glycerol, 1 mM ethylenediaminetetraacetic acid (EDTA)), and

homogenized with a motor-driven Teflon-tipped pestle. The suspension was centrifuged

at 1,000 x g for 10 min to remove large cellular debris, and the supernatant centrifuged at

100,000 x g for 80 min to separate microsomal and cytosol subcellular fractions. The

pellet of insect cell membranes was dissolved in buffer A with 0.4 mM

phenylmethylsulfonyl fluoride (PMSF). Both cytosol and membrane fractions were saved

and stored at -80°C until analyses for protein by western blot analysis and for enzyme

catalytic activity, or for further purification.
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Purification of truncated and full-length FMO2 proteins

For truncated protein, the membrane portion of insect cells (about 235 mg) was

solubilized in buffer A with 0.4 mM phenylmethylsulfonyl fluoride (PMSF) and the 1%

nonionic detergent, Triton-N101, homogenized with a motor-driven Teflon-tipped pestle,

stirred for 60 min on ice, centrifuged at 100,000 x g to remove insoluble material, diluted

with buffer A to a fmal concentration of 0.5% Triton-N101, and then applied to a column

containing blue-dextran which was pre-equilibrated with buffer B (buffer A containing

0.5% Triton-N101). The column was washed with buffer B and then buffer B containing

100 mM NaC1 for a few hours before eluting FMO with buffer B containing 500 mM

NaCl. Fractions containing FMO were identified by both spectrophotometric and western

blot analyses. Unmodified full-length FMO2 was purified from the membrane portion of

insect cells following the same protocol used for the truncated protein.

Generation of polyclonal antibody to anti-monkey FMO2 raised in rabbit

FMO2 was purified from insect cells infected with recombinant baculovirus

containing FMO2 cDNA (chapter 3 of this dissertation). Purified expressed FMO2 (1.2

mg) was sent to HTI Bio-Products (Ramone, CA) for immunization of 2 rabbits to

produce polyclonal anti-monkey FMO2 antibody. The standard 70-day protocol includes

one pre-immunization serum collection, 4 immunizations and 3 production serum

collections per rabbit. The last two collections of antiserum were shipped in ice and stored

at -80°C.

Isolation of genomic DNA, total RNA and microsomal fraction from human lung samples

Human lung samples from different ethnic groups (Black, Caucasian, and

Hispanic) were obtained from the International Institute for the Advancement of Medicine
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(Exton, PA). Total RNA was isolated by using TriReagent (Molecular Research Center,

Cincinnati, OH), resuspended in DEPC-treated water and stored at -80°C. Genomic DNA

was extracted by QIAamp Tissue Kit (QIAGEN, Chatsworth, CA). For microsome

isolation, human lung tissues were thawed in homogenization buffer (0.1 M potassium

phosphate, pH 7.25, 0.15 M KC1, 1 mM EDTA, 0.1mM PMSF, 1 mM dithiothreitol, 20

butylated hydroxytoluene) and homogenized with a polytron (Brinkmann, Westbury,

NY). Microsomes then were prepared as described previously by Guengerich (1989).

Microsome protein concentrations were determined by the Lowry assay (Lowry et al.,

1951), with bovine serum albumin as standard.

Western blot analysis

Microsomal proteins from human lungs were separated on an 8% acrylamide gel

by SDS-PAGE (Laemmli, 1970), and transferred to nitrocellulose (Towbin et al., 1979).

Human FMO2 protein was detected utilizing rabbit antiserum to monkey FMO2 as the

primary antibody and horseradish peroxidase conjugated goat anti-rabbit IgG as the

secondary antibody, and detected by an ECL kit followed by densitometry of hyperfilm

(Amersham, Arlington Heights, IL). Purified full-length and truncated monkey FMO2

proteins from baculovirus expression employed as standards. .

Enzyme activity assay

The catalytic activity of human lung FMO2 was examined by N,N-dimethylaniline

(DMA) N-oxygenation with 14C-DMA as substrate (Lee et al., 1993). The enzyme

activity of the truncated FMO2 from baculovirus expression was measured by both DMA

N-oxygenation and methimazole S-oxygenation (Dixit and Roche, 1984). For the

methimazole assay, the reaction was performed in a double bean spectrophotometer at

37°C, sample and reference cuvettes contained a 1-ml reaction mixture of 0.1 M Tricine,

0.1 mM EDTA, pH 8.4, 0.06 mM 5,5-dithiobis-(2-nitrobenzoate) (DTNB)/ 100 mM
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potassium phosphate (pH 8.0), 0.0025 mM dithiothreitol, 0.1 mM 13-nicotinamide adenine

dinucleotide phosphate (NADPH), and infected cell lysates from FMO2 baculovirus

expression. The reaction was initiated by addition of 10 pl of methimazole (1 mM) to the

sample cuvette and 10 pi of H2O to the reference cuvette. Tricine/EDTA buffer was

aerated for 30 min before use, and reaction mixture was allowed to equilibrate for 2 min

after addition of substrate methimazole. The progress of the reaction was monitored with

a double beam spectrophotometer by measuring the decrease in the concentration of TNB,

as revealed by decreased absorbance at 412 nm.

RT-PCR

RT-PCR was performed for the quantitation of FMO2 mRNA levels in human

lung. The conditions for the RT-PCR were based on recommendations of the "Access RT-

PCR" kit (Promega). Briefly, each PCR tube contained 15 pl of a mixture which included

total RNA, 3 ng or 10 ng, lx AMV/Tfl reaction buffer, 0.2 mM dNTP mixture, forward

primer 1 p,M (hpr13: 5'- AGA AAA TGT CCA GAT TTC TCA), reverse primer 1 pM

(hpr15: 5'- TGT TCC ATC CTC AAA GAT GGC), 1 mM MgSO4, AMV reverse

transcriptase, 0.1 U/pl, and Tfl DNA polymerase 0.1 U/pl. The reaction was performed,

first at 48°C for 45 min for reverse transcription, and at then 94°C for 2 min to inactivate

reverse transcriptase, and to denature RNA, cDNA and primers. The reaction for second

strand synthesis and cDNA amplification was in a RoboCycler for 30 cycles of 95°C, 30 s;

54°C, 45 s; and 68°C, 2 min. The resultant 612 by partial cDNA, was visualized on an

agarose gel containing ethitium bromide. The relative amounts of mRNA were

quantitated by NIH-Image 1.57 with monkey FMO2 mRNA as standard.
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Northern Blotting

The pattern of FMO2 mRNA expression was examined by northern blot analysis.

Total RNA from human lung tissue was separated by electrophoresis in a 1%

formaldehyde agarose gel containing 0.4 M formaldehyde in MOPS buffer (20 mM

orpholinopropanesulfonic acid (MOPS), pH 7.0; 5 mM sodium acetate; 1 mM

ethylenediaminetetraacetic acid (EDTA), pH 8.0) and transferred by a downward capillary

method (Chomczynski, 1992) to a nylon membrane. The RNA was immobilized by UV

cross-linking and subsequently hybridized with a monkey FMO2 cDNA probe. Truncated

FMO2 cDNA (30 ng), generated by PCR as described above, was used as a template and

labeled with 32P-dCTP using "PRIME-IT" (Stratagene). The labeling reaction was based

on manufacturer's instructions and the labeled FMO2 cDNA was purified by Sephadex

G50-80 packed in a 1 ml syringe, containing glass wool at its tip to eliminate

unincorporated 32P-dCTP. The cDNA probe was mixed with 1 mg/ml salmon sperm DNA

and denatured in boiling water for 3 min. The nylon membrane was prehybridized with

quick hybridization solution (QIAGEN, Chatsworth, CA) at 68°C for 20 min, then

hybridized with denatured cDNA probe (2 x 106 counts/ml hybridization solution) at 68°C

for 2 hr. After hybridization, the membrane was washed with 2X SSC (20X SSC: NaC1,

3M; Na3 Citrate2H20, 0.3 M, pH 7.0) in 0.1% SDS washing buffer at room temperature

for 15 min twice, and subsequently with 0.1 X SSC in 0.1% washing buffer at 50 °C for 30

min twice. The membrane was exposed to Hyper-film (Amersham) for 40 hr.

Genotyping by PCR

Human FMO2 gene polymorphism was examined by Dr. Ronald Hines' laboratory

(Wayne State University, MI). Briefly, genomic DNA was isolated from human lung

tissue and used as a template with primers (forward primer: 5'- GAT CCT AAA CTG

GCT GTG AG; reverse primer: 5'- AGA TAA TAA AGC CCA AAG CA) in a PCR

reaction to amplify the region containing the mutation at amino acid 472 of human FMO2
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. This DNA product was slot blotted and hybridized with either raidolabeled

oligonucleotide probe A (AAC TCC TAT TAG TAT CGC CT) or probe B (AAC TCC

TAT CAG TAT CGC CT). Probe A and B are able to distinguish the polymorphism, i.e.,

homozygous for truncation, heterozygous for full-length, or homozygous for full-length

human FMO2.

RESULTS

Genotyping and western blot analysis of the human FMO2 polymorphism

Dr. Hines laboratory genotyped 38 human genomes for the FMO2 genetic

polymorphism at codon 472 by PCR. The results identified heterozygous expression of

full-length FMO2 protein (glutamine at position 472 instead of stop codon in one allele) in

three African-American samples and one Hispanic sample, none of Caucasian samples

carried the heterozygous allele for full-length FMO2. This finding is consistent with what

Dr. Philips' team reported, i.e., that the full-length heterologous allele of FMO2

polymorphism is ethnically related (Dolphin et al., 1998).

Of 16 human lung specimens examined, FMO2 protein levels, detected by western

blot analysis, showed that all of the samples cross-reacted weakly with anti-rabbit FMO2

antibody and displayed the same apparent molecular weight as full-length monkey FMO2

(data not shown). Based on the genotyping results, all samples but two were homozygous

for truncated FMO2. Therefore, most of the human FMO2 protein should be smaller than

monkey FMO2 (i.e., the same molecular weight as expressed truncated monkey FMO2).

We believed that the weak signal in this western blot analysis was due to non-specific

cross-reaction of FMO isoform(s) other than FMO2 with polyclonal anti-rabbit FMO2

antibody. Therefore, we repeated the procedure with rabbit polyclonal anti-monkey

FMO2 antiserum. As shown in Fig 4.1, this weak cross-reaction was not observed with

antibody to monkey FMO2. Human sample 5 (H5) and sample 6 (H6), each of which

carried a heterozygous full-length gene, cross-reacted with anti-monkey FMO2 antibody
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and expressed full-length FMO2, although at much lower levels than in monkey and rabbit

(Fig 4.2). The individuals heterozygous for full-length FMO2 gene are Hispanic (H5) and

African-American (H6). The individuals homozygous for the amber mutation didn't

express detectable levels of truncated protein (Fig 4.1). Both purified monkey full-length

FMO2 and monkey truncated FMO2 from insect cell lysates following baculovirus

expression, were used to verify that anti-monkey FMO2 antibody is able to recognize both

full-length and truncated FMO2 (Fig 4.1 and 4.2).

Catalytic activity of human lung FMO2

The N,N-dimethylaniline assay revealed no catalytically active (at least at the

present detection limit, 0.5 nmol/min/mg protein) FMO2 in lung microsomes of any

genotype. Combined with results from western blot analysis, we conclude that low levels

of full length FMO2 expression from the heterozygous gene might not significantly affect

metabolic activity compared with the homozygous truncated form. On the other hand, the

FMO2 profile for gene expression and metabolic activity in humans is distinct from that in

experimental animals, i.e., rabbit and monkey, although potential substrates other than

DMA and methimazole should be tested for human FMO2 metabolism.

Truncated FMO2 from baculovirus expression

Most individuals are homozygous for truncated FMO2 which seems to be

expressed at undetectable levels as seen in Fig 4.1. As the identity between monkey and

human FMO2 coding regions is more than 98% and the human FMO2 was not available to

us, we constructed a monkey FMO2 cDNA truncated at the same location and expressed

this protein with the baculovirus system. To assess catalytic activity, both N-oxygenation

of DMA and S-oxygenation of methimazole of this truncated protein were examined.

Expressed truncated monkey FMO2 did not exert detectable activity toward DMA,
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whereas, full-length monkey FMO2 N-oxygenates both DMA and nicotine (data not

shown) in a manner similar to rabbit FMO2. Interestingly, truncated FMO2 was able to S-

oxygenate methimazole although the activity was quite low compared with expressed full-

length FMO2 (Fig 4.3). We further purified truncated FMO2 from baculovirus-infected

insect cells. Based on the hydropathy profile, the C- terminus of monkey FMO2 is very

hydrophobic and might be associated with membrane anchoring in the endoplasmic

reticulum. Both microsomal and cytosol subcellular fractions were isolated from infected

insect cells by baculovirus expression and detected by anti-monkey FMO2 antibody in

immunoblot analysis. As shown in Fig 4.4a, truncated FMO2 is present in the

microsomal fraction in the cell, as is the case for all FMO isoforms. Therefore, the C-

terminal is not likely required for membrane association in FMOs. After being solubilized

with 1% non-ionic detergent (Triton N-101) in buffer A, followed by chromatographic

purification with a blue-dextran column, truncated protein was not identified by western

blot analysis in any eluted fraction (Fig 4.4c). However, full-length FMO2, generated by

the same stratagey as truncated -FMO2, was eluted from fraction 6 to fraction 15 as shown

in Fig 4.4b. Distinct physio-chemical properties of truncated protein versus full-length

FMO2, might result in this alteration of elution profile.

Expression levels of human FMO2 mRNA

To determine whether low (or absent) expression of human FMO2 is determined

transcriptionally, mRNA levels were detected by RT-PCR. The resultant cDNA fragment

from RT-PCR includes from Exon 4 to Exon 7 based on reported genomic DNA from

Genebank (Accession: AL02102). Therefore, any genomic DNA contamination would

give a much bigger product (>5Kb) and abolish the expected DNA band of 612 bp.

Among 16 human lung samples, as shown in Fig 4.5, FMO2 mRNA expression in three

human samples (H6, H7 and H9) exceed 50% of that in monkey; mRNA expression in the

remaining 13 samples ranged from 50 % of monkey to undetectable levels. Although

mRNA levels were quite high in some of the homozygous truncated samples, for example
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H6, H7, H9, H11 and H13 were about 50% of monkey, there was no truncated protein

detected by western blot analysis, which indicates that protein levels are most likely

determined post-transcriptionally.

The pattern of mRNA expression observed by northern blot analysis (data not

shown) revealed that the single human FMO2 transcript co-migrates with the major

transcript of monkey mRNA (5.0 Kb).
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Fig 4.1. Human lung FMO2 identified by western blot analysis.

Human lung microsomes were isolated and 401.1.g of microsomal protein from 12 human
lung samples (H1 and H12) from different ethnic groups (Black, Caucasian, and Hispanic)
were separated by SDS-PAGE, then transferred to nitrocellulose paper, followed by
hybridization with anti-monkey FMO2 antibody and visualization by chemiluminecent
detection. Both purified monkey full-length FMO2 (5 pmol) and monkey truncated
FMO2 from insect cell lysates (15 ps) (baculovirus expression), were used to verify that
monkey FMO2 antibody recognizes both full-length and truncated FMO2.
Lane 1: Purified expressed monkey full-length FMO2. Lane 2 to Lane 13: human lung
microsomal sample 1 to sample 12 (H1 to H12). Lane 14: Purified expressed monkey
full-length FMO2. Lane 15: Truncated monkey FMO2 from insect-cell lysate.

1 2 3 4 5 6 7 8 9
(H1) (H2) (H3) (H4) (H5) (H6) (H7) (H8)

10 11 12 13 14 15

(H9) (H10) (H11) (H12)
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Fig 4.2. Comparison of FMO2 levels in multiple species.

Microsomes were isolated from rabbit, monkey and four human lung samples (H3, H6, H7
and H10) and western blot analysis was conducted with anti-monkey FMO2 antibody.
Lane 1: purified expressed monkey FMO2, 6 pmol. Lane 2: monkey lung microsomes, 10
lig. Lane 3: rabbit FMO2, 6 pmol. Lane 4: rabbit lung microsomes, 10 p,g. Lane 5-8:
human lung microsomes H3, H6, H7, H10, respectively, 40 11g/each sample. Lane 9:
monkey truncated FMO2 from baculovirus-infected lysed insect cells, 10 lag.

1 2 3 4 5 6 7 8 9

(H3) (H6) (H7) (H10)
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Fig 4.3. Catalytic activity with substrate methimazole for expressed monkey FMO2

Truncated and full-length FMO2 catalytic activities from baculovirus-infected cell lysates
were determined with methimazole as the substrate and detected with a double beam
spectrophotometer. The reaction was monitor by measuring the decrease in the
concentration of TNB, as revealed by decreased absorbance at 412 nm as described in
Materials and Methods.

Methimazole Assay

0.4

Ea' 0.3
T1S0, 0.2
C5

0.1

0

0 2 4
min

6

full-legth FMO2

0truncated
FM02
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Fig 4.4 4.4a. Microsomal and cytosol fractions from infected insect cells expressing
truncated FMO2 expression. Lane 1: monkey FMO2, 5 pmol. Lane 2: microsome, 12 ps.
Lane 3: cytosol, 12 lig.
4.4b & 4.4c. Full-length FMO2 (4.4b) and truncated FMO2 (4.4c) protein fractions (2
ml/each fraction) isolated from blue-dextran chromatography detected by anti-monkey
FMO2 antibody in western blot analysis. Lane 1, 2: truncated and full-length FMO2 from
infected insect cell lysates. F3 to F15: fraction 3 to fraction 15 for full-length FMO2. T1
to T11 : fraction 1 to fraction 11 for truncated FMO2.

4.4a.

4.4b

4.4c.

F15 F14 F13 F12 Fll F10 F9 F8 F7 F6 F5 F4 F3 2 1

1 2 T11 T10 T9 T8 T7 T6 15 T4 T3 T2 T1
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Fig 4.5. RT-PCR for quantitation of FMO2 mRNA levels

Total RNA 3 and 0.3 ng was used in RT-PCR for each lung sample (H1 to H16).
Monkey lung total RNA, 5, 1, 0.1 ng, was used in RT-PCR to establish a standard
curve.
4.5a. Lane 1 to 3: monkey lung total RNA, 5, 1, 0.1 ng; Lane4, 5: human sample
5 (H5), 3, and 0.3 ng respectively; Lane 6,7: H4 3 and 03. Ng. Lane 8, 9: H3 3
and 0.3 ng. Lane 10, 11: H2 3 and 0.3 ng. Lane 12, 13:H1 3 and 0.3 ng.
4.5b. Each human lung total RNA was loaded on two lanes for 3 and 0.3 ng. Lane
1, 2: H12; Lane 3, 4: H11; Lane 5, 6: H10; Lane 7, 8: H9; Lane 9, 10: H8;
Lane11,12: H7; Lane 13, 14: H6
4.5c. Lane 1 to 3: monkey lung total RNA, 5, 1, 0.1 ng; Lane 4, 5: (H16 ); Lane 6,
7: (H15); Lane 8, 9: (H14); Lane 10, 11: (H13).
The relative amounts of human FMO2 mRNA were quantitated by NIH-Image
1.57 with monkey FMO2 mRNA as standard (100%).

4.5a

4.5b

4.5c

1Kb H5 H4 H3 H2 H1
6% 10% 15% undetectable 38%

Z1 2 3 4 5 6 7 8 9 10 11 12 13

1

H12 H11 H10 H9 H8 H7
12% 43% 6% 157% 8% 160%

2 3 4 5 6 7 8 9 10 IA 12
416

H6
68%

13 14

H16 H15 H14 H13
7% 12% undetectable 46%
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DISCUSSION

We have cloned rhesus monkey FMO2 cDNA, and found the FMO2 gene to

encode a polypeptide of 535 amino acids which is the same as orthologous proteins from

rabbit and guinea pig (Lawton et al., 1990; Nikbakht et al., 1992). Recently, Dr. Philips'

group isolated and characterized the cDNA for human FMO2. Analysis of the sequence

of the cDNAs revealed that the major FMO2 allele of humans encodes a polypeptide that

lacks 64 amino acid residues compared with the orthologs in other mammals (Dolphin et

al., 1998). Truncation of FMO2 protein results from a C to T nonsense mutation at

codon 472. Interestingly, analysis of another primate, the cynomolgus monkey, also shows

that FMO2 is expressed as a full-size protein and contains a translational stop codon at

position 536 (Dolphin et al., 1998), as is the case for Rhesus monkey. The cDNA identity

is above 98% between human and monkey (Yueh et al., 1997; Dolphin et al; 1998). The

mutation that gave rise to the premature stop codon, present in the human FM02 gene,

must, therefore, have occurred after the apes diverged from humans in the primate

superfamily, some 4-5 million years ago.

Truncated monkey FMO2, missing 64 amino acid residues of the carboxyl-

terminal, was produced in baculovirus to mimic truncated human FMO2 in order to

examine structure/function relationships. Based on the primary structure, the C-terminus

is hydrophobic and has been thought to be involved in membrane anchoring; thus, deletion

of this sequence might produce a soluble protein. This hypothesis was proven wrong by

examination of heterologous expression of truncated protein. No difference in subcellular

distribution was found between the truncated and unmodified proteins, suggesting that the

lack of this C-terminal peptide is not required for membrane association. A similar finding

was reported by Lawton et al. (1993) using a deletion mutant missing the final 26 residues

of the C-terminal of the rabbit ortholog in which it was reported that truncated FMO

maintained its membrane association. This evidence might apply to all FMO isoforms

because the hydropathy profile is similar among isoforms.

However, the C-terminal must be associated with enzyme function, because the

catalytic activity is markedly altered by deletion of these 64 amino acid residues. The
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results from enzyme assays demonstrated that the truncated FMO2 was inactive toward

the substrate DMA. Additionally, although it can catalyze methimazole oxygenation,

catalytic activity was less than the full-length protein by more than 5-fold. The truncation

of C-terminal might alter enzyme's physio-chemical properties which are responsible for

the full function of catalytic capacity.

The difference in elution profile between the truncated and unmodified proteins

also reflects the different physio-chemical properties of the truncated protein resulting in a

change of affinity to blue-dextran during chromatographic purification. Factors associated

with alterations of protein characteristics include sensitivity to protease digestion, unusual

interactions with cellular macromolecular (i.e., proteins RNA, DNA), difference in protein

morphology and folding, and any factors that may contribute to protein instability and loss

of enzyme activity. Interestingly, the results we obtained from RT-PCR indicate that

mRNA is transcribed in homozygous individuals for truncated FMO2 but no protein was

detected which suggests that the protein levels of truncated FMO2 are determined post-

transcriptionally. The efficiency of translation or the stability of mRNA and/or protein

might account for low levels (or absence) of truncated protein. The transcript and/or

peptide of the C-terminal is likely to be responsible for enzyme stability. In other words,

the lack of a complete C-terminal of FMO2 protein might change its morphology and

make it subsequently more susceptible to cellular protease.

Because FMO2 activity is undetectable with the model FMO substrate (i.e., N,N,-

dimethylaniline) in any genotype of human microsomal samples we have tested, the impact

on metabolic capabilities with respect to pharmacological and toxicological responses,

might not actually be significantly different between wild type and individuals with this

polymorphic expression. In summary, the predominant human FMO2 allele possesses

unique features including a difference in the length of coding region, in expression levels

and catalytic activity compared with animal models we have examined. Therefore, data

extrapolation from experimental animals (i.e., rabbit, monkey) to human might not be

appropriate.
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The lung is a target organ for the toxic effects of several chemical agents, including

industrial chemicals, pesticides, environmental agents and drugs. Factors that establish the

lung as a target organ include selective tissue exposure, high tissue oxygenation, and the

presence of bioactivation systems that can generate toxic products from initially innocuous

substances. Although the lung contains drug metabolizing enzymes similar to those found

in the liver, the enzymatic systems in the lung are sometimes highly concentrated in

specific cell types. In the rabbit, for example, the lung-selective toxicity of the natural

product ipomeanol is the consequence of relatively large amounts of cytochromes 2B1 and

4B1, converting ipomeanol to a reactive metabolite, in nonciliated bronchiolar epithelial

cells (Clara cells). On the other hand, lung tissue contains other enzyme systems which

are capable of catalyzing phase I or phase II biotransformation pathways. Pulmonary

FMO, one of five forms of the enzyme identified in mammals, is also expressed at highest

levels in Clara cells. Characterization of the pulmonary FMO (FMO2) is of interest

because it oxidatively metabolizes a wide variety of nitrogen-, sulfur-, and phosphorous-

containing xenobiotics, and its catalytic activity may represent detoxification. Therefore,

an alteration of relative contributions of FMO and CYP may assume toxicological

importance when one metabolite is more toxic than the other. Compared with the well-

characterized CYP, the role of FMO2 in xenobiotic metabolism, and its gene regulation

and protein structure related to enzyme function, have not been well explored.

From the initial discovery of a unique form of FMO in rabbit lung, exhibiting

chemical-physical properties distinct from the porcine FMO (FMO1), FMO 2 has been

studied primarily using rabbit as the animal model. The rabbit FMO2 gene encodes 535

amino acids and contains FAD and NADP binding domains which are located at the same

position in the primary sequences as for all other FMO isoforms. Although it can

metabolize many typical FMO substrates, FMO2 exhibits distinct catalytic properties from

other isoforms. It is inactive toward certain tertiary amines, such as imipramine and

chlorpromazine Additionally, FMO2 is able to catalyze the N-oxygenation of primary

alkylamines. In rabbit, FMO2 gene expression is subject to regulation by hormones

through tissue-specific transcriptional factors during development. FMO2 expression is

induced during pregnancy and levels can be correlated with plasma progesterone and
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glucocorticoid levels in maternal rabbit. Although the physiological function of FMO2

induction is unknown, the alteration of xenobiotic metabolic profile might be significant at

this life stage.

The high expression levels and broad substrate specificity of FMO2 in rabbit

indicate a significant role in xenobiotic metabolism in this animal model. The relevance of

FMO2 to drug metabolism concerns researchers and pharmaceutical companies due to

FMO2- mediated reactions that have been associated with a number of therapeutic drugs in

animal models. The pharmacological or toxicological importance of human FMO2 has not

been explored. From our preliminary results, FMO2 was detectable in only one of 29

human lung microsomal samples with antibody to rabbit FMO2. We have demonstrated

that monkey lung contains high levels of an FMO which is immunochemically and

catalytically similar to rabbit lung FMO2. Monkey lung became a non-human primate

model to study chemical-physical properties, substrate specificity, regulation of gene

expression and the relative significance of this animal model in human drug metabolism.

To understand FMO2 at a molecular level in a new animal model, we first cloned

cDNA from a monkey lung cDNA library. The monkey FMO2 gene encodes a

polypeptide of 535 amino acids, the same as orthologous proteins of rabbit and guinea pig,

including the identical putative FAD and NADP binding sites starting at positions 9 and

191, respectively. Based on northern blot analysis and RT-PCR, monkey FMO2

expression is tissue selective, predominantly in lung, and it is expressed in kidney at lower

levels. The substrate specificity with probe substrates demonstrated that monkey FMO2

may possess a narrower and deeper substrate-binding channel compared with other

isoforms, which limits certain tertiary amines as substrates, as is the case for rabbit FMO2.

The hydropathy profile revealed that both 5' and 3' ends contain hydrophobic regions.

The great similarity with other isoforms suggest overall structural similarities for all FMO

isoforms.

In order to understand the relationship between protein structure and function, and

to examine catalytic and physio-chemical properties, without confounding effects of other

biotransformation enzymes, we produced functional monkey FMO2 via heterologous

expression systems. FMO2 cDNA was inserted into an expression vector and FMO2 was
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expressed efficiently with a baculovirus-mediated system. Expressed monkey FMO2

resembles monkey microsomal FMO2 immunochemically and catalytically. In addition, it

possessed similar catalytic activity to native rabbit FMO2 with the substrates methimazole

and N,N-dimethylaniline. Successful heterologous expression will provide a valuable tool

for determination of functional domains and identification of amino acid residues

responsible for the enzyme's unique properties by employing specifically designed

chimeras in our later studies.

Recently, researchers isolated and characterized human FMO2 cDNA. Analysis of

the sequence revealed that the major FMO2 allele of humans encodes a polypeptide that

lacks 64 amino acid residues compared with the orthologs in other mammals. Truncated

FMO2 protein resulting from a C to T nonsense mutation at codon 472. Therefore,

human FMO2 encodes a truncated protein containing 471 amino acids instead of the full-

length 535 amino acids found in other species. In addition, evidence for an ethnic-related

polymorphism of FMO2 at amino acid 472, in which glutamine instead of the stop codon

is present, has also been reported. Although the primary structure of this human FMO2

variant was revealed by cDNA cloning, the metabolic capability of human FMO2, and the

implication such a genetic polymorphism among human populations, are still largely

unknown.

Our preliminary data showed a nonspecific cross reaction for FMO2 detection in

human lung microsomes when using an anti-rabbit antibody. We further purified the

expressed monkey FMO2 from the membrane fraction of baculovirus infected insect cells

and used the protein to produce a new antibody which provided a greater selectivity as

sensitivity for detection of human FMO2 protein. Results of genotyping (by Drs. Hines

and Phillips) showed that individuals heterozygous for full-length FMO2 expressed full-

length FMO2 as is the case in experimental animals (i.e., monkey and rabbit); however,

individuals homozygous for the truncated gene did not express measurable truncated

protein. Although polymorphic expression of FMO2 was observed in individuals

heterozygous for full-length FMO2, which is ethnically related, no catalytically active

FMO2 in lung microsomes of any genotype was detected, suggesting that low levels of full
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length FMO2 expression from the heterozygous gene might not significantly affect

metabolic activity compared with the homozygous truncated form.

The truncated monkey FMO2, formed by deletion of 64 amino acid residues at the

C-terminal as a mimic of human truncated FMO2, was examined by baculovirus

expression. Results with the monkey truncated FMO2 implied that protein instability due

to lack of a C-terminal peptide might account for the absence or low levels of expression

in human lung. The results from RT-PCR and northern blot analysis for mRNA levels also

support this theory that protein levels are more likely determined post-transcriptionally.

Characterization of truncated protein revealed the enzyme properties compared with

unmodified protein and suggests that the C-terminal sequence is associated with catalytic

activity but not membrane association.

Based on the human lung microsomal specimens we have examined, the human

FMO2 possesses unique features compared to experimental animal models, including

protein size, expression levels, physical-chemical properties, metabolic activity and enzyme

stability. The ability to catalyze the oxidation of atypical FMO substrates can not be ruled

out, however, the low expression levels might not significantly affect the whole metabolic

profile in lung tissue.
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